Input data and parameter estimates
for ecosystem models
of the lower St. Lawrence Estuary (2008-2010)

Claude Savenkoff

Péches et Océans Canada
Institut Maurice-Lamontagne
C.P. 1000, 850 Route de la Mer
Mont-Joli, Québec

Canada G5H 374

2012

Canadian Technical Report of
Fisheries and Aquatic Sciences 2999

I*I Fisheries and Oceans Péches et Océans P

Canada Canada Canada



Canadian Technical Report of Fisheries and AquatiSciences

Technical reports contain scientific and techninfdrmation that contributes to existing knowledgd which
is not normally appropriate for primary literaturélechnical reports are directed primarily towardverldwide
audience and have an international distributiorn réktriction is placed on subject matter and #rées reflects the
broad interests and policies of Fisheries and Gc€amada, namely, fisheries and aquatic sciences.

Technical reports may be cited as full publicationkhe correct citation appears above the abstfetach
report. Each report is abstracted in the data Agsatic Sciences and Fisheries Abstracts

Technical reports are produced regionally but amabered nationally. Requests for individual repavill be
filled by the issuing establishment listed on ttenf cover and title page.

Numbers 1-456 in this series were issued as TeahReports of the Fisheries Research Board of Ganad
Numbers 457-714 were issued as Department of thérdament, Fisheries and Marine Service, Researth a
Development Directorate Technical Reports. Numb&t5-924 were issued as Department of Fisheries and
Environment, Fisheries and Marine Service Techrivgports. The current series name was changedreptbrt
number 925.

Rapport technique canadien des sciences halieutiggiet aquatiques

Les rapports techniques contiennent des renseigriengeientifiques et techniques qui constituent une
contribution aux connaissances actuelles, maisigusont pas normalement appropriés pour la puldicaians un
journal scientifique. Les rapports techniques sdestinés essentiellement & un public internati@taills sont
distribués a cet échelon. Il n'y a aucune regriaguant au sujet; de fait, la série refléte lstgaggamme des intéréts
et des politiques de Péches et Océans Canadaa-destles sciences halieutiques et aquatiques.

Les rapports techniques peuvent étre cités comsm@uldications a part entiére. Le titre exactriggau-dessus
du résumé de chaque rapport. Les rapports teahmispnt résumés dans la base de donR&ssimés des sciences
aquatiques et halieutiques

Les rapports techniques sont produits & I'échedgional, mais numérotés a I'échelon national. deseandes
de rapports seront satisfaites par I'établisseangeur dont le nom figure sur la couverture etdgepdu titre.

Les numéros 1 a 456 de cette série ont été publidie de Rapports techniques de I'Office deserttes sur
les pécheries du Canada. Les numéros 457 a 7ipaars a titre de Rapports techniques de la Dinegfénérale
de la recherche et du développement, Service dgwepét de la mer, ministere de I'Environnemergs thuméros
715 a 924 ont été publiés a titre de Rapports tqubs du Service des péches et de la mer, minidg&rééches et
de I'Environnement. Le nom actuel de la sérieégtbli lors de la parution du numéro 925.



Canadian Technical Report of
Fisheries and Aquatic Sciences 2999

2012

Input data and parameter estimates for ecosystetelsio
of the lower St. Lawrence Estuary (2008—-2010)

by

Claude Savenkoff

Direction des Sciences
Péches et Océans Canada
Institut Maurice-Lamontagne
C.P. 1000, 850, route de la Mer
Mont-Joli, Québec, Canada G5H 374




© Her Majesty the Queen in Right of Canada, 2012
Cat. No. Fs 97-6/ 2999E-PDF ISSN 1488-5379-PDF

Correct citation for this publication:

Savenkoff, C. 2012. Input data and parameter etgsnf@r ecosystem models of the lower St.
Lawrence Estuary (2008—-2010). Can. Tech. Rep. Righat. Sci. 2999: vii+150 pp.



TABLE OF CONTENTS

Page
LIST OF TABLES. ..ottt ettt ettt e e e e e ettt e e e e eeb e et e e e e e e aa s bbb rereeaeeas Y
LIST OF FIGURES ... .ttt eeeeee ettt e e e ettt e e e e e e e e s smnneee e e e e assnssssaeeeeeaeaeasanns Vi
LIST OF APPENDICES ......ooiiiiiiiiiiiiititimeene ettt e e e e e et e s e e e sasbbs e e eae e e e e e s aanens Vi
ABSTRACT / RESUME .......coi oottt ettt ettt te et en e s s ean e ere e ane e vii
INTRODUGCTION ...ttt e mmemr et e e e e e e ettt et e e e e e aa s e ab bt e bt e e e aaansnbsbb e s e e e e eeeesannnnnnes 1
MATERIAL AND METHODS ...ttt ettt e e e e e s semne e e e e e e e e e annes 1
SHUAY BI@. ...ttt e e et bt bt bbbt e e nnrnnnnnrnnne 1
LU Tox 10T =T 1o T 0 TN o 3 2
COllECHING the TALA ....eeeeieiiieie et 6
BIOMIASS ...ttt e e e et e e e e e e e e ae s 6
[ o o TR 7
[ o To (U Tot 1o o F PP P PPPPPPPPPPPR 7
(070 o K011 0] 0] 1[0 o FA PP PPPPPPPPPPP 8
[D]T=] A olo] 0 0] o0 L] 11 o] o F TR 8
FISNBASE ...t e e 9
1 oTo [=T IS 1 U Tod (1 USSR 9
FIrsSt MOAEIIING FUNS ....oviiiiiiiiiiiiieiee e eeeeeas bbb ssssessbenennnnnes 12
RESULTS: DATA COLLECTING AND SYNTHESIS ..ottt 2.1
Cetaceans: mysticetes and 0UONTOCEIES. ... 13
Y= = 1S 20
Y= 01 {0 SR 27
ATANTIC CO ...ttt e e e e e e e e et e e e e e e e e s e anenees 33
Greenland NaliIDUL..........coooi e e 37
LN LT g Tor= T o] = Lot PP 41
e (01U T =T PSP 44
SKALES ...ttt e et e e e e e e e e e e aa s a7
N 1 = L 1 o = 11 o] U PSPPI 51
0 11151 o P 54
2] F= o 1 e (o7 | 1] o PP PP 57
WHRITE NAKE ... e et e e e e e e e e eeeeeeeta e e e e eeeeerannns 60
Large demerSal FEEUEBIS .. ....uuuiiiiiiiiieteeemmmessesieitienea e as s e nenebensnsnenes 63
Small demersal fEEUEBIS ........i i e e e e e 67
Large pelagiC fEEAEIS .......cooo i 72
AP N e ————— e ———————————————ann 76
HEITING e e st e et 80
Y F= | W 1= F= Vo T ol {=T=To L= PSPPI 84
SOUIA ... et 88
0 110 1] 91
(O = 0 1 PSSP 94
BenthiC INVEIMEDIAtES .......coooiiiii e e 98
MaCIOZOOPIANKION ... 105

MESOZOOPIANKLON ...t 111



[ 017700 o1 F= T 0] 14 o] o PP 114

DIIIEUS . .o 115

DAt SYNTNESIS ...ttt o ettt ettt ettt e e te et s bt s ts e e e mee e e e e eaeaeaeeeeeaeeeeens 117
DISCUSSION ..ttt ettt et e e e e e s bbbttt e e e e e s sammnr e e e e e e e e s anbbbrrreeeaeeens 122

Uncertainty in the INPUL data.......... ..t e e e e 122

Strengths and weaknesses oOf INVerse MOUelS e ceeeeeeeeiiiiiiiiiiiiiiiiiiiennn. 123
(10 ] N[0 I 1] [ ] SO PPPRRPR 124
ACKNOWLEDGMENTS ..ottt ettt e e e s e e e e e seesmr e e e e e e e e e e 125
REFERENCES



Table 1.
Table 2.

Table 3.

Table 4.
Table 5.
Table 6.

Table 7.
Table 8.
Table 9.

Table 10.
Table 11.
Table 12.
Table 13.
Table 14.
Table 15.
Table 16.
Table 17.
Table 18.
Table 19.

Table 20.
Table 21.
Table 22.

Table 23.
Table 24.
Table 25.
Table 26.
Table 27.
Table 28.
Table 29.
Table 30.
Table 31.

Table 32.
Table 33.
Table 34.
Table 35.
Table 36.

LIST OF TABLES
Functional groups used in modelling fa& 2008—2010 period ...........cccoeeeeieeerennnn. 3
Diet compositions of blue whales and othgsticetes (baleen whales)
used iIN MOdelliNg ... 18
Diet compositions of belugas and otherntmltetes (toothed whales)
used iIN MOdelliNg ... 19
Diet compositions of harp and grey seséziun modelling..............coeeeeeeeennn. 25.
Diet composition of harbour seals usedaaelling..............cccccveviiiiiinnnns 26
Approximate period of occupation, popolatsize, average body mass,
and biomass for the main species of SeabirdS oo, 29.
Diet composition of seabirds used in MOTEL.............ooovviiiiiiiiiiiiiiiiiiiiiceeee 32
Diet compositions of large and small cedduin modelling ...........ccccceviiiiinnnnns 6.3
Diet compositions of large and small Glaeesh halibut used in
a1 (] {11 o T PP PPPPPPRP 40
Diet composition of American plaice usethodelling..........ccocoeeeiiiiiiiiiiiniinens 43
Q/B ratios for flounders in different i@gs of the northwest Atlantic................... 45
Diet composition of flounders used in BBAG............cccooiiiiiiiiiiiiiiii e 46
Q/B ratios for skates in different regiaf the northwest Atlantic.................... 48.
Diet composition of skates used in maagll...............ooooeveiiiiii 50
Diet composition of Atlantic halibut usadnodelling...........cccccciae. 53
Diet composition of redfish used in mbdgl............c.ccccovvvviiiiiiiiiiiiiiiiii e 56
Diet composition of black dogfish usednodelling ... 59
Diet composition of white hake used irdelbng..............cooooeii i, 62
Natural mortality for different large dersal feeders estimated using
FISNBASE ... e 64
Q/B ratios for large demersal feederSa . ..., 64
Diet composition of large demersal fegdsed in modelling ...l 6..6
Natural mortality for different small dersal feeders estimated using
FISNBASE ... .o s 68
Q/B ratios for small demersal SPECIES..can. .. eiiieiiiee e 69
Diet composition of small demersal fesdesed in modelling ..., 71
Q/B ratios for large pelagic feeders...... ..o 73
Diet composition of large pelagic feedessd in modelling.........ccccoeeeviiiiiinnm 75
Q/B ratios for CaPeliN ...... ..o e 77
Diet composition of capelin used in mAGL..................oooeiiiiiiee 79
Q/B ratios fOr NEITING ........oiii s e eesbeernenene 81
Diet composition of herring used in madgl................ccccceee 83
Natural mortality for different small pgic feeders estimated using
FISNBASE ... .o 85
Q/B ratios for small pelagiC fe@derS....a . v 85
Diet composition of small pelagic feedessd in modelling ............ccccccvueenneee 87.
Diet composition of squid used in mod@lli................cooeeiiiii e 90
Diet composition of shrimp used in madgll....................ccc i, 93

Diet compositions of large and small sraged in modelling.............cccc...... 97..



Vi

Table 37.  Diet compositions of echinoderms and usol used in modelling..................... 103
Table 38.  Diet compositions of polychaetes and rob@anthic invertebrates used

IN MOAEIIING et e e 104
Table 39.  Diet compositions of large and small ewgsfids used in modelling................... 110
Table 40. Diet compositions of large amphipods atider macrozooplankton

used iIN MOAElliNG ..o 111
Table 41.  Diet composition of surface mesozooplamkised in modelling ........................ 114
Table 42.  Observed biomass and export for eachpgused as input parameters

for modelling for the 2008—-2010 period in the tbevér St. Lawrence

ESTUANY . . e et e e e e e neee 118
Table 43.  Observed production and consumption w@wsedhput parameters for

modelling for the 2008-2010 period in the the lovB#r Lawrence

ESTUAIY ..o e e aaae 120

LIST OF FIGURES

Figure 1. Map of the Estuary and Gulf of St. Lavaeershowing the 200 m

£570] o > 1 g S 2

LIST OF APPENDICES

Appendix 1. Flows estimated by inverse modellind areighting applied during the

<251 11 1= 11 o o P 140
Appendix 2. Mass balance and data equations amgspanding weights used in

INVErSE MOAEIING ... ...ttt beeeeeeee e 142
Appendix 3. Constraints used in inverse Modelling...............euevivieiiiiiiiiiiiieeeee.. 145
Appendix 4. Estimated values from the final solatibased on 31 balanced and

ecologically realistic random perturbations ................evvvveiiiiiieiiiiiiiiiiiiiinnns 148
Appendix 5. Number of active constraints for diéfiet parameters for the 2008-2010

[S1<] 1[0 T EO OO PTP PP PPPPPPPPP 150



vii

ABSTRACT

Savenkoff, C. 2012. Input data and parameter estsnf@r ecosystem models of the lower St.
Lawrence Estuary (2008—-2010). Can. Tech. Rep. Righat. Sci. 2999: vii+150 pp.

Mass-balance models were used to reconstruct itrofddws through the lower St.
Lawrence Estuary ecosystem for the 2008-2010 pefibe whole-system model is divided into
41 functional groups or compartments from phytokian and detritus to marine mammals and
seabirds, including harvested species of the pelagimersal, and benthic domains. We present
here details of the input data (biomass, product@msumption, export, and diet composition)
for each compartment used for modelling. The patamestimates from inverse modelling are
also shown for comparison.

RESUME

Savenkoff, C. 2012. Input data and parameter etgsnf@r ecosystem models of the lower St.
Lawrence Estuary (2008—-2010). Can. Tech. Rep. Righat. Sci. 2999: vii+150 pp.

Des modeles d’équilibre de masse ont été utilmts représenter les flux trophiques de
I'écosystéme de I'estuaire maritime du Saint-Latipsur la période 2008—-2010. L’écosysteme a
été divisé en 41 groupes ou compartiments tropbiglepuis le phytoplancton et les détritus
jusqu’aux oiseaux et mammiferes marins incluant depeces commerciales des domaines
pélagique, démersal et benthique. Nous présentondei détail des données (biomasse,
production, consommation, export et compositiomatfitaire) pour chague groupe utilisé pour la
modélisation. Les parametres estimés par la madiélis inverse sont également montrés pour
comparaisons.



INTRODUCTION

Mass-balance models have been constructed usuegsen methodology for the northern
Gulf of St. Lawrence for 1985-1987, 1994-1996, 2002, and 2003—-2005 to describe the
structure and function of the ecosystem for eacle fperiod (Morissette et al. 2003, Savenkoff et
al. 2004a, 2005, 2009). We adapted the previousettiogl structure to the lower St. Lawrence
Estuary ecosystem (a subarea of NAFO division d Thake an overall description of community
structure, trophic interactions, and the effectsfisiiing and predation on the vertebrate and
invertebrate communities of the ecosystem durieg2b08—2010 period.

Usable information exists on most of the bentmd pelagic communities of the lower
Estuary. However, there is no overall descriptibeansystem functioning and no comprehensive
synthesis has been made between all compartmefisaional groups. Food web modelling is
an ideal way to describe such an ecosystem byimgeah overview of its trophic network. The
fists step was to collect and analyse basic datéht different studied groups. Based on these
data, an ecosystem model was then constructed. rBpert presents the data and input
parameters gathered to develop mass-balance nfodéh® ecosystem of the lower St. Lawrence
Estuary by using inverse methodology during the82@010 period. The objective of this report
is to describe the data sources, data modificatimigisassumptions made during parameterisation
of the models. Throughout the modelling proceserdint approaches (comparisons of different
flow networks, random perturbations, sensitivitgt$e etc.) were applied to assess the solution’s
robustness to variations in the data as well gsréwide an overall view of the ecosystem, to
identify robust patterns, and to determine the tiooaof uncertainties in the food web. The
estimated values from this final solution are pné=e here, along with the input parameters, to
facilitate comparisons between inputs and outptiisnerse modelling. The work described in
this report is part of the Quebec Region Ecosydtasearch Initiative (ERI), a national program
to enhance scientific research that was designedrtribute to progress on the ecosystem-based
management (EBM) in Canada (MPO 2007).

MATERIAL AND METHODS

Study area

The study covers the lower St. Lawrence Estuapartiof the Northwest Atlantic Fisheries
Organization (NAFO) division 4T, an area equivalen6,407 km (Fig. 1). The lower Estuary is
also one of the Canadian Ecosystem Research ivitilications and has been identified as an
Ecologically and Biologically Significant Area (EB$ within the Large Ocean Management
Area (LOMA) (DFO 2007, Savenkoff et al. 2007a). Thever St. Lawrence Estuary (LSLE) is
an elongated channel with an average length, wathd, depth of 200 km, 40 km, and 300 m,
respectively. The LSLE has low surface salinities tb freshwater input from the St. Lawrence
and Saguenay rivers and is characterized by inteegé&cal mixing and upwelling (Therriault
and Lacroix 1976, Greisman and Ingram 1977).

The nearshore region (depth < 37 m) was excludenh fthe model because it is not
covered by annual summer bottom-trawl surveys aechiise exchanges between the infra-
littoral and offshore zones are still poorly undeosl. Hence, diadromous fish (e.g., American



eel Anguilla rostratg and infra-littoral species were not included mststudy. The period
covered by this analysis covers the 2008-2010 gpe¥Me used this time period because in 2008,
four new coastal strata were added to the init8l0Lsampling protocol in order to include the
depths between 37 and 183 m (Bourdages et al. 2010)
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Figure 1. Map of the Estuary and Gulf of St. Laveeshowing the 200 m isobath.

Functional groups

Based on data availability and the ecological amthroercial significance of the species,
the food web of the LSLE was depicted by 41 conmpents representing the main pelagic,
demersal, and benthic species found in the arebldTd). We distinguished seven marine
mammal groups, one seabird group, seventeen fishpgr fourteen invertebrate groups, one
phytoplankton group, and one detritus group (Table



Table 1. Functional groups used in modelling fer 2008—2010 period.

Group Name Main species
Blue whales Balaenoptera musculus
Other mysticetes or baleen whales Fin wigdéaenoptera physaluminke whale

Balaenoptera acutorostrafdaumpback whale
Megaptera novaeangliae

Beluga whales Beluga whalelphinapterus leucas

Other odontocetes or toothed whales  Common porpiseoena phocoena

Harbour seals Phoca vitulina

Grey seals Halichoerus grypus

Harp seals Pagophilus groenlandica

Seabirds Double-crested cormor®tialacrocorax auritusring-

billed gull Larus delawarensjsherring gullL.
argentatusgreat black-backed gull marinus commor
ternSterna hirundpArctic ternS. paradisaeagblack
guillemotCepphus gryllenorthern gannéd#lorus
bassanusblack-legged kittiwak®issa tridactyla
common murréJria aalge razorbill Alca tordg

Atlantic puffin Fratercula arcticg Leach’s storm-petrel
Oceanodroma leucorhoa

Large Atlantic codX 35 cm) Gadus morhua
Small Atlantic cod (< 35 cm) Gadus morhua
Large Greenland halibut @0 cm) Reinhardtius hippoglossoides
Small Greenland halibut (< 40 cm) Reinhardtius hippoglossoides
American plaice Hippoglossoides platessoides

Flounders Witch floundeBlyptocephalus cynoglossugllowtail
flounderLimanda ferrugineawinter flounder
Pseudopleuronectes americanus

Skates Thorny skatémblyraja radiata smooth skate
Malacoraja senta

Atlantic halibut Hippoglossus hippoglossus

Redfish Sebastes fasciatus, S. mentella

Black dogfish Centroscyllium fabricii

White hake Urophycis tenuis




Table 1. Cont.

Group Name

Main species

Large demersal feeders

Small demersal feeders

Large pelagic feeders

Capelin
Herring
Small pelagic feeders

Squid
Shrimp

Large crabs (> 45 mm CW)

Small crabs< 45 mm CW)

Echinoderms

Molluscs

Large eelpouts (geposdesspp.), marlin-spike
Nezumia bairdiicommon lumpfistCyclopterus lumpys
longfin hakeUrophycis chesterihaddock
Melanogrammus aeglefinusionkfishLophius
americanuswrymouthCryptacanthodes maculatusea
ravenHemitripterus americanysand their juveniles

Atlantic hagfidigxine glutinosashorthorn sculpin
Myoxocephalus scorpiufourbeard rockling
Enchelyopus cimbriysnoustache sculpifiriglops
murrayi, snakeblennizumpenus lampretaeformis
Arctic staghorn sculpiGymnocanthus tricuspisiaubed
shannyLeptoclinus maculatysnailfishes (Liparidae),
Atlantic soft poutMelanostigma atlanticupAtlantic
poachelLeptagonus decagonuand their juveniles

Silver hakterluccius bilinearis spiny dogfishSqualu
acanthias pollock Pollachius virensand their juveniles

Mallotus villosus
Atlantic herringClupea harengus

White barracudAratozenus rissArctic cod
Boreogadus saidatlantic argentinérgentina silus
sand lanc&mmodytespp., other mesopelagics

Northern shortfin squitlex illecebrosus

Northern shrimgPandalus borealisstriped shrimpP.

montaguj pink glass shrimgPasiphaea multidentata
Arctic argid Argis dentata Greenland shrimgeualus

macilentus

Snow cr@hionoecetes opiliomther non-commercial

species (e.g., toad crablyasspp.)

Snow craZhionoecetes opilicdock crabCancer
irroratus, other non-commercial species (e.g., toad crabs
Hyasspp.)

Heart urchBrisaster fragilis brittle starOphiura
robustg sea urchirstrongylocentrotus pallidysea
stars, sand dolldchinarachnius parma

Stimpson clam Spisula polynyma sea scallo

Placopecten magellanicusother Pectinidae, whel

Buccinum spp., wedgeclamMesodesma deauratym
propeller clanCyrtodaria siliqua




Table 1. Cont.
Group Name Main species

Polychaetes Exogene hebedHeteromastus filiformisLumbrinereis
latreilli, Nephtys ciliata

Other benthic invertebrates Miscellaneous crustaceans, sea anemones, nem:
other meiofauna

Large euphausiids Meganyctiphanes norvegica

Small euphausiids Thysanoessa raschil. inermis

Large hyperiid amphipods Themisto libellula

Other macrozooplankton Chaetognaths (masdgitta elegan$seudosagitta

maxima andEukrohniahamatg, mysids (mainly
Boreomysis articaMysis mixta andErythrops
erythrophthalmg, small hyperiid amphipodd femisto
gaudichaudi T. abyssorumT. compress@acnidarians
(mainly Aglantha digitalis Dimophyes arcticaand
Obeliaspp.), ctenophores (mairBeroespp.), molluscs
(gastropoda, mainlglione limacinaandLimacina
helicina), decapod larvae, polychaetes (mainly
Tomopterisspp.), tunicates > 5 mm, ichthyoplankton

Surface mesozooplankton Copepods (mainlZalanus finmarchicusC.
(0-100 m depth; active component) hyperboreusandOithona simili§, tunicates <5 mm,
meroplankton

Deep mesozooplankton CopepodsCalanus finmarchicuandC. hyperboreups

(100-320 m depth; inactive
component, i.e., in diapause)

Phytoplankton Diatom species suchCigmetocerogffinis,
Chaetocerospp.,Fragilariopsis oceanicgF. cylindrus
Leptocylindrus minimyshalassiosira bioculatar .
nordenskioeldii T. pacifica T. punctigera and a
mixture of autotrophic and mixotrophic organisms
including cryptophytes, dinoflagellates, prasinaey
prymnesiophytes, and mixotroprstombidiunspp.

Detritus Sinking particulate organic matter including bo#nge
particles (consisting of animal carcasses and sleff
terrigenous and coastal plants) and fine partigtesstly
from planktonic organisms, including feces, mol
phytoplankton aggregates, and bacteria)

Some compartments such as pelagic feeders and sknfieeders are composite groups,
where the species were aggregated on the basisndérgy in size and ecological role. Cod
Gadus morhuand Greenland halibtReinhardtius hippoglossoidegre each separated into two



groups based on diet, size at first capture inefigls, and size at maturity. Smaller fish prey
mainly on invertebrates while larger fish feed nhaion fish. These changes tend to occur
gradually with increasing length, but for this mbdevas assumed that the change occurs at 35
cm for cod (Lilly 1991) and 40 cm for Greenlandibat (Bowering and Lilly 1992). Due to a
lack of data, we could not treat juveniles and tsdsiéparately for other fish species. Crabs were
also separated into small 45 mm carapace width CW) and large crabs (> 45Ch) based on
important differences in diet and vulnerabilitygoedation (in particular cannibalism; crab prey
ranged in size between 3.9 and 48.8 mm CW) andnmaincarapace width of adult snow crabs
(40 mm CW) (Lovrich and Sainte-Marie 1997). Onlygka crabs are recruited to the fishery and
consist exclusively of male snow crabhionoecetes opilie 95 mm CW. In order to reproduce
the diapause behaviour and population dynamics afanoid copepods, the main
mesozooplankton species present in the LSLE, meptenokton was divided into two groups:
surface-water (0-100 m depth; active component) deep-water (100—-320 m depth; inactive
component, i.e., in diapause) mesozooplankton. ellidehere is a spatial separation of
development stages influenced by the estuarineldya- circulation, with an export of early
copepodite stages in the surface layer renewednbgdaection of the overwintering stage C5
from the adjacent northwest Gulf of St. Lawrenc&i({in the deeper waters during summer
(Plourde et al. 2001, 2003).

Collecting the data

Biomass, production, consumption, diet compositang fishery landings or anthropogenic
mortality (export) were needed for each group tinede the magnitude of trophic fluxes using
inverse modelling. All parameter estimations weradm within a collaborative framework, in
which experts for the various functional groups eveonsulted. A considerable effort was
expended to obtain input data in the study area damthg the period of interest. However,
information on several groups (e.g., forage spemmesbenthic invertebrates) was sparse or non-
existent for the area and study period and was téken for the same area but for other time
periods or from the literature for other areas antilme periods. Based on these different sources
of data (local and literature), we estimated theeloand upper limits of each input data used in
inverse modelling.

Biomass

The biomass density (called biomass in this docwrana species (or group of species)
was assumed to be constant for the 2008-2010 pér@lbiomass of each functional group was
obtained either directly or estimated from simiaosystems when it was not available for the
studied area. This parameter is expressed in boperssurface unit (i.e., tons wet weight m

Data on biomass of fishes and macroinvertebratesdalected each summer in the Estuary
and the northern Gulf of St. Lawrence from the D#pant of Fisheries and Oceans Canada
(DFO) multi-species bottom-trawl survey using a @aten trawl aboard the CCGEeleost
(2004-2010) (see Bourdages et al. 2007 for mor&lgetn the protocol). The sampling strategy
consisted of a stratified random sampling in ddpbed strata (Doubleday 1981). Weighted



means were calculated to estimate the biomass énatba using th&ACES (Programme
d’Analyse des Campagnes d’Echantillonnage Strasfiéoftware (Bourdages 2001). These
survey estimates were not converted to catchalaitifjysted biomass since the previous
catchability coefficients estimated from Harley avglers (2001) and Savenkoff et al. (2004a)
were not related to the new vessel/trawl used. Besrestimates obtained from the surveys are
considered as minimal values given that the neagstegion (depth < 37 m) is not covered and
that some species may not be properly sampleddiiehability, e.g., pelagic species).

Biomass estimates for several other model compaisneere based on data from other
surveys (blue whales: photo-identified blue whabtadsets collected by the Mingan Island
Cetacean Study MICS; other cetaceans: Trans Notldnthc Sighting Surveys; seals: aerial
visual surveys; zooplankton and phytoplankton: #titaZone Monitoring Progra) and population
models (seabirds, crabs). In other cases, biomassbased on densities reported from other
ecosystems (echinoderms, molluscs, polychaetes, adher benthic invertebrates) or was
estimated by initial diagnostic assays of the mddemeet predator demands (large and small
demersal feeders, capelMallotus villosus herring Clupea harenguslarge and small pelagic
feeders, squid).

Standard deviations for biomass were based onth@wariations in the point estimates for
the three years in the studied period (i.e., emdhe estimates themselves was not included in
these standard deviations).

Catch

Annual landings for harvested species were estonfitten zonal interchange file format
(ZIFF) databases (MPO, unpublished data) updatewch frelated Canadian Science Advisory
Secretariat science advisory reports. The studg, dhe lower St. Lawrence Estuary, included
NAFO subdivisions 4Tp and 4Tq. By-catches in thensh and Greenland halibut fisheries were
examined from the at-sea observer database (BIOREXpany for the Estuary data). The
annual coverage by observers is around 5%. Foatnhrcwe used area equivalent to 4,52% km
(standard area; DFO 2002) and 4,260 Kiaeep strata of the summer scientific surveys; B.
Bernier, Maurice Lamontagne Institute, pers. comnepectively, for the shrimp and Greenland
halibut fisheries.

Since the 2010 landing data were not yet availaHkence, mean, standard deviation,
minimum, and maximum values for catch were caleddiased only on the point estimates for
the first two years (i.e., error in the estimatesmselves was not included in these standard
deviations).

Production

Production is the total amount of tissue producethe population or community under
study during a given time period (Christensen aadly 1992). It includes all living matter
produced by a group (even if it is eventually coned, fished, or lost to other mortality) during
the model period. In this study, it was assumedttiere was no year-to-year change in biomass
over the 2008-2010 time period (low coefficients wariation of biomass CVs) and that



emigration was zero. Thus production in this masl¢he biomass that is lost to natural mortality
(predation, disease, and other natural causesatifi)dand fishing mortality. Production is a flux
expressed as biomass per surface unit per yeat ra? yr).

For most model compartments, estimates of produatiere obtained using the steady-
state assumption that production equals total riyrt®irect estimates of total mortality, based
on a modified catch curve analysis of the surveia,daere available only for large cod,
American plaice, and white hake. An estimate ofdpaion was then obtained by multiplying
biomass by the annual mortality rate A €Al - €%, with Z being the instantaneous mortality
rate according to Ricker 1980). For most other rhodEmpartments, total mortality or
production was assumed to be equivalent to the dssmultiplied by natural mortality (M) plus
catch (Allen 1971). In these cases, a fixed natmraitality rate was assumed based on life-
history considerations (FishBase; Froese and P2Q0y), literature reports, or expert opinion.
Minimum and maximum values for production were olgd by using ranges of catch and
biomass values. In other cases, a range of prasduestimates was obtained from a variety of
methods (e.g., seals) or based on a range of ezporlues for other areas (e.g., benthic
invertebrates).

Consumption

Consumption is defined as the utilization of foog @& group during the time period
considered by the model (Christensen and Pauly)199@nsumption is a flux expressed in
biomass per surface area per year (i.e.,t k).

Consumption (Q) was estimated for each model commgant by multiplying biomass (B)
by Q/B ratios reported in the literature or estiathtising FishBase (Froese and Pauly 2002), by
dividing production (P) by gross growth efficien@E; the ratio of production to consumption)
using the ranges in GE given by Christensen antyRa892), or by using a consumption model
(e.g., seals). For each compartment, a range isti@aes was obtained based on 1) variation in
reported Q/B ratios, 2) the range in possible GBjaBiation in estimated biomass or production
(mean = standard deviation), and/or 4) variatiotwken the estimates obtained using the
different methods described above. This range iresimates provided the minimum and
maximum estimates used as constraints in inversgeltmy. Also, we assumed that the fish
species would eat at least as much food as treimdss (Q/B> 1).

Diet composition

Diet matrices were constructed using field datac(netribution in mass to diet) from the
study area whenever possible. However, these aateodexist for some species, in which case
diet data were taken for the same area but foh@ndime period or from the literature for other
areas and/or time periods. Using all the availéibld samples or literature reports, the minimum
and maximum values observed for each potential wexg used as inputs for inverse modelling.
Means and standard deviations were calculatedreitinectly from the lower and upper limits
when there was no information on numbers of stomdamean and SD of the two extreme
values) or from the different diet proportions, alhiwere weighted by the number of stomachs



when stomach content analyses were given (mearsBndf all the point estimates). In the diet
tables, empty cells indicate that a prey item wagenfound whereas “0.0” indicates that it was
found in very small amounts (< 0.1%) or that tlepresented a potential trophic relation between
prey and predator in other ecosystems or anothrerdpef time (equal to 0%). There were a large
number of such values (88 of 487 flows) for the D10 period.

FishBase

Occasionally, information was not available for soparameters. When this happened we
referred to FishBase (Froese and Pauly 2002), wisich biological database developed at the
International Centre for Living Aquatic Resourceadgement (ICLARM) in collaboration with
the Food and Agriculture Organization (FAO) andeotbrganizations. It includes information on
fish species and is updated frequently with regazdaformation such as maximum size, growth
parameters, natural mortality, and standardizet! @benposition (Froese and Pauly 2002). The
natural mortality and the Q/B ratio of differentespes were thus determined using FishBase
(Life-history tool in the species table) based oatew temperature, maximum species length,
mean species mass, the aspect ratio of the canddlffsh, and the general diet composition.

Model structure

This work applies the inverse methodology propobgdVézina and Platt (1988) for
planktonic food webs and adapted by Savenkoff ef(2104b, 2007a) for whole ecosystem
networks. Inverse methods are mathematical tecksigised to generate a “snapshot” of the
system at one time. They use mass-balance priscgrld an objective least-square criterion to
estimate flows of organic matter or energy amoogttic groups of an ecosystem (Savenkoff et
al. 2004b). These models consider the ecosystera adole rather than its components
separately and thus provide a description of tropiteractions between all functional groups of
the ecosystem. The inverse approach solves flowanks by finding the solution that minimizes
(objective least-square criterion) both the sursmfared flows (and thus the total sum of energy
flows through the food web) and the sum of squaresidual errors (i.e., minimizes the
imbalances between inputs and outputs) consistighttiae constraints (Vézina and Platt 1988).
Inverse methods provide a powerful tool to estimatesystem flows using limited data and
straightforward mass balance and metabolic comgsrai

In the inverse approach, we use local measurenfergs landings), information on the
trophic structure of the ecosystem (e.g., diet amsitipn), and measurements of specific
processes (e.g., production and consumption) tnstauct the interactions and to estimate flows
(in t km? yr'; see Appendix 1) such as respiration, egesti@tgiion, or mortality due to factors
other than fishing or predation for each functiogadup. Ecosystem inverse modelling is based
on combining compartmental mass balance equatigihsdata equations and eco-physiological
constraints on the energy flows (Savenkoff et @04b). The mass balance equations specify that,
for each consumer group, the sum of inflows (consion) is balanced by the sum of outflows
(production, respiration, and egestion), a net ghan the biomass variablaRi), and a residual
term €) (Appendix 2). We assumed that there was no changgomass ABi = 0) during the
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studied time period and that net migration was Zemgration out of or into the study area, food
intake of predators that are not part of the systetn.) (steady-state assumption). Also,
production was equal to the biomass lost to fishprgdation, and natural mortality other than
predation (hereafter termed other mortality caus@)er mortality causes include natural causes
of death such as disease or could reflect unsusgphgrocesses occurring in the ecosystem, such
as misreported catch (e.g., Savenkoff et al. 2QQ#guspected migration, or other processes not
accounted for in the model. The general mass-balegaation for individual compartments can
be written as:

(1) Consumption — respiration — egestion — fishimgytality — predation — other mortality = Ge+

The equations calculated for this study were aicty balanced, that is, the sum of the
inputs and outputs for each compartment did noeserily equal zero. These differences are
here termed the residuals, which are representethdyerror terme. The residual for each
compartmental mass-balance, if it is not equal éoo,zcorresponds to an annual change in
biomass.

For mesozooplankton, the mass-balance equatiormaedsgied to account for the diapause
behaviour and population dynamics of calanoid codspIndeed, a part of the surface-water
active population overwinters in deep waters tonféine passive component in diapause (Plourde
et al. 2001, 2003). Therefore, a flow from surfacesozooplankton (output) to deep
mesozooplankton (input) was added to the two makmibe equations (Appendix 2). Also, we
introduced a metabolic loss to represent the maskadonal decrease in mean body dry weight
during winter without corresponding changes in pros length (Plourde et al. 2003) (Appendix
2). The minimum dry weight of the different devetognt stages was observed in April and May
(no data in winter months). The difference in dight between the two periods represented an
increase of 70% in body weight of stages C6f angd &l 50% in stage C4 during summer
(Plourde et al. 2003).

For phytoplankton and detritus, the general madsAge equation was simplified
(Appendix 2). For the phytoplankton group, prodoctimust balance the sum of the outputs
(phytoplankton respiration, phytoplankton mortalitycluding the egestion term, and
consumption of phytoplankton). For the detritusugrothe inputs (egestion and other natural
causes of death for other groups) must balancsuheof the outputs (consumption of detritus,
bacterial remineralization of detritus, and buri@cause bacteria were considered part of this
functional group, detritus is assumed to respire.

For zooplankton, phytoplankton, and detritus gsjuwe also introduced in the mass-
balance equation an “advection” term, a residufibw or outflow required, if necessary, to
balance the models in order to reproduce the padsansport of organisms by the estuarine
circulation (Runge and Simard 1990) (Appendix 2).

With the compartmental mass-balance equationsgeéheral structure of an inverse model
also includes data equations and constraints. @teetjuations attempt to fix the value of certain
flows or combinations of flows (e.g., incorporateoi the model the observations that coincide
with the period/region for which a solution wastéel while the constraints incorporate general
knowledge into the model. The input data introdudedctly into the model as data equations
generally included values from the system (e.qlilzgs [catches]; Appendix 2). Data equations
are also used for diet proportions available oslpaint estimates (no variance estimate) or with
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low observed values (i.e., < 0.5%) and low uncetyafi.e., SD < 0.6%) (Appendix 2). For the
data equation, the mean calculated directly from ldwer and upper limit range or the value
available only as a point estimate was used in fhindeAlso, the equations calculated for the
specified values (data equations) were not repmdiuexactly and the differences between
observed inputs and estimated flows are represdmytéie residual erm (Appendix 2). Inverse
modelling could thus find a solution that was netessarily balanced (not in steady state). This
yielded 212 (41 mass balances and 171 specifiegsfl@equations (Appendix 2) that had to be
solved for 646 unknown flows (Appendix 1).

This system was strongly underdetermined (e.g.nthmber of flows to be solved exceeded
the number of independent mass balance relati@esjydditional constraints were needed to
incorporate general eco-physiological knowledge itite model (Appendix 3). Each flow was
taken to be non-negative, and flows and ratiodavid (metabolic efficiencies) were assumed to
fall within certain ranges to satisfy basic metaboequirements (Appendix 3). Gross growth
efficiency (GE) is the ratio of production to congotion and for most groups should have values
between 10 and 30% (Christensen and Pauly 1992edf®ns are top predators, e.g., marine
mammals and seabirds, which can have lower GE @st\@.1 and 1%), and small, fast-growing
fish larvae, nauplii, or bacteria, which can hawghbr GE (between 25 and 50%) (Christensen
and Pauly 1992). Following Winberg (1956), 80% bé tconsumption was assumed to be
physiologically useful for carnivorous fish groupghile the non-assimilated food (20%,
consisting of urine and feces) was directed todagitus. For herbivores, the proportion not
assimilated could be considerably higher, e.gtou0% in zooplankton (Christensen and Pauly
1992). We constrained the assimilation efficien&lg) to fall between 70 and 90% for all groups
except for zooplankton groups (between 50 and 90F@r certain flows (production,
consumption, other diet proportions with higher &fues [e.g., > 0.6%], export for detritus,
etc.), minimum and maximum values were incorporatedonstraints (Appendix 3). To facilitate
comparisons with other ecosystem models, we addedtmaints on the ecotrophic efficiency
(EE). The ecotrophic efficiency is the fractiontleé production that is used in the system through
predation or fishing mortality. These values shdugdbetween 0 and 0.95 (Christensen and Pauly
1992, 1998). Here, a value only slightly above zadicates that the group is not consumed in
noticeable amounts by any other group in the sygeem, top predators). Conversely, a value
near or equal to 0.95 indicates that the groupeavity preyed upon and/or highly exploited by a
fishery, leaving no individuals to die of other sas (e.g., small prey organisms). Note that (1-
EE) represents the natural mortality other thamlgtien or other mortality causes (MO). In all,
1729 constraints were added to the 212 mass balataions, leading to a system of 1941
eguations and inequalities to be solved for the @hown flows. The model was coded as a set
of MATLAB ™ scripts, including routines from the Optimizatidimolbox™ and supporting
Excel™ spreadsheets.

The choice of weights for each mass balance emudtialled row weights) and for each
unknown flow (column weights) is an important paftthe solution process. In this study, the
variances of the observed data were used as theveights and the variances of the estimated
flows as the column weights. We used the inverséhefvariances in the weighting scheme,
which limited the influence of large uncertaint@s the solution. The weighting scheme has two
effects: (1) it introduces a prior hypothesis alibet relative sizes of the unknown flows, and (2)
it limits the influence of large uncertainties dretsolution, e.g., the weighted optimal fits were
largely determined by the parts of the ecosysteomutalwhich we know the most. For each
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predation flow, we used the weighting scheme ddfibg Savenkoff et al. (2004b) to reduce
numerical instability and give less weight to prsalaequations compared to other mass-balance
equations in the solution. Indeed, there was alargnber (88 of 487) of proportion of preyn
diet (by mass) of consumgwalues that were low (< 0.1%) or equal to 0% (@epnting a trophic
relation between prey and predator in other ecesystor another time period). This gave less
weight to predation equations, allowing greatefedénces between initial and final estimates of
diet proportions and reducing numerical instahility

To find a solution, we used the minimum norm (MNersion (the parsimony principle)
that seeks to minimize both the sum of squaredggrftaws (thus the total sum of flows through
the food web) and squared residual error@minimizes the imbalances between inputs and
outputs), that are consistent with the constraiMass-balance models are deterministic and
require many input parameters, some of which maydaly known or adapted from other
ecosystems. To explore the effects of uncertaintthe model results, a perturbation analysis was
carried out once the initial balanced solution whtined. We randomly perturbed each term by
up to its standard deviation in order to represieatrue uncertainties of the input data. Assuming
uniform distribution, eacl term was thus replaced ky+ rn SD, wherern is a randomly chosen
real number between -1 and 1 and the inverse asalgs recalculated each time (Savenkoff et
al. 2007b). The final solution is always the me&oree solution without perturbation (the “initial
solution”) and 30 iterations with random perturbat of the input data (to a maximum of their
standard deviations). This number is a compromé/den limitations in computing time (one
week for 31 balanced and ecologically realisticdan perturbations) and statistical significance.
The estimated values from this final solution arespnted in Appendix 4.

First modelling runs

Based on first inverse modelling runs, initial guotion values (and thus biomass) for
several groups (large and small demersal feedeqselio, herring, large and small pelagic
feeders, squid) seemed to be too low to meet pyedatnands.

For the zooplankton, phytoplankton, and detritusugs, an “advection” term — a required
residual inflow or outflow — was added in the mhatance equation if necessary to balance the
models in order to reproduce the passive transpiodrganisms by the estuarine circulation
(Appendix 2). However, without information to coresh these advection terms, they were all
equal to zero in the modelling runs.

RESULTS: DATA COLLECTING AND SYNTHESIS

In this section, we describe each functional grotiphe Estuary modelling and give the
respective estimates of biomass, production, copiom and diet composition that are used as
inputs for modelling.
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Cetaceans: mysticetes and odontocéfésude Savenkoff, Jean-Frangois Gosselin, Maékiie
Truchon, Lena Measures, and Véronigue Lesage; iiéshend Oceans Canada, Mont-Joli, Qc)

Background

The Gulf of St. Lawrence is dominated by borealaceans ranging from large and
medium-sized mysticetes and odontocetes to smalhtodetes such as porpoises and dolphins
(Kingsley and Reeves 1998). In the Estuary, minBalgenoptera acutorostraja blue
(Balaenoptera musculyshumpback¥legaptera novaeangliaqeand fin Balaenoptera physallis
whales are the most abundant species among the &ard medium whales (J.-F. Gosselin,
Institut Maurice-Lamontagne, unpublished data). De&iga whale Delphinapterus leucasis
the most abundant of the small odontocetes in gtedgy, although harbour porpoigehpcoena
phocoena also occur in this area. Other cetaceans, likdengided dolphinsl{@agenorhynchus
acutug and white-beaked dolphinkggenorhynchus albirostrfismay occur occasionally in the
lower Estuary (Lesage et al. 2007).

Among the cetaceans, the beluga is the only permaesident of the Estuary or Gulf of St.
Lawrence (reviewed in Lesage et al. 2007). Althoagime individuals of blue whales and other
rorqual whales are known to occur in the waterthefSt. Lawrence system throughout the year,
these species are considered as seasonal visitongng into the study area mainly for feeding
purposes.

Based on diet and body mass, cetaceans weredpatated into two groups: the mysticetes
(baleen whales) and the odontocetes (toothed whafemong mysticetes, blue whale was
considered separately from the other species tm&st potential competition with this species in
the study area. Beluga whales and other odontosstesalso separated into two groups.

Biomass

Data on cetacean abundance for the St. Lawrencaiysivas obtained as part of the 2007
Trans North Atlantic Sighting Survey (TNASS) effant eastern Canada (Lawson and Gosselin
2009). The cetacean survey in the St. LawrenceaBstovered 12,071 kKmso we used this
survey area to calculate the parameters for trosminstead of the value usually used for the
other groups (the sampling area for the lower HEgjuaAbundance estimates for this zone,
uncorrected for availability and perception biasesre 38 minke whales (upper and lower limits
of the 95% confidence interval, 95% CI: 8-217 arngnaB fin whales (95% CI: 1-43 ind.), 14
humpback whales (95% CI: 0-38 ind.), 210 harboupgses (95% CI: 29-1,527 ind.), and 885
beluga whale (95% CI: 344-1,615 ind.) (J.-F. Goasselnstitut Maurice-Lamontagne,
unpublished data). No other species were obsemethis stratum during the 2007 survey,
preventing an estimation of their abundance. Gitegir relatively low abundance in the
northwest Atlantic (Sears and Calambokidis 200%age et al. 2007), only 17 blue whales
(Balaenoptera musculyuswere seen during the entire 2007 Canadian sufizayson and
Gosselin 2009). However, based on the longest gletdified blue whale data sets collected by
the Mingan Island Cetacean Study (MICS), Comtoialef2010) estimated that the number of
distinct photo-identified animals per year rangetineen 18 and 46 individuals in the 2005-2007
time period in the lower Estuary (mean: 30 inditd).
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Mean body mass taken from the review of Lesagé €2@07) was 5.5 t for minke whales,

31.5 t for fin whales, 27.5 t for humpback whal2680.0 t for blue whales, 0.05 t for harbour
porpoises, and 0.6 t for beluga whales. Based erptavious information on abundance, body
mass, and area, we estimated mean biomass val@e806f tons or 0.249 + 0.119 t Krfor blue
whales, 846 tons or 0.070 + 0.031 t'kfor other mysticetes, 531 tons or 0.044 + 0.0kt for
belugas, and 11 tons or 0.001 + 0.001 t?Kior other odontocetes. Biomass estimates for epeci
other than blue whales are underestimates as theyn@orrected for animals diving at the time
of the survey and those at the surface but undetdxt observers.

Anthropogenic activities associated with marine mrehmortality

The nature of anthropogenic activities underlyingrime mammal mortalities was assessed
from a study examining stranding events recordeth@nEstuary and northwestern Gulf of St.
Lawrence from 1994 to 2008 for evidence of anthggmic signs (M.-H. Truchon, L. Measures,
and J.-C. Bréthes, Institut Maurice-Lamontagne dswiversité du Québec a Rimouski,
unpublished data). Of 1590 stranding events (19942@08), 192 involved anthropogenic
activities, including fishery entanglement (48%)ipscollision (19%), gunshot (16%), probable
illegal hunting (13%), and severe injuries (5%).e3& records include six species of large
cetaceans, three species of small cetaceans, andspecies of seals. Overall, anthropogenic
incidents on marine mammals were mostly reportathgisummer, probably due to seasonality
in human activities (e.g., recreational activitiggense maritime traffic, most fisheries, etc.),
probability of carcass detection, and presence peftiss in the study area. Anthropogenic
incidents on marine mammals significantly increaeedr years (M.-H. Truchon, L. Measures,
and J.-C. Bréthes, Institut Maurice-Lamontagne dswiversité du Québec a Rimouski,
unpublished data).

For the 2003-2008 period, 17 cetacean mortalitdsted to anthropogenic interactions
have been reported in the Estuary. Two minke whalartalities were associated with
entanglement in fishing gear while one fin whalertality was related to ship collision. For
odontocetes, three beluga and one harbour porpasefrom ship collision while 10 harbour
porpoise mortalities were caused by other anthrepiegncidents, probably illegal hunting.

Based on the previous information on abundancey boaks, and area (12,071 Rmwe
estimated lethal anthropogenic incidents of 3.38%t km? yr* for other mysticetes, 1.49 x 10
t km? yr for belugas, 4.83 x 10t km? yr™ for other odontocetes, and none for blue whales. W
used the coefficients of variation for biomass (4428%, and 98%, respectively, for other
mysticetes, belugas, and other odontocetes; sesvpéb estimate the standard deviations for
anthropogenic mortality. The final solution of imge modelling (hereafter termed “inverse
solution”) estimated anthropogenic mortality valwés3.52 x 1¢° + 8.85 x 10 t km? yr? for
other mysticetes, 1.57 x T 2.32 x 10 t km? yr* for belugas, and 3.85 x P& 2.48 x 10 t
km™ yr for other odontocetes.
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Production

Because there is no information on total mortdbtycetaceans, production was assumed to
be equivalent to the biomass multiplied by natarattality (M), plus catch (Allen 1971). Natural
mortality for minke whales was estimated to be 8.97"* (mean value; Tanaka 1990). Other
values were estimated by Ohsumi (1979) for minkelag (0.090 yt), fin whales (0.040 1),
humpback whales (0.070 % and odontocetes (i.e., dolphins; mean valued@yr?). After
weighting according to the biomass of each speni¢ke present study, we estimated a natural
mortality of 0.063 yi* for blue whales and other mysticetes and 0.14%qyr belugas and other
odontocetes. No catch has been reported for bluelewhwhile minimum anthropogenic
mortalities were 3.52 x 10t km? yr™ for other mysticetes, 1.49 x 1@ km? yr* for belugas, and
4.83 x 10° t km® yr'* for odontocetes, based on beach-cast carcassessatiehe coefficients of
variation for biomass (48%, 44%, 29%, and 98%, eetyely, for blue whales, other mysticetes,
belugas, and other odontocetes) to estimate thnelaté deviations for production. This resulted
in a total production of 0.016 + 0.008 t Kgr™* (range: 0.009-0.024 t kfryr™) for blue whales,
0.008 + 0.003 t ki yr* (range: 0.004—0.022 t kiyr™) for other mysticetes, 0.007 + 0.002 t'km
2yr! (range: 0.003-0.012 t kfryr'Y) for belugas, and 0.0002 + 0.0002 tkyr* (range: 0.0001—
0.0010 t krif yr?) for other odontocetes. The inverse solution estiwh a production of 0.011 +
0.002 t knf yr* (P/B of 0.04 yt') for blue whales, 0.006 + 0.002 t Kryr* (P/B of 0.08 yi) for
other mysticetes, 0.0028 + 0.0001 t'kyr™ (P/B of 0.06 yi") for belugas, and 0.0001 + 0.0001 t
km™ yr* (P/B of 0.10 yi') for other odontocetes.

Consumption
The daily consumption by cetaceans was calculateayu
(2)R=0.1W?

whereR is the daily ration for an individual (in kg) akdis the mean body mass in (kg) (Trites et
al. 1997). Mean body mass of each cetacean speaegsstimated from Lesage et al. (2007). We
also used the coefficients of variation for biomassestimate the standard deviations for
consumption.

Assuming a residence time of 180 days for blue adhaind other mysticetes, this gives a
mean annual consumption of 0.447 + 0.215 #km’ (range: 0.268-0.686 t kinyr™) for blue
whales and 0.177 + 0.074 t Knyr* (range: 0.018-0.774 t kinyr™) for other mysticetes. Gross
growth efficiency (GE = P/Q) ranges between 0.1 Bdfor marine mammals (Christensen and
Pauly 1992). Based on the previous total annualymiion values (0.016 and 0.008 t k™,
respectively) and the GE limits, we obtained ott@isumption ranges of 1.575 to 15.749 t%km
yr* for blue whales and 0.796 to 7.962 t kiyr* for other mysticetes. The value based on the
lower GE limit (0.1%) was not realistic, being aast 10 times higher than the consumption
value based on daily ration. So the resulting comion range was 0.268 to 1.575 t k™
(mean consumption value: 0.922 + 0.924 t%yn®) for blue whales and 0.018 to 0.796 tm
yr! (mean consumption value: 0.407 + 0.551 t*%kgr’) for other mysticetes. The inverse
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solution estimated a consumption of 1.170 + 0.66&t yr* (Q/B: 4.71 yt") for blue whales and
0.589 + 0.167 t ki yr* (Q/B: 8.40 yi') for other mysticetes.

Assuming a residence time of 180 days for harlpmrpoises and 365 days for beluga
whales (permanent resident), the mean annual cqteamwas estimated at 0.447 + 0.131 tkm
yr! (range: 0.174-0.815 t kfryr'Y) for belugas and 0.008 + 0.007 t kryr* (range: 0.001-0.055
t km? yr?) for other odontocetes. Gross growth efficienci (EP/Q) ranges between 0.1 and 1%
for marine mammals (Christensen and Pauly 1992ke®8aon the previous total annual
production values (0.007 and 0.0002 tkyr?, respectively) and the GE limits, we obtained
other consumption ranges of 0.670 to 6.704 £k for belugas and 0.019 to 0.186 t kiyr™
for other odontocetes. The value based on the I@etimit was not realistic, so the resulting
consumption range was 0.174 to 0.815 t%kyn* (mean consumption value: 0.494 + 0.454 t%km
yr!) for belugas and 0.001 to 0.055 tkyr* (mean consumption value: 0.028 + 0.038 t%km
yr) for other odontocetes. The inverse solution et a consumption value of 0.282 + 0.017 t
km? yr! (Q/B: 6.40 yi') for belugas and 0.010 + 0.005 t krgr* (Q/B: 10.82 yi) for other
odontocetes.

Diet composition

There are few quantitative descriptions of dietdetaceans. Where the literature refers to
prey using terms such as “preponderant” or “predami,” it was assumed that they made up at
least 75% of consumed mass. If other prey wererteghoremaining consumption was divided
equally among them. Based on Bundy et al. (2000xHe Newfoundland—Labrador Shelf, the
following diets for mysticetes were used in thelgsia:
- Humpback whales: capelin, euphausiids, small petagnainly sand lance), and squid
(adapted from Mitchell 1973 and Bundy et al. 2000);

- Fin whales: capelin, euphausiids, and small peta¢ncainly sand lance) (adapted
from Mitchell 1975, Sutcliffe and Brodie 1977, aBdndy et al. 2000);

- Minke whales: capelin, small cod, euphausiids, ihgrrand squid (adapted from
Mitchell 1974, Horwood 1990, and Bundy et al. 2000)

The overall proportion of each prey item by masss weeighted according to the
consumption of each cetacean species to obtairethdting diet of the other mysticetes group.
Due to the lack of information on zooplankton specidentification, the diet proportions for
large and small zooplankton from these studies wentestributed in the resulting diet according
to the biomass proportion of each zooplankton gseclhe most important prey items of the
resulting diet were capelin, small pelagics, arrddaand small euphausiids (85.7% of the diet;
Table 2).

Blue whales are specialist feeders and consumesalexelusively euphausiids worldwide
(Yochem and Leatherwood 1985, Sears and CalamlzoRidd2). In the North Atlantic, their
main prey items are the euphausiifiBysanoessa inermid. longicaudata T. raschii and
Meganyctiphanes norvegicén the North Pacific, blue whales feed mainly tbe euphausiids
Euphausia pacificaT. spinifera T. inermis T. longipesT. raschij andNematoscelis megalops
but other prey species from the ge@aanusand pelagic red crab have been reported (Yochem
and Leatherwood 1985, Schoenherr 1991, Fiedldr #988). All these potential food items were
accounted for in the final diet composition (Talde Due to the lack of information on
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zooplankton species identification, the diet propos for macrozooplankton and
mesozooplankton were redistributed in the resultiieg according to the biomass proportion of
each zooplankton species.

For beluga whales, we used the diet reported byhSsh al. (2011). The prey proportions
were estimated from occurrence of species in theafibeluga collected mainly at the Banc de
Manicouagan in 1938-1939 (Vladykov 1946) and inows areas of the Estuary and northern
Gulf of St. Lawrence through beluga strandings983%-2008. How closely these data reflect the
true diet of the population, in terms of speciesnposition and relative contribution to the
consumed biomass, is unknown. Occurrences for rettenwere based on a very small sample
size (n = 19), while those from the 1930s were framarea no longer used by St. Lawrence
beluga (Smith et al. 2011). Using these occurreasesproxy for abundance in the diet and mean
body wet weight for each prey species, we estimpteg proportions by mass. Large and small
demersals, cod, herring, and squid would constth#emain prey items in beluga diet (Table 3).
For harbour porpoises, we used the diets estintateebntaine et al. (1994) in the Estuary and
the northern Gulf of St. Lawrence, by Gannon e{98) in the Gulf of Maine, and by Recchia
and Read (1989) from the Bay of Fundy. The maity gems of the resulting diet were herring,
large pelagics, capelin, and small pelagics (T8hle
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Table 2. Diet compositions (%) of blue whales arlkdeo mysticetes (baleen whales) used in
modelling. Est: diet estimates from the inverse elpdRN: number of trophic relations;
SD: standard deviation. Empty cells indicate tharey item was never found whereas
“0.0” indicates that it was found in very small aint¢s. Values used in data equations or
as upper and lower limit constraints are indicatelloldface.

Blue whales

Other mysticetes

Prey Mean +SD Min

Max Est

Mean #SD Min

Max Est

Large cod

Small cod

Large Green. halibut
Small Green. halibut
American plaice
Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals

Capelin

Large pelagics

Herring

Small pelagics

Squid

Shrimp

Small crabs

Echinoderms

Molluscs

Polychaetes

Other bent. inver.

Large euphausiids 44.4
Small euphausiids 50.6
Large hyperiid amp. 0.1
Other macrozoop. 2.4
Surface mesozoop. 2.5
Deep mesozoop. 0.0
Phytoplankton

Detritus

2.3 0.0
2.7 0.0
0.1 0.0
2.4 0.0
2.5 0.0
0.0 0.0

Total 100.0
TRN 6

0.0

1.6

65.0

4.8
7.6
3.4

100.0 35.1

100.0 59.1
0.2 0.1
48 2.2

50 35

0.0 0.0

6.1
7.0
0.1
4.4
0.0
0.0

210.0 100.0 100.0
11

29 0.0 50 0.0

21.7 375 75.0 64.0
6.5
5.0
2.5

0.0
0.0
0.0

125 0.2
10.0 0.2
50 0.0

8.1
9.2
0.2
5.8
0.0
0.0

1.7
2.0
0.0
1.2
0.0
0.0

16.3 11.6
18.6 15.2
04 01
11.7 8.6

00 0.0
00 0.0

42.5 154.4100.0
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Table 3. Diet compositions (%) of belugas and otbdontocetes (toothed whales) used in
modelling. Est: diet estimates from the inverse elp@RN: number of trophic relations;
SD: standard deviation. Empty cells indicate tharey item was never found whereas
“0.0” indicates that it was found in very small amnt¢s. Values used in data equations or
as upper and lower limit constraints are indicateloldface.

Belugas Other odontocetes
Prey Mean £tSD Min Max Est Mean *SD Min Max Est
Large cod 71 102 0.0 144 121 01 0.2 0.0 0.3 0.1
Small cod 71 102 00 144 104 01 0.2 0.0 0.3 0.1
Large Green. halibut
Small Green. halibut
American plaice
Flounders 1.2 1.7 0.0 24 24 0.0 0.0 0.0 0.0 0.0
Skates 2.7 39 0.0 56 5.6
Atlantic halibut
Redfish 2.9 42 00 59 11 2.3 32 0.0 59 33
Black dogfish
White hake 85 122 00 172 1.7 4.5 70 00 126 4.1
Large demersals 158 7.2 27 21.0 20.8 4.5 70 00 126 4.3
Small demersals 127 83 35 18.7 186 00 01 0.0 0.1 0.0
Capelin 4.2 60 00 84 84 134 232 00 402 36.7
Large pelagics 4.1 59 0.0 83 0.2 139 123 00 233 0.2
Herring 135 184 0.7 26.7 5.0 43.8 178 26.6 62.1 38.0
Small pelagics 3.5 48 0.2 7.0 45 111 135 19 26.6 125
Squid 110 49 0.1 146 0.1 55 79 0.0 146 0.0
Shrimp 0.5 0.8 0.0 1.1 1.1
Small crabs
Echinoderms
Molluscs 01 01 0.0 0.2 0.1
Polychaetes 00 01 0.0 0.1 0.0
Other bent. inver. 5.0 40 2.3 79 79 06 0.6 0.0 1.0 0.6
Large euphausiids 0.0 0.0 0.0 0.0 0.0
Small euphausiids
Large hyperiid amp.
Other macrozoop.
Surface mesozoop.
Deep mesozoop.
Phytoplankton
Detritus
Total 100.0 9.5 174.0 100.0 100.0 28.5 199.6 100.0

TRN 17

14
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Seals(Claude Savenkoff, Véronique Lesage, Marie-HélBnehon, Lena Measures, and Mike
Hammill; Fisheries and Oceans Canada, Mont-Jolj, Qc

Background

Four species of pinnipeds occur in the Estuary taedGulf of St. Lawrence: harp seals
(Pagophilus groenlandigagrey sealsHalichoerus grypus hooded sealCystophora cristath
and harbour seal®fioca vituling. Harbour and grey seals are the most abundanipgds in the
Estuary during summer (Robillard et al. 2005). Hsgpls and hooded seals are normally found in
Arctic waters at that time of the year. They migrtd the Labrador and Newfoundland area and
the Gulf of St. Lawrence, including the St. Lawrertestuary, beginning in late November to
forage and to breed during winter (Sergeant 19%niill et al. 1997, DFO 2010a). Although
most of the animals have left the St. Lawrence dyyesummer, some harp seal concentrations
may still be observed in the Estuary and northeuif @ late June (V. Lesage, Institut Maurice-
Lamontagne, pers. comm.). Hooded seals appear snbtary outside of the reproductive period
when in Canadian waters and few observations guertexd beyond springtime. Therefore,
hooded seals were excluded from the analyses.

Harbour seals (weight = 70-90 kg) are found throwgheastern Canada (Boulva and
McLaren 1979), occurring in small groups dispersémhg coastal areas (Lesage et al. 1995).
Although total population size and its relative tdimition remain highly uncertain, the St.
Lawrence might support approximately 4000-5000 dwartseals, which is a third of the total
population, of which approximately 75-80% would wcm the Gulf of St. Lawrence (Robillard
et al. 2005, Lesage et al. 2007). Recent studissdban aerial surveys of haul out sites indicate
that harbour seals are more numerous in the loweray and along the south shore than in the
upper Estuary or the Saguenay River or along ththrshore (Robillard et al. 2005). Harbour
seals are permanent residents of the Estuary (kestag). 2007).

The grey seal is larger than the harbour seal fweig150-350 kg). Major breeding
colonies in eastern Canada are located on Sabledisbn the eastern shore of Canada (including
Hay Island and other small colonies along coastatla\Scotia), and in the southern Gulf of St.
Lawrence (Mansfield and Beck 1977, Thomas et al720After breeding, both juveniles and
adults disperse widely over eastern Canada. BdileSsland and southern Gulf of St. Lawrence
grey seals occupy the Estuary and Gulf during ¢keefriee period, but the number of individuals
present during that period, although in the thodsaremains uncertain (Robillard et al. 2005). In
the Estuary, the largest aggregations are obseavéi-aux-Fraises the Bic archipelago, and
along the north shore of the lower St. Lawrenceudist between the Betsiamites River mouth
and Baie-Comeau (Robillard et al. 2005, Lesagé €08a7).

The harp seal (weight = 130-140 kg) is the moshdhant pinniped in Atlantic Canada and
usually summers in the Canadian Arctic or northw@stenland before returning south to
overwinter in Atlantic Canada (DFO 2010a). Reprdaucoccurs in March on pack ice in the
Gulf of St. Lawrence (Gulf herd) and off southerabtador (Front herd). In the Gulf, animals
whelp in two areas: off the lower North Shore aedrthe Tles-de-la-Madeleine (Sergeant 1991).
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Biomass

The abundance and distribution of harbour sealsgagy seals in the St. Lawrence Estuary
were assessed using seven aerial visual survetfsedEstuary, including three in June (1995,
1996, 2000) and four in August (1994-1997) (Rodillat al. 2005). The August 1994 survey
was excluded from the present analyses since rits Iof the study area were less extensive to
the east. In general, harbour seals were seenfregugently than grey seals. However, grey seals
generally formed larger aggregations than harbeatss(Robillard et al. 2005). Harbour seal
counts at haul-out sites ranged from 410 to 728s/iddals in the St. Lawrence Estuary while a
total of 244 to 723 grey seals were counted at-batiksites. Applying correction factors (e.g.,
haul-out behaviour controlled principally by tidgajpping season) to the most recent counts
resulted in absolute abundance estimates of 81P-fiafour seals in 1997 (August) and 721—
858 animals in 2000 (June) (Robillard et al. 20@Bys a range of 721-1252. No equivalent
correction factors are available for grey sealsesiabundance is usually determined through pup
counts on the ice or land during the pupping sedblammill et al. 1998, Bowen et al. 2003).
Consequently, we used the 244-723 range for graels.sBepending on the survey year and
season, and excluding the 1994 survey, 58-71%eh#rbour seals and 78-92% of the grey
seals were observed in the lower Estuary (Robilérdl. 2005). Applying these factors resulted
in abundance ranges of 418 to 889 harbour seald@®do 665 grey seals for the 1995-2000
time period. For harp seals, we used 0 to 300 deimathe lower Estuary as guesstimates for
lower and upper limits of abundance.

Mean body mass was 80 kg for harbour seals, 25@rkgrey seals, and 135 kg for harp
seals (Lesage et al. 2007). Based on the prewidosmation on abundance, body mass, and area
(lower Estuary survey: 6,840 Knwe estimated mean biomass ranges of 0.005 &0Q.&m?
for harbour seals, 0.007 to 0.024 tkior grey seals, and 0.000 to 0.006 t%for harp seals for
the 1995-2000 period. To calculate biomass in D@822010 period, we used a population
growth rate for each seal group from an updatesioerof the population model of Hammill and
Stenson (2000). For harp seals, we used a populgitawth rate of 2.0% in 2001-2004 and 3.0%
in 2005-2010. We used a population growth rate.6¥dand 5.7%, respectively, in 2001-2010
for grey and harbour seals. Harp seal biomass wpsstad for residence time (25% or three
months). The resulting biomass was 0.011 + 0.08&t (range: 0.008 to 0.018 t kfj for
harbour seals, 0.022 + 0.010 t knfrange: 0.010 to 0.039 t Kih for grey seals, and 0.001 *
0.001 t knf (range: 0.000 to 0.002 t Kinfor harp seals.

Catch

We used seal mortalities related to anthropogenteractions reported in the Estuary for
the 2003-2008 period (M.-H. Truchon, L. Measuresd &.-C. Bréthes; Institut Maurice-
Lamontagne and Université du Québec a Rimouskiublighed data). Mortalities are therefore
underestimates given that only reported animalscarapiled (a lot of animals die without
reported observations). Of eight seal mortalitiase do anthropogenic factors, two were
associated with entanglement in fishing gears ftardour seals), five with gunshot (two harbour
seals, two grey seals, and one harp seal), anavithesevere injury events (one harp seal). For
Québec’s North Shore (including the Estuary), thveas also harvest data for harp and grey seals
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in the 2008-2010 period (M. Hammill, Institut MaweiLamontagne, unpublished data).
Mortalities ranged between 248 to 2,190 for hagissand 0 to 5 for grey seals.

Based on the previous information on abundancey buass, and area (12,071 %for the
Estuary and 115,930 Knfor Québec’s North Shore region; i.e., the whdalierstific survey area
in the Estuary and northern Gulf), we estimated@piogenic mortality ranges of 2.89 X1
2.55 x 10° t kmi? yr* for harp seals (mean: 1.07 x 36 1.28 x 1 t km” yr%), 2.16 x 1¢ to
4.14 x 10° t km? yr* for grey seals (mean: 1.81 x 1@ 2.06 x 10 t km? yr'), and 0 to 2.65 x
10° t km? yr* for harbour seals (mean: 8.84 x®8 1.53 x 10 t km? yr'). For harp seals,
mortality through total removals was reduced by 26%e biomass section) to account for the
summer season only. This resulted in a mortalitgesof 7.22 x 18 to 6.38 x 10 t km? yr* for
harp seals (mean: 2.67 x4 3.21 x 1¢* t km? yr'). The mean mortality value for harp seals is
greater than the mean production value (9.06 XtIkm? yr'*; see below), so we used mortality
ranges rather than mean value in modelling. Theers®es solution estimated anthropogenic
mortality values of 7.44 x 10+ 2.39 x 1, 2.28 x 10 + 9.02 x 1¢f, and 1.12 x 18+ 6.86 x
10° t km? yr* for harp, grey, and harbour seals, respectively.

Production

The P/B ratio for each group was estimated by digdhe pup biomass by the population
biomass (minimum value) for the study area as teddn an updated version of the population
model of Hammill and Stenson (2000). The P/B rati@se 0.073 yt for harp seals, 0.101 yr
for grey seals, and 0.071"yfor harbour seals for the 2008—2010 period. Mlyliily these P/B
ratios by minimum and maximum biomass values fahespecies resulted in production ranges
of 0.0000 to 0.0001 t kinyr? for harp seals, 0.0010 to 0.0039 t k™ for grey seals, and
0.0005 to 0.0013 t kihyr* for harbour seals.

Production was also estimated by adding the anmaels gain for each age class in the
population to the mass of pups. Mass at age fqr $aals was obtained from Chabot and Stenson
(2002). An updated version of the population madd¢iammill and Stenson (2000) provided the
information for grey and harbour seals. This reslin production ranges of 0.0000 to 0.0002 t
km? yr for harp seals, 0.0016 to 0.0061 tkyr for grey seals, and 0.0012 to 0.0029 t%km
yr for harbour seals.

Finally, the resulting upper and lower limit rangesre 0.0000 to 0.0002 t kKhyr* (mean:
0.0001 + 0.0001 t kifiyr™) for harp seals, 0.0010 to 0.0061 tkyr' (mean: 0.0029 + 0.0023 t
km? yr?) for grey seals, and 0.0005 to 0.0029 tkyn* (mean: 0.0013 + 0.0010 t Khyr™) for
harbour seals. The inverse solution estimated ptamtuvalues of 0.0001 + 0.0000 t Knyr™
(P/B = 0.08 yi") for harp seals, 0.0016 + 0.0007 tkryr* (P/B = 0.07 yt') for grey seals, and
0.0006 + 0.0001 t kifiyr (P/B = 0.05 yt) for harbour seals.
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Consumption

The Q/B for each seal species was estimated at w263.80 yi', and 4.00 yt,
respectively, for harp, grey, and harbour seals\fam updated version of the consumption model
of Hammill and Stenson (2000). Multiplying theseBQvatios by minimum and maximum
biomass values for each species resulted in cortsamganges of 0.000 to 0.008 t Knyr™ for
harp seals, 0.038 to 0.146 t kryr” for grey seals, and 0.030 to 0.072 t%myr™ for harbour
seals.

Gross growth efficiency (GE = P/Q) ranges betweeln @hd 1% for marine mammals
(Christensen and Pauly 1992). Based on the previatas annual production values (0.0001,
0.0029, and 0.0013 t Kfmyr®, respectively) and the GE limits, we obtained pit@nsumption
ranges of 0.009 to 0.091 t Knyr® for harp seals, 0.288 to 2.882 t kryr* for grey seals, and
0.133 to 1.327 t ki yr* for harbour seals. The value based on the loweliBiE (0.1%) was
not realistic, being at least 11 times higher ttl@ consumption value based on Q/B ratios. So
the resulting consumption range was 0.000 to 0t@®8° yr* (mean consumption value: 0.005 +
0.006 t kn¥ yr') for harp seals, 0.038 to 0.288 t krgr' (mean consumption value: 0.163 +
0.177 t kn? yrY) for grey seals, and 0.030 to 0.133 tkym* (mean consumption value: 0.082 +
0.072 t kn? yrY) for harbour seals. The inverse solution estimategsumption values of 0.008 +
0.003 t kn¥ yr'! (Q/B = 8.66 yi') for harp seals, 0.160 + 0.057 t kryr* (Q/B = 7.22 yi") for
grey seals, and 0.060 + 0.010 tkyr* (Q/B = 5.32 yi") for harbour seals.

Diet composition

Diet data from the study area during the 2008—-204:@od were unavailable for seals, so
data from other areas and time periods were ussdad. For harp seals, diet information was
available for pups (n = 166), juveniles (i.e., dgd; n = 73), and adults (n = 21) in the northern
Gulf during 1998-2001 (M. Hammill, unpublished datéhe different diet proportions of the
final diet were weighted by the biomass proportareach class in the northern Gulf for the
2006—-2010 period (4.4%, 13.2%, and 82.3%, respdygtivfor pups, juveniles, and adults).
According to these diets, the main prey speciesewir order of importance, Atlantic cod,
Atlantic herring, and shrimp based on mass coninby69.2% of total diet; Table 4).

For grey seals, diet information was availabledops (n = 1), juveniles (i.e., age 1-4; n =
11), and adults (n = 24) in the northern Gulf i®2G@&nd 2006 (M. Hammill, unpublished data).
The different diet proportions of the overall gregal diet were weighted by the biomass
proportion of each class (4%, 6%, and 90%, resgaygtifor pups, juveniles, and adults) in the
study area. We also used diet information baseskais collected between 1999 and 2004 on the
south coast of Newfoundland (NAFO division 3Ps; 43) and between 1998 and 2004 in the
Gulf of St. Lawrence and around Newfoundland (NAdi@sions 3Pn and 4R; n = 21) (Stenson
and Hammill, unpublished data). The different goeyportions of the final diet were weighted by
the number of analyzed stomach content in each AceErding to these studies, the main prey
species of grey seals were small pelagic feedersnly, Atlantic cod, and small demersals based
on mass contribution (72.3% of the diet; Table 4).

The harbour seal diet composition was examinedtiar inshore habitats of Atlantic
Canada (Bay of Fundy and the northeastern coadMovh Scotia) between 1988 and 1992
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(Bowen and Harrison 1996). For the 250 food-coimgirstomachs examined, the major prey
were Atlantic herring, squid, large pelagics (po®ollachius vireny and Atlantic cod based on
mass contribution. We obtained upper and lowertéimesulting from these different diet studies.
The resulting diet composition of harbour seakhiswn in Table 5.
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Table 4. Diet compositions (%) of harp and greyssaaed in modelling. Est: diet estimates from
the inverse model; TRN: number of trophic relatio8®: standard deviation. Empty
cells indicate that a prey item was never foundreas “0.0” indicates that it was found
in very small amounts. Values used in data equsti@nas upper and lower limit
constraints are indicated in boldface.

Harp seals Grey seals
Prey Mean £+SD Min Max Est Mean +SD Min Max Est
Large cod 102 7.4 0.0 31.7 128 9.8 80 00 385 0.7
Small cod 155 84 0.0 494 10.8 9.8 80 00 385 04

Large Green. halibut 0.7 1.2 00 44 20 0.8 1.4 0.0 70 29
Small Green. halibut 0.7 1.2 0.0 44 1.8 0.8 14 0.0 70 1.9

American plaice 0.7 1.2 0.0 44 23 1.2 25 00 161 6.5

Flounders 0.7 1.2 0.0 44 25 3.0 7.7 00 543 223
Skates 19 95 00 464 3938
Atlantic halibut 0.8 1.3 0.0 59 31

Redfish 1.8 1.7 00 121 13 20 6.7 00 328 0.0

Black dogfish

White hake 01 02 00 1.3 01 00 00 O00 00 o00
Large demersals 2.6 24 0.0 128 1.2 5.9 58 0.0 303 03

Small demersals 3.7 34 0.0 204 29 87 102 0.0 56.7 04

Capelin 3.7 26 00 182 95 44 10.2 00 518 87

Large pelagics 5.4 58 0.0 224 00 4.8 48 0.0 196 0.0

Herring 256 176 38 834 7.9 206 20.7 21 743 21

Small pelagics 6.5 55 0.1 288 23 233 211 00 971 00

Squid 00 01 00 08 00 03 09 00 45 00

Shrimp 178 195 0.0 723 205 16 51 0.0 186 10.8
Small crabs 0.0 0.0 0.0 0.0 00 01 05 0.0 2.3 0.1
Echinoderms

Molluscs 0.2 0.7 0.0 24 16

Polychaetes

Other bent. inver. 0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0
Large euphausiids 2.0 59 0.0 183 10.2

Small euphausiids 2.0 59 0.0 183 10.2

Large hyperiid amp. 0.0 0.1 0.0 0.9 0.0

Other macrozoop. 0.1 0.6 0.0 4.7 01 00 0.0 0.0 0.0 0.0
Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 3.9 415.6 100.0 100.0 2.1 601.5 100.0
TRN 23 21
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Table 5. Diet composition (%) of harbour seals usedodelling. Est: diet estimates from the
inverse model; TRN: number of trophic relations;: SEandard deviation. Empty cells
indicate that a prey item was never found wher€8"“indicates that it was found in

very small amounts. Values used in data equatian®so upper and lower limit

constraints are indicated in boldface.

Harbour seals

Prey Mean £SD Min Max Est
Large cod 6.2 124 3.7 21.2 20.7
Small cod 34 65 19 112 7.0

Large Green. halibut
Small Green. halibut
American plaice

Flounders 21 11.2 0.0 158 15.8
Skates 0.8 1.8 0.0 27 2.7
Atlantic halibut

Redfish 0.9 0.7 0.0 09 04
Black dogfish

White hake 34 235 00 332 18
Large demersals 1.9 1.3 0.0 19 1.0
Small demersals 7.4 59 0.0 83 51
Capelin 6.0 6.9 0.0 9.8 8.9
Large pelagics 139 436 0.0 617 0.1
Herring 269 211 120 41.8 15.9
Small pelagics 57 231 00 327 7.0
Squid 148 424 0.0 60.0 0.0
Shrimp 5.9 6.8 0.0 134 13.0
Small crabs 04 05 0.0 1.0 0.4
Echinoderms

Molluscs 0.2 03 0.0 0.5 0.2

Polychaetes

Other bent. inver. 01 0.2 0.0 0.3 0.1
Large euphausiids

Small euphausiids

Large hyperiid amp.

Other macrozoop.

Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 17.6 316.3 100.0
TRN 17
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Seabirds
Background

In the northern Gulf of St. Lawrence, 64.5% of sefbare estimated to be found inshore
while 35.5% are distributed offshore (Cairns et E)91). Inshore seabirds breed in a large
number of smaller colonies dispersed along thetloasvhile offshore species breed in a small
number of large colonies (Lack 1967). The main anshspecies breeding in the region are the
double-crested cormoranPlfalacrocorax auritus herring gull Larus argentatus ring-billed
gull (Larus delawarens)s great black-backed gulL&rus marinu$, black guillemot Cepphus
grylle), common tern$terna hirundd and Arctic tern $terna paradisaga The main offshore
species that breed in the region are the northennet Morus bassanysblack-legged kittiwake
(Rissa tridactyly, common murre Wria aalge), razorbill Alca tordg, Atlantic puffin
(Fratercula arcticg, and Leach’s storm-petréD¢eanodroma leucorhga

Biomass

Unlike the open Atlantic coast of Canada, the GfilSt. Lawrence is not frequented by
large numbers of trans-oceanic and trans-equatongtants (Brown 1986). Thus, population
estimates based on counts of breeding coloniedeamsed (Cairns et al. 1990). Data on body
mass and population estimates for various seahbieds derived from Chapdelaine (Environment
Canada, Migratory Birds Division, Sainte-Foy, Qu&benpublished data). In order to estimate
biomass density, we assumed that seabirds werédisd uniformly throughout the Estuary and
the Gulf of St. Lawrence. Consequently, biomass aesrmined by taking the number of birds
multiplied by their respective biomass and divided the whole 4RST bird inventory area
(214,000 km). Population surveys typically enumerated the nemu breeding pairs. As such, it
was necessary to estimate the number of nestlimgsian-breeding birds. For species that breed
within the Gulf of St. Lawrence, population estiemi(Table 6) were calculated as follows (G.
Chapdelaine, unpublished data; Working Group orbigg&cology 1999):

(3) Population estimate = breeders
+ nestlings
+ non-breeders

(4) Population estimate (offshore species) = breggairs x 2
+ (0.6 x breeding pairs)
+ (0.8 x breeding pairs)

or
(5) Population estimate (inshore species) =  brepgdairs x 2

+ (0.6 x breeding pairs)
+ (1.0 x breeding pairs)
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The estimate of the total number of seabird breggars in the Gulf of St. Lawrence is
about 368,669 or 1.2 x i0ndividuals as the total population of birds usiig area (TPA)
(Working Group on Seabird Ecology 1999). The sehlguild is dominated by black-legged
kittiwake (22.5% of TPA), but their biomass reprgseonly 9.2% of total seabird biomass. The
northern gannet dominates the seabird biomass wattal33.6% and represents 11.2% of TPA.
Herring gulls, common guillemots, and double-créstermorants are the next most important
seabirds with 13.5%, 11.4%, and 11.9%, respectiélfPA, and they represent 14.2%, 11.0%,
and 16.2% of the total seabird biomass. The tataihbss estimate for the whole 4RST bird
inventory area is 859 t or 0.004 t Km

Other information about these species was basedstady for the North Atlantic (Barrett
et al. 2006). These authors estimated a seabirddsie of 2100 t or 0.002 t Knin the Gulf of St
Lawrence and Scotian Shelf (total area® &®?). Accordingly, the mean biomass density for the
study area was thus 0.003 + 0.001 tkfrange: 0.002 to 0.004 t kth



29

Table 6. Approximate period of occupation, popolatsize, average body mass, and biomass for
the main species of seabirds that breed withinstbdy area or that breed primarily or
completely outside but occur in the study arearer reestlings. Note that the shaded
section indicates inshore seabirds while the uresthasction corresponds to offshore

seabirds.
Species Period of Population Population Individual  Adjusted
occupation (numbers) (numbers) of mass (kg) average
of breeders  non-breeders biomass (t)
and nestlings
Great cormorant Apr-Oct 4,968 3,478 2.25 11.085
Double-crested Apr—Oct 78,000 54,600 1.67 205.148
cormorant
Ring-billed gull Apr—Oct 66,784 53,427 0.50 35.060
Herring gull Mar—Dec 95,774 76,619 1.12 160.861
Black-headed gull Apr—Oct 20 16 0.28 0.006
Great black-backed Mar-Dec 19,472 15,578 1.68 49.068
gull
Common tern May-Sep 52,536 42,029 0.12 4.729
Caspian tern May-Sep 22 18 0.61 0.010
Arctic tern May-Sep 2,010 1,608 0.11 0.166
Black guillemot Jan-Dec 9,524 6,667 0.40 6.477
Leach’s storm-petrel ~ May—Oct 1,036 725 0.05 0.044
Northern gannet Apr—Oct 84,248 58,974 3.20 267.333
Black-legged Apr—Oct 168,752 118,126 0.44 73.628
kittiwake
Common murre May-Sep 89,320 62,524 0.99 87.685
Thick-billed murre Apr—Oct 24 17 0.93 0.022
Razorbill Apr—Oct 16,500 11,550 0.72 11.781
Atlantic puffin Apr—Oct 48,348 33,844 0.46 22.054
Total Jan-Dec 651,141 539,790 - 859.176

Catch/anthropogenic mortality

There are three primary sources of anthropogenitatity for seabirds in the the Gulf of
St. Lawrence: 1) by-catch in fishing gear, 2) hagtiand 3) oil pollution (Montevecchi and Tuck
1987). A few species of seabirds such as ducks gaiitemots are hunted for food along
Québec’s North Shore. Considerable numbers of ssafinostly alcids, i.e., murres and puffins,
but also others, e.g., gannets) are caught astblg-oafishing gear. Bundy et al. (2000) assumed
that mortality coming from hunting, by-catch, andritime traffic amounted to 1 x T km? per
year in the Newfoundland—Labrador Shelf. On theisba$ information for seabirds from the
previous study (Bundy et al. 2000), we estimatech@h rate (0.08 ¥r 1 x 10° t km? yr*
divided by the seabird biomass, 0.012 t%rfor the Newfoundland ecosystem and we applied it
to the lower Estuary. It totalled 2.55 x40 km? yr* of seabirds being removed annually from
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the study area through anthropogenic mortalitygfeari.75 x 18 to 3.35 x 10 t km? yr'). The
inverse solution estimated a catch of 1.92 X £®.42 x 10 t kmi® yr™.

Production

An energetic model developed for seabirds of thelaisulf of St. Lawrence (4RST) (G.
Chapdelaine, unpublished data) indicates that thera total of 221,201 nestlings produced each
year for all species combined (calculated by assgrthat nestlings = number of breeding pairs x
0.6). Multiplying the number of nestlings by theeeage mass for each species results in a total
annual production of 0.001 t kimyr®, representing a P/B of 0.28yrBased on previous
ecosystem models for the northern Gulf, we estithatenean P/B ratio of 0.31%rWhen the
biomass values and the two previous P/B ratios wsesl, we obtained a production range of
0.0006 to 0.0012 t kihyr?* (production = 0.0009 + 0.0003 t Kmyr'). The inverse solution
estimated a production of 0.0009 + 0.0002 t%yn*, representing a P/B of 0.30°yr

Consumption

Estimated food Q/B for seabirds in the northern fGal 126.18 yi* (Chapdelaine,
unpublished data). Based on the study of Barredt. ¢2006) for the North Atlantic, we estimated
another Q/B of 122.38 yr We obtained another Q/B of 51.05'ybased on on previous
ecosystem models for the northern Gulf. When tlmnbiss values and the three previous Q/B
ratios were used, we obtained a consumption rah@el67 to 0.507 t kifiyr™,

Based on the previous mean production (0.0009°% i) for seabirds and the minimum
and maximum GE limits (0.1-1%; Christensen and y4992), we obtained consumption values
of 0.089 and 0.892 t Kinyr™. The resulting lower and upper consumption limiese 0.089 and
0.892 t kn yr'*, corresponding to a mean consumption of 0.3988Dt km? yr'. The inverse
model’s solution was a consumption of 0.111 + 0.087? yr*, representing a Q/B of 36.20°yr

Diet composition

Seabirds within the study area feed at a varietyophic levels with most prey being small
pelagic fish, benthic invertebrates, and pelagistaceans (Cairns et al. 1990). Great cormorants
feed mostly on benthic fish, primarily flatfish amtinners Tautogolabrus adspersyswhile
double-crested cormorants prey heavily on flatfstylpins Myoxocephalusp.), rock gunnels
(Pholis gunnellug and sand lanc&(nmodytespp.). The only data available from the Gulf of St.
Lawrence for black guillemot showed that chicks fe primarily with benthic fish, particularly
sculpins, blennies, and tomcadi¢rogadus tomcod(Cairns 1981). Northern gannet, the largest
breeding seabird species in the study area, preyelagic species such as mackerel but also on
sand lance (Burton 1980). Herring gulls, which #r@ most abundant species in the study area,
feed primarily on small pelagic fish and non-marioed (Threlfall 1968, Haycock and Threlfall
1975, Pierroti 1983), but quantitative dietary datan the Gulf are generally lacking for this
species as well as for all other gulls, terns,rstpetrels, kittiwakes, and offshore alcids (Cairns
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et al. 1990). The diet of Arctic tern, recorded@uébec’s North Shore (Chapdelaine et al. 1985),
as well as the diet of the common tern, the moshdant species in the eastern part of the area
(NAFO division 4R), consist mainly of capelin, salathce, and pelagic invertebrates. Black-
legged kittiwakes are the most abundant specigbenwestern part of the study area (NAFO
division 4S) and feed primarily on copepods andhaugiids (Threlfall 1968, Maunder and
Threlfall 1972). The final seabird diet was modifidollowing Cairns et al. (1990) and
Chapdelaine (unpublished data), who used all availsmformation for the Gulf of St. Lawrence
as well as extrapolated information from the close®systems to create a complete diet for all
seabird species found in the Gulf of St. Lawrenideere is no diet data available for Leach’s
storm-petrel, kittiwakes, murres, razorbills, orahtic puffins from the Gulf. Information for
these species has been extrapolated from Labradstern Newfoundland, and Nova Scotia
(Bundy et al. 2000). We also used the diet compostestimated by Pitcher et al. (2002) for the
Newfoundland—Labrador Shelf (1995-1997; ducks,iyisous birds, and planktivorous birds).
Due to the lack of information on zooplankton specidentification, the diet proportions for
large and small zooplankton from these studies wentestributed in the resulting diet according
to the biomass proportion of each zooplankton gsedBased on these different studies, we
estimated the diet composition of seabirds usechadelling for the study area (Table 7). The
most important prey items of the resulting dietsefbirds were capelin, small pelagics, and
molluscs (72.6% of the diet; Table 7).
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Table 7. Diet composition (%) of seabirds used odelling. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: stadddeviation. Empty cells indicate
that a prey item was never found whereas “0.0"datdis that it was found in very small
amounts. Values used in data equations or as uwgpeeriower limit constraints are
indicated in boldface.

Seabirds
Prey Mean £+ SD Min Max Est
Large cod
Small cod 0.2 03 0.0 0.6 0.2

Large Green. halibut
Small Green. halibut 0.2 0.4 0.0 0.8 0.2
American plaice 02 04 0.0 0.8 0.2

Flounders 0.2 04 0.0 0.8 0.2
Skates 0.2 04 0.0 0.8 0.2
Atlantic halibut

Redfish

Black dogfish

White hake 0.0 0.0 0.0 0.1 0.0
Large demersals 01 04 0.0 0.9 0.1
Small demersals 4.0 6.6 0.0 169 0.3
Capelin 352 342 00 79.3 295
Large pelagics 0.0 0.0 0.0 0.1 0.0
Herring 0.8 0.8 0.0 20 0.0
Small pelagics 224 246 0.0 58.2 0.2
Squid 0.3 0.7 0.0 1.7 0.0
Shrimp 04 0.6 0.0 14 0.4
Small crabs

Echinoderms

Molluscs 150 36.7 0.0 90.0 26.7

Polychaetes

Other bent. inver. 1.9 40 00 100 27
Large euphausiids 6.2 13.30.0 33.2 134
Small euphausiids 71 15200 379 16.8
Large hyperiid amp. 0.1 0.3 0.0 0.7 0.1
Other macrozoop. 4.4 96 0.0 238 74
Surface mesozoop. 0.1 0.3 0.0 0.8 0.1

Deep mesozoop. 0.7 1.4 0.0 36 0.9
Phytoplankton

Detritus

Total 100.0 0.0 364.5 100.0

TRN 22
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Atlantic cod (Claude Savenkoff and Denis ChabathEries and Oceans Canada, Mont-Joli, Qc)

Background

Northern Gulf of St. Lawrence cod (NAFO divisionBr8and 4RS) undertake an extensive
annual migration (DFO 2010b). In winter, they aoarfd off southwestern (3Pn) and southern
Newfoundland (3Ps) at depths of more than 366 mi\dnl and May, they migrate towards the
Port au Port Peninsula, on the west coast of Newdiaund (division 4R), where spawning begins.
During the summer, fish continue their migratioml @isperse in the coastal zones, along the west
coast of Newfoundland (division 4R) and towards kages middle and lower North Shore
(division 4S).

Cod landings in the northern Gulf of St. Lawrengeezded 100,000 tonnes in 1983 (DFO
2010b). Landings declined continuously until 198Be fishery was under moratorium from 1994
to 1996. It reopened in 1997 and catches and TAdUs karied between 3,000 to 7,500 tonnes
since, except in 2003 when the fishery was cloggiina Currently, it is the only Atlantic coast
cod stock where the directed fishery is only comeldavith fixed gears (longlines, gillnets, and
hand lines) (DFO 2010b).

For the purpose of this study, Atlantic cod wenrgagd into adults and juveniles, or more
accurately, into large and small fish. Smaller fsBy mainly on invertebrates while larger fish
feed mainly on fish. These changes tend to occaduzlly with increasing length, but here we
assume that the change occurs at 35 cm for coty (L891). Northern Gulf cod of age 4+
generally represent fish 35 cm of length, at which size cod become moreiymsous and begin
to recruit to the commercial fishery.

Biomass

Annual biomass estimates were obtained from grasindfurvey data for the 2008-2010
period. Length-frequency data from each year wetteapolated to the whole area using the
PACES(Programme d’Analyse des Campagnes d’Echantillonrtgatifiéed software to obtain
an estimate of cod abundance for this zone (Bo@xl2@01). Total biomass was estimated each
year by multiplying the abundance estimate for eadgth increment by mean mass-at-length
(derived from length—mass relationships) and surgrthie results. This resulted in mean biomass
estimates for the 2008—2010 period of 610 t or ®J®? (SD = 0.06 t krif; range = 0.03-0.14 t
km?) and 313 t or 0.05 t kin(SD = 0.03 t knf; range = 0.02—0.08 t K for large and small
cod, respectively.

Catch

Landings for large cod (age 4+) were taken fromatanterchange file format (ZIFF)
databases (MPO, unpublished data). Mean catchigs tod was 0.1 t or 7.65 xi@ 1.08 x 10
t km? yr. For the small cod group, a by-catch value fromghrimp fishery was estimated at 10
tor 1.55 x 10 + 1.21 x 16 t kmi? yr* (J. Gauthier and L. Savard, Maurice Lamontagnétirs,
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unpublished data). The inverse solution estimagtdhcvalues of 9.05 x 10+ 5.23 x 1¢° and
1.58 x 10° + 7.52 x 10 t kmi? yr™, respectively, for large and small cod groups.

Production

Direct estimates of total mortality (Z), based omadified catch curve analysis of the
survey data, were available for large cod (mearuevat 1.06 yi; Sinclair 2001). This
instantaneous rate was then converted into redafitgirate (A = 0.65 yt; A = 1 — &, where Z
is the instantaneous mortality rate according tk&i 1980). Since we assume a steady state (no
year-to-year change in biomass), total mortality0%65 yr') is equal to the P/B ratio of cod in
2008-2010 (Allen 1971). The production range wasnfr0.02 to 0.09 t kif yr'. Based on
previous ecosystem models for the northern Gulg estimated another mean P/B ratio of 0.39
yr* (production range: 0.01 to 0.05 t Rnyr™). Production was also estimated by multiplying
biomass by natural mortality (M) plus catch. Nakunartality for large cod was estimated at 0.38
yr! (DFO 2010b). We obtained a production range ofl @®0.05 t knf yr’. Combining the
three methods resulted in a production range df @®.09 t knf yr! (mean: 0.04 + 0.03 t kin
yrh). Tife inverse solution estimated a production.66G 0.01 t knf yr', resulting in a P/B of
0.55 yr-.

For small cod, production was assumed to be eqnvab biomass multiplied by natural
mortality (M) plus catch. Natural mortality for sthaod was assumed to be 0.6'yBased on
previous biomass and catch values for small codgstienated a production range of 0.01 to 0.05
t km? yr’. Based on previous ecosystem models for the noriBelf, we estimated a mean P/B
ratio of 0.75 yi* (production range: 0.02 to 0.06 t Krgr). Combining the two methods resulted
in a mean annual production of 0.03 + 0.02 t%wm™* (range: 0.01 to 0.06 t Kyr?). The
invlerse solution estimated a production of 0.06a0@ km? yr*, representing a P/B value of 1.22

yr-.

Consumption

A range of Q/B values was used to estimate the @gBrratio for large cod. These values
were based on different studies of food consumgiynod populations in the northwest Atlantic
(Q/B = 2.34 yi* from Pauly 1989 in Froese and Pauly 2002) as waelin the Gulf of St.
Lawrence (Q/B = 1.96 yrfrom Waiwood et al. 1980; Q/B = 2.03yfrom previous ecosystem
models for the northern Gulf). Finally, we estimtate Q/B of 3.10 yt from the study of
Laurinolli et al. (2004) for the Scotian Shelf aBdy of Fundy (daily consumption values for 38—
63 cm length size with corresponding mass valuesedan our length—mass relationships).
Combining the different Q/B ratios resulted in @asemption range between 0.07 and 0.44 £km
yr'. Based on the previous mean production (0.04% irif) for large cod and the minimum and
maximum GE limits (10-30%), we obtained consumptiaiues of 0.15 and 0.45 t Knyr™.
However, assuming that this species would eatast ks much food as its biomass (Q/B or Q
> B x 1), we used 0.09 t Kmyr® instead of the lowest value (0.07 t krgr'®). The resulting
lower and upper consumption limits were 0.09 antb@. kmi? yr*, corresponding to a mean
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consumption of 0.27 + 0.25 t kKinyr'™. The inverse solution estimated a consumption. b8 &
0.05 t km? yr?, representing a Q/B of 1.91%r

Two studies were first used to estimate the Q/B® far small cod extrapolated from food
intake measurements (daily or yearly consumptiord Body mass or biomass of fish under
study. This approach yielded Q/B ratios of 3.25 yWaiwood et al. 1980) and 2.567yr
(Grundwald and Koster 1994). Based on previousystesm models for the northern Gulf, we
estimated another mean Q/B ratio of 3.38. yinally, we estimated a Q/B of 7.65irom the
study of Laurinolli et al. (2004) for the Scotiahef and Bay of Fundy (daily consumption values
for 8-33 cm length size with corresponding massesbased on our length—mass relationships).
This corresponded to a consumption range betwe@® &nd 0.61 t ki yr* combining the
different Q/B ratios. Based on the previous mearpetion (0.03 t kid yr?) for small cod and
the minimum and maximum GE limits (10-30%), we ai#d consumption values of 0.11 and
0.34 t km? yr™. The resulting lower and upper consumption limiese 0.06 and 0.61 t Kfyr™,
corresponding to a mean consumption of 0.28 + OK2B* yr'’. The inverse solution estimated a
consumption of 0.26 + 0.09 t Kfryr?, representing a Q/B of 5.37%r

Diet composition

Stomach content data for large cod from the lowstu&ry were available, but were few in
number from 2000 to 2007 (n = 12) and for the stdgieriod (n = 59) (D. Chabot, unpublished
data). These two diets were used to construct fiperuand lower limit constraints in inverse
modelling for this group. The most important prégms of large cod were shrimp, small
demersal feeders (e.g., snakeblebhaoynpenus lampretaeformjsand capelin (83.9% of the diet;
Table 8).

For small cod, we also used the diets for the 2R00# (n = 5) and 2008-2010 (n = 72)
periods to constrain inverse models (D. Chabot,ubhghed data). The most important prey
items of small cod were shrimp, other macrozooglamkand large hyperiid amphipods (79.1%
of the diet; Table 8).
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Table 8. Diet compositions (%) of large and small ased in modelling. Est: diet estimates from
the inverse model; TRN: number of trophic relatio8®: standard deviation. Empty
cells indicate that a prey item was never foundreas “0.0” indicates that it was found
in very small amounts. Values used in data equsti@nas upper and lower limit
constraints are indicated in boldface.

Large cod (> 35 cm) Small cod € 35 cm)
Prey Mean £SD Min Max Est Mean +SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders 1.6 1.4 0.0 20 13

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals 4.4 3.7 0.0 52 0.0 2.7 21 0.0 29 0.0
Small demersals 139 11900 16.8 0.1 3.6 27 0.0 39 03
Capelin 106 90 00 128 7.4

Large pelagics

Herring

Small pelagics 05 04 0.0 0.6 0.5

Squid

Shrimp 59.4 13.3 56.2 75.0 71.2 67.8 265 328 70.2 50.0
Small crabs 21 01 2.1 2.2 21 21 16 0.0 22 05
Echinoderms

Molluscs 1.0 0.9 0.0 12 04

Polychaetes 0.3 0.2 0.0 0.3 0.3
Other bent. inver. 02 01 00 0.2 0.2 49 3.7 0.0 52 23
Large euphausiids 1.6 22 1.1 42 2.1 40 107 3.0 182 123
Small euphausiids 1.4 26 08 45 33 33 119 22 19.0 113
Large hyperiid amp. 0.4 1.8 0.0 25 21 5.1 78 44 153 122
Other macrozoop. 2.8 75 1.0 116 94 6.3 6.3 57 14.7 10.8

Surface mesozoop. 0.0 0.0 0.0 0.0 0.0
Deep mesozoop. 0.0 0.0 0.0 0.0 0.0
Phytoplankton

Detritus

Total 100.0 61.3 138.7 100.0 100.0 48.0 152.0 100.0

TRN 13 12
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Greenland halibut (Claude Savenkoff and Denis Chahbsheries and Oceans Canada, Mont-

Joli, Qc)

Background

Greenland halibutReinhardtius hippoglossoidess a deep-water flatfish present in the
North Atlantic and North Pacific. In the northweMtiantic, it is found from Arctic regions to
Georges Bank (Bowering 1983). The Gulf of St. Laweeepopulation is considered to be a small
stock, isolated from the main northwest Atlanticcg& completing its entire life cycle within the
Gulf (DFO 2010c). Greenland halibut are generatlynfd in the channels of the Gulf of St.
Lawrence at depths ranging between 130 and 50Qivendes dominate the Estuary and north of
Anticosti. Spawning takes place primarily in wintgom January to March (DFO 2010c).

Directed fishing for this species with bottom travand gilinets developed after the mid-
1970s. Landings increased in the 1980s to readil4ime high in 1987 (11,000 t) but declined
at the beginning of the 1990s and are now aroud@034,000 t (DFO 2010c).

Greenland halibut were divided into large and srfigh. Although there is an apparent
change in diet composition when fish reach lengthgebout 20 cm (Bundy et al. 2000), we
separated Greenland halibut into fish larger orllemthan 40 cm, the size at which they are first
recruited to the fishery (size of pre-recruits e fishery: 40—-43 cm; DFO 2010c). Greenland
halibut greater than 40 cm in length are equivaierish aged six years and older (Brodie 1991).

Biomass

Annual biomass estimates were obtained from grisiméurvey data for the 2008-2010
period. Length-frequency data from each year wetteapolated to the whole area using the
PACESsoftware to obtain an estimate of halibut abundaioc this zone. Total biomass was
estimated each year by multiplying the abundantenate for each length increment by mean
mass-at-length (derived from length—mass relatims3hand summing the results. This resulted
in mean biomass estimates for the 2008-2010 pefi6ég¥16 t or 1.00 t ki (SD = 0.12 t kn¥;
range = 0.87—1.11 t KA and 10,813 t or 1.69 t KM(SD = 0.14 t krif; range = 1.57—1.84 t KA
for large and small Greenland halibut, respectively

Catch

According to the ZIFF databases, the mean anraraling of large Greenland halibut
during the 2008-2010 period was 315 t or 4.82 X #01.14 x 10° t km? yr*. For the small
Greenland halibut group, a by-catch value fromsghemp and Greenland halibut fisheries was
estimated at 8 t or 1.29 x & 2.93 x 10" t km? yr* (J. Gauthier, L. Savard, and B. Bernier,
Maurice Lamontagne Institute, unpublished datag iflverse solution estimated catch values of
4.84 x 107 + 4.79 x 10 and 1.27 x 18+ 1.55 x 10 t km? yr, respectively, for large and small
Greenland halibut groups.
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Production

Due to the lack of reliable information on prodoati(P) and total mortality (Z) for this
species, it was assumed that production was e@mved biomass multiplied by natural mortality
(M) plus catch. Natural mortality for large Greamdahalibut (M = 0.33 yt) was estimated using
FishBase (Froese and Pauly 2002) and a maximahleri@6 cm along with a water temperature
of 3°C (DFO surveys; unpublished data). When the bionaask catch values were used, we
obtained a production range of 0.34 to 0.42 ¥lymi'. Based on previous ecosystem models for
the northern Gulf, we estimated a mean P/B rati0.d® yi* (production range: 0.17 to 0.21 t
km? yrY). Combining the two methods resulted in a produrctiange of 0.17 to 0.42 t Knyr?
(mean: 0.28 + 0.11 t kifyrY). The inverse solution estimated a production.86@ 0.04 t krif
yr', representing a P/B of 0.26"yr

For small Greenland halibut, it was assumed thtatrabmortality was higher (younger fish
generally have a higher M than older fish), soxabiok range of 0.4 to 0.6 yiwas assigned to
this group. When the biomass and catch values us=ée, we obtained a production range of 0.63
to 1.10 t kn? yr’. We obtained another production range of 0.51.50 ® km? yr' based on a
mean P/B of 0.32 {frfrom previous ecosystem models for the northerti. Gte resulting lower
and upper production limits were 0.51 and 1.10 i, corresponding to a mean production of
0.74 + 0.22 t kiif yr'. The inverse solution estimated a production 682Gt 0.02 t krif yr?,
representing a P/B of 0.31%r

Consumption

A QI/B ratio (1.66 yt') was estimated using daily food requirements foto620-year-old
Greenland halibut from the northwest Atlantic (Clakov and Podrazhanskaya 1986). Another
Q/B ratio (2.40 y1") was calculated using FishBase (Froese and P&@g)Zor fish having a
mean mass of 693.72 g and a mean length of 42 @&an characteristics of the large Greenland
halibut group) at 3°C (DFO, groundfish survey dats) unpublished data). We estimated a Q/B
of 1.10 yi* from the study of Laurinolli et al. (2004) for ti8cotian Shelf and Bay of Fundy
(daily consumption values for 43—73 cm length svité corresponding mass values based on our
length—mass relationships). Based on previous st&sy models for the northern Gulf, we
estimated another mean Q/B ratio of 1.08.yWhen the biomass values and the previous Q/B
ratios were used, we obtained a consumption rah@e to 2.67 t ki yr* for large Greenland
halibut. Based on the previous mean productiorB(€k? yr™) for large Greenland halibut and
the minimum and maximum GE limits (10-30%), we oi@d consumption values of 0.95 and
2.85 t kn¥ yrl. The resulting lower and upper consumption limiese thus 0.91 and 2.85 t Km
yr', corresponding to a mean consumption of 1.84 6 >.&m? yr'. The inverse solution
estimated a consumption of 0.90 + 0.04 t&yn*, representing a Q/B of 0.90yr

Q/B values for small Greenland halibut were obtdifrem five different sources. Using
the mean daily consumption of 5-year-old Greenldradibut (< 40 cm) (Chumakov and
Podrazhanskaya 1986), the Q/B ratio was 4.43 4 Q/B estimate of 3.20 yrwas obtained
from FishBase (Froese and Pauly 2002) for fish igad mean mass of 169.27 g and a mean
length of 25.4 cm (mean characteristics of the bi@atenland halibut group) at 3°C (DFO,
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groundfish survey database, unpublished data).isdl #stimate (Q/B: 2.66 ) was obtained
from a feeding study conducted in West Greenlaml¢Psen and Riget 1992a). We estimated a
Q/B of 5.09 yf* from the study of Laurinolli et al. (2004) for tiseotian Shelf and Bay of Fundy
(daily consumption values for 18—-38 cm length sv corresponding mass values based on our
length-mass relationships). Finally, we estimatedttzer mean Q/B ratio of 1.38yibased on
previous ecosystem models for the northern Gulfelvthe minimum and maximum biomass
values and the previous Q/B ratios were used, warmda a consumption range of 2.16 to 9.36 t
km? yr! for small Greenland halibut. Based on the previmesin production (0.74 t Kfnyr™)

for small Greenland halibut and the minimum and imaxn GE limits (10-30%), we obtained
consumption values of 1.69 and 11.03 t%gr'. The resulting lower and upper consumption
limits were thus 1.69 and 11.03 t Krgr*, corresponding to a mean consumption of 6.06 3 4.8
km? yr’. The inverse solution estimated a consumption ™ * 0.16 t krif yr?, representing a
Q/B of 1.03 yi.

Diet composition

Stomach content data for large Greenland haliarhfthe lower Estuary were available,
but were few in number for the studied period (403 (D. Chabot, unpublished data). We also
used data for the 2000-2007 period (n = 563) insthdy area to construct the upper and lower
limit constraints in inverse modelling (D. Chabahpublished data). The most important prey
items were small demersals (e.g., fourbeard rogkMslantic soft pout), shrimp, large demersals
(e.g., marlin-spike, lycodes spp.), and small get&a@/2.9% of the diet; Table 9).

For small Greenland halibut, we used the stomaakeot data for the 2000—-2007 (n = 902)
and 2008-2010 (n = 209) periods from the lower &$tdo constrain the models (D. Chabot,
unpublished data). The most important prey itemsevagher macrozooplankton, shrimp, capelin,
large hyperiid amphipods, and small demersals, (Attantic soft pout) (81.3% of the diet; Table
9).
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Table 9. Diet compositions (%) of large and smaié&hland halibut used in modelling. Est:
diet estimates from the inverse model; TRN: nundfdrophic relations; SD: standard
deviation. Empty cells indicate that a prey itemswaever found whereas “0.0”
indicates that it was found in very small amouMalues used in data equations or as

upper and lower limit constraints are indicatetahdface.

Large Greenland halibut (> 40 cm) Small Greenland halibug(40 cm)

Prey Mean £SD Min Max Est Mean +SD Min Max Est
Large cod

Small cod 4.2 32 00 45 20 2.7 24 0.0 3.3 0.0
Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish 4.5 34 00 48 03

Black dogfish

White hake

Large demersals 121 35 6.7 16.6 10.7 5.5 92 05 161 0.5
Small demersals 349 83272 458 291 113 72 64 196 64
Capelin 6.1 46 0.0 6.5 6.5 16.2 40 151 20.8 19.7
Large pelagics

Herring

Small pelagics 8.1 6.1 0.0 86 14 2.8 15 1.2 33 1.2
Squid

Shrimp 179 144 166 37.0 370 17.7 11.3 14.7 30.7 28.2
Small crabs 0.8 0.6 0.0 0.8 0.8

Echinoderms 0.1 0.0 0.1 0.1 0.1 0.2 0.7 0.0 1.0 0.7
Molluscs 08 0.6 00 0.8 08 00 00 0.0 0.0 0.0
Polychaetes 0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0
Other bent. inver. 0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0
Large euphausiids 1.0 0.8 0.0 11 11 4.0 1.7 20 44 4.2
Small euphausiids 0.8 06 00 09 09 3.5 18 15 40 38
Large hyperiid amp. 1.3 1.0 0.0 14 14 153 109 2.7 182 127
Other macrozoop. 7.5 53 05 80 79 209 16.1 23 252 227
Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 51.1 137.0100.0 100.0 46.5 146.5100.0
TRN 16 14
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American plaice

Background

American plaice Hippoglossoides platessoidess widely distributed throughout the
northwest Atlantic (from west Greenland to the Goff Maine) and is usually found at
intermediate depths (80—-250 m) (Morin et al. 200tLhas been exploited in NAFO divisions
4RST since 1947, with commercial catches peaking9iri/. Annual catches then began to fall
until the mid-1980s, when they levelled off at ardw2,000 t. However, yearly landings have
since declined to around 100 t in recent years.

Biomass

Annual biomass estimates for American plaice wdrained usingPACESto analyze
research survey data from the study area during20@8-2010 period. Mean biomass was
estimated at 1,160 t or 0.18 t KnfSD = 0.02 t kn?; range: 0.17—0.21 t KA) for American
plaice.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 15.2 t or 2.33 x 10+ 3.15 x 10 t km? yr! for American plaice. These landings included
by-catch values from the shrimp and Greenland befisheries of 2.4 t or 3.68 x TG km? yr*

(J. Gauthier, L. Savard, and B. Bernier, Mauriceabatagne Institute, unpublished data). The
inverse solution estimated a catch value of 2.30%+ 1.50 x 1¢* t km? yr* for American
plaice.

Production

Direct estimates of total mortality (Z) were avhimfor American plaice. A Z of 0.54 (and
then A = P/B = 0.42 yr according to Ricker 1980) was estimated for Ansriplaice in the
southern Gulf (MPO 2008). Based on previous ecesysinodels for the northern Gulf, we
estimated another mean P/B ratio of 0.42 while Bundy (2004) estimated a value of 0.23 yr
for the eastern Scotian Shelf. When the biomass aatch values were used, we obtained
production ranges of 0.04 to 0.09 t knyr'. Production was also estimated by multiplying
biomass by natural mortality (M) plus catch. Naturertality was assumed at 0.22y(Pitt
1982, FishBase with a maximal length of 53 cm alwithy a water temperature ofG; Froese
and Pauly 2002) for American plaice. We obtainestpction ranges of 0.04 to 0.05 t Rrgr™
when the biomass and catch values were used. Cormghine different methods resulted in a
mean annual production of 0.06 + 0.02 tiyr?* (range: 0.04-0.09 t kKiyr?). The inverse
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solution estimated a production for American pla®.05 + 0.01 t ki yr?, resulting in a P/B
of 0.29 yi*.

Consumption

For American plaice, FishBase provided an initidB @stimate (Froese and Pauly 2002).
The Q/B value obtained in this way was 3.50 for American plaice having a mean mass of
110.36 g and a mean length of 20.3 cm (mean cleustots; DFO, groundfish survey database,
unpublished data) at 3°C. A second estimate ofwwopson was derived from daily ration data
using the model of Elliott and Persson (1978) iish from the Grand Banks of Newfoundland
(Zamarro 1992). Daily consumption values were 0.04%.64% of body mass per day, with a
final mean of 0.34%. Accordingly, the mean annu#B €atio was 1.24 yt. A third study, with
fish from Passamaquody Bay (New Brunswick), wasduge determine consumption for
American plaice (MacDonald and Waiwood 1987). Ththars estimated food consumption to
be 1.28% of body mass per day, resulting in a Qti® rof 4.67 yi* (assuming that feeding is
constant throughout the year). In the eastern &t@&helf, the Q/B ratio for American plaice was
estimated at 1.20 yr(Bundy 2004) while we obtained a Q/B ratio of 2y@1 based on previous
ecosystem models for the northern Gulf. When tloenbss values and the previous Q/B ratios
were used, we obtained a consumption range of ®2aM98 t kn? yr* for American plaice.
Based on the previous mean production (0.06 t krit) for American plaice and the minimum
and maximum GE limits (10-30%), we obtained congionpralues of 0.18 and 0.55 t Knyr™.
The resulting lower and upper consumption limitsrevéhus 0.18 and 0.98 t Kmyr?,
corresponding to a mean consumption of 0.48 + 0K~ yr. The inverse solution estimated a
consumption of 0.23 + 0.12 t kfryr* for American plaice, representing a Q/B of 1.26.yr

Diet composition

Diet data from the lower Estuary during the 20082 (eriod were unavailable for
American plaice, so studies from other areas ame treriods were used instead. We used the
diet compositions found by Bundy (2004) for theteas Scotian Shelf (1999-2000; n = 727), by
Savenkoff et al. (2004c) for the southern Gulf oflawrence (mid-1990s), and by Pitcher et al.
(2002) for the Newfoundland—Labrador Shelf (1998730 construct the upper and lower limit
constraints in inverse modelling. Due to the ladk imformation on zooplankton species
identification, the diet proportions for large asthall zooplankton from these studies were
redistributed in the resulting diet according te thiomass proportion of each zooplankton
species. The most important prey items of Amerjgarce were small euphausiids, other benthic
invertebrates, polychaetes, large euphausiids, lingpesmall pelagics, and other
macrozooplankton (77.2% of the diet; Table 10).
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Table 10. Diet composition (%) of American plaicged in modelling. Est: diet estimates from
the inverse model; TRN: number of trophic relatio88: standard deviation. Empty
cells indicate that a prey item was never found reag “0.0” indicates that it was
found in very small amounts. Values used in dateaggns or as upper and lower limit
constraints are indicated in boldface.

American plaice

Prey Mean £+ SD Min Max Est
Large cod
Small cod 0.0 0.0 0.0 0.1 0.0

Large Green. halibut
Small Green. halibut 0.0 0.0 0.0 0.1 0.0
American plaice 0.1 0.0 0.0 0.1 0.1

Flounders 01 01 0.0 0.1 0.1
Skates

Atlantic halibut

Redfish 0.0 0.0 0.0 0.1 0.0
Black dogfish

White hake

Large demersals 0.2 03 0.0 0.5 0.2
Small demersals 0.9 1.4 0.0 28 0.0
Capelin 10.2 122 0.0 258 4.6
Large pelagics

Herring

Small pelagics 9.7 91 0.0 268 0.0
Squid 00 01 0.0 0.1 0.0
Shrimp 7.8 96 0.0 188 3.9
Small crabs 1.8 1.9 0.0 56 05
Echinoderms 7.7 43 00 311 139
Molluscs 4.0 25 0.0 514 158
Polychaetes 119 79 00 21.0 95

Other bent. inver. 129 16 00 385 16.0
Large euphausiids 114 88 09 344 164
Small euphausiids 13.0 10011 393 91

Large hyperiid amp. 0.3 0.2 0.0 0.8 0.3
Other macrozoop. 8.2 6.3 0.7 247 938

Surface mesozoop. 0.0 0.0 0.0 0.2 0.0
Deep mesozoop. 0.0 0.0 0.0 0.9 0.0
Phytoplankton

Detritus

Total 100.0 2.7 322.9 100.0
TRN 22
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Flounders (Claude Savenkoff and Denis Chabot; Feshand Oceans Canada, Mont-Joli, Qc)

Background

In previous northern Gulf models, the flounder grooonsisted of witch flounder
(Glyptocephalus cynoglosgusyellowtail flounder Limanda ferrugineg fourspot flounder
(Paralichthys oblongys and winter flounderRseudopleuronectes americahuBlounders were
grouped together on the basis of their similar f@gdhehaviour. These four species are sedentary
bottom-dwelling flatfish that live in relatively ép water, except for winter flounder, which lives
mostly in infra-littoral waters. Their distributioranges from the coast of Labrador to North
Carolina. Since the 1950s, important commerciatheg have occurred in the deep waters
bordering the Laurentian Channel. A long-standiisgery has also been in place in shallower
waters for winter flounder.

During the 2008-2010 period, the key species offiinender group is witch flounder,
mainly because of its high biomass (100% of totalurider biomass) and commercial
significance. The other species were also presetita study area or the northern Gulf, but at
other time periods and in fewer numbers.

Biomass

Annual biomass estimates for flounders were obthugngPACESto analyze research
survey data from the whole area during the 200862@tiod. Total biomass in the study area for
witch flounder was directly computed wiBPACES(no catch for the other species in the studied
period). Mean biomass was estimated at 1,383 t2& Dkm? (SD = 0.05 t krif; range: 0.15—
0.25 t km?) for flounders.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 1.5t or 2.29 x b+ 3.37 x 10 t km? yr'* for flounders. These landings included mainly by-
catch values from the shrimp and Greenland hafibheries of 1.4 t or 2.14 x Tt km? yr (J.
Gauthier, L. Savard, and B. Bernier, Maurice-Lamagne Institute, unpublished data). The
inverse solution estimated a catch value of 2.20%=+ 1.66 x 1 t kmi® yr* for flounders.

Production

There was no information available on productionobal mortality (Z) of flounders within
the study area. Production was estimated by muitiglbiomass by natural mortality (M) plus
catch. Natural mortality of flounders was estima#d.20 yi from FishBase with a maximal
length of 52 cm along with a water temperature & 8Froese and Pauly 2002). When the
biomass and catch values were used, we obtaineddagiion range of 0.03 to 0.05 t Knyr™.
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Based on previous ecosystem models for the nortGeilfy we estimated a mean P/B ratio of
0.41 yf* for flounders (production range: 0.06 to 0.10 t%ym™). Combining the two methods
resulted in a production range of 0.03 to 0.10 ¥km" for flounders (production = 0.07 + 0.03 t
km? yr!). The production estimated by the inverse soluti@s 0.06 + 0.01 t kihyr* (P/B =
0.30 yf) for flounders.

Consumption

Consumption estimates for the flounder group (vatch flounder) were derived from
different sources (Table 11).

Table 11. Q/B ratios (¥ for flounders in different regions of the norttsveAtlantic. When
Q/B ratios were estimated using FishBase (FroedePanly 2002), mean length and
mass observed during the DFO survey (unpublishéa) ded a temperature of 3°C

were used.
Species Q/B Reference
Witch flounder 3.70 FishBase: 80.83 g and 21.3 cm
3.25 Laurinolli et al. (2004)
All flounders 1.89 Previous northern Gulf ecosysiem

& Daily consumption values for 853 cm length sidth corresponding mass values based on
our length—mass relationships.

When the biomass values were used, this resultedtatal consumption range of 0.29 to
0.92 t km® yr’. Based on the previous mean production (0.07 t rit) for flounders and the
minimum and maximum GE limits (10-30%), we obtaited other consumption values of 0.22
and 0.66 t krif yr’, respectively. The resulting lower and upper camstion limits were thus
0.22 and 0.92 t kifiyr?, corresponding to a mean consumption of 0.52 8 0.8 yr*. The
inverse solution estimated a consumption of 0.2614 t km? yr™ for flounders, representing a
Q/B of 1.22 yi.

Diet composition

Stomach content data for flounders from the lowstugry were available, but were few in
number for the studied period (n = 102) (D. Chabaopublished data). We also used data for the
2000-2009 period (n = 15) in the northern Gulf ofl&wrence to construct the upper and lower
limit constraints in inverse modelling (D. Chabatpublished data). The most important prey
items were polychaetes and large euphausiids (78f4be diet; Table 12).
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Table 12. Diet composition (%) of flounders usednmiodelling. Est: diet estimates from the
inverse model; TRN: number of trophic relations;: SEandard deviation. Empty cells
indicate that a prey item was never found wher@aB8’‘indicates that it was found in
very small amounts. Values used in data equationasoupper and lower limit
constraints are indicated in boldface.

Flounders
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals

Capelin

Large pelagics

Herring

Small pelagics

Squid

Shrimp 1.9 1.5 0.0 22 13
Small crabs

Echinoderms

Molluscs 01 0.1 0.1 0.1 0.1
Polychaetes 66.7 24.462.2 96.7 78.5
Other bent. inver. 29 19 0.6 32 14
Large euphausiids 11.7 95 0.0 134 84
Small euphausiids 24 19 0.0 27 14
Large hyperiid amp. 1.8 1.4 0.0 20 11
Other macrozoop. 4.9 3.4 0.7 55 3.0
Surface mesozoop. 2.5 1.6 0.5 28 1.9

Deep mesozoop. 5.2 31 14 58 3.0
Phytoplankton

Detritus

Total 100.0 65.4 134.6 100.0

TRN 10
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Skates (Claude Savenkoff and Denis Chabot; Fishand Oceans Canada, Mont-Joli, Qc)

Background

The skate group included mainly two species: thernyh skate Amblyraja radiatg,
considered here as the key species for the groi¥8of total skate biomass) and the smooth
skate Malacoraja sental0.8% of total skate biomass). Other skate spewie often unidentified
(4.9% of total skate biomass), and another spetheswinter skateLeucoraja ocellaty was
also present in the studied area but at other pen®ds and in low numbers. The thorny skate is
widely distributed throughout the North Atlantichd greatest concentrations are generally found
in the higher part of continental shelves, at degteater than 110 m (McEachran et al. 1976).
The smooth skate is found throughout the northwésintic, from the Gulf of St. Lawrence to
Georges Bank (Scott and Scott 1988). Surveys caedwgince the 1940s have shown that the
greatest concentrations are found in the Gulf ofL&wrence, on the Grand Banks, and on the
Scotian Shelf. This species lives at depths ofd6@@0 m but is mostly caught between 90 and
325 m (McKone and LeGrow 1983). Fishing activityass important for the smooth skate than
for the thorny skate.

Biomass

Annual biomass estimates for skates were obtaised) BACESto analyze research survey
data from the study area during the 2008—-2010 gefiiotal biomass in the study area for each
skate species was directly computed and results ssenmed. The mean biomass was estimated
at 3,549 t or 0.55 t kih(SD = 0.08 t krif; range: 0.47-0.61 t kA) for skates.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 19.7 t or 3.01 x T0+ 8.68 x 10" t km? yr™* for skates. These landings included mainly by-
catch values from the shrimp and Greenland hafibheries of 19.3 t or 2.95 x Ta km® yr* (J.
Gauthier, L. Savard, and B. Bernier, Maurice-Lamagne Institute, unpublished data). The
inverse solution estimated a catch value of 3.10%+ 3.38 x 10 t km yr* for skates.

Production

There was no information available on productiomotal mortality (Z) of skates within the
study area. Production was estimated by multiplyaimgmass by natural mortality (M) plus catch.
Natural mortality was assumed to range between @21(Simon and Frank 1995), 0.24yr
(FishBase for smooth skate with a maximal length®fcm along with a water temperature of
3°C; Froese and Pauly 2002), and 0.5% (fishBase for thorny skate with a maximal length o
57 cm along with a water temperature 8€3Froese and Pauly 2002) for skates. When the
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biomass and catch values were used, we obtaineddagiion range of 0.10 to 0.34 t Knyr™.
Based on previous ecosystem models for the nortGeify we estimated a mean P/B ratio of
0.27 yi* for skates (production range: 0.12 to 0.16 t%kyn). Combining the two methods
resulted in a production range of 0.10 to 0.34 ¥km" for skates (production: 0.18 + 0.08 t km
yr!). The production value estimated by the inverdatiem was 0.14 + 0.03 t kinyr* (P/B =
0.25 yi') for skates.

Consumption
For skates, consumption estimates were derived dfifferent sources (Table 13).
Table 13. Q/B ratios () for skates in different regions of the northwasiantic. When Q/B

ratios were estimated using FishBase (Froese anly P&02), mean length and mass
observed during the DFO survey (unpublished data) atemperature of 3°C were

used.

Species Q/B Reference

Thorny skate 2.70 FishBase: 393.13 g and 28.1 cm
2.37 Dolgov (1997§
2.87 Vinter (1989)
5.67 Laurinolli et al. (2004)

Smooth skate 3.00 FishBase: 220.22 g and 28.5 cm
7.67 Laurinolli et al. (2004)

All skates 1.29 Previous northern Gulf ecosystems

% Estimated annual consumption from the Barents (Bedgov 1997) was divided by mean
biomass, resulting in an annual Q/B ratio of 2.87fpr our study area.

b Daily consumption values for 13-58 cm length sidth corresponding mass values based on
our length—mass relationships.

¢ Daily consumption values for 13-53 cm length sigth corresponding mass values based on
our length—mass relationships.

When the annual biomass values for skates andqu&/B ratios were used, this resulted
in a total consumption range of 0.60 to 4.68 t%yn'. Based on the previous mean production
(0.18 t kn?? yr'") for skates and the minimum and maximum GE lirli8-30%), we obtained
consumption values of 0.60 and 1.79 t%pyr'. The resulting lower and upper consumption
limits were thus 0.60 and 4.68 t Kmyr™, corresponding to a mean consumption of 1.92 3 1.9
km? yrl. The inverse solution estimated a consumption.61 & 0.04 t krif yr' for skates,
representing a Q/B of 1.10¥r
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Diet composition

Stomach content data for skates from the lower dgtwere available for the studied
period (thorny skate, n = 68; smooth skate, n =[@3Chabot, unpublished data). Since the
number of analyzed stomachs was low, we also usedash content data from 2000 to 2007
(thorny skate, n = 49; smooth skate, n = 62; D.lOhaunpublished data) to construct the upper
and lower limit constraints in inverse modelling tbis group. The different diet proportions of
the overall diet were weighted by the biomass pribgo of each skate species (87% and 13%,
respectively, for thorny and smooth skates) ingtiely area. The most important prey items in
the resulting diet of skates were shrimp, small elsas, small crabs, and large euphausiids
(80.5% of the diet; Table 14).
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Table 14. Diet composition (%) of skates used irdetliing. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations aippsr and lower limit constraints
are indicated in boldface.

Skates
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals 114 91 6.1 189 6.1
Capelin

Large pelagics

Herring

Small pelagics 4.3 53 0.0 75 0.0
Squid

Shrimp 496 14.1 38.0 58.0 53.0
Small crabs 102 29 81 121 8.6
Echinoderms 0.0 0.0 0.0 0.0 0.0
Molluscs 04 05 0.0 0.7 0.4
Polychaetes 0.9 15 0.0 21 1.6
Other bent. inver. 04 0.2 0.3 0.5 0.4
Large euphausiids 9.3 6.2 5.3 14.1 13.2
Small euphausiids 3.0 0.8 25 3.7 32
Large hyperiid amp. 2.6 0.3 2.4 2.8 2.6
Other macrozoop. 5.9 50 3.0 10.0 8.8
Surface mesozoop. 0.9 0.2 0.7 1.0 0.9
Deep mesozoop. 1.2 0.6 0.7 15 1.2
Phytoplankton

Detritus

Total 100.0 67.0 133.0100.0
TRN 14
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Atlantic halibut (Claude Savenkoff and Denis Chalbagheries and Oceans Canada, Mont-Joli,
Qc)

Background

Atlantic halibut Hippoglossus hippoglossu®f NAFO divisions 4RST can be found
throughout the Estuary and Gulf of St. LawrencetHa northern Gulf, the species is more
abundant in the Esquiman, Laurentian, and Anticdssinnels, at depths of 200 m and greater
(DFO 2009). In the southern Gulf, the greatest eatrations occur in shallower waters (at
depths less than 100 m), near the Miscou BankhradrPrince Edward Island, northwest of Cape
Breton, and around the lles-de-la-Madeleine. Attah@libut grows fast. The annual average
growth rate in the Gulf was evaluated at 7.5-8.5pamyear. Male and female growth rates are
comparable. However, it was observed that fema&lasir a larger maximum size than males. The
size at sexual maturity for female halibut from tBelf stock was recently measured at 130 cm
(commercial size81 cm) (DFO 2009). The diet of smaller halibut (<30) is mostly made up
of invertebrates, whereas larger size halibut aneenpiscivorous. Halibut landings, which were
around 650 t in the early 1960s, hit a record low1D82 at 91 t. Until 1995, they seldom
exceeded the threshold of 300 t, which is equivalenhe TAC established in 1988. From 1996
to 2003, landings ranged between 230 and 320 tlerdexceeded 400 t in 2004, and reached a
level comparable to that of the early 1970s (500 the whole 4RST area (DFO 2009).

Biomass

Annual biomass estimates for Atlantic halibut wetgained usingPACESto analyze
research survey data from the study area durin@®8-2010 period. The mean biomass was
estimated at 462 t or 0.07 t KngSD = 0.04 t krif; range: 0.05-0.12 t KA) for Atlantic halibut.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 4.6 t or 7.11 x b+ 1.65 x 10" t km? yr* for Atlantic halibut. These landings included by-
catch values from the shrimp and Greenland hafibheries of 1.8 t or 2.81 x 1 kmi? yr* (J.
Gauthier, L. Savard, and B. Bernier, Maurice-Lamagne Institute, unpublished data). The
inverse solution estimated a catch value of 7.180% + 7.45 x 10 t km? yr* for Atlantic
halibut.

Production
There was no information available on productiortodal mortality (Z) of Atlantic halibut

within the study area. Production was estimatedbitiplying biomass by natural mortality (M)
plus catch. Natural mortality was assumed to b& rt for Atlantic halibut (FishBase with a
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maximal length of 135 cm along with a water tempe®aof 3C; Froese and Pauly 2002). When
the biomass and catch values were used, we obtaipeaduction range of 0.009 to 0.021 t&m
yr! for Atlantic halibut (production: 0.013 + 0.00&m™ yr). The production value estimated by
the inverse solution was 0.014 + 0.005 t4yn* (P/B = 0.19 yi).

Consumption

For Atlantic halibut, FishBase provided an init@B estimate (Froese and Pauly 2002) of
1.50 yf* for Atlantic halibut having a mean mass of 5,886¢0and a mean length of 68.4 cm
(mean characteristics; DFO, groundfish survey detapunpublished data) at 3°C. We estimated
another Q/B of 3.25 {rfrom the study of Laurinolli et al. (2004) for t&eotian Shelf and Bay of
Fundy (daily consumption values for 28—-68 cm lergjde with corresponding mass values based
on our length—-mass relationships). When the biorwasises and the two previous Q/B ratios
were used, we obtained a consumption range oft®.0738 t krif yr* for Atlantic halibut. Based
on the previous mean production (0.013 t%yn?) for Atlantic halibut and the minimum and
maximum GE limits (10-30%), we obtained consumptiaiues of 0.04 and 0.13 t Knyr™.
However, assuming that this species would eatast s much food as its biomass (Q/B or Q
> B x 1), we used 0.07 t Knyr® instead of the lowest value (0.04 t krgr?). The resulting
lower and upper consumption limits were thus 0.0F @38 t knf yr?, corresponding to a mean
consumption of 0.23 + 0.22 t Khyr™. The inverse solution estimated a consumption.@7 &
0.00 t km? yr* for Atlantic halibut, representing a Q/B of 1.01'y

Diet composition

Stomach content data for Atlantic halibut from tbeer Estuary were available, but were
few in number for 2000 to 2007 (n = 23) and for 8tadied period (n = 11) (D. Chabot,
unpublished data). We used these two diets to rartghe upper and lower limit constraints in
inverse modelling for this group. The most impottarey items of Atlantic halibut were herring,
small demersal feeders, and large demersal feéelers Lycodes spp.) (74.2% of the diet; Table
15).
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Table 15. Diet composition (%) of Atlantic halibused in modelling. Est: diet estimates from
the inverse model; TRN: number of trophic relatio88: standard deviation. Empty
cells indicate that a prey item was never found rehag “0.0” indicates that it was
found in very small amounts. Values used in dateaggns or as upper and lower limit
constraints are indicated in boldface.

Atlantic halibut
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut 7.7 6.3 1.7 10.6 10.6
American plaice

Flounders

Skates 6.5 142 0.0 20.1 201
Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals 154 59127 21.0 143
Small demersals 142 7.2109 21.0 115
Capelin

Large pelagics

Herring 447 247 21.0 56.0 21.3
Small pelagics

Squid

Shrimp 4.2 48 20 8.8 8.8
Small crabs 1.1 21 0.2 31 31
Echinoderms

Molluscs 1.6 1.7 0.0 23 23
Polychaetes

Other bent. inver. 3.5 3.7 0.0 52 47
Large euphausiids 1.1 2.3 0.0 3.3 33
Small euphausiids

Large hyperiid amp.

Other macrozoop. 0.1 0.1 0.0 0.1 0.1
Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 48.5 151.5100.0
TRN 11
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Redfish (Claude Savenkoff and Denis Chabot; FisBeand Oceans Canada, Mont-Joli, Qc)

Background

Redfish distribution in the northwest Atlantic rasgfrom west Greenland to the Gulf of
Maine (Atkinson and Melteff 1987). Two redfish sjgscare known to be the main component of
the northwest Atlantic stoclBebastes mentejlavhich generally occupies waters deeper than 250
m, andS. fasciatususually found in shallower waters down to 300Redfish usually inhabit
waters from 100 to 700 m in depth and are ovoviapa. Mating usually occurs in September or
October, and females release live young from Apriduly. Redfish grow quite slowly, generally
taking 8 to 10 years before being recruited todbmmercial fishery at approximately 25 cm in
length. These species have been commercially fisimeg the early 1950s, but a moratorium was
imposed on redfish in 1995 in the Gulf of St. Lamae (Gascon 2003). The different redfish
species were aggregated in the present study spemes identification is not feasable during the
summer scientific surveys (Dutil et al. 2006).

Biomass

Annual biomass estimates for redfish were obtainsthg PACES software to analyze
research survey data from the study area during20@8-2010 period. The average annual
biomass was estimated at 231 t or 0.04 £K®D = 0.02 t krif; range: 0.02—0.06 t kf) for
redfish.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 1.0t or 1.59 x 10t km? yr! for redfish (SD = 4.41 x 10t km? yr'). These landings
included mainly by-catch values from the shrimp &rdenland halibut fisheries of 0.9 t or 1.40
x 10* t km? yr' (J. Gauthier, L. Savard, and B. Bernier, Mauriegabntagne Institute,
unpublished data). The inverse solution estimateateh value of 1.65 x 10+ 2.23 x 10° t km®
yr! for redfish.

Production

Information on production and total mortality (Z) edfish was lacking. Production was
therefore assumed to be equivalent to biomass phattiby natural mortality (M) plus the catch
(Allen 1971). Natural mortality (M) for redfish wassumed to range between 0.26 (Bundy
2004) and 0.25 ¥ (FishBase for a maximal length of 32 cm along wéittvater temperature of
3°C; Froese and Pauly 2002). When the biomass amth sallues were used, we obtained a
production range between 0.004 and 0.016 f k. Based on previous ecosystem models for
the northern Gulf, we estimated a mean P/B rati.06 yi* (production range: 0.003 to 0.010 t
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km? yr'%). Combining the two methods resulted in a produrctange of 0.003 to 0.016 t Knyr™
(mean: 0.007 + 0.005 t KAyr™). The inverse solution estimated a production.68 + 0.001 t
km? yr, representing a P/B of 0.42yfor redfish.

Consumption

FishBase was used to estimate the Q/B ratio ofsle@dissuming a water temperature of 3°C
(Froese and Pauly 2002). This resulted in a Q/B @ft3.80 yi* for fish having a mean mass of
72.70 g and a mean length of 15.7 cm (mean chaistate; DFO, groundfish survey database,
unpublished data). Other information on redfishstonption is available. Dolgov and Revetnyak
(1990) estimated annual food consumption to biomasss for Barents Sea deep-water redfish
(Sebastes mente)lghat varied from a high of 6.00 ¥rfor fingerlings down to around 1.30°yr
for fish of 19 years of age. Since fingerlings aredy young fish did not make up a significant
part of the biomass, the mean Q/B of fish from @019 years of age was computed. This
produced a mean Q/B ratio of 1.49'yin another study on redfish from west Greenlandas
determined that daily rations were 0.46% and 0.83%ody mass for the autumn—winter and
spring—-summer periods, respectively (Pedersen aiget R992b). These two values were
averaged, which gave a mean of 0.66% body masdagyeresulting in a Q/B ratio of 2.417yr
On the Newfoundland—Labrador Shelf, the Q/B rato fedfish was estimated at 1.70%yr
(Pitcher et al. 2002) while we obtained a Q/B raifol.09 yi* based on previous ecosystem
models for the northern Gulf. Finally, we estima#e@/B of 5.10 yi from the study of Laurinolli
et al. (2004) for the Scotian Shelf and Bay of Rudaily consumption values for 8-33 cm
length size with corresponding mass values baseduorlength—mass relationships). When the
biomass values and the previous Q/B ratios werd, wge obtained a consumption range of 0.02
to 0.33 t kn? yr! for redfish. Based on the previous mean producttb@07 t knf yr) for
redfish and the minimum and maximum GE limits (10%3, we obtained consumption values of
0.02 and 0.07 t kihyr*. However, assuming that this species would eltaast as much food as
its biomass (Q/B> 1 or Q> B x 1), we used 0.04 t kfyr® instead of the lowest value (0.02 t
km? yr'). The resulting lower and upper consumption limitsre 0.04 and 0.33 t kfnyr,
corresponding to a mean consumption of 0.18 + 0K26? yr’. The inverse solution estimated a
consumption of 0.08 + 0.03 t Kiryr™ for redfish, representing a Q/B of 2.30"yr

Diet composition

Stomach content data for redfish from the lowewu&st were unavailable for the studied
period. We used data for the 1993-1999 period ith lbloe lower Estuary (n = 46) and the
northern Gulf of St. Lawrence (n = 2393) to consttrilhe upper and lower limit constraints in
inverse modelling (D. Chabot, unpublished datayg Wost important prey items of the resulting
diet of redfish were shrimp, other macrozooplanktord capelin (77.6% of the diet; Table 16).
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Table 16. Diet composition (%) of redfish used iadalling. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations appser and lower limit constraints
are indicated in boldface.

Redfish
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish 2.5 1.8 0.0 25 0.0
Black dogfish

White hake

Large demersals 1.7 1.2 0.0 1.8 0.0
Small demersals 19 1.4 0.0 1.9 0.0
Capelin 18.1 13.0 0.0 184 11.9
Large pelagics

Herring

Small pelagics 2.1 15 0.0 22 0.0
Squid

Shrimp 36.6 14.2 16.8 36.9 23.0
Small crabs

Echinoderms

Molluscs 0.0 0.0 0.0 0.0 0.0
Polychaetes

Other bent. inver. 1.0 0.7 0.0 1.0 03
Large euphausiids 33 14829 238 16.0
Small euphausiids 24 17619 26.8 18.1
Large hyperiid amp. 5.2 3.7 0.0 53 29
Other macrozoop. 23.0 69228 326 26.8
Surface mesozoop. 1.0 0.7 0.0 1.0 0.7

Deep mesozoop. 1.3 0.9 0.0 1.3 0.1
Phytoplankton

Detritus

Total 100.0 44.4 155.6 100.0

TRN 14
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Black dogfish

Background

Black dogfish Centroscyllium fabric) is a small deep—dwelling shark with a short and
heavily set body (Gascon 1996). They are distritbaleng the slopes of the Atlantic Ocean basin
ranging from Greenland down to Cape Hatteras, plyssilorida and into the Gulf of Mexico
(Kulka 2006). Black dogfish are a bathydemersatsseresident in waters as shallow as 300 m
but generally found in water deeper than 500 mclBogfish are concentrated in the Laurentian
Channel, into Hermitage Channel, and near thei&trePBank.

Within the Laurentian Channel, the relative abunogafluctuated at low levels during the
1970s and 1980s, increased rapidly and stabilihesugh the mid-1990s, after which it has
declined and possibly became stable (Kulka 200@pv@iparous (embryos develop inside eggs
that are retained within the mother's body untiytlare ready to hatch), black dogfish exhibit a
highly structured distribution with a degree of aegtion by life stage. Large pregnant females
migrate to shallow waters in the Laurentian Chanwietre pupping occurs. The young migrate
into deeper waters of the channel where as thewrmmathey migrate out of the Laurentian
Channel in to the slope waters. They may migragaifitant distances to the Labrador Shelf.
Black dogfish are primarily by-catch in Greenlanailbut, crab, redfish, monkfish, and witch
flounder fisheries (Gascon 1996).

Biomass

Annual biomass estimates for black dogfish wer¢aiobd usingPACESto analyze
research survey data from the study area durin@®8-2010 period. The mean biomass was
estimated at 872 t or 0.14 t KnGSD = 0.14 t krif; range = 0.02—0.29 t KA.

Catch

According to the ZIFF databases, the mean annudirlg during the 2008-2010 period
was 0.6 t or 9.29 x 10t km? yr* for black dogfish (SD = 1.32 x Fa km? yr%). These landings
included mainly by-catch values from the Greenlaatibut fishery of 0.6 t or 9.28 x Tt km*
yr'! (B. Bernier, Maurice-Lamontagne Institute, unpsibdid data). The inverse solution estimated
a catch value of 9.25 x £a 7.54 x 1 t km® yr* for black dogfish.
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Production

Due to the lack of reliable information on prodoati(P) and total mortality (Z) for this
species, it was assumed that production was e@mived biomass multiplied by natural mortality
(M) plus catch. Natural mortality for black dogfigh = 0.20 yi*) was estimated using FishBase
(Froese and Pauly 2002) and a maximal length ofri@Glong with a water temperature €3
(DFO, groundfish survey database, unpublished d¥then the biomass and catch values were
used, we obtained a mean production of 0.028 +#0t@&21° yr* (range: 0.004—0.059 t KfryrY).

The in\{erse solution estimated a production of 8.83.013 t krif yr', representing a P/B of
0.24 yr-.

Consumption

A Q/B ratio (2.20 yi') was calculated using FishBase (Froese and P&dg)2or fish
having a mean mass of 1002.26 g and a mean leh§®®cm at 3°C (DFO, groundfish survey
database, unpublished data). When the annual bgoreadses and the previous Q/B ratio were
used, we obtained a consumption range of 0.046® t0kni” yr* for black dogfish. Based on the
previous mean production (0.028 t knar™) for black dogfish and the minimum and maximum
GE limits (10-30%), we obtained consumption valoé®.09 and 0.28 t kihyr'. However,
assuming that this species would eat at least &b fiood as its biomass (QB1 or Q> B x 1),
we used 0.14 t kihyr?® instead of the lowest value (0.04 t kgrY). The resulting lower and
upper consumption limits were thus 0.14 and 0.6kmt* yr', corresponding to a mean
consumption of 0.39 + 0.36 t kKiyr™. The inverse solution estimated a consumption. b4 &
0.00 t km? yr, representing a Q/B of 1.02yr

Diet composition

Diet data from the studied area during the 20088204riod were unavailable for black
dogfish, so studies from other areas and time geriwere used instead. We used the diet
compositions estimated by Gonzalez et al. (2007jHe divisions 3NO (The Grand Banks) and
3M (Flemish Cap) of the northwest Atlantic (seartfi@ble 3). Due to the lack of information on
zooplankton species identification, the diet projpos for large and small zooplankton from
these studies were redistributed in the resultieg @ccording to the biomass proportion of each
zooplankton species. Overall, the most importaay miems of black dogfish, in percent mass of
stomach content, were shrimp, other macrozooplankteainly Scyphozoa), small demersals,
redfish, and other benthic invertebrates (90.7%hefdiet; Table 17).
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Table 17. Diet composition (%) of black dogfish dise modelling. Est: diet estimates from the
inverse model; TRN: number of trophic relations;: SEandard deviation. Empty cells
indicate that a prey item was never found wher@a@’‘indicates that it was found in
very small amounts. Values used in data equationssoupper and lower limit
constraints are indicated in boldface.

Black dogfish
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish 8.5 56 44 123 45
Black dogfish

White hake

Large demersals

Small demersals 9.4 21 7.7 107 91
Capelin

Large pelagics

Herring

Small pelagics 2.9 40 0.0 56 0.2
Squid 1.8 0.1 1.7 1.8 1.8
Shrimp 439 1.1 425 440 44.0
Small crabs

Echinoderms 0.7 1.0 0.0 15 15
Molluscs

Polychaetes 0.0 0.0 0.0 0.0 0.0
Other bent. inver. 5.4 7.3 0.2 105 105
Large euphausiids 1.8 08 1.2 23 23
Small euphausiids 2.1 09 14 2.7 2.7
Large hyperiid amp. 0.0 0.0 0.0 0.0 0.0
Other macrozoop. 235 05 228 236 235
Surface mesozoop. 0.0 0.0 0.0 0.0 0.0
Deep mesozoop. 0.1 0.1 0.0 0.1 0.1
Phytoplankton

Detritus

Total 100.0 81.8 115.1100.0
TRN 11
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White hake
Background

White hake (rophycis tenuisis a large demersal fish that occurs in contialewaters of
the western Atlantic Ocean (Scott and Scott 198Bgy occur from southern Labrador and the
Grand Bank southward to North Carolina, occasignattaying to deep waters off Florida
(Musick 1974). In the southern Gulf, white hake kgely found on soft bottom habitats with
water temperatures of 5-11°C (DFO 2005). White raakehighly fecund, having several million
eggs per female. In the southern Gulf, male andaferwhite hake reach sexual maturity at
different sizes (at about 41 cm and 44 cm respelgdivand at ages of 2 to 5 years (DFO 2005).
Spawning commences in the southern Gulf in eanye And peaks in the second half of the same
month (DFO 2005). It seems that there are at teastifferent stock components in the southern
Gulf, one occupying shallow inshore areas in sumpr@ancipally the Northumberland Strait area
(the “Strait” component) and another occupying deegter along the Laurentian Channel in
summer (the “Channel” component) (DFO 2005).

White hake are exploited throughout their geogregdhiange by seasonal fisheries, but the
most important directed fishery for this species becurred in the southern Gulf of St. Lawrence
(NAFO division 4T) (DFO 2005). The fishery for whaithake in NAFO division 4T has
historically been the third or fourth most impottgnoundfish fishery in the southern Gulf, with
annual landings that averaged 5,675 t from 196041890 2005). Directed fishing for white
hake has been closed in the southern Gulf sinc®& @ daily by-catch limits have been
imposed on fisheries targeting other species (D65 R

Biomass

Annual biomass estimates for white hake were nbthusing?PACESto analyze research
survey data from the study area during the 20088-2&tiod. The mean biomass was estimated
at 78 t or 0.012 t kifi (SD = 0.006 t krf; range = 0.006—-0.018 t kfh
Catch

According to the ZIFF databases, the mean ananding of white hake during the 2008—
2010 period was 1.6 t or 2.49 x™ 1@ 5.47 x 10 t km? yr’. These landings included by-catch
values from the shrimp and Greenland halibut figisenf 1.0 t or 1.51 x 1t km? yr* (J.
Gauthier, L. Savard, B. Bernier, Maurice-Lamontagmstitute, unpublished data). The inverse
solution estimated a catch value of 2.56 X #®2.80 x 10 t km? yr* for white hake.

Production

Direct estimates of total mortality (Z) were avhlik for white hake. Hurlbut and Poirier
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(2001) estimated Z values of 0.75 to 2 between 1&%% 2001 in the Southern Gulf of St.
Lawrence while Bundy and Simon (2005) estimated tbtl mortality of white hake on the
Scotian Shelf has increased to 1.0 in 1995. I20@0s, total mortality ranged between 0.8 and
1.0, which represented the range used in the pretgay. The instantaneous mortality rates (2)
were then converted into real mortality rates (&59-0.63 yi; A = 1 — &; Ricker 1980). Since
we assumed a steady state (no year-to-year charlgjernass), total mortality A is equal to the
P/B ratio of white hake in 2008-2010 (Allen 197The annual production estimates ranged
between 0.003 and 0.011 t Knyr’. We obtained other production estimates assuntiag t
production was equivalent to biomass multiplied fatural mortality (M) plus catch. Natural
mortality for white hake (M = 0.55 V) was estimated using FishBase (Froese and Pa0B)20
and a maximal length of 59 cm along with a watengerature of 2. When the biomass and
catch values were used, we obtained a productiogeraf 0.003 to 0.010 t Kfrnyr*. Combining
the two methods resulted in a production range.@®®to 0.011 t ki yr' (mean production:
0.007 + 0.003 t kil yr!). The inverse solution estimated a production0cd07 + 0.003 t ki
yr, representing a P/B of 0.6T'yr

Consumption

A Q/B ratio (3.10 yi') was first estimated from Pauly (1989; see FiskB#&soese and
Pauly 2002). We estimated another Q/B of 6.94fyom the study of Laurinolli et al. (2004) for
the Scotian Shelf and Bay of Fundy (daily consuoptvalues for 18-58 cm length size with
corresponding mass values based on our length—rekdonships). When the biomass values
and the two previous Q/B ratios were used, we nobthia consumption range of 0.02 to 0.12 t
km? yr for white hake. Based on the previous mean praou¢®.007 t krif yr'*) for white hake
and the minimum and maximum GE limits (10-30%), altained consumption values of 0.02
and 0.07 t kit yr™. The resulting lower and upper consumption limiese thus 0.02 and 0.12 t
km? yr?, corresponding to a mean consumption of 0.06 5 0,m? yr'. The inverse solution
estimated a consumption of 0.03 + 0.01 t%yn", representing a Q/B of 2.41yr

Diet composition

Diet data from the studied area during the 200862f84riod were unavailable for white
hake, so studies from other areas and time peneele used instead. We used the diet
compositions estimated by Savenkoff et al. (20@dcYhe southern Gulf of St. Lawrence (mid-
1990s; white hake in large demersal feeders, n628),and by Bundy (2004) for the eastern
Scotian Shelf (1980-1985; white hake in large dealgpiscivores, n = 104). Due to the lack of
information on zooplankton species identificatidghg diet proportions for large and small
zooplankton from these studies were redistributetheé resulting diet according to the biomass
proportion of each zooplankton species. Overadl,rtfost important prey items of white hake, in
percent mass of stomach content, were small pslagid large pelagic feeders (75.3% of the
diet; Table 18).
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Table 18. Diet composition (%) of white hake usedriodelling. Est: diet estimates from the
inverse model; TRN: number of trophic relations;: SEandard deviation. Empty cells
indicate that a prey item was never found wher@a@’‘indicates that it was found in
very small amounts. Values used in data equationssoupper and lower limit
constraints are indicated in boldface.

White hake
Prey Mean £+ SD Min Max Est
Large cod
Small cod 03 04 0.0 0.6 0.3

Large Green. halibut
Small Green. halibut 0.3 0.4 0.0 0.7 0.3
American plaice 06 0.0 0.0 0.7 0.6

Flounders 09 04 0.0 1.2 0.9
Skates

Atlantic halibut

Redfish 6.4 9.0 00 127 31
Black dogfish

White hake 0.2 03 0.0 0.4 0.2
Large demersals 3.2 45 0.0 6.3 3.0
Small demersals 19 1.2 0.1 195 7.9
Capelin

Large pelagics 308 436 00 616 0.1
Herring 2.1 0.9 0.0 29 1.2
Small pelagics 445 58.7 0.0 933 45
Squid 0.5 06 0.0 09 0.0
Shrimp 5.1 42 0.0 286 24.7
Small crabs 0.3 0.5 00 713 0.3
Echinoderms

Molluscs

Polychaetes 2.2 3.0 0.0 57.7 521

Other bent. inver. 08 0.2 0.0 8.1 0.8
Large euphausids 0.0 0.0 0.0 0.5 0.0
Small euphausiids 0.0 0.0 0.0 0.6 0.0
Large hyperiid amp. 0.0 0.0 0.0 0.0 0.0
Other macrozoop. 0.0 0.0 0.0 0.4 0.0
Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 0.1 368.1 100.0
TRN 20
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Large demersal feeders

Background

The large demersal feeders are mainly made upge kelpouts (genus: Lycodes; 82.9% of
total biomass), marlin-spikeNeézumia bairdii 14.1%), common lumpfishClyclopterus lumpys
1.7%), longfin hakerophycis chesteyil.2%), their juveniles, and other large demesgaicies
also present in the studied area but few in nuniégs). On average, Vahl's eelpoly¢odes
vahlii) and Laval eelpoutLf/codes lavalagiaccounted for 84% and 16%, respectively, of total
biomass of large eelpouts. Information was verytéohfor most of these species in the studied
area.

Biomass

For the large demersal feeders, biomass was ctddulleom scientific research survey data
using thePACESsoftware from the study area during the 2008—-2f¥ibd. The biomasses of all
species were summed to obtain an estimate for tbepg The mean biomass for the large
demersal feeders was estimated to be 397 t or Q.862° (SD = 0.020 t kif; range: 0.047—
0.085 t knT). In fact, based on initial inverse modelling rugsee the following production
section), the previous values seemed too low ta preglator demands. Hence these values were
increased for large demersal feeders (0.339 + Q& range: 0.047—0.632 t ki

Catch

According to the ZIFF databases, the mean annudirlg of large demersals was 8.9 t or
1.36 x 10° t km? yr* (SD = 1.13 x 19 t km? yr?) for the 2008—2010 period. These landings
included mainly by-catch values from the shrimp &heenland halibut fisheries of 8.6 t or
1.31 x 10° t km? yr! (J. Gauthier, L. Savard, and B. Bernier, Mauriegriontagne Institute,
unpublished data). The inverse solution estimateateh value of 1.35 x 0+ 5.63 x 10 t km™
yr for large demersal feeders.

Production

Information on production and total mortality (Z) large demersal species was lacking.
Production was therefore assumed to be equivatebiadmass multiplied by natural mortality
(M), plus the catch (Allen 1971). Natural mortal{ty) was assumed to range between 0.27 and
0.36 yi* (Table 19). When the biomass and catch valuethtotarge demersal group were used,
we obtained a production range of 0.014 to 0.0B&1f yr'. Finally, we estimated a mean P/B
ratio of 0.24 yi* for large demersals from previous ecosystem moitelthe northern Gulf
(production range of 0.011 to 0.020 t knyr'). Combining the two methods resulted in a
production range of 0.011 to 0.032 t kryr’ (mean production: 0.019 + 0.007 t KnyrY).
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However, based on initial inverse modelling rumg previous values seemed to be too low to
meet predator demands. A production of 0.192 T km' was required and was thus used as the
maximum production limit (mean production: 0.1020+128 t kn?? yr). The maximum
production value was related to a biomass valu®.682 t kn? (see the previous biomass
section). The inverse solution estimated a prodnatif 0.188 + 0.012 t kihyr, representing a
P/B of 0.55 yi* for large demersal feeders.

Table 19. Natural mortality (M; ¥ for different large demersal feeders estimatethqus
FishBase (Froese and Pauly 2002). Maximum length) @bserved during the DFO
survey (unpublished data) and a temperature ovd2@ used.

Species M Maximum length
Longfin hake 0.32 35.0

Vahl's eelpout 0.30 38.0

Laval eelpout 0.27 44.0
Lumpfish 0.36 37.0
Marlin-spike 0.36 32.0

Consumption

For the large demersal feeders, consumption estsnaere derived from different sources
(Table 20).

Table 20. Q/B ratios () for large demersal feedefd/hen Q/B ratios were estimated using
FishBase (Froese and Pauly 2002), mean mass agth lebserved during the DFO
surveys (unpublished data) and a temperature ofA85%€ used.

Species Q/B Reference
Lumpfish 2.60 FishBase: 472.83 g and 18.4 cm
Longfin hake 3.10 FishBase: 186.20 g and 29.2 cm
Marlin-spike 4.80 FishBase: 21.90 g and 18.5 cm
Vahl's eelpout (4.10FishBase: 51.14 g and 21.9 cm
(1.86) Laurinolli et al. (2004)

2.9¢ Mean
Laval eelpout 4.40 FishBase: 35.22 g and 17.6 cm
Large demersal feeders 1.53 Previous northern€golystems

& Daily consumption values for the 13—-38 cm lergjite with corresponding mass values based
on our length—mass relationships.
b Mean of Vahl's eelpout’s values.

The Q/B ratios ranged between 1.53 and 4.80 (Jiable 20). When the minimum and
maximum biomass values for large demersals werg, tis&l consumption ranged from 0.072 to
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3.032 t kn¥ yr’. Based on the previous mean production (0.102% ) for large demersals
and the minimum and maximum GE limits (10-30%),oléained consumption values of 0.339
and 1.018 t kM yr'. The resulting lower and upper consumption limisre thus 0.072 and
3.032 t kn? yr?, corresponding to a mean consumption of 1.552092t kmi® yr*. The inverse
solution estimated a consumption of 0.725 + 0.2keit yr’ for large demersals, representing a
Q/B of 2.14 yi.

Diet composition

Stomach content data for large demersal feedens fhe lower Estuary were available in
2001 only (large eelpouts, n = 32; D. Chabot, utiphbd data). Since the number of analyzed
stomachs was low, we also used stomach contentfdatathe northern Gulf in 2001 (large
eelpouts, n = 31; marlin-spike, n = 99; D. Chahlmipublished data). Finally, we used the diet
compositions estimated by Bowman et al. (2000)tiier Scotian Shelf (longfin hake) and by
Pitcher et al. (2002) for the Newfoundland—Labra8belf (1995-1997; lumpfish) to construct
the upper and lower limit constraints in inversedelbng for this group. Due to the lack of
information on zooplankton species identificationBowman et al. (2000) and Pitcher et al.
(2002), the diet proportions for large and smatiankton from these studies were redistributed
in the resulting diet according to the biomass propn of each zooplankton species in the
present analysisihe different diet proportions of the overall dietre weighted by the biomass
proportion of each species (83%, 14%, 2%, and &%peactively, for large eelpouts, marlin-spike,
lumpfish, and longfin hake) in the study area. Ti@st important prey items of the resulting diet
of large demersals were other macozooplanktonnederms, large euphausiids, molluscs,# and
polychaetes (71.9% of the diet; Table 21).
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Table 21. Diet composition (%) of large demersalfrs used in modelling. Est: diet estimates
from the inverse model; TRN: number of trophic tielas; SD: standard deviation.
Empty cells indicate that a prey item was neventbwhereas “0.0” indicates that it
was found in very small amounts. Values used ia dguations or as upper and lower
limit constraints are indicated in boldface.

Large demersal feeders
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut
Small Green. halibut
American plaice
Flounders

Skates

Atlantic halibut
Redfish

Black dogfish

White hake

Large demersals
Small demersals

Capelin 0.2 71 0.0 100 6.3
Large pelagics

Herring 00 04 0.0 06 0.0
Small pelagics 00 04 0.0 0.6 0.0
Squid 00 01 00 02 00
Shrimp 1.1 4.0 0.0 57 39
Small crabs

Echinoderms 16.1 152 0.3 21.7 4.4
Molluscs 12.7 214 0.0 302 7.7
Polychaetes 122 15000 212 43

Other bent. inver. 9.0 85 0.0 121 3.7
Large euphausiids 12.7 15854 27.8 126
Small euphausiids 8.2 18556 317 24.1
Large hyperiid amp. 4.4 123 00 175 7.2
Other macrozoop. 18.1 15584 304 20.8
Surface mesozoop. 2.4 3.2 0.0 45 31

Deep mesozoop. 2.7 3.9 0.0 55 1.2
Phytoplankton

Detritus 0.0 0.7 0.0 1.0 0.6
Total 100.0 19.8 220.7 100.0

TRN 16
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Small demersal feeders

Background

The small demersal feeders include Atlantic h&agfiglyxine glutinosa 54.8% of total
biomass), fourbeard rocklingefchelyopus cimbriys26.5%), Atlantic poacherLgptagonus
decagonus 3.8%), daubed shannydptoclinus maculatys3.3%), snakeblennyL@mpenus
lampretaeformis 3.0%), Atlantic soft pout Melanostigma atlanticum 2.5%), snailfishes
(Liparidae; 1.7%), Arctic staghorn sculpi@ymnocanthus tricuspis.6%), moustache sculpin
(Triglops murrayj 0.6%), shorthorn sculpimtMyoxocephalus scorpiu8.3%), their juveniles, and
other small demersal species also present in theiest area but few in number (1.9%).
Unfortunately, little is known about these spe@ad only scant information from the study area
was available.

Biomass

For the small demersal feeders, biomass was ctduleom scientific research survey data
using thePACESsoftware from the study area during the 2008—-28¥ibd. The biomasses of all
species were summed to obtain an estimate for thepg The mean biomass for the small
demersal feeders was estimated to be 1,411 t @rt&ai (SD = 0.08 t knf; range: 0.16—0.31 t
km). However, based on initial inverse modelling rsse the following production section),
the previous values seemed too low to meet predatoands. Hence these values were increased
for small demersal feeders (0.58 + 0.60 tkmange: 0.16—1.00 t kR).

Catch

There is no direct fishery for species in the srdathersal feeder group. However, by-catch
information was available for the study period. Thycatch values from the shrimp and
Greenland halibut fisheries were estimated at 1202.12 x 1G + 6.86 x 10" t km? yr* (J.
Gauthier, L. Savard, and B. Bernier, Maurice-Lamagne Institute, unpublished data). The
inverse solution estimated a catch value of 2.20%+ 2.99 x 1¢* t km? yr™ for small demersal
feeders.

Production

Information on production and total mortality (Z) gmall demersal species was lacking.
Production was therefore assumed to be equivatebidmass multiplied by natural mortality
(M), plus the catch (Allen 1971). Natural mortal{ty) was assumed to range between 0.23 and
0.63 yi! (Table 22). When the biomass and catch valuesrfall demersal feeders were used,
we obtained a production range of 0.039 to 0.1@&t yr* for the group. Finally, we estimated a
mean P/B ratio of 0.69 yrfor small demersals from previous ecosystem madelse northern
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Gulf (production range of 0.110 to 0.211 t k). Combining the two methods resulted in a
production range of 0.039 to 0.211 t kryr' (mean production: 0.115 + 0.060 t knyrY).
However, based on initial inverse modelling ruing previous values seemed to be too low to
meet predator demands. A production of 0.527 kit was required and was thus used as the
maximum production limit (mean production: 0.2830#345 t kn? yr'). The maximum
production value was related to a biomass valud.809 t kn? (see the previous biomass
section). The inverse solution estimated a prodnatif 0.526 + 0.002 t kihyr, representing a
P/B of 0.90 yt* for small demersal feeders.

Table 22. Natural mortality (M; ¥ for different small demersal feeders estimateihgus
FishBase (Froese and Pauly 2002). Maximum length) @bserved during the DFO
survey (Nozeéres et al. 2010) and a temperaturé®f&re used.

Species M Maximum length

Atlantic hagfish 0.25 48.1

Shorthorn sculpin 0.23 41.1

Fourbeard rockling 0.40 29.8

Moustache sculpin 0.54 16.5

Snakeblenny 0.37 40.2

Arctic staghorn sculpin 0.34 23.2

Daubed shanny 0.52 17.5

Snailfish (Liparidae) 0.59 15.4
Blacksnout seasnail (0.65) (12.9)
Variegated snailfish (0.45) (21.6)
Sea tadpole (0.59) (14.6)
Lowfin snailfish (0.66) (12.6)

Atlantic soft pout 0.63 13.3

Atlantic poacher 0.45 215

& Mean of the values of each Liparidae species.

Consumption

Consumption estimates for small demersal feedere werived from different sources
(Table 23).
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Table 23. Q/B ratios () for small demersal specied’hen Q/B ratios were estimated using
FishBase (Froese and Pauly 2002), mean length asd wbserved during the DFO
survey (Nozeéres et al. 2010) and a temperaturé®f&re used.

Species Q/B Reference
Atlantic hagfish (4.00) FishBase: 57.24 g and 35.3 cm
(2.59 and 4.79 Matrtini et al. (1996)
3.79 Mean
Shorthorn sculpin 2.70 FishBase: 404.74 g and 28.0 cm
Fourbeard rockling 4.20 FishBase: 43.09 g and 20.8 cm
Moustache sculpin 5.50 FishBase: 11.58 g and 11.4 cm
Snakeblenny 4.70 FishBase: 24.27 g and 28.4 cm
Arctic staghorn sculpin 4.20 FishBase: 41.63 g and 14.8 cm
Daubed shanny 6.20 FishBase: 6.23 g and 12.6 cm
Atlantic soft pout 7.00 FishBase: 3.45 g and 105 ¢
Atlantic poacher 5.10 FishBase: 17.55 g and 16.9 cm
Snailfish (Liparidae) 4.7 Mean
Blacksnout seasnail (4.70) FishBase: 24.39 g and 9.3 cm
Variegated snailfish (4.20) FishBase: 45.88 g and 12.6 cm
Sea tadpole (5.30) FishBase: 14.39 g and 10.5 cm
Lowfin snailfish (4.80) FishBase: 21.74 g and 12.1 cm
Small demersal feeders 2.98 Previous northern éaalgystems

& Mean of Atlantic hagfish’s values.
b Mean of the values of each Liparidae species.

The Q/B ratios ranged between 2.70 and 7.0b (Jiable 23). When the minimum and
maximum biomass values for small demersals werd, istal consumption ranged from 0.433 to
7.061 t kn yr'. Based on the previous mean production (0.283% {a) for small demersals
and the minimum and maximum GE limits (10-30%),okéained consumption values of 0.942
and 2.826 t kM yr’. The resulting lower and upper consumption limiesre thus 0.433 and
7.061 t kn yr, corresponding to a mean consumption of 3.74®8%4t kmi yr'. The inverse
solution estimated a consumption of 2.061 + 1.0R&t yr' for small demersals, representing a
Q/B of 3.53 yi.

Diet composition

Stomach content data for small demersal feeders the lower Estuary were available in
2001 only (Atlantic soft pout, n = 56; D. Chabotpublished data). Since the number of
analyzed stomachs was low, we also used stomadbrtatiata from the northern Gulf in 2001
(Atlantic soft pout, n = 135; sculpins, n = 26; iieh (Liparidae) n = 15; D. Chabot,
unpublished data). All these diets were used tstroat the upper and lower limit constraints in
inverse modelling for this group. The differenttdieoportions of the overall diet were weighted
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by the biomass proportion of each species (37%,, 3% 25%, respectively, for Atlantic soft
pout, sculpins, and snailfish) in the study arda most important prey items of the resulting diet
of small demersals were small crabs, other macgaokton, deep mesozooplankton, and

shrimp (87.7% of the diet; Table 24).
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Table 24. Diet composition (%) of small demersaldiers used in modelling. Est: diet estimates
from the inverse model; TRN: number of trophic tielas; SD: standard deviation.
Empty cells indicate that a prey item was neventbwhereas “0.0” indicates that it
was found in very small amounts. Values used ia dguations or as upper and lower
limit constraints are indicated in boldface.

Small demersal feeders
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish 0.5 1.0 0.0 14 0.0
Black dogfish

White hake

Large demersals

Small demersals 0.6 1.1 0.0 15 0.0
Capelin

Large pelagics

Herring

Small pelagics

Squid

Shrimp 94 254 0.0 359 153
Small crabs 325 619 00 875 03
Echinoderms

Molluscs 0.0 0.0 0.0 0.0 0.0
Polychaetes 0.4 0.8 0.0 1.2 05
Other bent. inver. 1.1 1.8 0.0 25 0.8
Large euphausiids 0.6 1.1 0.0 15 0.9
Small euphausiids 0.6 1.2 0.0 1.7 1.0
Large hyperiid amp. 3.1 4.7 0.0 6.7 24
Other macrozoop. 249 3890.0 55.0 325
Surface mesozoop. 53 12400 175 133

Deep mesozoop. 20.8 58.30.0 825 331
Phytoplankton

Detritus

Total 100.0 0.0 295.0 100.0

TRN 13
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Large pelagic feeders

Background

The large pelagic feeders generally include silliake (Merluccius bilineari$, spiny
dogfish Squalus acanthigs pollock Pollachius vireny and their juveniles. For the present
study, the only abundant large pelagic feeder wasrshake (100% of biomass); based on the
summer scientific surveys, the other two specieg\abso present in the studied area, but at other
time periods. However, commercial landings and d&tglt values of spiny dogfish have been
reported from the shrimp and Greenland halibutefigs for the study period. Pelagic fishes are
less vulnerable to bottom trawling. However, desfieir low catchability, several species were
regularly caught in the annual scientific reseasthveys (e.g., capelin, Atlantic mackerel,
Atlantic herring, and other large and small pelagioups) and could thus be included in our
analyses.

Biomass

For the large pelagic feeders, biomass was caémlffiom scientific research survey data
using thePACESsoftware from the study area during the 2008—-284riod. The mean biomass
for the large pelagic feeders (i.e., silver haka¥wstimated to be 9 t or 0.001 t&(SD = 0.001
t km'%; range: 0.000-0.002 t kf

Catch

According to the ZIFF databases, landings for lqrglagic feeders were 1.5 t or 2.23 X*10
t km? yr* (SD = 4.10 x 10 t km? yrY). These landings included mainly by-catch valuelsoth
silver hake and spiny dogfish from the shrimp anee@land halibut fisheries of 1.5 t or
2.23 x 10" (J. Gauthier, L. Savard, and B. Bernier, Mauriegdbntagne Institute, unpublished
data). The inverse solution estimated a catch vafl2e28 x 1¢* + 2.17 x 10 t km? yr™.

Production

There was no information on specific productiortatal mortality (Z) values for the large
pelagic feeders in the study area. Production wasefore assumed to be equivalent to biomass
multiplied by natural mortality (M), plus the cat¢Allen 1971). Natural mortality (M) was
estimated at 0.68 yrfor silver hake from FishBase (Froese and Paulj2p@nd a maximal
length of 35.2 cm along with a water temperatur8°6f (Nozéres et al. 2010). For spiny dogfish,
a natural mortality of 0.17 yrwas obtained from FishBase (Froese and Pauly 286d)a
maximal length of 88.3 cm along with a water tenapare of 3C (Nozéres et al. 2010). When
the annual biomass and catch values for the lasdagig group were used, we obtained a
production range of 3.0 x 0o 0.002 t krif yr'. Finally, we estimated two P/B ratios for large
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pelagics from previous ecosystem models in theheont Gulf (0.51 yr) and for silver hake
based on Bundy (2004) for the the Scotian She®(§r") (production range: 1.5 x Qo 0.002

t km? yr'). Combining the different methods resulted in @dpiction range of 1.5 x 1to 0.002

t km? yr! (mean production: 0.001 # 0.001 t Knyr'). The inverse solution estimated a
production of 0.001 + 0.001 t kfryr™, representing a P/B of 0.96'yr

Consumption

For the large pelagic feeders, consumption estsnatre derived from different sources
(Table 25).

Table 25. Q/B ratios () for large pelagic feeders.

Species Q/B Reference

Spiny dogfish (4.77) Pauly (1989)
(4.75) Wetherbee and Cortes (2004)
(2.50) Tanasichuck et al. (1991)
(2.70) Jones and Geen (1977)
3.68 Mean
Silver hake (3.85 and 4.26pauly (1989)
(7.87) Durbin et al. (1983)
(11.32) Edwards and Bowman (1979)
(7.60) Cohen and Grosslein (1981)
(14.36) Laurinolli et al. (2004)
(7.88) Waldron (1988)
8.16 Mean
Large pelagic feeders 2.74 Previous northern Gudégstems

& Mean of spiny dogfish’s values.

b Daily consumption values for the 8-33 cm leng#e svith corresponding mass values based
on our length—mass relationships.

. Mean of silver hake’s values.

When the annual biomass values for the large pelggiup and the different Q/B ratios
were used, total consumption ranged from 0.000D.684 t kn? yr’. Based on the mean
production (0.001 t ki yr?) for the large pelagic feeders and the minimum mwactimum GE
limits (10-30%), we obtained consumption valuesOdf03 and 0.010 t kinyr’. However,
assuming that this species would eat at least &b fiood as its biomass (QB1 or Q> B x 1),
we used 0.0015 t kiyr™ instead of the lowest value (0.0007 tkwyr™). The resulting lower
and upper consumption limits were 0.0015 and 0.034n yr', corresponding to a mean
consumption of 0.018 + 0.023 t Knyr™. The inverse solution estimated a consumption @3®
+0.002 t kn yr* for the large pelagic feeders, representing ar@ii® of 3.55 yi'.
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Diet composition

Diet data from the studied area during the 200882f¥riod were unavailable for the large
pelagic feeders (i.e., silver hake), so studiesmfother areas and time periods were used instead.
We used the diet compositions estimated by Bun@@42 for the eastern Scotian Shelf (1999
2000; large silver hake, n = 33; and small silvakd) n = 474) to construct the upper and lower
limits used as constraints in inverse modellingtfos group. Due to the lack of information on
zooplankton species identification, the diet projpos for large and small zooplankton from
these studies were redistributed in the resultieg @ccording to the biomass proportion of each
zooplankton species. The most important prey itefrthie resulting diet of large pelagics were
capelin, small pelagics, shrimp, large and smalhausiids, and other macrozooplankton (85.1%
of the diet; Table 26).
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Table 26. Diet composition (%) of large pelagicders used in modelling. Est: diet estimates
from the inverse model; TRN: number of trophic tielas; SD: standard deviation.
Empty cells indicate that a prey item was neventbwhereas “0.0” indicates that it
was found in very small amounts. Values used ia éguations or as upper and lower
limit constraints are indicated in boldface.

Large pelagic feeders

Prey Mean £+ SD Min Max Est
Large cod
Small cod 0.9 0.8 0.0 1.1 01

Large Green. halibut
Small Green. halibut
American plaice 0.0 0.0 0.0 0.0 0.0

Flounders 0.0 0.0 0.0 0.0 0.0
Skates

Atlantic halibut

Redfish 0.0 0.0 0.0 0.0 0.0
Black dogfish

White hake

Large demersals 4.8 4.2 0.0 59 05
Small demersals 01 0.1 0.1 0.2 0.1
Capelin 30.3 247 1.7 36.6 205
Large pelagics 5.8 29 24 65 24
Herring 3.0 25 0.2 3.7 04
Small pelagics 16.7 7.0 86 185 9.2
Squid 00 01 0.0 0.2 0.0
Shrimp 147 38,6 49 595 418
Small crabs 0.0 0.0 0.0 0.0 0.0
Echinoderms

Molluscs

Polychaetes 0.0 0.0 0.0 0.0 0.0

Other bent. inver. 01 0.2 0.0 0.3 0.1
Large euphausiids 8.2 1.0 7.9 94 8.6
Small euphausiids 9.3 1.2 9.0 10.7 9.7
Large hyperiid amp. 0.2 0.0 0.2 0.2 0.2
Other macrozoop. 5.9 0.7 5.7 6.7 6.2
Surface mesozoop.

Deep mesozoop.

Phytoplankton

Detritus

Total 100.0 40.6 159.4 100.0
TRN 19
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Capelin

Background

Capelin Mallotus villosu$ is a small, short-lived pelagic fish that spenusst of its life
offshore, moving inshore only to spawn. In the heast Atlantic, capelin occur in waters near
Russia (Barents Sea), Norway, Iceland, and Grednlemthe northwest Atlantic, it is found
along the coasts of Labrador and Newfoundlandher@rand Banks, and in the Estuary and Gulf
of St. Lawrence (DFO 2008). Further south, capatm also found in the eastern portion of the
Scotian Shelf and occasionally in the Bay of Fundy.

Spawning is preceded by intense migration towangscbast and occurs inter-tidally on
beaches and in deeper waters (DFO 2008). In thiecfase, capelin literally “roll” on the sandy or
fine gravel beaches. Spawning essentially occumsatr temperatures of 6-10°C and is more
predominant at night. The eggs, which are reddistolour and approximately 1 mm in diameter,
attach to the substrate. The incubation periocesaaccording to ambient temperature, lasting for
approximately 15 days at 10°C. Upon hatching, largaickly adopt a planktonic existence and
remain near the surface until the arrival of winfEBhe most significant growth period occurs
during the first year. Males are longer than femaldgth maximum lengths rarely above 210 mm.
Capelin can spawn at age 2 years, and nearly 1G0%akes die following reproduction (DFO
2008).

The species is exploited commercially in some asgakis probably the most important
forage fish of the northern Gulf of St. Lawrencay&nkoff et al. 2007b).

Biomass

Annual biomass estimates of capelin were obtaimeth fthe scientific surveys for the
2008-2010 period using tRACESsoftware. This resulted in a mean annual biomstsshate of
15,372 t or 2.395 + 1.764 t kinrange: 0.745 to 4.253 t kip However, note that the capelin
biomass was only a gross approximation (catchglofitcapelin is unknown and likely variable
from year to year for the bottom trawl used on gineundfish survey; in addition, the bottom
trawl is very inefficient for estimating the relati abundance/biomass of pelagic species).

Catch

According to the ZIFF databases, the average arcalin landing for the 2008-2010
period in the study area was 38.4 t or 5.87 £ £®.85 x 10" t km? yr’. These landings included
by-catch values from the shrimp fishery of 2.5 t381 x 10* (J. Gauthier and L. Savard,
Maurice-Lamontagne Institute, unpublished datag ifiverse solution estimated a catch value of
5.82 x 10° + 4.99 x 10 t kmi® yr'* for capelin.
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Production

Production of capelin was assumed to be equaldmdss multiplied by natural mortality
(M), plus the catch. Natural mortality was estindate range between 0.607yrto reflect the
biology of this short-lived species (F. Grégoirealice-Lamontagne Institute, pers. comm.) and
in agreement with the study of Blanchard et al0@an the Barents Sea, and 0.8% (fFishBase;
Froese and Pauly 2002 with a maximal length of tm0according to Nozeres et al. 2010 along
with a water temperature of@). When the biomass and catch values for capedire wsed, we
obtained a production range of 0.452 to 3.451 k. Finally, we estimated a mean P/B ratio
of 0.32 yi* from previous ecosystem models in the northerrf Gubduction range of 0.240 to
1.368 t kn¥ yr). Combining the two methods resulted in a productange of 0.240 to 3.451 t
km? yr' (mean production: 1.386 + 1.064 t kmyr"). The production value estimated by the
inverse solution for capelin was 1.449 tkyr® (P/B = 0.61 yr).

Consumption
Consumption estimates of capelin were derived fddfferent sources (Table 27).

Table 27. Q/B ratios () for capelin.

Species Q/B Reference
Capelin 5.90 FishBase: 8.53 g and 13.7tm
13.69 Vesin et al. (1987)
6.33 Ajiad and Pushaeva (1991)
27.56 Panasenko (1981)
4.70 Blanchard et al. (2002)
6.63 Mendy and Buchary (2001)
6.57 Wilson et al. (2006)
6.88 Bundy (2004)
1.47 Previous northern Gulf ecosystems
8.86 Mean

% When the Q/B ratio was estimated using FishB&seege and Pauly 2002), mean length and
mass observed during the DFO surveys (Nozeres 2080) and a temperature of 3°C were used.
®: Vesin et al. (1981) estimated that the dailyorativas 5.00% body mass in summer and 2.50%
body mass in winter in the Estuary and western Guit. Lawrence, giving a mean of 3.75% of
body mass per day or a mean annual Q/B ratio GOLg:".

“ Daily ration was estimated to be between 1.47% 200% of the body mass, resulting in an
average Q/B ratio of 6.33 yifrom a summer study on Barents Sea capelin.

When the biomass values and the previous Q/B ratese used, we obtained a
consumption range of 1.092 to 117.215 t%gr’ for capelin. Based on the mean production
(1.386 t kn yr?) for capelin and the minimum and maximum GE linfit6—30%), we obtained
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consumption values of 4.621 and 13.863 t%yn". However, assuming that this species would
eat at least as much food as its biomass (Q1Bor Q> B x 1), we used 2.395 t Kfryr* instead

of the lowest value (1.092 t kfnyr'). The resulting lower and upper consumption limiesre
2.395 and 117.215 t Kfryr?*, corresponding to a mean annual consumption @059+ 81.190 t
km? yr’. The consumption value estimated by the inverigien was 10.303 + 5.979 t Kfyr™
(Q/B = 4.30 yt) for capelin.

Diet composition

Stomach content data for capelin from the loweu&st were available but few in number
in 2003 (n = 114; D. Chabot, unpublished data). <égnently, we also used data from 2003 for
the northern Gulf (n = 1033) to construct the uppad lower limit constraints in inverse
modelling (D. Chabot, unpublished data). The mogtdrtant prey items were large and small
euphausiids, mesozooplankton, large hyperiid angaispand other macrozooplankton (85.1% of
the diet; Table 28).
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Table 28. Diet composition (%) of capelin used iodalling. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations aippsr and lower limit constraints
are indicated in boldface.

Capelin
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals

Capelin 00 00 00 00 0.0
Large pelagics

Herring

Small pelagics 0.0 0.0 0.0 0.0 0.0
Squid

Shrimp 00 00 00 00 00
Small crabs

Echinoderms

Molluscs

Polychaetes 0.0 0.0 0.0 0.0 0.0
Other bent. inver.

Large euphausiids 21.8 25.810.1 46.7 36.7
Small euphausiids 23.0 29.811.1 53.3 44.8
Large hyperiid amp. 8.1 77 0.0 109 56
Other macrozoop. 6.8 5.6 0.0 79 6.0
Surface mesozoop. 7.1 8900 126 36

Deep mesozoop. 33.2 42.00.0 594 33
Phytoplankton

Detritus

Total 100.0 21.3 190.9 100.0

TRN 10
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Herring

Background

Atlantic herring Clupea harengysis a pelagic fish that frequents cold Atlantictera. Its
distribution in Canada extends from the coasts @fd\Scotia to the coasts of Labrador. It travels
in tight schools in order to feed, to spawn neardbast, and to overwinter in deeper waters (DFO
2010d). The same herring return to the same spawifdéeding, and wintering sites year after
year. This homing phenomenon is attributed to enkxhbehaviour with the recruitment of young
year-classes in a population. At spawning, eggaclatthemselves to the sea floor, forming a
carpet a few centimetres thick. The egg incubatime and larval growth are linked to ambient
environmental characteristics such as water teryperaMost herring reach sexual maturity at
four years of age, at a length of about 25 cm (2600d).

There are two distinct herring populations in thalf®f St. Lawrence, the west coast of
Newfoundland population and the southern Gulf aof [%twrence population. The two Gulf
herring populations are characterized by two spagvstocks. Spring herring generally spawn in
April and May, and fall herring in August and Seapteer/October. The spring-spawning stock of
the west coast of Newfoundland population congesgyatf the west coast of Newfoundland and
in and around St. George’s Bay; the autumn-spawsitiogk regroups further up the coast, north
of Point Riche, to reproduce (McQuinn et al. 1999)itside of the spawning season, these two
stocks are mainly found in St. George’s Bay ingpeng, north of Point Riche and in the Strait of
Belle Isle in the summer, and off Bonne Bay in tak (McQuinn et al. 1999). In the southern
Gulf of St. Lawrence, the largest spring spawningaa are in Northumberland Strait and the
largest fall spawning areas are in coastal wat#rdMiscou and Escuminac (N.B.), North Cape
and Cape Bear (P.E.l.), and Pictou (N.S.) (DFO 2p10

Biomass

Annual biomass estimates of herring were obtaimedh fthe scientific surveys for the
2008-2010 period using tRACESsoftware. This resulted in a mean annual biomstsshate of
295 t or 0.046 + 0.028 t kin(range: 0.018 to 0.074 t kfh However, note that the herring
biomass, as for the other pelagic species, wasabghpss approximation. In fact, based on initial
inverse modelling runs (see the following produttgection) and due to the large uncertainty
related to the biomass of this group, the previgakies seemed too low to meet predator
demands. Hence these values were increased fond¢ex094 + 0.107 t kify range: 0.018—
0.169 t knf).

Catch

According to the ZIFF databases, the mean landing\fiantic herring was 15.4 t or 2.35 x
103 t km? yr* (SD = 1.57 x 18 t km? yr?) during the 2008-2010 period. These landings
included by-catch values from the shrimp and Grmhhalibut fisheries of 3.2 t or 4.90 x“10
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km? yr! (J. Gauthier, L. Savard, and B. Bernier, Mauriegdontagne Institute, unpublished
data). The inverse solution estimated a catch vafl2e36 x 10° + 8.57 x 10" t km? yr™.

Production

For herring, production was first estimated by mpljtng biomass by natural mortality
(M), plus catch. Natural mortality was assumedatoge between 0.20 y(Grégoire et al. 2004)
and 0.32 yt (FishBase; Froese and Pauly 2002, with a maxierajth of 35.5 cm according to
Nozeres et al. 2010, along with a water temperaifti@2C). When the biomass and catch values
for herring were used, we obtained a productiomeanf 0.006 to 0.027 t kiyr™. Finally, we
estimated a mean P/B ratio of 0.34*from previous ecosystem models in the northerrf Gul
(production range of 0.006 to 0.025 t knyr?). Combining the two methods resulted in a
production range of 0.006 to 0.027 t kmygr' (mean production: 0.015 + 0.008 t Knyr™).
However, based on initial inverse modelling rumg previous values seemed to be too low to
meet predator demands. A production of 0.055 T km was required and was thus used as the
maximum production limit (mean production: 0.0300034 t kn?? yrY). The maximum
production value was related to a biomass valu®.b69 t kn? (see the previous biomass
section). The inverse solution estimated a prodnatif 0.054 + 0.001 t kihyr, representing a
P/B of 0.58 yi".

Consumption
Consumption estimates of herring were derived fdiffierent sources (Table 29).

Table 29. Q/B ratios () for herring.

Species Q/B Reference
Atlantic herring 4.59 Pauly (1989)
2.80 Fetter and Davidjuka (1996)
13.69 Rudstam et al. (1992)
5.20 Varpe et al. (2005)
4.84 Blanchard et al. (2002)
4.72 Mendy and Buchary (2001)
1.55 Previous northern Gulf ecosystems
5.34 Mean

% Fetter and Davidjuka (1996) estimated daily feodsumption for different periods of the year.

Mean values fluctuated widely between 0.2 and 108%0dy mass per day, corresponding to an
annual Q/B of 2.80 V.

b During summer, specific consumption rates ofihgrin the Baltic Sea were estimated from 10
to 20% of the body mass per day for young-of-the-yesh larger than 5 cm, 7 to 13% for 1+
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fish, and 4 to 5% for older age groups. During aututhese consumption rates declined to 2 to
4% for all age classes. This resulted in an eséichannual Q/B of 13.69yr

When the minimum and maximum biomass and the Q/Riesawere used, total
consumption ranged from 0.027 to 2.319 t%yr*. Based on the mean production (0.030 ¥km
yr) for herring and the minimum and maximum GE lin{it8—30%), we obtained consumption
values of 0.101 and 0.302 t Knyr'*. However, assuming that this species would e#ast as
much food as its biomass (Q#B1 or Q> B x 1), we used 0.094 t kfryr* instead of the lowest
value (0.027 t kifi yr'"). The resulting lower and upper consumption limiese 0.094 and 2.319
t km? yr?, corresponding to a mean consumption of 1.206574t km? yr'. The inverse
solution elstimated a consumption of 0.216 + 0.1K& f yr* for herring, representing a Q/B ratio
of 2.31 yr.

Diet composition

We used the diet composition estimated by Darbygal. (2003) in the southern Gulf, by
Savenkoff et al. (2004c) for the southern Gulf (th#D0s; n = 718), and by Pitcher et al. (2002)
for the Newfoundland—Labrador Shelf (1995-1997¢dastruct the upper and lower limits used
as diet constraints in inverse modelling for thi®up. Due to the lack of information on
zooplankton species identification, the diet projpos for large and small zooplankton from
these studies were redistributed in the resultieg according to the biomass proportion of each
zooplankton species. The most important prey itehtle resulting diet of herring were deep and
surface mesozooplankton, other macrozooplanktod,lamge and small euphausiids (94.2% of
the diet; Table 30).
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Table 30. Diet composition (%) of herring used iadalling. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations aippsr and lower limit constraints
are indicated in boldface.

Herring
Prey Mean £+ SD Min Max Est
Large cod
Small cod 00 01 0.0 0.1 0.0

Large Green. halibut

Small Green. halibut

American plaice 00 01 0.0 0.1 0.0
Flounders 0.0 0.1 0.0 0.1 0.0
Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals 00 01 0.0 0.1 0.0
Small demersals 0.0 0.1 0.0 0.1 0.0

Capelin 1.1 19 0.0 33 22
Large pelagics 00 01 0.0 0.1 0.0
Herring 0.1 0.2 0.0 0.4 0.1
Small pelagics 0.2 03 0.0 0.6 0.2
Squid

Shrimp 02 04 00 137 0.2
Small crabs

Echinoderms

Molluscs

Polychaetes

Other bent. inver. 3.3 58 00 100 74

Large euphausiids 9.4 84 0.0 325 219
Small euphausiids 10.7 95 0.0 37.1 258
Large hyperiid amp. 0.2 0.1 0.0 0.7 0.2
Other macrozoop. 7.5 49 0.0 233 120
Surface mesozoop. 11.7 4500 175 151

Deep mesozoop. 549 21.00.0 825 142
Phytoplankton

Detritus 0.3 0.6 0.0 1.0 0.3
Total 100.0 0.0 223.4100.0

TRN 18
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Small pelagic feeders

Background

The small pelagic feeders include white barracudiwactozenus risso58.8% of total
biomass), Arctic codBoreogadus saide38.7%), and sand lancArimodytespp.; 2.5%). Based
on the summer scientific surveys, other speciag, (Atlantic argentinérgentina silus Atlantic
mackerelScomber scombrsvere also present in the studied area, but &b ditme periods.

Biomass

For the small pelagic feeders, biomass was cakuilabm scientific research survey data
using the PACES software from the study area during the 2008-2p&filod. The annual
biomasses of each species were summed to obtastamate for the group. The mean biomass
for the small pelagic feeders was estimated toedr 0.003 t kit (SD = 0.003 t knif; range:
0.001-0.006 t k). However, note that the small pelagic biomassfoasthe other pelagic
species, was only a gross approximation. In faasel on initial inverse modelling runs (see the
following production section) and due to the largecertainty related to the biomass of this
group, the previous values seemed too low to messtgor demands. Hence these values were
increased for small pelagics (0.038 + 0.053 £knange: 0.001-0.075 t kfju

Catch

There is no direct fishery for species in the srpalhgic group (ZIFF databases). By-catch
values from the shrimp fishery were estimated @tt4r 6.13 x 10 + 6.11 x 106 t kmi® yr'* (3.
Gauthier and L. Savard, Maurice-Lamontagne Ingjtunpublished data). The inverse solution
estimated a catch value of 6.55 x*193.63 x 10 t kmi? yr™.

Production

Information on production and total mortality (Z) small pelagic feeders was lacking.
Production was therefore assumed to be equivatebiadmass multiplied by natural mortality
(M), plus the catch (Allen 1971). Natural mortal{ty) was assumed to range between 0.37 and
0.85 yi* (Table 31). When the biomass and catch valuethiosmall pelagic group were used,
we obtained a production range of 0.001 to 0.0R&f yr* (mean production: 0.002 + 0.002 t
km? yr'"). However, based on initial inverse modelling ruhg previous values seemed to be too
low to meet predator demands. A production of 0.082° yr* was required and was thus used
as the maximum production limit (mean productiord3d + 0.044 t kid yr?). The maximum
production value was related to a biomass valu®.675 t kn? (see the previous biomass
section). The inverse solution estimated a prodnatif 0.062 + 0.000 t kihyr', representing a
P/B of 1.63 yt* for small pelagic feeders.
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Table 31. Natural mortality (M; ¥ for different small pelagic feeders estimatechgdfishBase
(Froese and Pauly 2002). Maximum length (cm) olesergiuring the DFO survey
(Nozéres et al. 2010) and a temperature of 3°C wsed.

Species M Maximum length

White barracudina 0.37 28.0

Arctic cod 0.79 18.8

Sand lances 0.85' 15.7
Northern sand lance (1.13) (15.7)
American sand lance (0.56) (15.7)

% Mean values of sand lance species.

Consumption

For the small pelagic feeders, consumption estisnatere derived from different sources
(Table 32).

Table 32. Q/B ratios (¥ for small pelagic feeders. When Q/B ratios weséingated using
FishBase (Froese and Pauly 2002), mean length asd wbserved during the DFO
survey (Nozeres et al. 2010) and a temperaturé@f&re used.

Species Q/B Reference
White barracudina 5.60 FishBase: 19.10 g and 24.1 cm
Arctic cod (5.60) FishBase: 18.10 g and 12.7 cm

(3.94) Hop et al. (1997)
(2.96) Previous 1985-1987 northern Gulf
ecosystem
417 Mean
Sand lances (4.80) FishBase: 22.73 g and 9.1 cm
(8.16) Gilman (1994)
(5.69) Previous 1985-1987 northern Gulf
ecosystem
6.22 Mean

& Mean daily rations (% body mass per day) of Arctbd juveniles and adults were estimated
from Canadian arctic waters during 1988-1990.

b Mean of Arctic cod’s values.

¢ Daily rations (% body mass) of adults on Georgask from 1977 to 1986 throughout the year
were averaged, resulting in a mean Q/B ratio of §rt.

d Mean of sand lance’s values.
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Using the minimum and maximum biomass values fahesmall pelagic species and
summing individual consumption values, total conption varied from 0.004 to 0.468 t Km
yrl. Based on the mean production (0.031 t%kyn') for the small pelagic feeders and the
minimum and maximum GE limits (10-30%), we obtairemhsumption values of 0.105 and
0.315 t kn? yr'*. Assuming that this species would eat at leasnash food as its biomass (Q/B
>1 or Q> B x 1), we used 0.038 t Kiyr* instead of the lowest value (0.004 t'kiyr™). The
resulting lower and upper consumption limits wei@38 and 0.468 t kihyr®, corresponding to
a mean consumption of 0.253 + 0.304 tkgm’. The inverse solution estimated a consumption
of 0.259 + 0.091t ki yr* for the small pelagic feeders, representing a @t of 6.81 yi'.

Diet composition

For small pelagic feeders, we used the diet cortipasestimated by Pitcher et al. (2002)
for the Newfoundland—-Labrador Shelf (1995-1997;dskmce, Arctic cod, small pelagics, and
small mesopelagics) and by Bundy (2004) for théeeasScotian Shelf (1999-2000; sand lance
and small mesopelagics). Due to the lack of infaromaon zooplankton species identification,
the diet proportions for large and small zooplankfoom these studies were redistributed
according to the biomass proportion of each zodtanspecies in the present study. We also
used stomach content data for white barracudira {79) from the northern Gulf in 2001 (D.
Chabot, unpublished data) to construct the uppéi@mer limit constraints in inverse modelling
for this group. The most important prey items & tiesulting diet of small pelagics were large
and small euphausiids and deep mesozooplanktoh%/@t the diet; Table 33).
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Table 33. Diet composition (%) of small pelagicdess used in modelling. Est: diet estimates
from the inverse model; TRN: number of trophic tielas; SD: standard deviation.
Empty cells indicate that a prey item was neventbwhereas “0.0” indicates that it
was found in very small amounts. Values used ia éguations or as upper and lower
limit constraints are indicated in boldface.

Small pelagic feeders
Prey Mean £+ SD Min Max Est

Large cod

Small cod

Large Green. halibut
Small Green. halibut
American plaice
Flounders

Skates

Atlantic halibut
Redfish 0.0 0.0 0.0 0.2 0.0
Black dogfish

White hake

Large demersals
Small demersals

Capelin 0.7 1.2 0.0 38 20
Large pelagics

Herring

Small pelagics 5.7 3.1 0.0 9.1 0.0
Squid 2.1 1.9 0.0 40 00
Shrimp 1.1 14 0.0 134 7.4
Small crabs

Echinoderms 0.0 0.0 0.0 0.5 0.0
Molluscs

Polychaetes

Other bent. inver.

Large euphausiids 31.8 20.412.1 46.1 25.2
Small euphausiids 258 8.6139 318 255
Large hyperiid amp. 1.3 1.3 0.3 22 18
Other macrozoop. 7.1 74 19 18.7 11.8
Surface mesozoop. 4.9 3617 114 56

Deep mesozoop. 195 21.64.1 53.6 20.6
Phytoplankton

Detritus 01 01 0.0 40 0.1
Total 100.0 34.0 198.7 100.0

TRN 13
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Squid
Background

The squid are a composite group of all squid fomnthe study area. The most important in
terms of biomass (100% for the study period) isribghern shortfin (also called short-finned)
squid (llex illecebrosu3. This species is highly migratory and spends @algt of the year within
the study area. Distributed across a broad geomragea, l. illecebrosusis found in the
northwest Atlantic Ocean between the Sea of Labradd the Florida Straits (Roper et al. 1998).
Throughout its range of commercial exploitatiorgnir Newfoundland to Cape Hatteras, North
Carolina, the population is considered to congitusingle stock (Dawe and Hendrickson 1998;
Hendrickson and Holmes 2004).

Biomass

Annual biomass estimates for squid were obtain@thyUBACESto analyze research survey
data from the study area during the 2008—-2010 g@efibe mean biomass was estimated at 0.4 t
or 5.36 x 10 t km® (SD = 9.29 x 10 t km?) for squid. However, based on catch information
and initial inverse modelling runs (see the follogiproduction section), the previous values
seemed too low to meet predator demands. Hence tiadses were increased for squid (0.0012 +
0.0015 t knif; range: 0.0001-0.0022 t K

Catch

There is no direct fishery for squid (ZIFF datalsasé\ by-catch value from the shrimp
fishery was estimated at 0.7 t or 1.07 X*3#01.05 x 1& t km? yr* (J. Gauthier and L. Savard,
Maurice Lamontagne Institute, unpublished datag iflverse solution estimated a catch value of
1.07 x 10 + 4.64 x 10 t km? yr* for squid.

Production

There was no information available on productionodal mortality (Z) of squid within the
study area. Production was estimated by multiplyaimgmass by natural mortality (M) plus catch.
Like many squid specied, illecebrosuslives for less than one year and has a high natura
mortality rate (Hendrickson and Holmes 2004). Aueabf 1.0 yi* was thus used for natural
mortality. When the biomass and catch values weed uwe obtained a production range of
0.0002 to 0.0004 t kihyr® for squid (production: 0.0003 + 0.0001 t kgr'"). However, based
on initial inverse modelling runs, the previousued seemed to be too low to meet predator
demands. A production of 0.0037 t Rryr* was required and was thus used as the maximum
production limit (mean production: 0.0020 + 0.0828n yr'). The maximum production value
was related to a biomass value of 0.0022 t’k(see the previous biomass section). The
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production value estimated by the inverse solutias 0.0036 + 0.0001 t khyr® (P/B = 3.11
-1
yro).

Consumption

We estimated a Q/B of 2.94Yfrom the study of Maurer and Bowman (1985) for Ghaf
of Maine to Cape Hatteras for 1979 and 1980 (seasange: 0.6 to 6.6 yrexcluding the value
of 19.4 yi* related to very low squid biomass). When the bissnaalues were used, we obtained
a consumption range of 0.0003 to 0.0066 t’kyn’ for squid. Based on the previous mean
production (0.0020 t kifhyr?) for squid and the minimum and maximum GE limit§430%),
we obtained consumption values of 0.0066 and 0.0%®7° yr*. The resulting lower and upper
consumption limits were thus 0.0003 and 0.0197 t?kym’, corresponding to a mean
consumption of 0.0100 + 0.0137 t Knyr’. The inverse solution estimated a consumption of
0.0122 + 0.0018 t kifyr™ for squid, representing a Q/B of 10.36 yr

Diet composition

Diet data from the studied area during the 200863triod were unavailable for squid, so
studies from other areas and time periods were uss#tdad. We used the diet compositions
estimated by Pitcher et al. (2002) for the Newfdand-Labrador Shelf (1995-1997; short-
finned squid) and by Bundy (2004) for the easterati@n Shelf (1999-2000; short-finned squid)
to construct the upper and lower limit constrainténverse modelling for this group. Due to the
lack of information on zooplankton species ideaétfion, the diet proportions for large and small
zooplankton from these studies were redistributetheé resulting diet according to the biomass
proportion of each zooplankton species. The mogbiant prey items of squid were capelin,
small pelagics, squid, small cod, euphausiids, @her macrozooplankton (82.5% of the diet;
Table 34).



90

Table 34. Diet composition (%) of squid used in elbdg. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations aippsr and lower limit constraints
are indicated in boldface.

Squid
Prey Mean £+ SD Min Max Est
Large cod
Small cod 114 142 00 215 6.7
Large Green. halibut
Small Green. halibut
American plaice
Flounders
Skates
Atlantic halibut
Redfish
Black dogfish
White hake 0.2 03 0.0 0.5 0.2
Large demersals 2.4 3.4 0.0 49 22
Small demersals 1.8 24 0.1 35 20
Capelin 180 254 0.0 359 311
Large pelagics 5.5 78 00 110 24
Herring 2.9 4.1 0.0 58 1.9
Small pelagics 149 13 140 158 1438
Squid 14.0 157 29 251 3.0
Shrimp
Small crabs 1.1 1.6 0.0 23 1.8
Echinoderms
Molluscs

Polychaetes

Other bent. inver.

Large euphausiids 8.5 31 6.2 107 94

Small euphausiids 9.7 36 71 122 11.6
Large hyperiid amp. 0.2 0.1 0.1 0.2 0.2
Other macrozoop. 6.1 2.3 45 77 6.7

Surface mesozoop. 0.6 0.8 0.0 1.2 10

Deep mesozoop. 2.8 3.9 0.0 55 5.0
Phytoplankton

Detritus

Total 100.0 34.9 163.6 100.0

TRN 16
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Shrimp(Claude Savenkoff and Louise Savard; FisheriesGoehns Canada, Mont-Joli, Qc)
Background

The shrimp group consists of several species ofagidnand caridean shrimp and is
represented by the key species northern shiftapdalus borealiswhich dominates the biomass
(55.1% of total shrimp biomass) and is fished comuma#ly. The other species are pink glass
shrimp @asiphaea multidentata27.5%), striped shrimpP@ndalus montaguil5.4%), Arctic
argid Argis dentate 1.3%), Greenland shrimgEgalus macilentys0.8%), and several other
shrimp species also found but less abundant instbdy area. Generally, shrimp are found
throughout the Estuary and the northern Gulf of lStwrence at depths of 150-350 m, but
migrations do occur during breeding (the femalegrate to shallower waters at the channel
heads) and feeding (at night, they leave the oflean to feed on small planktonic organisms)
(DFO 2002).

Biomass

Annual biomass estimates for shrimp were obtaingdguPACES to analyze research
survey data from the whole area during the 2008828driod. The annual biomasses of each
species were summed to obtain an estimate forrhggThe biomass was 14,930 t or 2.326 +
0.295 t knf (range: 2.122—2.664 t K

Catch

The annual total landings of shrimp were 1,0161.66 x 10" t km? yr* (SD = 5.33 x 18
t km? yr!) from 2008 to 2010 (ZIFF databases). These lasdinguded by-catch values from
the shrimp fishery of 2.6 t or 3.94 x 1@ km? yr* (J. Gauthier and L. Savard, Maurice-
Lamontagne Institute, unpublished data). The irvexdution estimated a catch value of 1.57 x
10 + 2.53 x 16 t km? yr* for shrimp.

Production

Production was assumed to be equivalent to bionmadsplied by natural mortality (M)
plus the catch. Natural mortality of shrimp wasireated at 0.64 yt (Fréchette and Labonté
1981). When the biomass and catch values for shwerp used, we obtained a production range
of 1.510 to 1.865 t kiftyr™. Finally, we estimated a mean P/B ratio of 1.40 fyom previous
ecosystem models in the northern Gulf (productamge of 2.968 to 3.725 t kinyrY). The two
methods resulted in a production range of 1.518.7@5 t kn¥ yr* (mean: 2.448 + 0.926 t KM
yr!). The inverse solution estimated a production.682 + 0.221 t ki3 yr* (P/B = 1.13 yi) for
the shrimp group.
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Consumption

A mean Q/B ratio of 6.52 Jrwas estimated from previous ecosystem models én th
northern Gulf (consumption range of 13.848 to 1Z.8%&m* yr'). Also, based on the mean
production (2.448 t kidyr') and the minimum and maximum GE limits (10—30%#, abtained
a consumption range of 8.161 to 24.484 t%yn* for shrimp. The resulting lower and upper
consumption limits were 8.161 and 24.484 t4ym’, corresponding to a mean consumption of
15.969 + 6.830 t kifiyr™.The inverse solution estimated a consumption d3@®+ 3.003 t ki
yr' (Q/B = 4.67 y1).

Diet composition

For shrimp, feeding occurs in both the benthic pekgic environments as a result of their
daily vertical migrations. In their model, Bundyat (2000) assumed that 30% of the total diet
was benthic and 70% was pelagic. Annelids, smabteceans, detritus, and bottom plants were
the main prey during the day while copepods anchaugiids were the principal prey items
during the nocturnal migration. Stomach contenadat shrimp from the lower Estuary were
also available but few in number from 2000 to 2007 21) and for the studied period (n = 38)
(D. Chabot, unpublished data). Small euphausiicdssanooplankton, and detritus were the main
prey items. We used all these diets to constrietugiper and lower limit constraints in inverse
modelling for this group. Overall, the most impaittgprey items of shrimp were detritus,
mesozooplankton, small euphausiids, and other rmaopdankton (e.g., mysids, chaetognaths)
(83.2% of the diet; Table 35).
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Table 35. Diet composition (%) of shrimp used ind@liting. Est: diet estimates from the inverse
model; TRN: number of trophic relations; SD: standdeviation. Empty cells indicate
that a prey item was never found whereas “0.0”datdis that it was found in very
small amounts. Values used in data equations aippsr and lower limit constraints
are indicated in boldface.

Shrimp
Prey Mean + SD* Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals

Capelin

Large pelagics

Herring

Small pelagics

Squid

Shrimp 00 00 00 00 0.0
Small crabs

Echinoderms

Molluscs

Polychaetes 2.3 1.2 0.0 89 24

Other bent. inver. 0.8 1.1 0.0 15 01

Large euphausiids 3.7 0.7 1.7 6.0 4.7

Small euphausiids 19.0 20.14.8 46.3 265
Large hyperiid amp.

Other macrozoop. 9.5 9.1 3.0 244 239
Surface mesozoop. 5.8 22 4.2 84 6.8

Deep mesozoop. 244 65198 343 228
Phytoplankton 4.3 6.0 0.0 85 32
Detritus 304 31.3 80 525 95
Total 100.0 41.4 190.8 100.0

TRN 10
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Crabs(Claude Savenkoff, Jean Lambert, and Bernard &ailarie; Fisheries and Oceans
Canada, Mont-Joli, Qc)

Background

The snow crabGhionoecetes opiljorepresents the key species of the crab groupchwhi
also includes other species such as toad cikdpas(spp.) and rock crallC@ancer irroratug. In
Canada, snow crab can be found from the southemof tNova Scotia to midway up Labrador as
well as in the Estuary and Gulf of St. Lawrence.tire Gulf of St. Lawrence, males of
commercial size live at depths of around 60-220 except during their moulting and
reproductive period when they migrate to shallowaters (DFO 2010f). Snow crab recruitment
is periodic or episodic and varies considerably @aveycle of 8 to 12 years (DFO 2010f).

Snow crabs were separated into smaltp mm carapace width CW) and large (> 45 mm
CW) categories based on large size-related difea®in diet and vulnerability to predation (in
particular cannibalism; crab prey ranged betweénadhd 48.8 mm CW; Lovrich and Sainte-
Marie 1997) and the ususal minimum carapace widltadalt snow crabs (40 mm CW). Only
large snow crabs are fished and landings consigistlexclusively of males 95 mm CW.

Biomass

Current snow crab assessments do not estimateothk biomass in the Estuary (high
diversity and heterogeneity of habitats that aterohard to sample). Biomass for the crab groups
was estimated using the abundance of snow crabgddrom a complete bottom trawl survey
conducted on the north shore of the Estuary in 206¥ 2009 (DFO 2010f). Abundance values
were converted into biomass values using carapédth \@nd biomass relationships for female,
male, and immature crabs for the two size clasBesS@inte-Marie, Maurice Lamontagne
Institute, unpublished data). We used these twasyet sampling data to estimate lower and
upper limit values representing potential rangethefbiomass for the crab groups. We obtained a
mean biomass estimate of 2.46 + 0.08 t*kfrange: 2.41-2.52 t ki) and 0.30 + 0.38 t kih
(range: 0.04—0.57 t Kf) for large and small crabs, respectively.

Catch

For large crabs, the annual total landings in thdysarea were 1,330 t or 2.04 X 10km?
yr! (SD = 7.70 x 10 t km? yr) from 2008 to 2010 (ZIFF databases). These larsdinguded
by-catch values from the shrimp and Greenland hafisheries of 6.5 t or 1.00 x £a km? yr*
(J. Gauthier, L. Savard, and B. Bernier, Mauricenbatagne Institute, unpublished data). No
catch values have been recorded for small crabe.iflerse solution estimated a catch value of
2.04 x 10" + 7.49 x 10" t km? yr* for large crabs.
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Production

Production was assumed to be equivalent to bionmadsgplied by natural mortality (M)
plus the catch. For large and small crabs, assuratdal mortality values of 0.2 and 0.35"yr
respectively, were used to take into account tiga hatural mortality of juveniles and the lower
natural mortality of adults (B. Sainte-Marie, pecamm.). Using minimum and maximum
biomasses, this resulted in a production range&$ @ 0.71 t krif yr* for large crabs and 0.01
to 0.20 t knf yr* for small crabs. From previous ecosystem modelgénnorthern Gulf, we
estimated mean P/B ratios of 0.24'yand 0.59 yf, respectively, for large and small crabs.
Accordingly, we obtained two other production rangé0.58 to 0.61 t kihyr* and 0.02 to 0.33
t km? yr?, respectively, for large and small crabs. The methods resulted in a production
range of 0.58 to 0.71 t Kfyr” for large crabs (mean: 0.65 + 0.02 t'kyr') and 0.01 to 0.33 t
km? yr* for small crabs (mean: 0.14 + 0.18 t kryr). The inverse solution estimated a
production of 0.64 + 0.02 t Kfyr* (P/B = 0.26 y") for large crabs and 0.15 + 0.08 t kryr™
(P/B = 0.49 yi") for small crabs.

Consumption

For large and small crabs, consumption data wetar@d from a study conducted in the
baie des Chaleurs and the southern Gulf of St. &aee (Bréthes et al. 1984). A daily ration of
0.4% of body mass was estimated, resulting in a @f® of 1.46 yi. A second estimate was
derived from a study of the physiological energedt the snow crab (Thompson and Hawryluk
1990). The estimated Q/B ratio was 1.30.yFrom previous ecosystem models in the northern
Gulf, we estimated another Q/B of 2.29'yor large crabs and 5.09 ¥ifor small crabs. When
the minimum and maximum biomass values for eadh graup and the previous Q/B ratios were
used, we obtained a consumption range of 3.147 t5km? yr* for large crabs and 0.05 to 2.89
t km? yr* for small crabs.

Based on the minimum and maximum production valieeseach crab group and the
minimum and maximum GE limits (10-30%; Christensamd Pauly 1992), we obtained
consumption ranges of 2.15 to 6.45 tkgr™ for large crabs and 0.47 to 1.82 tkyr™ for small
crabs. The resulting consumption ranges were 2¥645 t knf yr' (mean: 4.38 + 2.06 t kin
yr!) for large crabs and 0.05 to 2.89 t k™ (mean: 1.21 + 1.26 t kinyr™) for small crabs.
The inverse solution estimated a consumption d¥ 2..62 t kn? yr* (Q/B = 0.89 yi) for large
crabs and 0.86 + 0.61 t Knyr* (Q/B = 2.85 yi*) for small crabs.

Diet composition

For large crabs, diet data were available from Bamte-Marguerite (Lovrich and Sainte-
Marie 1997); the main prey items were benthic itelamates (molluscs, polychaetes, and others),
shrimp, and small crabs. We also used the diet ositipn estimated by Savenkoff et al. (2004c)
for the southern Gulf of St. Lawrence (mid-1990sid ey Pitcher et al. (2002) for the
Newfoundland—Labrador Shelf (1995-1997; large craBS mm CW) to construct the upper and
lower limits used as constraints in inverse modgllifor this group. Due to the lack of
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information on zooplankton species identificatidghg diet proportions for large and small
zooplankton from these studies were redistributetheé resulting diet according to the biomass
proportion of each zooplankton species. The mogbmant prey items of the resulting diet of
large crabs were polychaetes, detritus, echinodeantsmolluscs (72.7% of the diet; Table 36).

For small crabs, we used the diet composition edéth by Lovrich and Sainte-Marie
(1997) for baie Sainte-Marguerite. The main pregmis were other benthic invertebrates,
echinoderms, molluscs, detritus, and polychaeteé9¥® of the diet) (Table 36).
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Table 36. Diet compositions (%) of large and sroedbs used in modelling. Est: diet estimates
from the inverse model; TRN: number of trophic tielas; SD: standard deviation.
Empty cells indicate that a prey item was neventbwhereas “0.0” indicates that it
was found in very small amounts. Values used ia éguations or as upper and lower
limit constraints are indicated in boldface.

Large crabs Small crabs
Prey Mean £+SD Min Max Est Mean +SD Min Max Est

Large cod

Small cod

Large Green. halibut

Small Green. halibut

American plaice

Flounders

Skates

Atlantic halibut

Redfish

Black dogfish

White hake

Large demersals

Small demersals 3.0 52 0.0 182 0.3 1.2 1.2 0.0 25 0.0
Capelin

Large pelagics

Herring

Small pelagics

Squid

Shrimp 79 87 20 333 195 00 00 00 00 00
Small crabs 9.0 83 01 445 26 1.8 21 0.0 51 0.6
Echinoderms 176 116 0.0 30.3 16.2 236 11.0 88 385 21.8
Molluscs 172 46 58 390 142 168 122 18 31.7 223
Polychaetes 198 93 56 30.3 10.6 8.3 52 25 154 6.7
Other bent. inver. 5.7 57 0.0 120 105 366 242 153 719 334
Large euphausids 0.4 0.4 0.0 0.7 04 00 00 0.0 0.0 0.0
Small euphausids 05 04 00 08 05 00 00 00 00 00
Large hyperiid amp. 0.0 0.0 0.0 0.0 00 00 00 0.0 0.0 0.0
Other macrozoop. 0.3 0.3 0.0 0.5 03 00 0.0 0.0 0.0 0.0
Surface mesozoop. 0.1 0.1 0.0 0.2 01 00 0.0 0.0 0.0 0.0
Deep mesozoop. 0.3 0.5 0.0 0.8 03 00 0.0 0.0 0.0 0.0

Phytoplankton
Detritus 181 113 0.0 311 245 118 39 7.7 171 151
Total 100.0 13.4 241.7 100.0 100.0 36.0 182.2100.0

TRN 14 14
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Benthic invertebrates

Background

The benthic invertebrates other than shrimp andbscraere divided into four groups:
echinoderms, molluscs, polychaetes, and other lemtivertebrates. The main echinoderm
species are the heart urcHmisaster fragilis the brittle statOphiura robusta the sea urchin
Strongylocentrotus pallidysand the sea stars. The Stimpson cBpimsula polynymathe sea
scallop Placopecten magellanicusther Pectinidae, the whelBccinumspp., the wedgeclam
Mesodesma deauratyrand the propeller clai@yrtodaria siliquaare the most abundant mollusc
species. The polychaete group are mainly represemgethe wormExogene hebesThe last
benthic invertebrate group consisted mainly of ellaoeous crustaceans (mainly gammarid
amphipods), sea anemones, nematodes, and othefaomgo Information was very limited for
most of these species in the studied area.

Biomass

Biomass data were lacking for benthic invertebrétesh the study area. Consequently, it
was assumed that the mean biomasses ranged betinesen of the Newfoundland—Labrador
Shelf ecosystem (NFLD; Bundy et al. 2000) and thafs#ne eastern Scotian Shelf (ESS; Bundy
2004). The biomass ranges were from 63.70 (ES3)1#30 t krif (NFLD) for echinoderms
(mean: 88.00 + 34.37 t kfy), 42.10 (NFLD) to 57.40 t kin (ESS) for molluscs (mean: 49.75 +
10.82 t kn?), 10.50 (NFLD) to 11.90 t kih (ESS) for polychaetes (mean: 11.20 + 0.99 £km
and 4.90 (ESS) to 7.80 t Kn{NFLD) for other benthic invertebrates (mean: 6:3505 t knif).

Catch

Polychaetes, echinoderms, and other benthic inwearties were not exploited commercially
in the study area during the 2008—-2010 period. @ohinoderms (sea urchiBsrongylocentrotus
spp.) and molluscs were commercially harvested;gvew echinoderm catches were too coastal
and shallow to be included in the models. Commermialluscs are Stimpson clanggisula
polynyma, sea scallop Rlacopecten magellanicysother Pectinidae, and whelkBuccinum
spp.), species caught at depths > 15 m. The avaragel landing from the ZIFF databases was
503 t or 7.72 x 18t km? yr* (SD = 3.51 x 18 t km® yr'). These landings included by-catch
values from the shrimp and Greenland halibut figiseof 1.3 t or 1.91 x 1t km? yrt (J.
Gauthier, L. Savard, and B. Bernier, Maurice-Lamagne Institute, unpublished data). Only part
of the mollusc biomass, the soft body tissue, @gferred through the food web. This is
confirmed by observations of huge shell beds orotiean floor (Hutcheson et al. 1981). In order
to reduce the biomass and account for soft bodyéi®nly, the ratio of body mass to whole mass
of the molluscMesodesma deauratumas estimated. The mean ratio between blottedwesis
of tissue to whole mass for animals with a shelgta between 30 and 35 mm was 0.166 + 0.023
(n = 10; K. Gilkinson, DFO, Northwest Atlantic Fistes Centre, St. John's, Newfoundland,
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unpublished data). Using the previous ratio (0.1&6)lotted wet mass of tissue to whole mass
for animals, we corrected the previous landingsreged for the whole mass including the shell
to landings for soft body tissue only. We obtairled8 x 107 + 5.82 x 1¢° t km? yr'. The
inverse solution estimated a catch value of 1.28%=+ 3.30 x 1C¢° t km® yr* for molluscs.

Production

There is no information available on productiotireates of benthic invertebrates in the
lower Estuary. All the estimates are taken fromlitieeature for other areas.

Echinoderms

Warwick et al. (1978) estimated an annual productib0.23 t krif yr* (P/B = 0.34 yi)
for echinoderms in Carmarthen Bay (South Wales,.Jwkile Buchanan and Warwick (1974)
obtained an estimate of 0.11 t kmyr! (P/B = 0.30 yi). However, higher echinoderm
productions have been reported in the New York B8{@0.11 t knf yr* or P/B = 1.20; Steimle
1985) and on Georges Bank (64.22 t%gr’ or P/B = 1.00; Steimle 1987). Also, Robertson
(1979) estimated an annual P/B of 0.63 gnd Jarre-Teichmann and Guénette (1996) used an
estimate of 0.60 ¥ on the southern shelf of British Columbia. Basedpoevious ecosystem
models for the northern Gulf, we estimated a me&nr&io of 0.26 yr'. When the minimum and
maximum biomass values were applied to these RiBsrave obtained a production range of
16.53 to 134.76 t kihyr?, corresponding to an annual production of 54.73196 t kn? yr™.
The in\{erse solution estimated a production of 8&®7.34 t kit yr’, representing a P/B of
0.42 yr~.

Molluscs

For molluscs, Warwick et al. (1978) estimated anuah production of 3.82 t kihyr* (P/B
= 0.85 yf') in Carmarthen Bay (South Wales, U.K.) while Sand@956) estimated 4.67 t Km
yr' (P/B = 2.14 y") in Long Island Sound (northeaster USA). Highexduiction estimates were
reported by Steimle (1985) (82.12 t kryr'* or P/B = 1.00 yf) and by Borkowski (1974) (23.53
t km? yr' or P/B = 3.83 yt). On the other hand, Buchanan and Warwick (198gdnted a lower
estimate (0.60 t kihyr™; P/B = 1.11 yr). Also, Robertson (1979) estimated an annual F/B o
0.76 yi* and Jarre-Teichmann and Guénette (1996) usedtiamags of 0.70 yi on the southern
shelf of British Columbia. Finally, we estimatedreean P/B ratio of 0.97 yrbased on previous
ecosystem models for the northern Gulf. When th@muim and maximum biomass values were
applied to these P/B ratios, we obtained a prodoctange of 29.47 to 219.84 t Knyr,
corresponding to an annual production of 70.62 #33 km? yr'. The inverse solution
estimated a production of 61.08 + 29.62 t4yn’, representing a P/B of 1.23%yr
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Polychaetes

Estimates of the annual polychaete P/B ratio rargssveen 1.09 and 4.327Yin the
literature (P/B = 1.30 yrin Buchanan and Warwick 1974, P/B = 2.26 ym Warwick et al.
1978, P/B = 2.05 ¥t in Sanders 1956, P/B = 2.53%in Collie 1987, P/B = 4.30 yrin Peer
1970, P/B = 4.32 yFin Nichols 1975, P/B = 1.09 yrin Curtis 1977, and P/B = 3.00 yin
Steimle 1985). Finally, we estimated a mean P/® raft 1.90 yi* based on previous ecosystem
models for the northern Gulf. When the minimum amakimum biomass values were applied to
these P/B ratios, we obtained a production randelef5 to 51.41 t kihyr?, corresponding to an
annual production of 28.31 + 13.04 t Kryr’. The inverse solution estimated a production of
28.12 + 8.83 t ki yr', representing a P/B of 2.51yr

Other benthic invertebrates

Estimates of P/B ratio for other benthic invertébsaranged between 1.65 and 4.00 yr
(P/B = 3.40 yt* in Sheader 1977, P/B = 4.00%in Klein et al. 1975, P/B = 1.65Viin Cederwall
1977, and P/B = 2.80 yrin Collie 1985). Also, Mills and Fournier (197%tenated an annual
P/B of 0.25 yi* on the Scotian Shelf and Jarre-Teichmann and Gieé(i996) used an estimate
of 0.25 yi* on the southern shelf of British Columbia. Basadpoevious ecosystem models for
the northern Gulf, we estimated a mean P/B ratib.®6 yi*. When the minimum and maximum
biomass values were applied to these P/B ratiogbtened a production range of 6.18 to 31.20
t km? yr', corresponding to an annual production of 16.4300 t kn¥ yr'. The inverse solution
estimated a production of 12.67 + 6.39 tkyn, representing a P/B of 2.00%yr

Consumption

In the absence of information on food consumptioansumption values were first
estimated using a gross growth efficiency (GE) leetw0.09 and 0.30 (Christensen and Pauly
1992) and mean production values. For echinodeimssproduced a consumption range between
182.37 and 607.89 t kfryr’. We estimated a Q/B ratio of 1.06"ybased on previous ecosystem
models for the northern Gulf (consumption range567o 119.08 t ki yr'). The resulting
lower and upper consumption limits were thus 6768 607.89 t ki yr, corresponding to a
mean consumption of 244.22 + 246.95 t%kmr’ (Q/B = 2.78 yi"). The inverse solution
estimated a consumption of 190.21 + 155.09 Tkmt, representing a Q/B ratio of 2.16yr

For molluscs, this produced a consumption rangesds 235.40 and 784.66 t Knyr™.

We estimated a Q/B ratio of 3.70%ybased on previous ecosystem models for the nortBalf
(consumption range: 155.58 to 212.13 t%kgr™). The resulting lower and upper consumption
limits were thus 155.58 and 784.66 tkiyr", corresponding to a mean consumption of 346.94 +
293.73 t knf yr* (Q/B = 6.97 yi"). The inverse solution estimated a consumptioBG&f.20 +
249.53 t knif yr', representing a Q/B ratio of 6.03'yr

For polychaetes, this produced a consumption raegeeen 94.36 and 314.55 t Rrgr™.

We estimated a Q/B ratio of 9.39"ybased on previous ecosystem models for the nor(Batf
(consumption range: 98.61 to 111.76 t*kiyr™"). The resulting lower and upper consumption
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limits were thus 94.36 and 314.55 t ki, corresponding to a mean consumption of 154.82 +
106.74 t knf yr* (Q/B = 13.82 y). The inverse solution estimated a consumptioh26f.92 +
45.02 t knf yr, representing a Q/B ratio of 10.80"yr

For other benthic invertebrates, this producedmasemption range between 54.76 and
182.55 t knif yr'l. We estimated a Q/B ratio of 5.43"ybased on previous ecosystem models for
the northern Gulf (consumption range: 26.58 to 22.Bm? yr'). The resulting lower and upper
consumption limits were thus 26.58 and 182.55 Tk, corresponding to a mean consumption
of 76.55 + 71.60 t ki yr* (Q/B = 12.06 yi). The inverse solution estimated a consumption of
67.11 +54.22 t ki yr?, representing a Q/B ratio of 10.57"yr

Diet composition

Due to a lack of data in the study area, diet mftion for echinoderms was taken from
literature for the most abundant species in thesene study: heart urchins, brittle stars, sea
urchins, and sea stars. The diet of ophiuroids rdtléb stars ranges from bottom detritus to
suspended particles and plankton, depending osptbeies (Reese 1966). Some brittle stars can
also prey on small crustaceans, molluscs, and w@dRakeos 1999). Most sea star species are
generalist predators, eating molluscs such as nsJsdams, oysters, some snails, or any other
animal too slow to evade the attack (e.g., othemecerms or dying fish) (Dale 2000). Some sea
stars are detritivores, eating decomposed aninthlptgant material or organic films attached to
substrate. Sea urchins eat plant and animal mattes. preferred food is kelps of the genus
Laminaria In areas where macroalgae do not grow, urchifiseat benthic diatoms, decaying
matter, and small invertebrates such as ascid@olgchaetes, young mussels, sponges, brittle
stars, and crinoids (Chenoweth 1994). All theseepidtl food items were accounted for in the
final diet composition of echinoderms (Table 37).

For molluscs, Bundy et al. (2000) analyzed the dmnhposition of a suspension feeder
(Macoma deauratuin a deposit feedeMacoma calcarep and a suspension or detrital feeder
(Liocyma fluctuosp Suspension feeders feed on organic detritalan#tat is resuspended in the
water immediately above the sediment surface. Defesders can be considered as detrital
feeders. Thus, the molluscs are assumed to bdafldaeders of various forms. However, sea
scallops can consume phytoplankton and mesozodplare.g., ciliated protozoa) (Hart and
Chute 2004). The gut contents generally reflectexl available organisms in the surrounding
habitat, indicating that sea scallops are oppostimfilter feeders that take advantage of both
benthic and pelagic food (Shumway et al. 1987).tAdlse potential food items were accounted
for in the final diet composition (Table 37).

Polychaetes are considered to have a diet of 108&iu$ (Nesis 1965, Fauchald and
Jumars 1979). However, more recent studies at eepel Laurentian Trough stations (275 and
325 m depth) showed that polychaetes could alsswoa phytoplankton and that cannibalism
could have a significant impact in the diet composi(Desrosiers et al. 2000). The resulting diet
is shown in Table 38.

The key organisms for the other benthic invertebgabup are gammarid amphipods. These
species feed mainly on organic detritus (Nesis 1¢6fcheson et al. 1981). Sea anemones are
mainly carnivores that can eat fish, mussels, zodbn (e.g., copepods, other small crustacean
larvae), small crustaceans (e.g., isopods, amph)pathd worms. However, organic detritus has
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also been reported as main source of food for see@seanemone species (Chintiroglou and
Koukouras 1992). All these potential food were aeded for in the final diet composition of
other benthic invertebrates (Table 38).
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Table 37. Diet compositions (%) of echinoderms amdlluscs used in modelling. Est: diet
estimates from the inverse model; TRN: number ophiic relations; SD: standard
deviation. Empty cells indicate that a prey itemswaever found whereas “0.0”
indicates that it was found in very small amouMalues used in data equations or as
upper and lower limit constraints are indicatetahdface.

Echinoderms

Molluscs

Prey Mean £SD Min Max

Est Mean SD Min Max Est

Large cod

Small cod

Large Green. halibut
Small Green. halibut
American plaice
Flounders

Skates

Atlantic halibut
Redfish

Black dogfish
White hake

Large demersals
Small demersals
Capelin

Large pelagics
Herring

Small pelagics
Squid

Shrimp

Small crabs
Echinoderms
Molluscs
Polychaetes

Other bent. inver.
Large euphausiids
Small euphausiids
Large hyperiid amp.
Other macrozoop.
Surface mesozoop.
Deep mesozoop.
Phytoplankton
Detritus

9.2
9.4

11

9.4

354 0.0
354 0.0
3.5 0.0
35.4 0.0

50.0
50.0
5.0
50.0

0.7
2.3
67.9

3.5 0.0
7.1 0.0
70.7 0.0

5.0
10.0

Total 100.0
TRN 7

0.0

100.0 47.5

270.0 100.0 100.0

17.7
18.5
1.8
2.6

7.1
14.1
14.1

2.9
9.1

4.8
9.5
85.7

0.0 10.0 0.9
00 20.0 16.8
80.0 100.082.3

80.0 130.0 100.0
3
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Table 38. Diet compositions (%) of polychaetes asttler benthic invertebrates used in
modelling. Est: diet estimates from the inverse ebodRN: number of trophic
relations; SD: standard deviation. Empty cells ¢atk that a prey item was never
found whereas “0.0” indicates that it was foundrémy small amounts. Values used in
data equations or as upper and lower limit con#isare indicated in boldface.

Polychaetes

Other benthic invertebrates

Prey Mean £SD Min Max

Est

Mean £+SD Min Max Est

Large cod

Small cod

Large Green. halibut
Small Green. halibut
American plaice
Flounders

Skates

Atlantic halibut
Redfish

Black dogfish
White hake

Large demersals
Small demersals
Capelin

Large pelagics
Herring

Small pelagics
Squid

Shrimp

Small crabs
Echinoderms
Molluscs
Polychaetes

Other bent. inver.
Large euphausiids
Small euphausiids
Large hyperiid amp.
Other macrozoop.
Surface mesozoop.
Deep mesozoop.
Phytoplankton
Detritus

134 165 1.8

43.3
43.3

8.2 375
82 375

Total 100.0
TRN 3

76.7

25.1 11.6

49.1 47.8
49.1 40.6

123.3 100.0 100.0 0.0

11.6 354 0.0
2.3 7.1 0.0

23.3 70.7 0.0

50.0 32.6
10.0 5.2
80.0 8.7

1.2 35 00 50 3.5

616 70.7 0.0 100.0 50.0
245.0 100.0

5
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MacrozooplanktorfClaude Savenkoff, Michel Harvey, and lan McQuiRisheries and Oceans
Canada, Mont-Joli, Qc)

Background

Organisms and species representing this grouprasteg than 5 mm in length. To identify
competitors with rorquals for the euphausiid reseumwe distinguish four groups: (1) large
euphausiids Nleganyctiphanes norvegiga(2) small euphausiidsTfiysanoessa raschand T.
inermig), (3) large hyperiid amphipod3tiemisto libelluly, and (4) other macrozooplankton such
as chaetognaths (mainBagitta elegansPseudosagitta maximand Eukrohniahamatg, small
hyperiid amphipods Themisto abyssorumT. gaudichaudi and T. compressga jellyfish
(cnidarians [mainlyAglantha digitalis Dimophyes arcticaand Obelia spp.] and ctenophores
[mainly Beroe spp.]), mysids (mainlyBoreomysis arctica Mysis mixta and Erythrops
erythrophthalmg, tunicates, and ichthyoplankton. Macrozooplanktontains omnivorous (most
euphausiids, hyperiid amphipods, mysids, and largeates) and carnivorous (chaetognaths and
jellyfish) species.

Euphausiids (krill) are the most important preyme of blue whales. The lower St.
Lawrence Estuary (LSLE) and the Gulf of St. LaweefGSL) are inhabited by four euphausiid
speciesM. norvegica T. raschij T. inermisandT. longicaudata(Brunel et al. 1998). The two
more abundant euphausiid species welrenorvegicaand T. raschii (Descroix et al. 2005,
Harvey and Devine 2009). In our study, we distisged large from small euphausiids.

Hyperiid amphipods are also important componentsnatrozooplankton communities
throughout the LSLE and the GSL. The LSLE and tt#l Gre inhabited by eight hyperiid
amphipod species (Brunel et al. 1998), but largeminated by only three speciés,libellula,

T. abyssorumandT. compressaAs typical carnivores, large hyperiid amphipods I{bellula)
prey on various other zooplankton species (largelyepods and small euphausiids) and so, we
decided to distinguish them from other macrozodplarspecies (Ikeda and Shiga 1999).

Among the other macrozooplankton species, mysieshea most important components in
the deep waters of the LSLE and the northwest G&is¢roix et al. 2005, Harvey et al. 2009).
According to Brunel et al. (1998), the LSLE and B8L are inhabited by more than twenty
mysid species, but largely dominated by only twecsps,Boreomysis arcticandMysis mixta
Chaetognaths are also an important component afntde¥ozooplankton communities in the St.
Lawrence marine system. They are present in variptdportions depending on the region. The
LSLE and the GSL are inhabited by five chaetogrsaicies (see Brunel et al. 1998) but largely
dominated by only two specieSagitta elegansind Eukrohnia hamataFinally, cnidarians and
ctenophores are present throughout the St. Lawremmgne system in different proportions
depending on the region.

Biomass
The biomass for each macrozooplankton group wésuleted from zooplankton data

gathered during the 2008-2009 period (area: 11)J088 Harvey and Devine 2009). The
sampling design consists of 44 stations along esgltions from Les Escoumins in the lower
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Estuary to Sept-lles in the northwestern Gulf caned in October—-November (Harvey and
Devine 2009). The survey was done using the BIONEBffch is a multiple opening—closing
333 um mesh net system and the protocol includesiske of a stroboscope (Novatech, ST400A
Xenon Flasher; 55 LUX) fixed in the mouth of theCBIESS since 2007 (Harvey and Devine
2009). This gives overall biomass estimates of3+.97.57 t krif for large euphausiids, 12.53 +
14.48 t knt for small euphausiids, 0.38 + 0.38 t krfor large hyperiid amphipods, and 12.30 +
6.26 t kn?’ for other macrozooplankton.

For euphausiids, we also used biomass estimaigs dn acoustique survey conducted in
the Estuary and northern Gulf of St. Lawrence i®2@lan McQuinn, Maurice-Lamontagne
Institute, unpublished data). This gave a biomaakiev of 21.86 + 1.63 t ki for large
euphausiids and 44.43 + 4.34 tkrfor small euphausiids. Accordingly, we recalcutbbéomass
values at 17.15 + 6.36 t kfrfor large euphausiids (range: 8.30—21.86 tkiand 19.59 + 17.12 t
km for small euphausiids (range: 6.73—-44.43 £km

Catch

There was no commercial fishery for species in gh@ip during the 2008-2010 period in
the study area.

Production

For large euphausiids, we estimated a P/B ratigeanom 1.60 yf for the northeast
Atlantic off the west coast of Ireland (Mauchlin885) to 3.80 yr (range: 1.300-6.300 Yy
Lindley 1982) for the North Sea. When the biomaasi@s were applied to the overall mean P/B
ratio (2.70 yi'), we obtained a production range of 22.406 to Z®10km?” yr, corresponding to
a mean production of 46.309 + 17.163 t*kiyr’ for large euphausiids. The inverse solution
estimated a production of 38.044 + 14.932 t4yn* (P/B of 2.22 yi') for large euphausiids.

For small euphausiids, two P/B ratios were obtair2@5 yi' (range: 1.30-4.20 yr
Lindley 1980) for the North Sea and American cdastaters and 4.00 yrfor the Gulf of St.
Lawrence (Berkes 1977). When the biomass values applied to the overall mean P/B ratio
(3.38 yi'), we obtained a production range of 22.711 to 94Pt km yr', corresponding to a
mean production of 66.106 + 57.794 t krgr for small euphausiids. The inverse solution
estimated a production of 57.701 + 45.001 t%yri* (P/B of 2.95 y') for small euphausiids.

For large hyperiid amphipods, lkeda and Shiga (1@88mated a mean P/B ratio of 0.016
d* (or 5.84 yi") in Toyama Bay, southern Japan Sea (range: 0.0028@"). We then applied
the biomass values to this P/B ratio to obtain @dpction range of 0 to 4.449 t Kmyr™,
corresponding to a mean production of 2.225 + 2.2R&? yr* for hyperiid amphipods. The
inverse solution estimated a production of 1.7118363 t kn¥ yr* (P/B of 4.51 yi) for hyperiid
amphipods.

For other macrozooplankton, the production estimatere obtained from Pauly and
Christensen (1996) in mass-balance models of rastbm Pacific ecosystems. These authors
reported P/B ranges of 2.00 to 4.00 ymean: 3.00 yt) for carnivorous jellies and 1.00 to 3.00
yr'! (mean: 2.00 yh for chaetognaths. When the biomass values wegiéedpto the overall mean
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P/B ratio (2.50 yf), we obtained a production range of 26.519 to B&.9 km? yrl
corresponding to a mean production of 30.748 +456km? yr' for other macrozooplankton.
The inverse solution estimated a production of @9.1 2.343 t krit yr* (P/B of 2.37 yi') for
other macrozooplankton.

Consumption

Consumption was estimated from data on large ewgidauin the Gulf of St. Lawrence
(mean Q/B = 5.01 ¥ range: 4.81-5.22 yr Sameoto 1976). When the biomass values were
applied to the mean Q/B ratio, we obtained a comsiom range of 41.57 to 109.50 t Knyr™.
Based on the mean production (46.31 t%yn) for large euphausiids and the minimum and
maximum GE limits (10—-30%; Christensen and PauB2)9we obtained two other consumption
values of 154.36 and 436.09 t Kgr'. The resulting lower and upper consumption limitse
41.57 and 436.09 t kfyr', corresponding to a mean consumption of 192.186:50 t krif
yr'. The inverse solution estimated a consumption 28.27 + 150.46 t kifi yr* for large
euphausiids, representing a Q/B ratio of 13.01 yr

For small euphausiids, consumption was also estislnfabm Sameoto (1976) in the Gulf of
St. Lawrence (overall mean Q/B = 14.38 yrange: 7.95-21.56 y). When the biomass values
were applied to the mean Q/B ratio, we obtainedrsemption range of 96.75 to 638.73 tkm
yr'. Based on the mean production (66.11 km") for small euphausiids and the minimum and
maximum GE limits (10—-30%; Christensen and PauB2)9we obtained two other consumption
values of 220.35 and 661.06 t Kgr'. The resulting lower and upper consumption limiese
96.75 and 661.06 t kinyr®, corresponding to a mean consumption of 404.28&28 t knf
yr'. The inverse solution estimated a consumption Idf.B7 + 273.11 t ki yr* for small
euphausiids, representing a Q/B ratio of 15.89 yr

To estimate the Q/B ratio of large hyperiid amphigotwo studies were used. Auel and
Werner (2003) estimated an ingestion of 1.9 + 08%ody carbon per day (or Q/B = 6.94'yr
for the hyperiid amphipod@hemisto libellulain the Arctic marginal ice zone of the Greenland
Sea. Marion et al. (2008) estimated that the dadgstion rates of . libellula ranged from 6.32
to 16.82% of body dry mass per day in the LSLE raoxdhwestern GSL (i.e., Q/B range: 23.07 to
61.39 yi'). When the biomass values were applied to the roearall Q/B ratio (30.47 ¥, we
obtained a consumption range of 0 to 23.21 tkmt. Based on the mean production (2.22 tkm
yr') for large hyperiid amphipods and the minimum amdximum GE limits (10-30%;
Christensen and Pauly 1992), we obtained two athesumption values of 7.42 and 22.25 tkm
yr'. The resulting lower and upper consumption limitere 0 and 23.21 t Km yr?,
corresponding to a mean consumption of 13.22 +Qltlk4ri® yr. The inverse solution estimated
a consumption of 10.73 + 4.95 t Knyr™ for large hyperiid amphipods, representing a Gior
of 28.17 yf.

For other macrozooplankton, Pauly and Christen$888) reported a Q/B value of 10.00
yr for carnivorous jellies and a Q/B range of 10.6040.00 yi* for chaetognaths in mass-
balance models of northeastern Pacific ecosyst&mschaetognaths, three other values were
estimated. First, Kotori (1976) estimated thatdhsbon requirement of a chaetognath community
from the Bering Sea and the north Pacific was #glC m® d™ (or 17.192 t WW knf yr?) and
that the chaetognath biomass was 227 mg“Gan2.27 t WW krif). A Q/B ratio of 0.021 d (or
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7.57 yi') was thus obtained. Secondly, Feigenbaum (1978)dspecific daily rations between
0.08 and 0.12 dry weight basis for chaetognatliserGulf Stream, near Miami, corresponding to
a mean Q/B ratio of 36.50 Vr Finally, Falkenhaug (1991) estimated a mean dslgcific
ingestion (dry weight basis) of 0.022 th the Barents Sea, corresponding to a Q/B rdt® 15
yr'. The resulting mean Q/B ratio for chaetognaths 244 yi'. To estimate the Q/B ratio of
small hyperiid amphipods, two studies were usedh®aov and Perissinotto (1996) estimated in
situ daily rations equivalent to 6.3% of body drgight for Themisto gaudichaudn the South
Georgia region (or 23.00 ). Froneman et al. (2000) estimated two other daitions, 11.5%
and 19.8%, for the hyperiid amphipod gaudichaudiin the Prince Edward Archipelago
(Southern Ocean) ecosystem. The resulting meanr&i® for small hyperiid amphipods was
0.125 d" or 45.75 yi*. Finally, for mysids, Toda et al. (1987) estimatiealt ingestion represented
2% body C & (equivalent to a Q/B of 0.02"dor 7.30 yi') at 3°C in lakes while Bowers and
Vanderploeg (1982) found ingestion rates of 2 tol3dy weight & (equivalent to a Q/B range
of 0.02 to 0.06 d or 7.30 to 21.90 ¥¥) at 5-11°C in Lake Michigan. The resulting meatB Q/
ratio for mysids was 12.17 yr When the biomass values were applied to the tvesan Q/B
ratio (22.09 yi'), we obtained a consumption range of 234.31 to(08km? yr*. Based on the
mean production (30.75 t kinyr) for other macrozooplankton and the minimum anaimam
GE limits (10-30%; Christensen and Pauly 1992)olined two other consumption values of
102.49 and 307.48 t Kfryr™. The resulting lower and upper consumption limiese 102.49 and
309.05 t knf yr', corresponding to a mean consumption of 238.34 88t knm® yr'. The
inverse solution estimated a consumption of 1648949.53 t knf yr® for other
macrozooplankton, representing a Q/B ratio of 13141

Diet composition

No diet information was available for euphausiidsthe Estuary for the study period. In
other areas, euphausiids feed on detritus, phytkfia, chaetognaths, amphipods, and copepods
(Mauchline 1980). Pauly and Christensen (1996) nedathat the relative proportions of prey in
the diet composition of euphausiids in the norttexrasPacific ecosystems were 5% zooplankton,
85% phytoplankton, and 10% detritus. In coastakvgabf the northeast Atlantic, Bamstedt and
Karlson (1998) found that 23% dfleganyctiphanes norvegicgange: 10-44%) and 15% of
Thysanoessa inermigange: 0.1-20%) fed carnivorously based on therame values for the
highest stomach fullness (1.00) of the krill spsc{@alanus finmarchicugopepodids (stages 2
and 3) were by far the most dominant prey, makipg8&% to 95% of the copepod prey mass
(Bamstedt and Karlson 1998). Based on these resuttiet composition for smallfiysanoessa
inermis and T. raschi) and large Meganyctiphanes norvegic@uphausiids may be assumed.
Overall proportions of each prey item for the a@ietmpositions of the large and small euphausiids
were weighted according to their biomass in thegmée study. The most important prey items of
the resulting diets of large and small euphausise phytoplankton, detritus, and deep
mesozooplankton (96.4% and 98.0%, respectivelihefliet; Table 39).

Hyperiid amphipods of the gentilemistoare principally carnivorous (Kane 1967, Sheader
and Evans 1975, Falk-Petersen et al. 1987, Matiah 008) and mainly feed on a large variety
of zooplankton such as calanoid copepods, eupllayusind chaetognaths (Hopkins 1985,
Pakhomov and Perissinotto 1996, Froneman et al0,280el et al. 2002). In the lower St.
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Lawrence Estuary, Marion et al. (2008) found thatdiet ofT. libellula was mostly composed of
copepods and euphausiids, which made up on avé&adgdo and 31.7% of prey biomass,
respectively. Amphipods, chaetognaths, and detata®unted for the remainder of the prey, and
they contributed 6.7% of the food biomass. Ovepatiportions of each prey item for the diet
composition of the large hyperiid amphipods wereghted according to their biomass in the
present study to obtain the resulting diet (Talle 4

For the diet of other macrozooplankton, we usedediht studies. The mysid species
Boreomysis arcticas probably a filter-feeder, consuming phytodasjtalthough it also feeds on
crustacean carcasses (Cartes and Sorbe 1998)wdahsumes mainly organic detritus (100%
detritus). However, the pelagic mysidysis mixtais a common planktivore, feeding on
phytoplankton, detritus, and small mesozooplank¥herluoto and Viitasalo 2001).

For chaetognaths, included in the other macrozogpda group, Pauly and Christensen
(1996) reported that mesozooplankton accounted 1f00% of the diet composition in
northeastern Pacific ecosystems. Small prey sudimtsnids and rotifers may be important in
the diet of young chaetognaths (Pearre 1981),Hmuttain diet consists of copepod nauplii and
copepodid stages (Sameoto 1987, Tonnesson and iu$isél005). Barnacle nauplii,
appendicularians, chaetognaths, cladocerans, astd larvae also contribute to the diet
periodically (Tonnesson and Tiselius 2005). Basedhe diet composition dbagitta enflatan
the western Indian Ocean reported by @resland (28d0eference therein; see their Table 1), we
estimated that (1) cannibalism accounted for 1%%oof the diet, (2) large copepods (including
appendicularians [Larvacea]) ranged between 7%1&8d of the diet, and (3) small copepods
represented between 54% and 79% of the diet.

For other amphipods, included in the other macrplaotkton group, we used first the diet
composition reported by Pauly and Christensen (l#86mass-balance models of northeastern
Pacific ecosystems. These authors estimated thatethtive proportions of each prey were 5%
large zooplankton (i.e., our macrozooplankton gsdu®0% small zooplankton (i.e., our
mesozooplankton groups), and 5% detritus. SheaukiEgans (1975) found th&arathemisto
gaudichaudiconsumed 11% copepods, 24% decapods, 37% chattitegaad 34% euphausiids.
From the Strait of Georgia, Haro-Garay (2003) fotimat the stomach contents Bérathemisto
pacifica included 52% copepods, 19% amphipods, 8% cladoggmnaluded in our
mesozooplankton groups), 7% ostracods (includedoum mesozooplankton groups), 4%
crustacean larvae, 8% diatoms, and 2% euphaugiitite the diet composition a€yphocaris
challengeriwas 41% amphipods, 33% copepods, 12% cladoceragsAfacods, 7% crustacean
larvae, and 3% diatoms. Finally, Pakhomov and Biensto (1996) found in South Georgia that
Themisto gaudichaudied 12% on euphausiids, 3% on chaetognaths, afd 84 small
zooplankton. The most important prey items of thgulting diet of other amphipods were deep
mesozooplankton (24.9%—-74.2%), other macrozoopdenk(1l.7%-40.6%), and surface
mesozooplankton (5.3%-15.8%).

For jellies, included in the other macrozooplankgyoup, Pauly and Christensen (1996)
reported that the relative proportions of prey wede to 33% large zooplankton, 62% to 100%
small zooplankton, and 0% to 5% detritus in norsiteran Pacific ecosystems. Overall proportions
of each prey item for the diet compositions of othracrozooplankton species were weighted
according to their biomas. Finally, the differem¢tdoroportions were weighted by the biomass
proportion of each macrozooplankton species insthdy area to estimate the overall diet of the
other macrozooplankton group. The most importaely ptems of the resulting diet of other
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macrozooplankton were mesozooplankton groups,tdgtand phytoplankton (92.8% of the diet;

Table 40).

Table 39. Diet compositions (%) of large and snealphausiids used in modelling. Est: diet
estimates from the inverse model; TRN: number ophiic relations; SD: standard
deviation. Empty cells indicate that a prey itemswaever found whereas “0.0”
indicates that it was found in very small amouMslues used in data equations or as

upper and lower limit constraints are indicatethatdface.

Large euphausiids

Small euphausiids

Prey Mean £+SD Min Max Est Mean +SD Min Max Est
Large euphausiids 0.4 0.3 0.2 0.6 04 00 00 0.0 0.0 0.0
Small euphausiids 0.5 0.3 0.2 0.7 05 04 05 0.0 0.8 0.4
Large hyperiid amp. 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0 0.0
Other macrozoop. 0.3 0.2 0.1 0.4 03 03 03 0.0 0.5 0.3
Surface mesozoop. 2.6 29 0.6 76 0.7 1.2 08 0.2 35 0.8
Deep mesozoop. 122 13527 356 3.8 5.8 39 08 163 15
Phytoplankton 60.8 34.328.0 850 825 649 285 40.0 85.0 835
Detritus 23.3 18.7 10.0 450 11.8 274 246 10.0 495 136
Total 100.0 41.8 175.0100.0 100.0 51.0 155.5100.0
TRN 8 8
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Table 40. Diet compositions (%) of large amphipaisl other macrozooplankton used in
modelling. Est: diet estimates from the inverse ebodRN: number of trophic
relations; SD: standard deviation. Empty cells ¢atk that a prey item was never
found whereas “0.0” indicates that it was foundrémy small amounts. Values used in
data equations or as upper and lower limit con#isare indicated in boldface.

Large amphipods Other macrozooplankton
Prey Mean £+SD Min Max Est Mean +SD Min Max Est

Large euphausiids 148 12200 29.6 245 2.3 20 0.0 38 33
Small euphausiids 169 14000 33.8 18.2 2.6 23 0.0 44 3.7
Large hyperiid amp. 0.1 0.1 0.0 0.3 01 01 01 0.0 0.1 0.1
Other macrozoop. 3.5 56 0.0 146 11.3 2.3 21 0.0 40 3.5%
Surface mesozoop. 108 5.05.1 20.0 159 8.4 39 49 112 6.7

Deep mesozoop. 50.8 234239 941 273 393 18.1 229 528 240
Phytoplankton 00 00 00 00 00 90 127 0.0 18.0 16.3
Detritus 31 54 00 168 27 36.2 26.1 17.8 55.1 424
Total 100.0 29.0 209.2 100.0 100.0 45.6 149.5100.0
TRN 8 8

MesozooplanktoriClaude Savenkoff and Stéphane Plourde; FishandsDceans Canada, Mont-
Joli, Qc)

Background

The mesozooplankton includes small zooplanktdnh mm in length. The copepod species
dominate the planktonic community in the LSLE aadjé calanoid copepods (i.€alanus
finmarchicusand C. hyperboreusare clearly major components (Plourde et al. 208naller
organisms were maini®ithonaspp.,Microcalanusspp., and a high proportion of nauplii stages
while Pseudocalanuspp. andTemora longicornisare present but few in number (Runge and
Simard 1990, Plourde et al. 2002, Harvey and De20@9). The mesozooplankton also included
other organisms such as molluscs (gastropoda, ynamiacina helicind, heterotrophic protozoa
(flagellates, dinoflagellates, and ciliates), mémogton, and tunicates < 5 mm, which are
generally underestimated by sampling gear (Str@&1 L

The copepod species composition shows a markedrsdgsatternCalanus finmarchicus
andC. hyperboreuslominated the population from May to SeptembeeneaOithonaspp. was
predominant from September to March (Plourde e@02). The summer composition of the
copepod population in the LSLE is biased towardtominance of late-development stages of
Calanusspp. in comparison to adjacent waters of the G&L r@orthwest Atlantic (Runge and
Simard 1990, de Lafontaine et al. 1991). RungeSinthrd (1990) hypothesized that this unusual
copepod species composition results from the coedbieffect of the export in the residual
surface outflow of early life stages Gllanusspp. and small surface-dwelling species and the
upstream advection of late-development stag&satdnusspp. in the inflowing deep water of the
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Laurentian Channel.

In the Estuary, the mean seasonal patterl@. dinmarchicusshows a maximum abundance
of females in May, but peak population egg productiate and naupliar (N3-N6) abundance
occur in early July, just after onset of the lgpeirgg—early summer phytoplankton bloom. The
population stage structure is characterized bydammer abundance of early copepodite stages
C1-C3 and high stage C5 abundance in autumn (Ricetr@l. 2001). These authors suggested
that the main features @. finmarchicugpopulation dynamics in the lower St. Lawrence BEstu
are (1) late reproduction resulting from food liatibn prior to the onset of the summer
phytoplankton bloom, (2) probable export of earBvelopmental stages in the surface layer
during summer, and (3) advection into the centralelr St. Lawrence Estuary of overwintering
stage C5 in autumn from downstream regions in tepdr waters. Finally, Plourde et al. (2001)
proposed that the overwintering stock in the LSlHinates from two distinct sources: (1) an
“early” component mainly exported in spring andewed by the advection of animals from the
northwestern GSL through the deep residual upstreaments, and (2) a “late” component
synchronized with the summer environmental condgio(phytoplankton bloom, high
temperature) favouring its local development antchteaance.

A three—year life cycle foC. hyperboreusadult females (stage C6f) was suggested by
Plourde et al. (2003) in the LSLE, with the maiprozluctive event occurring during the second
year of life as C6fC. hyperboreudfemales initiate gonad maturation in early Decemdred
reproduce until late March, three to six month®pto the onset of the phytoplankton bloom.
The development of the early stages ©f hyperboreusappeared independent of the
phytoplankton bloom in the LSLE. There is a decedadotal abundance &f. hyperboreugrom
April to early June likely resulting from the inggay between the timing of reproduction and the
ontogenetic ascent to the surface in copepodicestat, C5, and C6f in April-May after their
overwintering period and the timing of the periofl maximum freshwater runoff (surface
outflow) from April to June (Plourde et al. 2008).late June — early July, there is an increase in
total abundance of th€. hyperboreugopulation in the LSLE. Plourde et al. (2003) expéd
this increase by a deep advection of the overwmgepopulation from the adjacent northwest
GSL in summer. Assuming that the late developmtages ofC. hyperboreusnigrated to deep
water for overwintering in late May in the northweSSL, the advection time of the deep
upstream component of the estuarine two-layer latiom would explain the presence of the
overwintering late-development stages issued frbe riorthwest GSL in the LSLE in early
summer (Plourde et al. 2003). The interaction betwthe life cycle strategy &@. hyperboreus
and the seasonal circulation pattern in the LSW®dias massive export of the locally produced
cohort by strong surface outflow in late spring amelep advection of the overwintering
population from the adjacent northwest GSL in summe

WhenC. finmarchicusandC. hyperboreugnter diapause, they do not feed and they have
reduced metabolic rates. In order to reproducelidggause behaviour and population dynamics of
calanoid copepods, we separated mesozooplanktontwd groups: surface (0—100 m depth;
active component) and deep (100-320 m depth; reacbmponent, i.e., in diapause).
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Biomass

The biomass was calculated from zooplankton datheged at a station located 16 km
north of Rimouski in the deep (330 m) Laurentiara@iel. The station was visited at various
time intervals from April to November in 2008 an@0® (total of 39 visits; S. Plourde, Institut
Maurice-Lamontagne, unpublished data). Data frot02@ere notet available when we began
our analyses. Zooplankton were sampled with a th‘tbameter, 200m mesh ring net equipped
with a closing device in two discrete depth, i.e100 m and 100-320 m. This gives overall
biomass estimates of 15.99 + 18.49 thkand 75.14 + 44.81 t ki respectively, for surface and
deep mesozooplankton for the study area.

Catch

None.

Production

We used a P/B ratio of 0.10dor surface mesozooplankton (Diel and Tande 1992,
McLaren and Leonard 1995, Hirst and Bunker 2008uile et al. 2009). When the biomass
values were applied to this P/B ratio expressedypar, we obtained a production range for
surface mesozooplankton of 465.66 to 701.39 kit corresponding to an annual production
of 583.52 + 674.85 t kifyr'. The inverse solution estimated a production d.568 + 48.91 t
km?yr?, representing a P/B of 41.69%for surface mesozooplankton.

On the Scotian Shelf, McLaren et al. (2001) estaidhat mortality (equal here to P/B) for
the generation produced by overwintered populatammr deep mesozooplankton) from egg to
copepodid stage 5 in June was ~4%bait subsequently was nearly constant at ~1%/ghen
the biomass values were applied to these two PtiBsr&xpressed per year, we obtained a
production range for deep mesozooplankton of 12419696.00 t ki yr, corresponding to an
annual production of 685.61 + 408.89 t kiyr'. The inverse solution estimated a production of
129.10 + 6.06 t ki yr', representing a P/B of 1.72yfor deep mesozooplankton.

Consumption

Based on Vézina et al. (2000), we estimated a @Bo range for the surface
mesozooplankton (active component that consumesh .08 d for the summer and fall
periods to 0.22 d for the winter and spring periods (overall meai50d* or 55.59 yi) in the
Gulf of St. Lawrence. When the biomass values vapied to the overall mean Q/B ratio, we
obtained a consumption range for surface mesozokiga (active component) of 709.23 to
1,068.27 t knf yrl. Based on the mean production (583.52 t“kyr?) for surface
mesozooplankton and the minimum and maximum GHEdirt25-50%; Christensen and Pauly
1992), we obtained two other consumption valued,57.05 and 2,334.09 t Kmyr®. The
resulting lower and upper consumption limits wer89.23 and 2,334.09 t K yr?,
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corresponding to a mean consumption of 1,319.684-32 t knf yr'. The inverse solution
estimated a consumption of 1,360.29 + 103.69 ¥ kmT, representing a Q/B of 85.09 yfor
surface mesozooplankton.

The deep mesozooplankton represent the compamdrdpause and they do not feed.

Diet composition

Mesozooplankton feed on both autotrophic and betgshic microplankton, and there is
ample empirical evidence that mesozooplankton amaivorous (Stoecker and Capuzzo 1990,
Ohman and Runge 1994, Vézina et al. 2000). Mesdankion, phytoplankton, and detritus were
thus assumed to be potentially accessible to surfagsozooplankton, the only active component
(Table 41). We used the trophic fluxes estimate¥égina et al. (2000) for the summer—fall and
winter—spring periods as lower and upper diet cangs.

Table 41. Diet composition (%) of surface mesozaokion used in modelling. Est: diet
estimates from the inverse model; TRN: number ophiic relations; SD: standard
deviation. Empty cells indicate that a prey itemswaever found whereas “0.0”
indicates that it was found in very small amouMalues used in data equations or as
upper and lower limit constraints are indicatethatdface.

Surface mesozooplankton
Prey Mean £+ SD Min Max Est

Large euphausiids

Small euphausiids

Large hyperiid amp.

Other macrozoop.

Surface mesozoop. 50.2 32.37.4 731 27.6
Deep mesozoop.

Phytoplankton 47.2 354222 722 714
Detritus 2.6 31 04 48 0.9
Total 100.0 50.0 150.0 100.0
TRN 3

Phytoplankton(Claude Savenkoff, Michel Starr, and Liliane St-&md; Fisheries and Oceans
Canada, Mont-Joli, Qc)

Background
Diatoms are the most abundant phytoplankton imgeof both cell numbers and

biovolumes during spring and winter (Savenkoff et2900). A mixture of autotrophic and
mixotrophic organisms including cryptophytediatoms, dinoflagellatesprasinophytes, and
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mixotrophic Stombidium spp. (in the Spirotrichea) dominated during sumnaed fall.
Prymnesiophytes were important in terms of cell bara during spring and winter. The diatoms
were dominated byChaetocerosaffinis, Chaetocerosspp., Leptocylindrus minimys and
Thalassiosira nordenskioeldiduring winter and byThalassiosiraspp. . punctigera T.
nordenskioeldii T. pacifica and T. bioculatg and Fragilariopsis spp. €. oceanicaand F.
cylindrug during spring. During summer, the importance atams in the phytoplankton
composition was lower, with the majority observeeiny smaller centric diatoms such as
Minidiscussp.,Chaetoceros minimysind occasionally larg€oscinodiscuspp.

Phytoplankton biomass and production are the tmyparameters required for modelling.
There is no harvest, and, since they are autotrdpése is no consumption and no diet.

Biomass

Biomass was calculated from chlorophe/iliata gathered at a station located 16 km north of
Rimouski in the deep (330 m) Laurentian Channele Bhation was visited at various time
intervals from April to November in 2008 and 2016t&l of 69 visits) (M. Starr and L. St.-
Amand, Institut Maurice-Lamontagne, unpublishecafia®hytoplankton biomass is measured as
chlorophylla biomass in the 0—100 m surface layer. To facdiamparisons with other studies
in the Gulf of St. Lawrence, phytoplankton carbolonass was estimated by converting
measured chlorophy#l concentrations (CHL) to carbon (C) using a C/CHltia of 50 (Rivkin et
al. 1996, Savenkoff et al. 2000). We then usedravexsion factor of 10 g wet mass equal to
1 gZC (Christensen and Pauly 1992). The mean b®rwasthe entire area was 46.76 + 55.80 t
km™.

Primary Production

Production was calculated from data gathered #dtas located 16 km north of Rimouski
in the deep (330 m) Laurentian Channel from 20020@5 (no data in recent years). The station
was visited at various time intervals from April @ctober (total of 104 visits) (M. Starr and L.
St.-Amand, Institut Maurice-Lamontagne, unpubliskath). A value of 1,682.32 + 1,570.40 mg
C m? d* was estimated over the euphotic zone, giving prto rates of 614.05 + 573.20 g C
m? yr! or 6,140.47 + 5,731.97 t Kfmyr'. The minimum—maximum range was 2,689.60 to
9,899.00 t krif yr'!. The inverse solution estimated a production 878,83 + 907.65 t kifiyr?,
and thus, a net production of 2,924.11 + 939.49f lgr*, representing a P/B of 62.53%yr

Detritus

Background

Detritus represents sinking particulate organicttenaincluding both large particles
(consisting of animal carcasses and debris ofgemous and coastal plants) and fine particles
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(mostly from planktonic organisms, including fecesoults, phytoplankton aggregates, and
bacteria).

Biomass

The detritus mass was estimated using an empiratationship derived by Pauly et al.
(1993) that relates detritus biomass to primarglpotion and euphotic depth:

(6) logyoD = -2.41 + 0.954 logo PP + 0.863 logo E

whereD is the standing stock of detritus (in g C)nPP is primary production (in g C ¥yr™),
andE is the euphotic depth (in m).

The overall annual primary production was 614.978.2 g C rif yr' for the 2000-2005
period (range: 269.0-989.9 g C?mgr™). The euphotic depth is estimated at 12.9 + 1.4vm
Starr and L. St.-Amand, Institut Maurice-Lamontagmepublished data). The primary production
limits and euphotic depth were substituted intoatigm 6 above, giving a range of detritus
biomass estimates from 7.3 to 25.4 g &, or 73.39 to 254.38 t wet mass kmusing a
conversion factor of 10 g wet mass = 1 g C (Chnste and Pauly 1992). This resulted in a mean
detritus biomass of 161.30 + 150.57 tkm

Here, bacteria were considered part of the dstemmpartment. Detritus estimates had a
wide range, and it was assumed that this rangddlatiaw for the bacterial biomass.

Respiration

Detritus is usually assumed not to respire. Howea® bacteria were considered part of the
detritus in this study, there would be respiratiovolved. Based on previous studies in the Gulf
of St. Lawrence, Savenkoff et al. (2009) estimaedtal detrital (or bacterial) respiration over
the entire water column close to 88.3 + 42.4 g €y or 882.96 + 423.75 t wet mass k™
(range: 459.21-1,306.71 t Knyr™). They also estimated a primary production of.245109.9
g C m? yr! or 2,459.00 + 1,098.82 t kimyr* (range: 1,360.18-3,557.82 t Knyr'). The
percentage of total detrital respiration of primprgduction ranges thus between 34% and 37%.
When the primary production values for the prestatly and the previous ratios were used, a
total detrital respiration range could be estima#sd908.04 to 3,635.69 t Kmyr! (mean:
2,404.88 + 985.27 t kinyrY). The inverse solution estimated a detrital resjun of 1,576.09 +
882.51 t knif yr™.

Export

The fraction of the organic carbon that is notime¢d to the water column but is buried and
preserved within the sediment represents the exgpatetritus. Based on Silverberg et al. (1987)
and Savenkoff et al. (2001), we estimated a bélalof particulate organic carbon close to 0.74
mol C m? yr' at a station located in the Laurentian Troughhef lower St. Lawrence while
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Silverberg et al. (2000) measured a burial flu0@6 mol C nf yr* at the Anticosti Gyre. This
represents a detrital export range of 5.5 €y to 8.9 C nf yr* or 55.2 to 89.3 t wet mass Km
yr! (mean: 72.2 + 24.1 t Kiyr?). The inverse solution estimated a detrital exjpr59.07 +
8.76 t km?® yr™.

Data synthesis

Data on biomass, export (e.g., commercial catghpduction, and consumption are
summarized in Tables 42 and 43e estimated values from the final solution arespnted in
Appendix 4.



Table 42. Observed biomass and export for eachpgused as input data for modelling for the 2008620ériod in the lower St.

Lawrence Estuary. SD: standard deviation, Min: mimn, Max: maximum. Est: value estimated by inversedelling.

Values used in data equations or as upper and lawéiconstraints are indicated in boldface.

Biomass (t wet mass ki Export (t kn? yr')?

Group Value £SD Min Max Value +SD Min Max Est.
Blue whales 0.249 0.119 0.149 0.381

Other mysticetes 0.070 0.031 0.006 0.298 3.52x 10° 1.54 x 1C° 3.52 x 10°
Belugas 0.044 0.013 0.017 0.080 1.49x 10" 4.36 x 10° 1.57 x 1¢
Other odontocetes 0.001 0.001 0.000 0.007 4.83 x10° 4.73x 10° 3.85x 10
Harp seals 0.001 0.001 0.000 0.002 2.67% 1821 x 10" 7.22x10 6.38x 10" 7.44x 10°
Grey seals 0.022 0.010 0.010 0.039 1.81x10 2.06x 10 2.16x 10 4.14x 10 2.28x 10°
Harbour seals 0.011 0.003 0.008 0.018 8.84x 10 1.53x 10 0 2.65x 10 1.12x 10
Seabirds 0.003 0.0010.002 0.004 255x 10 1.13x 10" 1.75x 10" 3.35x 10" 1.92 x 1¢*
Large cod 009 006 003 014 7.65x10F 1.08x10 0 1.53x 10 9.05 x 1¢°
Small cod 0.05 0.03 0.02 008 155x10° 1.21x10° 6.91x10° 2.41x10° 1.58x 10°
Large Green.

halibut 1.00 012 087 111 4.82x10 1.14x10 4.74x10 4.90x 10 4.84x 1C°
Small Green.

halibut 169 014 157 184 129x10° 293x10" 1.08x10° 1.50x 10° 1.27 x 10°
Amer. plaice 018 0.02 0.17 021 233x10 3.15x10" 2.11x10° 2.55x10° 2.30x 10°
Flounders 021 005 0.15 025 229x10" 3.37x10 2.05x 10" 2.53x 10" 2.27 x 1¢*
Skates 055 0.08 047 061 3.01x10 8.68x10" 2.40x10° 3.63x10° 3.11x 1C0°
Atlantic halibut 0.07 0.04 005 012 7.11x10° 1.65x10" 594x 10" 8.28 x 10" 7.15x 10°
Redfish 0.04 0.02 002 006 159x10" 441x10 1.27x10° 1.90x 10" 1.65x 10
Black dogfish 014 014 0.02 029 929x10 1.32x10 8.36x10 1.02x 10" 9.25x 10°
White hake 0.012 0.006 0.006 0.018 2.49x10" 5.47x10 2.10x 10" 2.87 x 10" 2.56 x 10"
Large demersals 034 041 005 063 1.36x10° 1.13x10" 1.28x10° 1.44x10° 1.35x 1C°
Small demersals 058 060 0.16 1.00 2.12x10 6.86x 10" 1.64x10° 2.61x10° 2.20x 10°
Large pelagics 0.001 0.001 0.000 0.002 2.23x10° 4.10x10° 1.94x 10" 2.52x 10" 2.28 x 1¢*
Capelin 239 176 075 425 587x10° 885x10" 525x10° 6.50x 10° 5.82 x 1C°

3TT



Table 42. Cont.

Biomass (t wet mass K Export (t kn? yr')?
Group Value =SD Min Max Value +SD Min Max Est.
Herring 0.094 0.107 0.018 0.169 2.35x10° 1.57x10° 1.59x10° 3.55x 10° 2.36 x 10°
Small pel. feeders  0.038 0.053 0.001 0.0756.13x 10" 6.11x 10 1.81x 10" 1.04x 10° 6.55 x 10°
Squid 0.0012 0.0015 0.0001 0.0022 1.07 x10' 1.05x 10 9.94x10° 1.14x 10" 1.07 x 1¢*
Shrimp 2.326 0.295 2.122 2664 156x10° 5.33x10° 1.52x 10" 1.60x 10" 1.57 x 10"
Large crabs 2.465 0.079 2.409 2.521 2.04x10" 7.70x 10" 2.04x 10' 2.05x 10" 2.04 x 10"
Small crabs 0.302 0.376 0.037 0.568
Echinoderms 88.00034.365 63.700 112.300
Molluscs 49.75010.819 42.100 57.400 1.28x10° 5.82x10° 8.70x 10° 1.69x 10* 1.28 x 10° -
Polychaetes 11.2000.990 10.500 11.900 ©
Other benthic
invertebrates 6.350 2.051 4.900 7.800
Large euphausiids 17.1526.357 8.299 21.861

Small euphausiids
Large hyperiid
amphipods

Other
macrozooplankton
Surface
mesozooplankton

19.5807.124 6.729 44.427

0.381 0.382 0 0.762
12.2996.257 10.608 13.991

15.9878.489 12.758 19.216

Deep

mesozooplankton  75.13@4.810 34.107 116.165

Phytoplankton 46.76255.804 18.782 65.075

Detritus 161.30450.57173.387254.383 7.22x10 241x10 552x10 8.93x10 5.91x10

& Export was mainly the catch (including the comerarfishery and anthropogenic mortality such astimg, etc.). For detritus,
export was loss of detritus buried as sediment.



Table 43. Observed production and consumption aseithput data for modelling for the 2008—-2010 pkiio lower St. Lawrence
Estuary. SD: standard deviation, Min: minimum, Maaximum. Est: value estimated by inverse modellfejues used in
data equations or as upper and lower limit congsare indicated in boldface.

Production (t krif yr?)

Consumption (t ki yr?)

Group Value +SD Min Max Est. Value +SD Min Max  stE
Blue whales 0.016 0.008 0.009 0.024 0.011 0.922 0.924 0.268 1575 1.170
Other mysticetes 0.008 0.003 0.004 0.022 0.006 0.407 0.551 0.018 0.796 0.589
Belugas 0.007 0.002 0.003 0.012 0.003 0.494 0.454 0.174 0.815 0.282
Other odontocetes  0.0002 0.000.0001 0.0010 0.0001 0.028 0.038 0.001 0.055 0.010
Harp seals 0.0001 0.00010.0000 0.0002 0.0001 0.005 0.006 0.000 0.009 0.008
Grey seals 0.0029 0.00230.0010 0.0061 0.0016 0.163 0.177 0.038 0.288 0.160
Harbour seals 0.0013 0.00100.0005 0.0029 0.0006 0.082 0.072 0.030 0.133 0.060
Seabirds 0.0009 0.00030.0006 0.0012 0.0009 0.399 0.381 0.089 0.892 0.111
Large cod 0.045 0.027 0.013 0.093 0.052 0.270  0.249 0.094 0.446 0.180
Small cod 0.034 0.018 0.015 0.060 0.059 0.280 0.252 0.061 0.612 0.260
Large Green.

Halibut 0.285 0.107 0.165 0.415 0.262 1.844 1.059 0.910 2.847 0.899
Small Green.

Halibut 0.745 0.216 0.506 1.103 0.521 6.060 4.827 1.687 11.034 1.735
Amer. plaice 0.055 0.018 0.038 0.087 0.052 0.479 0.374 0.184 0.978 0.227
Flounders 0.066 0.029 0.031 0.102 0.064 0.522 0.328 0.219 0.922 0.263
Skates 0.179 0.082 0.103 0.338 0.138 1.917 1928 0.595 4.684 0.611
Atlantic halibut 0.013 0.006 0.009 0.021 0.014 0.226  0.216 0.073 0.378 0.074
Redfish 0.007 0.005 0.003 0.016 0.015 0.181 0.205 0.036 0.326 0.082
Black dogfish 0.028 0.028 0.004 0.059 0.033 0.394 0.360 0.139 0.648 0.142
White hake 0.007  0.003 0.003 0.011 0.007 0.058 0.049 0.017 0.123 0.029
Large demersals 0.102 0.128 0.011  0.192 0.188 1552 2.093 0.072 3.032 0.725
Small demersals 0.283 0.3450.039 0.527 0.526 3.747 4.687 0.433 7.061 2.061
Large pelagics 0.001 0.0010.0001 0.002 0.001 0.018 0.023 0.001 0.034 0.005
Capelin 1.386 1.064 0.240 3.451 1.449 59.805 81.190 2.395 117.215 10.303

T



Table 43. Cont.

Production (t krif yr?)

Consumption (t ki yr?)

Group Value +SD Min Max Est. Value +SD Min Max  stE
Herring 0.030 0.034 0.006 0.055 0.054 1.206 1.574 0.094 2.319 0.216
Small pel. feeders 0.031 0.044 0.001 0.062 0.062 0.253 0.304 0.038 0.468 0.259
Squid 0.0020 0.0025 0.0002 0.0037 0.0036 0.0100 0.0137 0.0003 0.0197 0.0122
Shrimp 2448 0926 1510 3.725 2.639 15.969 6.830 8.161 24.484 10.868
Large crabs 0.645 0.021 0.580 0.709 0.644 4379 2.062 2.151 6.454 2.204
Small crabs 0.142 0.176 0.013 0.334 0.148 1.207 1.260 0.048 2.891 0.862
Echinoderms 54.710 31.96216.527 134.760 36.977 244.223246.951 67.549 607.891190.208
Molluscs 70.619 53.427 29.470 219.842 61.076 346.941293.729 155.585 784.657 300.196
Polychaetes 28.309 13.04211.445 51.408 28.123 154.819106.743 94.364 314.548120.919
Other benthic

invertebrates 16.429 5.999 6.178 31.200 12.670 76.552 71.597 26.583 182.54567.110
Large euphausiids  46.309 17.1622.406 59.025 38.044 192.129186.498 41.566 436.092223.173
Small euphausiids  66.106 57.79422.711 149.941 57.701 404.224288.278 96.746 661.065311.169
Large hyperiid

amphipods 2225 2229 O 4449 1.718 13.218 11398 O 23.209 10.731
Other

macrozooplankton  30.748 15.64226.519 34.978 29.164 238.335 97.042 102.494 309.052 164.892
Surface

mesozooplankton  583.52874.848 465.656 701.390 666.521 1319.660704.315 709.2312334.0911360.290
Deep

mesozooplankton
Phytoplankton

685.614108.893 124.4901696.003129.095
6140.469731.9652689.6029899.0023276.832

1T
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DISCUSSION
Uncertainty in the input data

The present data set was used to construct ecosystalels of the lower St. Lawrence
Estuary for the 2008-2010 period. The time pericab whosen based on the availability of
reliable information for the different species. ®ah the abundance and distribution of fishes and
macroinvertebrates have been collected each suinntiee Estuary and the northern Gulf of St.
Lawrence from 1990 to 2010. Since 2008, the cowerdghe lower Estuary has been increased
by adding four shallower strata in order to inde& tepths between 37 and 183 m (20 and 100
fathoms). This process improved our knowledge endistribution and abundance of the species
in shallow water (e.g., cod, shrimp), but comparswith data previously gathered (1990-2007)
became more complicated.

Ecosystem modelling requires the collection of astderable amount of information. This
work is the result of a huge effort to assemblexdat the biological characteristics of species
occurring in the lower Estuary during the 2008-2@Hdiod. All parameter estimations were
made within a collaborative framework in which estpdor the various functional groups were
consulted. The validity of any conclusion regardihg ecosystem being studied depends on the
input data (and the confidence that we have in jhé&wen though most of the data are good
estimates for the LSLE ecosystem, some input vaéwesrough estimates only (e.g., benthic
invertebrates, pelagic fishes), meaning that thedaes are assembled from different literature
sources and not from independently measured pagasnéience, the quality of the input data
was variable. Catch estimates of commercial speriesonsidered quite reliable although there
is indirect evidence for non-negligible fishing radity that was not accounted for (Fréchet et al.
2006). Biomass estimates for most fishes and shirape based on catches in bottom-trawl
surveys conducted each summer in the Estuary anddtthern Gulf of St. Lawrence using a
Campelen trawl. Abundance and biomass estimatesnellt from these surveys are considered as
minimal values given that the nearshore region tfdeg 37 m) is not covered and that some
species may not be properly sampled (low catchgbédig., pelagic species). Biomass estimates
for several other model compartments were basedatm from other surveys (cetaceans, seals,
zooplankton, and phytoplankton) and population n®@eabirds, crabs). In other cases, biomass
was based on densities reported from other ecosgstechinoderms, molluscs, polychaetes, and
other benthic invertebrates) or was estimated hiainmodels to meet predator demands (large
and small demersal feeders, capelin, herring, large small pelagic feeders, squid). Adults of
many fishes or marine mammals in the LSLE ecosystedertake seasonal migrations between
feeding grounds within our study area and overwingegrounds elsewhere. When information
was available, biomass was adjusted for residenee (e.g., cetaceans, seals). For fishes, little
feeding occurs on the overwintering grounds, se@®a migrations out of the study area are of
little consequence for our mass-balance modelseimg of consumption by these migratory
fishes.

Very little is known about fish and invertebrateguction and consumption in the Estuary
and Gulf of St. Lawrence. For most groups, totaftaliy or production was estimated as catch
plus biomass multiplied by natural mortality. Iretle cases, a fixed rate of natural mortality was
assumed based on life-history considerations,alitee reports, or expert opinion. It was also
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necessary to use information reported in the liteeaor estimated using FishBase (Froese and
Pauly 2002) for consumption estimates.

Diet compositions were constructed using fieldadadm the study area whenever possible.
However, these data do not exist for some speEi@sher uncertainties with diet data resulted
from assuming that the diet of a key species isessmtative of the functional group to which it
belongs, or from attributing the “unidentified ptgart in stomach content analyses in proportion
to the different identified groups in the stomachs.

These different sources of data (local and litesgt explain the high coefficients of
variations for diet, production, and consumptiortadél73%, 70%, and 96%, respectively)
compared with that of export (46%). The uncertamtiemaining in the understanding of the
ecosystem may be due to the use of incorrect vdlaesause no data exist or to the confidence
limits being too large. They may result from anccarate aggregation of species within one
functional group or from unknown mechanisms ocagyiin the ecosystem. Overall, even though
the model is not a perfect representation of ngalitprovides an overall view of the ecosystem
based on the integration of information availablatg, expertises, etc.).

Strengths and weaknesses of inverse models

Trophic relationships in ecosystems are oftenistudy describing only one steady-state
model, without including parameter uncertainty amel ensuing uncertainty in the interpretation
of the results (e.g., Ecopath literature). Thus,deeided to randomly perturb each term by up to
its standard deviation in order to represent theetninties of the input data. This procedure
allowed us to appraise the uncertainty in the estoh flows given the uncertainties in the input
data. In this study, the final solution is alwalys thean of one solution without perturbation (the
“initial solution”) plus 30 iterations with randomerturbations of the input data to provide an
overall view of the ecosystem and to identify rdbpatterns. Simulated inverse analyses have
shown that the general flow structure of ecosystears be recovered with these techniques,
although the details can be inaccurate (VézinaRatdow 2003). Our current model, even with
41 compartments, still represents simplificatiohthe trophic interactions in the LSLE.

The use of upper and lower limits to constrain iaority of input values (production,
consumption, export, and diet composition) and d¢heice of row and column weights make
inverse modelling a flexible tool to quantify mdssanced flow diagrams and trophic transfer
efficiencies that are internally consistent. Ttesdione by finding the solution that minimizes
(minimum norm inversion) both the sum of squarevl (thus the total sum of flows through
the food web) and the sum of squared residual €(ramimizes the imbalances between inputs
and outputs) consistent with the constraints. k@ pnesent study, the low sums of squared
residuals for all mass-balance and data equatibosy 2 good fit between input data and
modelling estimates (all: 2.1 x 1§, mass-balance egs.: 3.2 x 9 export egs.: 4.5 x 16
predation egs.: 2.1 x 18). The final solution is thus consistent with aeshg state representation
of the flows in each compartment.

The minimum norm (MN) inversion is thought to beparsimonious solution to the
ecosystem flow inverse problem. Vézina et al. (2@damined different goal functions to solve
inverse problems. Although they proposed a new migation (smoothed norm, SN), which
simultaneously minimizes the squared flows and shaared differences between flows, as
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probably the most attractive option, their simullaExperiments also indicated that the MN
inversion is a reasonable choice for comparativerse analyses. One problem with the MN
inversion is that it can lead to a number of zenothe flow network (Vézina et al. 2004). This
occurs when there are alternative pathways outamnapartment with no a priori constraints on
the relative size of these pathways. The assoceitedt is that many flows are bound to either
their upper or lower limits (active constraints)lakge number of active constraints suggests that
the optimum may not have been found and that theiso was determined by a priori bounds
rather than by patterns in the data. In this study,randomly perturbing data inputs, we
constructed a set of 31 balanced iterations andirtakesolution was the mean of these iterations.
This process reduced significantly the number ¢ivaaconstraints (flows estimated at their pre-
set limits) compared to the initial solution bef@erturbation (Appendix 5). Although individual
iterations had a large number of active constraflite the initial solution), these varied from
iteration to iteration. One realization of the datas thus not sufficient to constrain the model.
However, many realizations of the data (mean degbht iterations) allowed us to construct a
solution that was nearly insensitive to the comstsa Most model estimates fell between the
upper and lower limits. Overall, 10% of the consits were active (Appendix 5). Ecotrophic
efficiency (20%) had the largest proportion of @aetconstraints. Working with averages of many
modelling iterations (and their variation) is trausnuch stronger approach than to only consider
one iteration and gives more confidence in theltesund their interpretation.

CONCLUSION

A steady-state model of the lower Estuary food wefis constructed based on a
comprehensive set of data that were collected @ ytbars 2008—2010. Energy flows were
estimated by means of an inverse methodology ofstcaned optimization based on the
Minimum Norm criterion, i.e., on the minimizatiorf both the sum of squares of the residuals
and of the sum of squares of energy flows. Thetmwwas constrained by a set of inequalities
that were derived from general eco-physiologicabiedge and site—specific data on energy
flows. The trophic network was represented by 4igs, including single-species compartments
for the species of high economical or ecologickvance.

The models enabled us to bring together wide-rangata concerning the LSLE ecosystem
and produced values that were logically consisteith our model structure and constraints.
These values are meaningful in the sense thatrttest some clearly imposed constraints that
reflect how we think the system is working. Howeveven though the model was useful in
constraining observations into a coherent pictiregemains that the results are sensitive to
choices made regarding the modelling structurethatiother equivalent solutions are possible.
Such a model provides a useful starting point somi hypotheses about the ecosystem, to
identify data gaps, to show where the uncertaintiethe food web occur, and to improve the
input parameters in order to enhance the qualifytore modelling efforts.
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Appendix 1. Flows (in t kil yr'; 646 flows) estimated by inverse modelling and ghihg
applied during the estimation. Var: variance, C\efticient of variation, B: biomass, Q:
consumption, DC: proportion in diet (by mass), Qbsally observed.

Flows Description

Respiration (41 flows)
Weight: Var@B;>)
Notation: Ry

Respiration of groug. As bacteria were considered part of the detrdes;jtus
is assumed to respire.

Egestion (38 flows)
Weight: Var(®;™)
Notation: Dy
Flow of groupy to detritus (detrital flow or non-assimilated fQotlo egestion
term for deep mesozooplankton, phytoplankton (idetlin mortality term), or
detritus.

Other mortality causes (40 flows)
Weight: Var®;™)
Notation: MO,

Natural mortality other than predation of groppcluding diseases and other
natural causes of death (flow to detritus). No @dst term for detritus.

Predation (487 flows)
Welght Var(PrXﬂy) = (QC;bS)Z*(Cv( DCc))(tisy )2+CV( Qc))lbs)Z)
Notation: Pre -y
Predation of group by groupy based on the diet composition of each group.

Export (29 flows)
Weight: VarEx$™)
Notation: EX
Export (including catches) of groypout of the system. No export term for
several groups (blue whales, small crabs, echimeslepolychaetes, other
benthic invertebrates, zooplankton groups, andqutghkton).
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Appendix 1. Cont.

Flows Description

Advection (8 flows)
Weight: Var(ge>)
Notation: ADV
For zooplankton, phytoplankton, and detritus group® introducedan
“advection” term, which is a residual inflow or datv that may beequired tc

balance the models in order to reproduce the passansport of organisms
the estuarine circulation (Runge and Simard 1990).

Flow from surface to deep mesozooplankton (1 flow)
Weight: Var(ge>)
Notation: F

X->y

Inflow from surface mesozooplanktow) (to deep mesozooplanktoy) (to
reproduce the overwintering of surface populatiothie deep layer.

Metabolic loss of deep mesozooplankton (1 flow)
Weight: Var(Be>)
Notation: ML

X

Metabolic loss related to the decrease in the nieaty dry weightduring
winter (Plourde et al. 2003).

Phytoplankton production (1 flow)
Weight: Var(Pg:y)
Notation: Pphy
Gross phytoplankton production (i.e., primarydarction measured).
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Appendix 2. Mass balance and data equations (2d&tieqs) and corresponding weights used in
inverse modelling. Var: variance; CV: coefficieritvariation; B: biomass; Q: consumption; DC:
proportion in diet (by mass); Obs: locally observexd residual, the difference between
observations and model estimates.

Mass
balance for Description

Consumers (37 egs.)
Weight: Var(B;™)

Equation: Y Pr,  -R -D,-> Pr, , ~MO, -EX +ADV, =AB, +¢
For a consumey, consumption E Pr,_, ) representing the input must balance

the sum of the outputs consisting of respiratiét) ) egestion (detrital flow,
D, ), natural mortality (predation by other groupEPr%u ], and other natural

causes of death MO,]) and fishing mortality (export, EX,). For

macrozooplankton groups, we added an “advectiami {&DV,) to reproduce
the passive transport of organisms by the estuasireellation (Runge and
Simard 1990). We assumed that there was no changemass AB, = 0) for
these groups.

Surface mesozoplankton (1 eq.)
Weight: Var(B;™)

Equation: > Pr,  -R -D,-> Pr, ,-MO,-F,_ +ADV,=AB, +¢
Consumption EPrxﬂy) representing the input must balance the sum @f th

outputs consisting of respirationR(), egestion D, ), predation by other
groups QPryﬂu), other natural causes of deathl@,), and outflow from

surface to deep mesozooplanktoR, (). We added an “advection” term

(ADVy) to reproduce the passive export of organisms Iy ¢stuarine
circulation (Runge and Simard 1990).
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Mass
balance for Description
Deep mesozoplankton (1 eq.)
Weight: Var(B;">)

Equation: F.,~R —MO, —z Pr,,—ML,£ADV, =AB +¢&

The inflow from surface to deep mesozooplanktsp () must balance the sum

of the outputs (respirationRj], other natural causes of deatM@,], and
predation by other groupsz Pr,_,]). We also added a metabolic ldgs to

represent the decrease in the mean body dry welghhg winter and an
“advection” term ADVphy) to reproduce the passive transport of organisyns b
the estuarine circulation (Runge and Simard 1990).

Phytoplankton (1 eq.)

Detritus (1 eq.)

Weight: Var®gy)
Equation: By, = Ry, ~MOp,, =Y Pl + ADV,, =0+&
y

Production ¢5,,) must balance the sum of the outputs (phytoplankto
respiration, phytoplankton mortality including tegestion term MO, ] and

consumption of phytoplankton by other grou@ Pren,., I)- We also added an
y

“advection” term ADVppy) to reproduce the passive transport of organisyns b
the estuarine circulation (Runge and Simard 1990).

Weight: VarB2>)
Equation: Z D, + z MO, - z PrDetay ~ Ryt ~EXpee £ ADV,, =0+ €
X X y

Inputs (egestionz D, ] and other natural causes of deaﬁ MO, ] for other

groups) must balance the sum of the outputs (copsamof detritus by other
groups > Pry,, 1, bacterial remineralization of detritusRf_], and burial
y

[EXpel). As bacteria were considered part of the dedritdetritus was
assumed to respire. We also added an “advectioni (&DVpe;) to reproduce
the passive transport of organisms by the estuarireellation (Runge and
Simard 1990).
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Mass
balance for Description

Export (26 egs.)
Weight: VarEgxs$™)
Equation:  EX{™=EX, +¢
Export estimated by inverse modellingeX,) is equal to observed export
(EXS™) from local field studies (except for harp seaksbirds, and detritus).

Predatiofi (145 egs.)
Weight: Var(Pr, ) = (Qc;bs)z*(CV( DC2, )2+CV( Qc;/bs)z)

. Pr
Equation:  pCY™S,=———+¢

z Pro.,

X

Proportion of the prey in the diet (by mass) of consumgrestimated by

. . Pr, . . .
inverse modelling JZF%V) is equal to the observed diet proportion
r
X—y

(DCY®,) from local field studies or available only as |I@stimates with low
SD (< 0.6%).

% Note that the weight of the additional diet equasi (predation) for groups with no information
on diet proportion variability is the average of khown coefficients of variation for diet

proportion (CV([DCY, Jmean= 185%).Q‘y’bs is observed consumption from local field studies o
the literature (CVQ}™)mean= 96%).
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Appendix 3. Constraints (1729 constraints) usetiéninverse modelling.

Constraint for Description

Non-negativity (638 constraints)
Inequality: R, =0;D, 20;MO, =0;Pr,_, =20,EX, 20;R,,, =0

All the unknown flows are non-negative.

Growth efficiency (76 constraints)
Z Pr,.y, R ~D,

Inequality: EMn < X < GEMa
quality:  GE, prxay GEy

Growth efficiency (of food conversion; GE = protinoo/consumption) ranges:
0.1-1% for marine mammals and seabirds; 10-30%sforshrimp, crabs, and
macrozooplankton; 9-30% for benthic invertebrates] 25-50% for surface
mesozooplankton (Christensen and Pauly 1992).

Assimilation efficiency (76 constraints)

> Pr..,-D,
Inequality:  AEJ™ <

> Pr._,

X

Assimilation efficiency (AE) ranges between 70 @@ for all the groups
(Winberg 1956) except for macrozooplankton and am@fmesozooplankton
(50-90%) (Christensen and Pauly 1992).

< AEy™

Ecotrophic efficiency (80 constraints)
> Pr.,~R -D,-MO,
Inequality: EET™ <X
’ z Pr..,~R ~D,
Ecotrophic efficiency (EE: production exported oonsumed within the

system) ranges between 0 and 0.95 for all grougepexfor detritus (no
constrainf) (Christensen and Pauly 1992).

<EE}™

Consumption (76 constraints)
Inequality: ~ QJ" <> Pr, , <Q[™

Predation of groug by groupy (Z Pr,_, ) ranges between the minimum and

maximum observed consumption values. No term fepdeesozooplankton.
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Constraint for Description

Export (6 constraints)

Inequality: ~ Exp]" < EX, < Exg)™
Export of groupy ranges between the minimum and maximum obsenjeés

(i.e., harp seals, seabirds, and detritus).

Predation (684 constraints)

Moy DCI®

> Pr.,

X

Inequality:  DCJ", <

Proportion of the prey in the diet (by mass) of consumeranges betweenéh
minimum and maximum observed values.

Production (80 constraints)
Inequality:  py" <> Pr, , -R, -D, <py™

Production of grouy ranges between the minimum and maximum observed
values.




147

Appendix 3. Cont.

Constraint for Description

Metabolic loss of deep mesozooplankton (2 condsain
Inequality: ~ MLy" <ML, <ML}>
Metabolic loss of deep mesozooplanktgh ranges between 30% and 5@%o

the inflow from surface mesozooplankton to deep mesdan&fon (Plourde ¢
al. 2003).

Respiration of macrozooplankton groups and sunfiaesozooplankton (5 constraints)

Inequality: ~ 020* » Pr,_ <R,

Respiration Ry) of groupy is at least 20% of total consumptioE(Prxﬂy)

(Vézina and Pace 1994).

Respiration of deep mesozooplankton (2 constraints)
Inequality:  010* R, <R < 020* R,
Respiration of deep mesozooplankton (componentliapause;R,) ranges

between 10% and 20% of respiration of surface nugmankton (active
componentR,) (Ingvarsdottir et al. 1999).

Respiration of phytoplankton (2 constraints)
Inequality:  005* B, <Ry, < 030* B,

Respiration of phytoplankton ranges between 5% 20 of gross primary
production (Vézina and Savenkoff 1999).

Bacterial respiration (2 constraints)
Inequality: R)"<R, <R}*
Bacterial respiration ranges between the minimumd maximum observed
values.

& The ecotrophic efficiency of the detritus groamlefined as the ratio of what flows out of a
detritus box to what flows into that same box (Stamsen and Pauly 1992). Under the steady-
state assumption, this ratio should be equal fdHeimass balance residual of detritus is “0”.



Appendix 4. Estimated values (in t Kmyr') from the final solution based on 31 balanced acdlogically realistic random
perturbations. P production; Q consumption; R respiration; R egestion (detrital flow); MO other mortality; EX fishing mortality
(export); SD: standard deviation.

Group R +SD Q +SD R +SD D +SD MQ +SD EX +SD
Blue whales 0.011 0.002 1.17 0.67 0.92 0.26 0.24 0.13 0.011 02.0

Other mysticetes  0.006 0.002 0.59 0.17 0.47 0.15 0.12 0.08 0.002 0.0 35x10  89x10
Belugas 0.0028  0.0001  0.010 0.005 0.20 0.02 0.08 0.02 0.003 0.000 1.6x10 23x10
Other odontocetes 0.0001  0.0001 0.28 0.02 0.008 0.006 0.002 0.002 0000 0.0001 39x10 25x10
Harp seals 0.0001  0.0000  0.008 0.003 0.006 0.001 0.002 0.0017 x40° 1.7x10° 7.4x10° 24x10°
Grey seals 0.0016  0.0007 0.06 0.01 0.11 0.05 0.05 0.02 0.002 .0010 2.3x18 9.0x1¢
Harbour seals 0.0006  0.0001 0.16 0.06 0.04 0.01 0.02 0.01 0.000©.0001  1.1x18  6.9x10°
Seabirds 0.0009  0.0002 0.11 0.09 0.08 0.05 0.03 0.03 0.0000.0002 1.9x180 6.4x10
Large cod 0.05 0.01 0.18 0.05 0.08 0.05 0.05 0.01 0.003 0.0049.1x10° 5.2x10°
Small cod 0.059 0.003 0.26 0.09 0.13 0.09 0.07 0.04 0003 00 16x1F 7.5x10
Large Green.

Halibut 0.26 0.04 0.90 0.04 0.44 0.10 0.20 0.09 0.21 0.04 .8x40° 4.8x10°
Small Green.

Halibut 0.52 0.02 1.74 0.16 0.81 0.17 0.41 0.16 0.51 0.02 .3x10° 1.6 x 10°
Amer. plaice 0.05 0.01 0.23 0.12 0.13 0.10 0.05 0.03 0.04 0.02 .3xa0® 1.5 x 10*
Flounders 0.06 0.01 0.26 0.14 0.14 0.13 0.06 0.04 0.009 0.0142.3x 10* 1.7 x 10°
Skates 0.14 0.03 0.61 0.04 0.33 0.07 0.14 0.06 0.039 0.0473.1 x 10° 3.4 x 10
Atlantic halibut 0.014 0.005 0.07 0.00 0.04 0.01 0.01 0.01 0.008 0.0 7.1x1d¢ 7.4x10
Redfish 0.015 0.001 0.08 0.03 0.05 0.04 0.02 0.01 0.0008 0oL 1.7x1¢ 22x10°
Black dogfish 0.033 0.013 0.142 0.00 0.08 0.02 0.03 0.01 0.03 100 92x10¢  7.5x1¢
White hake 0.007 0.003 0.029 0.01 0.01 0.02 0.01 0.01 0.001 0010. 26x1d 2.8x10
Large demersals 0.19 0.01 0.73 0.24 0.34 0.21 0.20 0.09 0.009 0.0011.4x10° 5.6x10°
Small demersals  0.526 0.002 2.06 1.03 0.99 0.70 0.55 0.12 0.026 0.0 2.2x10 3.0 x 10"
Large pelagics 0.001 0.001 0.005 0.002 0.002 0.002 0.001 0.001 0000 0.0000 23x1b 22x10

Capelin 1.45 0.77 10.30 5.98 6.36 6.54 2.49 2.25 0.49 0.7258x10°  5.0x10'

8rT
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Group R +SD Q +SD R +SD D +SD MQ +SD EX +SD
Herring 0.054 0.001 0.22 0.10 0.10 0.08 0.06 0.04 0.003 0.0 24x10  86x10°
Small pel. feeders 0.062 0.000 0.26 0.09 0.13 0.10 0.06 0.03 0.003 0.0 65x10¢  3.6x10°
Squid 0.0036  0.0001  0.012 0.002 0.005 0.001 0.003 0.0018x10* 54x10° 1.1x10"° 4.6x10°
Shrimp 2.64 0.22 10.87 3.00 6.09 4.44 2.14 1.43 0.14 0.071.6x10" 25x10
Large crabs 0.64 0.02 2.20 0.62 0.93 0.17 0.63 0.13 0.44 0.02 .0xa0* 7.5x10
Small crabs 0.15 0.08 0.86 0.61 0.49 0.71 0.22 0.26 0.01 0.02

Echinoderms 36.98 27.34  190.21  155.09 112,51 142,57 40.72  47.852.77 5.44

Molluscs 61.08 29.62  300.20 249.53 177.49 22297 61.63  55.943.44 2.49 1.3x1® 33x10°
Polychaetes 28.12 8.83 120.92  45.02 62.84 4548 2996 21.75 3 6.4 10.26

Other benthic

invertebrates 12.67 6.39 67.11 54.22  36.04 37.75 18.41  19.28 1.21 2.19

Large euphausiids 38.04 14.93 22317 150.46 137.38 139.15 47.75  60.2823.82 17.45

Small euphausiids 57.70 45.00 311.17 27311 164.39 207.85 89.08 129.138.35 45.27

Large hyperiid

amphipods 1.72 1.36 10.73 4.95 6.72 5.87 2.29 3.64 0.62 1.18

Other

macrozooplankton 29.16 2.34 164.89  49.53 99.76  82.98 3597  32.08 8415. 5.65

Surface

mesozooplankton 666.52  48.91  1360.29 103.69 364.48 132.15 329.296.654 35.99 9.89

Deep

mesozooplankton 129.10 6.06 36.45 13.21 59.32 31.59

Phytoplankton 2924.11  939.49 352.72 319.07 1355.79 1065.78

Detritus 1576.09 882.51 59.1 8.8

514"



Appendix 5. Number of active constraints for diffiet parameters (estimates at the limit set by tmstcaints) for the 2008-2010
period. Only the estimates based on the upper awerl constraint limits are used here. Initial siolot first iteration without
perturbation; final solution: mean of 31 balancedations. P production, Q@ consumption, EX export, GS(=1-AE): proportion of
food not assimilated, GEgrowth efficiency, EE ecotrophic efficiency, DE..: proportion of prey u in diet (by mass) of consumpe
Ri: respiration, Mz metabolic loss of deep mesozooplankton.

Flow/efficiency

P, Qi EX; GS GE EE DCiy R ML; Total
Initial solution Number of active 20 14 3 36 30 20 283 4 1 411
constraints
Number of total estimates 40 38 3 38 38 40 342 8 1 548
% of active constraints 50% 37% 100% 95% 79% 50%3%8 50% 100% 75%
Final solution Number of active 1 1 0 0 4 8 41 1 1 57
constraints
Number of total estimates 40 38 3 38 38 40 342 8 1 548
% of active constraints 3% 3% 0% 0% 11% 20% 12% 9% 13 100% 10%
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