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RESUME

Le déballastage associ¢ au transport maritime est la principale source d’introduction
d’espéces aquatiques non indigénes (ENI). En Arctique, la diminution du couvert de glace
de mer et ’augmentation de 1’exploitation des ressources pourraient entrainer I’augmentation
du trafic maritime et engendrer une augmentation du risque d’introduction d’ENI. Pour
identifier les ENI et évaluer leurs impacts sur la biodiversité indigene, une étude de référence
a jour a été réalisé sur la biodiversité du zooplancton, en comparant la structure des
communautés de quatre ports de I’Arctique canadien les plus actifs : Churchill, Baie-
Déception, Igaluit et Milne Inlet. Le zooplancton a été échantillonné et analysé par taxonomie
traditionnelle durant trois étés entre 2015 et 2017. 69 espéces, 7 genres et 22 taxons
supérieurs ont éte identifiés. 16% des taxons identifiés peuvent étre considérés comme de
nouveaux enregistrements dans les ports de I'Arctique canadien. 18% des taxons étaient
cryptogéniques, et il reste donc a documenter pour connaitre leurs origines. Deux ENI ont
été trouvées a Churchill : Osmerus mordax et Aurelia limbata. Ce port est le plus au sud et a
enregistré le plus fort taux de trafic maritime. Les indices de biodiversité étaient les plus
faibles a ce port, ce qui impligue que seules quelques espéces étaient dominantes par rapport
a celles des autres ports. La structure de la communauté différait largement entre les ports et
48% de la variation était due aux parametres environnementaux. Quatre ENI ont été trouvés
dans les enregistrements d’eau de ballast de 2013, 2014 et dans les ports de Churchill (2014)
et Baie-Déception (2014, 2015). Cependant, au cours de cette étude, elles n’ont pas été
retrouvées dans ces mémes ports en 2015 ou 2016. Il est donc possible qu’elles n’aient pas
encore réussi a s’établir. Cette étude de référence mise & jour fourni des informations
cruciales pour évaluer les changements futurs dans la communauté zooplanctonique, de
mieux comprendre les risques potentiels d’introduction liés au trafic maritime et d’améliorer
les lois futures sur les traitements des navires (ballast-coque). Elle aidera également a
identifier les ENI et pourrait améliorer leur détection précoce, permettant potentiellement
une prévention rapide des introductions d’espéces de zooplancton non-indigenes dans
I’ Arctique canadien.

Mots clés : Ports de I’Arctique canadien, Zooplancton, Etude de référence, Espéces
non indigenes, Biointroduction, Eaux de ballast, Biodiversité, réchauffement climatique






XVii

ABSTRACT

Deballasting associated with shipping activities is the main source of introduction of non-
indigenous aquatic species (NIS). In the Arctic, the decrease of sea ice cover and increased
resource exploitation could lead to an increase in shipping traffic and increase the risk of NIS
introduction. In order to identify NIS and evaluate their impacts on indigenous biodiversity,
an up-to-date baseline study was conducted on zooplankton biodiversity, comparing the
community structure of four of the most active Canadian Arctic ports: Churchill, Deception
Bay, Igaluit and Milne Inlet. Zooplankton was sampled and analysed by traditional taxonomy
during three summers between 2015 and 2017. 69 species, 7 genera and 22 higher taxa were
identified. 16% of the taxa identified can be considered as new registrations in Canadian
Arctic ports. 18% of the taxa were cryptogenic, so their origin is yet to be documented. Two
NIS were found at Churchill: Osmerus mordax and Aurelia limbata. This port is the
southernmost port and had the highest shipping traffic rate of the four studied. Biodiversity
indices were lowest at this port, implying that only a few species were dominant compared
to those of other ports. The structure of the community differed widely between ports, with
48% of the variation was due to environmental parameters. Four NIS were found in the 2013
- 2014 ballast water records and in the ports of Churchill (2014) and Deception Bay (2014,
2015). They were not, however, found in these same ports in 2015 or 2016 when this study
was conducted. It is therefore possible that they have not yet succeeded to establish in this
environment. This updated baseline study provides crucial information to assess future
changes in the zooplankton community, to better understand the potential risks of
introduction related to shipping traffic and to improve future laws on ship (ballast-hull)
treatment. It will also help to identify NIS and could improve their early detection, potentially
allowing for the rapid prevention of introductions of non-indigenous zooplankton species
into the Canadian Arctic.

Keywords: Canadian Arctic Ports, Zooplankton, Baseline Study, Non-indigenous
Species, Biointroduction, Ballast Water, Biodiversity, Global Warming
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INTRODUCTION GENERALE

IMPACT DU RECHAUFFEMENT CLIMATIQUE SUR L’ECOSYSTEME MARIN
ARCTIQUE

Au cours du dernier siécle, I’ Arctique s’est réchauffe deux a trois fois plus rapidement
que I’ensemble du reste du monde (International Panel on Climate Change (IPCC), 2007).
En effet, les concentrations en dioxyde de carbone, connues pour varier significativement
entre les périodes glaciaires et interglaciaires (plusieurs milliers d’années), sont aujourd’hui
modifiées sur des périodes de quelques décennies (IPCC, 2007). Ainsi, selon les données
satellites collectées de 1979 a nos jours, le couvert de glace annuel moyen en Arctique
diminue approximativement de 3,5 a 4,1% par décennie (IPCC, 2013 ; NSIDC, 2016, Figure
1).
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Figure 1 : Taux linéaire de diminution de I'étendue de la glace de mer en Arctique en ao(t
par rapport a la moyenne de 1981 a 2010 (NSIDC, 2016)

Selon différents modeles utilisés pour simuler I'effet des changements climatiques sur
la glace marine de I'Arctique, cette diminution du couvert de glace devrait continuer a se
maintenir au cours des prochaines décennies. En effet, selon le groupe d'experts
intergouvernemental sur I'évolution du climat (GIEC), I’ Arctique pourrait se réchauffer deux
fois plus vite que la moyenne mondiale (+ 3 a 4°C) d’ici la fin du XXI siecle (2080-2100 ;
GIEC, 2001). Concernant le couvert de glace, les projections pour tous les scénarios RCP
(pour Representative Concentration Pathway) indiquent que I’étendue de la banquise
diminuera, quel que soit le mois de I’année. Avant 2050, un océan Arctique presque sans
glace en septembre est probable d’apres le RCP 8,5 (degre de confiance moyen ; GIEC,
2014). En 2018, Deux grandes études préviennent que si une augmentation de 2°C

supplémentaires se produit d’ici 2100, la probabilité d’un été sans couvert de glace sera alors



de 100% (Jahn, 2018 ; Sigmond et al., 2018). Tous ces changements peuvent modifier la
distribution et la survie des especes indigenes et non indigénes et ainsi perturber grandement
I’écosysteme (GIEC, 2001 ; Hellmann et al., 2008 ; Cheung et al., 2009 ; Ruiz et Hewitt,
2009).



L’AUGMENTATION DU TRAFIC MARITIME DANS L’ARCTIQUE CANADIEN

Dawson et al. (2018) ont pu montrer que, globalement, depuis 1990, la distance
parcourue par les navires dans I’Arctique canadien a presque triplé, passant de 364179 km
en 1990 a 918266 km en 2015. La plus grande partie du trafic maritime dans la région
concerne les navires de marchandises diverses et les brise-glaces gouvernementaux (Figure
2).

Base de référence Phase 1 Phase 2 Phase 3

(1990 — 2000) (2001 —2005) (2006 - 2010) (2011 - 2015)
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Figure 2 : Kilomeétres totaux parcourus chaque année par tous les types de navires dans
I’ Arctique canadien (Dawson et al., 2018)

Cette augmentation du trafic maritime risque de se maintenir dans le futur, car on
prévoit que la réduction du couvert de glace dans 1’ Arctique canadien va prolonger la saison
de navigation et donc augmenter le trafic maritime (Loeng et al., 2005 ; Smith et Stephenson,
2013). Smith et Stephenson (2013) ont predit pour le milieu de ce siecle, une utilisation
accrue des routes maritimes de I'Arctique, en particulier via le passage du Nord-Ouest a
travers I'Arctique canadien (Loeng et al., 2005 ; Figure 3). Ces voies navigables reliant
I’océan Atlantique a I’océan Pacifique sont plus courtes que les routes actuelles et

permettront donc de rejoindre 1’ Asie beaucoup plus rapidement qu’aujourd’hui. Ainsi, elles



présenteront un avantage ¢économique important, ce qui, indéniablement, augmentera le trafic
maritime (Niimi, 2004 ; Smith et Stephenson, 2013).
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Figure 3 : Routes de navigation optimale 1’été¢ a travers 1’ Arctique canadien : a) base de
référence historique (1975-2005), b) La tendance de trajet des navires a travers l'océan
Arctique au cours de la période 2040-2059, en raison de la projection de la concentration et
de I'épaisseur de la glace de mer en supposant que les PCR sont de 8,5 (forcage radiatif éleveé).
Les lignes rouges indiquent les voies les plus rapides disponibles - voies arctiques pour les
navires de classe polaire (navires brise-glaces) ; les lignes bleues indiquent les transits
disponibles les plus rapides pour les navires communs en eau libre (navires non brise-glaces).
D’aprés Smith et Stephenson (2013)

L’exploitation des ressources dans I’ Arctique canadien est I’un des autres facteurs qui
augmentent le trafic maritime. En effet, 25 projets de développement a court terme (projets
miniers, pétroliers et d’infrastructures a grande échelle) devraient étre opérationnels d’ici
2020 (Gavrilchuk et Lesage, 2014). En les combinant avec les mines déja présentes (évaluces
actuellement a 10 millions de tonnes de minerai), cela correspondrait a une hausse de 80
millions de tonnes de minerai qui pourrait étre extrait des régions de I’Arctique. De telles
activités representeraient jusqu'a 433 expéditions par an (Gavrilchuk et Lesage, 2014). Ainsi,
de nombreux navires seront amenés a fréquenter I’ Arctique canadien. En effet, le nombre de
transits a déja doublé dans cette région au cours de la derniere décennie (Guy et Laserre,

2016).



Or, ces navires Canadiens et internationaux seraient susceptibles d’introduire des
especes non indigenes dans la réegion (Niimi, 2004 ; Chan et al., 2012). Puisque les navires
sont la principale source d’introduction d’espéces non indigénes (Molnar et al., 2008 ; Ruiz
et al., 2000), ces derniéres pouvant étre soient fixces a la coque des navires soient
transportées dans leurs eaux de ballast (Chan et al., 2012). Lockwood et ses collaborateurs
(2007) définissent une espéce non indigéne comme étant une espéce qui s’est déplacée en
dehors de son aire de répartition géographique normale due a I’activité humaine de manicre
intentionnelle (agriculture, aquaculture) ou involontaire (ballast, tourisme, etc), leur impact

éventuel sur les écosystémes indigénes n’étant pas pris en compte.

EAUX DE BALLAST : VECTEUR D’ESPECES NON INDIGENES ET LEUR
IMPACT SUR L’ECOSYSTEME

Avant 1880, les ballasts étaient solides, contenant du sable ou des pierres, mais cette
méthode dispendieuse a été changée par des ballasts remplis d’eau avec I’arrivée des navires
a coque d’acier. Cette nouvelle technique permet une meilleure logistique maritime et
d’assurer la sécurité des navires (Minchin et al., 2002 ; Niimi, 2004 ; Jing et al., 2012). Ils
peuvent ainsi pouvoir contrdler leur stabilité et leur assiette en transportant de 1’eau dans
leurs ballasts. La consommation de carburant ou la charge ou décharge de marchandises sera
compensée par la quantité d’eau présente dans les ballasts pour maintenir la stabilité de
I’assiette. Le prélevement de 1’eau est accompagné par un prélévement involontaire
d’organisme qu’elle contient. Ils pourront étre relargués dans le port de destination ou la
marchandise sera récupérée (Beisel et Levesque, 2010 ; David et Gollasch, 2011). En 2004,
le volume annuel d’eau de ballast dans le monde était estimé a environ 3500 millions de
tonnes d’eau dont environ 2/3 était transporté par les navires internationaux et 1/3 par les
navires domestiques (Endresen et al.,, 2004 ; Beisel et Levesque, 2010). Ainsi, ces
deéballastages ont permis 1’introduction d’un grand nombre d’espéces non indigénes (Ruiz et

al., 2000 ; Molnar et al., 2008; Chan et al., 2012).



Des mesures ont été prises pour réduire le risque d’introduction de ces especes par
les eaux de ballast, notamment a travers la Loi sur la marine marchande du Canada
(Organisation Maritime Internationale : OMI, 2018). Celle-ci oblige les navires
internationaux a échanger leur eau de ballast en milieu océanique provoquant la mort de la
plupart des organismes par choc osmotique. Le méme principe est applicable lorsque des
especes marines océaniques arrivent dans une région cotiere (DiBacco et al., 2012 ; Chan et
al., 2014). Ces navires internationaux doivent en plus posséder un systeme de traitement des
eaux de ballast (mécanique, physique ou chimique ; Jing et al., 2012, OMI, 2018). Ainsi, le
risque d’introduction d’espéces non indigénes par les navires internationaux est faible.
Cependant, les navires domestiques ne sont soumis a aucune loi pour la gestion de leurs eaux
de ballast (Ministere de la Justice du Canada, 2014). Or ceux-ci présentent un risque élevé
d’introduction d’espéce non indigéne dans les ports d’Arctique en raison de la courte durée
du voyage et de la similarité environnementale qui peut potentiellement y avoir entre le port
de I’ Arctique et le port source (DiBacco et al., 2012 ; Péches et Océans Canada, 2014a). Les
navires domestiques constituent donc un des principaux vecteurs potentiels d’introduction
d’espéces non indigénes (Lawrence and Cordell, 2010 ; Briski et al., 2012). Notons
également que les navires (internationaux et nationaux) ne sont soumis a aucune loi
concernant le traitement des salissures sur leur coque, alors que la cogue des navires est un

vecteur parfois aussi important que les eaux de ballast (Chan et al., 2015 ; OMI, 2018).

A 1échelle mondiale, en moyenne 3000 & 7000 espéces seraient transportées chaque
jour par les navires (Lee, 2002 ; Beisel et Levesque, 2010 ; David et Gollasch, 2011) incluant
du plancton (phytoplancton et zooplancton), des virus ainsi que d’autres invertébrés et des
poissons (Ruiz et al., 2000). Ces organismes généralement cétiers voyagent d’un port
d’origine vers le port de destination (Figure 4) ou ils seront relargués. La probabilité de cet
événement dépend du mécanisme de dispersion de I’espece et de son origine. Seulement une
faible quantité d’espéces arrive a s’établir (Casas-Monroy, 2012) et il est difficile d’estimer

la probabilité de succeés d’une introduction (Beisel et Levesque, 2010).
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Figure 4 : Principe des eaux des eaux de ballast (d’aprés www.ventevilleballastwater.com).

Il est donc pertinent de mesurer la quantité d’organismes d’une espéce non indigéne
introduite dans la région, ¢’est ce qu’on nomme la pression de propagule (Carlton, 1996).
Cette pression varie en fonction du nombre, de la fréquence et de I’importance des
introductions qui vont permettre, ou non, I’établissement de I’espéce non indigéne. En
théorie, plus la pression de propagules est grande, plus la chance de voir des organismes
s’établir dans le milieu récepteur sera grande (Colautti et al., 2006). Ces aires de repartition
géographique sont déterminées par des parameétres environnementaux. En 2003, environ 52%
des espeéces aquatiques envahissantes et d’autres biointroductions étaient imputables aux
eaux de ballast en Amérique du Nord (Fofonoff et al., 2003). Ces biointroductions ont
augmenté depuis plusieurs décennies au Canada, que ce soit a I’Est (Simard et Hardy 2004),
a I’Ouest (Piercey et al., 2000) ou dans les Grands Lacs (Bailey et al., 2005). Chaque année,
52 millions de tonnes d’eau de ballast sont déversées sur les coOtes canadiennes.
L’établissement de certaines de ces espéces dans les eaux canadiennes a eu de gros impacts
environnementaux et sanitaires, ce qui a engendreé des frais de plus de 340 millions de dollars
par le gouvernement canadien pour le controle et 1’éradication de ces organismes ainsi que
pour le renouvellement des ecosystemes affecté (Colautti et al., 2006). L'introduction
d'espéces non indigénes peut occasionner d'importantes conséquences écologiques, comme
la perturbation des réseaux trophiques, la perte de biodiversité, ou encore I'extinction
d'espéces indigénes (Chan et al., 2012 ; Ruiz et al., 1997). Plusieurs exemples connus

d’introduction d’espéces non indigénes ont eu des conséquences écologiques importantes


http://www.ventevilleballastwater.com/

telles que le copépode parasite Mytilicola orientalis, le tunicier Styela clava, le crabe vert
(Carcinus maenas) et les bivalves : Nuttallia obscurata et la moule zébrée (Dreissena
polymorpha) (Merilees et Gillispie 1995 ; Clark et Therriault, 2007). Cette derniere est
originaire de la mer Caspienne et de la mer Noire. Elle aurait vraisemblablement été
introduite par le déballastage de navires dans les Grands Lacs de 1’est des Etats-Unis
d’Amérique. Elle possede une trés grande activité de filtration, diminuant fortement la
densité de phytoplancton et modifie donc le réseau trophique. De plus, ’eau devient
transparente ce qui favorise la croissance d’algue nuisible. Elle serait donc la cause de la
disparition et de 1’extinction de dizaines d’espéces dans les Grands Lacs. Elle possede
également une fécondité élevée (jusqu’a un million d’ceufs par femelle en période de frai) et
peuvent étre plus de 1 million d’organismes par m™ pouvant notamment bloquer des prises
d’eau d’installations publiques, de centrales électriques et endommager les navires (Péches
et Océans Canada, 2013, 2014b). Ainsi, en plus d’étre non indigénes, ces especes sont
considéré comme espéces aquatiques envahissantes (EAE). Ce sont des espéces introduites
au-dela de leur aire de répartition naturelle qui ont eu des conséquences néfastes d’un point
de vue économiqgue, environnemental et social (Colautti et al., 2006). Toutes ces espéces
citées ci-dessus sont des especes zooplanctoniques au moins a un moment de leur cycle de

vie.

ZOOPLANCTON

Les especes zooplanctoniques sont un groupe qui mérite une attention toute
particuliére. En effet, le zooplancton sert d’indicateur pertinent pour suivre et analyser les
effets du changement climatique sur les écosystéemes marins (Hays et al., 2005). Certains
organismes zooplanctoniques restent toutes leur vie dans la colonne d’eau et sont toujours
soumis aux courants, c’est le cas des organismes holoplanctoniques. Quant a eux, les

organismes méroplanctoniques deviendront du benthos ou du necton au stade adulte. Ces
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espéces zooplanctoniques ont souvent des cycles de vie courts permettant des réponses
rapides aux changements de 1’écosystéme ; et étant donné leur réle central entre les
producteurs primaires et les niveaux trophiques supérieurs (Figure 5, exemple : poissons,
rorqual, etc), leur réponse pourrait étre généralisée a I’ensemble du réseau trophique, ce qui
modifierait le fonctionnement de tout I'écosysteme marin (Puelles et Molinero, 2008 ;
Bandeira, 2013).

8 & '\ OURS POLAIRE
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PHOQUE MORUE ARCTIQUE

__ PHYTOPLANCTON

ZOOPLANCTON DETRITUS
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MICROBIEN
BALEINE BOREALE (BACTERIES, ...)
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Figure 5 : Représentation du réseau trophique marin de 1’ Arctique. Traduit de Darnis et al.
(2012)

Ainsi I’étude du zooplancton est primordiale dans le contexte des introductions
biologiques causées par le trafic maritime et le changement climatique. Or, trés peu d'études
ont été menées sur le zooplancton c6tier de 1’Arctique canadien (Grainger et al., 1962 ;
Cusson et al., 2007 ; Archambault et al., 2010). De ce fait, lorsque de nouvelles espéeces sont
décrites, il est difficile de savoir si les espéces rencontrées sont indigénes ou non indigenes.

Ces especes peuvent étre soit 1) indigeénes dans cette région, mais n’ont pas encore été
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décrites auparavant ou soit 2) les espéces introduites (non indigenes) pourraient étre décrites
comme étant indigénes dans la région (Carlton et Geller 1993 ; Petersen, 1999). De plus,
certaines especes ne peuvent pas étre classées en tant qu’indigénes ou non indigénes, et sont
alors nommeées « cryptogéniques » en raison du manque d'études de reférences et
d'information sur les aires de répartition historiques des especes, comme c'est le cas pour la
cote de I’Arctique canadien (Carlton et Geller, 1993 ; Ruiz et al., 1997). En outre,
I’identification taxonomique de certaines especes peut étre difficile de par la petite taille de
certains individus, le manque d’information taxonomique ou encore de la forte similarité
morphologique (Bax et al., 2001). C’est pourquoi, Bax et al. (2001) et Ruiz et al. (1997) ont
déclaré que le nombre d’invasions d’espéces non indigénes serait toujours plus grand que

I’estimation faite dans une région donnée.

Mora et al. (2011) ont évalué que « 91% des especes dans l'océan attendent encore
d’étre décrites ». De plus, parmi I’ensemble des océans, c’est celui de 1’ Arctique qui est le
moins échantillonné (Conseil de I'Arctique, 2009). Le Canada posséde la plus longue céte au
monde (cela représente 16,2% du total mondial) et 70% de celle-ci se trouve en Arctique
(Archambault et al., 2010 ; Vagle, 2016). De ce fait, compte tenu de I'étendue du littoral dans
I'Arctique canadien, on pourrait considérer qu'il s'agit d'une région présentant un risque élevé
d'introduction d’espéces non indigénes. Cependant, seul un faible pourcentage des especes
introduites sera capable de survivre et de conquérir d’autres milieux (Mack et al., 2000). Les
conditions extrémes de I’ Arctique devraient, en principe, réduire la probabilité de survie des
especes non indigenes dans la région et ainsi constituer une protection contre leur installation
(Riuz et Hewitt, 2009). Le réchauffement climatique, agissant en synergie avec
I’augmentation de la fréquence du trafic maritime, pourrait contrecarrer cet effet et au
contraire, faciliter I’introduction d’especes non indigenes provenant des régions plus
tempérées et pouvant potentiellement impacter les communautés zooplanctoniques (Niimi,
2004 ; Strayer, 2012 ; Chan et al., 2012). Or, de telles introductions pourraient avoir de graves
conséquences socio-économiques et écologiques, notamment sur la biodiversité, avec une
perte probable de la richesse spécifique (Kennedy et al., 2002). Puisqu’ils peuvent conduire

a une uniformisation du systeme (Stachowicz et al., 2002a), les stress anthropiques et le
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réchauffement climatique constituent actuellement des sources d’inquictudes pour le
maintien de la biodiversité marine (Archambault et al., 2010). Aussi, il est urgent de mieux

décrire cette biodiversité afin de mieux la protéger.

BIODIVERSITE / ECOLOGIE

La biodiversité est formellement définie par la convention pour la diversite
biologique comme étant la « variabilité des organismes vivants de toute origine, incluant les
¢cosystemes terrestres, marins et autres écosystemes aquatiques et les complexes écologiques
dont ils font partie ; cela comprend la diversité au sein des especes et entre especes ainsi que
celle des écosystemes » (Convention sur la diversité biologique des Nations Unies de
Rio (CBD), 1992). Etudier cette biodiversité est particuliérement essentiel dans le contexte
des especes invasives, car elle influence le succes d’introduction des especes non indigenes,
et ce, en vertu du principe de résistance biotique. Celui-ci stipule que plus une communauté
est riche en especes, plus il est difficile pour une nouvelle espece de s’installer dans cette
communauté. Le succes des especes non indigenes devrait diminuer avec I’accroissement de
la richesse spécifique des communautés (Elton, 1958 ; Tilman, 1999 ; Stachowicz et al.,
2002b, Figure 6).

Communauté Communauté
riche Résistance pauvre
Saturation < >
o0
Perturbation

Figure 6 : Principe de résistance biotique d’Elton (image d’apres Beisel et Levesque, 2010)
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Cette hypothése peut étre combinée a celle sur la variabilité de I’environnement
(fluctuating resource availability) considérant que si une grande quantité de ressources
n’est pas utilisée, cela pourrait favoriser I’introduction d’espéces non indigénes (Davis et al.,
2000). Dans un tel contexte, I’homogeénéisation du systeme précédemment évoqué, et donc
la perte de diversité qui lui est liée, pourrait conduire a une diminution du pouvoir de
protection des communautés de I’Arctique contre les invasions (Kennedy et al., 2002). De
plus, ce succes d’introduction devrait augmenter avec le principe de I’effet boule de neige
(invasional meltdown) (Simberloff et Von Holle, 1999). En effet, Simberloff et Von Holle
(1999) émettaient I’hypothese qu’une espéce introduite peut jouer le role de catalyseur pour
de nouvelles especes dans cet écosystéme qui deviendrait plus perméable. En d’autres termes,
une espece introduite peut favoriser 1’introduction d’une deuxiéme espéce non indigene via
un bénéfice direct ou indirect (Figure 7) (Beisel et Levesque, 2010). Ensuite, ces especes

pourront a leur tour permettre 1’introduction d’une nouvelle espéce, etc.

LLLLLLL
@

/ Ecosystéme

L

Invasion <

Effet direct /\ Effet indirect

Bénéfice pour un autre invasif Predgteur d myaSIfs
: : Proies potentielles
(plus de nourriture, abris)

. _4

Figure 7 : Hypothése de 1’effet boule de neige de Simberloff et Von Holle (1999). 1) Tout
écosysteme finira par contenir une espece non indigéne. 2) Cette espéce peut permettre
I’introduction d’une autre espéce non indigéne par un effet direct ou indirect. Graphique de
Beisel et Levesque, 2010

Le succeés d’une espece non indigéne peut également tre expliqué par I’hypothese

du relachement des pressions biotiques (enemy release hypothesis ou escape from
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natural enemies hypothesis). Cette hypothése indique I’avantage d’une espéce non indigéne
dans son nouvel environnement par 1’absence de compétitions, prédateurs, pathogénes et de
parasites (Colautti et al., 2004 ; Beisel et Levesque, 2010). Le facteur temps est également
tres important. Carlton (2009) a dit qu'a un moment donné, “certaines espéces sont dans les
premiers stades de I'établissement, et peuvent ne pas étre détectees jusqu'a ce que plusieurs
générations se reproduisent”, souvent de 1’ordre de plus de 10 ans (Barbault et
Atramentowicz, 2010). Ainsi, cela peut conduire a la détection de leur introduction de
seulement des années aprés qu'un vecteur est censé étre sous contrdle (Carlton, 2009).
Finalement, une derniére hypothese, celle de la chaise vide (Taylor et Irwin, 2004) ou
I’opportunité de niches (niche opportunity ; Shea et Chesson, 2002) supposant que les
écosystemes dégradés par ’homme pourraient favoriser 1’établissement d’espéces non
indigenes par leur meilleure résistance a cet environnement altéré ou bien elles pourraient
étre mieux adaptées aux conditions nouvelles par rapport aux espéces indigénes (Beisel et
Levesque, 2010). Ces effets pourront se faire ressentir differemment selon la position
géographique des sites considérés. En effet, diverses etudes men¢es depuis plus d’un siecle
établissent une diminution de la biodiversit¢ selon un gradient latitudinal des regions

équatoriales vers les poles (Rex et al., 1993 ; Rosenzweig, 1995).

Ainsi, les facteurs d’introduction d’une espece non indigéne sont multiples et
complexes. L’ouvrage réalisé par Tassin (2014) révele que ces especes non indigenes
« n’interviennent rarement seules, mais constituent plutét une forme d’aboutissement de
changements préalables de I’environnement liés a I’activité humaine ». En conséquence,
pour pouvoir estimer la résistance des communautés de I’ Arctique canadien a I’introduction
de nouvelles especes et le succes de ces dernieres, il est essentiel de prendre en considération
le réchauffement climatique, le trafic maritime, le gradient latitudinal de la diversité, la
pression de propagule, les parameétres environnementaux et les bases de données historiques

et actuelles sur le zooplancton.



15

ETUDE DE REFERENCE SUR LE ZOOPLANCTON

Le manque de base de donnees et de clés taxonomiques inadéquates peuvent
entrainer des changements non détectés liés a la composition de la communauté marine et
aux populations existantes d'especes indigenes. Ainsi, pour définir si une espece est nouvelle
dans une zone donnée et permettre une détection précoce, une base de référence est nécessaire
(NISC, 2003). Locke et al. (2009) ont suggére I'¢laboration d'un inventaire biologique pour
établir une étude de référence sur les especes indigenes et non indigénes. Cela permet pour
cette phase de détection, une réaction rapide aux especes non indigénes. Il est essentiel de
savoir quelles espéces étaient présentes pour mieux déterminer les nouvelles espéces
présentes. Le zooplancton dans la région cétiere de I'Arctique canadien est peu étudié
(Grainger et al., 1962 ; Cusson et al., 2007 ; Archambault et al., 2010). Cela souligne
I'importance de I'échantillonnage et de la surveillance des zones a haut risque telles que les
ports. Ainsi, pour comprendre les impacts futurs (glace de mer, exploitation des ressources
et trafic maritime, réchauffement climatique, especes non indigenes, etc) sur les
communautés de zooplancton, une étude de référence est nécessaire pour déterminer les
espéces présentes. Cela augmentera la capacité de détection précoce des espéces non
indigenes et permettra de suivre les changements dans les communautés. C'est pourguoi
I'objectif principal de cette étude était d'établir une base de référence a jour sur le zooplancton
cotier de I’ Arctique canadien, la région ou l'activité maritime est la plus importante dans le
Nord Canadien (Chan et al., 2012). En effet, il s'agit une analyse détaillée et comparative de
la biodiversité et de la composition taxonomique des especes indigénes et non indigenes
actuelles de zooplancton dans les quatre ports de 1’Arctique canadien les plus actifs :
Churchill (Manitoba), Baie Déception (Québec), Igaluit (Nunavut) et Milne Inlet (Nunavut).
Selon I’¢tude de chan et al. (2012), ces ports recevaient la plus grande quantité¢ d’eau de
ballast de navires canadiens et ou internationaux et avaient le trafic maritime le plus
important. Ces ports ont été sélectionnés pour les perturbations anticipées sur le zooplancton
en raison du réchauffement climatique, de l'augmentation du trafic maritime et de

I'exploitation des ressources. De plus, les écosystémes cotiers sont particuliérement sensibles
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a la biointroduction en raison des contributions élevées des propagules provenant des eaux
de ballast des navires (Cohen et Carlton, 1998 ; Ruiz et al., 2000 ; Verling et al., 2005).

OBJECTIFS DE LARECHERCHE

L’objectif général de cette étude était d'établir une base de référence a jour sur le
zooplancton cotier de 1’ Arctique canadien, consistant en une analyse détaillée et comparative
de la biodiversité et de la composition taxonomique des especes indigénes et non indigenes

actuelles de zooplancton dans les quatre ports de 1’ Arctique canadien les plus actifs.
Dans ce contexte, les objectifs spécifiques et les hypothéses de cette étude étaient :

Objectif 1: Comparer les listes d'especes obtenues a partir de cette étude de référence
réalisée durant trois étés de 2015 a 2017 dans les ports de 1’ Arctique canadiens les plus actifs
et a risque avec des données historiques afin de déterminer leur origine (espéces indigenes,
espéces non indigénes ou cryptogéniques). Egalement, d'analyser les modéles de distribution
des nouvelles especes afin de déterminer si une nouvelle espece est mieux expliquée par un
effort d’échantillonnages accru, une introduction dans les eaux de mer, des extensions de
I'habitat ou d’autres vecteurs. Les futures études de référence dans cette région pourront
comparer leur liste d'espéces avec cette étude et voir si les espéces échantillonnées sont
nouvelles ou non dans la région. De cette facon, cette étude de référence a jour aidera a
identifier les especes non indigénes et pourrait améliorer la détection précoce, permettant
potentiellement une prévention rapide des nouvelles introductions d’espéces de zooplancton

dans I’ Arctique canadien.

Hypotheses 1.1 : Le nombre d'espéces non indigenes devrait étre plus elevé dans le port de
Churchill, en raison de la différence des activités maritime entre les ports ou Churchill était
le port le plus fréquenté, sa température plus élevée et la plus grande période libre avant

I'échantillonnage que dans les trois autres ports.
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Objectifs 2 : Déterminer et comparer la diversité et I'abondance des communautés de

mésozooplancton au sein et entre les 4 ports de 1’ Arctique canadien.

Cela permet d'évaluer la résistance biotique potentielle de chaque site ainsi que les facteurs
environnementaux qui ont la plus forte influence sur la composition des communautés. Cela
permettra de mieux estimer la biodiversité et d’identifier les régions les plus vulnérables a

I'introduction de nouvelles especes.

Objectifs 3 : Comparer les données saisonnieres des communautés de zooplancton des ports
de Churchill (2014 et 2015) et de la Baie Déception (2014, 2015 et 2016). Il est intéressant
d'avoir plusieurs mois d'échantillonnage et sur plusieurs années pour savoir s'il y a des
différences dans la composition des communautés, et si nous avons échantillonné au bon
moment pour cette étude et ainsi pouvoir améliorer les échantillonnages futurs et mieux

comprendre les communautés zooplanctoniques de I’ Arctique canadien.

Obijectifs 4 : Comparer la liste des especes de communautés de zooplancton des eaux de
ballast, incluant les especes non indigenes potentielles, des navires domestiques et
internationaux qui ont été dans les ports de Churchill et de la Baie Déception de 2013 et 2014
avec la base de référence du zooplancton de chaque port. Cela permettra de connaitre les
vecteurs et les voies d’entrée impliqués dans I’introductions de certaines especes. De
permettre de réfléchir aux échecs de ces introductions et améliorer la prévention pour éviter

de futurs établissements

Hypothéses 4.1 : Les especes non indigénes présentes dans I'eau de ballast de ces navires se

retrouvent également dans ces ports.
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CHAPITRE 1: ESTABLISHING AN UP-TO-DATE BASELINE OF
ZOOPLANKTON TO DETECT NON-INDIGENOUS SPECIES IN
CANADIAN ARCTIC PORTS IN VIEW OF INCREASED SHIPPING AND
GLOBAL WARMING

1. INTRODUCTION

Over the last century, the Canadian Arctic has experienced warming of up to two to
three times faster than the rest of the world (IPCC, 2007; Hoegh-Guldberg and Bruno, 2010).
According to satellite data collected over the last 39 years (from 1979 to the present), the
average annual Arctic sea ice extent has decreased by approximately 3.5 to 4.1% per decade
(IPCC, 2013). This decline will increase the duration of the shipping season and the number
of new seaways in the Canadian Arctic. The shift to a greater use of Arctic shipping routes,
particularly the Northwest passage through the Canadian Arctic, was predicted to occur by
the mid 21% century (Loeng et al., 2005; Smith and Stephenson, 2013). These new routes
connecting the Atlantic Ocean to the Pacific Ocean are shorter than established routes and
will have a significant economic benefit, which will undeniably increase the shipping traffic
(Niimi 2004; Smith and Stephenson, 2013). At the same time, according to Gavrilchuk and
Lesage (2014), resource exploitation in the Arctic will increase. A significant factor in this
increase is the proposed development in the short term of more than 25 exploratory projects
(e.g. mining, oil and large-scale infrastructure projects), which are estimated to be operational
by 2020. Combined with existing mines, such activities would represent up to 433 shipments
per year (Gavrilchuk and Lesage, 2014). The combined impact of these changes is likely to
increase shipping traffic in the Canadian Arctic considerably. In the past decade alone, there

has already been a doubling in the number of transits in this region (Guy and Laserre, 2016).
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As ships are the main vector for the introduction of non-indigenous species through ballast
water and hull biofouling (Ruiz et al., 2000; Molnar et al., 2008; Chan et al., 2012), it is
expected that with increasing shipping traffic in the Arctic, the risk of introduction of non-
indigenous species will also increase. In addition to increasing accessibility for vessels, rising
temperatures in the Arctic region will create more favorable environmental conditions for
temperate species. This might also favor the establishment of non-indigenous species (Niimi,
2004; Strayer, 2012; Chan et al., 2012). One of the main groups introduced in this way is
zooplankton. These new non-indigenous zooplankton species may have an impact on the

indigenous zooplankton communities.

When new species in the zooplankton community are discovered, they can be either
1) indigenous to a given region, but not previously described, or 2) introduced and thus
having a non-indigenous status (Carlton and Geller, 1993; Petersen, 1999). In some cases,
the status of species may be uncertain, particularly where limited surveys have been
conducted. For example, they could be either indigenous or non-indigenous, otherwise
termed ‘cryptogenic’, due to the lack of baseline information on historical ranges, as is the
case for large parts of the Canadian Arctic Coast (Carlton and Geller 1993; Carlton, 1996;
Ruiz et al., 1997). In the case of the current study, species origin is defined as resulting from
“increased survey effort” (ISE) in cases when they are found for the first time in the ports but
present elsewhere in the neighboring Arctic regions. In addition, for this species no evidence
of introduction was found (e.g. through shipping pathways) from its known distribution to
the ports where it was found suggesting that this species is likely indigenous (Goldsmit et
al., 2014). Riuz et al. (1997) and Bax et al. (2001) showed that the extent of invasion of non-
indigenous species is always greater than the estimate made in a given region due to the
taxonomical challenges in identifying early life stages and poorly known taxa. It is estimated
that “91% of marine species in the ocean still await description” (Mora et al., 2011) and of
the world's oceans, the Arctic Ocean is the one which is least sampled (Arctic Council, 2009).
Few studies have been conducted on zooplankton on the Arctic coast of Canada (Grainger et
al., 1962; Cusson et al., 2007; Archambault et al., 2010). The latter represents more than
70% of the Canadian coast, which is the largest in the world (Archambault et al., 2010).
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Considering the coastal extent in the Canadian Arctic, this region might be at high risk of

future introduction of non-indigenous species.

The introduction of new species can have serious socio-economic and ecological
consequences, particularly on biodiversity, with a potential loss of richness and diversity
(Kennedy et al., 2002). This may be particularly problematic when combined with other
anthropogenic stressors (e.g. pollution, climate change, noise, other introductions caused by
ships) that are of concern for marine biodiversity (Archambault et al., 2010). According to
the “anthropogenic empty chair” hypothesis, ecosystems that suffer from human degradation
could promote the establishment of non-indigenous species through a better resistance to
altered environments, or a higher level of adaptation to new conditions compared to
indigenous species. These disturbed environments can create new niches left vacant by
indigenous species and might therefore be occupied by non-indigenous species (Taylor and

Irwin, 2004; Meyerson and Mooney, 2007).

Studying biodiversity is particularly relevant in the context of species invasions.
According to the principle of biotic resistance, it is expected that the success of introducing
non-indigenous species to a new location will depend on its biodiversity. Namely, the higher
the species richness, the more difficult it is for a new species to settle in that community.
Hence, greater species richness in a community should result in a decrease in the total
availability of resources, reducing the success of the establishment and invasion of non-
indigenous species (Elton, 1958; Tilman, 1999; Stachowicz et al., 2002a). On the other hand,
the success of establishment is expected to increase through the principle of the invasional
meltdown (Simberloff and VVon Holle, 1999). The latter stipulates that an introduced species
may favour the introduction of further non-indigenous species via a direct or indirect benefit
(Ricciardi, 2001; Adams et al., 2003). In this context, the homogenization of ecosystems in
addition to the loss of diversity, could lead to decreased biotic resistance of Arctic
communities against invasion. This effect can vary depending on the geographic position and

associated environmental conditions/habitat of the sites considered. Several studies
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established a decrease in biodiversity along a latitudinal gradient from equatorial regions to
the poles (Rosenzweig, 1995; Brown, 1998; Campbell et al., 2007).

To better predict the relative potential for the resistance of Canadian Arctic
communities to the introduction and invasion success of non-indigenous species, it is
essential to consider global warming, marine traffic, sea ice cover, the latitudinal gradient of
biodiversity and historical information on zooplankton distributions and communities. In
fact, a lack of baseline data and inadequate taxonomic information can lead to undetected
changes related to the composition of indigenous marine communities. Thus, to determine
changes in indigenous species (density and distribution) or to define whether a species is new
to an area and improve early detection, a baseline is needed (NISC, 2003). In this respect,
Locke and Hanson (2009) developed a rapid response plan for before and after the
introduction of non-indigenous aquatic species into Canada. This plan is composed of
different steps, including the detection phase where the availability of basic information on
the status of species (indigenous, non-indigenous or cryptogenic) is crucial. Such baseline
helps to facilitate early detection and potentially a rapid response for the management of, or
adaptation to, the invasion of non-indigenous species. It is essential to know which species
are present, before being able to determine newcomers. Given that zooplankton communities
in the coastal region of the Canadian Arctic are not subject to in-depth studies, it becomes
important to sample, monitor and build a baseline database especially in high-risk areas, such

as ports.

To understand the future factors impacting zooplankton communities (sea ice,
resource exploitation, shipping traffic, global warming, non-indigenous species, etc.),
baseline studies are needed to determine current species composition. This will not only
increase our ability to detect non-indigenous species, but also to monitor changes in the
indigenous zooplankton communities. The main objective of this study is to establish an up-
to-date baseline of Arctic coastal zooplankton and evaluate how these communities vary
across the eastern Canadian Arctic, which is the region with the highest level of shipping

activity in Canada’s north (Chan et al., 2012). More specifically, this study aims to conduct



23

a detailed comparative analysis of the biodiversity and taxonomic composition of the current
indigenous and non-indigenous species in coastal areas in the vicinity of the four most active
Canadian Arctic ports: Churchill (Manitoba), Deception Bay (Quebec), Igaluit (Nunavut)
and Milne Inlet (Nunavut) and also in Wager Bay (Nunavut). These ports were selected for
the anticipated disturbance to zooplankton due to global warming, increased shipping traffic
and resource exploitation. Moreover, coastal ecosystems are particularly vulnerable to bio-
introduction due to the potential for high levels of contribution of non-indigenous propagules
resulting from ships’ ballast water (Cohen et Carlton 1998; Ruiz et al., 2000; Verling et al.,
2005), which may contain a high density of diverse organisms (Cordell et al., 2009).

In this context, the specific objectives of this study were:

1) To compare species obtained from the present baseline study conducted over 3 summers
from 2015 to 2017 in the most active and high risk Canadian Arctic ports with historical data
to determine their origin (indigenous, non-indigenous or Cryptogenic), and to analyse
patterns of distribution for new species to evaluate if appearances are best explained by
increased survey effort (ISE), shipping introduction, range expansions or other vectors.
Future baseline studies in this region will be able to compare their list of species with this
study and see if the sampled species are new in the region or not, which will allow them to
provide further updates to this study. Thus, this up-to-date baseline will help identify non-
indigenous species that have the potential for being introduced via shipping and which may
improve early detection and prevention of the introduction of zooplankton species in the

Canadian Arctic.

2) To determine and compare the diversity and density of the mesozooplankton communities
within and among the four most active Canadian Arctic ports.
This allows for assessment of the potential biotic resistance of each site as well as to the

environmental factors that have the strongest influence on the composition of communities.
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This will improve biodiversity estimation, and to identify the most vulnerable regions to the

introduction of new species.

3) To compare seasonal data of zooplankton communities from the ports of Churchill and
Deception Bay from 2014, 2015 and 2016. There is significant value in having access to
several months of sampling conducted over several years to know if there are differences in
the composition of communities, and if the samples were taken at the correct time for the
purposes of this study. Such information can help to improve future sampling.

4) To compare species lists of zooplankton communities from ballast water (including the
presence of potential non-indigenous species) of national and international ships that visited
the ports of Churchill and Deception Bay in 2013 and 2014 with the baseline zooplankton
communities of each port. This can potentially identify the vector and pathway involved in

the introduction of certain species and may identify if introductions have been successful.

2. METHODS

2.1. STUDY AREA

A previous risk assessment identified Churchill, Milne Inlet and Deception Bay as
the top three ports receiving the greatest volume of ballast water discharge by international
vessels, while Churchill, Deception Bay and Iqgaluit received the greatest volume of ballast
discharge from domestic coastal vessels and had the highest number of international shipping
arrivals between 2005 and 2008 (Chan et al., 2012). Milne Inlet, a new port which started
shipping iron ore in 2015, currently supports the largest shipping program (by volume) ever
conducted in the Canadian Arctic. This port is located near Pond Inlet, the community which
has experienced the greatest increase in vessel activity for this region, almost tripling the
traffic over the past two decades (since 1990-2000), largely related to iron ore export for the
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mine, but also to expanding tourism (Dawson et al., 2018). All of these ports, with the
exception of Churchill which was recently closed from 2016 to 2018, are among those that
had the greatest increases in vessel traffic in recent years (2011-2015) relative to baseline
levels from 1990-2000 (Dawson et al., 2018; Maclntosh, 2018).

In addition to the above described focal ports, further sampling data were
opportunistically collected from Wager Bay (Nunavut) in the Hudson Complex (Fig. 8)
through a collaborative project with Parks Canada and Fisheries and Oceans Canada. Wager
Bay is part of the recently established Ukkusiksalik National Park and in a region of high
mineral deposits, so there is a significant amount of prospecting and a number of active
mineral claims and leases in the area. The bay has the potential to be a major future entry
point for tourism and a marine corridor for export of mineral resources just outside of the
park. However, little is known about the existing marine fauna. Only one known baseline
study exists (Stewart and Howland, 2009). Thus, this area is of interest for assessing potential
future effects of proposed shipping activity on biodiversity and will add to our knowledge of

zooplankton species distributions in the Canadian Arctic.
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Figure 8: Sampling map of the five Canadian ports: Churchill, Deception Bay, Igaluit, Milne
Inlet and Wager Bay

Churchill’s port (CH) is situated on the South-Western coast of Hudson Bay (Fig. 8). Hudson
Bay is linked to the Labrador Sea via Hudson Strait and the Northwest Passage via Foxe
Basin. Water properties are dependent on incoming saltwater from these two zones and
freshwater input from the continent (e.g., the Churchill and Nelson Rivers) and the meltwater
from sea ice in spring and summer (Saucier et al., 2004). Hudson Bay covers a surface area
of 1 million km? with an average depth of 150 m (Saucier et al., 2004; Séguin et al., 2005).
It is also the warmest area of the Canadian Arctic and predicted to have suitable habitat for

several high-risk invaders with potential for introduction via shipping (Goldsmit et al., 2014,
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Goldsmit et al., 2018). Until recently, the Port of Churchill was the largest international deep-
water port in northern Canada (Arctic-Council, 2009; Ruffilli, 2011) mostly transporting
grain, ore and other nonperishable products (Niimi, 2004). This port is also the shortest
maritime route between Canada and Europe (Canadian Government, 2013) and is directly
linked to the North American Railway (Arctic-Council, 2009). Its strategic position made it
the most active port in the Canadian Arctic, with the largest number of arriving ships (average
of 18 international vessels per year) and the largest untreated annual volume of ballast water
discharge (mean of 157, 675 + 19, 409 m®) from 2005 to 2008 (Chan et al., 2012). Hence,
Churchill was classified as the port with the highest risk of biological introduction during
this time period (Chan et al., 2012). However, in 2016 Omnitrax Inc., closed the Port of
Churchill resulting in a severe reduction in shipping activity (Kives, 2017). Nevertheless, this
port has just reopened this November 2018 with the help of federal government money and
the Arctic Gateway Group (Maclntosh, 2018).

Deception Bay (BD) opens into Hudson Strait in northern Quebec (Fig. 8) and is part
of the Ungava Pit, which contains exceptionally large quantities of iron, copper and
especially nickel (Arctic Council, 2009). The Deception Bay port has been operated by
Raglan mine since 1997 and receives merchant vessels, mainly from Quebec (Arctic Council,
2009), with the bulk of port activity associated with the export of minerals (2.9 Mt of minerals
were exported in 2014; Gavrilchuk et Lesage, 2014). An annual average of 9.5+ 1.5 and 8.8
+ 4.2 merchant vessels from domestic and international ports, respectively, arrived at DB
from 2005 to 2008 (Chan et al., 2012). This represented 60,144 + 11,852 m? of non-treated
ballast water discharge from domestic vessels and 8,069 + 4,020 m® from international
vessels (Chan et al., 2012). Deception Bay was also shown to have a high abiotic similarity
with a large number of its origin ports, thereby increasing the likelihood of survival for

introduced non-indigenous species (Chan et al., 2012).

Iqaluit’s port (1Q) is located on the South-East end of Baffin Island in Frobisher Bay,
on a spur route along the main shipping corridor for vessels entering the Arctic from Eastern
Canada (Goldsmit et al., 2014; Stewart et al., 2015) (Fig. 8). This port is characterized by
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one of the highest tidal ranges in the world (Arctic Council, 2009), with tides attaining more
than 13 m (Ellis and Wilse, 1961). Activities in the Port of Igaluit are diverse, including dry
cargo shipping, petroleum shipping, fisheries, activities by tourism cruise ships and coast
guard, military and research vessels. Among these, several have significantly increased since
the 1980s, particularly marine activities related to oil and gas exploration, and tourism
(Aarluk Consulting Inc. et al., 2005). The Federal Government and other shareholders have
plans to improve the infrastructure and deepen the port by 2020 (CBC news, 2016) which
may affect future levels of shipping activity at this location. lgaluit was found to have a high
level of international and domestic coastal merchants as well as international non-merchant
vessel arrivals, placing it among the top ports in the Canadian Arctic for invasion risk via
hull fouling in a study by Chan et al., (2012). They found mean values (+ SE) for the annual
number of arrivals of international merchant and non-merchant vessels were 12.00 + 1.08,
and 9.25 + 1.60, respectively, while domestic coastal merchant vessels were 15.00 + 1.87,
between the 2005 and 2008.

Milne Inlet’s port (MI) is located on North Baffin Island, Nunavut (Fig. 8), at the
highest latitude among the ports included in this study. It is a new international, deep-water
port, developed by Baffinland Mines primarily for the export of the rich iron ore deposits
located in the Mary River region (Frizzell, 2017). This development has become the largest
ever Canadian High Arctic shipping operation with a total of 4.1 Mt of ore transported by 56
vessels in 2017 (Frizzell, 2017; Baffinland, 2018). This port is projected to experience a
continued strong increase in the maritime traffic if it progresses toward full production
(Gavrilchuk and Lesage, 2014) and thus risk for modification of the biodiversity would be
expected to increase. Indeed, at least one non-indigenous species, one a well know ship-
mediated benthic invader (Corophium insidiosum), have recently been detected in this port
(Golder, 2018).
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2.2. FIELD SAMPLING

Spatially extensive sampling at all ports was conducted during the August ice-free period
over a three-year time span as part of a larger study (Churchill and Igaluit, 2015, N=10
stations/port; Deception Bay, 2016, N=10 stations; Milne Inlet, 2017, N=11 stations; Wager
Bay, 2017, N=5 stations). Stations were randomly distributed within a 20-kilometre radius

of each port in nearshore waters ranging from 10-20 m at chart datum (Fig. 9).
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Figure 9 : Maps of samples showing all the stations in red at the 4 ports (Churchill, Deception Bay, Igaluit and Milne Inlet)



Additional samples collected throughout the open water shipping season at two of the
ports (Churchill and Deception Bay) were also available from an earlier study that examined
plankton communities in ballast water of arriving vessels. These included both dockside port
samples (CH :2014, N=13; DB: 2014 and 2015, N=8) as well as samples collected from
ballast tanks of arriving vessels (for detailed methodology see Laget (2017) and Tremblay
(2017)). The inclusion of these samples provided an opportunity for improving understanding
of seasonal changes in zooplankton composition and comparing taxa in the port environment

to those transported in the ballast of vessels for these two locations.



32

2.2.1 ENVIRONMENTAL VARIABLES

Physicochemical data, including depth (m), temperature (°C), salinity (PSU),
pressure (decibar) and density (kg.m) from the water column were collected via continuous
vertical profiles from the surface to a maximum depth of 29 m using CTD probes (© Seabird
Electronics SBE_19 Plus V1 for CH, DB and 1Q and ©CastAway for MI). Geographic
coordinates were recorded from a GPS (°Garmin GPSMAP® 78s). The duration of ice-free
periods before the zooplankton sampling were determined for each port using ice archives
from the Government of Canada

(http://icewebl.cis.ec.gc.ca/Archive/pagel.xhtml?lang=en).

2.2.2 ZOOPLANKTON COLLECTION

Zooplankton samples were collected using two types of zooplankton conic nets
(®Nitex). At each port station, vertical net tows (80pum mesh size, towed at 1m/s) and oblique
tows (250pum mesh size, 3 min/tow at 2-3 km/hr) were conducted throughout the entire water
column. Only vertical tows (80pum mesh) were used for dockside and ballast water sampling.
Volume of filtered water for vertical nets was calculated based on the cylinder of water
sampled (opening of the net multiplied by tow depth), while the volume of filtered water for
oblique towing was obtained by a flowmeter (®General Oceanics) installed on the 250pm
net. Following collection, jellyfish and other macrozooplankon (generally >2mm) were
picked out of samples, placed in a separate container for preservation and a subset of
representative specimens were photographed for reference. All remaining organisms were
immediately preserved in 95% ethanol which was drained and replenished after 24 hours to

ensure adequate preservation.


http://iceweb1.cis.ec.gc.ca/Archive/page1.xhtml?lang=en
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2.3 TAXONOMIC ANALYSES

2.3.1 IDENTIFICATION AND ENUMERATION OF ZOOPLANKTON

Zooplankton identification was performed by traditional taxonomy. All organisms
larger than 15 mm were removed from the base samples for identification. Sub-samples of
remaining material were made using the beaker splitting technique due to the high density of
captured organisms (Van Guelpen et al., 1982). This method was selected based on an
evaluation of accuracy, precision and speed of several zooplankton subsampling techniques.
A minimum of 200 to 300 individuals/sample were identified by viewing them under a
©Leica MZ7.5 or Olympus SZH binocular microscope. The adult and copepodite stages of
pelagic copepods were identified down to species and stages while their nauplius stage were
identified down to subclass, and benthic copepods to order. For non-copepod plankton,
larvae and adults were identified at the lowest possible taxonomic level. To find rare species,
a relative fraction 8 times larger than the original fraction was sorted. This means that if 200
to 300 organisms were identified from a sub-sampled fraction of 1/16, the rare species check

was done on a fraction of 1/2.

2.3.2 EVALUATING PAST DISTRIBUTIONS AND ORIGINS OF IDENTIFIED
ZOOPLANKTON

Following the approach outlined in Goldsmit et al., (2014), five categories, based on Arctic
marine ecoregions defined by Spalding et al., (2007), were used to evaluate past distribution
records of the species and genera found in surveyed ports (Fig. 10). They were considered to

have previously been found:

1) "within region": if there were previous records in the same marine ecoregion as the port

of study.

2) in "surrounding region™: if there were no previous records for the exact ecoregion where

the port is situated, but there were previous records from adjacent marine ecoregions.
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3) in “Arctic outside region”: the distribution of species is known in another non-adjacent

marine ecoregion of the Canadian Arctic.

4) in "circumpolar/ circumboreal”: wider distribution of species across the Arctic but not

found previously “within region” or in the “surrounding region”.

5) in "wider distribution, including Arctic": if known to have a wider and more extensive
distribution (e.g., including temperate regions) that includes the Arctic, but that were not

previously found “within region” or in the “surrounding region”.

This categorization of previously known distribution patterns helped in deducing the sources
of new species records (i.e., expanding range distributions, introductions into a given area or

improved sampling effort (Spalding et al., 2007, Goldsmit et al., (2014).
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Figure 10: Arctic map showing the 19 Arctic marine ecoregions used to evaluate known patterns of distribution for species
identified in the study: 1 : North Greenland, 2 : North and East Iceland, 3 : East Greenland Shelf, 4 : West Greenland Shelf, 5 :
Northern Grand Banks—Southern Labrador, 6 : Northern Labrador, 7 : Baffin Bay—Davis Strait, 8 : Hudson Complex, 9 :
Lancaster Sound, 10 : High Arctic Archipelago, 11: Beaufort-Amundsen—Viscount-Melville-Queen Maud, 12 : Beaufort Sea—
continental coast and shelves, 13: Chukchi Sea, 14 : Eastern Bering Sea, 15 : East Siberian Sea, 16 : Laptev Sea, 17 : Kara Sea,
18 : North and East Barents Sean, 19 : White Sea. (from Spalding et al., 2007). These ecoregions were used to develop 5
categories for describing closest records of the species found in the surveyed ports: 1) within region, 2) surrounding region, 3)
Arctic outside region, 4) circumpolar / circumboreal, 5) wider distribution, including Arctic (after Goldsmit, 2014)



All identified specimens were compared with a recently compiled Arctic Canadian database
of historical species records (Table 1), to evaluate their status/probable origin as indigenous
species (IS), non-indigenous species (NIS), Cryptogenic (Cr) higher taxa present (X),
increased survey effort (ISE). To distinguish it from indigenous species, non-indigenous
species, even if they are the result of an ISE, have been placed in the category of non-
indigenous species (NIS). However, in most cases, taxa that were new to a particular port
ecoregion, but had already been registered in the adjacent surrounding areas and elsewhere
in the Arctic, were assumed to be the result of increased survey effort. Notes that higher taxa
are considered indigenous to the Arctic without going into detail as is the case with species
or genus because the origin could not be determined. Additional information sources utilized
included online databases (Ocean Biogeographic Information System (OBIS, 2018), Sea Life
Base (SLB, Palomares and Pauly, 2018), and Arctic Ocean Diversity (AOD, Sirenko et al.,

2018)) as well as consulting with specialists for various taxa.

Table 1: List of all references used to compare temporal changes in species presence using a
comprehensive historical database of zooplankton species in the Canadian Arctic.

References

References

Apollonio et al. (2013)
Auel and Hagen (2002)
Cairns et al. (2003)

Carlton et al. (1993)
Casas-Monroy (2014)
Chain et al. (2016)

Cusson et al. (2007)
Dawson et al. (2005)
Estrada et al. (2012)
Harvey et al. (2001)
Hopcroft (2016)

Horner et al. (1985)
Goldsmit et al. (2016)
Grainger et al. (1962)
Grainger and Dunbar (2011)
II’inskii and Zavolokin (2011)
Jorgensen et al. (2016)

Kennedy et al. (2010)
Kosobokovaet al. (2010)
Lewis et al. (1987)

Lewis and Sameoto (1987)
Miller et al. (2013)

Miyake et al. (2002)

Nelson (2014)

Pomerleau et al. (2011)
Razouls et al. (2008-2018)
Roy (2014)

Ruiz et al. (2000)

Turgeon et al. (1998)

Van Guelpen (2016)

Wacasey et al. (1980)

Arctic Ocean Diversity (AOD)
Ocean Biogeographic Information System (OBIS)
Sea Life Base (SLB)
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2.4 DATA ANALYSIS

The data from the two nets (80 and 250um) were analysed separately, as both nets
were not deployed in the same way. The 80um net was a vertical and the 250um an oblique
net, so that the volume filtered differed. The two different mesh sizes were chosen to cover
the size range of mesozooplankton and its developmental stage getting representative sample
sizes. An exception was made where species were compared among ports with presence-
absence data. All indices and statistical tests were conducted with PRIMER v7 (Plymouth
Routines in Multivariate Ecological Research) software package (Clarke and Gorley, 2006)
using the zooplankton taxa listed in Table 1. The level of significance used for all tests was
P <0.05.

2.4.1 COMPARISONS OF ABUNDANCE AND DIVERSITY AMONG PORTS
Mean (+ Standard error) zooplankton density (individuals.m), and three indices of
diversity: species richness (1), Shannon’s diversity (2) and Pielou’s eveness (3) were
calculated and compared among ports using analyses of variance (ANOVA) with post-hoc
pairwise tests to determine which ports differed for:
(1) species richness (total number species present), species and higher taxa were
included, however higher taxa were only used when there was no overlap with other
species.

(2) Shannon’s diversity index:
S
H’=-> Pi * In (P
i=1
where Pj is the proportion of the total count arising from the ith taxonomic categories

(Shannon, 1948; Clarke and Warwick, 2001).

(3) Pielou’s evenness index, which expresses how evenly the individuals are distributed

among the different taxonomic categories (J’ = H’/Log(S)), where S is the total

number of species.
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2.4.2: COMPARISON OF COMMUNITY COMPOSITION AND
ENVIRONMENTAL DRIVERS AMONG PORTS

For all comparisons of community composition among ports, data were presence-
absence transformed prior to analyses to minimize the potential effect of variation in timing
of the ice-free season in different ports and years which could modify the zooplankton
abundance. The Bray Curtis index (Bray and Curtis, 1957, Magurran, 1988) was employed
to evaluate and compare the similarity of the zooplankton community composition among
ports. Similarity of percentage (SIMPER) analyses were used to identify which species
contributed the most to the differences among samples and ports (Clarke, 1993). In this
analysis, the ratio of the average similarity and standard deviation (Sim / SD) provides a
measure of the contribution of each taxon to the variance among communities. Values greater
than 1 are representative of taxa which consistently contribute the most to the differences
among communities in a given set of samples, while taxa with Sim / SD less than 1 do not
contribute systematically to variation among communities (Mckenzie et al., 2011). Analysis
of similarity (ANOSIM) tests were utilized to evaluate statistical differences between
zooplankton communities among ports (Clarke and Green, 1988). This R-value ranged from
-1 to 1, with -1 indicating large intra-group (port) differences, zero indicating no difference

and 1 indicating largely inter-group differences (Clarke and Warwick, 2001).

After correlation tests (Draftman), a DistLM analysis and visualization with RDA plots were
performed to evaluate the relative influence of different environmental parameters on
community composition. The DistLM analysis was used with the BEST procedure which is
designed to find the combination of environmental variables that, together, result in
resemblance among samples whose rank order best matches the rank order of the inter-
sample resemblance arising from biological (species) data (Clarke et Warwick, 2001; Clarke
et Gorley, 2006). A total of 7 environmental parameters matched and were used in this
analysis: euphotic depth (Depth mid), Depth bottom, surface Salinity, surface T, DIFP
(number of days between the first day without ice cover and the day of sampling) and Depth

VAIS (depth of maximum Brunt-Vaissala frequency; maximum values of VAIS matched
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with the pycnocline and were thus used as a proxy of the degree of stratification at each
station to determine the depth of the mixed layer). The statistical significance of the
relationship between zooplankton taxonomic composition and environmental variables was
determined using Monte Carlo permutation tests (999 unrestricted permutations). Regarding
the comparison of community composition and environmental drivers within ports, the same
analyses were used to compare communities within each port, however data were square root
transformed density to increase the influence of rare species. The euphotic depth was
determined using a the Secchi disk, it corresponded to approximately twice the depth of the
Secchi depth.

2.4.3: SEASONAL COMPARISON OF ZOOPLANKTON COMMUNITIES IN
PORTS

Similarities between samples of the zooplankton communities among months and
years within the ports of Churchill (August, September and October 2014; August 2015) and
Deception Bay (June, July and October 2014; June, July, August, October 2015; August
2016) were estimated and compared using the Bray Curtis similarity metric, applied after
presence absence transformation of the data to increase the influence of rare taxa. A
hierarchical cluster analysis using group average linkage (CLUSTER) was applied to the
resemblance matrix in order to compare groupings by month and year based on species
composition. For each analysis, a maximum of 9999 permutations were done. In order to
visualize the clustering of samples from Bray-Curtis similarity matrices, non-metric
multidimensional scaling ("nMDS) ordinations were produced (Kruskal et al., 1978). It is

important to note that historical port data were only sampled with a vertical tow (80um).

24.4. COMPARISON OF ZOOPLANKTON AND BALLAST WATER
COMMUNITIES IN THE PORTS OF CHURCHILL AND DECEPTION BAY
A table was composed to compare lists of zooplankton taxa found in ballast water,

including potential non-indigenous species, from domestic and international vessels that
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visited Churchill and Deception Bay ports in 2013 and 2014, with each zooplankton data
found at the ports of Churchill and Deception Bay.

3. RESULTS

3.1 STATUS AND GENERAL CHARACTERISTICS OF ZOOPLANKTON OF
CANADIAN ARCTIC PORTS:

In total we found 98 taxa comprising 69 species, 7 genera and 22 higher taxa from
surveys in the five ports of Churchill (CH), Wager Bay (WB), Deception Bay (DB), Igaluit
(IQ) and Milne Inlet (MI) (Fig. 9). Among the indigenous species, 65,6% were previously
found “within port” (i.e., in the port itself or within the same ecoregion as the port) while
20% of species had not been previously recorded “within port”. Most of these new records
were categorized as having been found due to increased survey effort (ISE). These new
recordings were found previously in other areas of the Arctic, either in the "surrounding
region” of the ports sampled, the "Arctic outside region", the "circumpolar-circumboreal”
region or a "wider distribution including the Arctic". 13,1% of species could not be
definitively categorized as indigenous or non-indigenous because their range distribution is
unknown or poorly described and were thus considered cryptogenic, while 1,3% of species
(N=2) appear to have been introduced from outside their ranges of distribution and were thus
considered non-indigenous. These two non-indigenous species were present in Churchill
only: the rainbow smelt Osmerus mordax and the jellyfish Aurelia limbata (Table 2).
Osmerus mordax was found in each station (with oblique tow only) with a mean of 1.9 ind.m"
3 per station. This species was more abundant at stations near the mouth of the river (5, 6, 7
and 8). Aurelia limbata was found in each station (with oblique tow and also vertical tow for
CH10) except CH1 and CHS8, with low density (0.1 ind.m™; Fig. 9).
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Some species were only present in one port, with 7, 2, 10, 8 and 19 species only found
in CH, WB, DB, 1Q and MI respectively (Table 2). In general, the majority of taxa (58%)
were Crustacea (CH=51%, WB=62%, DB=54%, 1Q=68%, M1=58%) followed by Cnidaria
(CH=15%, WB=10%, DB=18%, 1Q=5%, MI=10%) and Mollusca (CH=5%, WB=6%,
DB=1%, 1Q=7%, MI=8%) (Fig. 11, Table 2). For some taxa, the limitation of traditional
taxonomy prevented us from identifying organisms at the species level even if their density
was high in these ports. For example, juvenile annelids, echinoderm larva, harpacticoid
copepods and nauplii could only be identified at higher taxonomic levels. All taxa
accumulation curves based on number of samples for each port (CH, WB, DB, 1Q, MlI)
reached an asymptote suggesting that the sampling effort was sufficient to determine species
richness at these Arctic ports, with the exception of Wager Bay due to the low number of

samples (Fig. 12)



Table 2 : Inventory of all mesozooplankton taxa identified at the lowest taxonomic level in 5 Canadian Arctic ports : Churchill
2015 (CH), Wager Bay 2016 (WB), Deception Bay 2016 (DB), Igaluit 2015 (1Q) and Milne Inlet 2017 (MI) with the
biogeographical origin of each taxon : indigenous species (IS), non-indigenous species (NIS), increased survey effort (ISE),
Higher taxa (X) or cryptogenic (Cr). The pattern of distribution of species have been described by 19 Arctic ecoregions from
Spalding 2007: 1) North Greenland , 2) North and East Iceland, 3) East Greenland Shelf , 4) West Greenland Shelf , 5) Northern
Grand Banks—Southern Labrador, 6) Northern Labrador, 7) Baffin Bay—Davis Strait, 8) Hudson Complex, 9) Lancaster Sound,
10) High Arctic Archipelago, 11) Beaufort—-Amundsen—Viscount-Melville—Queen Maud, 12) Beaufort Sea—continental coast
and shelves, 13) Chukchi Sea, 14) Eastern Bering Sea, 15) East Siberian Sea, 16) Laptev Sea, 17) Kara Sea, 18) North and East
Barents Sean, 19) White Sea.



s::;:::;:lfm Class Higher taxa / Genus / Species | CH ( WB | DB | IQ | MI D]m:t:?::i::ﬂe m References
Annelida Annelida (juvenile) X X X X X OBIS
Annelida Polychaeta Erinaceusyllis erinaceus 15 4,.5,6,16 OBIS; Wacasey ef al ., 1980; Cusson ef al ., 2007
Annelida Polychaeta Myrianida prolifer IS 6,8, 18 OBIS; Goldsmit et al., 2016
Bryozoa Bryozoa (larvea) X OBIS
Bryozoa Stenolaemata |Cyclostomatida X OBIS,
Chaetognatha Chaetognatha X X X X X OBIS
Cnidana Hydrozoa Aglantha digitale IS 15 IS |2,4-15,17-19 OBIS; SLB; Caims ef al ., 2003; Apollonio efal ., 2013
Cnidaria Hydrozoa Bougainvillia sp. IS IS IS 1-19 OBIS, Grainger et al., 1962
Cnidana Hydrozoa Catablema vesicarium ISE ISE ISE [11,17,1R8 AOD
Cnidana Hydrozoa Euphysa flammea IS 6,8, 11-15, 18,19 OBIS; AOD; SLB; Caims ef al , 2003
Cnidaria Hydrozoa Euphysa sp. Cr 9-12 OBIS,
Cnidana Hydrozoa Halitholus cirratus ISE |6, 8, 10-14,17 OBIS; AOD; Grainger ef al . 1962; HORNER er af ., 1985
Cnidana Hydrozoa Hybocodon prolifer 15 6,8, 14,17-19 OBIS, Grainger et al ., 1962
Cnidara Hydrozoa Melicertum octocostatum ISE 5. 11,13 AOD
Cnidana Hydrozoa Mitrocomella polydiademata IS 817 OBIS; SLB; Caims er al ., 2003
Cnidaria Hydrozoa Obelia spp. IS 8 OBIS; Ruiz ef af ., 2000, SLB
Cnidana Hydrozoa Sarsia princeps ISE (1,5,6,12,13,16-18 ORBIS
Cnidaria Hydrozoa Sarsia tubulosa IS IS 5,.6,8,12-14, 18,19 AOD; SLB; Graingerer al ., 1962; Caims et al ., 2003
Cnidaria Hydrozoa Aeginopsis laurentii IS IS IS |7-13,15-19 OBIS; SLB; AOD; Harvey et al., 2001; Caims et al ., 2003
Cnidaria Scyphozoa Chrysaora sp. Cr OBIS; AOD
Cnidaria Scyphozoa Cyanea capillata IS IS |5-8, 11-14,18 ORBIS; AOD; Caims erf al ., 2003
Cnidaria Scyphozoa Aurelia limbata NIS 14 OBIS; A{_)D; Miyake et al ., 2002; Dawson et al ., 2005; II"inskii et
Zavolokin, 2011
Crustacea Cirmripedia Cimipedia (larvea) X X X X X |8 Harvey er al ., 2001
Crustacea Branchiopoeda |Bosmina sp. IS | ISE | ISE |& unpublished data (Kim, 2017)
Crustacea Branchiopoeda |Chydoridae X
Crustacea Branchiopoeda |Daphnia longiremis Cr 12 OBIS
Crustacea Branchiopeda |Eubosmina spp. Cr
Crustacea Branchiopeda |Sida crystallina Cr 17 OBIS
Crustacea Copepoda Acanthocyclops robustus robustus Cr [no data
Crustacea Copepoda Acartia hudsonica IS ISE SLB; kennedy et al ., 2010; unpublished data (Kim, 2017)
Crustacea Copepoda Acartia longiremis IS IS IS IS IS |6-10 2‘&(?1[; B e
Crustacea Copepoda Calanus finmarchicus IS IS IS IS IS |all (2)[:31[:’ AOD; Harvey et al , 2001; Estrada et af , 2012; Apollonio,
Crustacea Copepoda Calanus glacialis IS IS IS IS |3-19 LA L LT DA s TE e Sl B

2013
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s::;:::;:lfm Class Higher taxa / Genus / Species | CH ( WB | DB | IQ | MI D]m:t:?::i::ﬂe m References

Crustacea Copepoda Calanus hyperboreus IS IS |4-7,9-13,16-18 OBIS; AOD; Auel et Hagen, 2002

Crustacea Copepoda Centropages abhdominalis IS ISE 4.8, 11-15 OBIS; Carlton et af ., 1993; Estrada et al ., 2012

Crustacea Copepoda Centropages hamaitus IS ISE 5,8, 13,17-19 OBIS; Harvey et al ., 2001; Estrada et al ., 2012

Crustacea Copepoda Euchaeta sp. Cr

Crustacea Copepoda Eurytemora herdmani IS ISE g 11,12,13-14 Grainger ef al ., 1962; Estrada et al ., 2012

Crustacea Copepoda Harpacticoida spp. IS IS IS IS IS |1-19 SLB; Grainger et al ., 1962; unpublished data (Kim, 2017)

Crustacea Copepoda Heterorhabdus norvegicus IS [1,4-6,10-12, 14-18 OBIS; Hopcroft, 2016; Kosobokova ef af ., 2007

Crustacea Copepoda Limnocalanus grimaldii Cr |11,12,17 OBIS

Crustacea Copepoda Metridia longa 15 15 IS |2-13,15-19 OBIS; AOD; Harvey ef al., 2001; Apollonio, 2013

Crustacea Copepoda Paracalanus parvus Cr 6,7 OBIS

Crustacea Copepoda Microcalanus spp. IS IS 5-12 Pomerleau et al., 2011

Crustacea Copepoda Microsetella norvegica IS | ISE | IS | ISE | ISE |3.5,8,9,12,13,15-19 |OBIS: Razouls ef af ., 2008-2018, unpublished data (Kim, 2017)

Crustacea Copepoda Cithona atlantica 15 IS [4-7.9,10,14,17-19 OBIS; SLB; Kosobokova er al ., 2010; Pomerleau ef af ., 2011
OBIS; SLB; Grainger et al ., 1962; Lewis ef al ., 1987; Pomerleau

Crustacea Copepoda Oithona similis IS IS IS IS IS |2-19 et al ., 2011; Estrada et al ., 2012; Apollonie, 2013; Chainetal.,
2016

Crustacea Copepoda Psendocalanus spp. IS IS IS IS IS |1-19 Harvey et al ., 2001; Grainger et al ., 1962; Pomerleau ef af , 2011

Crustacea Copepoda Psendodiaptomus pelagicus Cr no data OBIS; Van Guelpen, 2016

Crustacea Copepoda Stephos arcticus Cr |9 EOL; Razouls ef af ., 2005-2015

Crustacea Copepoda Temora longicornis Cr Cr 1,2,4,5,9,17-19 OBIS; Milleref al ., 2013

Crustacea Copepoda Tortanus discaudatus Cr Cr Cr (12-13 SLB; Razouls et al., 2005-2015

. . . OBIS; Grainger et al ., 1962; Kosobokowva et al ., 2010; Estrada et

Crustacea Copepoda Triconia borealis 15 IS 15 IS [3-19 al.,2012; Apollonio et al., 2012

Crustacea Malacostraca  |Apherusa glacialis ISE 1,8,9,12,15-18 OBIS; Grainger ef al ., 1962; Lewis et Sameoto, 1987

Crustacea Malacostraca |Apherusa megalops IS 15 IS (4,6-9,12 OBIS; Milleref al ., 2013

Crustacea Malacostraca |Candea X X

Crustacea Malacostraca |Euphausiacea X X

Crustacea Malacostraca |Eusindae X

Crustacea Malacostraca  |Gammarus wilkitzki IS IS | ISE [3,6,8,11,12,18 OBIS; Grainger ef al ., 1962

Crustacea Malacostraca |Hardametopa carinata IS 7.8 OBIS; Grainger et Dunbar 2011; Geldsmut ef af ., 2016

Crustacea Malacostraca |Hvas araneus ISE ISE 6, 18,19 ORBIS

Crustacea Malacostraca  |Hyperia galba ISE ISE (6,8,9,12-15,17-19 OBIS; Grainger et al ., 1962; Roy, 2014

Crustacea Malacostraca |Hyperoche medusarum ISE (5.6,8,9,11-18 OBIS; Grainger et al ., 1962,

Crustacea Malacostraca  |Ischyrocerus spp. Cr

Crustacea Malacostraca  |Isopoda (juvenile) X X X X X
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s::::;?;; Class Higher taxa / Genus / Species | CH | WB | DB | 1Q | MI D“m::::;::ﬁ““ References
Crustacea Malacostraca |Lebbeus polaris IS [2,5-8,12,18 OBIS; SLB; Grainger et al., 1962: Miller er al ., 2013
Crustacea Malacostraca  |Munna kroyer: IS 6,11 ORBIS; SLB; Cusson et al ., 2007
Crustacea Malacostraca |Mysida X X
Crustacea Malacostraca | Mysis oculata IS | ISE | ISE | ISE (1,6,8,9,12,13,15-19 |OBIS; Graingeref al ., 1962; Van Guelpen et al ., 2016
Crustacea Malacostraca | Mysis litoralis IS |8 11-13,17 ORIS; SLB; Cusson et al ., 2007; Miller ef al, 2013
Crustacea Malacostraca  |Onisimus litoralis ISE IS IS |3,6,8,12, 14,15, 18, 19|OBIS; SLB; Grainger et al ., 1962; Cusson ef al ., 2007
Crustacea Malacostraca |Parapleustes bicuspis IS 3,4,6,8 18,19 OBIS; SLB; Cusson et af ., 2007
Crustacea Malacostraca | Themisto gaudichaudii ISE 36,8, 18 OBIS; Grainger et al ., 1962; Lewis et Sameoto, 1987
Crustacea Malacostraca |Themisto libellula IS 15 IS 15 IS [2-14,16-19 AOD; Percy, 1992; Harvey et al ., 2001; Estrada ef af ., 2012
Crustacea Malacostraca | Pleusymies glaber Cr |18, 19 OBIS
Crustacea Malacostraca  |Pleusymies pulchella 15 6, 11,18 OBIS; Wacasey ef al ., 2013; Miller et al ., 2013
Crustacea Malacostraca |Pontogeneia inermis IS 6,8 OBIS; SLB; Grainger et al ., 1962; Cusson ef af ., 2007
Crustacea Ostracoda Ostracoda X X
Ctenophora Ctenophora X X X X
Ctenophora  |Nuda Beroe sp. Cr Cr
Echinodermata Echinodermata (larvea) X X X X X |8 Estrada ef af ., 2012
Hexapoda Insecta Chironomidae X X X
Hexapoda Collembola X
Mollusca Bivalvia Bivalvia X X X X X
Mollusca Gastropoda Gastropoda X X X X X
Maollusca Gastropoda Gymnosomata X X
Mollusca Gastropoda Limacina helicina IS IS IS |3-7,9,11-14,17-19 OBIS; AOD; SLB; Turgeon ef al ., 1998; Jargensen ef al ., 2016
Mollusca Gastropoda Clione limacina IS IS |3-7,9,11-14,17-19 OBIS; AOD; SLB; Turgeon ef al ., 1998; Harvey et af ., 2001
Nematoda Mematoda X
Tardigrada Tardigrada X
Tunicata Ascidiacea Ascidiacea X X
Tunicata Appendicularia |Fritillaria borealis {larvea) IS | ISE | IS | ISE | ISE [4-7,9-19 ?K?E’;*’l';‘;“’m 14; Grainger ef al ., 1962, unpublished data
Tunicata Appendicularia |Oikopleura sp. (Larvea) IS | ISE | IS | ISE | I8 |5-12 Unpublished data (Kim, 2017), Pomerleau et al., 2011
Vertebrata Actinopterygii |Ammodytes sp. (juvenile) Cr
Vertebrata Actinopterygii |Boreogadus saida (juvenile) IS |2-18 OBIS; Grainger et al ., 1962; Nelson, 2014; Jergensen ef al., 2016
Vertebrata Actinopterygii |Gyvmnocanthus tricuspis (juvenile) IS |3-15,18 OBIS; Millerer af ., 2013
Vertebrata Actinopterygii |Mallotus villosus (juvenile) IS IS 3-14,18 OBIS; Van Guelpen, 2016; Estrada et al ., 2012
Vertebrata Actinopterygit |Osmerus mordax (juvenile) NIS 512,14 Obis; Casas-Monroy, 2014; Johnston et al., 2014
13 16 Total taxa : 98 39 | 29 | 50 | 41 | 59

Total higher taxa : 22 12 | 10 | 11 2 16

Total genus : 7 4 2 2 3 4

Total species : 69 22 [ 17 | 37T [ 29 | 39
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Figure 11: Phyla composition (presence/absence data) from the combined 80um and 250um
nets for the ports of Churchill (CH) Wager Bay (WB), Deception Bay (DB), Igaluit (1Q) and

Milne Inlet (MI)



47

40 -a) 80um

30 A

/
20 - ///g—f
=

10

Taxa

60 b) 250um

30 A
20 A
10 -

5 6 7 8 9 10 11
Number of samples

—
[\
w 4
N

Figure 12: Taxa accumulation curves for the total number of zooplankton taxa observed in
relation to the number of samples collected using a) 80um and b) 250um for the ports of
Churchill (CH), Wager Bay (WB), Igaluit (1Q) and Milne Inlet (MI)
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3.2 COMPARISONS OF ZOOPLANKTON DENSITY AND DIVERSITY AMONG
FOUR ARCTIC PORTS

3.2.1 VERTICAL TOW:

There was a negative latitudinal gradient of zooplankton density from Churchill to Milne
Inlet. The highest densities were present in Churchill (77312 + 13811 ind.m™®) and Deception
Bay (48231 + 7120 ind.m®), and these were significantly highest (4 times) from those in
Igaluit (5314 + 1681 ind.m®) and Milne Inlet (1659 + 525; ANOVA, p < 0.001; Pair-wise
tests, p < 0.001, Fig. 13a). In contrast, Milne Inlet, the northermost location, had the highest
mean species richness (20.6 + 0.6 species port?) and had the highest maximal species
richness (S =36), whereas Churchill, the southernmost location, showed the lowest maximal
species richness (S = 29; ANOVA, p<0.001; Pair-wise tests, p < 0.001, Fig. 13c) relative to
other ports. This low species richness was mainly due to the high numbers of larvae that
could not be identified to the species level. The Shannon indices at Deception Bay and at
Milne Inlet were significantly higher than the ones at Churchill and at lgaluit (ANOVA,
Fshannon = 9.956, p < 0.001; Pair-wise tests, p < 0.001, Fig. 13e), while Pielou evenness was
low and similar among all ports (ANOVA, Fpielou = 2.415, p =0.08).

3.2.2 OBLIQUE TOW:

The patterns of diversity and abundance of zooplankton were more variable in the 250
pum mesh net and did not follow a clear latitudinal gradient as seen for the 80 um mesh nets.
Generally, species composition was more homogeneously distributed with lower abundances
at Deception Bay, Igaluit and Milne Inlet as compared to Churchill. The highest density was
found in Churchill (5281 + 1664 ind.m), at more than five times that of the other ports and
the lowest density was found in Deception Bay (131 + 26 ind.m™3; ANOVA, p < 0.001; Pair-
wise tests p < 0.001; Fig. 13b). Deception Bay and Milne Inlet had the highest mean species
richness (25.7 £ 1 and 24.9 + 1 species per station) compared to other ports (ANOVA, p <
0.001; Pair-wise tests, p < 0.001, Fig. 13d). The highest maximal species richness per port
was found in Milne Inlet (S =56) and the lowest at Churchill (S = 36) (Fig. 13d). The Shannon
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index and Pielou evenness were highest at Milne Inlet and lowest at Churchill with the
Shannon index twice as low as Milne Inlet (ANOVA, Fshannon =26.56, Fpielou = 22.5, all p
<0.001; Pair-wise tests, all p < 0.001). (Fig. 13f).
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Figure 13: Diversity measures of the mesozooplankton community (MZP) of the 80um net
(left side panels) and the 250um net (right side panels). a-b) the mean total density; c-d) the
species richness and e-f) the diversity of the 4 ports: Churchill (CH), Deception Bay (DB),
Igaluit (1Q) and Milne Inlet (MI). The dots represent Max species richness per port. For the
biodiversity indices, Shannon's index is presented in black and the Pilou evenness in grey.
Error bars represent standard error.
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3.3 COMPARISON OF COMMUNITY COMPOSITION AND ENVIRONMENTAL
DRIVERS AMONG PORTS

Community composition clearly differed among the 4 ports with environmental
parameters explaining 48% of the total variance in the zooplankton communities. There was
less variation in species composition within ports than among ports (dbRDA, Fig. 14). The
Churchill zooplankton community was characterized by the warmest temperatures most
likely because Churchill is the southernmost port located on Hudson Bay which warms
relatively quickly due to extensive shallow water habitat. Indeed this port had the highest
number of ice-free days (51d) before sampling took place (Table 3) and lowest average
bottom depth. The zooplankton community of Deception Bay was differentiated by having
lower bottom depth and lower salinity, Igaluit by the highest salinities, coldest temperatures
and the shortest ice-free period, and Milne Inlet by the greatest bottom depth and colder
temperatures. A latitudinal gradient of decreasing temperature was present from Churchill to
Milne Inlet, with the exception of Igaluit which showed the coldest temperatures due to
shortest ice-free period before sampling (Table 3). It should however be noted that ice break-
up for this location occurred unusually late (by approximately 1 month) in 2015 (K. Howland,

personal communication).
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Figure 14: Distance-based redundancy analysis (dbRDA) of MZP based on taxonomic
composition in relation to environmental variables (blue vectors) for all sites per port
(Presence/absence; p < 0.05; 9999 permutations). The first two RDA axes explained 48% of

the variance

Table 3: Ice-free period before the zooplankton sampling, reference : Ice archive of the
government of Canada (http://icewebl.cis.ec.gc.ca/Archive/pagel.xhtml?lang=en)

Port sampling Start of sea ice free Start sampling Ice free period before sampling
Churchill 2015 June 22 2015 August 11 2015 51 days
Deception Bay 2016 July 52016 August 19 2016 45 days
Iqaluit 2015 August 8 2015 August 18 2015 10 days
Milne Inlet 2017 July 29 2017 August 12 2017 14 days



http://iceweb1.cis.ec.gc.ca/Archive/page1.xhtml?lang=en
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The MZP community of all ports differed significantly (ANOSIM, global R=0.93; p <
0.05; Table 4). Differences among communities in ports were driven by the following key
species: a high proportion of sites at port of Churchill had Osmerus mordax, Acartia
hudsonica and Aurelia limbata, while those at Deception Bay had Aeginopsis laurentii,
Euphausiacea,Aglantha digitale, those in Igaluit had Metridia longa and this one at Milne
Inlet had Calanus hyperboreus(Table 4).

Table 4: Pairwise average dissimilarity between Canadian Arctic ports : Churchill (CH),
Deception Bay (DB), Igaluit (1Q) and Milne Inlet (MI) based on presence absence data.



53

Ports Average dissimilarity Taxa Av.Abund | Av.Abund | Av.Sim Sim/SD | Contrib% | Cum.%

CH-DB 43.03 % CH DB
Aeginopsis laurentii o 1 2,12 15,68 4493 4493
Aglantha digitale L] 1 2,12 15,68 493 ST
Calanus glaciaiis o 1 2,12 15,68 493 14,8
Euphausizcea o 1 2,12 15,68 493 1974
Crsmernus mordax 1 o 2,12 15,68 493 24,67
Acartia hudsanica 1 0.z 1.74 195 404 28,71
Calanus finmarchicus 0l o9 1.74 21 403 32,74
Chaetognatha 2 1 171 197 ER 36,71
Aurelia limbata LR o 1.7 .97 3% 40,67
Triconia harealis o 0.8 1.7 197 354 4461
Mysis ocufata o 0.7 1.48 1.51 343 48,03
Mitrocomella pofvdiademata 0 0.7 1.46 1.51 339 44
Ervozoa 0.6 o 1,28 121 296 344
Catablema vesicarium 04 1 126 121 292 3733
Harpacticoida spp. 0.5 1 .06 059 247 9.8
Euryvtemaora herdmani 0.5 2 1.03 0.5 243 62,2
Ctenaphora 0.6 0.7 098 042 228 04,51
Bougainvitlia sp. oy 0.0 091 054 212 06,63
Isopoda 2 04 091 0,55 2.1 H,74
Clikoplenra sp. [IX] 1 .86 081 2 074

CH-1Q) 53.18 % CH (0]
Acariia hudsaonica 1 0 2,38 1341 486 486
Mertridia fonga 0 | 2,38 13,41 4,80 972
Crsmerns mordax 1 o 2,58 13,41 4,86 14,58
Calanus glacialis o 09 2,35 292 442 19
Bougainvillia sp. 09 o 2,33 291 439 23,39
Tricania harealis ] 09 231 29 435 2774
Centrapages atdamingalis 0.5 o 209 197 394 31,68
Aurelia limbara 0.5 ] 208 196 ERYS 35,58
Fritillaria harealis 1 2 207 196 389 3947
Calanus hyperhoreus o 0.8 2,02 .97 379 43,27
Isopoda 2 0.9 1,92 166 362 46,55
Calanus finmarchicus 0.1 0.8 188 167 333 042
Themisto libellula 0.1 .7 169 138 317 33,39
Brvozoa 0.6 o 1,55 121 292 36,51
Ctenophora 0.6 o 1.54 1.21 289 39,41
Gastropoda 0.6 0.3 1.3 0499 243 61,85
Harpacticoida spp. 0.3 1 1.3 045 2, 04,29
Crithana atkantica o 0.3 1.28 LA 241 66,7
Chaetognatha 2 0.5 127 0499 238 9,08
Eurviemora herdmani 0.5 a 1.26 099 236 71,44

CH-MI 52.70 % CH MI
Acariia hudsonica 1 0 20 15,18 381 3,81
Aglantha digitafe 0 | 2,01 15,18 3,81 7.03
Calanus glaciaiis o 1 2,01 15,18 3,81 11,44
Calanus fvperboreus o 1 2,01 15,18 3,81 15,25
Crsmernus mordax 1 o 2,01 15,18 3,81 19,06
Aeginopsis laurentii o 091 .85 3.1 3.51 2257
Calanus finmarchicus 0l 1 1.82 293 345 26,02
Bougainvitlia sp. oy o 1§81 292 344 29406
Gyvmnosomata o 0,52 1.63 209 EXIC) 32,55
Centropages abdominalis 0.8 o 1.62 .97 308 33,63
Chaetognatha 2 1 1,62 197 EXIE LR
Isopoda 2 1 1,62 197 307 4177
Aurelia limbara 0.8 o 16l 197 3,06 44,82
Mysis litoralis o 0,73 147 162 2,78 47,61
Triconia borealis o 0,73 145 161 274 30,35
Ammaodytes sp. o 0,73 1.44 1.61 274 33,09
Heroe sp. ] 0,64 2% 1.31 2, 33,53
Brvozoa 0.6 ] 121 121 229 57,82
Catatlema vesicarium 04 0,64 1035 1035 2 34982
Harpacticoida spp. 0.3 1 101 0ue 1.91 61,73
Eurytemora herdmani 0.3 o 0,98 059 .86 63,59
Limacing helicing 0 .43 091 LU 1,72 63,32
Clione fimacing L] 0,43 09 LAY 171 67,03
Ostraceda 0.3 0,36 0,59 0,59 168 68,71
Mysida 0 0,45 0,56 0,91 164 70,35
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Ports Average dissimilarity Taxa AviAbund | Av.Abund | Av.Sim Sim/SD | Contrib% | Cum.%

DE-1Q 43.21 %a DB IQ
Aeginapsis laurentii 1 i 217 12 31 502 5,02
Catablema vesicarium 1 i 217 12 31 502 10,04
Euphausizcea 1 i 217 12,31 502 15,06
Metridia fonga o 1 217 12,31 502 20,08
Centropages abdaminalis oy o 1.95 259 4.5 2459
Fritiflaria borealis 1 0.2 1.74 1.96 402 28,61
Aglantha digitale 1 0.2 1.74 1.96 402 32,62
Calanus hvperbarenus o .5 L7 197 394 36,56
Ctenophora 07 o 1.5 1.5 LX) 40,03
Mitracametla padvdiademata 07 o 149 1.5 343 4348
Msis geulata 07 .1 143 137 331 46,79
Themisto fivellida 02 07 1.34 1.26 EX) 49 88
Isopoda 04 (A 1.2% 116 298 32,86
Bougaimvillia sp. 0.6 ] 128 1.21 293 3382
Chaetognatha 1 0.3 L1l 099 2,38 SLE
Gastropoda 1 0.3 L1l 059 2,37 60,96
Cithana atlantica 0 0.3 108§ 0,99 23 63,46
Bivalvia 1 0.6 0.9 0.81 2,07 63,33
Micrasetella norvegica 1 0.6 0,58 0,81 2,04 67,38
Hyperia galba 04 0 0,88 0.81 2,03 69,61
Microcalanus spp. i .4 1,83 051 1.96 71,38

DB-MI 3LT% DB MI
Calanus hvperboreus i 1 1.75 13,99 3,33 3,33
Euphausiacea 1 L] 1.75 13,99 535 10,69
Centropages abdominalis oy i 157 291 4.8 15,49
Gyvmnosonmata .1 0,52 1.31 173 4 19,49
Mysis fitoralis L] 0,73 128 1,61 ER 23,39
Ammadytes sp. o 0,73 1.26 1.61 3,85 2724
Mitracometla paivdiagdemata 07y o 1.21 1,51 3,69 30,92
Mysis aeulara 07 009 LG 1,39 354 34,46
Isopoda 04 1 La7 1.21 328 37,74
Berae sp. 0.1 0.64 La7 1.24 327 41,02
Bougainvillia sp. 0.6 o 103 1.21 3le 4407
Limacina heficing 03 045 0,54 0.9 257 46,74
Cliane limacing 1 0,43 0.8 0492 246 492
Hyperia galha 04 0.27 0.8 0y 2, 31,63
Mysida 0.1 0,43 078 0,92 2,38 34,03
Themisto fibellida 2 0,27 0,63 0,73 1,98 36,01
Triconia borealis 0.8 0,73 0,64 0,73 1,97 3798
Carablema vesicarium 1 0,64 0,64 0,73 1,96 39,94
Limnocalanus grimaldii 0 0,36 0,64 0,73 1,93 G6l,89
Ostraceda 0 0,36 0,62 0,75 1.91 638
Boreogadus saida 0 0,36 0,62 0,73 1,91 63,71
Ctenophora o7 081 .0 0,71 1.54 67,50
Acartia langiremis oy 0,73 0,56 0,68 L7 64,26
Musis oculata i 027 047 0,61 1.44 J0.7

1Q-MI 40.11 %a 1Q MI
Aeginapgis laurentii o 091 159 306 471 471
Ctenophora o 091 185 305 4,61 931
Gyvmnosonmata o 0,52 166 208 414 13,46
Aglantha digitale 0.2 1 1.64 1.96 409 17,55
Fritiflaria borealis 0.2 1 164 1.96 409 21,64
Metridia fonga 1 027 1.51 Lo 3,76 2339
Mysis fitoralis L] 0,73 L3 161 3,73 29,12
Ammaodyies sp. o 0,73 147 1.6 367 3z
Beroe sp. ] 0.64 131 1.31 327 36,07
Carahlema vesicarium ] 0,64 13 13 323 393
Themisto fitellila 0.7 0.27 LY L1y 297 412
Chaetognatha 0.3 1 1.03 099 2,62 449
Gastropoda 0.3 1 1,03 059 2.61 47,31
Cithana atlantica 0,3 0,18 1,02 0,99 2,33 30,05
Limacing helicing 0,1 0,435 0935 049z 2,36 Jz4l
Clligne fimacing 0 0,45 092 0% 2,29 34,71
Mysida 0 0,43 0,88 0.9 22 36,9
Bivalvia [LXi] 1 0,83 0.81 2,11 39,01
Microsetella norvegica [IX0] 1 0,83 0,51 2,08 Gl.0%
Microcalanus spp. 04 i 0.5 0,51 2 63,09
Limnacatanus grimaldii i 0,36 0,75 0,75 187 64,50
Ostracoda L] 0.36 0,73 0,75 1.82 66,78
Boreagadus safda o 0,36 0,73 075 1,52 [iLX{]
Tricania barealis o4 0,73 0,67 0,68 1.67 J027
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3.4 COMPARISON OF COMMUNITY COMPOSITION AND ENVIRONMENTAL
DRIVERS WITHIN PORTS

3.4.1 CHURCHILL :

For vertical tows (80pum mesh size net), the average similarity of all stations was
69.24%. This similarity was mainly due to two copepods: Oithona similis (36.66%),
Pseudocalanus spp. (25.45%) and one class of annelids: polychaetes (9.25%, Table 5).
Variability in community structure (square root transformed) among vertical tow stations
was explained mainly by bottom depth (11%, Fig. 15a). Oblique tows (250pum mesh size net)
had an average similarity of 58.85%. Larvae of Echinoderms contributed to more than 50%
(52.91%) to the similarity among stations followed by Crustacea such as Pseudocalanus spp.
(11.21%) and Cirripedia (7.55%). Variability of the zooplankton community among oblique
stations was mainly explained by salinity (18.2%, dbRDA) as a gradient from CH1 to
CH2/CH10 was found with the lowest salinity in CH1, the station closest to the river (Fig.
15b; Fig. 9).

Table 5: Average similarity (SIMPER analysis) within each Canadian Arctic port : Churchill
(CH), Deception Bay (DB), Igaluit (IQ) and Milne Inlet (Ml), separately calculated for each
net A) 80pm net and B) 250um net) with square root transformed density.



A) Ports Average similarity Taxa Av.Abund| Av.Sim Sim/SD [Contrib% | Cum.%
CH 6924
Chithona similis 178.77 2338 352 36.66 36.66
FPseudocalanus spp. 130028 17.62 R} 2343 6211
Polvchaeta 32.63 0.4 2.23 823 7135
DB G841
Micrasetella norvegica 102.26 14.32 235 20,93 2093
Crithana similis §odl 13.95 5.05 2038 41.31
Harpacticaida spp. 13 94 208 13.74 5505
Bivalvia 500560 7105 318 113 0335
Gastropoda 2.72 3.01 1.79 7.32 12,67
1Q 7178
Freudocalanus spp. 12.9% 17.7% .23 2478 2478
Folvchaeta 13.53 17.62 499 24.33 4932
Cirripedia 13.69 13.58 27 217 7102
ML 027
Crithana similis 3093 2001 6.08 2848 2848
Bivalvia 14.62 728 259 1036 3884
FPseudocalanus spp. 12.7% .1 2 568 47,32
Chaetognatha LR 343 0.39 193 3525
Polvchaeta 963 il4 2.63 732 62,36
Cirripedia 3.08 3.03 2.67 4.31 00,87
Fritiftaria borealis 3.62 2.94 2.98 4.19 71.06
B) Ports Average similarity Taxa Av.Abund| Av.Sim Sim/SD [ Contrib% | Com.%
CH 58.85
Echinodermata R el L4 1.71 291 2.91
FPeeudacalanus spp. 11003 0.6 229 11.21 6412
Cirripedia 714 444 1.94 7.55 7167
DB 5737
Echinodernyata 0.32 13.23 187 23.06 23.00
Frititaria barealis 2.06 376 24 0.36 2901
FPeeudocalanus spp. 1.73 3.58 3H 6.24 3556
Qithong similis L.78 342 169 397 41.82
Chaetognatha 2.63 338 1.53 39 47.72
Gastropoda 1.97 333 254 38 5352
Cirripedia 1.55 328 2.0 572 5924
Aglantha digitale .46 ile 1.97 3.36 648
Calanus glacialis I.64 2.2 1.63 39 68.71
Aeginopsis laurentii 1.15 217 1.4 3.78 72.48
IQ 6841
FPeeudocalanus spp. 14.58 207 39 35.62 35.62
Cirripedia 11.62 13.54 2.33 233 5892
Acartia longiremis 3.83 1181 1.38 I18.6 771.53
ML 6046
Chaetognatha T.83 i.61 ER L 14.23 14.23
FPeeudocalanus spp. 6.88 7.71 245 273 26599
Calanus glacialis 6.32 7.71 433 12.73 T3
Carlanus finmarchicis iz 392 417 o8 449,53
Cirripedia .58 386 203 9.69 59.23
Fritilfaria harealis 276 352 il4 382 63.05
Chikapleura sp. 3 3.34 3.32 3.33 7038
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3.4.2 DECEPTION BAY :

At Deception Bay, the average similarity of all stations for vertical tows was 68.41%.
This similarity was mainly due to three copepods: Microsetella norvegica (20.93%), Oithona
similis (20.38%) and Harpacticoida spp. (13.74%) (Table 5). The zooplankton community
was relatively homogenous among stations and comprised largely Crustacea followed by
Mollusca. Oblique tows had an average similarity of 57.37%. with Echinoderma contributing
most to the similarity among stations followed by Fritillaria borealis (6.56%) and
Pseudocalanus spp. (6.24%). The variation of the community structure among stations was
explained mainly by surface salinity, bottom depth and stratification (VAIS). The stations
were relatively similar except DB7, the closest station to the river, which had the lowest
salinity (Fig. 15c-d; Fig. 9).

343 1QALUIT :

The MPZ community in Igaluit was quite similar among stations, showing the
highest average similarity of all ports at 71.78% and 68.41% for the vertical and oblique net
tows, respectively. This similarity was mainly due to 3 taxa: Pseudocalanus spp. (24.78%),
Polychaeta (24.55%) and Cirripedia (21.7%) in the case of vertical tows; and Pseudocalanus
spp. (36%), Cirripedia (23.3%) and Acartia longiremis (18.6%) for the obliques tows (Table
5). Surface water temperature explained a large part of the inter-station variance followed by

the bottom depth. A positive temperature gradient from 1Q7 to 1Q2/1Q4 was found (Fig. 15e).

3.4.4 MILNE INLET :

At Milne Inlet the average similarity of all stations was 70.27% and 60.46% for the
vertical and oblique tows (80 and 250um mesh sizes), respectively. This was mainly due to
Oithona similis (28.48%), Bivalvia (10.36%), and Pseudocalanus spp. (8.68%) in the vertical
tows; and Chaetognatha (14.23%) followed by Pseudocalanus spp. (12.75%) and Calanus
glacialis (12.75%) in the oblique tows (Table 5). Bottom depth, stratification (VAIS) and

surface salinity (Swp) explained a large part of the inter-station variance. The community
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structure was similar among stations except for MI17, which had the highest water surface
temperature (T°top), the highest stratification (VAIS) and the lowest surface salinity (Fig.

15g-h) as it was situated closest to the river.
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3.5 SEASONAL AND INTER-ANNUAL COMPARISON OF ZOOPLANKTON
COMMUNITIES IN PORTS

3.5.1 CHURCHILL

At the port of Churchill in 2014, a strong seasonal change in the density of zooplankton was
observed with the highest densities in August to September and the lowest in October (Fig.
16). Densities also varied substantially across years, with mean values in August 2015 that
ware at least 5 times higher than in August 2014 (Fig. 16). Seasonal variation in species
composition was also observed among different sampling months in 2014 and exceeded the
observed variability among stations in August 2015 (Fig. 17). Likewise, overall species
richness was higher in 2014 when there was greater temporal coverage (over 3 months) than
in 2015 when there was greater spatial coverage, but over a shorter time period (August only).
A total of 40 species were observed in 2014 including one non-indigenous species, the
copepod Eurytemora affinis, whereas 28 species were observed in 2015; only 17 of these
were the same in both years (Table 6). Although Eurytemora affinis was not observed in

2015, another non-native species, the Cnidarian Aurelia limbata was (Table 6).



62

~ 8000 - ; I
E
ge)
=
S 400 I
N 2014
2 m 2015
(7]
CIC) 20 .
O
1 . . .
August September October
Months

Figure 16: Variation in zooplankton densities in 80um plankton tows (y-axis in log scale) at
the port of Churchill from August to October (2014) and only in August in 2015
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Figure 17: Non-metric multidimensional scaling (MDS) ordination plot of mesozooplankton
community composition (Presence/absence transformed data for 80um plankton tows) from
the Churchill (CH) port. The numbers correspond to the number of each station in Churchill

in 2015

Table 6: Comparison of MZP (presence/absence data) of the ports and the ballast water at
Churchill and Deception Bay between 2013 and 2016.
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Port Port Ballast Ballast Port Port Port Ballast Ballast
CH CH CH CH DB DB DB DB DB
Taxa 2014 2015 2013 2014 2014 2015 2016 2013 2014
Acari 1 i 1 1 i 0 0 0 0

Acartia hudsonica
Acartia longiremis
Acartia sp.

Acartia tonsa
Aeginopsis laurentii
Aglantha digitale
Ascideacea
Asteroidea

Aurelia limbata
Beroe sp.

Bivalvia

Bosmina sp.
Bougainvilia sp.
Brachyura

Bryozoa

Calanus finmarchicus
Calanus glacialis
Calanus hyperboreus
Calocalanus pavo
Catablema vesicarium
Centropages hamatus
Centropages Sp.
Centropages typicus
Ceriodaphnia sp.
Chaetognatha
Chironomidae
Chydoridae
Cirripedia

Clione sp.
Collembola

Cnidaria

Copepoda
Ctenophora
Cyclopoida
Diaphanosoma sp.
Diptera

Dytiscidae
Echinodermata
Euchaeta sp.
Eukrohnia hamata
Euphausiacea
Euphysa sp.
Eurytemora affinis
Eurytemora herdmani
Eurytemora Sp.
Evadne nordmani
Fritifiaria borealis
Fritillaria sp.
Gammaridae
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Port Port Ballast Ballast Port Port Port Ballast Ballast
CH CH CH CH DB DB DB DB DB
Taxa 2014 2015 2013 2014 2014 2015 2016 2013 2014
Gastropoda 1 1 1 1 1
Harpacticoida
Hyperiidae
Invertebrate
Isopoda

Kellicottia longispina
Metridia fonga
Metridia lucens
Metridia sp.
Microcalanus pusillus
Microcalanus sp.
Microsetella nauplii
Microsetella novvegica
Mitrocomella polydiademata
Mysida

Nematoda

Neomysis americana
Obelia spp.
Oikopleura sp.
Oithona atlantica
Oithona similis
Oithona sp.

Oncaea borealis
Oncaea conifera
Oncaea sp.

Ostracoda
Faracalanus parvus
Paraeuchaeta norvegica
Parathemisto sp.
Pisces

Pleapis polyphemoides
Polychaeta
Pseudocalanus spp.
Pseudodiaptomous pelagicus
Pungitius pungitius
Rotifera spp.

Sagitta sp.
Scolecithricella minor
Temora longicomis
Themisto gaudichaudi
Themisto libellula
Thysanoessa Sp.
Triconia borealis
Triconia sp.
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3.5.2 DECEPTION BAY

Monthly and inter-annual variations in zooplankton densities were also observed in
Deception Bay (Fig. 18). Zooplankton densities were much lower in June than in the
following months, with maximum densities occurring either in July or August depending on
the year (Fig. 18). Three distinct groupings were observed for species composition: 1)
dockside samples from June 2014 and 2015 differed from each other and were clearly distinct
from all the other months; 2) dockside samples from all other months in 2014 and 2015
showed high similarity to each other; 3) the 10 spatially extensive samples from the August
2016 port survey were very similar in terms of species composition and distinct from
dockside samples collected in previous years (MDS, Fig. 19). A total of 24, 26 and 33 species
were found in 2014, 2015 and 2016, respectively, and only 13 species were similar among

these three years (Table 6).
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Figure 18: Variation in zooplankton density in 80um plankton tows from June to October in
the Deception Bay (DB) port in 2014, 2015, 2016
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Figure 19: Non-metric multidimensional scaling (MDS) ordination plot of mesozooplankton
community composition (presence/absence data for 80um plankton tows) from the port in
Deception Bay (DB), based on Bray-Curtis similarity. the numbers correspond to the number
of each station in Deception-Bay in 2016
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3.6 COMPARISON OF ZOOPLANKTON COMMUNITIES IN BALLAST WATER
OF ARRIVING VESSELS (2013-2014) AND THEIR RESPECTIVE PORTS OF
CHURCHILL (2015) AND DECEPTION BAY (2016)

At Churchill, ballast water from 28 ships (5 from domestic (Canadian) ports and 26 from
international ports) was sampled in 2013 and 2014. A total of 31 (2013) and 39 (2014) taxa
were detected in the ballast of arriving vessels, while 40 (2014) and 28 (2015) taxa were
detected in the port environment of Churchill. Three non-indigenous species were found in
samples from the ballast water tanks: Eurytemora affinis (2013), Centropages typicus (2013-
2014) and Neomysis americana (2014) (Table 6). Eurytemora affinis was also detected in
port samples in 2014, however none of these non-indigenous species were detected in 2015.
Other non-indigenous species Aurelia limbata and Osmerus mordax were detected in
samples from the Churchill port in 2015, but were not found in any ballast water samples
from arriving vessels. At Deception Bay, 12 ships (10 domestic and 2 international) were
sampled in 2013 and 2014. A total of 28 taxa were detected in the ballast water tanks in each
of both years, while 24 (2014), 26 (2015) and 33 (2016) taxa were detected in waters
surrounding the port of Deception Bay. Two non-indigenous species were found in ballast
water samples (2013): Acartia tonsa and Eurytemora affinis, but neither were detected in any
of the port samples (Table 6).
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4. DISCUSSION

4.1: ZOOPLANKTON BASELINE

This baseline study is the most complete and up-to-date account of indigenous and
non-indigenous zooplankton communities in coastal regions of the eastern Canadian Arctic.
We identified 69 species, 7 genera and 22 higher taxa, with Crustacea being the dominant
group (mainly copepods), followed by Cnidaria and Mollusca. This is consistent with an
earlier comprehensive review in eastern Canada (Archambault et al., 2010).

In this study, we compared new zooplankton data from five of the most active Canadian
Acrctic ports with historical data (OBIS, SBL, AOD and scientific literature (e.g. Grainger et
al., 1962; Cusson et al., 2007; Archambault et al., 2010; Table 1)) to identify new records.
Among the taxa identified, 20% can be regarded as new records in these ports and their
associated ecoregions. In some cases, their occurrence could be linked to introduction via
shipping or other vectors as discussed below. However, the majority of these new records
were likely not discovered earlier due to the low sampling effort in the ecoregion, and also
to misidentification or identification with poor taxonomic resolution (e.g., only to genus or
family, Goldsmit et al., 2014). These issues highlight the challenges of producing an adequate

baseline and detecting NIS, particularly in large, remote regions such as the Arctic.

Here, even though we only report on one season/year of comprehensive sampling for
each port, we have increased the number of known species considerably, which gives up a
valuable first step in the “pre-invasion planning” framework according to the rapid response
plan by Locke and Hanson (2009). Furthermore, our species accumulation curves plateaued
at a sample size of approximately seven, indicating that sampling effort at most ports (N=10
stations/port) provided a representative number of species for characterizing taxonomic
biodiversity within the spatial extent of this study (Fig. 12). Seasonal and interannual
variability in species composition likely exist (Questel et al., 2013; McKinstry and Campbell,
2018) as demonstrated in the ports of Churchill and Deception Bay, where some historical
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data was available, showing seasonal as well as inter-annual variations in zooplankton
communities (Fig. 16 to 19). Thus, it will be necessary to build on these findings with more
extensive monitoring and identification of new species (Locke and Hanson, 2009). Baseline
studies are best conducted over several years to ensure they are as comprehensive as possible
(Locke and Hanson, 2009).

Although our sampling efforts appeared adequate for the spatial scale covered at each
port, species accumulation curves can vary greatly with the level of taxonomic precision.
Species richness in this study most likely is even greater than what is described due to
challenges in sampling rare species, but especially due to the difficulty in identifying larval
stages of meroplankton (e.g. Echinodermata) and holoplankton as well as morphologically
similar or cryptic small species (e.g. Pseudocalanus spp., Dodson et al., 2010; Vasquez et
al., 2016). We concentrated most of our effort on the highly diverse and abundant
holoplankton group, the copepods, specifically calanoid and cyclopoid copepods in
accordance with time and budget constraints. However, other more challenging groups such
as meroplankton, that were mostly represented by early life stage were not identified to
species level.

With improved taxonomic accuracy, we would most likely increase species richness and
records of indigenous or non-indigenous species. Detection limitations of non-indigenous
species due to small size was recognized by Wyatt and Carlton (2002), who introduced the
concept of “smalls rule of invasion ecology”- whereby it is expected that the smaller the
organism, the more difficult it will be to define species as non-indigenous.

Due to their small size, non-indigenous Arctic zooplankton species may be difficult to
distinguish (Carlton, 2009). However, new molecular tools are a promising avenue for
improving taxonomic resolution of these taxa. In parallel with this taxonomic study,
environmental DNA and bulk zooplankton barcoding is underway (Lacoursiére-Russel et. al.
2018; unpublished data by A. Lacoursiere-Roussel, N. Leduc, M. Cristescu, G. Zhang, G.
Winkler and K. Howland). Comparisons of results with these different methods are planned,
to improve our abilities for identifying additional taxa down to the species level and inferring

their origin (indigenous, non-indigenous or cryptogenic). Such comparisons should enhance
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the baseline information on zooplankton of Arctic ports and is expected to reveal greater
species richness in these coastal regions of the Canadian Arctic than observed in the present
study.

The lack of an up-to-date historical database on Arctic zooplankton communities,
made it difficult to determine if new species were found due to increased sampling effort or
due to being introduced (e.g. by humans). In a number of cases the lack of historical
distribution information on species made it impossible to determine their origin (cryptogenic;
Carlton, 1996). Thus, the proportion of cryptogenic species was relatively high at 13.1%
(Carlton and Geller 1993; Ruiz et al., 1997). High numbers of cryptogenic species, acommon
issue in poorly surveyed regions, will decrease the possibility of detecting biological
invasions, resulting in an underestimation of the impact of these invasions on the indigenous

communities (Carlton, 1996).

4.2: BIODIVERSITY PATTERNS WITHIN AND AMONG THE PORTS OF
CHURCHILL, DECEPTION BAY, IQALUIT AND MILNE INLET

A large proportion of the variability of the zooplankton communities within and between
ports was explained by environmental factors. Not surprisingly, there was more variation in
species composition among than within ports due to the large differences in environmental
conditions among ports. In accordance to Rutherford et al. (1999) water temperature varies
greatly with latitude and associated ice cover. The variability in zooplankton communities
within ports was related to small scale differences in environmental conditions such as, for
example, the salinity and temperature gradients of the estuary in Churchill. It is important to
note that the samples were all collected in the same month of the year, but not in the same
year and with a highly variable ice-free period between ports. This could introduce further

variability among ports.
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The ports of Deception Bay, Igaluit and Milne Inlet showed higher species diversity but had
lower total abundances than Churchill. One of the fundamental and well-established
hypotheses in ecology is the decrease of biodiversity with increasing latitude (Rex et al.,
1993; Rosenzweig, 1995; Rombouts et al., 2009). Recent studies, however, have failed to
prove this (Ellingsen & Gray 2002; Cusson et al., 2007). And our study is no exception,
covering 14° (58° a 72°N) of latitude, with biodiversity indices (species richness, Shannon
and Pielou equitability) being lowest in the most southern port (Churchill). There are several
possible explanations for this, 1) the area covered was only a small fraction of the Canadian
Arctic coastal gradient, omitting the northernmost region as high as 83°N, 2) all ports were
sampled in a restricted time frame (August) and not all ports were sampled in a given year.
Thus, the ports did not have the same "ice-free" time before sampling, which might influence
the specific richness measured. In addition, 3) temperature was highest and salinity was
lowest in Churchill compared to all other ports. 4) not all ports have been anthropogenically
impacted with the same intensity (Chan et al., 2012),

The low biodiversity indices at Churchill indicate that only a few taxa such as Oithona similis
(about 30%), and Pseudocalanus spp. (about 20%) were dominant. Low overall biodiversity
dominated by few species has also been documented in the Barents Sea and other study of
Hudson Bay (Blachowiak-Samolyk and Kwasniewski, 2007; Estrada et al., 2012).

Overall, the Arctic region is dominated by euryhaline copepods such as Oithona
similis, Pseudocalanus spp. and Acartia longiremis, in accordance with Harvey et al. (2001)
and Estrada et al., (2012). The genus Oithona and the species Oithona similis is potentially
the most abundant and widely distributed copepod worldwide, including the Arctic Ocean,
due to its broad environmental tolerance, being a euryhaline and eurythermal species (Fransz
and Gonzalez, 2001; Head et al., 2003). Furthermore, this species reproduces year-round
which might allow for high abundances in the majority of Arctic ports. Oithona is
omnivorous, feeding on a variety of food sources such as marine snow, fecal pellets or

detritus that are generally linked to the microbial food web (Pedersen et al., 2005).



74

Pseudocalanus spp. and Acartia longiremis are neritic and abundant in the Canadian Arctic
(Fontaine 1955; Buchanan and Sekerak,1982; Harvey 2001; Estrada, 2012).

The greatest species richness was observed at the most northern port, Milne Inlet. This may
be due to a combination of factors: 1) The environment has received limited disturbance from
human activities such as pollution and, until recently, shipping traffic and has therefore
theoretically had lower exposure to potential non-indigenous species (Chan et al., 2012; Shea
et Chesson, 2002) shipping activity has, however, been rapidly increasing since the Mary
River Mine began exporting ore in 2015, so propagule pressure from non-indigenous ship-
mediated organisms has only been there for a short time frame (Frizzell, 2017); 2) the abiotic
parameters (colder and deeper compared to other ports) might also have an impact on
biodiversity and species composition. These conditions, would allow for the presence of
Arctic marine copepods such as Calanus glacialis, not present in Churchill, and Calanus
hyperboreus which was only found in the northernmost ports (Igaluit and Milne Inlet). These
are both true Arctic species, which undergo a vertical diel migration and prefer cold water
masses (Mauchline, 1998; OBIS, 2018). A greater depth could also potentially reduce
competition between species (Schoener, 1989), increasing potential biodiversity and colder
temperatures could reduce the likelihood of survival and establishment of potential non-

indigenous species (Stachowicz et al., 2002a; Goldsmit et al. 2018).
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4.2.1: SEASONAL DATA OF ZOOPLANKTON COMMUNITIES

The subset of seasonal and annual data on zooplankton communities in the ports of
Churchill and Deception Bay demonstrated strong monthly and interannual variation in
densities and species composition. Unfortunately, we did not have a complete seasonal data
set for each year and port, so it was difficult to confidently identify when peak densities
occurred, however, within the limited time frames of available data, peaks were observed in
mid-late summer (August to September in Churchill, and July to August in Deception Bay).
This is consistent with findings of other studies: Estrada et al. (2012) and Bandara et al.
(2016).

In Churchill where there was limited data available, the species composition was very
different from month to month in 2014 and also well separated from August 2015. Overall,
at Deception Bay, it would appear that species composition was more similar in the same
month of another year than between different months of the same year. This seasonal and
interannual variability is likely linked to changes in ice cover and associated temperatures
which influence the phytoplankton bloom period. The degree of variation in species
composition can also depend on the sampling month and year. For example, at Churchill only
28 species were found in August 2015, whereas 40 species were found when sampling was
carried out over 3 months in 2014. Punctual sampling will be effective in detecting the
dominant taxa present at that time, but not necessarily in detecting all rarer taxa. However,
the detection of non-indigenous species relies on an ability to detect rare taxa. Thus, sampling
the same region several times a year and over multiple years should lead to improved
zooplankton baselines and understanding of zooplankton dynamics in these coastal Arctic

ecosystems.
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4.3: NON-INDIGENOUS SPECIES AT STUDY PORTS

Given the above described limitations with respect to previously known information
on species occurrence, new species were only considered non-indigenous if their occurrence
could be linked to transport into the Canadian Arctic from outside their normal geographic
range (not present in Canadian Arctic before) due to human activity either intentionally (e.g.
aquaculture) or unintentionally (ballast, tourism, aquarium trade, etc.; Lockwood et al.,
2007). Following this definition, only two non-indigenous species, the jellyfish Aurelia
limbata and larvae of the rainbow smelt Osmerus mordax, were found in one of the ports,
Churchill. This is consistent with our hypothesis that non-indigenous species are more likely
to be present in Churchill than in any other of the studied ports, because of 1) the higher
water temperatures at Churchill (Goldsmit et al., 2014), 2) the presence of large rivers (e.g.
Nelson and Churchill), which provide a large amount of fresh water, creating a salinity
gradient in the port/coastal areas and suitable habitat for a wide variety of taxa including
euryhaline species (e.g. Eurytemora affinis complex, Lee 2000; and Osmerus mordax, Penek,
1987) and 3) the historically higher marine traffic in this port (Chan et al., 2012; Dawson et
al., 2018). All three of these species have the potential for being transported by shipping
which is the main vector of introductions of non-indigenous species in coastal areas (Molnar
et al., 2008). It should be noted that currently, the shipping traffic is reduced because the Port
of Churchill was closed from 2016 to 2018 (Dawson et al., 2018; MacIntosh, 2018), however,
this recent reopening due to purchase and plans for revitalization of the port/railway by the
Arctic Gateway Group. This should lead to future renewal of shipping traffic to this port
(Brohman, 2018).

Regarding the scyphozoan Cnidarian Aurelia limbata, originally from Japan (Pogodin,
1998), genetic studies and knowledge of ocean currents suggest that the species does not
disperse well and has likely been moved around the world via anthropogenic translocation
(Dawson and England, 2005; Bayha et al., 2017). Thus, this species could have been
transported by ballast water at the larval or medusa stage, or on the hulls of vessels at the
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polyp stage (Gollasch, 2002, Chan et al., 2012). Aurelia limbata polyps have been found to
strobilate at low temperatures (4°C; Straehler-Pohl et al., 2011) and have been found attached
to deep-sea debris in Japan (Shibata et al., 2015), suggesting that it could likely establish in

the cold environments of the Arctic.

Although larval rainbow smelt (Osmerus mordax) could possibly be transported in ballast
water, the most likely mode of introduction was via accidental releases in the Great Lakes of
Canada (Scott and Crossman, 1973; Munawar et al., 2005,) that allowed this species to reach
Churchill via the Churchill or Nelson River (Penek, 1987; Rooney and Paterson, 2009).
These rivers have already allowed the range extension and invasion of other non-native
species (e.g. Cyprinus carpio (both rivers) and Eurytemora affinis (Nelson River only);
Badiou and Gordon Goldsborough, 2006; Zrum, 2000).

The finding of poorest species richness in Churchill suggests that this port may be less
resistant to the introduction of non-indigenous species according to the principle of biotic
resistance (Elton, 1958). This is supported by the theories of the 1) "empty chair" (Taylor
and Irwin, 2004), stipulating that these disturbed environments can create new niches left
vacant by indigenous species and will therefore be occupied by non-indigenous species
(Meyerson and Mooney, 2007) and potentially by 2) “invasional meltdown” (Simberloff and
Von Holle, 1999) whereby the introduction of NIS can itself directly or indirectly promote
further new introductions of NIS. A good example of invasional meltdown is from a study in
Oregon done by Adams et al. (2003) which showed that fish introductions (Centrarchidae)
improved the introduction of the bull frog because these fish were predators of predators
(dragonflies, beetles) of bullfrog larvae. This was also shown in San Francisco Bay where it
was noted that the rate of introduction of non-indigenous species increased exponentially
(Cohen and Carlton, 1998). Another study conducted by Ricciardi (2001) in the North
American Great Lakes showed that the frequency of direct positive interactions (mutualism

and commensalism) among non-indigenous species was more frequent than negative
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interactions (competition and amensalism). However, in the Arctic ports we did not find any

evidence of an invasional meltdown.

43.1 COMPARISON OF ZOOPLANKTON COMMUNITIES PRESENTS IN
BALLAST WATER AND PORTS

Several non-indigenous species were identified in the ballast water of domestic and
international vessels arriving in Churchill (Eurytemora affinis (2013), Centropages typicus
(2013-2014) and Neomysis americana (2014)) and in Deception Bay (Acartia tonsa and
Eurytemora affinis in 2013), but these species were not present in these ports a few years
later. Rare identification of these NIS in the ports (e.g., Eurytemora affinis in 2014), suggests
that these NIS are discharged on an irregular basis, but might not yet established populations
in these ports, or if they have, they are present at extremely low abundances and thus

undetectable with our sampling methods.

4.3.2 POTENTIAL RISK OF INVASION BY THESE SPECIES

Eurytemora affinis is a euryhaline and eurythermal species widely distributed in the Northern
Hemisphere. It originated in the North Atlantic, and there are known physiological
mechanisms (physiological tolerance and plasticity) to explain how E. affinis was able to
colonize freshwater systems (Lee, 1999; Lee and Petersen, 2003, Lee et al., 2016). The
species arriving in a new environment must also reproduce and form populations, therefore
environmental conditions such as temperature are important to consider throughout the year.
Eurytemora affinis is a species that produces diapausing eggs, a strategy that allows it to
persist through cold winters and low feeding conditions (Ban and Minoda 1992;
Madhupratap et al., 1996). This might explain why we found it one year and not the next. As
such, this species seems capable of invading Arctic ports. In addition, this non-indigenous
species can have a serious impact on indigenous communities, as E. affinis is an important

host of many pathogens, such as Vibrio cholerae (Huqg et al., 1983; Heidelberg et al., 2002).
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Acartia tonsa is also an euryhaline copepod, producing resting eggs, but this species is more
adapted to warmer temperatures and has slightly higher salinity requirements than E. affinis
(Leandro et al., 2006). As a result, this species would have a lower potential to establish in
high latitude ports such Igaluit and Milne Inlet.

Centropages typicus is a temperate copepod, widely distributed in the North Atlantic, due to
flexibility in its behaviour and physiological processes. However, it is non-indigenous to the
Arctic. Temperature seems to be the key factor explaining variability of its spatial distribution
(Carlotti et al., 2007). Thus, the cold temperature of the Arctic currently seems to limit the

establishment of this species, despite its adaptation to coastal regions.

Neomysis americana is an euryhaline and eurythermal species, both of which contribute to
its wide distribution along Atlantic coasts (Pezzack and Corey, 1979; Paul and Calliari,
2017). 1t could potentially establish in Arctic ports, but the propagule pressure in sampled
vessels was low, with a low density of individuals detected in the ballast water of only one
ship in the port of Churchill in 2014. But it should be noted that increasing the number of
introduced species may allow the establishment of at least one species corresponding to the
appropriate conditions for establishment (Lockwood et al., 2009). Chan et al. 2015 noted a
number of high-risk NIS in ecoregions connected to Arctic ports through movement of ballast
water and on the hulls of ships. These included 1) in ballast waters: the Centropages typicus
a copepod which was also present in our ballast water samples from Churchill in 2013 and
2014, but also other NIS not present in our data such as the copepods Nitokra lacustris and
Heterolaophonte stréemi and 2) on the ship hulls: only non-indigenous species that were not
detected in our samples, such as the copepod Paronychocamptus huntsmani and the

cladoceran Acantholeberis curvirostris.

Despite the fact that these NIS do not appear to have established in any of the Arctic ports
we surveyed, the risk of their arrival in these ports is expected to increase, as the number of
vessels per year increases with global warming and increased exploitation of resources
(Smith and Stephenson, 2013; Galvrilchuk and Lesage 2014; Ware et al., 2014; Dawson et
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al., 2018; Jahn, 2018). This will contribute to an overall rise in propagule pressure. In
addition, repeated introductions increase the potential for at least one species to form a viable
population in the new environment (Colautti et al., 2006; Lockwood et al., 2009). Likewise,
the environment can be expected to become increasingly suitable for the establishment of
arriving NIS, the majority of which are expected to originate from temperate regions (Chan
et al., 2012; Goldsmit et al. 2018).

Under current regulations, domestic vessels are not required to exchange their ballast water
before arriving at ports, which may increase the risk of introducing these NIS due to short
transport times and environmental conditions that may be similar between different coastal
areas, particularly between the North Atlantic and southern Arctic, therefore improving the
chance of settlement success (Herborg et al., 2007; Lawrence and Cordell, 2010; Briski et
al., 2012; Roy et al., 2012; Chan et al., 2015; Verna and Bradley, 2016; Laget, 2017;
Tremblay, 2017). However, regulations force international ships to exchange their ballast
water in open ocean environments (Transport Canada, 2007; Ministere de la Justice du
Canada, 2014) based on the premise that higher salinities cause the death of organisms from
coastal source ports by osmotic or salinity shock (Chan et al., 2014). This process is not
100% effective, particularly in the case of marine source-destination ports and can result in
transport of other NIS from mid-Oceanic environments (Simard et al., 2011; Jing et al.,
2012). Under the recently ratified International Convention for the Control and Management
of Ships’ Ballast Water and Sediments (International Maritime Organization (IMO), 2018)
there will be the requirement for treatment however the efficacy of ballast water treatment
technologies (physical, chemical and mechanical) in colder water conditions, has not been
subject to extensive research, so their effectiveness in Arctic waters remains uncertain (Jing
etal., 2012). Hull fouling is currently unregulated, however guidelines for best practices have

been developed through the IMO.

Finally, none of the non-indigenous species detected in the corresponding ports were found
in the ballast water samples in 2013 and 2014, suggesting that they were either introduced

by other vectors, such as being attached to the hull of the ship (e.g., by a polyp in the case of
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Aurelia limbata) or via spread along inland freshwater tributaries in the case of the rainbow
smelt (Osmerus mordax); or these species are only intermittently present in ballast, with very
low abundances, and were thus not detected over the timeframe and with the ballast sampling
methods utilized in this study. The abundance and diversity of NIS present in ballast water,
and released into the ports can vary dramatically depending on origin of the ships, the type
of ship (domestic and international) and the timing (month and year) of
ballasting/deballasting (Casas-Monroy et al., 2014; Laget, 2017; Tremblay, 2017).
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4.4: CONCLUSION

Baseline studies, such as this one, are especially important given that the risk of new species
introductions in the future is likely to increase with decreasing ice cover (Intergovernmental
Panel on Climate Change (IPCC), 2013; Jahn, 2018), and associated increases in resource
exploitation (Galvrilchuk and Lesage 2014) and shipping traffic (Smith et Stephenson, 2013,
Ware et al., 2014, Dawson et al., 2018). The Canadian Arctic is a vast region, that is warming
two to three times faster than the rest of the world (IPCC, 2007). The decline of sea ice is
predicted to increase the duration of the navigation season and the number of new shipping
routes in the Canadian Arctic (Smith and Stephenson, 2013). Indeed, shipping in the
Canadian Arctic has already nearly doubled in the last decade (Guy and Laserre, 2016) and
over 25 short-term development projects, combined with existing mines, could represent up
to 433 future shipments per year (Gavrilchuk and Lesage 2014) in this region. Moreover, the
coastal regions of the Canadian Arctic are not sufficiently sampled, and very little
comprehensive information is available for the species present. Our zooplankton biodiversity
study is an early and up-to-date baseline characterization of these communities and provides
a solid basis for early detection and assessment of the origins of non-indigenous zooplankton
in this region. Such detection and monitoring studies are expensive, but an essential first step
in developing future prevention strategies and action plans. Continued studies to build on this

initial baseline will be important in this region.






CONCLUSION GENERALE

CONTRIBUTIONS DE L'ETUDE ET PERSPECTIVES

En premier lieu, ce mémoire avait pour objectif de 1) caractériser les especes
zooplanctoniques indigénes et non indigénes dans les régions cotieres de I'Arctique canadien,
2) déterminer et comparer la diversité et I’abondance dans et entre les ports a I’aide de 2 filets
de mailles différentes, 3) comparer nos données avec des données historiques de port et des
eaux de ballast (pour deux de nos ports d’études) afin de réaliser une étude de références

robuste et a jour.

Ainsi, cette étude a permis de déterminer 98 taxa, dont 69 espéces, 7 genres et 22
taxons supérieurs et de ce fait, d’augmenter les connaissances sur la biodiversité des espéces
zooplanctoniques dans les régions cotieres de 1’Arctique canadien. Cela pourra servir de
référence lors de futur échantillonnage dans la méme zone d’étude pour suivre les potentiels
changements sur ces communautés avec le temps et donc de mieux décrire 1’origine de
certaines especes (indigene, non indigene, ...). Cette étude de référence est d'autant plus
importante que le risque d'introduction de nouvelles especes a I'avenir augmentera en raison
de la diminution de la couverture de glace, de I'augmentation de I'exploitation des ressources
et de I'augmentation du trafic maritime (Smith et Stephenson, 2013 ; Gavrilchuk et Lesage,
2014 ; Dawson et al., 2018). Ces milieux dégradés notamment par le trafic maritime
pourraient, selon 1’hypothése anthropique de la chaise vide, favoriser I’établissement

d’espéces non indigenes (Taylor et Irwin, 2004 ; Crooks et al., 2011).

En faisant I’inventaire des espéces zooplanctoniques, nous avons découvert que 20%
des especes étaient considérés comme étant des nouveaux enregistrements dus a un effort
d’échantillonnage accru. Deux especes non indigénes ont également été trouvées pour la

premiere fois dans cette en Baie d’Hudson, le cnidaire Aurelia limbata et des larves de
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1I’éperlan arc-en-ciel, Osmerus mordax. Ainsi des espéces non indigénes sont déja présentes
dans 1’ Arctique canadien. L’établissement de ces espéces non indigénes pourrait avoir de
grandes conséquences sur le zooplancton et I’ensemble du réseau trophique. En effet, en
considérant le rble central du zooplancton entre les producteurs primaires et les
consommateurs secondaires, leur réponse pourrait modifier I’ensemble du réseau trophique
de I’écosystéme marin arctique (Puelles et Molinero, 2008 ; Bandeira, 2013). Il est donc
primordial de les suivre de prés, car une fois établi, il est tres difficile de réguler ces ENI
(Goldsmit et al., 2014).

Selon la projection de Cheung et al. (2009), un changement de plus de 60% de la
biodiversité marine actuelle pourrait se produire dii aux changements climatiques et aux
invasions dans 1I’Arctique. Rappelons que ces espéces agissent rarement seules, mais sont
plutbt le résultat de modification préliminaire du milieu lié aux activités anthropiques
(Tassin, 2014). D’autres ENI ont été observés dans les eaux de ballast en 2013 et 2014 en
direction de Churchill (Eurytemora affinis (2013), Centropages typicus (2013-2014) et
Neomysis americana (2014)) et de Deception Bay (Acartia tonsa (2013) et Eurytemora
affinis (2013)). Notons également que Chan et al., (2012) ont trouvé des ENI sur la coque de
certains navires comme par exemple la moule zébrée (Dreissena polymorpha). Toutes ces
especes citées n’ont pas €té trouvées quelques années plus tard dans ces ports d’étude. Cela

signifie qu’elles n’arrivent pas encore a s’établir.

De plus, I’étude réalisée par Zenni et al. (2013) montre qu’en général, des
établissements qui échouent sont des indices clés pour controler les populations non
indigenes. Ils ont remarqué que ces échecs étaient notamment dus a la « faible pression de
propagule, de la résistance abiotique et biotique, des contraintes génétiques et de la libération
mutualiste ». Ils suggéraient donc des études sur ces echecs pour éviter des établissements,

et nous ’approuvons.

Cet établissement pourrait se produire dans le futur avec les changements climatiques,
I’augmentation du trafic maritime et ’augmentation de la pression de propagule qui meéneront

a ’homogénéisation du milieu avec les autres régions du monde (Stachowicz et al., 2002a).
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Cela pourrait entrainer des modifications dans les communautés marines de I’ Arctique, avec
notamment des especes boréales qui étendraient leur aire de répartition dans des régions
arctiques (Ruiz et Hewitt, 2009 ; Chust et al., 2013).

I1 est donc essentiel d’empécher I’introduction de ces espéces en améliorant et en
augmentant les lois et les traitements mécanique (filtration, floculation, ...), physique (rayons
UV, ultrasons, désoxygénation, ...) et chimique (désinfection au chlore, a 1’ozone, chloration
électrique, ...) dans les ballasts des navires, mais également d’améliorer les revétements
écologiques sur la coque des navires (Jing et al., 2012). Pour que ces traitements soient
vraiment efficaces, une combinaison de plusieurs d’entre eux est essentiel. Ce choix est
difficile, car possédent tous des avantages et des inconvénients. En plus de devoir éliminer
ces organismes, il faut que ces traitements soient sécuritaires, économiques, faciles
d’utilisation et surtout que cela n’a aucun effet polluant pour 1I’environnement (Tsolak et
Diamadopoulos, 2010 ; Jing et al., 2012). L’étude pionniére de Tremblay (2017) dans
I’ Arctique canadien a montré que I’échange d’eau de ballast d’un navire domestique en eaux
libre a permis de purger I’eau douce riche en ENI et de diminuer significativement le risque
d’introduction d’espéces non indigenes de zooplancton. Toutefois, cette étude n’a utilisé
qu’un seul navire sans réplicats, il serait pertinent de poursuivre avec des études plus robustes
dans ce sens afin de limiter au maximum le risque d’introduction par ce vecteur. De plus, la
Convention internationale pour le controle et la gestion des eaux de ballast et sédiments des
navires est entrée en vigueur le 8 septembre 2017 et permet une amélioration des lois. Cela
comprend entre autres un plan de gestion de ’eau de ballast et des sédiments et un systéme
de traitement des eaux de ballast approuvé par les autorités et la majorité des navires qui
naviguent au Canada doit étre équipé d’un systéme de traitement d’eau de ballast a bord.
Ainsi le changement d’eau de ballast en milieu océanique pour les navires internationaux
n’est plus accepté comme unique méthode de traitement (OMI, 2018). Toutefois, ces lois
restent uniquement pour les navires internationaux. Il serait urgent de faire passer des lois
sur la gestion des traitements 1) des salissures sur les coques de tous les navires, car cette
pratique reste volontaire (non obligatoire) au Canada. Pourtant ’utilisation de traitements

efficaces permettraient de limiter I’introduction d’espéces non indigenes, mais diminuerai
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aussi la résistance hydrodynamique permettant une consommation plus faible de carburant
(OMI, 2018), 2) des ballasts des navires domestiques ainsi que de trouver des zones de
déballastage propice. Des recherches plus approfondies doivent encore étre réalisées pour
trouver la combinaison de traitements qui va répondre le mieux a tous les critéres cités plus

haut et deviendrait des traitements universels a chaque navire.

Concernant la résistance biotique d’Elton, disant que les introductions seraient
favorisées dans un milieu pauvre en espéces, c’est ce qui a ét¢ remarqué a Churchill,
possédant la richesse spécifique ainsi que les indices de diversité les plus bas. Cependant,
d’autres chercheurs estiment que les écosystémes les plus riches (comme & Deception Bay et
Milne Inlet dans notre étude) abriteraient le plus d’espéces non indigénes, car si la richesse
specifique est élevée, cela signifierait que le milieu est riche en ressources (Tassin, 2014).
Pour I’instant, la théorie biotique d’Elton semble juste, mais il faut toujours se rappeler que
les facteurs d’introduction d’espéces non indigénes sont multiples et complexes. Certes la
richesse spécifique était la plus faible a Churchill, mais également le port qui possédait le
trafic maritime le plus important. 1l faut essayer de prendre en compte le maximum de

parameétres pour mieux comprendre le risque d’introduction.

Ainsi pour ces especes non indigenes qui ne sont pas encore présentes, « il vaut mieux
prévenir que gueérir », car si ces especes s’établissent et deviennent des espéces invasives,
non seulement il sera quasiment impossible de les éradiquer (Chan et al., 2012 ; Goldsmit et
al., 2014), mais les couts qui en résultent et I’'impact sur I’environnement seront énormes
(GAO, 2015). Rajoutons que vouloir éliminer des especes qui deviennent invasives peut
avoir de graves conséquences Si nous ne connaissons pas toutes les interactions que ces

especes ont avec les especes indigenes (Shapiro, 2002 ; Tassin, 2014).

Malgré le nombre d’espéces trouvé et 1’augmentation de 1’effort d’échantillonnage,
13% des taxa sont cryptogeniques, donc nous ne pouvons étre précis sur leur origine
(indigéne ou non-indigene). Cela signifie que la richesse spécifique indigéne dans ces régions
est certainement plus grande que décrite dans cette étude. Certes, les courbes d'accumulation

des especes ont montré que nous avons échantillonné assez de stations pour avoir une bonne
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représentation des especes zooplanctoniques présente grace aux 2 filets, néanmoins, I’analyse
par taxonomie traditionnelle au binoculaire nous empéche dans certains cas d’arriver jusqu’a
I’espéce. C’est le cas pour certaines petites espéces et espéces morphologiquement similaire.
Pour améliorer cette méthode, il faudrait s’aider de méthodes moléculaires complémentaires
comme le barcoding a petite échelle, le métabarcoding et I’ADN environnemental a plus
grande échelle. Le barcoding et le metabarcoding sont utiles pour déterminer des especes
morphologiquement similaires et I’ADN environnemental permet de détecter des espéces
rares plus facilement. Cependant ces méthodes ne nous renseignent pas sur I’abondance de
ces organismes. Cette étude fait partie du projet POLAR, Ce dernier nous a permis d’obtenir
3 listes d’espéces, une en taxonomie traditionnelle au binoculaire, une avec le metabarcoding
et une autre avec I’ADN environnemental, grace a tous les collaborateurs dont notamment
Anais Lacoursiére-Roussel, Noémie Leduc et Meélania Cristescu. Les techniques
moléculaires nous permettent par exemple de déterminer cing especes différentes de
Pseudocalanus spp. au lieu d’un genre. Cependant, cela ne veut pas encore dire que ces cing
especes sont bien présentes. Ces méthodes évoluent vite et deviennent de plus en plus
précises, mais il faut encore du temps pour qu’elles soient vraiment complémentaires et
fiables. Ainsi, dans le futur, ces méthodes génétiques seront assez précises pour éviter des
faux négatifs (une espéce n’est pas détectée alors qu’elle est présente dans la zone d’étude)
et faux positifs (une espece est détectée alors qu’elle n’est pas présente dans la zone d’étude).
En effet, il n’y a que 50% des espéces marines dans 1’ Arctique canadien qui ont une sequence
génétique répertoriée dans une base de données internet (Lacoursiere-Roussel et al., 2018).
Il manque donc énormément d’especes pour avoir une base de référence génétique complete.
Quelques études sont sorties sur la biodiversité des especes zooplanctonique par
metabarcoding (Brown et al., 2016, Chan et al., 2016). Le probleme de ces études récentes
basées uniquement sur le metabarcoding est qu’elles ne comparent pas leurs résultats avec
les méthodes de taxonomie traditionnelle et indiquent des faux positifs d’espéces indigénes
et non indigénes qui ne sont potentiellement pas présentes dans cette région. Ainsi, les
méthodes génétiques seules a I’heure actuelle sont de bons outils génétiques, mais pas encore

fiables a large échelle. En attendant, il faut continuer de rajouter des sequences génetiques
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dans les bases de données moléculaires comme GenBank et BOLD permettant de rendre ces
nouvelles méthodes plus précises. Il faut donc continuer la surveillance en élargissant la
portée de I'étude, mais surtout en retournant dans ces 4 ports ou le trafic maritime est le plus
grand (Chan et al., 2012).

L’activité maritime variait grandement entre les 4 ports de 1’étude. Notons que si
¢’était possible d’un point de vue logistique et surtout financier, il aurait fallu échantillonner
les 4 ports la méme année et commencer 1’échantillonnage avec le méme nombre de jours
entre le moment de la fonte des glaces et le moment ou I’on débute 1’échantillonnage. Pour
étre encore plus complet, il aurait également fallu échantillonner plusieurs fois par année et
sur plusieurs années. A Churchill et Deception Bay, plusieurs années (et mois)
d’échantillonnages ont été réalisés, contrairement a lgaluit et Milne Inlet ou nous avions
qu’une seule année. Méme si dans ces données historiques, nous possédons uniquement des
données sur une station avec seulement un filet vertical. Cela a permis de mieux comprendre
la distribution des communautés zooplanctonique et d’avoir une étude de référence plus
robuste, car d’autres organismes ont été déterminés et cela permet également de voir des
changements d’especes au sein de la communauté zooplanctonique. Notons que pour
augmenter la précision des densités présentes, il serait pertinent d’utiliser des débitmétres
verticaux sur nos filets verticaux comme c’était le cas avec les débitmetres obliques sur les

filets obliques.

Chan et al., (2012) et Goldsmit et al., (2014) ont montré que les ports qui possédent
un risque relatif d’invasion plus élevé sont les ports de Churchill et Deception-Bay pour la
probabilité que ces espéces arrivent, survivent et s'établissent en raison du trafic maritime
plus élevé dans ses ports. Cela est également dd au fait que ces ports ont une grande similarité
environnementale avec un grand nombre de ports sources (Chan et al., 2012). Notons que
I’un des ports profonds de 1’Arctique canadien (Churchill) a eté fermeé de 2016 a 2018, il
reste donc des incertitudes quant au trafic maritime futur dans ce port (Macintosh, 2018).
Iqaluit est aussi a surveiller de trés pres, car en 2020, avec les travaux d’infrastructure, il

deviendra également un port profond de I’ Arctique canadien, cela permettrait donc d’y avoir
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une augmentation du trafic maritime dans ce port. Et enfin Milne Inlet, selon Gavrilchuk et
Lesage (2014), ce port pourrait devenir le port avec le plus de trafic maritime en raison de
I’exploitation miniére importante (Gavrilchuk et Lesage 2014). De ce fait, ces 4 ports sont
tous tres importants et méritent une surveillance particuliere et font varier le risque
d’introduction d’espéce non indigéne par la pression de propagule, le port source, les
parametres abiotiques, la durée du voyage et le traitement appliqué (déballastage, traitement

physique ou chimique ...).

Il faudrait continuer de faire des modeéles de prédictions pour montrer la vulnérabilité
et la perméabilité du milieu aux introductions d’especes non indigénes comme c’était par
exemple le cas pour les modéles de Ware et al. (2014) et Goldsmit et al. (2018). 1l ne faut
donc pas se limiter a un facteur, mais bien que les facteurs d’introduction d’espéces non
indigénes soient multiples et complexes, ils sont liés aux « situations écologiques du lieu et

du moment » (Tassin, 2014).

CONCLUSION

L'Arctique canadien est une grande région sous-échantillon qui s'est réchauffée deux
a trois fois plus vite que le reste du monde (Groupe d'experts intergouvernemental sur
I'évolution du climat, 2007). La diminution du couvert de glace de mer augmentera la durée
de la saison de navigation et le nombre de nouvelles voies navigables dans I'Arctique
canadien et donc permettra I’augmentation du trafic maritime (Smith et Stephenson, 2013,
Dawson et al., 2018). Plus de 25 projets de développement a court terme, combinés aux mines
existantes, représenteraient jusqu'a 433 expéditions par année (Gavrilchuk et Lesage, 2014)
dans cette région. De plus, les régions cotieres de I'Arctique canadien ne sont pas
suffisamment échantillonnées et trés peu d'informations sont disponibles pour les espéces
présentes, en particulier pour le zooplancton. Notre étude sur la biodiversité du zooplancton
est une étude de reférence, pionniére et a jour de ces communautés présentes et une base
solide pour la détection et I'origine de ENI de zooplancton dans cette région. La détection et

la surveillance sont colteuses, mais essentielles pour identifier les espéces indigénes et non
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indigénes afin d’anticiper et de comprendre les changements futurs dans les communautés.
Ceci permettra la prévention et des plans d'action futurs. 1l est donc essentiel de poursuivre
ce type d'étude dans cette région, car ils fournissent des informations pour la gestion de
I'environnement et la prise de décision. Cela permettra également de mieux comprendre la
biodiversité marine et le fonctionnement de I'écosysteme dans cette région encore mal

connue.

EPILOGUE

Je voudrais terminer ce mémoire en parlant de biodiversité au sens large. La biodiversité n’a
jamais été autant impactée et vulnérable qu’aujourd’hui, avec des écosystémes de plus en
plus fragiles et toujours plus pollués comme nous I’avons vu en Arctique. Nous vivons
pendant la 6e grande extinction de la planéte, nous en sommes la cause et aucun reel grand
changement planétaire n’est planifié.

Cette année, I’ancien ministre frangais de I’Ecologie N. Hulot essayait d’indigner ses
parlementaires et donc le peuple avec son discours : « 30% d’oiseaux en moins en quelques
années. 80% d’insectes en moins a I’échelle européenne. La semaine derniere, le dernier
grand male des rhinocéros blancs du nord de 1’ Afrique a disparu. Moi, ¢a ne me provoque
pas de la peine, ni de colére, mais de la honte. De la honte de savoir que derriére la sixieme
extinction de la biodiversité, la responsabilité, c’est nous ! Et que plus 1’on réduit la
biodiversité, plus I’on réduit nos options pour faire face a 1’avenir. Il y a des tragédies
invisibles et silencieuses dont on s’accommode tous les jours. (... ) je veux simplement avoir
un sursaut d’indignation et de réaction parce que I’humanité a une communauté d’origine
avec le vivant et une communaute de destin avec le vivant. » (Hulot, 2018). Ce qu’il faut
essayer de comprendre, c’est qu’il faut modifier les mentalités, de les faire réfléchir/penser
par elles-mémes et de les rendre indignés de la mort précipitée de notre biodiversité. Nous,
les scientifiques, avons un devoir de communication en plus de la recherche. C’est de

vulgariser les nouveaux résultats concrets et intéressants a I’ensemble de la société. Un travail
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difficile, mais nécessaire permettant de mieux comprendre le monde qui nous entoure et ainsi
de pouvoir mieux agir. Je pense avant tout que ce n’est qu’en changeant sa propre mentalité
et ses actes que le sursaut collectif pourra se faire et non par des actes moralisateurs. Il faut
arriver a donner cette envie de compréhension pour sauver notre biodiversité.

Je finirai par cette magnifique citation de Marjane Satrapi présente dans son livre Persépolis

. « Une fois de plus, j'arrivais a mon éternelle conclusion : il fallait s'instruire. »
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