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Figure 3.1 a) Regional map showing the location of the study area (dotted white square) and the Hanna
Shoal (black square). The pink and orange arrows indicate the flow of the Alaskan Coastal Waters
(ACW) and other Pacific water branches (winter/summer water masses), respectively; the dotted red
arrow shows the path of the subsurface Atlantic Water along the continental margin, and the yellow
arrows represent the Beaufort Gyre based on Grebmeier et al. (2006). b) Map of the study area
showing the coastal flow (purple arrow), the Beaufort shelfbreak jet (dark blue arrow), and the
waters recirculating in the Mackenzie Trough under the Beaufort Gyre influence (yellow arrows)
based on Lin et al. (2020). The gray arrows in the lower right corner mark the dominant wind
directions (Radosavljevic et al., 2016), the black diamonds show the location of cores mentioned in
the text, and the white diamond shows the location of the Komakuk Beach weather station. In the
lower-left corner is a close-up of the study area with the core site location (pink diamond) and
bathymetry of the Herschel Basin (EBA Engineering Consultants Ltd., 1992). c) Salinity (purple) and
temperature (green) profiles in the Herschel Basin in August 2015 (solid line) and April 2016 (dotted
lines) from CTD data (Falardeau et al., 2023). The blue and yellow dots refer to the location of the
CTD measurements shown in the close-up of Fig. 3.1b, while the gray shading area separates the
local surface waters from the bottom Waters. ........oei i 116

Figure 3.2 Core PG2303 age model based on OxCal (version 4.4; Bronk Ramsey, 2008, 2009). The vertical
gray bar indicates the length of the core section used for this study. The blue shading indicates the
2-sigma probability range of the age depth model. Details on the two constrained ages based on 21°Pb
and ¥7Cs activity profiles at the top of the core can be found in the methods Section 3.3.3 and
Appendix 3-A.1. The age model of core PG2303-1 (20—0 cm) from Falardeau et al. (2023) is illustrated
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Figure 3.3 Microfossil concentrations (black lines), fluxes (green lines), grain size (black = sand; gray = silt;
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composite sediment sequence of cores PG2303-1/PG2303 as a function of depth (cm). The thin lines
surrounding the main curves illustrate the analytical uncertainty. b) The equilibrium calcite §'80 as a
function of salinity (black dots; Table 3-A.7) calculated from 60 in the water column measured in
the Herschel Basin at different depths in summer 2015 (gray dots; Table 3-A.8). A negative offset of
1.0 %o for Elphidium clavatum is depicted. ......cccuviiiiiiiei it 129

Figure 3.7 Relative abundances of ostracod taxa in the composite sediment sequence of cores PG2303—
1/PG2303 as a function of depth (cm). The assemblages calculated with <10 ostracod valves are
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represented in gray. The principal component analysis scores are represented by thick black bars
(PC1) and thin gray bars (PC2). The ecozones were defined based on the PCA of the ostracod
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Figure 3.8 PCA plot of the ostracod assemblages in the composite sediment sequence of cores PG2303—
1/PG2303 (black dots for piston core PG2303 samples and orange dots for the short gravity PG2303—
1 core samples). The LST taxa are in blue and the euhaline taxa are in red. See Table 3.3 for the full
names of the abbreviations USEd. ..........ceiiiiiiiiiiiii e s 131

Figure 3.9 Summary figure of paleoecological data from the Herschel Basin site PG2303 in function of
depth (cm) compared with existing data of temperature anomalies in Alaska (Nicolle et al., 2018) and
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Figure 3-A.1 Photograph of PG2303 core sampling in April 2016 during the Yukon Coast spring expedition
led by the Alfred Wegener Institute in Potsdam. Photo credit: Michael Fritz.........cccccooveeeiiineenns 157

Figure 3-A.2%%Pb,., 22°Ra, and *’Cs of cores PG2303 and PG2303-1 activity profiles. The red vertical dotted
lines indicate the mean of the measured 2%°Ra in both cores, separately, with their respective error
represented at the top and bottom of the dotted line. b) The natural logarithm of the 21°Pbe, natural
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mean sedimentation rate of 0.41 CM @™l ....ooioiiiiiicceee e 158

Figure 3-A.3 Assemblages of calcareous benthic foraminifera (black bars) and agglutinated benthic
foraminifera (gray bars) calculated separately together with the total benthic foraminifera
(calcareous and agglutinated included) concentrations (black line) and fluxes (green line) with its
associated errors in dotted green lines as a function of depth (CM). .....ccceeveiiiiiiiiieciie e, 159

Figure 3-A.4 Distribution maps of selected ostracod taxa relative abundances using the Arctic Ostracode
Database 2020 (AOD2020; Cronin et al., 2021). Prior to the relative abundance calculations, we did a
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Figure 4.2 Extrait de la bande dessinée créée dans le cadre du projet Stories about Climate (Falardeau, J.
et Ouellet-Bernier, en prép.). On y voit le personnage principal échantillonner une carotte de
sédiment accompagné de nul autre que moi-méme et d’autres membres de I'équipe. Gracieuseté de
Mark-Antoine Thibodeau Breault..........ceeii it ertrrre e e e e e e e e saaraaeeeeeeeenas 173
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RESUME

Le sud-est de la mer de Beaufort est marqué par des changements environnementaux importants dus au
réchauffement atmosphérique récent. Les changements incluent la diminution de la couverture de glace
de mer, une augmentation de l'intensité et de la durée des tempétes, ainsi qu’'une augmentation de
I’érosion cotiere. Leurs répercussions sur les écosystemes de la zone littorale sont toutefois difficiles a
évaluer, car les enregistrements des conditions marines (température, salinité, turbulence, etc.) et du
biote (population, diversité et productivité) sont rares et souvent épisodiques. Des enregistrements
continus et couvrant plusieurs décennies sont nécessaires pour évaluer la contribution du réchauffement
anthropique sur les changements climatiques récents, a fortiori pour la zone littorale qui est sensible vis-
a-vis des vents locaux et se caractérise par une grande variabilité. Par ailleurs, les effets des changements
climatiques sur la zone littorale du sud-est de la mer de Beaufort peuvent influencer les membres des
communautés locales qui y chassent et péchent pour leur subsistance et pour préserver des traditions
culturelles.

Dans ce contexte, cette thése vise a reconstituer les conditions environnementales du milieu marin de la
zone littorale du sud-est de la mer de Beaufort a partir d’'une approche micropaléontologique. Des
analyses sur les assemblages de foraminiféres benthiques, d’ostracodes et de tintinnides, en plus de
mesures des isotopes stables (5§30 et 6'3C) sur les tests des foraminiféres benthiques Elphidium clavatum
et Cassidulina reniforme ont été réalisées. Les microfossiles ont été analysés a partir de carottes de
sédiment prélevées dans le bassin Herschel. Le bassin Herschel se situe a moins de 10 km au large de la
cote nord du Yukon, Canada, dans un milieu ou les apports de matériaux biogéniques et détritiques sont
continus et leur taux d’accumulation rapide. Les carottes sédimentaires proviennent des sites YC18-HB-
GCO01 (69.544°N; 138.970°0; 18 m de profondeur) et PG2303 (69.513°N; 138.895°0; 32 m de profondeur).

Les carottes par gravité YC18-HB-GCO1 (40 cm) et PG2303-1 (20 cm) couvrent de 1970 a 2018 CE et de
1998 3 2016 CE, respectivement, avec des vitesses de sédimentation de 0,7 & 1,7 cm-a*. Ces carottes
courtes livrent ainsi des séries chronologiques avec une résolution temporelle quasi annuelle
correspondant a la période de données environnementales, permettant ainsi une évaluation de la
signification des indicateurs microfossiles. Les assemblages de foraminiféres benthiques et d’ostracodes
de la marge et du fond du bassin suggerent que les assemblages répondent principalement aux variations
de salinité et des courants profonds. Dans la carotte YC18-HB-GCO1, les indicateurs d’une salinité faible et
variable, d’eaux de fond turbulentes, d’apports terrigenes et de productivité marine augmentent vers la
surface soit depuis 1994 + 5 CE. Dans I'environnement, cette transition coincide avec des vents d’est plus
forts et des tempétes plus fréquentes, une diminution de la concentration moyenne de glace de mer en
été de 16% et une circulation anticyclonique dominante dans I'océan Arctique. De telles conditions
peuvent accentuer le mélange vertical dans la colonne d’eau, accélérer la remise en suspension des
particules, le taux d’érosion cotiere, et entrainer la dispersion du panache de la riviere Mackenzie vers
I'ouest jusqu’aux sites d’étude. Il s’agit de facteurs jouant un réle important sur les apports terrigenes et
I'instabilité du milieu. Les changements environnementaux des deux derniéres décennies ont ainsi eu des
conséquences directes sur I’habitat et la biodiversité de la zone littorale.

Les analyses micropaléontologiques des 324 premiers centimetres de la carotte a piston PG2303 qui
couvrent de ~710 a 1998 CE révelent que le réchauffement climatique en cours aurait débuté dés ~1800
CE, que ses effets se sont amplifiés a partir de 1950 CE et qu’ils atteignent des maximums apres 1998 CE,



probablement en réponse au forcage anthropique. Les changements associés au 21° siecle sont sans
précédent a I'échelle des 1300 derniéres années et se situent donc en dehors de la variabilité naturelle de
I’environnement régional. Ces « nouvelles conditions climatiques » soulévent des questions importantes
notamment au sujet de I'augmentation de la turbidité des eaux cotiéres, qui obstrue la pénétration des
rayons solaires et peut entraver la production primaire. De plus, la dégradation du carbone organique
terrigene par les bactéries conduit a une désoxygénation des eaux qui affecte potentiellement déja la
productivité des ostracodes et pourrait toucher d’autres organismes vulnérables dans les milieux pauvres
en oxygene dissous.

Mots-clés : Foraminiferes benthiques, ostracodes, Arctique, glace de mer, salinité
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ABSTRACT

Large scale environmental changes are occurring in the southeastern Beaufort Sea in response to recent
atmospheric warming. They include reduced sea-ice cover, increased storm frequency and intensity, and
increased coastal erosion. However, their impacts on nearshore ecosystems are difficult to evaluate
because the records of variations in water mass conditions (temperature, salinity, turbulence, etc.) and
biota (population, diversity, and productivity) are sparse and often cover too short observation intervals.
Continuous and long-term records are essential to assess the contribution of anthropogenic warming on
recent climate changes, especially for nearshore areas that are submitted to wind influence and are
characterized by variable sea-surface conditions. Furthermore, the effects of climate change on the
southeastern Beaufort Sea nearshore areas may influence the local community members who hunt and
fish for subsistence and to preserve cultural traditions.

This thesis aims to reconstruct the marine conditions of the southeastern Beaufort Sea nearshore areas
based on a micropaleontological approach. Analyses of benthic foraminiferal, ostracod, and tintinnid
assemblages were combine with measurements of stable isotope (680 and 8'3C) in the tests of Elphidium
clavatum and Cassidulina reniforme from sediment cores collected in the Herschel Basin. The Herschel
Basin is located less than 10 km offshore the northern Yukon coastal plain, Canada, where the input of
biogenic and detrital particles is continuous and results in high accumulation rates. Sediment cores are
from sites YC18-HB-GCO1 (69.544°N; 138.970°W; 18 m depth) and PG2303 (69.513°N; 138.895°W; 32 m
depth).

The gravity cores YC18-HB-GCO1 (40 cm) and PG2303-1 (20 cm) span 1970 to 2018 CE and 1998 to 2016
CE, respectively, with sedimentation rates ranging from 0.7 to 1.7 cm-a™™. These two short cores permitted
analyses with a nearly annual resolution over the instrumental period, making the comparison of
micropaleontological indicators and environmental parameters possible. The benthic foraminiferal and
ostracod assemblages at the margin and at the bottom of the basin suggest a response mainly driven by
salinity variations and deep current dynamics. The data from core YC18-HB-GCO1 indicate more variable
and lower salinity, more turbulent bottom waters, high terrestrial inputs, and productivity increase since
1994 £ 5 CE. This transition coincides with stronger easterly winds and frequent storms, a 16% decrease
in mean summer sea-ice concentration, and a strong anticyclonic circulation in the Arctic Ocean. Together,
these parameters may contribute to enhancing vertical mixing and resuspension, to an acceleration of
coastal erosion, and to triggering the westward spreading of the Mackenzie River plume to the study sites.
Hence, they play an important role in terrestrial inputs and environmental instability, with consequences
on the nearshore habitat and biodiversity.

Micropaleontological analyses of the upper 324 cm in the piston core PG2303 that span ~710 to 1998 CE
reveal that the impacts of the ongoing climate warming started as early as ~1800 CE, with an increase after
1950 CE to reach maximum values after 1998 CE, likely in response to anthropogenic forcing. The impacts
recorded in the microfauna in sediments of the 21 century are unprecedented at the scale of the last
1300 years and therefore exceed those of the natural variability. These "new climatic conditions" raise
important questions about the impacts of increased turbidity in coastal waters, as turbidity impedes the
penetration of solar radiation and reduces primary production. In addition, the microbial degradation of
terrestrial organic carbon leads to high oxygen consumption that has potentially diminished already the
ostracod productivity and may affect other organisms vulnerable in oxygen-poor environments.



Keywords: Benthic foraminifera, ostracods, Arctic, sea ice, salinity
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INTRODUCTION

0.1 La dynamique climatique terrestre

Les océans, I'atmosphére et le couvert de glace font partie des variables déterminantes qui régulent la
dynamique complexe du climat terrestre global. En effet, chacune des variables qui le composent dépend
de forgages, d’interactions et de rétroactions. La paléoclimatologie aide a analyser le climat terrestre en
documentant 'effet de certaines de ses composantes a travers le temps. Les reconstitutions des conditions
climatiques passées, sur de plus ou moins longues échelles temporelles, permettent de mieux discerner
les causes et effets des variations climatiques. Il a été mis en évidence qu’au cours des 800 000 derniéres
années, le climat a varié selon des cycles d’environ 100 000 ans, passant d’intervalles glaciaires a
interglaciaires (Figure 0.1; Clark et al., 1999; Jouzel et al., 2007). L’alternance de périodes froides et
chaudes serait liée aux changements des parametres de 'orbite terrestre (Jouzel et al., 2007; Lisiecki,
2010), soit aux cycles de Milankovitch (Milankovitch, 1941), car ils déterminent la quantité et la répartition
de rayonnement solaire. Le rayonnement solaire est un forcage dont l'effet est amplifié par des
mécanismes telles I'’émission et I'absorption de dioxyde de carbone (CO,) atmosphérique (Shackleton,
2000). En effet, le CO; atmosphérique est un gaz a effet de serre jouant un réle majeur sur le climat (Figure
0.1; Royer, 2006; Tripati et al., 2009) dont I'augmentation récente liée aux activités anthropiques rend
compte d’'un réchauffement notable (IPCC, 2021; Notz et Stroeve, 2016). Le CO, a atteint des
concentrations qui n’ont jamais été égalées dans les derniéres centaines de milliers d’années, voire de
millions d’années (Figure 0.1; Bereiter et al., 2015) et l'augmentation de la concentration du CO,
atmosphérique anthropique déroute la planéte de la trajectoire de son cycle climatique naturel (Figure

0.1).

0.2 L’Arctique en plein changement

L'Arctique s’est réchauffé quatre fois plus vite que la moyenne globale au cours des deux derniéres
décennies (Rantanen et al., 2022) en raison du phénoméne d’amplification polaire qui résulte de
rétroactions positives liées a la réduction de la glace de mer. De 1979 a 2018 CE, le couvert de glace de
mer en septembre a diminué de 12.8% par décennie dans I'océan Arctique (IPCC, 2021; Meier et Stroeve,
2022) contribuant de facon notable au phénomene d’amplification, car la diminution d’albédo causée par

la fonte de la glace augmente I'accumulation de chaleur a la surface de I'océan (Serreze et Barry, 2011).



Figure 0.1 Schéma des anomalies de température de I'air (Jouzel et al., 2007) et de concentrations de CO:
atmosphérique (Bereiter et al., 2015) en Antarctique au cours des 800 000 derniéres années et au cours de I'intervalle
1980-2000 CE basé sur des données instrumentales (Global Climate Change: Evidence, 2021; Global Monitoring
Laboratory, 2021), ainsi que les prévisions pour les 100 prochaines années (RCP6.5; IPCC, 2014). Gracieuseté d’Alison
McCreesh.
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0.2.1 Les écosystémes des marges continentales arctiques

Les effets du réchauffement atmosphérique et de la diminution de la glace de mer qui s’en suit engendrent
des modifications rapides dans les habitats marins de I’Arctique. Les modifications sont notamment
perceptibles sur la zone littorale en raison de I’érosion accrue des cétes. En effet, les rivages de I'océan
Arctique consistent principalement de pergélisol (Lantuit et al., 2012) qui peut étre riche en glace
atteignant jusqu’a ~47% dans la plaine cotiere nordique du Yukon, Canada, par exemple (Couture et
Pollard, 2017). Les rivages sont donc trés sensibles non seulement a la hausse de la température, mais
aussi a I'action des vagues et des marées lorsqu’elles ne sont pas protégées par la glace de mer (Glinther
et al., 2015; Overeem et al., 2011). L’érosion cétiere génére une augmentation des émissions de CO; par
dégradation du sol organique (Tanski et al., 2021), des apports terrigenes et de carbone organique (Corg;
Jong et al., 2020), ainsi que des eaux cotiéres troubles (Klein et al., 2019) et leurs conséquences sur les

écosystémes littoraux arctiques restent peu connues jusqu’a présent (Fritz et al., 2017). De plus, avec des



saisons libres de glace de mer de plus en plus longues, la durée et la fréquence des tempétes s’intensifient
(Mioduszewski et al., 2018), ce qui exacerbe le phénomeéne d’érosion. La sensibilité des cotes a I'érosion

pourrait doubler d’ici la fin de ce siécle (Nielsen et al., 2022).

Lorsque les eaux sont libres de glace de mer, les vents exercent également un role plus important sur la
vitesse de dispersion des panaches de rivieres (Mulligan et al., 2010) et sur les mélanges verticaux dans
les zones peu profondes (Hill et Nadeau, 1989; Klein et al., 2019; Rainville et Woodgate, 2009). Par
conséquent, le transport vertical et horizontal d’eau douce, de nutriments et de particules en suspension
devient de plus en plus variable dans le temps et I'espace (Ehn et al., 2019; Klein et al., 2019; Mulligan et
Perrie, 2019). Le Corgterrigéne libéré par une augmentation de I'érosion cotiere, de la remise en suspension
des particules et des panaches de riviéres serait une source de nourriture suffisante pour soutenir le
réseau trophique marin (Bell et al., 2016; Dunton et al., 2006; Terhaar et al., 2021). Toutefois, une
augmentation de I'érosion peut étre a I'origine d’eaux turbides. Des eaux turbides peuvent obstruer la
pénétration des rayons solaires dans la colonne d’eau et ainsi nuire a la production primaire (Bonsell et
Dunton, 2016; Lewis et al., 2020; Retamal et al., 2008), en plus de causer l'acidification et la
désoxygénation des eaux par la dégradation microbienne du Coq terrigeéne qu’elles contiennent (Mathis et
al., 2007; Semiletov et al., 2016). Une transition vers une diéte basée sur le Cogterrigéne peut également
modifier la population de zooplanctons et donc affecter les niveaux trophiques supérieurs (Bell et al., 2016;

Comeau et al., 2011).

Un autre effet du réchauffement climatique est I'adoucissement de la couche d’eaux superficielles par la
fonte de glace de mer et les apports d’eau fluviale qui accentuent la stratification dans la colonne d’eau.
Une couche superficielle dessalée et peu dense peut entraver la remontée (upwelling) de masses d’eaux
de subsurface riches en nutriments vers la surface ou entrainer les nutriments sous la zone photique (Blais
et al., 2017; MclLaughlin et Carmack, 2010; Retamal et al., 2008). Jusqu’a présent, une diminution de la
glace de mer a entrainé un bilan positif pour la productivité primaire, la base de la chaine alimentaire, a
I’échelle de I'océan Arctique, grace a une saison libre de glace plus longue et plus étendue. Cependant,
I’accés aux nutriments est fondamental pour le développement du phytoplancton (Bélanger et al., 2013;

Arrigo et van Dijken, 2015; Lewis et al., 2020).

En bref, une gamme de modifications sur I'habitat du littoral arctique est possible en réponse au

réchauffement climatique. Ces effets touchent aussi le réseau trophique marin et donc peuvent influer sur



les communautés locales qui pratiquent la chasse et la péche pour leur subsistance et pour préserver les
traditions culturelles (Brewster et al., 2016; Falardeau, M. et al., 2022; Fechhelm et al., 2007). Les effets
des changements climatiques sur ceux et celles qui occupent les zones cétieres arctiques englobent
également la perte de territoires traditionnels et d’héritages (Irrgang et al., 2019) due a I'érosion cotiere

et la perte de mobilité avec la diminution du couvert neigeux et de glace de mer (Ford et al., 2019).

0.3 Motivation de la thése

Les membres des communautés du nord-ouest du Canada, dans la région désignée des Inuvialuit, péchent
dans la zone littorale du sud-est de la mer de Beaufort depuis des centaines d’années (Usher, 2002).
Pécheurs et pécheuses ont remarqué des changements dans les populations de poissons (Brewster et al.,
2016; Papik et al., 2003), ainsi qu’une dénaturation de la couleur et de la consistance de la chaire des
ressources halieutiques (Andrachuk et Pearce, 2010; Brewster et al., 2016). Les populations de poisson
d’une des espeéces favorites, le Dolly Varden (Salvelinus malma malma), diminuent depuis 2018, atteignant
des niveaux sous la moyenne de 2007-2014 CE. Pourtant, des stocks relativement élevés avaient été
dénombrés au cours de la période 2015-2017 CE (Colin Gallagher, conversation personnelle) et la surpéche
ne peut expliquer de telles variations. L'augmentation de la turbidité de I’eau le long du littoral et dans les
rivieres diminue également le succés des péches, en plus d’abimer et de souiller les filets (Choudhury et

Dick, 1997; Scharffenberg et al., 2019; West Side Working Group, conversation personnelle).

Selon des pécheur.euse.s de Shingle Point (Figure 0.2), les changements observés dans les ressources
halieutiques sont en partie associés a I’habitat marin, en particulier en raison d’eaux de surface plus
chaudes et douces (Brewster et al., 2016; Scharffenberg et al., 2020). Quelques études récentes soulignent
d’ailleurs I'importance des conditions de |’habitat marin sur la distribution, I'abondance et la qualité des
ressources halieutiques. La direction et la puissance des vents dominants, la couverture de glace de mer
et la température et la salinité des eaux de fond seraient des facteurs déterminants (Gallagher et al., 2021;
George et al., 2015; Lin et al., 2016; Logerwell et al., 2018; Scharffenberg et al., 2020). Des enregistrements
des conditions biotiques et abiotiques de la zone littorale du nord du Yukon restent toutefois assez
fragmentaires et treés ponctuels dans le temps et I'espace. lls ne permettent guere de dissocier les effets
qui découlent du réchauffement climatique récent de ceux liés aux variations naturelles de
I’environnement. Pour ce faire, des enregistrements continus et couvrant de longs intervalles de temps
sont nécessaires. Qui plus est, peu d’approches méthodologiques permettent de retracer les parametres

telles la température et la salinité en surface et en profondeur dans les masses d’eau.



La majorité des enregistrements environnementaux sont basés sur des données instrumentales et
satellitaires ou sur des mesures in situ. Les données instrumentales, comme le vent, la température de
I'air ou les débits de rivieres s’étendent au mieux de 1973 a 2018 CE dans les stations météorologiques et
hydrométriques environnantes (Figure 0.3; Environnement et changement climatique Canada, 2020). De
facon similaire, les données satellitaires sont disponibles depuis environ 1978 CE pour la glace de mer (p.
ex., Meier et al., 2017), et plus récemment depuis ~2000 CE pour d’autres parametres tels que I'indice de
chl-a (aqua/MODIS), indicateur de productivité primaire. Les données de vitesse et direction des courants
marins, ainsi que de température et de salinité sont issues de mouillages, mais ils couvrent quelques
années tout au plus (p. ex., Lin et al., 2020; Lin et al., 2016; Rainville et Woodgate, 2009; Schulze et Pickart,
2012).

Au méme titre que la paléoclimatologie, la paléocéanographie peut s’avérer un outil pertinent pour
produire des enregistrements environnementaux continus de longue durée, permettant ainsi de combler
des lacunes. Des approches telles que la sclérochronologie sur les otolithes de poisson (Hart et al., 2015,
Morrison, 2017), le varech (Bonsell et Dunton, 2018) et les dents de phoques (Nguyen et al., 2017) dans la
mer de Beaufort ou encore sur les bivalves (Olivier et al., 2020; Poitevin et al., 2019) et les coraux (Davin,
2019) dans d’autres régions marines polaires, peuvent s’avérer utiles, mais elles ne sont pas univoques et
ne permettent pas de couvrir plus de quelques décennies. Cette theése se base plutét sur une approche
micropaléontologique. L'analyse du contenu en microfossiles des archives sédimentaires le long des
marges continentales arctiques permet de reconstituer les conditions marines de centaines a des milliers
d’années. Parmi les parametres que les traceurs micropaléontologiques permettent de reconstituer, on
compte la couverture de glace de mer, la température, la salinité et les apports nutritifs, en plus de la
diversité des espéces, et la productivité primaire ou hétérotrophe (p. ex., Allan et al., 2021; Gemery et al.,

2013; Heikkila et al., 2022; Seidenkrantz et al., 2013;).

0.4 Compilation des enregistrements paléoclimatiques dans le nord-ouest américain

Plusieurs carottes sédimentaires ont été récoltées et analysées dans la zone d’intérét (Tableau 0.1; Figure
0.2), afin de reconstituer les conditions marines du sud-est de la mer de Beaufort. Les reconstitutions se
concentrent surtout dans la dépression du Mackenzie et le talus continental (Figure 0.2), car les carottes
proviennent de sites plus profonds et donc plus faciles d’accés pour les navires de recherche ou il est par
ailleurs possible de récupérer des sédiments anciens, couvrant de longues périodes (> 3 ka; Tableau 0.1).

Plusieurs échantillons de sédiments de surface ont été prélevés pour documenter la diversité des



foraminiferes benthiques (Figure 0.2; Scott et al., 2008; voir la section 0.7.1), mais il n’y a que trois sites
qui présentent une reconstitution temporelle a partir de I'analyse des microfossiles sur le plateau
continental (Tableau 0.1; Gemery et al., 2023, Richerol et al., 2008; Schell et al., 2008; Seidenstein et al.,
2018). Les enregistrements paléoécologiques sont rares prés des cotes a I'échelle de I’Arctique (Heikkila

etal., 2022).

Figure 0.2: Carte des sites d’enregistrements paléoclimatiques et paléocéanographiques de la région d’étude avec
un gros plan sur le bassin Herschel au bas a gauche.
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0.4.1 Enregistrements marins

Des intervalles marqués par des climats différents ont été identifiés au cours des mille derniéres années a
partir d’enregistrements paléocéanographiques. L’'intervalle de 800 a 1200-1500 CE serait marqué par un
climat doux, principalement caractérisé par une longue saison libre de glace, favorisant la dispersion du
panache de la riviere Mackenzie et favorisant la productivité primaire en marge de la glace de mer (Gemery

et al., 2023; Kutos et al., 2021; Seidenstein et al., 2018). |l est suivi d’un refroidissement entre 1500 et



1850 CE associé a des eaux de surface et subsurface plus froides, une augmentation de la couverture de
glace de mer et par une augmentation des eaux de fonte en été (Bringué et Rochon, 2012; Gemery et al.,
2023; Kutos et al., 2021; Seidenstein et al., 2018). La majorité des auteur.rice.s associent cet intervalle au
petit age glaciaire (1400-1700 CE; Mann et al., 2009). Finalement, une tendance vers un réchauffement
climatique s"amorce vers 1850-1900 CE (Bringué et Rochon, 2012; Gemery et al., 2023), bien que certaines
études proposent une augmentation de la couverture de glace de mer (Bringué et Rochon, 2012; Schell et
al., 2008; Scott et al., 2009). Il est important d’ajouter qu’il existe potentiellement un décalage du signal
de la cOte vers le large et un réchauffement « moderne » pourrait avoir eu lieu aussi tot que 1630 CE dans
la carotte 912A, alors qu’enregistré a 1920 CE dans la carotte 906B (Fig. 0.2; Richerol et al., 2008). Les
changements reconstitués des derniéres décennies ne se distinguent toutefois pas ou peu de I'amplitude
des variations du dernier millénaire et donc de la variabilité naturelle du milieu (Durantou et al., 2012;
Gemery et al., 2023; Richerol et al., 2008). Une faible résolution temporelle des analyses ou des problémes
de préservation peuvent limiter I'identification de changements récents (> 2000 CE; Tableau 0.1; p. ex.,

Kutos et al., 2021; Schell et al., 2008; Scott et al., 2009; Seidenstein et al., 2018).

0.4.2 Enregistrements terrestres

Une compilation d’enregistrements terrestres d’Alaska est disponible pour les 2 derniers milliers d’années
(Nicolle et al., 2018). Elle illustre des oscillations climatiques en milieu terrestre qui s’apparentent a celles
du milieu marin, c’est-a-dire une période avec un climat plus doux de 600 a 1250 CE, une période froide
de 1250 a 1800 CE et un réchauffement de ~1800 CE jusqu’a l'actuel (Nicolle et al., 2018). Un
réchauffement récent est identifié a partir de 1900 CE dans des enregistrements dendrochronologiques
et limnologiques (Anchukaitis et al., 2013; Bird et al., 2009; Porter et al., 2013; Wolter et al., 2017). Abram
et al. (2016) notent également un réchauffement a partir de 1820 CE qui s’amplifie aprés 1930 CE pour
toute la région arctique. Dans les derniéres décennies, I'accélération continue du réchauffement en raison
des effets anthropiques a mené a des reconstitutions des températures de I'air en milieu terrestre plus
élevées que celles des derniers siécles (Abram et al., 2016; Anchukaitis et al., 2013; Nicolle et al., 2018;

Porter et al., 2013).

0.4.3 Le bassin Herschel

Dans la zone littorale, a quelques kilométres de la cOte et du site de péche de I'lle Herschel — Qikigtaruk,

se trouve le bassin Herschel (Figures 0.2 et 0.3; Mackay, 1959). Une carotte de 12 m de longueur prélevée



dans le bassin permet d’estimer des vitesses de sédimentation moyennes de 0.33 cm an* sur les 4000

derniéres années (Grotheer et al., 2020), ce qui équivaut a une capacité d’analyse pluriannuelle pour un

sous-échantillonnage de la carotte aux centimétres. Les analyses de sédiments dans le bassin Herschel se

concentrent jusqu’a présent surtout sur le cycle du carbone (Grotheer et al., 2020; Jong et al., 2021 Tanski

et al., en prép.), mais aucune reconstitution climatique n’a été présentée a ce jour.

Tableau 0.1 Compilation des enregistrements paléoclimatiques et paléocénographiques du nord-ouest américain. AP
signifie « avant le présent ».
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0.5 Objectifs et hypotheses

A partir des enregistrements marins et terrestres disponibles dans la littérature, il est intéressant de noter

que la région a subi des changements climatiques avec des intervalles plus chauds a plus froids, au cours

des mille derniéres années (voir la section précédente). Ces changements, d’amplitude et de durée



différentes, ont probablement eu des répercussions sur I’habitat littoral du sud-est de la mer de Beaufort,
et donc potentiellement sur les ressources halieutiques. Toutefois, tous les sites étudiés jusqu’a présent
sont relativement loin des cotes (> 30 km) et a I'extérieur des zones de péche. Ces sites se retrouvent donc
non seulement a distance des enjeux physiques spécifiques aux zones littorales comme la dynamique de
la banquise, I'érosion cétiere et les apports fluviatiles et terrestres, mais aussi a distance des enjeux
sociétaux. Il est d’autant plus urgent de se pencher sur la question, car les zones coOtieres répondent
potentiellement de fagons différentes aux forgages climatiques (par ex., Richerol et al., 2008). Finalement,
le réchauffement anthropique des dernieres décennies a des répercussions indéniables sur la glace de mer
(Fetterer et al., 2017; Kinnard et al., 2011) et la température de I'air (IPCC, 2021; Mann, 2007). Bien que
visibles dans les reconstitutions dendrochronologiques (Anchukaitis et al., 2013; Porter et al., 2013), les
effets du réchauffement récent dans le milieu marin ne semblent pas univoques (p. ex., Durantou et al.,
2012; Gemery et al., 2023). Ceci peut s’expliquer par la distance des sites étudiés par rapport a la cote,
une résolution temporelle d’analyse insuffisante, ou encore a des lacunes sédimentologiques ou des

traceurs peu sensibles.

Dans ce contexte, I'objectif principal de cette thése est de mieux circonscrire les effets des changements
climatiques dans la zone littorale du sud-est de la mer de Beaufort a partir d’'une approche
micropaléontologique. Dans I'optique ou le bassin Herschel peut offrir des enregistrements sédimentaires
adéquats, c’est-a-dire continus, avec une résolution temporelle suffisante pour capter les variations des
dernieres décennies et de les distinguer de celles des derniers millénaires, les objectifs spécifiques de cette

étude sont :

1) D’évaluer la portée de I'utilisation de I'approche micropaléontologique dans le bassin Herschel et

de développer/valider des indicateurs écologiques;

2) D’identifier les principaux effets des changements climatiques récents sur I'écosystéeme de la zone

littorale du sud-est de la mer de Beaufort;

3) De déterminer I'amplitude des effets des changements climatiques récents par rapport a la

variabilité naturelle du milieu.

Comme le couvert de glace de mer des deux derniéres décennies est le plus faible jamais enregistré et

mesuré des mille derniéres années (Fetterer et al., 2017; Kinnard et al., 2011), nous pouvons supposer que
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les conséquences sur les microorganismes de I'écosystéme littoral seront d’'une ampleur équivalente,
surtout dans la mesure ou la glace de mer joue un role primordial sur I'impact des tempétes et I'érosion
des cotes (Glinther et al., 2015; Mioduszewski et al., 2018), et donc sur les apports terrigénes et la
perturbation dans ce milieu peu profond (Hill et Nadeau, 1989; Klein et al., 2019). La débacle précoce et
une diminution de la glace de mer favorisent la productivité primaire (Arrigo et van Dijken, 2015), les
apports nutritifs vers le benthos (Grebmeier et Barry, 2007), ainsi que la reproduction et la condition
physique des ressources halieutiques (Falardeau, M. et al., 2022; George et al., 2015; Nguyen et al., 2017).

Des effets positifs similaires sur la productivité des microorganismes sont donc envisageables.

Toutefois, si I'on tient compte de 'augmentation des particules en suspension dans les eaux littorales et
de la dégradation du Cor; qui découlent de I'augmentation des tempétes, de I'érosion des cotes, et de la
dispersion des eaux fluviales, une diminution de la production primaire (Bonsell et Dunton, 2018; Retamal
et al., 2008) et de la concentration en oxygene dissout (Mathis et al., 2007) sont a prévoir. De plus, une
diminution de la glace de mer implique I'altération du couplage entre le benthos et la glace de mer et donc
une altération de I'approvisionnement des organismes benthiques en carbone sympagique, une source de
nourriture de haute qualité dont ils dépendent (Kohlbach et al., 2019; Yunda-Guarin et al., 2020). Une
diminution de la taille moyenne du phytoplancton due a I'adoucissement des eaux de surface arctiques
(Li, W. K. W. et al., 2009) et une augmentation de la consommation phytoplanctonique par le zooplancton
en réponse au réchauffement des eaux de surface et a la migration d’espéces de zooplancton vers le nord
(Grebmeier, 2012) minimisent également les apports nutritifs en profondeur. Pour ces raisons, nous
anticipons que le bilan des effets du réchauffement anthropique sera globalement négatif sur la
productivité des microorganismes benthiques étudiés et que, par ailleurs, les enregistrements
paléoceanographiques s’avéreront un outil utile pour retracer les effets du changement climatique sans

précédent des dernieres décennies.

0.6 Le plateau continental de la mer de Beaufort : physiographie et hydrographie

Le plateau continental de la mer de Beaufort est bordé par I'lle Herschel — Qikiqgtaruk a I'est et par la baie
Shallow, I'une des deux embouchures de la riviere Mackenzie, a I'ouest (Figure 0.3). Le plateau s’étend
donc sur ~530 km et a une largeur d’environ 120 km. Le bassin Herschel se situe a moins de 10 km de I'est
de I'lle Herschel — Qikigtaruk et du nord de la céte nord du Yukon, Canada (Figure 0.3). L'lle et le bassin

Herschel se seraient formés lors de I'emplacement d’une faille géologique datant d’il y a environ 30 000
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ans (Mackay, 1959). Le bassin a une grandeur de 40 par 15 km et une profondeur maximale de 70 m (EBA

Engineering Consultants Ltd, 1992).

Les sédiments qui s’"accumulent dans le bassin Herschel sont principalement d’origine terrigéne, résultant
en grande partie de I'érosion des cotes environnantes et sans doute d’apports de la riviere Mackenzie
(Grotheer et al., 2020). La riviere Mackenzie décharge le plus grand volume d’eau fluviale dans la région
(Données hydrométriques historiques d’Environnement et ressources naturelles Canada, 2020) et détient
la quatriéme position de 'océan Arctique (316 km3-a? pour 1999-2008 CE; Holmes et al., 2012). Son
panache se déploie a des centaines de kilomeétres, particulierement lors de la crue survenant en mai-juin,
mais aussi sous I'effet des vents en été (Juhls, 2021; Wood et al., 2015). Les riviéres Firth et Babbage
(Figure 0.3), et autres tributaires peuvent contribuer aux apports terrigénes a échelle plus locale (p. ex.,

Speetjens et al., 2022; Tanski et al., en prép.).

Les eaux sont stratifiées en été en raison d’apports d’eau douce issus de la fonte de la glace de mer et des
rivieres qui forment une couche de surface de faible salinité (21-22 psu), et donc de faible densité, qui se
réchauffe en été pour atteindre des températures de 8-9°C (Figure 0.4). La halocline sépare la couche de
surface de la couche profonde constituée d’eaux plus froides (< 0°C) et plus salées (31-32 psu) et se situe
environ entre 7 et 12 m de profondeur (Figure 0.4; Carmack et Macdonald, 2002; Mulligan et al., 2010). La
couche profonde est formée d’un mélange entre les eaux de subsurface qui circulent le long du talus
continental et remontent sur le plateau continental par des remontées d’eau de fond et les eaux trés
froides et salées des saumures qui sont expulsées lors de la formation de la glace de mer (Williams et
Carmack, 2012). A I'approche de I'hiver, les eaux s’homogénéisent verticalement et atteignent des valeurs
uniformes de la couche profonde a la surface. Le bassin Herschel est couvert de glace de mer, soit d’une

banquise, d’octobre jusqu’a la débacle en juin (Carmack et Macdonald, 2002).

Les vents dominants proviennent soit de I'est ou du nord-ouest (Radosavljevic et al., 2016; Figure 0.3)
donnant lieu a des conditions environnementales distinctes. En effet, sous vents d’est, le panache de la
riviere Mackenzie est étendu, la glace de mer diverge de la cOte vers le large, et s"amincit (Frey et al., 2015;
Wood et al., 2013) et les remontées d’eaux profondes et riches en nutriments sont favorisées (Pickart,
2004; Pickart et al., 2011), pouvant mener a des floraisons phytoplanctoniques (Pickart et al., 2013;
Tremblay et al., 2011. Inversement, les vents d’ouest restreignent le panache et maintiennent la glace de

mer prés de la cote. Ces deux scénarios sont illustrés a la Figure 0.5. Les conditions de la marge

12



continentale de la mer de Beaufort, incluant les courants marins (Kulikov et al., 1998; Lin et al., 2020), sont
donc tres variables au cours d’'une méme saison et d’'une année a I'autre, en grande partie en raison de

ses liens étroits avec la direction et I'intensité des vents.

Figure 0.3 Carte des courants marins et de la localisation des sites d’étude. Les stations hydrométriques et
météorologiques sont représentées par des losanges blancs et noirs, respectivement. Un gros plan du bassin Herschel
et des sites est illustré au bas a gauche et la direction des vents dominants est présentée au bas a droite de la figure
par les fleches grises.
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0.6.1 Les courants marins

Les masses d’eaux provenant de I'océan Pacifique, Iégérement salées (~31 psu) et riches en nutriments,
circulent généralement vers I'est le long du talus continental via le Beaufort Sea shelfbreak current (fleche
bleue; Figure 0.3; Pickart, 2004). Elles se superposent aux eaux plus chaudes et plus salées d’origine
atlantique (fleche pointillée rouge; Figure 0.3; Lin et al., 2020). Circulant également vers I'est, des eaux
relativement chaudes et peu salées, formées d’'un mélange entre les eaux météoritiques et les eaux
cotieres de I’Alaska (fleche rose), baignent les rives nord de I’Alaska et du Yukon (fleche mauve; Coastal

Flow; Figure 0.3). A la limite nord du plateau continental, le Shelf current qui transporte des eaux de salinité
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relativement faible (< 31 psu), froides et peu profondes (< 30 m) circule vers I'ouest (fleche verte; Figure
0.3; Lin et al., 2020). Finalement, le gyre de Beaufort, qui circule dans un sens anticyclonique, transporte
les eaux du large vers I'ouest, une partie se propageant et recirculant dans la dépression du Mackenzie

(fleches jaunes; Figure 0.3).

0.6.2 Les changements récents

Lorsqu’on se focalise sur les effets du réchauffement du climat récent, on remarque que I'étendue de la
glace de mer a diminué dix fois plus rapidement entre 2000 et 2012 CE, comparativement a la moyenne
de 1979 a 2000 CE (Frey et al., 2015). Le taux d’érosion cotiere de la rive de la mer de Beaufort est le plus
élevé de I'océan Arctique (Lantuit et al., 2012). Localement, I'érosion de I'lle Herschel enregistre des taux
50% plus rapides depuis 2000 CE que de 1970 a 2000 CE (Obu et al., 2016). La riviere Mackenzie décharge
des eaux de plus en plus riches en particules en suspension, leur concentration ayant augmenté de 50%

en dix ans (2003-2013 CE; Doxaran et al., 2015).

0.7 Les approches méthodologiques

0.7.1 Les foraminiféres benthiques

Notre approche micropaléontologique s’appuie principalement sur I'étude des assemblages de
foraminiferes benthiques. Les foraminiféres benthiques sont des organismes eucaryotes hétérotrophes et
leur coquille, ou test, se préserve dans le sédiment. Selon que leur test est composé de carbonate de
calcium ou de particules minérales, les foraminiféres benthiques sont qualifiés de calcaires ou
d’agglutinants, respectivement. Certains foraminiferes, épibenthiques, vivent a la surface du sédiment et
d’autres, endobenthiques, vivent dans le sédiment souvent dans les quelques premiers centimetres sous
la surface. Pour certaines espéces, ces deux modes de vie sont interchangeables et dépendent surtout des
conditions ambiantes ou de stress environnementaux comme une augmentation des flux sédimentaires
ou une diminution de I'oxygene (Murray, 2006). Certaines especes sont sessiles, alors que d’autres
peuvent se mouvoir. La mobilité de ces derniéres sert surtout a la recherche de nourriture. Elle est
toutefois lente (<50 um-mint) et limitée (Murray, 2006). Les habitudes alimentaires des foraminiféres sont
tres diversifiées, basées sur la consommation d’algues, de bactéries, de matiére en suspension ou de

débris organiques. Peu d’information existe sur le type d’alimentation propre a chaque espece.

14



Les foraminiféres benthiques sont abondants et ont une diversité taxonomique élevée sur les plateaux
continentaux de I'océan Arctique. Plusieurs études de leur distribution ont permis de déterminer les
conditions préférentielles de certains assemblages. Les assemblages sont associés a des conditions
données de température et salinité, a certains types de substrat, au couvert de glace de mer et aux apports
de matiére organique (Polyak et al., 2002; Polyak et al., 2003; Scott et al., 2008; Wollenburg et kuhnt,
2000). Les assemblages de foraminiféres sont donc de bons traceurs pour reconstituer les conditions
marines passées dans les archives sédimentaires. Dans les zones cotiéres, les foraminiferes sont aussi
utilisés comme traceurs d’hypoxie et de polluants (p. ex., Alve, 2003; Cearreta et al., 2000). Les
interprétations écologiques a partir des assemblages de foraminiferes benthiques ne sont toutefois pas
univoques, car les facteurs environnementaux qui régulent les communautés de foraminiféres varient
d’une région a l'autre (Murray, 2006). Une compréhension exhaustive de la zone d’étude est donc

primordiale.

0.7.2 Les isotopes stables des tests de foraminiferes

En plus des assemblages de foraminiféres benthiques, notre approche inclut I'analyse de la composition
isotopique de I'oxygéne et du carbone de leurs tests (80 et §3C). Comme le carbonate du test des
foraminiferes se précipite en fonction de la composition isotopique de I'oxygene de I'eau ambiante, sa
géochimie peut étre utilisée comme marqueur de salinité dans les zones estuariennes arctiques (Bauch et
al., 2004; Polyak et al., 2003). En effet, dans ce type de milieu, la couche d’eau de surface, peu salée et
relativement chaude, formée des apports d’eau fluviale et de la fonte de la glace est appauvrie en isotopes
lourds (*80), alors que les eaux plus profondes et hauturiéres, salées et froides, sont enrichies en 20. Il se
développe alors une relation linéaire entre la salinité et le 880 de I'eau en été (Lansard et al., 2012; Polyak
et al., 2003). Toutefois, la présence de saumures, trés salées, mais appauvries en 20, peut altérer la
relation §'80-salinité. De plus, la vitesse et la température de calcification, I’dge du foraminifére (juvénile
ou mature), ainsi que I'effet vital de chaque espéce peuvent modifier la signature isotopique du test par

rapport a celle de I’eau (Ravelo et Hillaire-Marcel, 2007).

Le 613C des tests de foraminiféres refléte la composition du carbone inorganique dissous de I'eau (CID).
Dans les eaux du plateau continental de la mer de Beaufort, le §3C-CID a tendance a étre élevé (valeurs
autour de 1.0-1.5%0) dans les eaux de surface/subsurface, |a ol la productivité primaire a lieu, car les

isotopes légers sont préférentiellement utilisés lors de la photosynthése. En revanche, le 83C-CID est plus
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faible (0-0.5 %o) lorsque la respiration du carbone est maximale (Mol et al., 2018). Le CID de I'eau est alors
généralement appauvri pres des rivieres, a l'interface avec le sédiment et sous la pycnocline, aux endroits
ou la matiere organique s’accumule et se décompose. Dans un enregistrement continu d’'une méme
espéce, une diminution du 8™C peut étre liée a une augmentation des apports en Corg dans la colonne
d’eau (Ravelo et Hillaire-Marcel, 2007; Mackensen, 2008). Toutefois, la signature isotopique du carbone
dans les tests de foraminiféres peut s’avérer complexe a interpréter. En effet, si les foraminiféeres sont
endobenthiques, le §13C ne refléte pas la composition isotopique de la masse d’eau profonde, mais plutot
celle de I'eau porale et livre ainsi des valeurs §3C plus faibles, voire négatives (Bauch et al., 2004; Polyak
etal., 2003). Le 83C diminue davantage plus I'espéce vit en profondeur dans le sédiment (McCorkle et al.,
1997; Polyak et al., 2003), car la matiére organique y est de plus en plus décomposée causant une
augmentation du CO; partiel appauvri en 3C. Le §3C des eaux porales peut aussi étre modifié par le taux
de respiration spécifique au foraminifére lors de la calcification de son test (Ravelo et Hillaire-Marcel, 2007;

Cesbron et al., 2016).

Les analyses de la composition isotopique (60 et 8'3C) des tests de foraminiféres benthiques sont
effectuées sur deux especes : Elphidium clavatum et Cassidulina reniforme. E. clavatum est |'espéce la plus
commune des marges de I'océan Arctique et la composition isotopique de son test a déja été documentée
(Bauch et al., 2004; Erlenkeuser et von Grafenstein, 1999; Polyak et al., 2003). Elphidium clavatum tolere
des taux de sédimentation élevés et peut facilement circuler dans le sédiment (Ullrich et al., 2009), ce qui
concorde avec un 8%3C négatif (Bauch et al., 2004; Polyak et al., 2003). De plus, E. clavatum se reproduit
en été (Korsun et Hald, 2000; Ullrich et al., 2009) et serait donc un marqueur des conditions estivales. Des
informations sur la composition isotopique de C. reniforme sont plus rares dans la documentation
scientifique, mais il a été démontré que C. reniforme se calcifie normalement prés de I'équilibre en raison

de son faible effet vital (Austin et Kroon, 1996) .

0.7.3 Les ostracodes

L'analyse des assemblages d’ostracodes fait également partie de I'approche micropaléontologique. Les
ostracodes sont des crustacés méiobenthiques protégés par deux valves de carbonate de calcium. Les
ostracodes se nourrissent de différents débris organiques et ils ne se déplacent pas activement dans |'eau,
se laissant plut6t transporter par les courants. Comme les foraminiféres benthiques, plusieurs especes

d’ostracodes occupent les marges continentales de I'océan Arctique (Gemery et al., 2017). La composition
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des assemblages d’ostracodes varie en fonction de la salinité, de la température, de la vitesse des courants
marins profonds, du substrat, de la formation de glace de mer et des apports nutritifs (Gemery et al., 2013;
Gemery et al., 2017; Gemery et al., 2021; McDougall et al., 1986; Reimnitz et al., 1993; Stepanova et al.,
2003; Stepanova et al., 2007). Comme les assemblages d’ostracodes different en fonction de la profondeur
de la colonne d’eau, ils marqueraient également des changements dans le niveau marin et donc dans le
volume de glace continentale (p. ex., Cronin et al., 2022). L'étude des variations de leur population dans

les carottes sédimentaires est donc un outil pour reconstituer le milieu marin des eaux de fond.

Figure 0.4 Schéma représentant le bassin Herschel et les sites d’étude dans leur cadre environnemental. Gracieuseté
de Mark-Antoine Thibodeau Breault.
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0.7.4 Les tintinnides

Outre les foraminiféres benthiques et les ostracodes, d’autres types de microfossiles peuvent étre
identifiés. Le long de la marge continentale de la mer de Beaufort, Schell et al. (2008) et Scott et al. (2008)

ont identifié des tintinnides qui sont des eucaryotes hétérotrophes appartenant aux ciliés. Plus
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précisément, I'espéce Tintinnopsis rioplatensis (Souto, 1979) a été identifiée, ou plut6ét identifiée a
I’espece Tintinnopsis fimbriata (Agatha, 2008; Meunier, 1919) dans cette thése, que les auteur.rice.s
associent avec le panache de la riviere Mackenzie. En effet, T. fimbriata préfére les milieux pres des cotes
et aux embouchures de rivieres (Burkovsky, 1976; Echols et Fowler, 1973; Rogers et al., 1981), donc des
apports d’eaux peu salées et turbides. T. fimbriata est une espéce agglutinante et doit construire sa
coquille dite lorica a partir de particules détritiques (Pierce et Turner, 1993). Cette espéce vit entre 0 et 40
m de profondeur (Paranjape, 1987) et fournit ainsi des indications sur les conditions des masses d’eau de
surface et subsurface, complémentaires de celles livrées par les ostracodes et foraminiferes qui sont des

marqueurs des eaux de fond.

0.8 Carottes marines

Cette étude se base sur trois carottes sédimentaires provenant de deux sites distincts du bassin Herschel.
La carotte YC18-HB-GCO1 (69.544°N; 138.970°0; HBGCO1 ci-apres) a été prélevée lors de I'expédition
Nunataryuk Yukon coast en ao(t 2018 avec un carottier par gravité déployé manuellement d’un zodiac.
Cette carotte a été prélevée spécifiquement pour cette étude. Un total de 40 cm de matériel a été
récupéré. Le site HBGCO1 se trouve en bordure ouest du bassin a 18 m de profondeur et a seulement 3
km de la rive de I'lle Herschel — Qikigtaruk (Figures 0.3 et 0.4). Le deuxiéme site, PG2303 (69.513°N;
138.895°0), se trouve plus en profondeur dans le bassin, a 32 m (Figures 0.3 et 0.4). La carotte courte
PG2303-1 (20 cm) et la carotte longue PG2303-1 (12 m) ont été prélevées avec I'aide d’un trépied sur la
glace lors d’'une expédition hivernale de la Alfred Wegener Institute a Potsdam en avril 2016. Afin de
préserver l'interface eau-sédiment, la carotte PG2303-1 a été récupérée par un carottier par gravité, alors
gu’un carottier a piston a été utilisé pour la carotte longue PG2303. Seulement les 324 premiers

centimetres de cette derniére ont été analysés pour répondre aux objectifs de cette étude (Chapitre 3).

0.9 La structure de la these

Le premier chapitre prépare le terrain pour les deux autres qui suivront. Il vise a valider I'utilisation des
assemblages de foraminiféres benthiques, d’ostracodes et de tintinnides comme traceurs de leur
environnement dans les carottes par gravité HBGCO1 et PG2303-1. Ce chapitre, sous forme d’article
scientifique, présente la complexité de la zone d’étude et I'ensemble des espéces de foraminiferes
benthiques, d’ostracodes et autres microfossiles observés accompagnés de planches photographiques. De
plus, comme cette étude comprend deux sites de profondeurs différentes (Figure 0.4), elle permet de faire

une revue comparative de la biodiversité dans le bassin. Ce chapitre explore aussi le réle de la glace de
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mer sur les changements observés au cours des 50 derniéres années. |l s’intitule Microfaunal recording of

recent environmental changes in the Herschel Basin, western Arctic Ocean et il a été publié dans la revue

Journal of Foraminiferal Research en janvier 2023 dans un numéro spécial soulignant les travaux de feu

David B. Scott.

Figure 0.5 Représentation schématique (a) des effets de vents d’est forts et dominants et (b) des effets de vents d’est
modérés. Pour les indicateurs écologiques, le code de couleur référe aux couleurs utilisées dans le schéma (p. ex.,
vert pale pour les remontées d’eaux riches en nutriments et bleu foncé pour les eaux profondes salées). Gracieuseté
de Mark-Antoine Thibodeau Breault.
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Le deuxiéme chapitre fait la démonstration de I'utilité des microfossiles comme traceurs écologiques dans
un contexte de changements climatiques récents. Il explore en détail les relations entre les changements
dans I’habitat littoral, a partir des traceurs écologiques utilisés, et les changements environnementaux au
cours des 40 dernieres années. Cette étude contribue a I'identification des principaux effets des activités
anthropiques sur cet écosysteme cotier. Ce chapitre tente de répondre a la motivation initiale de cette
these et il est également un exercice d’adaptation de I'usage de la micropaléontologie pour un public non
expert. Un résumé graphique a été développé pour ce chapitre qui est présenté dans la Figure 0.5. Le
deuxieme chapitre a été soumis le 21 avril 2023 a la revue Estuarine, Coastal and Shelf Science. Suite aux
commentaires d’évaluateurs externes, il a fait I'objet de modifications mineures et le manuscrit révisé a

été transmis le 21 ao(t 2023.

Finalement, le dernier chapitre est une reconstitution des conditions des masses d’eau dans le bassin
Herschel au cours des 1300 derniéres années, avec comme points de mire la salinité, la température et les
apports terrigénes. Ce chapitre permet de situer I'amplitude et la portée des changements récents en
parallele avec la variabilité naturelle du milieu, un atout caractéristique de la paléocéanographie. La
reconstitution couvrant les 1300 derniéres années est également mise en contexte avec les variations
climatiques déja rapportées dans la région (p. ex., Bringué et Rochon, 2012; Gemery et al., 2023; Nicolle
et al., 2018; Richerol et al., 2008). Ce troisieme chapitre intitulé A 1300-year microfaunal record from the
Beaufort Sea shelf indicates exceptional climate-related environmental changes over the last two centuries
a été accepté pour publication a la revue Palaeogeography, Palaeoclimatology, Palaeocology et paraitra

dans le numéro de septembre 2023.
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Abstract

Microfaunal assemblages of benthic foraminifera, ostracods, and tintinnids from two marine sediment
cores retrieved from the Herschel Basin of the Canadian Beaufort Sea shelf document relationships with
environmental parameters such as salinity, sea-ice cover, and turbulence. Cores YC18-HB-GC0O1 and
PG2303-1 were collected at 18 and 32 m water depth, respectively. At these sites, sediment accumulation
rates range between 0.6 and 1.7 cm yr ! allowing a near-annual temporal resolution over the last 50 years.
Multivariate analyses indicate that benthic foraminiferal assemblages respond primarily to food supply.
Dissimilarities between the microfaunal assemblages of the two cores are mainly the result of bottom
water salinity levels linked to water depth. High abundance of the benthic foraminiferal species Elphidium
clavatum and occurrences of Elphidium bartletti point to varying, but relatively low, salinities at the
shallow core site YC18-HB-GC01, which may be affected by variations in the summer halocline depth.
Higher species diversity and more abundant Cassidulina reniforme and Stainforthia feylingi characterize
the deeper core PG2303-1, which might reflect more stable conditions and higher bottom-water salinities
throughout the studied time interval. The most important microfaunal shift of the last 50 years, observed
in the shallower longer core YC18-HB-GCO1, occurred at the turn of the 21 century. Prior to ~2000 CE,
the presence of Islandiella norcrossi indicates more stable and saline conditions. Since ~2000 CE, increased
abundances of Haynesina nivea and of the ciliate Tintinnopsis fimbriata suggest decreased salinity and
increased turbidity. An increased abundance of Eoeponidella pulchella after ~2000 CE suggests a
concurrentincrease in productivity in the last two decades. This shift is nearly synchronous with a decrease
in mean summer sea-ice concentration, which can play an important role in bottom water stability on the
shelf. Easterly winds can induce a reduction in the sea-ice cover, but also foster a westward spreading of
the Mackenzie River plume and the upwelling of nutrient-rich Pacific waters onto the shelf. Both factors
would explain the increased freshening and productivity of the Herschel Basin. The last two decades were
also marked by a decrease in ostracod abundance that may relate to higher water turbidity. This study
shows that combining information from benthic foraminifera, ostracods, and tintinnids provides a
comprehensive insight into recent hydrographic/climatic changes in nearshore Arctic habitats, where
productivity is critical for the food security of local communities.

Keywords: Benthic foraminifera, Ostracods, Tintinnids, Beaufort Sea, Arctic coast, Salinity
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1.1 Introduction

The 21°t century marks the lowest level of sea-ice extent in the Arctic Ocean of the last 1400 years (Kinnard
etal., 2011; IPCC, 2019). This decrease has led to increased net primary production, essentially due to both
a longer open water season and an increased area of open water (Arrigo et al., 2008; Barber et al., 2012;
Arrigo & van Dijken, 2015), at least until ca. 2008 CE. However, since then, new nutrients imported to the
Arctic Ocean from the Pacific and the Atlantic oceans have become a major contributor to the increase in
net primary production (Lewis et al., 2020). Partial ice cover also fosters upwelling of nutrient-rich waters
onto the Arctic shelves (Barber et al., 2012; Schulze & Pickart, 2012) that act as a hotspot for phytoplankton
blooms (Tremblay et al., 2011, 2012; Walkusz et al., 2012). However, the transition to a seasonally ice-free
Arctic Ocean raises questions about the long-term effects of changes in the plankton community (Li et al.,
2009; Comeau et al., 2011; Dolan et al., 2014; Lefebvre et al., 2016) and in the stratification and vertical
mixing of the water masses (MclLaughlin & Carmack, 2010; Blais et al., 2017) on the Arctic marine food
web. Open waters also modify the exchange of heat with the atmosphere and lead to a generally more
unstable climate due to increased wind speed and storm events (Simmonds & Keay, 2009; Mioduszewski
et al., 2018). Along Arctic coastlines, higher air temperatures and reduced sea-ice cover enhance coastal
erosion, which increases the flux of carbon and sediment to continental shelves, also affecting the food
web (Fritz et al., 2017). The role of terrigenous nutrients linked to coastal erosion is rarely considered
(Ardyna & Arrigo, 2020; Lewis et al., 2020), but they could contribute up to 21% to the primary production
in the Arctic Ocean (Terhaar et al., 2021). However, coastal erosion also leads to increased turbidity in the
nearshore areas (Klein et al., 2019, Jong et al., 2020), with a documented negative impact on primary
production (Anthony et al., 2004; Retamal et al., 2008; Bonsell & Dunton, 2018; Lewis et al., 2020). It may
also contribute to ocean acidification through the degradation of terrestrial organic matter (Semiletov et

al., 2016; Fritz et al., 2017).

In coastal Arctic environments, it is often difficult to disentangle the impacts of the recent climate change
from interannual and local variations because direct measurements over several decades are rare,
especially when it comes to the biota. Micropaleontological tracers can be used to develop such biological
time series and to reconstruct longer-term changes in environmental conditions. Among microfossils,
benthic foraminiferal assemblages are largely controlled by water depth, salinity, temperature (e.g.,
Polyak et al., 2002, 2003), and food availability (carbon fluxes; e.g., Wollenburg & Kuhnt, 2000). Moreover,
some species thrive under sea-ice marginal conditions (Scott et al., 2008a; Seidenkrantz, 2013; Seidenstein

et al., 2018), while others may tolerate reduced dissolved oxygen availability (Seidenkrantz, 2013; Moffitt
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et al., 2014). In shallow benthic environments, ostracods are also abundant and represented by numerous
species (Gemery et al., 2017). Their assemblages relate to salinity and temperature, sea level, and river
inputs (McDougall et al., 1986; Reimnitz et al., 1993; Stepanova et al., 2003, 2007; Gemery et al., 2013,
2017, 2021; Cronin et al., 2017), in addition to sea-ice cover (Cronin et al., 2010). Tintinnid microfossils
may also occur in marine sediment of the Arctic. They belong to ciliates, which are important grazers in
the western Arctic Ocean microzooplankton community (Sherr et al., 2009). Previous studies of tintinnids
have highlighted their potential use as tracers of salinity and sea level (Echols & Fowler, 1973; Burkovsky,

1976; Rogers et al., 1981; Pierce & Turner, 1993).

Several studies have documented the spatial distribution and ecological affinities of benthic foraminifera
on Arctic continental shelves (e.g., Hald & Steinsund, 1996; Wollenburg & Mackensen, 1998; Wollenburg
& Kuhnt, 2000; Polyak et al., 2002; Lloyd, 2006; Scott et al., 2008a, 2008b; Husum et al., 2015). However,
high-resolution temporal reconstructions of past nearshore environments of the Arctic using benthic
foraminifera are rare due to the lack of continuous sedimentological records. In this study, the Herschel
Basin provides us with the opportunity to establish multiannual time series (Grotheer et al., 2020) of
microfaunal changes in a nearshore Arctic area that is presently influenced by sea-ice loss (Frey et al., 2015)
and increased terrestrial supply from coastal erosion and rivers (Doxaran et al., 2015; Ehn et al., 2019;
Klein et al., 2019; Jong et al., 2020). The Herschel Basin is located off northern Yukon, Canada (Fig. 1.1),
where benthic foraminiferal and ostracod assemblages have not hitherto been documented. Thus, our
first objective is to describe the microfaunal assemblages that characterize the last decades at two
different depths in the basin, which may be used as a baseline for future paleo studies on the Beaufort Sea
continental shelf. The second objective is to document interannual variations of the microfaunal records
and eventually, to relate these to recent environmental changes and develop their use as tracers of

biogenic productivity and diversity in nearshore Arctic areas.

1.2 Regional settings
1.2.1 The Herschel Basin

The Herschel Basin is located on the continental shelf of the Beaufort Sea offshore the northern Yukon
coastal plain, around 10 km east of Herschel Island — Qikigtaruk and 135 km west of Shallow Bay (Fig. 1.1B,
D). This 40-km long, 15-km wide, and up to 70-m deep basin (EBA Engineering Consultants Ltd., 1992; Fig.
1.1D) allows continuous sediment accumulation (Grotheer et al., 2020). A shallow sill with a water depth

of 13 m forms the northern limit of the basin (EBA Engineering Consultants Ltd., 1992). The sill prevents

24



large stamukhi, or sea-ice rubble, and other floating ice from reaching the basin. The land-fast ice is
generally 2 m thick on the shelf (Carmack & MacDonald, 2002), which also limits ice scouring at depth in

the basin.

1.2.2 Hydrography

The regional hydrography of the Herschel Basin area is complex and unstable as it is controlled by winds
that vary in direction and strength (see below; Kulikov et al., 1998; Lin et al., 2020). In summer, the
predominantly eastward coastal flow (Fig. 1.1B, purple) carries relatively warm and low salinity waters
alongshore (>0°C and <31 psu, respectively) that derive from the Bering summer waters (Lin et al., 2020).
The shelf current (Fig. 1.1B, green arrow) flows predominantly westward and carries cold (<—1°C) and
relatively fresh (<31 psu) surface waters (<30 m) mainly formed from sea-ice melt and meteoric waters
(Kulikov et al., 1998; Weingartner et al., 2017; Lin et al., 2020). In contrast, at the shelf break, the waters
flow eastward as the “Beaufort shelfbreak jet” (Fig. 1.1A, B, blue arrow) transporting predominantly the
relatively saline (>31.5 psu) and nitrate-rich Pacific winter water mass known as the remnant winter waters
(hereafter referred to as Pacific waters; Pickart, 2004; Lin et al., 2016, 2020). These waters sit on top of
dense and saline subsurface Atlantic waters (>33.5 psu; Lin et al., 2016, 2020; Ardyna et al., 2017; Fig.
1.1C). Further to the north, the Beaufort Gyre circulates clockwise (Fig. 1.1A, B, yellow arrow) under the
influence of the Beaufort Sea High (Serreze & Barrett, 2011). Part of the southern gyre recirculates into
the Mackenzie Trough (Lin et al.,, 2020; Fig. 1.1B, thin yellow arrows). A strong anticyclonic regime
generates dominant easterly winds in the marginal seas that induce sea-ice drift to the central Arctic Ocean
usually resulting in a reduced sea-ice cover (Ogi & Wallace, 2007; Ogi et al., 2008). Increased easterly winds
in the Beaufort Sea continental slope area under a strong Beaufort Sea High would also reduce the entry

of Pacific waters through the Beaufort shelfbreak jet (Brugler et al., 2014).

The Mackenzie River is the most important freshwater source in the area (Carmack et al., 2006), and it has
the fourth largest discharge of freshwater into the Arctic Ocean (Holmes et al., 2011). Its main flux usually
occurs at the beginning of June during the spring freshet (Carmack & MacDonald, 2002). The Mackenzie
River plume is very rich in dissolved organic carbon (Holmes et al., 2011; Juhls, 2021) and terrestrial
suspended particles (Doxaran et al., 2015), both of which are dispersed up to hundreds of kilometres
westward during the freshet and depending on the winds during summer (Wood et al., 2015; Juhls, 2021).
The Firth and Babbage estuaries are located approximately 20 km and 40 km, respectively, from our study

site (Fig. 1.1B). However, their impact on the hydrography of the study area is low as their mean summer
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flow is significantly less than that of the Mackenzie River (Environment and Climate Change Canada

Historical Hydrometric Database, 2020).

Figure 1.1 (A) Regional map of northwestern North America with the main currents in the Bering Strait and the
western Arctic Ocean (based on Grebmeier et al., 2006). (B) Study area [white box in (A)] and surface ocean currents
(based on Lin et al., 2020). The black dots represent the grid used for the mean summer sea-ice concentrations. The
gray arrows in the lower left corner indicate the two dominant wind directions at Herschel Island — Qikigtaruk (based
on Radosavljevic et al., 2016). The a—b transect marks the section used for the (C) salinity profile with data from the
World Ocean Database 2018 (Boyer et al., 2018) using Ocean Data View (Schlitzer, 2018). The thin vertical black lines
are the locations of all the CTD measurements (mostly summer to fall measurements) used for the reconstruction of
the water mass transect. The dotted lines delimitate approximately the Pacific (31.5-33.5 psu) and Atlantic (>33.5
psu) water masses. (D) Location of core sites in the Herschel Basin and location of two CTD measurements taken in
August 2015 (red dot) and April 2016 (blue dot; see Fig. 1.2). The black lines indicate the northwest—southeast (Fig.
1-A.1) and west—east (Fig. 1-A.2) seismic transects. The main currents are illustrated in (A) and (B) as follows: pink
arrow for the Alaskan coastal water, blue arrows for the other Pacific water masses (winter/summer), red dotted
arrow for the subsurface Atlantic waters, yellow arrows for the Beaufort Gyre, purple arrow for the coastal flow, and
green arrow for the shelf current.
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The water masses in summer are strongly stratified on the Beaufort Sea shelf due to the low salinity of the
surface waters (Figs. 1.1C, 1.2A, light gray zone). The halocline depth ranges between 5 and 10 m depth in

summer (Carmack & MacDonald, 2002), and could reach deeper levels according to the summer 2016
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Conductivity Temperature Depth (CTD) measurements (Fig. 1.2A). The temperature and salinity of the
surface water layer in summer are 8-9°C and 21-22 psu, respectively, while they are close to the freezing

point and 32—-33 psu below the halocline (Fig. 1.2A).

The cold and saline bottom waters of the Herschel Basin originate from upwelling of waters at the shelf
break (Fig. 1.1C) via the Mackenzie Trough (Fig. 1.1B) and brine rejections from sea-ice formation (Williams
& Carmack, 2012; Fig. 1.2, dark gray zones). As the land-fast ice forms in October up to the freshet season

in June, the stratification breaks down and the water column homogenizes (Fig. 1.2B).

Figure 1.2 Salinity and temperature profiles in the Herschel Basin in August 2015 (A) and April 2016 (B) from CTD data
measured with a hand-held CastAway-CTD device. Yellow and purple diamonds mark the water depth of cores YC18-
HB-GCO01 and PG2303-1, respectively. The brackish summer surface waters (<28 psu) are indicated by the light gray
zone. The darker gray zones illustrate waters composed of a mix of brines and upwelled water from the shelf break
(mostly Pacific waters). The red and blue dots refer to the location of the CTD measurements shown in Figure 1.1D.
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1.2.3 Winds and sea ice

Local winds are an important parameter in nearshore ecosystems, as they act as the main drivers of water
and sea-ice transport (Kulikov et al., 1998; Frey et al., 2015; Lin et al., 2020), thus controlling sediment and
nutrient transport. The important intra- and inter-annual environmental variability in our study area
reflects this close relationship to local winds. Around Herschel Island — Qikigtaruk, strong winds originate
either from the northwest or from the east-southeast (Radosavljevic et al., 2016; Fig. 1.1B). During periods
of dominant westerly winds, the Mackenzie River plume and the sea ice remain nearshore. In contrast,
dominant easterly winds lead to offshore spreading of the Mackenzie River plume and foster sea-ice

spreading and upwelling (Carmack & MacDonald, 2002; Pickart et al., 2011; Wood et al., 2015), thus
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enhancing regional primary productivity (Tremblay et al., 2011, 2012; Pickart et al., 2013). The sea ice that
interacts with marine currents, upwelling, and vertical mixing (Barber et al., 2012; Schulze & Pickart, 2012;

Williams & Carmack, 2015) also plays a protective role along the coastline (Giinther et al., 2015).

Figure 1.3 Summer (JJAS) mean sea-ice concentrations (%) calculated from 18-grid points of 25 km x 25 km covering
the study area (see Fig. 1.1B; data compiled from NOAA/NSIDC climate data record of passive microwave sea-ice

concentration; cf. Meier et al., 2017). The horizontal black lines mark the mean of the 1979-2006 CE and of the 2007—
2017 CE intervals.
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1.3 Material and methods

1.3.1 Seaice

We calculated the mean summer sea-ice concentration in the study area as the average of daily sea-ice
concentrations in June through September of each year. A breakpoint analysis on the 1979-2017 data
highlights a shift in the mean in 2006 CE. Between 1979 and 2006 CE, summer sea-ice concentrations
varied from 55% down to 5% with a mean of 31%. After 2006 CE, it stabilized around 7-16% with a mean
of 13% (Fig. 1.3).

1.3.2 Sediment cores

This study is based on the analysis of two sediment cores collected in the Herschel Basin: core YC18-HB-

GCO01 (hereafter HBGCO1) and core PG2303-1. The HBGCO1 core is from the western part of the Herschel
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Basin (69.544°N, 138.970°W; 18 m water depth), while core PG2303-1 was retrieved from the deeper part
of the basin (69.513°N, 138.895°W; 32 m water depth; Fig. 1.1D).

1.3.2.1 Acoustic survey

Hydro-acoustic data were acquired using a Knudsen sub-bottom profiler (12 kHz; Figs. 1.1D, 1-A.1, 1-A.2).
The acoustic image crossing the shelf (NW-SE transect; Fig. 1.1D) displays faintly laminated to chaotic
reflections above 16 m water depth that evolve downslope into finely laminated reflections below the
slope break. This lateral variation of acoustic facies suggests a transition from littoral coarse sediments to
fine sediments (Fig. 1-A.1). Thus, the HBGCO1 core was collected at the slope below the littoral platform.
For the PG2303-1 core site (E-W transect; Fig. 1.1D), acoustic data show high-amplitude and parallel

reflections interpreted as clastic mud (Fig. 1-A.2).

1.3.2.2 Core description

The 40-cm long HBGCO1 core was retrieved using a UWITEC gravity corer deployed from a zodiac during
the 2018 Nunataryuk Yukon Coast expedition on August 9. The core was stored at 3°C and cut lengthwise
in halves at Université Laval, Canada, where the lithological analyses were performed. One half-core was
subsampled at 1-cm intervals for micropaleontology and dating (this study). The 20-cm long PG2303-1
core was retrieved on April 20", 2016, with a UWITEC gravity corer from a tripod on the sea ice during a
winter expedition led by the Alfred Wegener Institute. The core was stored cool in a refrigerator and
subsampled at 1-cm intervals with a vertical extrusion system. Thus, the short core PG2303-1 was not cut

lengthwise, and no descriptive lithology is available.

The HBGCO1 core was photographed and scanned for 3D imagery and density by X-rays Computed-
Tomography Scanner (CT-scan) at INRS-ETE facilities using a SIEMENS Somatom Definition AS128 (e.g.,
Fortin et al., 2013, Figs. 1.4A, 1-A.3) with the settings adjusted to 165-175 kV and 250-300 mA st. We

used the Imagel software (Rasband, 2018) to export and process the raw DICOM format images.

The samples of core HBGCO1 were analyzed for grain size at the Laboratoire de géomorphologie et
sédimentologie of the Université Laval using a Spectrex Particle counter paired with a Horiba laser
diffraction particle size analyzer allowing for grain-size measurements between 0.01 and 3000 pum. The
samples of core PG2303-1 were processed at the Université du Québec a Montréal (UQAM) using a

Microtrac MRB Bluewave laser diffraction instrument, which can detect grain sizes from 0.01 to 2000 pum.
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Prior to the measurement, the samples were treated with hydrogen peroxide (30%) to dissolve organic
matter. Data were processed in GRADISTAT (Blott, 2010), which defines sand as particles between 2 mm

and 63 um, silt between 63 um and 2 um, and clays <2 pm.

Figure 1.4 (A) The CT-scan of core HBGCO1 with (B) the 2'°Pby (yellow), 22°Ra (orange), and *3’Cs (gray) activity profiles
in core HBGCO1. The dark orange line marks the mean 22°Ra used to estimate ?'°Pbs,, (see text) and the pink dashed
line marks the depth of the 1963 maximum 3’Cs activity (cf. Aoyama et al., 2006). (C) Natural logarithm of 21%Pbey
(blue dots). The gray line marks the linear regression of the In?1°Pbex below 10 cm. (D) HBGCO1 core age models
obtained with Plum (mean ages = red line; minimum and maximum ages = gray dotted lines), with the CFCS model
(black line) and with the CRS-piecewise model (green line; see Fig. 1-A.4 for the original age model graph produced
by Plum). The gray shaded areas in (C) and (D) represent the proposed mixed layer.
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1.3.2.3 Chronology and sedimentation rates

The age models are primarily based on #'°Pb analyses (raw data in Carnero-Bravo et al., 2021). The
measurements procedure of °Pb followed Baskaran & Naidu (1995), assuming its secular equilibrium with
219pg and using a spike of 2Po. Sediment samples were digested with three acid solutions, successively
(HNO3s; HCI, HF, and HNOs; H,0, and HNOs). Residues were dissolved in a solution of HCI 0.5 N with ascorbic

acid as a reducing agent for Fe, then spiked. Both 2!°Po and 2*°Po were finally deposited (plating) on a silver
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disk. The measurement was performed by alpha spectrometry using ORTEC™ detectors and the Maestro™

data acquisition software.

We obtained 2%Ra and !*’Cs activity (y-emitters) by high-resolution gamma spectrometry using a
germanium detector (ORTEC). The efficiency calibration was calculated based on the Columbia River Basalt
reference material (BCR-2; USGS). ?*Ra was used to estimate the supported 2°Pb fraction (**°Pbsy), in
which 21%Pby,, is the average of all measurements of 22°Ra. The unsupported 21°Pb (*'°Pbe) is the result of

the total 2°Pb (*'°Pbyet) minus the 21°Pbgp.

The age models were made using the Plum software (Aquino-Ldpez et al., 2018) under R (R Core Team,
2021) and compared with the Constant Flux Constant Sedimentation (CFCS) and the Constant Rate of
Supply (CRS) model using the serac package (Bruel & Sabatier, 2020). A first order estimate of the
accumulation rate (in a cm™in Plum) of each core was specified prior to running the software. Plum takes
into consideration the #°Pby activity and density (g cm™) of each sample, the ?'°Pby,, value, and the dates
of coring. Ultimately, the mass accumulation rate (g cm™a™) of each sample was calculated by multiplying
the sedimentation rates (cm a™') derived from the Plum runs and the densities (g cm™) of the sample
section (Table 1-A.1). Sedimentation rate uncertainties were obtained by calculating the sedimentation
rates of the highest and lowest ages given by the model (Table 1-A.1). Then, the uncertainties of mass

accumulation rate were obtained by following error propagation principles.

1.3.3 Micropaleontological analyses

Sixty samples, 40 from core HBGCO1 and 20 from core PG2303-1, were analyzed for their microfossil
content, with special attention paid to benthic foraminifera, ostracods, and tintinnids. For each sample,
6-7 g of dry sediment were wet-sieved at 63 um at Geotop-UQAM and dried again. Then, the microfossils
were observed and picked with a fine brush under a stereo microscope at 40x to 115x magnification. Each
sample was scanned in its entirety, but to ease the work process, the 63-106 um and >106 um fractions
were counted separately. In samples containing high concentrations of fine sand, we used a solution of
tetrachlorethylene (C,Cls) with a specific gravity of 1.6 g cm™ to separate mineral particles from biogenic

remains (Table 1-A.2).

Benthic foraminifera, including calcareous and agglutinated taxa, were identified based on Feyling-

Hanssen et al. (1971), Polyak et al. (2002), and Scott et al. (2008b). Identification was made at species level
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(Table 1.1; Figs. 1.5-7), except for the Polymorphinoidea superfamily (hereafter polymorphinids), which

has a high diversity of species with poorly known ecology.

Table 1.1 List of benthic foraminiferal species and genera. *=miliolids; **=polymorphinids

Benthic foraminifera

Calcareous foraminifera

Bolivinellina pseudopunctata (Hoglund, 1947)

Buccella frigida (Cushman, 1922)

Cassidulina reniforme Ngrvang, 1945
Cornuspira involvens (Reuss, 1850)
Elphidiella groenlandica (Cushman, 1933)
Elphidium albiumbilicatum (Weiss, 1954)

Elphidium asklundi Brotzen, 1943

Elphidium bartletti Cushman, 1933
Elphidium clavatum Cushman, 1930
Elphidium hallandense Brotzen, 1943
Eoeponidella pulchella (Parker, 1952a)

Epistominella takayanagii lwasa, 1955

Haynesina nivea (Lafrenz, 1963)

Haynesina orbicularis (Brady, 1881a)

Islandiella helenae Feyling-Hanssen & Buzas, 1976
Islandiella norcrossi (Cushman, 1933)
Nonionellina labradorica (Dawson, 1860)

Parafissurina himatiostoma Loeblich & Tappan, 1953**

Polymorphinoidea

Pyrgo williamsoni (Sylvestri, 1923)*
Quinqueloculina stalkeri Loeblich & Tappan, 1953*
Quinqueloculina seminulum (Linnaeus, 1758)*
Quinqueloculina lata Terquem, 1876*

Stainforthia feylingi Knudsen & Seidenkrantz, 1994
Stainforthia loeblichi (Feyling-Hanssen, 1954)

Stetsonia horvathi Green, 1960

Triloculina trihedra Loeblich & Tappan, 1953*

Vaginulina trondheimensis (Feyling-Hanssen, 1964)

Valvulineria spp. Cushman (1926)
Agglutinated foraminifera

Ammotium cassis (Parker, 1870)

Cribrostomoides crassimargo (Norman, 1892)
Eggerelloides advenus (Cushman, 1922)
Lagenammina difflugiformis (Brady, 1876)

Portatrochammina karica Shchedrina, 1946

HBGCO01 PG2303-1

X X
X X
X X
X X
X -
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X X
X -
X X
X X
X X
X X
X -
X X
- X
- X
- X
X X
X X
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Fig. 1.6-9
Fig. 1.5-10
Fig. 1.5-7
Fig. 1.6-10
Fig. 1.6-2
Fig. 1.5-12
Fig. 1.6.1

Figs. 1.5-5, 1.5-9

Fig. 1.5-8
Fig. 1.5-11
Fig. 1.5-6
Fig. 1.6-12
Fig. 1.6-3
Fig. 1.6-4
Fig. 1.5-1
Fig. 1.6-8
Fig. 1.5-13
Fig. 1.6-5
Fig. 1.5-2
Fig. 1.6-6
Fig. 1.5-4
Fig. 1.6-11
Fig. 1.5-3

Fig. 1.6-7

Fig. 1.7-1
Fig. 1.7-8
Fig. 1.7-5
Fig. 1.7-2
Fig. 1.7-6



Recurvoides turbinatus (Brady, 1881b) X X Fig. 1.7-9

Sigmoilopsis schlumbergeri (Silvestri, 1904) X - -

Spiroplectammina biformis (Parker & Jones, 1865) X X Fig. 1.7-4
Textularia earlandi Parker, 1952b X X Fig. 1.7-3
Textularia torquata Parker, 1952a X X Fig. 1.7-7

Table 1.2 List of ostracod species and genera. References: 1 Olausson (1982), 2 McDougall et al. (1986), 3 Stepanova
et al. (2003), 4 Gemery et al. (2017), 5 Stepanova et al. (2019), 6 Tian et al. (2020), 7 Gemery et al. (2021).

Low Salinity
Ostracods HBGCO01 PG2303-1 Tolerant Euhaline References Figure
luthia cluthae (Brady, Crosskey &
Robertson, 1874) X - X 1,5,6 Fig. 1.9-3
Cytheropteron brastadensis Lord,
1981/Cytheropteron discoveria Brouwers,
1994 - X X 1,2,6 Fig. 1.9-7
Cytheropteron elaeni Cronin, 1989 X X X 2,4,5 Fig. 1.9-4
Cytheropteron sulense Lev, 1972 - X X 5 Fig. 1.9-2
Cytheropteron suzdalskyi Lev, 1972 X X X 2 Fig. 1.9-8
Eucythere spp.: Eucythere argus (Sars, Figs. 1.8-
1866); Eucythere declivis (Norman, 1865) X X X 5 3,1.8-4
Eucytherura delineata Whatley & Eynon,
1996 X X X 4 Fig. 1.9-5
Heterocyprideis sorbyana (Jones, 1857) X X X 3,5,6 Fig. 1.8-6
Loxoconcha venepidermoidea (Swain,
1963) X X X 2 Fig. 1.8-7
Paracyprideis pseudopunctillata Swain, Figs. 1.8-
1963 X X X 2,3,4,5 1,1.8-2
Rabilimis mirabilis (Brady, 1868) X X X 1,2,5 Fig. 1.9-1
Sarsicytheridea bradii (Norman, 1865) X - X X 2,5,6,7 Fig.1.8-5
Semicytherura complanata (Brady,
Crosskey & Robertson, 1874) X X X 6 Fig. 1.9-6

Ostracods were identified to genus or species level (Table 1.2; Figs. 1.8, 1.9) based on Gemery et al. (2017)
and Stepanova et al. (2003). Specimens identified only to genus level were mainly early instars (molts on
juvenile specimens). The ostracod taxa that can tolerate low salinity (<30 psu) and the taxa that prefer
salinity >30 psu (euhaline) were distinguished based on Olausson (1982), McDougall et al. (1986),
Stepanova et al. (2003, 2019), Tian et al. (2020), and Gemery et al. (2017, 2021; see Table 1.2).

The agglutinated loricas of tintinnid were all identified as belonging to Tintinnopsis fimbriata (Meunier,

1919), which was re-described by Agatha (2008; Table 1.3). It is important to mention that the lorica of T.
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fimbriata, usually 4874 um in length (Agatha, 2008), can be smaller than the sieving mesh size used here

(63 um). Hence, our T. fimbriata counts probably provide an underestimation of the population.

Other microfossils recovered in lower numbers in the >63 um fraction include bisaccate pollen grains
(Picea spp.), diatoms (Coscinodiscus spp.), radiolarians, and planktic foraminifera (Table 1.3; Fig. 1.10). The
radiolarians were identified as Spongotrochus glacialis (Itaki et al., 2003). Being part of the zooplankton
dwelling in the open ocean, the radiolarians might be reworked here. Finally, we encountered coccoliths
in radiolarian alveoli in one sample (35—34 cm, core HBGCO01). The detailed counts of all microfossils are

reported in the appendix (Table 1-A.3).

Table 1.3 List of other microfossils.

Other microfossils HBGCO01 PG2303-1 Figure

Picea spp. X X Fig. 1.10-1
Coccolithus pelagicus (Wallich, 1877) X - Fig. 1.10-3
Coscinodiscus spp. X X Fig. 1.10-7
Tintinnopsis fimbriata Meunier, 1919 X X Figs. 1.10-4 to 1.10-6
Spogontrochus glacialis Popofsky, 1908 X - Fig. 1.10-2

We calculated the concentrations (number of microfossils per gram of sediment; # g™) for the calcareous
and agglutinated benthic foraminifera, ostracods, and tintinnids. Since the size of the observed pollen
grains was close to the minimum mesh size (63 um), if not smaller, we do not report their abundance. The
other identified microfossils (diatoms, radiolarians, and planktic foraminifera) were too sparse to calculate
concentrations. Fluxes (# cm™a™) were obtained by multiplying the mass accumulation rates (g cm™2a™)
with the microfossil concentrations (# g™*). Minimum and maximum fluxes were calculated, taking into

consideration the accumulation rate uncertainties.

The assemblages of benthic foraminifera and ostracods are presented in terms of relative abundance (%).
Fatela & Taborda (2002) concluded that a minimum of 100 foraminiferal shells are satisfactory for
assemblage assessments of dominant taxa (>5%), but that minimum counts should be 300 specimens for
the non-dominant taxa. In all samples, the total counts of foraminifera including calcareous and
agglutinated is >100 specimens, except for two samples of core HBGCO1 (62 and 94 counted specimens in
samples 5-4 cm and 4-3 cm, respectively). The required minimum number for ostracod valves was set at

10.
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Figure 1.5 Calcareous benthic foraminifera from the Herschel Basin. 1 Nonionellina labradorica. 2 Quinqueloculina
seminulum. 3 Triloculina trihedra. 4 Stainforthia loeblichi. 5, 9 Elphidium clavatum. 6 Haynesina nivea. 7 Cassidulina
reniforme. 8 Elphidium hallandense. 10 Buccella frigida. 11 Eoeponidella pulchella. 12 Elphidium asklundi. 13 Pyrgo
williamsoni.
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Figure 1.6 Calcareous benthic foraminifera from the Herschel Basin. 1 Elphidium bartletti. 2 Elphidiella groenlandica.
3 Islandiella helenae. 4 Islandiella norcrossi. 5 Quinqueloculina stalkeri. 6 Stainforthia feylingi. 7 Valvulineria sp. 8
Parafissurina himatiostoma. 9 Bolivinellina pseudopunctata. 10 Cornuspira involvens. 11 Stetsonia horvathi. 12

Haynesina orbicularis.
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Figure 1.7 Agglutinated benthic foraminifera from the Herschel Basin. 1 Ammotium cassis. 2 Lagenammina
difflugiformis. 3 Textularia earlandi. 4 Spiroplectammina biformis. 5 Eggerelloides advenus. 6 Portatrochammina
karica. 7 Textularia torquata. 8 Cribrostomoides crassimargo. 9 Recurvoides turbinatus.
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Figure 1.8 Ostracods from the Herschel Basin. 1, 2 Paracyprideis pseudopunctillata. 3, 4 Eucythere sp. 5
Sarsicytheridea bradii. 6 Heterocyprideis sorbyana. 7 Loxoconcha venepidermoidea (juvenile).
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Figure 1.9 Ostracods from the Herschel Basin. 1 Rabilimis mirabilis (juvenile). 2 Cytheropteron sulense. 3 Cluthia
cluthae. 4 Cytheropteron elaeni. 5 Eucytherura delineata. 6 Semicytherura complanata. 7 Cytheropteron

brastadensis/discoveria. 8 Cytheropteron suzdalskyi.
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Figure 1.10 Other microfossils from the Herschel Basin. 1 Picea sp. 2 Spongotrochus glacialis. 3 Coccolithus pelagicus.
4,5, 6 Tintinnopsis fimbriata. 7 Coscinodiscus sp.

1.3.4 Community diversity and statistical analyses

We calculated the Shannon entropy on the benthic foraminifera and ostracods Hellinger-transformed raw
counts in the vegan package (Oksanen et al., 2013) under R. The exponential of the Shannon entropy is
then used to obtain the Shannon diversity. This diversity considers the abundance and evenness of the
species in one sample and is thus less sensitive to rare species, which seemed appropriate for an Arctic
Ocean shelf, where transported allochthonous microfossils from nearshore currents or ice rafting may
occur (Wollenburg & Kuhnt, 2000). Among the foraminifera, the polymorphinids remained grouped
together for the analysis. Benthic foraminifera not identified to species level were removed from the
diversity index calculation but included in the percentage and flux calculations. For ostracods, the Shannon

diversity was calculated using identification at the genus level.

40



Redundancy Analyses (RDAs) were performed using the vegan package under R with the Hellinger-
transformed raw counts of foraminifera as the response matrix and standardized concentration of sand
(%) and microfossil fluxes (for core HBGC01) or microfossil concentrations (for core PG2303-1) as the
explanatory variables. For both cores, the RDAs were used to help discriminate ecozones and major shifts
in the assemblages. RDAs were not performed on the ostracods due to their low counts especially in core

HBGCO1 (see section on the Microfossil concentrations and fluxes of core HBGCO01).

1.4 Results
1.4.1 Core HBGCO1, basin margin
1.4.1.1 Lithology and grain size

The sediments in core HBGCO1 are brownish gray with sparse presence of millimetric dark laminations.
The CT-scan reveals homogenous sediment from the bottom of the core to 10 cm with signs of
bioturbation marked by pale mottles and holes (Figs. 1.4A, 1-A.3). The upper 10 cm show faintly laminated
sediments that are discontinuous and of unequal thickness. The content of sand, silt, and clay is almost
uniform throughout the record with a mean of 10+5%, 81+4% and 9+4%, respectively (Fig. 1.11). Sand
content increases to a mean of 17+7% in the upper 7 cm with a peak of 31% in the surface sample. The

samples mean sediment density is 1.06+0.20 g cm™3(Table 1-A.1).

1.4.1.2 Radiogenic isotope activity and age model

The 2°Pb,, (***Ra average) in core HBGCO1 is 1.60+0.05 dpm g (disintegrations per minute per gram, Fig.
1.4B). A log-decrease of 21%Pb,, can be evidenced between 40 and 10 cm depth (Fig. 1.4C). Such a behavior
supports continuous accumulation of sediments. The 22°Pby in the upper 10 cm shows oscillations of large
amplitude (Fig. 1.4B). Laminations in this layer (Figs. 1.4A, 1-A.3) suggest pulses of reworked sediments
with variable 21°Pb., through coastal erosion and nearshore processes (tides, waves, storms, currents, etc.)
of shallow-water environments (<20 m; Hill & Nadeau, 1989; Corbett et al., 2006; Hanna et al., 2014). The
137Cs data record a minimum of 0.05+0.02 dpm g* near the surface and an increasing trend downcore to
a maximum of 0.23+0.03 dpm g at 38—37 cm. For the Plum model, we considered a mean accumulation
(acc. mean) of 1.23 a cm™ by dividing the 2!°Pb disintegration constant with the slope of the linear
regression of log 2°Pb., observed between 40 and 10 cm depth (Sanchez-Cabeza & Ruiz-Fernandez, 2012;

Fig. 1.4C).
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Based on these data, the Plum model provides an age of ~1969 CE at the bottom of the core up to the year
of coring (2018 CE) at the surface (Fig. 1.4D). The mean sediment accumulation rates average 0.8+0.1 g
cm™2a7! below 10 cm and are higher but variable above (Fig. 1.11). The mean estimated age at 38—37 cm
is 197349 CE (minimum is 1963 CE; Fig. 1.4D), which coincides with increased *’Cs activity (Fig. 1.4B)
assigned to the maximum nuclear fallout (Aoyama et al., 2006). Although this 13’Cs peak is weakly recorded
in core HBGCO1, it is clearly recorded in a well-dated core collected in the nearby Ptarmigan Bay (Carnero-
Bravo et al., 2021; YC18-PB-SC01; Fig. 1.1D). The Plum output is represented in Figure 1.4D with the CFCS
and the CRS models for which a mixed layer of 10 cm was included. The CRS model was also forced to fit
with the 1963 CE 13’Cs peak (CRS-piecewise). All three models yield comparable results. Hence, the age

model presented here is as robust as possible given all the available radiogenic and lithological data.

1.4.1.3 Ecological zonation

Two ecozones are defined in core HBGCO1 based on the redundancy analyses of the benthic foraminiferal
assemblage, specifically the scores of the first RDA axis (Figs. 1.12, 1.13). They are named Ecozone
HBGCO01-B (19692000 CE) and Ecozone HBGCO1-A (2000—2018 CE). Details on the two ecozones can be

found below.

1.4.1.4 Microfossil concentrations and fluxes

Counts of calcareous benthic foraminifera were >100 in most samples of core HBGCO1 (288+134; Table 1-
A.3). This corresponds to concentrations of calcareous benthic foraminifera ranging between 8 and 87
foraminifera g throughout the record. Agglutinated foraminifera were found in lower numbers (17+14;
Table 1-A.3) with concentrations between 0 and 10 g™*. The quasi-continuous presence of agglutinated

and calcareous foraminifera suggests generally good preservation.

From 1969 to 2000 CE (Ecozone HBGC01-B), the calcareous foraminiferal concentration averaged to 55+17
gL, After 2000 CE (Ecozone HBGCO1-A), this average decreased to 30+13 g™. Estimated foraminiferal
fluxes are about 37+19 cm™2a*throughout the record (Fig. 1.11). Agglutinated foraminifera record a mean
concentration of 3+2 g™, which corresponds to fluxes between 0 and 7 cm™a™* (Fig. 1.11). Ostracod
concentrations range between 0 and 5 g™ in Ecozone HBGC01-B. Ostracod fluxes are low throughout the
record (<3 cm™a™), particularly in the upper section (2000-2018 CE), where they number <1 g of
sediment. The mean concentration of Tintinnopsis fimbriata is 3+4 g™*. From the bottom of the core to

1996 CE, T. fimbriata is five times less abundant (1+1 g™*) than in the 1996 CE to present interval (5+4 g™2).
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This corresponds to low fluxes until ~1991 CE (<3 cm™a™) and a mean of 626 cm™2a™ afterwards (Fig. 1.11),

with maxima between 2008 and 2014 (1146 cm™a™).

Figure 1.11 Microfossil content (concentrations in black and fluxes in gray), summary grain size data (black = sand;
gray = silt; white = clay) and mass accumulation rates in core HBGCO1 reported versus depth (cm) and age (year CE).
The light gray dotted lines represent the error in accumulation rates and fluxes. The RDA results were used to define
the two ecozones.
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The most important feature in the microfaunal record of core HBGCO1 is the opposite shifts in T. fimbriata

and ostracod concentrations at ca. 2000 CE (at the boundary between ecozones HBGC01-B and HBGCO1-
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A; see the last section of the Discussion). We also note that the 2013-2015 CE sediment layer is
characterized by maximum calcareous benthic foraminiferal, ostracod, and T. fimbriata occurrences, with

fluxes reaching up to 119423 cm™a™, 2 cm™a™, and 24+5 cm™2a™?, respectively (Fig. 1.11).

Figure 1.12 Redundancy analysis of the foraminiferal assemblages (red arrows) and the microfossil fluxes and
percentage of sand (blue arrows) in core HBGCO1. The black dots represent the sample scores on each axis. Indicators
of saline waters are circled in dark blue, and indicators of low salinity or high productivity are circled in green. See
Table 1.4 for the abbreviation corresponding names.
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1.4.1.5 Foraminiferal assemblages

Twenty-six (26) species of calcareous benthic foraminifera were identified in core HBGCO1 (Table 1.1; Figs.
1.5, 1.6). In addition, some specimens were identified to the genus level only (i.e., Valvulineria spp.) or
grouped as polymorphinids. The dominant species are Elphidium clavatum and Cassidulina reniforme, with
Eoeponidella pulchella and Haynesina nivea as occasional accompanying species (Fig. 1.13). A total of
seven agglutinated foraminiferal taxa were identified: Spiroplectammina biformis and Textularia torquata
were dominant, while Textularia earlandi and Recurvoides turbinatus were found occasionally. Rare
occurrences of Lagenammina difflugiformis, Portatrochammina karica (also called P. bipolaris), and

Sigmoilopsis schlumbergeri were noted (Tables 1.1, 1-A.3; Fig. 1.7).
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Figure 1.13 Percentages of benthic foraminiferal taxa in core HBGCO1 expressed versus depth (cm) and age (year CE).

The proportion of agglutinated foraminifera is the percentage of agglutinated foraminifera over the total number of

benthic foraminifera (calcareous and agglutinated included). The RDA results were used to define the two ecozones.
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Figure 1.14 Ostracod assemblages versus depth (cm) and age (year CE) in core HBGCO1. Low salinity tolerant taxa
(LST) and the euhaline taxa (>30 psu) are indicated. Sarsicytheridea bradii does tolerate low salinities (<30 psu), but
it is not associated with other LST because it is cosmopolitan, living in a wide range of salinity, temperature and
oxygen-level conditions (Stepanova et al., 2019; Gemery et al., 2021). Note that assemblages in the upper 19 cm
should be considered with caution, as counts are low; <10 valves per sample. The two ecozones were defined from
the RDA of the benthic foraminiferal assemblages and are reported as in Figures 1.11 and 1.13.
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The first RDA axis explains 46.5% of the variance. It shows an opposite direction of Eoeponidella pulchella,
Haynesina nivea, and Quinqueloculina stalkeri that record negative scores and Islandiella norcrossi,
Textularia torquata, Stainforthia feylingi, and Pyrgo williamsoni that record positive scores (Fig. 1.12; see
Table 1.4 for abbreviation corresponding names). Axis 1 also shows an opposite direction of Tintinnopsis
fimbriata fluxes and percentage of sand on the negative side and ostracod abundance on the positive side.
The second RDA axis explains 33.2% of the variance and shows an opposition between most of
agglutinated benthic foraminiferal taxa, which have positive scores, and Elphidium clavatum, Islandiella
norcrossi, and Cassidulina reniforme, which have negative scores. Axis 2 is possibly related to microfossil

abundances since all microfossil fluxes record positive scores, unlike the sand content.

The species diversity of benthic foraminiferal assemblages is relatively high (Shannon index of 51, on
average) in core HBGCO1 (Fig. 1.13). Elphidium clavatum remains dominant throughout the record (40—
65%; Fig. 1.13). However, the relative abundance of accompanying species records a significant change
around 2000 CE when the RDA axis 1 shifts from positive to negative values (Figs. 1.12, 1.13) at the ecozone
HBGCO01-B/A boundary. Haynesina nivea and Eoeponidella pulchella percentages peak synchronously at

~2013 CE, when they together reached 28% of the assemblage (Fig. 1.13).

1.4.1.6 Ostracod assemblages

A total of 11 taxa of ostracods were identified in core HBGCO1 (Table 1.2; Figs. 1.8, 1.9). Among those,
Paracyprideis pseudopunctillata is a recurrent low salinity tolerant (<30 psu) taxon, while Cluthia cluthae
and Cytheropteron elaeni are the dominant euhaline species. In Ecozone HBGC01-B, from the bottom of
the core to ~ 2000 CE, Sarsicytheridea bradii, Paracyprideis pseudopunctillata, and Cluthia cluthae are
frequent (Fig. 1.14) and Rabilimis mirabilis, Eucythere spp., and Semicytherura complanata occur
occasionally. This interval is characterized by relatively high diversity with a Shannon index of 4+1. After
2000 CE (Ecozone HBGCO01-A), the occurrence of Eucytherura delineata increased (Fig. 1.14), but the

general low counts of ostracod valves do not permit statistical assessments.

1.4.2 Core PG2303-1, deep basin
1.4.2.1 Lithology and grain size

Although the sediment of core PG2303-1 was not described, the visual description of a long piston core
collected at the same location (core PG2303; Fig. 1-A.2) revealed homogenous gray-brownish sediment

(Pfalz, 2017). Sediment density measured on core PG2303-1 revealed almost uniform values with a mean

47



of 1.1+0.2 g cm™3(Table 1-A.1), suggesting even water content and low sediment compaction. The core is
composed of coarser sediments from 20 to 12 cm, corresponding to ~1998-2005 CE (Fig. 1.15B), where
the sand content reaches a mean of 15£9%, but the average grain size distribution is 9+8% of sand, 72+3%

of silt, and 18+5% of clay (Fig. 1.16).

Figure 1.15 (A) 2%%Pbiot (purple), 22°Ra (orange) and *¥7Cs (gray) activity profiles in core PG2303-1 and the 22%Pby in
core HBGCO1 (yellow). The dark orange line marks the 22°Ra average (*°Pbsup) of core PG2303-1. (B) PG2303-1 core
age model obtained with Plum including the mean ages (red line) and the minimum and maximum ages (gray dotted
lines). See Figure 1-A.5 for the original age model graph produced by Plum.
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Table 1.4 List of abbreviations used in the Figures 1.12 and 1.17.

B_frig Buccella frigida

B_pseu Bolivinellina pseudopunctata

C_inv Cornuspira involvens

C_ren Cassidulina reniforme

E_bart Elphidium bartletti

E_clav Elphidium clavatum

E_pul Eoeponidella pulchella

H_niv Haynesina nivea

H_orb Haynesina orbicularis

I_hel Islandiella helenae

|_nor Islandiella norcossi

P_will Pyrgo williamsoni

Q_stalk Quinqueloculina stalkeri

R_turb Recurvoides turbinatus

S_bif Spiroplectammina biformis

S_fey Stainforthia feylingi

S_hor Stetsonia horvathi

S_loeb Stainforthia loeblichi

T ear Textularia earlandi

T_tor Textularia torquata

Agg_conc Agglutinated benthic foraminiferal concentrations
Agg_ flux Agglutinated benthic foraminiferal fluxes
Calc_conc Calcareous benthic foraminiferal concentrations
Calc_flux Calcareous benthic foraminiferal fluxes
Ost_conc Ostracod concentrations
Ost_flux Ostracod fluxes

Sand Sand concentration (%)
Tint_conc Tintinnopsis fimbriata concentrations
Tint_flux Tintinnopsis fimbriata fluxes

1.4.2.2 Radiogenic isotope activity and age model

In core PG2303-1, the 2!%Phby, activity ranges between 1.8 to 3.0 dpm g™ with an average of 2.6+0.3 dpm
g (Fig. 1.15A). #%Pb: decreases down to 1.8+0.1 dpm g at 14—13 cm, coinciding with a maximum of
sand (31%; Fig. 1.16). The average ?*°Ra (*'°Pbsy) is 1.7710.03 dpm g*. The *’Cs activity is <0.14 dpm g™

and all measurements overlap taking in consideration uncertainties.
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For the calculation of a Plum age model in core PG2303-1, we used the average age at which the
incomplete inventory of 2°Pb,, at 20 cm in core PG2303-1 (17.5 dpm ¢cm™2) was reached in cores HBGCO1
and YC18-PB-SC01 (Fig. 1.1D; Sanchez-Cabeza & Ruiz-Fernandez, 2012; Carnero-Bravo et al., 2021) and
estimated a mean accumulation rate of 0.83 a cm™. The Plum model suggests that core PG2303-1 is
younger than ~1998 CE (Fig. 1.15B), indicating that the entire core corresponds in age only to Ecozone
HBGCO1-A. However, due to the high apparent sediment mixing, the uncertainty in mean accumulation
rate, and the short length of the record, we did not interpret the record in terms of age and thus report
all results against depth. For the same reason, the mass accumulation rate and microfossil fluxes were not

calculated.

1.4.2.3 Ecological zonation

Despite the short time span covered by the core, the high sample resolution permitted the definition of
three ecozones based on the RDA (Figs. 1.17, 1.18). Ecozone PG2303-1-C corresponds to the 15-20 cm
core depth interval, Ecozone PG2303-1-B covers from 12 to 15 cm, and Ecozone PG2303-1-A encompasses

the upper 12 cm.

1.4.2.4 Microfossil concentrations

Counts of calcareous foraminifera range between 208 and 646 specimens per sample (~6—7 g of dry
sediment; mean of 330149 specimens; Table 1-A.3). More than 50 agglutinated foraminifera were
counted in each sample (mean of 80+28; Table 1-A.3). A mean of 1147 ostracod valves was identified per
sample with a maximum of 34. Tintinnopsis fimbriata was abundant with >49 specimens counted in each
sample. These counts produce mean concentrations of 62+26 calcareous foraminifera g™ and 16+8
agglutinated foraminifera g™, which suggest good microfossil preservation with depth in the Herschel

Basin. Mean ostracod and Tintinnopsis fimbriata concentrations are 2+2 g~*and 27+13 g%, respectively.

There are three abundance peaks of calcareous foraminifera (>80 g™): at the bottom of the core, at 15—
13 cm (approximately corresponding to Ecozone PG2303-1-B), and at 3—1 cm. The agglutinated
foraminiferal concentrations do not vary, but the ostracod abundance seems to diminish towards the top
of the core, while Tintinnopsis fimbriata records maximum concentrations in the upper part of the core

(Fig. 1.16).
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Figure 1.16 Microfossil content and grain size data (black = sand; gray = silt; white = clay) in core PG2303-1 reported
versus of depth (cm). The RDA results were used to define the three ecozones.
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1.4.2.5 Foraminiferal assemblages

All calcareous benthic foraminiferal taxa observed in core PG2303-1 also occur in core HBGCO01 (Table 1.1;
Figs. 1.5, 1.6), with 24 taxa in total. As in core HBGCO1, Elphidium clavatum and Cassidulina reniforme are
the dominant species throughout the record, comprising 20-35% and 10-20% of the assemblages,
respectively (Fig. 1.18). Accompanying species are Haynesina nivea (5—20%) and Eoeponidella pulchella
(5-20%) and to a lesser extent Stainforthia feylingi (1-10%) and Buccella frigida (0-5%). There are nine
species of agglutinated foraminifera, including Spiroplectammina biformis that dominate, together with
Textularia earlandi, Textularia torquata and Recurvoides turbinatus, which are the main accompanying
species. The occurrence of other species including Cribrostomoides crassimargo and Eggerelloides advenus
is occasional (Tables 1.1, 1-A.3; Fig. 1.7). The Shannon diversity index is higher than in core HBGC01 with
a mean of 9+2 (Fig. 1.18).
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Figure 1.17 Redundancy analysis of the foraminiferal assemblage (red arrows) and the microfossil concentrations
and percentage of sand (blue arrows) in samples from core PG2303-1. The black dots represent the sample scores
on each axis. Indicators of high productivity are circled in green and of low productivity are circled in brown. See
Table 1.4 for the abbreviation corresponding names.
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The RDA reveals an inverse relationship of the abundance of the agglutinated taxa Spiroplectammina
biformis and Textularia earlandi and the calcareous taxa Elphidium clavatum, Haynesina nivea,
Eoeponidella pulchella, and Buccella frigida on the first axis (40.5% of the variance; Fig. 1.17; see Table 1.4
for the abbreviation corresponding names). Accordingly, the concentrations of agglutinated foraminifera
have a negative score, while calcareous foraminiferal concentrations score positively. The second axis,
which explains 11.5% of the variance, shows an opposite direction of ostracod concentrations, sand (%)
and the abundance of numerous foraminiferal taxa on the negative side with Tintinnopsis fimbriata

concentrations, Cassidulina reniforme and Elphidium clavatum on the positive side (Fig. 1.17).
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Figure 1.18 Percentages of benthic foraminiferal taxa in core PG2303-1 expressed versus depth (cm). The proportion

of agglutinated foraminifera is the percentage of agglutinated foraminifera over the total number of benthic
foraminifera (calcareous and agglutinated included). The RDA results were used to define the three ecozones.
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In Ecozone PG2303-1-C, from 20 to 15 cm, the diversity is the highest of the core (Shannon diversity
index >10; Fig. 1.18). Thus, the RDA Axis 2 scores negatively as several taxa reach maximum percentages,
including Islandiella norcrossi, Islandiella helenae, polymorphinids, and Recurvoides turbinatus (Figs. 1.17,
1.18). In Ecozone PG2303-1-B, from 15 to 12 cm, the RDA axis 1 is positive due to abundant Haynesina
nivea, Eoeponidella pulchella, and Buccella frigida (Figs. 1.17, 1.18). Finally, in Ecozone PG2303-1-A, from
12 cm to the top of the core, the RDA axis 1 is close to nil, while there is a slight increase of Cassidulina
reniforme and Spiroplectammina biformis, Quinqueloculina stalkeri, Stainforthia feylingi, and Textularia
earlandi are also present. In the 8 to 1 cm section, the continuous occurrence of Stetsonia horvathi is
notable (mean of 3+1%,; Fig. 1.18). The uppermost sample differs from all others with negative RDA axis 1
score, abundant agglutinated taxa and low percentages of Elphidium clavatum, together with the
disappearance of Buccella frigida and Eoeponidella pulchella. This atypical assemblage recorded in the
upper cm of the core might relate to the winter season rather than mean annual conditions, taking into

consideration the very high sedimentation rates and the date of coring (April 2016).

1.4.2.6 Ostracod assemblages

The ostracod assemblages in core PG2303-1 contain 11 taxa (Table 1.2; Figs. 1.8, 1.9). Among those,
Cytheropteron brastadensis (discoveria) and Cytheropteron sulense are restricted to this core, while
Cluthia cluthae and Sarsicytheridea bradii are exclusive to the HBGCO1 core. The most common species in
core PG2303-1 are Cytheropteron spp. and Cytheropteron suzdalskyi. The mean Shannon diversity index is
2+1. The three ecozones as defined by the RDA of the foraminiferal assemblages (Figs. 1.17, 1.18) also
reflect changes in the ostracod assemblages. The 20-15 cm interval, Ecozone PG2303-1-C, is dominated
by euhaline taxa (Fig. 1.19), notably Semicytherura complanata, Cytheropteron suzdalskyi, and
Cytheropteron spp., and ostracod concentrations reach maximum values (Figs. 1.16, 1.17). From 15 to 12
cm, in Ecozone PG2303-1-B, low-salinity tolerant taxa, including Heterocyprideis sorbyana and Loxoconcha
venepidermoidea, constitute most of the assemblages (Fig. 1.19). The species diversity is maximum in this
interval, as the samples contain both low-salinity tolerant and euhaline taxa. In the first part of Ecozone
PG2303-1-A, from 12 to 6 cm, the assemblages are dominated by euhaline taxa, but with low occurrence
of Semicytherura complanata. Finally, in the upper seven centimetres of Ecozone PG2303-1-A,
corresponding to the level where Stetsonia horvathi increases in the foraminiferal assemblage (Fig. 1.18),

the ratio between low-salinity tolerant and euhaline ostracods is approximately even.
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Figure 1.19 Ostracod assemblages versus depth (cm) in core PG2303-1. The low salinity tolerant taxa (LST) and the
euhaline taxa (>30 psu) are indicated. Note that occurrences in assemblages with less than 10 valves should be
considered with caution. The three ecozones were defined from the RDA of the benthic foraminiferal assemblages
and are reported as in Figures 1.16 and 1.18.
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1.5 Discussion
1.5.1 Basin margin vs. deep basin
1.5.1.1 Bottom water masses

With a water depth of 18 m, site HBGCO1 is located close to the depth of the summer halocline (Fig. 1.2A).
Vertical mixing in response to storm events and tidal dynamics may cause the upper layer (~¥22-24 psu
and >0°C) to mix with the subsurface waters (30 psu and ~0°C; Hill & Nadeau, 1989; Rainville & Woodgate,
20009; Fig. 1.2A). Hence, the bottom waters at this site may be influenced by the low salinity surface waters
that also carry a high concentration of suspended particles either from the Mackenzie River (Doxaran et
al., 2015; Ehn et al., 2019; Juhls, 2021) or from terrestrial sources in relation with coastal erosion and
resuspension (Klein et al., 2019; Jong et al., 2020). In contrast, core PG2303-1 was retrieved from 32 m
water depth, which is significantly deeper than the summer halocline. Consequently, this deep and more

offshore site is less likely to be affected by turbidity than the nearshore shallower core HBGCO1 (Fig. 1.1D;
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see the last section of the Discussion). Turbidity in surface waters could have negative impacts on primary
production (Anthony et al., 2004; Retamal et al., 2008; Bonsell & Dunton, 2018; Lewis et al., 2020). In
winter, however, below the two-meter-thick land-fast ice, subsurface waters return to saline (32—33 psu)
and frigid (<0°C) conditions and sites HBGCO1 and PG2303-1 are both bathed by the same water mass,

recording values close to the annual mean of the 32 m deep site PG2303-1 (Figs. 1.2A, B).

In addition to bottom water salinity and turbidity in summer, the two study sites are subject to different
bottom current speeds and dynamics. The higher clay content in core PG2303-1 compared to core HBGCO01
suggests a higher proportion of suspended sediments deposited by settling in the deeper part of the
Herschel Basin, and thus a quieter depositional environment than at the basin margin (Figs. 1.11, 1.16).
Moreover, the thin laminations in the top 10 cm of the shallow core HBGCO1 (Figs. 1.4A, 1-A.3) could
suggest a more dynamic depositional environment, possibly linked to events of resuspension and
reworking (Hill & Nadeau, 1984; Corbett et al., 2006; Hanna et al., 2014) during the last decade.
Laminations in sediment cores may also refer to oxygen depletion, but supplementary information would

be needed to address this assumption.

1.5.1.2 Microfaunal assemblages

In general, the benthic foraminiferal and ostracod assemblages of the two studied cores compare well
with assemblages described from other Arctic shelf settings (McDougall et al., 1986; Reimnitz et al., 1993;
Wollenburg & Mackensen, 1998; Wollenburg & Kuhnt, 2000; Polyak et al., 2002; Scott et al., 2008b, Husum
et al., 2015; Gemery et al., 2017). The dominance of Elphidium clavatum, the abundance of agglutinated
taxa such as Spiroplectammina biformis and Textularia spp., and the presence of taxa tolerant to low
salinity such as Haynesina orbicularis, Buccella frigida, and polymorphinids, are typical of Arctic shelf
environments (Polyak et al., 2002; Scott et al., 2008a; Figs. 1.13, 1.18). However, in our study, we report
for the first time the occurrence of the accompanying taxon Haynesina nivea on the Beaufort Sea shelf.
This species has been associated with shallow and low salinity environments (Madsen & Knudsen, 1994;

Luoto et al., 2011; Voltski et al., 2015; see section below on sea ice and salinity).

The two sites also show some important differences in the microfossil assemblages. The shallow core
HBGCO1 holds high relative abundance of taxa tolerant to river proximal and low salinity environment such
as Elphidium clavatum (cf. Hald & Steinsund, 1996; Hald & Korsun, 1997; Polyak et al., 2002; Knudsen et
al., 2008), Islandiella helenae (cf. Cage et al., 2021), and Elphidium bartletti (cf. Polyak et al., 2002). The

56



occurrence of Elphidium asklundi in core HBGCO1 probably also suggests a tolerance to low salinities. In
contrast, Cassidulina reniforme, related to cold and saline conditions (Hald & Korsun, 1997; Polyak et al.,
2002), is more abundant at the deeper site of core PG2303-1 (Fig. 1.18), where euhaline ostracods also
dominate (Fig. 1.19). Stainforthia feylingi is also more abundant in core PG2303-1 than in core HBGCO1,
which might be due to the higher salinities and closer proximity to productive sea-ice margins (cf.
Seidenkrantz, 2013) evident for the central Herschel Basin compared to the near-coastal area. The
differences in microfaunal assemblages at the two study sites probably reflect the water depth, with
increased seasonal salinity gradient and bottom water instability at the shallower site HBGCO1, proximal
to the summer halocline and wave action. Salinity variations at site HBGCO1 may partly control the changes
in foraminiferal assemblages, which is illustrated by the low-salinity tolerant taxa Haynesina nivea and
Elphidium bartletti that vary in opposite to Islandiella norcrossi and Cassidulina reniforme (Fig. 1.12).
However, changes in foraminiferal assemblages in the Herschel Basin would primarily be linked with food
supply as shown by the occurrence of Eoeponidella pulchella, a foraminiferal taxon indicative of high
primary productivity (Knudsen et al., 2008; Wollenburg & Kuhnt, 2000) highly weighted on the first axis of
both cores (Figs. 1.12, 1.17). This relationship is especially clear in core PG2303-1, as E. pulchella is

inversely related to Textularia earlandi, a low trophic requirement taxon (Jennings et al., 2020; Fig. 1.17).

The sediment substrate and bottom currents may also affect the assemblages. The coarser-grained
sediments of the shallow core HBGCO1 go together with abundant Elphidium bartletti (Polyak et al., 2002).
The ostracod Sarsicytheridea bradii, which is only observed in core HBGCO1 (Fig. 1.14), may also prefer
coarser substrates (Gemery et al., 2021). Moreover, Sarsicytheridea bradii can tolerate a wide range of
salinity, temperature, and oxygen levels (Stepanova et al., 2019; Gemery et al., 2021), which better
corresponds to the more variable conditions that likely characterize the shallow HBGCO1 core site. Early
instars of ostracods are less abundant in core HBGCO1 than core PG2303-1 (mainly Cytheropteron spp.;

Figs. 1.14, 1.19), which also suggest a higher-energy environment in the basin margin (Whatley, 1983).

High sand content could potentially point to preservation issues and/or unfavorable enhanced bottom
currents at the shallow site HBGCO1, as it is opposed to microfossil abundances, especially agglutinated
foraminifera (Fig. 1.12). This relationship is expressed in a few samples at the core top and in the 1969—
1975 CE interval (Figs. 1.11-1.13). Similarly, particularly abundant sand in Ecozone PG2303-1-B (>~10%;
Fig. 1.16) may have negatively affected the preservation condition or productivity of the agglutinated

foraminifera (Figs. 1.16, 1.18). However, the sand content at the deeper site PG2303-1 seems to be
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associated to a certain extent with increased primary productivity, as it reaches maximum values in
Ecozone PG2303-1-B concurrently with high calcareous foraminiferal concentrations and E. pulchella
abundances (Figs. 1.16-1.18). The sand content is also relatively high in Ecozone PG2303-1-C,
accompanied by high ostracod concentrations (Fig. 1.16) and abundant Semicytherura complanata (Fig.
1.19). Because Semicytherura complanata has been associated with polynyas (Stepanova et al., 2003), we
hypothesize the presence of a polynya-type environment in Ecozone PG2303-1-C with enhanced brine
rejections that lead to vertical mixing (Smith & Morison, 1998) and oxygenated bottom waters, in addition
to high salinity. Accordingly, Islandiella norcrossi, which prefers saline stable bottom waters (Cage et al.,
2021), reaches its maximum occurrence (Fig. 1.18). Such conditions might have contributed to maximum

foraminiferal species diversity at the bottom of the Herschel Basin (Fig. 1.18).

1.5.2 The ~2000 CE shift
1.5.2.1 Seaice and salinity

An important shift is recorded in the shallow core HBGCO1 at the transition between ecozones HBGC01-B
and HBGCO1-A (~2000 CE). It is marked by a transition from abundant Islandiella norcrossi and Cassidulina
reniforme that have preference for salinity >30 psu (Polyak et al., 2002; Cage et al., 2021) to assemblages
characterized by Elphidium bartletti and Haynesina nivea that are both tolerant to low salinity (Fig. 1.13;
Madsen & Knudsen, 1994; Polyak et al., 2002; Luoto et al., 2011; Voltski et al., 2015). Hence, the shift at
~2000 CE seems to correspond to a transition from a relatively stable and saline environment to an
environment marked by lower salinity and unstable conditions. The occurrence of H. nivea seems
particularly significant to explain this transition. Hence, in modern assemblages of the Scoresby Sound and
the White Sea, H. nivea was retrieved in very shallow environments (<10 m), where high seasonal
fluctuations occur with warm and low saline summer surface waters and currents fostering high sand
content (Madsen & Knudsen, 1994; Voltski et al., 2015). In paleoceanographic studies, this species was
often related to shallow marine environments (Feyling-Hanssen & Ulleberg, 1984; Hansen & Knudsen,
1995; Luoto et al. 2011). In Ecozone PG2303-1-B, H. nivea reaches maximum values concomitantly with
low salinity tolerant ostracod taxa such as Loxoconcha venepidermoidea and Heterocyprideis sorbyana

(Figs. 1.18, 1.19).
At the shallow site HBGCO1, sea ice may foster stable conditions in the bottom water, as it is a natural

barrier for waves and winds (Overeem et al., 2011; Schulze & Pickart, 2012). The transition towards lower

mean summer sea-ice concentrations after 2006 CE (Fig. 1.3) follows slightly the shift in microfaunal
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assemblages dated at 2000+4 CE and appears closely synchronous with the near-disappearance of
Islandiella norcrossi (Fig. 1.13). The benthic foraminifera I. norcrossi in the lower part of core HBGCO1 could
thus be an indirect indicator of sea ice-induced stratification and increased bottom-water stability at this
site prior to 2006 CE. In contrast, the high sand fraction may indicate increased bottom water instability
from wind-induced nearshore currents and wave action in longer ice-free seasons towards the present
(Fig. 1.11), which could have generated reworking and resuspension in the surface sediment (10-0 cm;

Figs. 1.4A, 1-A.3; see the Radiogenic isotope and age model section of core HBGC01).

1.5.2.2 Eoeponidella pulchella and productivity

A significant microfaunal change in Ecozone HBGCO1-A is indicated by the high percentages of
Eoeponidella pulchella in this zone (Fig. 1.13). In modern assemblages, E. pulchella is common on Arctic
shelves and shelf breaks (Wollenburg & Mackensen, 1998; Wollenburg & Kuhnt, 2000; Scott et al., 2008b;
Griffiths, 2010), but was also found in the Gulf of Mexico (Poag & Tresslar, 1981), and is often linked to
high primary productivity. In surface sediments of the Canadian Arctic Ocean, E. pulchella constitutes ~9%
of the benthic foraminiferal assemblage off Cape Bathurst (59 m; Scott et al., 2008b), known for the
advection of saline nutrient-rich upwelled waters (Tremblay et al., 2011; Walkusz et al.,, 2012).
Eoeponidella pulchella was also noted as an important species (20% of the living fauna) in the surface
sample of core PS2480 in Vilkitsky Strait, Laptev Sea (51 m; Fiitterer, 1994; Wollenburg & Kuhnt, 2000),
which is characterized by high biogenic silica content (Nirnberg, 1996), chlorophyll-a concentrations
(Boetius et al., 1996) and marine organic carbon (Boucsein & Stein, 2000). Furthermore, in 1993 CE, the
year that core PS2480 was collected, the wind conditions favored upwelling in the Laptev Sea (Janout et
al., 2015; Osadchiev et al., 2020). The distribution of E. pulchella in surface sediment samples of the
eastern Arctic Ocean documented by Wollenburg & Kuhnt (2000) also supports a strong link to high

primary productivity.

In our study, the maximum foraminiferal concentrations occurred concurrently with peaks in E. pulchella
at~2013 CE in core HBGCO1 (Figs. 1.11-1.13) and in Ecozone PG2303-1-B (Figs. 1.16-1.18), which suggests
high benthic foraminiferal fluxes linked to high primary productivity. Wollenburg & Kuhnt (2000) argued
that assemblages of benthic foraminifera provide a better indication of trophic level than foraminiferal
concentrations due to preservation issues. Still, in our study, the good preservation of foraminiferal shells
throughout the sequences allows us to consider the total concentrations and fluxes of benthic foraminifera

as a valuable productivity indicator in the Herschel Basin. We also conclude that E. pulchella is an excellent
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indicator of productivity in the Herschel Basin. However, at present it is not clear if the high productivity
is due to longer sea ice-free seasons (Fig. 1.3), the replenishment of nutrient-rich Pacific waters, increased
organic carbon from rivers and coasts, or a mix of all the above (more specifications in the last section of

the Discussion).

1.5.2.3 Tintinnopsis fimbriata and suspended particulate matter-rich freshwater

A special feature in the micropaleontological records of the shallow core HBGCO1 is the high Tintinnopsis
fimbriata fluxes, particularly pronounced after 2008 CE. This coincides with enhanced T. fimbriata
concentrations at the end of Ecozone PG2303-1-A (<9 cm; Figs. 1.11, 1.16). Concentrations of T. fimbriata
can be underestimated due to their small size. However, specimens tend to be bigger when they are
abundant (Rogers et al., 1981), as observed for several tintinnid species (Dolan et al., 2014). The lower
abundance of T. fimbriata before 1996 CE is likely not due to poor preservation as it occurs downcore
together with abundant agglutinated foraminifera (Fig. 1.11). Hence, the increase in T. fimbriata fluxes

after 1996 CE at the basin margin presumably reflects a real increase in tintinnid abundance.

According to previous studies, T. fimbriata occurs in nearshore areas near river mouths (Echols & Fowler,
1973; Burkovsky, 1976; Rogers et al., 1981). It was probably observed in sediments from the Beaufort Sea
shelf by Scott al. (2008a, b), who reported it as Tintinnopsis rioplatensis (Souto, 1973). Tintinnid
abundances in the water column have shown positive correlations with chlorophyll-a concentrations
(Dolan et al., 2007). Additionally, maximum abundance of T. fimbriata occurred in relation to maximum
chlorophyll-a concentration in a Hudson Bay inlet (Rogers et al., 1981) and early spring bloom in the
Bedford Basin (Paranjape, 1987; Li, 2014). However, T. fimbriata also reaches peak occurrence during
winter in the White Sea (Burkovsky, 1976), when primary production is limited (Chernov et al., 2018),
which suggests it could be a low-temperature tolerant opportunistic species. It has also been proposed
that the abundance of tintinnids might depend more upon the nature of the prey than the quantity of the
food (Dolan et al., 2014).

Preferential occurrence of T. fimbriata in river proximal areas could be related to the availability of small
mineral particles to build agglutinated lorica (Pierce & Turner, 1993). Scott et al. (2008b) associated the
agglutinated tintinnids with the Mackenzie River water discharges, thus to freshwaters rich in suspended
particulate matter. Its association with suspended particles is consistent with the concomitant increase of

Quinqueloculina stalkeri, which is known to tolerate turbidity and to be a bacterial-feeder rather than an
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algal-feeder (Guilbault et al., 2003; Figs. 1.11, 1.13). Hence, T. fimbriata might be an indicator of turbid
freshwater discharge, but a relationship to primary productivity remains equivocal. The significant increase
of T. fimbriata after 2008 CE may reflect a western spreading of the Mackenzie River plume to the study
site, which could also be related to reduced sea-ice concentration (Fig. 1.3). The detrital particles used to
build their agglutinated lorica might also originate from a more local source related to coastal erosion that

has increased since ~2000 CE (Jones et al., 2009; Obu et al., 2016; Radosavljevic et al., 2016).

1.5.2.4 Ecological considerations about Eoeponidella pulchella, Haynesina nivea, Tintinnopsis fimbriata,
and ostracod abundance

The occurrences of E. pulchella and H. nivea are closely correlated (r = 0.68 and r = 0.78 in cores HBGCO1
and PG2303-1, respectively). Both species show increased occurrences in ecozones HBGCO1-A and
PG2303-1-B, which leads us to suggest a change towards increased productivity concurrently with low
salinity excursions. Kutos et al. (2021) already proposed a relationship between benthic productivity and
freshwater discharge in the Mackenzie Trough. In our study, the influence of low salinity waters from river
discharge is further supported by the abundance of Tintinnopsis fimbriata fluxes over the last two decades

in the shallow HBGCO1 core (Fig. 1.11).

The main source of freshwater is the Mackenzie River. However, the Mackenzie River is not particularly
rich in nutrients compared to other Arctic rivers (Holmes et al., 2011), especially at distal locations from
the plume (Emmerton et al., 2008; Tremblay et al., 2014). Nevertheless, the terrigenous organic carbon
and/or the microbial activity therein, either from the more distal Mackenzie River or the proximal
permafrost thaw, may provide large food sources (Bell et al., 2016; Terhaar et al., 2021). Another source
of nutrients originates from the upwelling of nutrient-rich Pacific waters onto the shelf during easterly
winds (Tremblay et al., 2011, 2012; Pickart et al., 2013). The Mackenzie River plume reaching the study
site and upwelling of deeper waters may both occur during periods of strong easterly winds, which could
explain the duality between freshwater and productivity and the co-occurrence of H. nivea and T. fimbriata

with E. pulchella.

The rapidly changing environment of the 21 century may also have negative impacts on the microfauna,
as suggested by the decrease in ostracod fluxes at the shallow site of core HBGCO1 (Fig. 1.11). From the
inverse relationship between ostracod and T. fimbriata concentrations (Figs. 1.11, 1.16), we suggest that
an increased supply of low salinity waters rich in suspended particulate matter at the HBGCO1 site is

unfavorable for ostracods. Because low salinity is not a limitation for ostracods, as several taxa can tolerate
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extreme salinity variations (for ex., from 6.5 to >30 psu for Sarsicytheridea bradii; Stepanova et al., 2019),
the turbidity is a more likely limiting factor. Vertical mixing of the surface waters rich in suspended
particulate matter may lead to turbid bottom waters, especially at the shallow site of core HBGCO1 (Hill &
Nadeau, 1989; Rainville & Woodgate, 2009; see Bottom water masses section). However, turbidity might
not be the direct cause. Various physico-chemical effects derived from increased suspended particulate

matter supply, like acidification (Semiletov et al., 2016), could also affect ostracod abundance.

1.6 Conclusions

This study presents micropaleontological data of benthic foraminifera, ostracods, and tintinnids that
provide time series with annual to multiannual time resolution in an Arctic nearshore environment. The
three groups of microfossils provide complementary information on pelagic and bottom water conditions
at two sites in the Herschel Basin, one near the summer halocline (HBGCO01, 18 m depth) and the other
below the halocline (PG2303-1, 32 m depth). The microfaunal communities of the two cores illustrate the
sensitivity of micropaleontological tracers to water conditions at local scales, especially with regards to
salinity and productivity. The 40-cm-long core HBGCO1 covers the period ca. 1969-2018 CE, while an age
model could not be established for the short 20-cm long core PG2303-1. A redundancy analysis performed
on the foraminiferal assemblages in both cores permitted us to identify ecozones that were also consistent
with the ostracod assemblage data and Tintinnopsis fimbriata abundance. Thus, the three studied
microfossil groups responded simultaneously to decadal environmental changes and can be used as
complementary paleo-tracers to distinguish the impacts of recent climate changes over long-scale

environmental variations in Arctic nearshore areas.

Among the most important microfaunal changes is an increase in the benthic foraminifera Eoeponidella
pulchella, which indicates enhanced primary productivity since ~2000 CE. The last two decades are also
marked by the high occurrence of the shallow, low-salinity species Haynesina nivea, while Islandiella
norcrossi, which requires more stable saline conditions, decreased in abundance. The microfaunal record
of the shallow core HBGCO1 thus suggests a transition from stable saline bottom waters to more unstable
bottom water salinity. The decrease in summer sea-ice concentration that occurred after 2003 CE and
more clearly after 2006 CE might best explain this transition at the basin margin, as the loss in summer
sea-ice cover may have led to increased vertical mixing and thus to lower and varying bottom-water
salinity. Moreover, the high fluxes of the tintinnid T. fimbriata combined with increased sand content, the

abundance of Quinqueloculina stalkeri, and a reduction in ostracod concentrations during the most recent
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decade points to enhanced turbidity of the water. Turbid waters could derive from increased inputs of
particulate matter-rich freshwaters related to Mackenzie River discharge, local rivers and/or coastal
erosion, which could be facilitated in the context of reduced sea-ice cover. We suggest that increased
productivity might be caused by enhanced terrigenous organic fluxes and/or upwelling during easterly

wind events, which would be amplified under reduced summer sea-ice concentration.
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1.9 Supplementary material

Figure 1-A.1 A northwest—southeast seismic profile that crosses the Herschel Island — Qikigtaruk shore to the middle
of the Herschel Basin. The red arrow marks the location of the UWITEC gravity core YC18-HB-GCO1.
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Figure 1-A.2 A near west—east seismic profile across the Herschel Basin showing the location of the PG2303 coring
site. The red arrow marks the location of the UWITEC gravity core PG2303-1.
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Figure 1-A.3 Photograph, CT-scan and density data of core YC18-HB-GCO1.
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Figure 1-A.4 Original graph of the YC18-HB-GCO01 age model produced by Plum.
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Figure 1-A.5 Original graph of the PG2303-1 age model produced by Plum.
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Abstract

Continuous and multi-decadal records of faunal abundance and diversity helping to identify the impacts
of ongoing global warming on aquatic ecosystems are rare in the coastal Arctic. Here, we used a 50-year-
long microfaunal record from a sediment core collected in the Herschel Basin (YC18-HB-GC01; 18 m water
depth) to document some of the environmental responses of the southern Canadian coastal Beaufort Sea
to climate change. The microfaunal indicators include benthic foraminiferal assemblages, ostracods and
tintinnids. The carbonated shells of two foraminiferal species were also analyzed for their stable isotope
signatures (§3C and 6%80). We compiled environmental parameters from 1970-2019 for the coastal region,
including sea ice data (break-up date, freeze-up date, open season length and mean summer
concentration), the wind regime (mean speed, direction of strong winds and the number of storms),
hydrological data (freshet date, freshet discharge and mean summer discharge of the Firth and the
Mackenzie rivers), and air temperature. Large-scale atmospheric patterns were also taken into
consideration. Time-constrained hierarchal clustering analysis of foraminiferal assemblages and
environmental parameters revealed a near-synchronous shift around the late 1990s. The microfaunal shift
corresponds to an increased abundance of taxa tolerant to variable salinity, turbulent bottom water
conditions, and turbid waters towards the present. The same time interval is marked by stronger easterly
winds, more frequent storms, reduced sea-ice cover, and a pervasive anticyclonic circulation in the Arctic
Ocean (positive Arctic Ocean Oscillation; AOO+). Deeper vertical mixing in the water column in response
to intensified winds was fostered by reduced sea-ice cover with open surface waters leading to turbulence,
increased particle loading and less saline bottom waters at the study site. Stronger easterly winds probably
also resulted in enhanced resuspension events and coastal erosion in addition to a westward spreading of
the Mackenzie River plume, altogether contributing to high particulate-matter transport. Increase food
availability since ~2000 is probably essentially linked to enhanced degradation of terrestrial organic carbon,
which also implies higher oxygen consumption. The sensitivity of microfaunal communities to
environmental variations allowed capturing consequences of climate change on a marine Arctic shelf
ecosystem over the last 50 years.

Keywords: Sea ice, Coastal erosion, Salinity, Benthic foraminifera, Tintinnids, Ostracods,
Micropaleontology, Arctic Ocean
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2.1 Introduction

Severe environmental changes in the coastal habitats of the southeastern Beaufort Sea due to global
warming include sea-ice loss (Frey et al., 2015), increased coastal erosion rates (Irrgang et al., 2018), and
the Mackenzie River plume spreading into open waters (Mulligan and Perrie, 2019). These modifications
of the nearshore habitat can affect the distribution, quality, and diversity of marine resources (e.g.,
Brewster et al., 2016; Gallagher et al., 2021), with consequences on food security, culture, and economy
of northern communities that rely on marine ecosystem for subsistence (Fritz et al., 2017). Identifying
relationships between biota and their habitat can help local stakeholders to find adaptation strategies to
climate change. However, studies that combine faunal and climatic records are sparse, and the existing
records often cover too short or discontinuous observational periods, which makes it difficult to
disentangle the impacts of recent anthropogenic climate warming versus natural climate and
environmental variability. Paleoceanographic reconstructions with high temporal resolution can help fill

the gap (e.g., Lapointe et al., 2017; Nguyen et al., 2017; Kutos et al., 2021; Gemery et al., 2023).

Microorganisms of Arctic Ocean shelves have been widely used as indicators of marine conditions. Their
distribution is related to water temperature, salinity, oxygen levels, contaminants, and surface
productivity (Cearreta et al., 2000; Wollenburg and Kuhnt, 2000; Polyak et al., 2002; Stepanova et al., 2003;
Ruiz et al., 2005 and references therein; Gemery et al., 2017). In sediment archives, these microorganisms
can be used to develop time series, providing that sedimentary processes are favorable to continuous and

fine particle accumulation, which is uncommon in dynamic nearshore areas.

In this study, we established an ecological record spanning the last 50 years based on the analyses of
microfaunal community changes in the Herschel Basin on the Beaufort Sea continental shelf, Canada. In
addition to microfaunal assemblages, we analyzed the isotopic composition of the carbonate shells of two
benthic foraminiferal species to further document bottom water conditions. In parallel, we compiled
instrumental and satellite data of different environmental parameters including sea-ice, wind,
hydrography, air temperature, and large-scale atmospheric pattern. By comparing both datasets, we seek
to investigate potential relationships between ecological and environmental changes and to identify
potential stressors in a rapidly evolving Arctic nearshore zone. This study also aims to validate the use of
micropaleontological tools to reconstruct the impacts of recent climate changes on Arctic coastal areas,
where in-situ measurements and ecosystem-based monitoring programs are limited (cf. Fritz et al., 2017,

Brewster et al., 2021).
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2.2 Study area

The Canadian Beaufort Sea continental shelf is ~530 km long and up to ~120 km wide. It is flanked by the
Mackenzie Delta to the east and Herschel Island — Qikigtaruk to the west (Fig. 2.1). East of the island, the
Herschel Basin is 15 km wide, 40 km long, and has a maximum depth of 70 m (Fig. 2.1, EBA Engineering
Consultants Ltd, 1992). As a natural sedimentary depocenter, it allows for a continuous accumulation of
sediment and biological remains (Grotheer et al., 2020; Falardeau et al., 2023a). The shallow (< 20 m) part
of the continental shelf is covered by persistent land-fast ice that forms in October and lasts until late June
(Carmack and Macdonald, 2002). In summer, sea-ice meltwater and river discharge generate a stratified

surface water layer of 7 to 15 m-thick (Carmack and Macdonald, 2002; Falardeau et al., 2023a).

Figure 2.1 a) Study area in the southern Canadian Beaufort Sea and b) close-up of the core site location. White and
black diamonds represent the location of the hydrometric and weather stations, respectively. The black dots
correspond to the grid used to calculate the mean summer sea-ice concentration. The purple arrow corresponds to
the longshore current carrying low saline waters derived from the coastal river outflows and the extension of the
Alaskan coastal waters; the blue arrow corresponds to the nutrient-rich and saline (>31.5) Pacific waters flowing
through the “Beaufort Sea shelfbreak jet” (Pickart, 2004); the yellow arrows show the Beaufort Gyre and the
associated recirculation currents and finally, the green arrow in (b) indicates the cold (<-1°C) and low salinity (<31)
surface waters (<30 m) flowing through the shelf current (based on Lin et al., 2020). Maps were made in Ocean Data
View (Schlitzer, 2018).
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Predominant wind directions are an important component of the physical coastal environment. Under
strong easterly winds, sea ice is pushed offshore, nutrient-rich subsurface waters upwell (Carmack and
Macdonald, 2002; Pickart et al., 2011), and the Mackenzie River plume spread up to hundreds of
kilometers westward (Mulligan and Perrie, 2019). Inversely, strong westerly winds tend to maintain sea

ice and the river plume close to shore.

The Mackenzie River is among the four largest rivers discharging into the Arctic Ocean with an annual
mean flux of 316 km3-a? (for 1999-2008; Holmes et al., 2012). The Mackenzie River plume, particularly
during the spring freshet, brings fresh and particle-rich waters onto the shelf (Ehn et al., 2019). Two smaller
rivers close to the study site, the Firth and Babbage rivers (Fig. 2.1), and smaller river systems, also

contribute to freshwater with dissolved- and particulate-matter input (e.g., Coch et al., 2018).

2.3 Material and methods
2.3.1 Microfaunal analyses

Remains of microorganisms were analyzed in the sediment core YC18-HB-GC-01 (Fig. 2.1; 69.544°N-
138.970°W; 18 m water depth; hereafter HBGCO1) collected in the Herschel Basin in August 2018. The
coring site is located approximately 4 km east of the Herschel Island coast and 125 km west of the
Mackenzie River mouth at Shallow Bay (Fig. 2.1). The core was retrieved with a UWITEC gravity corer from
a Zodiac inflatable boat and stored at +4°C until further analyses. The HBGCO1 core was cut in halves
lengthwise and subsampled at 1-cm intervals for micropaleontological and radio-isotope analyses. The 40
cm-long core spanned from ~1970 to 2018 with a mean sediment accumulation rate of 0.9 + 0.3 g-cm2-a°
Lallowing for a near-annual resolution (Falardeau et al., 2023a; Fig. 2-A.1d). The age model was built based
on #°Ph radiogenic activities and sediment density using the Plum package (Aquino-Lépez et al., 2018) in
R (R Core Team, 2021). Sediment laminations and a mixed *'°Pb excess signal in the core top 10 cm
suggested reworking (Hill and Nadeau, 1989; Fig. 2-A.1a, c). However, the #°Pb log-decrease between the
bottom of the core and 10 cm led to estimating a mean sedimentation rate of 0.8 cm-a?, which was fed
into the Plum age model. An independent ¥’Cs peak at 38-37 cm suggested an age of 1963 (Aoyama et al.,
2006) that roughly matched the age interval of 1963-1981 given by the age model (Fig. 2-A.1d; see

Falardeau et al. 2023a for more details).

For microfossil counts, 6-7 g of dry sediment per sample were wet-sieved at 63 um and the upper fraction

was observed under a stereo microscope at a magnification of 40 to 60X. The samples contain three main
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types of microfossils: benthic foraminifera (calcareous and agglutinated, inclusively), ostracods, and
tintinnids. Foraminifera were identified according to Feyling-Hanssen et al. (1971), Polyak et al. (2002),
and Scott et al. (2008), while ostracods identification was based on Stepanova et al. (2003) and Gemery et
al. (2017). The only species of tintinnid observed in the dried fraction >63 um is Tintinnopsis fimbriata
(Meunier, 1919), which is an agglutinated ciliate that inhabits the upper 40 m of the water column
(Paranjape, 1987). For this study, the abundance of microfossils is expressed in fluxes (#-cm2-a?), which is
the number of specimens counted per gram of sediment in one sample (#-g%) multiplied by the
accumulation rates (g-cm™2a’). For more details on microfossil preparations, species identification, and

microfaunal diversity in the Herschel Basin see Falardeau et al. (2023a).

We analyzed the assemblages of the benthic foraminifera and reported the relative abundance of species
in percentages (%,; calcareous and agglutinated foraminifera together). For the purpose of this paper, only

the relative abundances of the taxa with clear ecological affinities are discussed (see Table 2.1).

2.3.2 Geochemistry
2.3.2.1 Carbonate shells

The carbonate shells of the two most abundant calcareous benthic foraminiferal species, Elphidium
clavatum, and Cassidulina reniforme, were analyzed for their stable isotopic composition (6§30 and 63C, %o
vs. VPDB) at the light stable isotope geochemistry laboratory of Geotop-UQAM following standard
laboratory procedures. Briefly, the specimens from the >63 um fraction of each species were weighed
using a microbalance, which yielded between 50 and 120 pg of material per sample. The weighed
specimens were subsequently transferred into conical glass vials, closed with septum caps, and heated at
90° for an hour before the analysis, which is performed using a Micromass Isoprime isotope ratio mass
spectrometer coupled to a MultiCarb system in dual inlet mode. The results are normalized based on two
internal references (UQ6: 880 = -1.48 + 0.03 %o and -14.25 + 0.05 %o; NBS18: §'3C = 2.21 + 0.03%o and -
40.78 + 0.05%o; see raw data in Table 2-A.1).

2.3.2.2 Bulk sediment

Geochemical analyses on the bulk sediments of core HBGCO01 comprise the total organic carbon (TOC) and
the total nitrogen (TN) together with the stable isotopic ratios of organic carbon (§Cor) and nitrogen
(8%°N). For each subsample, about 1 g of homogenized freeze-dried sediment was weighed at UQAM

before being sent to the Stable Isotope Facility of the University of California (Davis, USA). Following their
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procedures, the inorganic carbon and moisture of ~5-30 mg of subsamples were removed by fumigation
with hydrochloric acid (37%) for 72 hours and by treatment with NaOH pellets for 1 to 2 days, respectively,
both at a temperature of 60°C. The TOC and TN were measured with an ECS 4010 Elemental Analyzer
(Costech) and are given in weight percent (wt %). The §C and 6'°N were measured using an Elementar
Vario El Cube elemental analyzer coupled to an Isoprime VisION IRMS (Elementar) or a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon). The results are reported per mil relative to the Vienna Pee Dee
Belemnite (%o vs. VPDB) or the air standards (%o vs. N air) for carbon and nitrogen, respectively. The atomic
C/N ratio was obtained by multiplying the TOC/TN ratio with the atomic mass ratio of N/C (i.e. 14/12; see
raw data in Table 2-A.2).

2.3.3 Environmental parameters

2.3.3.1 Sea-ice cover and seasonality

To quantify the daily sea-ice concentrations in the study area (area covered by sea ice in %), the mean of
18 grid points (25 km x 25 km) was calculated from the NOAA/NSIDC climate data record of passive
microwave sea-ice concentration covering the 1979-2018 interval (data from Meier et al. 2017; see Fig.
2.1 for grid point locations). The metrics include the mean summer (June, July, August, and September;
JJAS) sea-ice concentration followed by the break-up and freeze-up dates defined as 10 consecutive days
with less than 50 % and over 50 % of sea-ice concentration, respectively, from which the length of the ice-

free season was obtained.

Table 2.1 List of the microfaunal taxa, the corresponding abbreviation names, and their ecological affinities when
applicable. *Selected ecological indicators

Abbreviation Species Ecological affinities Reference
S . Polyak et al. (2002); Scott et al.
B. frig Buccella frigida Tolerant to low salinity in Arctic (2008); Wollenburg and Kuhnt
shelves (2000)
iduli Polyak l. (2002); I
C.ren Cas:s/du 'na Stable saline bottom waters olyak et al. (2002); Scott et a
reniforme (2008)
Elphidium
E.alb albiumbilicatum
E.ask Elphidium asklundi | Tolerant to low salinity Falardeau et al. (2023a)
E bart *Elphidium Varying and generally low salinities; Polyak et al. (2002); Falardeau et al.
) bartletti Coarse-grained substrate (2023a)
E clav Elphidium
clavatum
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*Eoeponidella

Wollenburg and Kuhnt (2000); Scott

E.pul pulchella Food availability and upwelling et al. (2008); Falardeau et al. (2023a)
E tak Eplstom/ne'/./a
takayanagii
H.orb Haynesina Tolerant to low salinity in Arctic Polyak et al. (2002); Scott et al.
’ orbicularis shelves (2008)
H.niv *Havnesina nivea Shallow environments; Fresh, warm Voltski et al. (2015); Falardeau et al.
’ y and unstable water conditions (2023a)
Cold and relatively low salinity waters
I.hel Islandiella helenae | in shallow Arctic shelves; Near sea-ice | Cage et al. (2021)
margins
* i .
nor ls/and/e'//a Stable saline waters Polyak et al. (2002); Cage et al.
norcrossi (2021)
Poly Polymorphinids
. . A i lacier- imal facies; .
*Quinqueloculina ssociated to'g.aaer proximartacies; | Guilbault et al. (2003); Falardeau et
Q.stalk stalkeri Tolerate turbidity; Can feed on al. (2023b)
bacterial degradation products ’
Recurvoides
R.
turb turbinatus
P -
S.fey f:;;rlg;orth/a Sea-ice margin productivity Seidenkrantz (2013)
o - Raoi - - -
S bif S;?lrop -ectamm/na apid sedimentation and turbid Jennings and Helgadéttir (1994)
biformis meltwaters
% . Oligotrophic waters under . Wollenburg and Kuhnt (2000);
Stetsonia permanently ice-covered regions; Can .
S.hor . . . Jennings et al. (2020); Falardeau et
horvathi feed on bacterial degradation
al. (2023b)
products
*Textularia Opportur.nstlc; Can feed on bacterial Alve (2010); Jennings et al. (2020);
T. ear . degradation products; Tolerate
earlandi - Falardeau et al. (2023b)
turbidity
Textularia
T.tor
torquata
Tintinnopsis Fresh sediment-loaded waters; Near Echols and Fowler (1973); Falardeau
fimbriata river mouths et al. (2023a)
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Table 2.2 List of the environmental parameters and their corresponding abbreviation names

T_sum_kom | Mean summer air temperature at Komakuk Beach (°C)

Fd_Tsi Freshet date at Arctic Red River (Julian Day)

Md_Tsi Mean summer discharge at Arctic Red River (m3:s%)

Fv_Tsi Freshet discharge value at Arctic Red River (m3s?)

Fd_Firth Freshet date at Firth River (Julian Day)

Md_Firth Mean summer discharge at Firth River (m3s%)

Fv_Firth Freshet discharge value at Firth River (m3-s%)

sum_sic Mean summer sea-ice concentration (%)

break_up Date of sea-ice break-up (Julian Day)

Op_seas Number of ice-free days

Freeze_up Date of sea-ice freeze-up (Julian Day)

mean_E_k Mean easterly wind speed during the open water season at Komakuk Beach (m-s™)
mean_W_k Mean westerly wind speed during the open water season at Komakuk Beach (m-s)

east_storm_k

Number of easterly storms at Komakuk Beach

west_storm_k

Number of westerly storms at Komakuk Beach

tot_storm_k | Total number of storms at Komakuk Beach

NP North Pacific Index

PDO Pacific Decadal Oscillation

AOO Arctic Ocean Oscillation

AO Arctic Oscillation

AL Aleutian Low-Beaufort Sea Anticyclone (ALBSA)

yr Mean of the twelve months prior to the open water season (i.e., June)
sum Summer mean (JJAS)

sb Spring bloom (JJ) mean

fb Fall bloom (AS) mean

lagl Mean of the three months (MAM) before the open water season
lag2 Mean of the six months (DJFMAM) before the open water season

2.3.3.2 Wind data

We used the hourly wind data from the Komakuk Beach weather station (Fig. 2.1; Environment and Climate
Change Canada Historical Climate Data, October 2020), which covers from 1973 to 2018. Measurements
were made every 6 hours from 1973 to 1993, and every hour, from 1994 to 2018. Gaps that were smaller
than 6 consecutive hours were interpolated from linear regression. The interpolated hourly 1994-2018
record was then subsampled every 6 hours to avoid an overrepresentation of the data in this interval. Only

the hourly wind data within the open water season were considered for all calculated wind indices.

We analyzed the direction of winds >10 m-s™*, which exhibited a clear bimodal pattern (Fig. 2-A.2) as winds

originated either from the east or the west (east: 45°-135° and west: 225°-315°). We calculated the mean
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wind speed per open water season for both directions. We also calculated the annual frequency of storm
events, which are described as six consecutive hours with winds >10 m-s™ (cf. Manson and Solomon, 2007).
A storm event was thus recorded when two consecutive readings >10 m-s? occurred. Data from the
Herschel Island weather station are also available (Fig. 2.1b), but the temporal coverage is too short and

discontinuous for being included in this study (see Fig. 2-A.2 and Table 2-A.3).

2.3.3.3 River discharge

Time-series of daily discharge data were retrieved online from the Firth River Near the Mouth, the Babbage
River Below Caribou Creek, and the Mackenzie River at the Arctic Red River hydrometric stations (Fig. 2.1;
Environment and Climate Change Canada Historical Hydrometric Data, April 2020). Discharge data cover
46 years (1972-2018), 18 years (1978-1994), and 44 years (1973-2017), respectively. Three hydrometric
indices are used to describe the river dynamics: (1) the spring freshet date, (2) the freshet discharge, and
(3) the mean summer discharge (July, August, and September; JAS), aft