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Résume étendu en francais de la these de doctorat intitulée :
Changements environnementaux liés a la dynamique de la glace dans les
fjords de I’Arctique : nouvelles connaissances apportées par les foraminiferes

benthiques
Le changement climatique menace les régions polaires avec des conséquences majeures sur la
dynamique des glaces et les écosystemes associés. Les simulations de fonte glaciaire reposent
sur des reconstitutions paléo-environnementales, qui completent les mesures directes sur la
période actuelle pour réduire l'incertitude des prévisions. L'objectif scientifique principal de
cette these était d'étudier, de comprendre, et développer des proxies de la dynamique des glaces
dans les fjords de I'Arctique, basés sur les communautés de foraminiferes benthiques. Plus
précisément, les foraminiferes benthiques ont été utilisés comme indicateurs pour estimer
l'influence des cycles de la glace de mer et de la fonte des glaciers sur les écosystemes
benthiques. Des proxies basés sur 1’écologie des foraminiferes benthiques ont été développés
dans cette these pour suivre la dynamique des glaces de mer et le retrait des glaciers cotiers.

Cette these s'est concentrée sur deux fjords contrastés de 1'archipel de Svalbard, en termes de

dynamique liée a la glace :

* Storfjorden : un fjord affecté par la production et le plongement de saumure (i.e., des eaux
froides, salées et corrosives) pendant les phases de production de glace de mer saisonniere.
A certains endroits du fjord, ces eaux enrichies en saumure persistent toute 1'année dans les
eaux de fond. Ce fjord est présenté dans les Chapitres 1 et 2;

* Kongsfjorden : un fjord affecté par les rejets massifs d'eau douce et de sédiments des
glaciers cotiers (i.e., producteur d’iceberg) pendant la saison estivale. Ce fjord est le sujet
des Chapitres 3, 4 et 5.

Les objectifs de cette these ont été abordés a travers cinq chapitres dont les principaux résultats

sont décrits dans le texte ci-dessous.

Chapitre 1 : Les foraminiféres benthiques comme traceurs de la production de saumure
dans "1’usine de glace de mer'' du Storfjorden

En juillet 2016, la mission océanographique STeP (Storfjorden Polynya Multidisciplinary
Study) a été organisée dans le plus grand fjord du Svalbard, Storfjorden, autrement appelé
" fabrique de glace de mer ". Le Storfjorden est caractérisé par la formation récurrente d'une
polynie a chaleur latente contribuant a la formation d'eau dense dans la région arctique. Une

polynie a chaleur latente c’est une zone cotiere qui, malgré la production continue de nouvelle



glace (i.e., frazil) en hiver, est maintenue libre de glace de mer (i.e., banquise) grace a de vents
tres forts et froids ; cela détermine par conséquence une intense production de saumures, eaux
tres denses di a leur tres basse température et tres haute salinité. Le Chapitre 1 de cette these
analyse les réponses des foraminiféres vivants aux variations de plusieurs parametres
environnementaux (e.g., les caractéristiques des sédiments, la quantité et la qualité de la matiere
organique, profils d’oxygene et pH des sédiments de surface), afin de comprendre si et comment
leur distribution le long du fjord est affectée par les saumures, et de suggérer un proxy
témoignant de la production de saumure.

Pour atteindre cet objectif, les sédiments de sept stations ont été échantillonnées le long d'un
transect N-S suivant la topographie du Storfjorden : (i) trois stations ont été placées dans la
zone intérieure du fjord, pres des eaux de la polynie, libres de glace, et probablement affectées
de facon intermittente par les saumures, (ii) deux stations dans les bassins profonds, ou les
saumures sont piégées et persistent toute 1'année, (iii) une station au sommet du seuil sous-
marin, influencée par le débordement des saumures pendant la saison de production de la glace
de mer et (iv) la derniere dans la zone extérieure du fjord, potentiellement touchée de facon
épisodique par les saumures sortant du fjord.

Les résultats de nos analyses montrent que les foraminiferes benthiques vivants
échantillonnés pendant la saison estivale se répartissent en trois biozones. Dans la zone " fjord
interne ", des especes calcaires typiques des zones proximales des tétes des fjords en Arctique
(i.e., Cassidulina reniforme et Elphidium clavatum) dominent les assemblages des sédiments
de surface, et sont accompagnées par Nonionellina labradorica, qui occupe surtout I’habitat
endofaunique (i.e. dans le sédiment, sous la surface). Ces especes ne montrent pas de marque
de dissolution sévere, qui aurait pu indiquer l'influence des eaux corrosives des saumures. La
présence de juvéniles de ces trois especes, prouvent des événements reproductifs récents. Les
abondances de C. reniforme et E. clavatum semblent €tre la réponse opportuniste a des apports
de matiere organique fraiche, provenant de la prolifération d'algues en été, dont de fortes
concentrations ont été mesurées dans cette zone. L'abondance de l'espece N. labradorica,
connue pour se nourrir principalement de phytodétritus, étaye cette hypothese. Cette derniere
espece est particulicrement dominante dans le micro-habitat intermédiaire, peut-€tre en raison
d'une compétition réduite par l'utilisation de différentes voies métaboliques (e.g., I'assimilation
de NetS).

La zone "fjord extérieur" est caractérisé€e par la cohabitation d'especes polaires, typiques des

milieux arctiques, avec des especes typiques des zones atlantiques (i.e., Melonis barleeanus,



Globobulimina auriculata), favorisées par l'intrusion occasionnelle des masses d’eau
Atlantique dans le Storfjordrenna.

Entre ces deux zones, la zone " bassins profonds et seuil sous-marin " est principalement
caractérisée par des taxons agglutinés typiques de la partie distale des fjords (i.e., Reophax
scorpiurus, Reophax fusiformis, Recurvoides turbinatus et Spiroplectammina biformis),
probablement plus tolérants a une large gamme de conditions, et probablement plus compétitifs
lorsque de la matiere organique présente est plutot réfractaire. Sur le seuil sous-marin,
I’assemblage est similaire a celui des bassins profonds, bien que des especes supplémentaires,
telles que Adercotryma glomeratum et Textularia torquata, présentent des abondances
relativement importantes, tres probablement en raison de I’influence plus importante des eaux
atlantiques dans cette zone du fjord. La dominance des faunes agglutinées dans la zone " bassins
profonds et seuil sous-marin " peut étre associée, en partie, a la qualité de la matiere organique,
plutdt réfractaire en zone distale. Cependant I’observation de plusieurs degrés de dissolution
des foraminiferes calcaires, surtout dans les bassins profonds, peut expliquer la dominance des
agglutinés. Notre hypothese est que la persistance toute 1’année d’eaux corrosives sur les fonds,
due au piégeage des saumures produites en hiver, favorise le développement de taxons
agglutinés au détriment des especes calcaires.

Sur la base de ces résultats, nous avons proposé 1'utilisation du ratio agglutinés / calcaires
(A/C) comme indicateur de la présence continue de saumure sur les fonds, pour décrypter les
archives sédimentaires historiques.

Message essentiel - Chapitre 1
Dans le Storfjorden, les foraminiferes benthiques montrent une réponse aux saumures enrichies
en COz2 libérées pendant les processus de formation de glace de mer. Le rapport entre les
foraminiferes benthiques agglutinés et calcaires (A/C) est proposé comme proxy de la
persistance sur les fonds de ces saumures qui provoquent la dissolution des tests calcaires des

foraminiferes benthiques ou entrave leur production.

Chapitre 2 : Taphonomie précoce des foraminiferes benthiques dans ''’usine de glace de
mer'' du Storfjorden : le rapport agglutiné/calcaire comme indicateur de la persistance
des saumures

Sur la base d’une étude écologique solide, le Chapitre 1 a démontré que le rapport A/C dans les
faunes vivantes est un indicateur de la persistance et de la circulation de saumure dans le
Storfjorden. Dans des études précédentes, la forte proportion d’especes agglutinées, trouvées

dans un état de préservation étonnamment élevé dans les archives sédimentaires, avait été



suggérée comme un signal possible (non calibré) de la présence de saumure dans le Storfjorden,
au cours du dernier post-glaciaire. Le Chapitre 2 se focalise sur I’étude des effets de la
taphonomie précoce sur les assemblages de foraminiferes et donc de tester la fiabilité du proxy
A/C mesuré sur les faunes fossiles dans les archives sédimentaires. A cette fin, les assemblages
vivants de foraminiferes du Chapitre 1 ont été comparés aux faunes fossiles trouvées sous la
TAZ (taphonomically active zone : zone ou ont lieu les processus taphonomiques) des mémes
carottes, afin de mettre en évidence la sélectivité potentielle de la perte taphonomique de
certaines especes. De plus, le rapport A/C de ces faunes fossiles a ét€é comparé celui des faunes
vivantes des sept stations pour estimer 1'étendue de la perte taphonomique et son effet sur la
fiabilité de l'indicateur A/C.

Les zones " fjord interne " et " bassins profonds et seuil sous-marin" sont caractérisées par
des densités plus faibles d’individus tout juste morts trouvés dans les sédiments de surface, et
de foraminiferes fossiles trouvés sous la TAZ, par rapport a la faune vivante. Cette observation
met en évidence le fonctionnement d’un fort filtre taphonomique dans toute la zone du fjord.
Cependant, dans le " fjord interne ", la composition spécifique est similaire entre les faunes
vivantes, les faunes mortes et fossiles (i.e., dominance de Elphidium clavatum, Cassidulina
reniforme et Nonionellina labradorica), ce qui suggere que la perte taphonomique n'est pas
sélective. Dans la zone des " bassins profonds et seuil sous-marin”, un changement spécifique
entre les faunes vivantes et fossiles a été observé, avec une perte taphonomique sélective de
certains taxons agglutinés plus fragiles (i.e., Reophax spp.) accompagnée d'une présence accrue
de certaines especes calcaires (e.g., E. clavatum, Cibicidoides lobatulus). Ces dernicres especes,
peut étre allochtones, indiqueraient un transport depuis l'intérieur du fjord via I'écoulement de
saumure. Ces changements dans les faunes fossiles et la perte taphonomique sélective ont
entrainé une augmentation des proportions de foraminiferes calcaires par rapport aux faunes
vivantes. Dans le "fjord extérieur", certaines différences dans la composition des assemblages
ont été observées avec la disparition du fragile Globobulimina auriculata et I'augmentation des
abondances relatives d'autres especes calcaires (e.g., Buccella frigida, E. clavatum). Cependant,
la perte taphonomique est beaucoup plus faible a I’extérieur qu'a 1'intérieur du fjord (i.e., " fjord
interne " et " bassins profonds et seuil sous-marin"), et n'est pas sélective envers les taxons
calcaires ou agglutinés.

Malgré les changements faunistiques dus a la perte taphonomique a l'intérieur du fjord, les
différences dans les rapports A/C entre la zone du fjord seulement périodiquement influencée
par les saumures (i.e., " fjord interne ") et la zone constamment affectée par les saumures (i.e.,

" bassins profonds ") ou le débordement (i.e., " seuil ") sont encore clairement visibles, avec



des valeurs de rapports A/C jusqu'a trois fois plus élevées. Ces résultats valident 'utilisation du
rapport A/C dans les archives sédimentaires pour étudier la présence-absence de saumure dans
les eaux du fond et comme indicateur indirect de la production de glace de mer dans les polynies
cotieres de 1'Arctique.

Message essentiel - Chapitre 2
Bien que le signal A/C soit affecté par des processus taphonomiques, il permet de souligner les
différences entre les zones affectées par la persistance de saumures et celles sous influence

intermittente.

Chapitre 3: Influence des gradients environnementaux actuels sur le faunes de
foraminiferes dans la partie interne du Kongsfjorden (Svalbard)

En aofit 2018, la mission KING18 a été menée dans le Kongsfjorden, un fjord du Svalbard situé
sur la c6te nord-ouest du Spitzberg. Ce fjord, comme les autres fjords de 1'ouest du Svalbard,
est largement influencé par les eaux relativement chaudes et salées de I'Atlantique qui
remontent vers le nord, et il connait actuellement un réchauffement particuliecrement intense.
Pendant 1'été, I’entrée des eaux de I’ Atlantique dans le fjord favorise la fonte des glaciers
cotiers. Les rejets d'eau douce chargées de sédiments, associés a la fonte de ces glaciers créent
des gradients de salinité et de turbidité abrupts sur des échelles spatiales relativement petites
(moins de 10 km). Outre les effets environnementaux directs, ces décharges influencent
également la production primaire et les flux de matieres organiques vers les fonds du fjord.
Dans le Chapitre 3, nous discutons la distribution des foraminiféres en réponse a ces forts
gradients environnementaux qui s’établissent au plus fort de la saison estivale. Dans ce cadre,
des carottes d'interface provenant de neuf stations ont été échantillonnées en aofit 2018, le long
d'un transect d'environ 10 km commencgant pres du front du glacier cotier Kronebreen situé au
fond du Kongsfjorden.

Nos résultats montrent que les foraminiferes réagissent aux gradients environnementaux
créés par la dynamique du glacier cotier et I'afflux des eaux Atlantiques, en établissant différents
assemblages identifiés en trois biozones : proximale, médiale et distale. La biozone proximale
est largement influencée par la dynamique des glaciers cotiers et donc soumise a une forte
sédimentation a partir du panache turbide des eaux de fonte. Les assemblages proximaux ne
sont composés que de quelques especes, limitées au microhabitat de surface des sédiments (e.g.,
Capsammina bowmanni, Cassidulina reniforme et Textularia earlandi). Ces especes

opportunistes, avec leur préférence d’habitat, répondent aux conditions stressantes que sont les



faibles apports organiques ainsi que les perturbations physiques récurrentes qui exigent une
recolonisation rapide des habitats.

La biozone médiane montre un assemblage transitoire avec certaines especes communes
avec la biozone proximale, ainsi que plusieurs autres especes comprenant des indicateurs
d'apport de matiere organique fraiche, comme Nonionellina labradorica et Stainforthia feylingi.
Ces observations correspondent a la turbidité réduite de 1'eau dans cette zone située a environ
6-8 km du front du glacier, ce qui favorise la productivité primaire locale. Les foraminiféres ne
se limitent pas aux habitats de surface des sédiments et certaines especes typiques de
I’endofaune ont été observées (e.g., N. labradorica, G. auriculata), ce qui suggere un
environnement plus stable et une plus grande diversité des niches fonctionnelles.

Dans la biozone distale, une espece agglutinée associée aux eaux Atlantique, Adercotryma
glomeratum, est 'espece la plus abondante, accompagnée de N. labradorica. Comme cela a
également ét€ observé dans la zone médiane, 'occupation des micro-habitats endofauniques par
ces deux especes est le résultat de l'exploitation de niches écologiques différentes.
L'augmentation de la diversité observée dans la biozone distale est attribuée d’une part a la
baisse du stress environnemental liée a 1’éloignement du front du glacier cotier, et d’autre part
a la forte influence des eaux Atlantiques qui pénetrent jusque dans cette partie du fjord.

Les gradients environnementaux mesurés, directement ou indirectement liés a la dynamique
du glacier cdtier, sont principalement corrélés a la distance du front du glacier. En parall¢le,
I’augmentation remarquable de la diversité des foraminiferes des biozones proximales aux
biozones distales suggere que les parametres de diversité pourraient etre des indicateurs de la
position du front glaciaire, et que I’étude de leurs variations serait un indicateur potentiel du
recul des glaciers.

Message essentiel - Chapitre 3
Dans le Kongsfjorden, des gradients environnementaux abrupts (e.g., salinité, turbidité de 1'eau,
flux organiques) sont provoqués par la dynamique des glaciers cdtiers. En été, différents
assemblages de foraminiféres benthiques s’installent en fonction de 1’éloignement au front du

glacier et a la réduction du stress environnemental associée.

Chapitre 4 : La diversité taxonomique et fonctionnelle des foraminiferes diminue a
I’approche d'un front de glacier cotier : un proxy potentiel pour le recul des glaciers

Dans le Chapitre 4, nous montrons comment différents descripteurs de la biodiversité des

foraminiferes benthiques vivants (i.e., I'abondance, la structure de taille, la composition de la



communauté, la diversité taxonomique et fonctionnelle) varient en fonction de la distance au
front du glacier cotier Kronebreen, situé au fond du Kongsfjorden.

L'abondance des populations de foraminiferes et la taille des individus ne semblent pas
affectées par les perturbations induites par le glacier, alors que tous les autres descripteurs des
foraminiferes sont corrélés avec la distance du lieu de vie au front du glacier. Une augmentation
globale de la biodiversité est observée en s'éloignant du front. La richesse taxonomique et
fonctionnelle ainsi que l'indice de Shannon montrent une augmentation rapide sur quelques
kilometres jusqu'a atteindre un plateau a environ 8§ km de distance. Cependant, I'uniformité
taxonomique et fonctionnelle et l'entropie quadratique de Rao (i.e., indice de dissimilarité
fonctionnelle) montrent une augmentation linéaire avec la distance du glacier. La réduction
progressive des perturbations induites par le glacier provoque tres probablement 1'établissement
de communautés plus diversifiées et équilibrées. L'occupation croissante de 1'espace
fonctionnel le long du gradient est possible en raison de la disponibilité accrue de niches
écologiques diversifiées suite a la réduction des perturbations induites par le glacier. Pres du
front du glacier, la faible valeur des mesures de régularité (i.e., équitabilité taxonomique et
fonctionnelle) suggere la dominance de quelques especes opportunistes capables d'occuper
seulement une région restreinte de l'espace fonctionnel. L'augmentation de 1’équitabilité en
s'éloignant du front, ainsi que 'augmentation de 1'entropie quadratique de Rao, amenent a une
probabilité plus élevée de rencontrer des individus occupant des niches différentes.

Tous les modeles de biodiversité, étudiés a différentes résolutions de taille (i.e., les fractions
de taille : >63, >100, >125, et >150 um), ont permis de trouver le meilleur compromis entre
l'effort analytique et l'information écologique. Si les modeles spatiaux d'abondance et de
composition des communautés sont maintenus a chaque résolution, en revanche, certains
modeles de biodiversité n'ont pas été completement observés avec la résolution la plus basse
(i.e., >150 um). Plus précisément, les composantes d’équitabilité (taxonomique et
fonctionnelle) ne parviennent pas a reproduire correctement les modeles de biodiversité, tandis
que l'indice de Shannon et Rao reproduisent partiellement les tendances observées a plus haute
résolution.

L'objectif final de cette étude était d'identifier et de proposer un indicateur potentiel du recul
des glaciers basé sur les foraminiferes benthiques. Sur la base de nos résultats, nous suggérons
l'utilisation de quatre mesures de diversité taxonomique et fonctionnelle (i.e., la richesse
taxonomique et fonctionnelle, 1'indice de Shannon et l'entropie quadratique de Rao) comme
indicateurs qualitatifs et semi-quantitatifs de la distance par rapport au front des glaciers et, par

conséquent, comme indicateurs du recul des glaciers dans les reconstitutions historiques et



paléo-environnementales. De plus, nous suggérons d'appliquer ces indicateurs en utilisant la
fraction de taille des foraminiferes >125 um comme le meilleur compromis pour obtenir un
apercu représentatif des modeles de biodiversité tout en maintenant un effort analytique
minimal.
Message essentiel - Chapitre 4

Une augmentation de la diversité taxonomique et fonctionnelle a été mesuré en s'éloignant du
front d’un glacier cotier en Arctique. Un indicateur combinant plusieurs mesures de diversité a
donc été proposé comme outil de reconstruction du recul des glaciers cotiers des fjords

arctiques.

Chapitre 5 : Les foraminiferes comme outil de reconstitution le recul des glaciers cotiers :
Une étude de cas de Kongsfjorden (Svalbard)

Sur la base de la réponse des faunes de foraminiféres benthiques vivants aux gradients
environnementaux liés a la distance du front glaciaire, des parametres de diversité ont été
proposées, dans le Chapitre 4, comme proxy potentiel pour le retrait des glaciers. Dans le
Chapitre 5, nous avons testé la validité de l'indicateur proposé le long d'une archive
sédimentaire influencée par le retrait rapide d'un glacier. La carotte sédimentaire,
échantillonnée dans le Kongsfjorden en 2010, a enregistré le recul du complexe glaciaire
Kronebreen sur six décennies apres le dernier événement de crue (i.e., surge) glaciaire en 1948.
Nous avons utilisé les 11 positions connues du front du glacier depuis 1948 (obtenues a partir
de publications précédentes) pour calculer I'augmentation de la distance linéaire entre le front
du glacier et le site de la carotte, tout au long de la série chronologique. Les modeles de
communautés de foraminiferes et quatre parametres de diversité en fonction de la distance du
front du glacier ont été étudiés. En parallele, différents proxys géochimiques (rapport calcium
élémentaire) ont ét€ mesurés sur deux especes de foraminiferes.

Des abondances de foraminiferes faibles ont été observées dans la premiere partie de la
carotte, en conséquence de taux d'accumulation élevés et d'une forte perturbation physique sur
le fond marin, liés au retrait rapide pendant ~30 ans apres la crue glaciaire de 1948. Apres 1982,
certaines variations dans les flux de foraminiferes ont été observées et attribuées a la variabilité
saisonniere ou interannuelle. Les proxies géochimiques mesurés sur la calcite des foraminiferes
n'ont pas montré de modeles clairs en fonction de la distance du front, mais un signal
généralement plus stable a été observé pour une faune vivant loin du front du glacier.

Des relations positives entre les parametres de diversité et la distance du front glaciaire ont

été observées. Plus précisément, la richesse taxonomique et fonctionnelle est restée faible entre



2 et 5 km du front, puis a augmenté de maniere exponentielle par la suite, tandis que 1'indice de
Shannon et I'entropie quadratique de Rao ont montré une augmentation linéaire avec la distance
du front. Ces observations sont cohérentes avec les modeles observés pour les assemblages
vivants le long d'un gradient spatial, comme détaillé dans le Chapitre 4. L'augmentation
mesurée de la diversité est liée a la réduction de la perturbation induite par le glacier sur le site
de carottage avec 1'éloignement progressif du front du glacier. Lorsque le site de carottage était
proche du front, l'espece Cassidulina reniforme, typiquement tolérante au stress lié a la
dynamique du glacier cotier, dominait. Lorsque la perturbation induite par le glacier a diminué,
I’assemblage s’est enrichi avec Elphidium clavatum et Quinqueloculina stalkeri puis avec
d'autres especes mineures dans les assemblages les plus récents. Ces résultats semblent valider
l'utilisation des modeles de diversités comme indicateurs qualitatifs et semi-quantitatifs du recul
progressif des glaciers cotiers sur une échelle spatiale kilométrique.
Message essentiel - Chapitre 5

L’efficacité de I'indicateur combinant plusieurs mesures de diversité a été testée comme proxy
du recul des glaciers cotiers sur une archive sédimentaire des 60 dernieres années. Cette étude

a validé I'utilisation de ce proxy pour reconstruire le recul des glaciers cotiers en Arctique.

Synthese - conclusion

Les préférences écologiques spécifiques des foraminiferes sont souvent déduites de bonnes
corrélations entre leur abondance et les parametres environnementaux mesurés dans leur milieu
de vie. Les proxys écologiques peuvent €tre définis soit par des especes indicatrices (i.e., des
especes dominantes dans certaines conditions précises), soit par des parametres particuliers
décrivant les communautés (i.e., différentes mesures telles que, abondance, taille, biomasse,
diversité taxonomique et fonctionnelle). Dans cette these, nous proposons des proxys axés sur

la réponse globale des communautés de foraminiferes a un phénomene spécifique.

e Proxy pour les saumures, expulsées des zones de formation de glace de mer. Nous avons
d’abord observé que la persistance de saumure sur les fonds de fjords avait un effet physico-
chimique sur les foraminiferes calcaires provoquant leur dissolution ou entravant leur
croissance. Ceci, parallelement a leur adaptabilité potentielle a une matiere organique plus
réfractaire, a entrainé la prédominance des foraminiferes agglutinés dans les zones de
persistance de saumure. Ces observations ont abouti a la proposition du rapport entre abondance

de foraminiferes a tests agglutinés et de foraminiferes a tests calcaires (A/C) comme indicateur



de la persistance des eaux enrichies en saumures et indirectement de la formation de glace de
mer.

e Indicateur du recul des glaciers. Nous avons d’abord observé que la dynamique liée aux
glaciers cotiers était responsable de perturbations environnementales a différents niveaux
(physiques, chimiques, biologiques) définis a I’échelle mondiale comme des perturbations
induites par les glaciers (GID). Le GID a un impact direct sur les microhabitats des
foraminiferes et conduit a 1’établissement de différents assemblages de foraminiferes qui se
succedent le long du gradient de proximité par rapport au front d’une glacier cotier. La plupart
des caractéristiques des communautés de foraminiferes, en plus de la composition des
assemblages, se sont révélées Etre li€es a la distance du front glaciaire. Plusieurs parametres de
diversit¢ taxonomique (indice de Shannon) et fonctionnelle (indice de dissimilarité
fonctionnelle Rao), ayant montré des relations positives claires avec 1’augmentation de la
distance du front du glacier, sont proposés comme indicateur du recul des glaciers.

Ces indicateurs d'intensité de formation de glace de mer et de retrait des glaciers cotiers ont
été élaborés dans des environnements arctiques spécifiques. Dans I’état actuel des
connaissances, leur application semble fiable dans les fjords ou ils ont été développés, mais on
pourrait envisager d’étendre leur utilisation a d’autres zones caractérisées (ou ayant peut-étre
été caractérisées dans le passé) par des conditions environnementales similaires. Nos tests de
validation et d’applicabilité se sont limités a des faunes fossiles assez récentes, correspondant
a une époque historique (<100 ans). Par conséquent, a 1’heure actuelle, nous recommandons
leur application sur des échelles de temps comparables. La fiabilité de ces proxys pourrait étre,
dans un futur proche, mise a I’épreuve par leur application sur des reconstructions existantes
basées sur d’autres indicateurs.

Les deux proxys proposés dans cette these sont basés sur les caractéristiques de I’ensemble
des communautés de foraminiferes, témoignant ainsi d’un large signal écologique, sans
surinterpréter ni négliger les especes mineures. Un autre avantage majeur est que la
quantification de ces proxys ne repose pas sur I’identification d’especes qui pourrait varier en
fonction du domaine d’étude ou du taxonomiste, évitant ainsi un biais potentiel 1ié a la
méthodologie de I’étude. De plus ces proxys devraient tre plus facilement utilisée par les non-

experts en taxonomie des foraminiferes.
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Introduction

Preface

“The polar regions are losing ice, and their oceans are changing rapidly. The consequences of
this polar transition extend to the whole planet, and are affecting people in multiple ways”

(IPCC, 2019).

The ongoing climate change is threatening the polar regions at faster rate compared to lower
latitudes (Meredith et al., 2019). The Arctic surface air temperature has increased at more than
double the global average, a phenomenon known as Arctic Amplification (Holland and Bitz,
2003; Dai et al., 2019). Glacier mass loss together with sea ice cover decrease and its
consequent modification of brine production within fjords, are two major effects of climate
change. These abrupt modifications have implications for the Arctic marine ecosystems on
different trophic levels (Fox-Kemper et al., 2021). Therefore, there is the need to extend our
knowledge of the various marine compartments (i.e., benthic, pelagic or sympagic), and to
understand the effects of ice-related changes by developing appropriate proxies to follow and
reconstruct recent modifications.

Benthic foraminifera are amongst the most effective bioindicators in marine ecosystems.
Their success relies upon a quick turnover and a good fossilisation potential. The present PhD
thesis investigates living benthic foraminiferal assemblages in two contrasted Svalbard fjords
in terms of different ice-related dynamics and further proposes and tests potential ecological
proxies (i.e., for sea ice formation and glacier retreat). Firstly, we focus on living foraminiferal
assemblages in a typical “sea ice factory” (Storfjorden) still affected by the production and the
persistence of brines (Chapter 1) and we test whether the signal of brine persistence is preserved
after taphonomic processes (Chapter 2). Secondly, we investigate foraminiferal distribution in
response to steep environmental gradients mainly related to meltwater discharges from glaciers
(Chapter 3) and we further study diversity patterns as potential proxies for glacier retreat
(Chapter 4) in a fjord characterised by decreasing ice cover in the last decades (Kongsfjorden).
Finally, we test the effectiveness of the ecological proxy for glacier retreat on an historical

record of about 60 years from Kongsfjorden (Chapter 5).



Introduction

1. A global changing climate

Earth’s climate has been always subjected to natural climatic fluctuations due to internal (e.g.,
ocean, atmosphere, and cryosphere connexions; Hegerl et al., 2007) and external forcings (e.g.,
orbital variations, solar radiation, volcanism; Jansen et al., 2007). These forcing factors led to
a great variability of the Earth’s global temperature over time, concomitantly to changes in the
concentration of greenhouse gases, especially the carbon dioxide (CO2) (e.g., Jansen et al.,
2007). This is particularly spectacular during the most recent geological period, the Quaternary
(last ~2.6 Ma), characterized by alternating glacial and interglacial conditions that are strongly

correlated with CO2 atmospheric concentrations (800 kyrs; Liithi et al., 2008) (Fig. 1).

L 350

2_
%) 9
< S
> -
=0 3008
£ S
() [e)
[ 3
5 J s
(O =
5 L 250 &
© S
()] —_

ie]

= :
o 3
= - 200

6

L 150
800 600 400 200 0

kyr BP

Figure 1. Global average surface temperature as temperature deviation (°C) from present in red
and COz2 concentration (ppm) in blue across the last 800 kyrs BP. Data about temperature are
from Snyder (2016). Data about CO: are from Bereiter et al. (2015) (online source:
http://ncdc.noaa.gov/paleo/study/17975). Figure prepared with R software (R core Team,
2020).

On the geological time scale and compared to glacial-interglacial fluctuations, our current
interglacial (the Holocene; past 11,700 years) is a period of fairly stable climate (Rose, 2010).
Still, this stable and warm climate has undergone a series of climate oscillations and
reorganizations (e.g., 4.2 kyrs BP event, Medieval Warm Period, Little Ice Age) that were
sufficient to significantly disturb natural systems (e.g., Green Sahara) (Bradley et al., 2003;
Tierney et al., 2017; Bradley and Bakke, 2019). More recently, and superimposed on this
natural variability, the anthropogenic forcing factor has become critical in controlling Earth’s

climate. Allen et al. (2018) reported that the global temperature is rising by 0.2°C per decade
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compared to pre-industrial levels (i.e., mean in the 1850-1900 period) (Fig. 2a, 2b). A warming
of 1.07°C (mean 2010-2019) since the pre-industrial time is of anthropogenic origin (IPCC,
2021). Since the industrial revolution (mid-18™ century) greenhouse gas concentrations in the
atmosphere have started to increase at unprecedented rate (IPCC, 2021). The atmospheric CO2
concentration has increased of about 20 ppm per decade since the year 2000, which is 10 times
faster than any increase undergone during the past 800 kyrs (Liithi et al., 2008; Bereiter et al.,
2015; IPCC, 2021). Pre-industrial levels of CO: were about 280 ppm whereas today
concentrations are more than 410 ppm (Fig. 2c). If COsz is the largest contributor to current
global warming, all other greenhouse gases (e.g., methane and nitrous oxide), emitted by human
activities in smaller quantities, have also increased their atmospheric concentrations since the

pre-industrial time (IPCC, 2021).
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Figure 2. (a) Temperature anomaly in °C (relative to 1850-1900 on ten years average)
reconstructed from paleoclimate archives (grey line and error interval) and direct observations
(black line); figure modified after [IPCC (2021). (b) Temperature anomaly as observed (annual
average, black line) and simulated including human and natural factors (brown line) and
including only natural factors (green line); figure modified after IPCC (2021). (¢) Atmospheric
CO:z2 concentrations in ppm (blue line) and CO2 emissions in Gt; figure modified after NOAA
Climate.gov graph (https://www.climate.gov).
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The present global warming affects the entire planet, with direct and indirect impacts on the
ocean and the cryosphere and important consequences on ecosystems. A schematic overview
of these changes is given in Figure 3. Ocean warming, acidification, oxygen loss and sea level
rising, are among the major ocean-related effects. In response, nutrient cycles are perturbated,
biogeography changes are observed (from primary producers to mammals) as well as alteration
in ecosystem structures (Bindoff et al., 2019). Coastal areas are the most sensitive to these
changes and are predicted to undergone enlarged biodiversity and functionality loss (Bindoff et
al., 2019). The biodiversity loss may already have transgressed a boundary where current rates
of extinction put the Earth system furthest outside the safe operating space (Mace et al., 2014).
Additionally, the cryosphere is particularly sensitive to global warming: glaciers and ice sheets
are losing mass, the Arctic sea ice extent and snow cover are decreasing, and permafrost
temperatures are rising (Fig. 3; IPCC, 2019). The rapid changes affecting the cryosphere

extends to the whole planet.

Ice sheet mass

Glacier mass Water (Greenland & Antarctica)
0 Heat
Snow cover /‘\ Carbon dioxide j
O a0 t

Seaice
(Arctic)

Marine
heatwaves Sea level vyvwvYyy

Ice sheet

= Ice shelf

Permafrost

temperature . p
Continental shelf

e~ . continentalslo
0— Cryosphere Changes = Ocean heat content Ocean pH Ocean oxygen
=

L = -- -
Ocean Changes - EE s m s s mE ==
Qcean circulation

4 —Increase Abyssal plain

& —Decrease

Figure 3. Schematic illustration of environmental changes related to the ocean (white circles)
and to the cryosphere (grey circles) and their linkages in the through heat, water, and carbon
exchanges. Figure modified after IPCC (2019).

1.1 The Arctic in a changing climate
The Arctic is a real hotspot for climate warming. It is warming two/four times faster than the

rest of the planet, a phenomenon known as Arctic Amplification (AA) (e.g., Holland and Bitz,

2003; Dai et al., 2019). Although the exact causes of the AA are still debated, the scientific
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community agrees that it is mainly the result of both local feedbacks (e.g. positive ice-albedo
feedback; Screen and Simmonds, 2010; Stuecker et al., 2018) and climatic/oceanographic
forcing (e.g., increased intensity and course changes in poleward heat transport; Graversen et
al., 2008; Screen et al., 2012).

Over the last 40 years, the sea ice cover reduced both in terms of thickness and duration of
its extent (Fig. 4a) and model simulations predict a further decrease under all scenarios (Fig.
4b) (Fox-Kemper et al., 2021). The observed sea ice cover reduction is strongly correlated with
global mean temperature as well as CO:2 concentrations and cumulative emissions of
anthropogenic origin (Fox-Kemper et al., 2021). The reduced sea ice cover implies a reduced
surface albedo (i.e., power of reflection) which in turn leads to increased absorption of solar
radiation by the ocean, further warming the system and reducing the sea ice cover, as positive

feedback.
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Figure 4. (a) Maps of Arctic sea ice concentrations for March and September (i.e., usually the
months of maximum and minimum sea ice extent, respectively) considering satellite-retrieved
mean sea ice concentration during the 1979-1988 and 2010-2019 periods, and absolute changes
between these two decades; grid lines represent non-significant differences. (b) Monthly mean
for March and September of sea ice area as a function of time in Coupled Model
Intercomparison Project Phase 6 model simulations for historical simulation (grey), and the
Representative Concentration Pathway projections corresponding to Shared Socio-economics
Pathway SSP1-RCP2.6 (blue), SSP2-RCP4.5 (yellow) and SSP5-RCP8.5. Black dots represent
observation data. Figures modified from Fox-Kemper et al. (2021).
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The effects of the AA are not limited to the Arctic cercle and extend to lower latitudes, via
complex feedback processes and natural internal climate forcing factors (Overland et al., 2016).
Indeed, the climate in the Arctic region is subjected to a natural climatic variability.
Specifically, on short time scales (i.e., monthly and annually), the Arctic climate is linked to
mid-latitude conditions through the Arctic Oscillation (AO; Deser, 2000) and the North Atlantic
Oscillation (NAQO; Hurrell et al., 2003), both being atmospheric patterns of sea-level pressure

anomalies in the northern hemisphere.
1.2 A sensitive spot to climate change: the Svalbard archipelago

The Svalbard archipelago, located north of the Arctic circle (74-81°N and 10-35°E), is
extremely sensitive to climate change and to the AA phenomenon (e.g., Adakudlu et al., 2019;
Moreno-Ibéiiez et al., 2020). The Fram Strait, running west of Svalbard, is the only deep-sea
gateway connecting the Atlantic and Arctic Oceans. Active water masses exchanges occur
between these two Oceans, which are essential for climate modulation at various time scales
(Dickson et al. 2008). Through the Fram Strait circulates warm Atlantic Water (AW) carried
northwards by the West Spitsbergen Current (WSC), a branch of the North Atlantic Current
(Schauer et al., 2004), the northernmost extension of the Gulf Stream. As such, the Fram strait
channels the inflow of the dominant heat source for the Arctic Ocean. The Svalbard archipelago
is under the influence of the WSC, but also of the East Spitsbergen current (ESC) that carries
colder and fresher Arctic Water (ArW) (Svendsen et al., 2002). On the western margin of
Svalbard, the WSC flows northwards along the continental slope whereas the Spitsbergen Polar
Current (SPC; an extension of ESC) transports ArW parallel to the continental shelf of
Spitzbergen (Tverberg et al., 2019). Cold and fresh ArW carried by SPC is separated from the
warm and saline AW by the Arctic front (Fig. 1).
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Figure 5. Left panel: Map of the Arctic Ocean with the location of the Svalbard archipelago on
the main path of the continuation of the North Atlantic Current (NAC). Right panel: Detailed
map of the Svalbard archipelago with the main influencing currents. The West Spitsbergen
Current (WSC), the East Spitsbergen Current (ESC) and the Spitsbergen Polar Current (SPC).
Currents displayed in red transport warm Atlantic water while currents displayed in blue
transport cold Arctic waters. The map was performed with the R package PlotSvalbard
(Vihtakari, 2020).
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The archipelago is experiencing one among the fastest warming rate of the Arctic (e.g.,
(Descamps et al., 2017). A air temperature warming of 0.32°C per decade (i.e., 3.5 times the
global mean over the same period) was observed between 1898 and 2018, but a warming of
1.7°C per decade (i.e., 7 times the global mean over the same period) per decade was measured
since 1991 (Descamps et al., 2017; Nordli et al., 2020). Not only the atmosphere, but also the
maximum annual sea surface temperature in the Fram Strait has warmed (0.04°C yr'! between
1975-2013) (Descamps et al., 2017). Air and ocean warming have determined glacier mass loss,
snow cover reduction, as well as sea ice cover loss. Such changes are affecting the biosphere at

multiple levels.
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2. Fjords

2.1 Generalities about fjords

Fjords, the focus of this thesis, are semi-enclosed marine basins characteristic of high latitude
coasts (i.e., above the fjord belts in both hemispheres), which are the result of the submergence
of an over-deepened glaciated valley (Howe et al., 2010). Due to former glacial erosion, fjord
topography is often characterised by the presence of a shallow sill at the fjord mouth that limits
the exchanges between fjord and shelf waters (e.g., Howe et al., 2010; Bianchi et al., 2020).
Fjords, being the link between land and ocean, are places where cross-shelf exchanges occur,
between an inshore dominated by local waters and an offshore dominated by oceanic waters
(Cottier et al., 2010).

Because of their location at the transition between terrestrial and marine systems, high
latitude glaciated fjords are sensitive spots to environmental climate changes (e.g.,
modifications in meltwater fluxes, terrestrial organic carbon, primary production linked to
climate-mediated glacier retreat and altered sea ice cover; Bianchi et al., 2020). As such, fjords
are suitable areas to study biological processes such as trophic linkages, pelagic-benthic
coupling, and response to abiotic changes (Cottier et al., 2010).

Fjords are classified as polar, subpolar and temperate based on the climatic conditions and
as glaciated or non-glaciated based on glacier presence (Howe et al., 2010). Different
oceanographic and sedimentological processes characterise these fjords, and here we will focus

on the subpolar and glaciated Svalbard fjords.
2.2 Fjord hydrography and seasonality

Fjord hydrography is essential to understand local biological processes. Several forcings, above
the air temperature and its seasonal fluctuations, need to be considered to understand
oceanographical processes in fjord. Among those we find (i) wind stress and its seasonal
characteristics that influence the vertical mixing of the water column, and (ii) the Coriolis effect
that influences surface freshwater distribution as well as inflow of oceanic water masses in the
fjord (Cottier et al., 2010). Nonetheless, the fjord bathymetry is of primary importance in
controlling water and sediment exchanges between ocean and fjords (e.g., reduced water
exchanges because of a sill).

Usually, water masses within fjords (with or without a defined sill; e.g., Cottier et al., 2005;

Nilsen et al., 2008) are well stratified and two or three layers can be distinguished depending
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on the season (Cottier et al., 2010). Figure 6 represents seasonal hydrological changes occurring
typically in Svalbard fjords. During summer, the system is fully stratified with a freshwater
surface layer (originating from glaciers, snowmelt, and rivers), an intermediate layer composed
of advected oceanic waters, and a deep layer composed of dense water masses formed during
the previous winter (i.e., through sea ice formation processes or cooling of intermediate waters).
During autumn, the surface water cooling triggers thermal convections to form the Local Water
(Svendsen et al., 2002; Nilsen et al., 2008) overlying the more dense old winter waters. During
winter, surface cooling continues until sea ice formation with consequent release of saline and
cold brines (Haarpaintner et al., 2001). The downwelling of these dense brines leads to halocline
convection and formation of homogeneous Winter Water (Svendsen et al., 2002; Nilsen et al.,

2008). During late spring, sea ice breaks up followed by surface water warming; surface water
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Figure 6. Seasonal cycle of stratification and major water masses characterising a typical
Svalbard fjord. Figure modified from Cottier et al. (2010).
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2.3 Sedimentological processes

In Arctic fjords, sedimentation is mainly of glacial origin (Howe et al., 2010). Two types of
glaciers, marine- and land-terminating, carry particles of different sizes eroded from the
substratum of their catchment area. During glacier flowing, sediment from the glacier
substratum is incorporated at its base (i.e., basal debris) as well as on its surface (i.e., supra-
glacial debris) (Fig. 7).

However, the sedimentary dynamics occurring at the marine- and land-terminating terminus
differs. In Svalbard, the land-terminating glaciers are separated from the sea (open sea or
adjacent fjord) by a plus/minus large coastal plain occupied by braided fluvial systems. Coarser
sediment is stopped on the plain to build coastal deltas, whereas the finer fraction reaches the
coast and is dispersed into the fjord through buoyant turbid plumes. In parallel mode, tidewater
glaciers transport and discharge a major part of their sediment (from clay to boulder) load
directly to the fjord where submarine melting occurs. Sediment may also be ice-driven from
active calving and deposited far away from the tidewater glacier front (i.e., ice-rafting; Fig. 7).

Hydrography is important in sediment distribution within fjords. The Coriolis force deviates
both meltwater plume trajectory and inflow of oceanic waters, and wind stress drives surface
currents that control iceberg rafting. This leads to the shift of the associated sedimentary depot
centre (Howe et al., 2010). As a result, different depositional environments can produce
different types of deposits which are subjected to seasonality. During summer, meltwater turbid
plumes transport the fine sediment away from the coast (riverine delta or glacier terminus) and
a large part of this suspension load settles further within the fjord (Bianchi et al., 2020). The
coarse sediment, on the contrary, is either immediately deposited at the coast in thick gravel
layers or transported by icebergs (ice rafting) produced through calving at the tidewater glacier
terminus and deposited further away as dropstones (Fig. 7).

Because of these sedimentation processes linked to glacier dynamics, high sediment
accumulation rates are measured in glaciated fjords, especially in the proximity of glacier
termini (e.g., Zajaczkowski et al., 2004; Zaborska et al., 2006; Howe et al., 2010; Streuff et al.,
2015; Bianchi et al., 2020). Indeed, fjord are in general characterised by a thick layer of
unconsolidated Late Quaternary sediments and their stratigraphic records preserve sediments
accumulated during paraglacial and postglacial phases. As such, they constitute optimal
sedimentary archives for past marine and glacial environments (Cottier et al., 2010; Bianchi et

al., 2020).
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Figure 7. Principal physical processes occurring in a typical glaciated fjord. Figure modified
from Bianchi et al. (2020) adapted from Howe et al. (2010).

3. The ice in different forms

In order to evaluate current environmental changes in the Arctic, it is essential to understand
ice-related dynamics and their interaction with the biosphere. There are two types of ice based
on their formation origin: sea ice formed through seawater freezing and continental ice formed

from compacted snow (freshwater).
3.1 The sea ice

3.1.1 Sea ice formation processes

Sea ice is frozen seawater, that grows during winter, and melts in summer. Even though sea ice
formation is restricted to Polar regions, its presence has an influence on the global climate
through different processes (e.g., albedo effect, oceanic circulation). Sea ice forms at the ocean
surface when the temperature reaches the freezing point (i.e., -1.8°C, at salinity 32). Once this
point reached, the first stage of sea ice growth begins forming small ice crystals (i.e., millimetric
size) called frazil ice. When frazil ice forms, the salt accumulates in brine droplets, and due to
the high permeability at this stage, brines absorb and concentrate CO2 from the atmosphere
(Rysgaard et al., 2011). As ice-growth continues, brines are drained and expelled to the under-
ice water determining a salinity increase and therefore an increased water density. These dense
brine waters, enriched in dissolved COz (i.e., low pH waters) sink and contribute to intermediate
and deep-water masses (e.g., [vanov et al., 2004) (Fig. 8). The sea ice sheet is then formed when
frazil ice crystals bond together, through different processes depending on weather conditions

(i.e., pancake cycle in rough ocean or congelation growth in a calm ocean). The sea ice sheets
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can be of two different types, fast ice when they are attached to the land and pack ice when it

is free floating.
3.1.2 Sea ice factories

Even during winter, the ice cover is not uniform over the Arctic Ocean. There are persistent
ice-free areas called polynyas which determine the formation of brine enriched dense waters.
(Martin, 2019). These could be of two different types:

1. Coastal latent heat polynyas: coastal ice-free area formed and maintained by advection
of ice by offshore winds and tidal and ocean currents (Fig. 8). When cold and strong
winds blow persistently off-shoreward, they push away from the coast the new formed
sea ice, thus maintaining an ice-free area. The open water, in contact with the cold
atmosphere loses latent heat and this intensive heat loss to the atmosphere lead to a
persistent ice formation.

2. Open-ocean sensible heat polynyas: ice-free areas in the open ocean formed by
upwelling of warm ocean waters maintaining the opening in the pack ice. They are called
sensible-heat because the atmospheric heat-loss cools the water column.

In the Arctic, most polynyas are coastal latent heat polynyas (Fig. 8a). Arctic polynyas were
estimated to produce 0.2-1.2 Sv (1 Sv = 10°m? s!) of dense waters depending on the estimates
(e.g., Cavalieri and Martin, 1994; Winsor and Bjork, 2000), which contribute to transformation
of intermediate and deep water masses and to the oceanic circulation. The importance of
polynyas is not limited to their contribution to the ocean circulation. They have a large
biological importance for the winter survival of some arctic mammals and birds who forage in

these areas (Martin, 2019).
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Figure 8. (a) Scheme of typical functioning of a coastal latent heat polynya and an open ocean
sensible heat polynya. (b) Circumpolar map of known polynyas locations in the Arctic (figure
modified from Meltofte (2013) based on Barber and Massom (2007)).
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Arctic sea ice cover changes through seasons, expanding in autumn-winter, and shrinking in
spring-summer. The seasonal (or first-year) sea ice melts or forms every year, whereas the sea
ice persisting all year round in the Arctic Ocean takes the name of perennial (or multi-year) sea
ice. The seasonal ice zone (SIZ) is the area of the ocean extending between the perennial sea

ice offshore limit and the boundary of maximum winter sea ice extension (Wadhams, 1986).
3.1.3 Seasonality of primary production in the sea ice zone

The extreme seasonality characterising the Arctic Ocean primary production (PP) is the
consequence of the alternation between polar night and day, short growing seasons, and the
presence of sea ice cover. PP is highly controlled by both light and nutrient availability. Two
major primary producers provide energy to the Arctic Ocean food web: sympagic ice algae
(algal communities found in first- and multi-year sea ice) and phytoplankton (autotrophic
components of the plankton community). The light limits the production period through time,
whereas nutrients drive the intensity of productivity determining differences in the trophic
status (oligotrophic or eutrophic) through space (e.g., Tremblay et al., 2015).

As detailed by Wassmann (2011), during late spring, as light availability increases, the sea
ice thins out and the snow cover disappears, allowing occurrence of ice algae blooms in the SIZ
(Fig. 9). Such event is then followed by intense phytoplankton bloom thanks to newly
availability of nutrients. As the autotrophic productive period continues all over the summer
season, nutrient availability decreases. This determines a progressive switch towards more
heterotrophic processes. Such processes are associated with export fluxes of different natures:
pulses of fresh phytodetritus in spring and early summer, and more refractory organic matter
(e.g., fecal pellets, detritus) the rest of summer and early autumn (Wassmann, 2011). During
autumn and winter, the polar night and extensive sea ice cover reduce drastically autotrophic
processes and the export fluxes are reduced to minimal levels of detritus (e.g., Dybwad et al.,
2021). Vertical carbon exports provide fundamental food resources to the benthic ecosystems
(e.g., Boyd and Trull, 2007). The pelagic-benthic coupling in the Arctic is linked to sea ice

cover dynamics (extend, thickness).
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Figure 9. Schematic illustration of biogeochemical processes undergoing in the seasonal ice
zone (SIZ) all over the year. In green are indicated autotrophic processes, gradually replaced
by heterotrophic processes displayed in red. The coloured arrows indicate the different nature
of vertical exports (i.e., fresh phytodetritus in green, faecal pellets and detritus from
zooplankton in brown-red). Figure modified from Wassmann and Reigstad (2011).

2.1.4 Climate change influence on sea ice

Climate warming is affecting the temporality of sea ice formation by increasing the duration of
sea ice free period thus inducing earlier spring blooms and longer heterotrophic processes (e.g.,
Wassmann, 2011; Wassmann and Reigstad, 2011). Ice algae and phytoplankton are at the base
of the ocean food web, and have a bottom-up control on the trophic chain. Therefore, temporal
changes in PP would have repercussion on higher trophic levels (Wassmann, 2011; Wassmann
and Reigstad, 2011). Copepods Calanus spp., for instance, are the primary consumers of ice
algae, and they are able to accumulate large lipid deposits for their winter survival (e.g., Lee et
al., 2006). These grazers, as secondary producers, are responsible for the energy transfer to
higher trophic levels. Therefore changes in PP timing can determine a mismatch between these
two trophic levels with consequences on the lipid-based Arctic marine food web (e.g., Leu et
al., 2011). These changes imply modifications in the timing of vertical exports and consequent

pelagic-benthic coupling.
3.2 The continental ice

3.2.1 Glacier dynamics

At present, glacial ice (i.e., glaciers, ice caps and ice sheets) occupy about 10% of the land area
(most of it is found in Antarctica and Greenland) according to the National Snow and Ice Data

Center (NSIDC). Glaciers form through the accumulation and compression of snow for several
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years and its freezing. They are not static but instead subjected to natural movements. Indeed,
because of their own weight glaciers flow under gravity force.

Glacier’s movements can shape landscapes over hundreds and thousands of years, for
example forming U-shaped, over-deepened or hanging valleys. The flow of a glacier (i.e.,
retreat or advance) depends on its mass-balance. Glacier growth and/or retreat is influenced by
seasons. During winter, glaciers gain weight thanks to snow accumulation, whereas during
summer they lose mass through melting and ablation processes in their downstream parts
(Nesje, 2007). Over one year the mass balance of a glacier could remain stable if mass gain and
mass loss were equal, while would be positive (advance) or negative (retreat) if mass gain and
mass-loss was the dominant process, respectively.

Glacier mass balance is controlled by different processes that can be atmospheric and/or
marine-related depending on the glacier’s type (Fig. 10). Surface melting, the dominating mass
loss process in land-terminating continental glacier (e.g., Zwally et al., 2002; Tedstone et al.,
2015), is accompanied by frontal ablation (i.e., calving and submarine melting) in marine-

terminating tidewater glaciers (Cogley et al., 2011).

Figure 10. Example of (a) land-terminating continental glacier and (b) marine-terminating
tidewater glacier from Svalbard (west Spitsbergen). Pictures taken by Eleonora Fossile.

3.2.2 Glacier-driven biogeochemical gradient in fjords

Glacier mass budgets/balances are linked to strong seasonality, and glacier’s influence on the
surrounding environment can extend for several kilometres. Specifically, marine-terminating
glaciers are responsible for the creation of environmental gradients at the interface with the
ocean with consequences on associated ecosystems (e.g., Hopwood et al., 2020). These
gradients are refereed to water physical (i.e., temperature, salinity, turbidity) and chemical (i.e.,

nutrients) properties (Fig. 11).
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Specifically, during the melting season, tidewater glaciers discharge high amounts of
meltwater and associated sediment through subglacial discharges and surface runoff (e.g.,
Meslard et al., 2018). These discharges of freshwaters exit from the base of the glacier and
supply a buoyant turbid plume spreading from the terminus (e.g., How et al., 2017). Therefore,
at a local scale, within hundreds of meters to few kilometres from tidewater glacier fronts, light
is the ultimate limiting factor controlling PP (Hopwood et al., 2020). Glacial meltwaters have
generally low concentrations in macronutrients (i.e., nitrate, phosphate) important for PP (e.g.,
Hopwood et al., 2018; Halbach et al., 2019). However, the upwelling system created at the
glacier terminus, enhance vertical fluxes of macronutrient-rich bottom waters to the surface,
which can drive PP away from the terminus where light is not anymore a limiting factor (e.g.,

Hopwood et al., 2018; Halbach et al., 2019).
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Figure 11. Conceptual model showing the dynamics associated to tidewater glaciers with the
principal environmental gradients created.

Areas in proximity of tidewater glaciers are important foraging hotspots. Indeed, in
proximity of fronts, strong salinity gradients and suspended particles are fatal for zooplankton
and some fish species (Lydersen et al., 2014). Consequently, mammals and birds adapt their
feeding strategies locating in the glacier proximal areas to feed on zooplankton and fishes (e.g.,

Hop et al., 2002; Lydersen et al., 2014).
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3.2.3 Climate change influence on glaciers

Tidewater glaciers, located at the interface between terrestrial and marine environments, are
particularly sensitive to recent climate warming. Indeed, warmed air and ocean temperatures
play an important role in their mass loss and front variations (Luckman et al., 2015). More than
half of the land area of the Svalbard archipelago is covered with glaciers and about 15% are
tidewater glaciers (Fig. 12). Since 1960, glaciers of Svalbard have started to lose mass and a
negative mass balance has been documented since the year 2000 (Fox-Kemper et al., 2021).
When predicting the impact on the marine environment of future changes, it is fundamental to
consider the different influences of land-terminating vs marine-terminating glaciers on the
coastal environments (e.g., nutrient supply, sediment inputs).

Meredith et al. (2019) underlined that the retreat of tidewater glaciers and the associated
landward progression of the front may lead to a transition from marine- to land-terminating
glaciers. Sediment and nutrient supply areas will shift from the coastal waters to the coastal
plain. These shifts have large ecological implications with repercussions at different trophic

levels (Meredith et al., 2019).
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Figure 12. (a) Map of Svalbard with tidewater glacier fronts highlighted in red. Figure modified
after Lydersen et al. (2014). (b) Transition from a marine- to a land-terminating glacier as
progressive landward retreat occurs. Figure modified from Meredith et al. (2019).

4. Benthic foraminifera
4.1 Powerful tools for current and past environmental survey

Counting over 10,000 extant species (Adl et al., 2007), foraminifera are single-celled protists
(eukaryotic microorganisms belonging to the Rhizaria group; Adl et al., 2012) worldwide
distributed in all marine environments, from the equator to high latitudes, from coastal areas to

abyssal plains (Murray, 2006), but also present in freshwater and terrestrial habitats (Holzmann
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et al., 2021). Most species inhabit benthic environments, and only about 50 species are
planktonic (Schiebel and Hemleben, 2017). Because of their small size (i.e., included in the
meiofauna, 0.06-1.0 mm of dimensions, with several exceptions), benthic foraminifera are
present with high densities in small sediment volumes.

Benthic foraminifera are separated and protected from the surrounding environment by a
shell called test, which can be composed of different materials (i.e., calcareous hyaline and
porcelaneous, agglutinated, organic; Fig. 13) and can have several morphologies. Even though
there are some limitations (e.g., identification of cryptic species; Pawlowski and Holzmann,

2002), test morphology and composition are extensively used to identify foraminiferal species.

LeKieffre et al., 2018

Figure 13. Light micrographs of living foraminifera with different test materials. (a) calcareous
hyaline (modified from LeKieffre et al., 2018), (b) calcareous porcelaneous (modified from
Sabbatini et al., 2013), (c¢) agglutinated (modified from Sabbatini et al., 2013), (d) organic
(modified from Pawlowski et al., 2008). Scales bars are 100 um.

Besides the high densities and diversity in marine sediments, foraminifera’s short life cycles,
and specific ecological requirements allow them to respond rapidly to environmental changes.
These advantages, in combination with their fossilisation potential, make them powerful tools
in different research fields. They are used in biomonitoring studies to evaluate pristine and
current environmental conditions (e.g., Hallock et al., 2003; Koukousioura et al., 2011; Bouchet
et al., 2012, 2018; Hallock, 2012; Schonfeld et al., 2012; Dimiza et al., 2016; Jorissen et al.,
2018), as well as in historical and paleoenvironmental reconstructions to trace past climatic and
oceanographic changes (e.g., Murray, 1991, 2006; Schmiedl, 2019).

To reconstruct past environmental conditions, two types of foraminiferal-based proxies
exist: ecological (i.e., density, diversity, species composition; e.g., Murray, 2001) and
geochemical (i.e., isotopic and trace element composition of the test; e.g., Katz et al., 2010).
The first is based on foraminiferal response to different environmental parameters, the latter on

the elemental incorporation during the calcification processes. The use of foraminiferal-based
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proxies along sedimentary archives relies on the understanding of their ecological requirements
and responses to physico-chemical parameters, as well as on experimental calibration under
controlled conditions for geochemical proxies. Therefore, it is fundamental to study living
benthic foraminifera assemblages in relation to in situ measured environmental parameters to

develop trustfully ecological proxies.

4.2 Drivers of regional to small-scale patterns

The understanding of benthic foraminiferal ecology is based on observations conducted at small
spatial scales (i.e., millimetres for microhabitat distribution) to large spatial scales (i.e.,
thousands of kilometres for regional distribution) (Gooday, 2003). Foraminiferal distribution at
regional scale is influenced by several environmental factors, such as type of sediment (grain-
size), water properties (i.e., temperature, salinity), hydrodynamics, food and oxygen availability
(Murray, 1991; Gooday, 2003), which are subjected to spatial and temporal variability,
especially in dynamic environments (e.g., coastal areas).

While considering foraminiferal distribution at small spatial scales, it is important to
consider that benthic foraminifera migrate in sediment thanks to their pseudopodia (i.e.,
extension of the cytoplasm extruded through the apertures of the test; see Fig. 3) and therefore
can occupy different microhabitats depending on the surrounding conditions. They generally
live in the surface sediment, but their microhabitat vertical distribution can vary from few
millimetres to about 10 centimetres, depending on the succession of redox layers (Jorissen et
al., 2021). In the 90’s, the TROX-model was proposed to explain foraminiferal microhabitat
distribution through two limiting factors: food and oxygen availability (Jorissen et al., 1995)
(Fig. 14a). Generally, in oligotrophic conditions the limiting factor would be food availability,
whereas under eutrophic conditions the oxygen concentration would be limiting.

Different species have specific requirements in terms of diet and metabolism, and this allow
the occupation of species-specific microhabitats (Jorissen, 1999). Foraminifera have shown
several feeding strategies (e.g., herbivory, bactivory, mixotrophy, passive suspension feeding,
detritivory, carnivory, omnivory, parasitism; e.g., Murray, 2006; Jauffray et al., 2016) as well
as different metabolic pathways such as denitrification (e.g., Risgaard-Petersen et al., 2006;
Pifia-Ochoa et al., 2010) or kleptoplastidy (e.g., Lopez, 1979; Pillet et al., 2011; Jauffrais et al.,
2016). The development of different strategies and metabolic adaptations allows foraminifera

to survive in all kinds of marine environments and tolerate different stressful conditions.
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For these reasons, the TROX model was recently updated by adding nitrate as the third
limiting factor for foraminiferal microhabitat distribution (Xu et al., 2021) (Fig. 14b). These
limiting factors are intrinsically linked. The organic matter flux (quality and quantity), for
instance, affect oxygen demand and redox conditions in the sediment (Jorissen et al., 2021).
Indeed, the newly developed 4GFOR model highlights the importance to also consider the
quality of food particles, in parallel to organic matter quantity while explaining foraminiferal

microhabitat distribution (Jorissen et al., 2021).
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Figure 14. (a) Scheme of the original TROX model (Jorissen et al., 1995) explaining
foraminiferal microhabitat distribution in function of oxygen concentrations and food supply
with the oxygen penetration depth (OPD). (b) Scheme of the modified TROX model including
nitrate concentration with the nitrate penetration depth (NPD). Figure modified from Xu et al.,
(2021).

While investigating foraminiferal distribution within and on the sediment, it is also important
to consider biological interactions (i.e., competition, predation). One species, for instance, can
feed on different food resources to reduce interspecific competition (Murray, 2006). In general,

the environmental parameters influencing foraminiferal microhabitat are linked to the organic

flux and to the pelagic-benthic coupling (e.g., Jorissen et al., 1995; Xu et al., 2021).
4.3 Foraminifera in Arctic fjords

In polar regions, as the whole benthic compartment, foraminifera are subjected to a strong
seasonality related to biological and physico-chemical processes. In particular, the organic
fluxes to the seafloor are not constant all over the year but subjected to pulses. Thus, the benthic
system needs to adapt using different feeding strategies. Species may feed on different food
resources depending on the season, others may have specific ecological requirements and
consequently constrained to specific seasons (e.g., Korsun and Hald, 2000; Bubenshchikova et

al., 2008; Skirbekk et al., 2016; Kucharska et al., 2019).
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Living benthic foraminifera have been studied in several Arctic fjords of Svalbard
archipelago (Korsun et al., 1995; Zajaczkowski et al., 2010; Mackensen and Schmiedl, 2016;
Mackensen et al., 2017; Szymanska et al., 2017; Jernas et al., 2018; Saraswat et al., 2018;
Kniazeva and Korsun, 2019; Fossile et al., 2020; Kujawa et al., 2021). Recently, Jima et al.
(2021) compiled all the literature around Svalbard published between 1984 and 2020. More
than 300 species have been identified in Svalbard fjords and foraminiferal gradients have been
observed along the main fjord axis going from a shallow glacier proximal inner fjord to a deeper
outer fjord. In general, some species are found dominant in outer and middle fjord in a glacier-
distal environment (e.g., Adercotryma glomeratum) whereas, some other species are commonly
found far inside fjords, such as the calcareous Cassidulina reniforme and Elphidium clavatum
in a glacier-proximal environment, or found at variable locations (e.g., Nonionellina

labradorica) (Jima et al., 2021).
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Figure 15. Svalbard map showing the distribution along fjords of the main common species.
Figure modified from Jima et al. (2021).

As explained previously, the Svalbard archipelago is under the influence of cold Arctic water
as well as warm Atlantic water and often foraminiferal species have been associated to these
water masses (e.g., Melis et al., 2018), considered as a whole combination of physico-chemical
parameters. The idea that a benthic species or a foraminiferal assemblage is related to certain
water mass has long been debated and criticized (e.g., Schnitker, 1974; Mackensen et al., 1993;
Schmiedl et al., 1997). There is evidence that water masses (via currents) transport propagules
that ultimately settle, grow and reproduce when they reach a suitable environment (e.g., Alve

and Goldstein, 2002, 2010). However, as detailed in the previous paragraph, it is well known
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that one of the strongest driving parameters for foraminifera distribution is the quantity and
quality of organic matter (e.g., Jorissen et al., 1995, 2021), while other water parameters such
as temperature or salinity may have a lower influence. The association of specific assemblages
to the water masses present in the studied area, therefore, should be interpreted as the ecological
response to changing characteristics of the organic matter linked to the different water masses

occurring around Svalbard (e.g., Knudsen et al., 2012).
5. Objectives

Sea ice cycles and glacier dynamics are major controlling factors of marine ecology in the
Arctic, particularly in coastal areas such as fjords. On the one hand, sea ice cycles influence
primary production and water properties through the release of nutrients and fresh water during
the melting phase, and through the production of brines during sea ice formation processes. On
the other hand, glaciers influence primary production and the pelagic-benthic ecosystem
through meltwater discharges and associated sediment loads, inducing a disturbance in
proximal environments and physico-chemical gradients in coastal environments. Current
climate-induced modifications already impacted sea ice cycles and glaciers and the projected
Arctic warming will likely result in continued loss of sea ice and reduction in the mass of
glaciers (IPCC, 2019). This has important implications for Arctic marine ecosystems with
consequences at different trophic levels in the pelagic and benthic realms (IPCC, 2019).

To predict the potential response of the biosphere to these changes, there is the need to focus
on different trophic levels and to understand the major drivers of communities’ shifts. It was
previously explained that ice-related changes have temporal and spatial influence on physico-
chemical parameters (i.e., water and sediment properties) and PP, and thus on organic fluxes to
the benthic compartment. In this PhD thesis, we focus on powerful bioindicators, benthic
foraminifera, of which the distribution and species composition are strongly influenced by these
drivers. The identification of specific foraminiferal ecological responses, so called proxies, to
ice-related dynamics such as brine persistence and glacier retreat would help understanding the
biosphere response on longer time scales. Indeed, the fossilisation potential of benthic
foraminifera, would allow to reconstruct indirectly ice-related changes where direct
measurements were not yet established through the application of specific ecological proxies.
Historical reconstructions on longer time scales than the current direct observations would

allow to obtain better predictions of future changes.
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Considering these assumptions, here we use benthic foraminifera as tools to pursue three

main objectives:

1. Extend our knowledge on benthic responses to chronical stresses in high latitude
environments (i.e., fjords) influenced by different ice-related dynamics;

2. Propose reliable ecological proxies to chronicle recent changes in benthic environments
related to ice dynamics;

3. Test the effectiveness of the proposed proxies.

To achieve the first two objectives, living benthic foraminiferal assemblages were analysed
in relation to several environmental parameters (i.e., organic inputs, sediment grain size, water
masses properties) in two contrasted Svalbard fjords differently influenced by ice-related
dynamics and climate-induced modifications (Fig. 16). One is Storfjorden, a fjord affected by
strong persistence of brines produced during sea ice formation processes (Chapter 1), the other
is Kongsfjorden affected by meltwater discharges and the associated transported sediments
from tidewater glaciers creating steep environmental gradients (Chapter 3). Based on
foraminiferal responses to ice-related dynamics in Storfjorden, we propose an ecological proxy
for brine persistence and indirectly for sea ice production: the ratio between Agglutinated and
Calcareous foraminifera (A/C) (Chapter I). Similarly, we suggest the use of taxonomic and
functional diversity metrics as proxies for the distance from tidewater glacier termini and
consequently for tidewater glacier retreat (Chapter 4). Furthermore, to achieve the third
objective, we tested the applicability of the A/C proxy proposed for brine persistence after
undergoing taphonomic processes by analysing dead and fossil faunas in comparison with the
living faunas at the same Storfjorden locations (Chapter 2). In parallel, we test the effectiveness
of diversity metrics as proxy for glacier retreat by analysing fossil foraminiferal assemblages

along an historical record covering 60 years of retreat in Kongsfjorden (Chapter 5).
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Figure 16. Map of the Svalbard archipelago with focus on the two investigated fjords and the
major ice-related dynamics influencing the systems during summer.

6. Context of the PhD thesis

This PhD thesis was co-funded by the first call of the French initiative “Make Our Planet Great
Again” (MOPGA) and the University of Angers. The MOPGA program was implemented by
France’s ministries of Europe and foreign affairs (MEAE) and of higher education, research,
and innovation (MESRI). The call was addressed to foreign doctoral candidates wishing to
complete a PhD in France on a topic related to earth systems, climate change and sustainability,
or the energy transition. In 2018, Pr. Hélene Howa succeed to obtain the funding for the PhD
project intitled “Marine bio-indicators for freeze-thaw cycles of Arctic sea ice; chronicle of
recent changes”. The fees for the analyses associated to the project were sustained by the three
projects managed by the associate PhD supervisors Dr. Meryem Mojtahid (ARTICORE -
OSUNA, and STING - INSU) and Dr. Maria Pia Nardelli (BI-SMART - Jeunes chercheurs,
Université d’ Angers). The sampling in Svalbard was organised thanks to the support of IPEV
(C3 project, P.I. Pr. Agnes Baltzer).
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Abstract

The rapid response of benthic foraminifera to environmental factors (e.g., organic matter quality
and quantity, salinity, pH) and their high fossilisation potential make them promising bio-
indicators for the intensity and recurrence of brine formation in Arctic seas. Such an approach,
however, requires a thorough knowledge of their modern ecology in such extreme settings. To
this aim, seven stations along a north-south transect across the Storfjorden (Svalbard
archipelago) have been sampled using an interface multicorer. This fjord is an area of intense
sea ice formation characterised by the production of brine-enriched shelf waters (BSW) as a
result of a recurrent latent-heat polynya. Living (rose bengal-stained) foraminiferal assemblages
were analysed together with geochemical and sedimentological parameters in the top 5 cm of
the sediment. Three major biozones were distinguished. (i) The “inner fjord” zone, dominated
by typical glacier proximal calcareous species, which opportunistically respond to fresh organic
matter inputs. (ii) The “deep basins and sill” zone characterised by glacier distal agglutinated
fauna; these are either dominant because of the mostly refractory nature of organic matter and/or
the brine persistence that hampers the growth of calcareous species and/or causes their
dissolution. (iii) The “outer fjord” zone characterised by typical North Atlantic species due to
the intrusion of the North Atlantic water in the Storfjordrenna. The stressful conditions present
in the deep basins and sill (i.e., acidic waters and low food quality) result in a high
agglutinated/calcareous ratio (A/C). This supports the potential use of the A/C ratio as a proxy

for brine persistence and overflow in Storfjorden.



Chapter 1

1. Introduction

The polar regions are particularly sensitive to climate change, as evidenced from the several
dramatic alterations in recent decades (Peings, 2018). For instance, Arctic surface temperatures
have increased at twice the global rate (i.e., Arctic amplification; Holland and Bitz, 2003; Dai
etal., 2019), while sea ice cover has been steadily decreasing over recent decades both in extent
and volume (IPCC, 2013; Labe et al., 2018). With less ice present, the ocean surface absorbs
considerably more sunlight energy. This leads to further warming of the atmosphere and the
ocean, therefore enhancing sea ice melting, which, in turn, affects marine and continental
ecosystems (Perovich and Richter-Menge, 2009).

A recent review study compiling several high-resolution terrestrial proxies show that the
modern decline in Arctic sea ice is unprecedented compared to at least the last few thou- sand
years and is unexplainable by known natural variability (e.g., Kinnard et al., 2011). To better
understand how and how much natural and anthropogenic forcing factors control sea ice
dynamics, there is a need for more high-resolution marine time series covering the historical
period (i.e., hundreds of years) and for robust biological proxies in key areas from the circum-
Arctic. Storfjorden, a semi-enclosed bay located in the Svalbard archipelago (Fig. 1a), is one of
the Arctic regions particularly suitable for studying first-year sea ice dynamics. Indeed,
Skogseth et al. (2004) defined Storfjorden as an “ice factory” because of the presence of a
recurrent coastal polynya that contributes to about 5-10% to the total brine waters produced on
Arctic shelves (Smedsrud et al., 2006). Brine are salty and COz-rich waters (i.e., low pH)
(Rysgaard et al., 2011) that are produced when sea ice forms in inner fjords, and for this reason
they can be used as proxies for sea ice production. Because of their high density, they cascade
after mixing with shelf waters (Skogseth et al., 2005a) and ventilate the deep sea (Rumohr et
al., 2001). During cascading, brine may cause sedimentary disturbance as they can release
downslope turbidity flows (Rumohr et al., 2001) and, in the meantime, export particulate and
dissolved inorganic and organic carbon from the productive surface waters down to the seafloor
(Anderson et al., 2004). The brine’s contribution to maintaining the halocline of the Arctic
Ocean (Aagaard et al., 1985; Cavalieri and Martin, 1994) and its influence on the ocean
circulation further underline the need to study brine evolution in recent times in relation to
global warming. In fact, the current Arctic amplification will determine a decrease in the
production of sea ice in several polynyas from the Arctic region (Tamura and Ohshima, 2011)
and, in the future scenario of an ice-free Arctic Ocean during summer (IPCC, 2013), sea ice

factories will gradually disappear. However, these predictions are largely based on direct
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observations on a short timescale (i.e., satellite data since 1979), which only opens a narrow
window on the natural variability of sea ice dynamics. The scientific community is now
focusing on longer time series to place the recent trends in a longer-term perspective (i.e., multi-
centennial timescale) (Nicolle et al., 2018) and validate these scenarios.

Benthic foraminifera are among the most abundant protists living in marine ecosystems,
from brackish waters to abyssal plains (e.g., Murray, 2006). Due to their short life cycle, high
diversity and specific ecological requirements, they respond quickly to the physicochemical
environmental conditions (e.g., organic inputs, oxygenation, pH) by increasing their density
(e.g., Kitazato et al., 2000), changing the faunal composition or modifying their microhabitat
(Jorissen et al., 1995; Ohga and Kitazato, 1997). Therefore, benthic foraminifera are potentially
good proxies for brine waters that bathe the deep-sea Arctic environments directly and for sea
ice production indirectly. The existing benthic foraminiferal-based studies in Storfjorden used
fossil fauna to interpret late Quaternary paleoenvironmental changes (Rasmussen and Thomsen,
2009, 2014, 2015). Although highlighting major difficulties in the interpretation of most of
these paleo-records without modern proxy calibrations, those studies further suggested the ratio
of agglutinated to calcareous benthic foraminifera as a potential proxy for brine changes. Living
foraminiferal distributions have been, however, studied in several Svalbard fjords, in particular
in relation to the distance from tidewater glaciers and the associated sedimentary supply
(Hansen and Knudsen, 1995; Korsun et al., 1995; Hald and Korsun, 1997; Korsun and Hald,
2000; Sabbatini et al., 2007; Ivanova et al., 2008; Forwick et al., 2010; Zajaczkowski et al.,
2010; Lacka and Zajaczkowski, 2016; Jernas et al., 2018). To our knowledge, none of these
studies targeted the influence of brine-enriched shelf waters (BSW).

To develop a robust biological marine proxy of environmental variation based on
communities of benthic fossil foraminifera, it is crucial to understand their modern ecology
well in this specific environment beforehand. To provide new insights on this issue, here we
investigate living (rose bengal-stained) benthic foraminiferal fauna from Storfjorden and their
response to various measured environmental variables (e.g., sediment characteristics, organic
matter quantity and composition, sediment oxygen and pH microprofiles) that are further linked
with BSW. Furthermore, the interpretation of our results integrates the extended literature of
the physical oceanography in this specific semi-enclosed bay (e.g., Haarpaintner et al., 2001a,
b, c; Omar et al., 2005; Skogseth et al., 2004, 2005a, b, 2008; Geyer et al., 2009; Jardon et al.,
2014).
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2. Oceanographic and environmental settings

The Svalbard archipelago, located north of the Arctic circle, extends from 74 to 81°N and 10
to 35°E (Fig. 1a). It is surrounded by the Arctic Ocean to the north, the Barents Sea to the south
and east, and the Norwegian and Greenland seas to the west. Storfjorden, the biggest fjord in
the Svalbard archipelago, is approximately 190km long with a maximum water depth of ~190m
present in a central deep glacial trough (referred to as deep basins in Fig. 1b). The northern part
of Storfjorden (i.e., inner fjord; Fig. 1b) is connected with the northwestern Barents Sea by two
sounds (Heleysundet and Freemansundet) through where relatively energetic tidal exchanges
occur (McPhee et al., 2013). To the south, a sill (77°N-19°E) about 120m deep separates the
inner Storfjorden and the deep basins from the outer Storfjorden trough (Storfjordrenna) (Fig.
la), a 200-300m deep glacial paleo-valley that incised the western Barents Sea continental
margin during previous sea level low stands (Pedrosa et al., 2011).
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Figure 1. (a) Bathymetric map showing the main current circulations around the Svalbard
archipelago (currents from Skogseth et al., 2005b and Misund et al., 2016) and locations of the
sampling stations. The red lines represent the warm North Atlantic waters carried by the
Norwegian Atlantic Current (NAC) and West Spitsbergen Current (WSC). The blue lines
represent the cold Arctic waters carried by the East Spitsbergen Current (ESC). The dotted
yellow line represents the polar front (PF). Bathymetry was obtained from EMODnet
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(http://portal.emodnet-bathymetry.eu, last access: 24 January 2019), and the map was
elaborated with QGIS (made with Natural Earth). (b) Longitudinal bathymetric profile sketches
showing seasonal formation and flow of brine in inner and outer Storfjorden (modified from
Skogseth et al., 2005a and Rasmussen and Thomsen, 2015) and the indicative location of the
sampling stations (red dots).

The Svalbard archipelago is influenced by two major water masses. Along the eastern and
southern margin of Svalbard, cold and relatively low saline Arctic waters flow out from the
Barents Sea via the East Spitsbergen Current (ESC) (Fig. 1a). In the eastern Norwegian and
Greenland seas, the main stream of Atlantic Water, which is the most important source of heat
and salty water into the Arctic Ocean, is carried northwards by the Norwegian Atlantic Current
(NAC) (Fig. 1a). North of Norway, the NAC splits into two branches: (i) the Norwegian Current
(NC, or Norwegian Coastal Current), which enters the Barents Sea eastward around 70°N (not
shown in Fig. 1a) along the northern coast of Norway, and (ii) the West Spitsbergen Current
(WSC), which flows northwards along the western Svalbard coast towards the Fram Strait
(Schauer, 1995). Recent studies report fluctuations in heat transport to the Arctic Ocean by the
WSC in particular that are linked with global climate change (e.g., Holliday et al., 2008;
Piechura and Walczowski 2009; Beszczynska-Moller et al., 2012). This current is playing a
significant role in the process of recent Arctic warming by influencing sea ice distribution and
cover in Svalbard (Polyakov et al., 2012).

The water masses in Storfjorden have two main origins: warm Atlantic waters and cold
Arctic waters. These are mostly separated by the location of the polar front, which shifts
seasonally and therefore influences the northward or southward position of these water masses
(Loeng, 1991) (Fig. la). The warm Atlantic surface waters carried by the NAC enter the
Storfjordrenna from the southwest (Wekerle et al., 2016) (Fig. 1a). During spring-summer, this
latter flows into Storfjorden along its eastern margin following a cyclonic circulation (Nielsen
and Rasmussen, 2018; Piechura and Walczowski, 2009). The cold Arctic waters derived from
the ESC enter Storfjorden from the east through narrow topographic gateways (Heleysundet
and Freemansundet sounds) and the topographic depression north of Storfjordbanken (Fig. 1a).
This Arctic water circulates cyclonically through the fjord, flowing southwards along the
western Storfjorden coast and continuing northwards as a coastal current along the west
Spitsbergen coast (Nielsen and Rasmussen, 2018; Rasmussen and Thomsen, 2015). Vertically,
water masses are usually arranged in three main layers within an Arctic fjord with a sill (Farmer
and Freeland, 1983): arelatively fresh surface layer, a deep and saline layer below the sill depth,
and an intermediate layer in between (Fig. 1b). Profiles from late summer in Storfjorden show

a well-mixed fresh surface layer extending down to 40m depth separated from the intermediate
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layer (comprising advected Atlantic Water) by a steep halocline. The deepest layer, which sits
below the sill depth, is a cold and saline water mass derived from trapped brine (e.g., Skogseth
et al., 2005a; Cottier et al., 2010; Rasmussen and Thomsen, 2015).

The shelf sea in the Storfjorden is characterised by an extended winter first-year sea ice cover
due to the presence of a recurrent winter coastal latent-heat polynya mostly located in the
northeastern part (Skogseth et al., 2004). Polynyas are ice-free areas formed and maintained by
advection of ice by offshore winds and tidal and ocean currents. The presence of northerly
winds allows for the development of the polynya, while southerly winds cause the polynya to
shrink, which makes the extension and the position of the polynya highly variable (Haarpaintner
et al., 2001b). The opening of a latent-heat polynya determines an intensive heat loss to the
atmosphere that can lead to a persistent ice formation (Fer et al., 2004; Skogseth et al., 2005a).
Polynya particularly occurs when northeasterly winds intensify in winter (Skogseth et al.,
2004). The continuous production of thin, first-year sea ice, which generally starts in December
(Smedsrud et al., 2006), leads to a subsequent formation of brine waters in Storfjorden. Brines
are cold, dense and well-oxygenated waters, enriched in salt and total dissolved inorganic
carbon (DIC) (i.e., low pH), that are rejected in undersea ice waters when sea ice is formed
(Rysgaard et al., 2011; Anderson et al., 2004). The shelf convection promotes the mixing of
brine with shelf waters, leading to the formation of brine-enriched shelf waters (BSW). In the
early winter freezing period, the extremely dense BSW sink, filling the deeper basins and
pushing the less dense waters above the sill level, causing a weak overflow (Skogseth et al.,
2005a) (Fig. 1b). During winter the low temperature causes a brine volume contraction and a
decrease in the sea ice permeability that prevents the air-sea ice gas exchange; brine volume
contraction causes a further increase in brine salinity and COz(@q) (Rysgaard et al., 2011). The
continuous freezing in spring causes the accumulation of BSW in the deep basins and a strong
steady overflow period over the sill. Although weaker, the overflow continues even in summer
after the end of the freezing period. In the meantime, the fresh melting surface water is warmed
by surface heating (Skogseth et al., 2005a). During spring and summer, the ice melting reduces
CO2xaq) (Rysgaard et al., 2011) and the increase in light availability (Horner and Schrader, 1982)
triggers ice algae photosynthetic activity, which further reduces DIC concentrations of surface
waters (Gleitz et al.,1995). In autumn, surface waters lose heat and become colder. At this time,
the old BSW are trapped in the deep basins, but strong wind events cause occasional discharges
over the sill (Skogseth et al., 2005a) (Fig. 1b). All Arctic coastal polynyas together produce
about 0.7-1.2 Sv (1Sv = 10° m*s7!) of BSW (Cavalieri and Martin, 1994), providing about 10%
of the deep water formed in the Arctic Ocean and Barents Sea today (Smethie et al., 1986;
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Quadfasel et al., 1988; Rudels and Quadfasel, 1991). Storfjorden is a major supplier of BSW,
alone producing 5-10% of the dense water in the Arctic Ocean (Quadfasel et al., 1988;
Smedsrud et al., 2006).

Spitsbergen is characterised by the presence of several tidewater glaciers influencing the
head of the Storfjorden (see Fig. 9 in Lydersen et al., 2014). Ongoing climate warming has been
causing the retreat of several glaciers present on Svalbard over the last 100 years, increasing
sediment supply and accumulation (Zajaczkowski et al., 2004). In this context, Winkelmann
and Knies (2005) classified the inner Storfjorden as a low-energy environment characterised by
high sedimentation rates and organic-rich sediments (total organic carbon content (TOC) > 2%)

with a high proportion of terrestrial components.
3. Material and methods

3.1 Interface sediment sampling and CTD profiles

In July 2016, seven stations were sampled along a north-south transect in Storfjorden (Fig. 1a,
Table 1) during the STeP (Storfjorden Polynya Multidisciplinary Study) cruise on board the
R/V L’ Atalante (IFREMER). Stations MC1 to MC3 are positioned on the continental shelf at
the head of the fjord, stations MC4 and MCS5 are located in the deep central basins, station MC6
is located on the sill, and station MC?7 is located in the Storfjordrenna (Fig. 1a, Table 1). At
each station, 10 to 40 cm long sediment cores were sampled using a multi-corer (10 cm inner
diameter) in order to get undisturbed sediment—water interfaces. Three replicate cores were
sampled at each station (except for station MC3 where only two cores were collected): the first
core for geochemical analysis (oxygen, pH and porosity profiles); the second for 2!°Pbx; dating,
grain size, phytopigment, and organic matter analyses; and the third for foraminiferal analysis.
In order to determine the main environmental characteristics of each site, hydrographic casts
were performed with a conductivity-temperature-depth sensor (Seabird 911 plus CTD)
equipped with a fluorometer. A rosette sampler supplied with 22x12L Niskin bottles was used
for water column sampling. Bottles were fired at standard depths to measure oxygen, nutrients

and Chlorophyll a.
3.2 Geochemical analyses

Immediately after the recovery of sediment cores, oxygen and pH microprofiles were measured
at the sediment-water interface. We used a micromanipulator that can drive O2 and pH

microelectrodes (Unisense®) at the same time with a 200 um vertical resolution. Oxygen
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profiles were performed using Clark-type microelectrodes with a 100 um thick tip (Revsbech
1989), while pH profiles were measured using a glass microelectrode with a 200 um thick tip.
The Oz concentration of bottom water was analysed by Winkler titration (Grasshoff et al.,
1983). At each station, triplicate samples were analysed with a reproducibility of +2 pmolL ™.
The pH microelectrodes were calibrated using National Bureau of Standards (NBS) buffer
solutions (pH 4, 7 and 10). The pH of bottom water was also determined by spectrophotometry
using m-Cresol Purple as dye (Dickson et al., 2007). All pH measurements were recalculated
at in situ temperature, salinity and depth using CO2SYS (Pierrot et al., 2006) and were reported
on the total proton scale (pHr). The measurements for both Oz and pH profiles, were repeated
many times in order to assess the reproducibility of the measurements and the natural

heterogeneity of these parameters in the sediment.

Samplin . Latitude Longitude Depth Tem .. Densit; (0]
daﬂe € Station (N) (gE) (1:)1) © C)p Salinity (kg m_g?; pHr (pmolz.L")

13/07/2016 MCl1 78°15.0 19°30.0 108.0 -1.74 34.89 1028.59 8.00 341
14/07/2016 MC2 77°50.0 18°48.0 117.0 -1.59 34.79 1028.52 7.95 317
14/07/2016 MC3 77°58.6 20°14.6 99.0 1.10 34.74 1028.29 8.12 350
15/07/2016 MC4 77°29.2 19°10.6 191.5 -1.78 34.92 1029.01 7.92 319
17/07/2016 MC5 77°13.2 19°17.9 171.0 -1.78 34.93 1028.91 7.91 317
18/07/2016 MC6 76°53.9 19°30.3 157.0 -1.13 34.80 1028.72 7.97 317
19/07/2016 MC7 76°00.9 17°03.4 321.0 3.53 35.05 1029.33 8.04 305

Table 1. Geographic coordinates, depths of the seven studied stations and bottom water
parameters (temperature and salinity are measured in situ by the CTD, O: (dissolved oxygen)
and pHr are measured from Niskin bottles).

3.3 Grain size analysis and ?°Pb dating

At each station (except for the MC3), one core was sliced on board, collecting five sediment
layers (0-0.5, 0.5-1, 1-2, 2-5 and 5-10 cm), then stored at -20°C. In the land-based laboratory,
an aliquot of sediment was sampled for grain size analyses and the rest was lyophilised for the
210Pb, analyses. Grain size analyses were performed using the laser diffraction particle size
analyser Malvern Mastersizer 3000. The particle size distributions were analysed with
GRADISTAT 8.0 software program (Blott and Pye, 2001). Replicated analyses were run for
each sample aliquot and the most representative was selected. For the analysis of fauna in
response to environmental parameters, the grain size of the superficial sediment layer (0.0-0.5
cm depth) was considered representative of the sediment-water interface characteristics.
Another aliquot of sediment was freeze-dried for gamma spectrometry measurements in order
to determine the apparent sedimentation rate by the 2!°Pbxs method (Appleby and Oldfield,
1978). The 2!°Pb dating was conducted using a gamma spectrometer Canberra® HPGe GX4520
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coaxial photon detector. The homogenised samples were weighed and sealed in a defined
geometry for at least 3 weeks to ensure 2*’Rn-?*Ra-2'*Pb equilibration. Sedimentation rate was
based on the determination of the excess or unsupported activity 2!°Pb (?!°Pbys) and performed
through constant flux-constant sedimentation (CFCS) model (Sanchez-Cabeza and Ruiz-
Fernandez, 2012). The 2!°Pbys, incorporated rapidly into the sediment from atmospheric fallout
and water column scavenging, was calculated as the difference between the total measured >'°Pb

activity (supported + excess) at 46.54 keV and 2'“Pb at 351.93 keV.
3.4 Organic matter quantity and biochemical composition

To assess the quantity and biochemical composition of the organic matter, the top 0.5 cm of the
sediment cores was sliced on board and immediately stored at -20°C until analysis. As the redox
fronts and foraminiferal microhabitats in the sediment are strictly driven by the organic matter
supply at the sediment—water interface (e.g., Jorissen et al., 1995), only the organic matter data
for the upper 0.5 cm were used to interpret the faunal distribution.

In the laboratory, chlorophyll a (Chl a), phaeopigment, lipid (LIP), carbohydrate (CHO) and
protein (PRT) contents were determined on three pseudo-replicates (ca. 1 g wet sediment).
Chlorophyll a and phaeopigment analyses were carried out according to Lorenzen and Jeffrey
(1980). Briefly, pigments were extracted with 90% acetone (12 h in the dark at 4°C). After the
extraction, the pigments were fluorometrically analysed to estimate the quantity of Chl a and,
after acidification (20 s) with 0.IN HCIl (Plante-Cuny, 1974), to estimate the amount of
phaeopigments. Chloroplastic pigment equivalents (CPE) were calculated as sum of Chl a and
phaeopigment contents, and carbon associated with CPE (C-CPE) was calculated by converting
CPE contents into carbon equivalents using a factor of 30 ugC per ug of phytopigment (de
Jonge, 1980). Protein, carbohydrate and lipid sedimentary contents were determined by
spectrophotometry (Danovaro, 2009) and concentrations reported as bovine serum albumin,
glucose and tripalmitin equivalents (mg per gram of dry weight sediment), respectively. Protein,
carbo- hydrate and lipid concentrations were converted into carbon equivalents using the
conversion factors 0.49, 0.40 and 0.75 gCg™', respectively (Fabiano et al., 1995). The sum of
protein, carbohydrate and lipid carbon was referred to as biopolymeric carbon (BPC; Tselepides
et al., 2000) that represents the semi-labile fraction of the total organic carbon (Pusceddu et al.,
2009; Van Oevelen et al., 2011). The algal fraction of biopolymeric C, a proxy for the most
labile fraction of sedimentary organic matter (Pusceddu et al., 2003, 2010) was calculated as

the percentage ratio of C-CPE in BPC.
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3.5 Living foraminiferal fauna sampling and analyses

Immediately after sampling, interface cores were sliced horizontally every 0.5 cm between 0
and 2 cm, every lcm from 2 down to 6 cm, and every 2cm from 6 to 10 cm depth. Each slice
was stored in a 500 cm® plastic bottle filled with 95% ethanol containing 2 gL.™! of rose bengal
stain (in order to label living foraminifera) following the FOBIMO directive (Schonfeld et al.,
2012). In the laboratory, sediment samples were sieved through 63, 125 and 150 um meshes,
and the resulting fractions were stored in 95% ethanol. All living (rose bengal-stained)
specimens from the >150 um fraction were hand-picked in water from the surface layer down
to 5 cm depth. Additionally, the living foraminifera of the 63-150 um fraction were picked only
for the first centimetre of sediment, in order to investigate the potential use of this size fraction
for ecological consideration. We counted only the specimens with bright rose staining
(assessing the colouration intensity of living specimens for every individual species, as
recommended by Schonfeld et al., 2012) as living foraminifera.

Samples of the smallest size fraction, showing very high benthic foraminiferal abundance,
were dried at 50°C and split with an Otto Microsplitter. Then foraminifera were hand-sorted
from an entire split containing a minimum of 300 individuals and the counts were extrapolated
for the total sample. Foraminiferal biodiversity was estimated using different diversity indices:
species richness measured as the number of species, species diversity measure using the
Shannon-Wiener Index (H’) and species equitability (J) measured using the “Pielou Index
(1975)”. All indices were calculated using the Paleontological Statistics Data Analysis (PAST)
software (version 2.17c; Hammer et al., 2001). Foraminiferal densities are expressed per 50
cm? (when considering total densities) and per 50 cm® (when considering layers of different
thickness). The agglutinated species Spiroplectammina earlandi and Spiroplectammina
biformis were not distinguished because these are morphotypes of the same species according

to Korsun and Hald (2000).
3.6 Multivariate analyses

A canonical correspondence analysis (CCA) was used to investigate the relationships between
the environmental parameters (depth, bottom water temperature, salinity, oxygen penetration
depth or OPD, sediment porewater pH, sediment grain size, and organic matter) and the fauna
(>150 um, 0-5 cm) of all stations considering only the absolute densities (ind. 50 cm™) of the
species which contribute with > 5% to the assemblage. We used the grain size characteristics

and the organic matter contents and composition of the uppermost sediment layer (0.0-0.5 cm).
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Values of different environmental variables and different orders of magnitude were
homogenised using the following standardisation: (x-mean x)/sd, in which x is the value of the
variable at one station, mean x is the mean of the same variable among the stations and sd is the
corresponding standard deviation. Non-metric multidimensional scaling (nMDS) bi-plot and
cluster analyses (Bray-Curtis dissimilarity) were used to visualise the differences among
stations and size fractions. The analyses were conducted on the foraminiferal assemblages of
the topmost centimetre of sediment separately considering the smaller fraction 63-150 um, the
>150 um fraction and the total assemblage (>63 um fraction). The densities of the foraminiferal
fauna were normalised using the following transformation: logio(x+1), where x is the density
expressed in ind. 50 cm™ (considering the 0—5 cm sediment interval for the CCA and the 0-1
cm interval for the nMDS and cluster analysis). All analyses were performed using the PAST

software (version 2.17c; Hammer et al., 2001).
3.7 Visual characterisation of test dissolution

Using high-resolution scanning electron microscope (SEM) images of specimens from the >150
um size fraction (Fig. S2 in the Supplement), we qualitatively distinguish four dissolution
stages from weak to severe, following the classification of Gonzales et al. (2017): (I) no sign of
dissolution, transparent tests and smooth surfaces; (II) whitish tests with visible pores, where
frequently the last chamber is lost in addition to the first calcite layers; (III) several chambers
are dissolved and the remaining ones present opaque wall tests; and (IV) nearly complete
dissolution of the tests, and only the organic material remains. The percentage of specimens
belonging to each of the four stages in all samples was not quantified because of the potential
loss of information due to the bad preservation characterising the two most severe dissolution

stages.
4. Results

4.1 Bottom water properties

In July 2016, bottom waters at the inner fjord stations MC1 and MC2 are cold (below —1.5°C)
and relatively salty (34.89 and 34.79, respectively), while station MC3 presents a positive
bottom water temperature (1.10°C), the lowest salinity (34.74), and the highest pHr (8.12) and
02 (350 umolL™") of the fjord transect (Table 1). The two deep basin stations (MC4 and MC5)
display the lowest bottom water temperature (both —1.78°C), the lowest pHr (7.92 and 7.91,
respectively) and the highest salinity (34.92 and 34.93, respectively) (Table 1). The sill station
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MC6 shows the same range of salinity than in the inner fjord (34.80) with a slightly higher
temperature (—1.13°C). The outer fjord station MC7 records the highest temperature (3.53°C)
and salinity (35.05) of the sampled transect. The shallowest stations (MC1 and MC3) are well
ventilated, with O2 concentrations higher than 340 umolL™". Stations MC2, MC4, MC5 and
MC6 show the same bottom water O2 concentration (318+2 umolL™"). The deepest station

(MC7), located outside Storfjorden, shows a lower Oz concentration (305 pmolL™).
4.2 Grain size analysis and sedimentation rate

The >'°Pb age models show a relatively high sedimentation rate at all stations, with an average
of 3.6+0.4 mm yr~! (see Supplement, Table S1 for more details), except at the outer fjord station
MC7 where sedimentation rate is much lower (1.3+0.6 mm yr~'; Table S1). Grain size analyses
of the topmost 0.5 cm of the sediment indicate the dominance of silt sediments at all stations
(around 84% to 89 %, Table S1). Slight differences are, however, noted in terms of the mode:
in the fjord fine silt (~10 um) is dominant, while in the outer station MC7 the mode corresponds
to medium silt (~20 um). Moreover, the percentage of sand increases from approximately 4.0%

at MC1 to 10.4% at station MC6 and declines to 6.8% at MC7.
4.3 Biogeochemical analyses of the sediment

The sediment oxygen profiles (Fig. S1a) at the inner fjord stations (MC1 to MC3) display an
average oxygen penetration depth (OPD) of 7.7£1.0 mm (n = 3), 4.9+0.4 mm (n = 4) and
4.8+1.9mm (n = 6), respectively. The OPD at the deep basin stations (MC4 and MC5) and at
the sill station (MC6), are 5.7+1.1 mm (n = 3), 6.2+0.9 mm (n = 10) and 8.6+3.8 mm (n = 6),
respectively. The outer fjord station (MC7) shows the highest OPD of the sampled transect
(15.6£1.0 mm, n = 6).

The porewater pHr at the sediment—water interface (pH profiles in Fig. S1b) is significantly
different among the stations (one-way ANOVA, F =128.8, p < 0.001). The inner fjord stations
(MC1 to MC3), the sill (MC6) and outer fjord (MC7) have pHr values generally above 7.95,
significantly different (Tukey’s HSD post hoc test, p < 0.001) from the deep basin stations
which have pHr values less than or equal to 7.90. When considering the entirety of the profiles,
pH strongly decreases in the topmost part of the sediment (0-5 mm) at all stations but with
different slopes. The gradients of the two extremes are —0.2 pH unit per millimetre at station

MC3 and -0.1 pH unit mm™' at MC7 (see Fig. S1b).
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Concerning the organic matter, the results for BPC, PRT, CHO, LIP, and CPE content and
algal fraction of BPC (C-CPE/BPC) are presented in Fig. 2. The complete dataset is reported
as average + standard deviation (n = 3) in Table S2 of the Supplement. The BPC (Fig. 2a) varies
significantly among the stations (one-way ANOVA, F = 21.72, p < 0.001). Stations MC1 and
MCT7 have values of BPC significantly lower (5.49+0.49 and 4.71+0.07 mgCg™!, respectively,
Tukey’s HSD p < 0.05) than at all other stations. In the latter, the average BPC varies between
6.86+0.45 and 7.38+0.21 mgCg~'. The PRT contents (%) (Fig. 2a) of the BPC varies
significantly among the stations (one-way ANOVA, F =6.94, p <0.01). In particular, the deep
basins present significantly lower percentages of PRT compared to all the other stations
(32.1244.42% at MC4 and 30.75+ 4.58 % at MC5; Tukey’s HSD p < 0.01). The CHO contents
(%) (Fig. 2a) change significantly among the stations (one-way ANOVA; F =46.6; p < 0.001),
displaying the highest scores in the deep basins (33.79+1.71 % and 36.08+2.52 % at MC4 and
MCS, respectively). The CPE (Fig. 2b) varies significantly among the stations (one-way
ANOVA, F =52.03, p < 0.001). CPE content is considerably lower in the outer fjord station
MC7 (6.43+0.45 pgg™") compared to all other stations (p < 0.001). Inside the fjord, station MC1
differs from MC2, with values of 24.04+3.69 and 41.19+ 9.62 pgg™', respectively (Tukey’s
HSD p = 0.02), whereas all other CPE contents present intermediate values. The C-CPE/BPC
(Fig. 2b) in the uppermost 0.5 cm varies significantly among the stations (one-way ANOVA, F
= 76.82, p < 0.001). In particular, the algal fraction is significantly lower in the outer fjord
station MC7 (4.09+0.33 %) compared to all other stations (Tukey’s HSD p < 0.001). On the
contrary, all the stations inside the fjord do not differ significantly and have values between

13% and 17%.
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Figure 2. For each sampling station the following information is shown (data are not available
at station MC3): (a) content of biopolymeric carbon (BPC, black dots) and percentage of
protein, carbohydrate, and lipid content (cumulative bars) and (b) the content of chloroplastic
pigment equivalents (CPE, white bars) and algal fraction of BPC (C-CPE/BPC, green dots).

48



Chapter 1

4.4 Foraminiferal assemblages of the 0-5cm sediment layer (>150 pm fraction)
4.4.1 Abundances and diversity

Considering the total foraminiferal fauna in the 0-5 cm sediment interval (Table 2), the highest
absolute abundance is displayed at the inner fjord station MC2 (2249 ind. 50 cm™2), whereas it
is reduced by about half at the other two inner fjord stations (1104 and 1353 ind. 50 cm™ at
MCI1 and MC3, respectively). The absolute abundance increases at the deep basin stations
(1861 and 1439 ind. 50 cm™ at MC4 and MCS5, respectively) and drastically declines at the sill
station MC6, reaching the lowest abundance detected in the transect (940 ind. 50 cm™?). At the
outer fjord station MC7, the total absolute abundance is 1238 ind. 50 cm™>.

The inner fjord stations MC1 and MC2 present the same number of species (27) (Table 2)
and similar Shannon-Wiener index (H’ = 1.61 and 1.48) and equitability (J = 0.49 and 0.45).
The third inner fjord station MC3 1s characterised by the lowest diversity (19 species and H’ =
0.92) and the lowest equitability (J = 0.31), whereas the deep basin stations MC4 and MC5
show relative high H’ (2.25 and 2.35, respectively) and J values (0.62 and 0.70, respectively).
The sill station MC6 shows similar H* and J values compared to the deep basin stations (2.18
and 0.65, respectively). The outer fjord station MC7 shows the highest number of species (44)
and H’ index (2.40).

Stations MC1 MC2 MC3 MC4 MC5 MCeo MC7
Abundance (ind. 50 cm2) 1104 2249 1353 1861 1439 940 1238
Species Richness 27 27 19 37 29 29 44
Shannon-Wiener (H') 1.61 1.48 0.92 2.25 2.35 2.18 2.40
Equitability (J) 0.49 0.45 0.31 0.62 0.70 0.65 0.64

Table 2. Foraminiferal total abundances (in number of individuals per 50 cm?) and diversity
indexes, considering the total living fauna (>150 um size fraction) in the O to Scm core top
sediment.

In terms of species composition (Fig. 3a), the inner fjord stations are mainly dominated by
two calcareous species: Elphidium clavatum, contributing 22%, 47%, and 75% of the total
fauna, and Nonionellina labradorica, contributing 51%, 31%, and 13% at MC1, MC2, and
MC3, respectively. Cassidulina reniforme is a secondary species at station MC1 (10%), and
Elphidium bartletti is a secondary species at station MC2 (8%). The deep basin stations (MC4
and MC5) are dominated by various agglutinated species that contribute differently to the total
assemblages. The most abundant are Recurvoides turbinatus (12% and 18%, respectively, at
MC4 and MCS5), Reophax fusiformis (13% and 10%) and Reophax scorpiurus (27% and 17%).

Ammotium cassis and Labrospira crassimargo are less abundant at MC4 compared to MC5
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(2% and 11% for A. cassis and 6% and 11% for L. crassimargo, respectively). Additionally,
the calcareous N. labradorica is still quite abundant (20% at MC4 and 8% at MC5). The sill
station MC6 shows similarity with the deep basin stations because of the presence of the
agglutinated R. turbinatus (10%) and R. fusiformis (24%) but it differs by the presence of the
agglutinated Adercotryma glomeratum (29%). The outer fjord station (MC7) can be
distinguished from all other stations by the exclusive presence of the two calcareous species
Globobulimina auriculata and Melonis barleeanus (9% and 12%, respectively) and by the
major contribution of the agglutinated species Lagenammina difflugiformis (14%).
Nevertheless, some species that are abundant inside the fjord are also present at station MC7

(e.g., N. labradorica 25%, R. fusiformis 6% and R. scorpiurus 15%).

4.4.2 Agglutinated vs. calcareous foraminifera (0-5 cm, >150 um)

The comparison between the relative abundances of calcareous and agglutinated species,
considering the total living fauna in the 0-5 cm sediment interval (Fig. 3b) shows the strong
dominance of calcareous species (between 91 and 94 %) at the inner fjord stations (MC1, MC2
and MC3). The opposite is observed at the two deep basin stations (MC4 and MCS5) and at the
sill station (MC6), where the relative abundances of agglutinated foraminifera vary from 65%
to 77%. At the outer fjord station, MC7, calcareous species have higher proportions (60%),

although they are not as dominant as at the inner fjord stations.
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Figure 3. (a) Species relative abundances of the total living fauna (> 150 um fraction) in the 0
to 5 cm core top sediment at each station and (b) the agglutinated species (in red) vs. calcareous
species (in grey) ratio.
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4.4.3 Vertical distribution

The foraminiferal absolute density displays an overall decreasing trend from the surface
sediment down to 5 cm depth at all stations (Fig. 4). The superficial layers (0-1 cm) of the inner
fjord stations (MC1, MC2, MC3; Fig. 4a) are mostly represented by Elphidium clavatum,
Cassidulina reniforme (especially at MC1), Nonionellina labradorica and other accessory
species (e.g., Triloculina oblonga, Elphidium bartletti, Ammotium cassis). The deeper layers
(down to 5 cm) show much lower abundances and are increasingly occupied by Nonionellina
labradorica.

In the two deep basins (MC4 and MCS5; Fig. 4b), four agglutinated species are dominant in
the first centimetre of sediment: Reophax scorpiurus, Reophax fusiformis, Recurvoides
turbinatus and Labrospira crassimargo. At both stations, the infaunal species N. labradorica
is present in high relative abundance in the 1-3 cm sediment intervals, together with Nonionella
digitata. In the deepest sediment layers (3-5 cm), L. crassimargo, R. scorpiurus and R.
turbinatus are dominant. At the sill station MC6, the dominant species present in the uppermost
centimetre are R. fusiformis, R. turbinatus and Adercotryma glomeratum (Fig. 4b). These
species are also present with important abundances in the deeper layers where they are
accompanied by N. labradorica at the 1-3 cm depth intervals. At the outer fjord station MC7,
the 0-1 cm sediment interval show a dominance of R. scorpiurus, R. fusiformis and L.
difflugiformis (Fig. 4c). In the deeper layers, these species are accompanied and gradually
replaced by significant abundances of the calcareous species Melonis barleeanus and

Globobulimina auriculata.
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Figure 4. Foraminiferal vertical distribution from 0 to 5cm sediment depth (> 150 um fraction)
for (a) the inner fjord (stations MC1 to MC3) (b) deep basins (stations MC4 and MCS5) and sill
(station MC6), and (¢) outer fjord (station MC7). Calcareous species are shown using different
grey textures, whereas agglutinated species are shown using different red textures. The dashed
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black line represents the average oxygen penetration depth (OPD) at each station.

4.4.4 Multivariate analysis

The CCA analysis based on the foraminiferal data (0-5 cm, >150 pum, total absolute densities
of 15 species, with a relative abundance >5%) and 15 measured environmental variables is

presented in Fig. 5. Axes 1 and 2 explain nearly 90% of the total variance. This multivariate
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analysis clearly divides the stations into three groups based on the differences determined by
the foraminiferal assemblages and the environmental variables. Axis 1 strongly separates
station MC7 from the rest of the stations. This difference is mainly determined by bottom water
parameters (T, S, pH), OPD, percentage of silt and water depth. The negative correlation
between the outer fjord station MC7 and the CPE content and algal fraction distinguishes it
from all other stations. Axis 2 clearly divides the other six stations into two groups: the inner
fjord group (composed of stations MC1, MC2 and MC3) and the deep basins and sill group
(stations MC4 and MCS5 and station MC6). This separation is mainly based on the organic
matter composition of the sediment. The inner fjord group of stations is positively correlated
with the percentage of proteins, whereas the deep basins and sill group is mainly correlated with
the percentage of carbohydrates and the biopolymeric carbon content. This group of stations
MC4 to MC6 is also positively correlated with the CPE content and the algal fraction of BPC.
These three groups are characterised by different foraminiferal assemblages. The calcareous
species Cassidulina reniforme, Elphidium clavatum, Nonionellina labradorica, and Elphidium
bartletti characterise the inner fjord, whereas three agglutinated species, Labrospira
crassimargo, Adercotryma glomeratum, and Recurvoides turbinatus, and one calcareous
species, Nonionella digitata, define the deep basins and sill group. Finally, the exclusive
presence of the two species, Melonis barleeanus and Globobulimina auriculata, characterise

the outer fjord station MC7.
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Figure 5. Canonical correspondence analysis based on real abundances (ind. 50 cm-2) of the
living fauna in the 0-5 cm sediment layer (> 150 um size fraction) considering the major species
(> 5 %) vs. environmental variables described in Tables 1, S1 and S2.
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4.5 Comparison between the 63-150 and >150 pm size fractions (0-1 cm)

4.5.1 Abundances and diversity

Foraminiferal abundances considering the entire > 63 um fraction (63-150 + >150 um fractions)
in the topmost centimetre of the sediment are maximal at MC2 and MC4 (4610 and 3936 ind.
50 cm™2, respectively), while all other stations present lower values (<3000 ind. 50 cm~) (Fig.
6a). When considering only the largest fraction (>150 um) at the first centimetre, MC2 (1467
ind. 50 cm™2) and MC4 (1132 ind. 50 cm™) still shows the highest abundances followed by
MC3 and MCS5 (1050 and 889 ind. 50 cm™2). For the rest, values are lower than 600 ind. 50
cm~2. The small fraction (63-150 um) is dominant at all stations, contributing with values
between 59% (at MC2) and 83% (at MCO6) to the total abundances.

Regarding diversity values, at MC1 and MC7 no significant differences in the H” and J
indices are found between the two size fractions (Fig. 6b, c). At stations MC2, MC3 and MC6,
H’ and J values are lower for the >150 pm fraction, whereas the opposite is observed for stations

MC4 and MCS5, where small size fractions show lower diversity.
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Figure 6. (a) Foraminiferal cumulative abundances (ind. 50 cm™) for two size fractions (63-
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In terms of species composition (Fig. 7), the higher diversity of the 63-150 pm fraction at
stations MC2 and MC3 is due to the additional presence of Stainforthia feylingi,
Spiroplectammina biformis and Textularia torquata. However, at this size fraction, as in the >
150 pum fraction, the fauna at the three inner fjord stations (MC1, MC2, MC3) is also largely
represented by Elphidium clavatum (juveniles) (16%, 30% and 66%, respectively). Similarly,
juveniles of Cassidulina reniforme are observed in the small fraction at station MC1 (38%). At
stations MC4 and MCS5, the lower diversity of the 63-150 um fraction is due to the strong
dominance of S. biformis (75% and 65 %, respectively), which is nearly absent in the large size
fraction. At station MC7, the small size fraction is characterised by the presence of juveniles of
Cassidulina teretis (11%) and Melonis barleeanus (8%), species that are also present in the >
150 um fraction (5% and 8%, respectively). These species are accompanied by C. reniforme
(21%) and Alabaminella weddellensis (27%) that are only present in the small size fraction at

this site.
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Figure 7. Total abundances (ind. 50 cm™) and correspondent relative abundances (%) of the
dominant species (>5% for at least one station) of the 0-1 cm sediment layer for the 63-150 pm
fraction (a, ¢) and the >150 um fraction (b, d). The calcareous species are shown using different
grey textures, whereas agglutinated species are shown using different red textures.

4.5.2 Agglutinated vs. calcareous foraminifera

The percentage of agglutinated forms is systematically higher in the entire fraction >63 um
compared to the >150 um at stations MC1 to MC6 (Fig. 8). This is explained by the presence
of the small-sized agglutinated species Spiroplectammina biformis and other minor
agglutinated species (Cuneata arctica, Textularia torquata, Cribrostomoides sp.). Conversely,

the outer fjord station MC7 shows the opposite pattern, mainly because of the presence in the
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small fraction of calcareous species that are absent in the >150 um size fraction (i.e.,

Cassidulina teretis, Cassidulina reniforme, Alabaminella weddellensis).
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Figure 8. Relative abundances of calcareous foraminifera (in grey) and agglutinated
foraminifera (in red) considering the >150 pum size fraction (a) and the > 63 um size fraction

(b).

4.5.3 Multivariate analyses

Coordinate 2 of the nMDS analysis separates the >150 um fraction from the 63 to 150 and >63
um fractions (Fig. 9a), and the cluster (Bray-Curtis dissimilarity) analysis shows less than 50%
similarity between the two groups (Fig. 9b). However, nMDS coordinate 1 groups all fractions
into the same three stations’ groups (Fig. 9a) as those previously determined by the CCA

analysis based on the >150 um fraction (Fig. 5).
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Figure 9. (a) Non-metric multidimensional scaling analysis and (b) cluster analysis (Bray-
Curtis dissimilarity measure) considering the densities (ind. 50 cm~2) of the major foraminiferal
species (relative abundance >5% in at least one station in one size fraction) for the 63-150 pm
fraction, the >150 um fraction and the >63 pum total fraction.
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4.6 Visual characterisation of test dissolution

At all stations inside the fjord (from MC1 to MC6) most of the calcareous species display
different degrees of dissolution, including for small sized specimens. As visualised in Fig. S2
of the Supplement, the species Elphidium clavatum, Elphidium bartletti, Triloculina oblonga
and Robertinoides sp. show the most severe degree of dissolution, whereas Nonionellina
labradorica seems to be less sensitive to dissolution (individuals classified at stage I or II of
dissolution). Interestingly, the highest degree of dissolution (stage IV) is exclusively observed

in the deep basin and the sill stations.

5. Discussion

5.1 Environmental characteristics of the study area

According to the topography of the fjord, distribution of the main water masses and
physicochemical characteristics of the sediments, we can separate the fjord into three main
areas: the inner fjord (i.e., stations MC1 to MC3), the central deep basins (i.e., stations MC4
and MC5) constrained by the sill (i.e., station MC6) and the outer fjord Storfjordrenna (i.e.,
station MC7) (Fig. 1b).

In July 2016, the inner fjord sea surface water temperatures and salinities (Fig. S3 of the
Supplement) are indicative of a mixture between meltwaters and Storfjorden surface water, as
previously indicated by Skogseth et al. (2005b). On the contrary, the recorded inner fjord
bottom water parameters are not homogeneous (Table 1). In fact, stations MC1 and MC2, on
the western side of the fjord, are characterised by salinity and temperature within the range of
BSW (Skogseth et al., 2005b). The location of these stations in small topographic depressions
on the shelf may explain the presence of these cold and salty waters. The shallowest station
MC3 (99m depth), located on the eastern side of the inner fjord, seems influenced by modified
Atlantic water (as defined Skogseth et al., 2005b).

The bottom water values of salinity and temperature measured in July 2016 in the deep
basins, still allow us to identify the presence of trapped residual BSW a long time after the
season of sea ice formation, as previously hypothesised by Skogseth et al. (2005b). The bottom
water properties at the sill fall into the range of Arctic water (Skogseth et al., 2005b). In contrast
to the inner fjord and the deep basins, the outer fjord water column displays typical values of

North Atlantic Water (NAW) from the surface to the bottom (Skogseth et al., 2005b).
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The summer melting of tidewater glaciers flowing in Storfjorden produces an important
supply of terrigenous materials to the head of the fjord (Winkelmann and Knies, 2005). This
sedimentary dynamic results in relatively high sedimentation rates of about 3.6 + 0.4 mm yr™!
recorded in the fjord (stations MC1 to MC6, Table S1), which is lower than in other Svalbard
fjords (e.g., Kongsfjorden 5-10 mm yr~'; Zaborska et al., 2006). Associated with this
terrigenous flux, organic matter supply is high in the internal fjord. In contrast, low
sedimentation rate (1.3 + 0.6 mm yr~!, Table S1) and low organic matter supply are recorded
in the outer fjord. This clearly indicates a lower influence of tidewater glacier inputs in
Storfjordrenna (station MC7) compared to the internal fjord (stations MC1 to MC6).

Regarding the organic supply, the high concentrations of organic matter at all our stations,
and particularly in the deep basins, confirm the sedimentary organic-rich character of
Storfjorden, as previously reported in the literature (Winkelmann and Knies, 2005; Mackensen
et al., 2017). The higher CHO (%) associated with lower PRT (%) in the deep basins (station
MC4 and MCS5) compared to the other stations is indicative of the presence of older and more
refractory organic matter (Pusceddu et al., 2000). This could either be related to higher
continental supplies of more refractory organic matter, higher heterotrophic consumption, or
the presence of long-residence water masses, influenced by BSW and isolated by a strong
chemocline during periods of sea ice melting (Rysgaard et al., 2011). In contrast, the higher
contents of PRT (%) and CPE in the inner fjord (stations MC1 to MC3) and at the sill (MC6)
could be the result of a recent (summer) phytoplankton bloom. Compared to the inner fjord, the
CPE contents in the Storfjordrenna are much lower (Fig. 2b), indicating a less fresh algal input
to the bottom, which is consistent with the greater water depth (> 300 m) at this outer fjord site.

The oxygen profiles and the OPD in particular (Fig. Sla) reflect the quantity of organic
matter supplies. Indeed, the organic carbon accumulation depends on its reactivity with
available oxygen (Dauwe et al., 2001) and vice versa, the oxygen consumption is proportional
to the organic matter mineralisation rate. Except for the outer fjord, all stations (MC1 to MC6)
present shallow OPD values (<10 mm) consistent with the high contents of available organic
matter (i.e., BPC) (Fig. 2). Organic matter aerobic respiration is also the reason for the rapid
pH decrease in the first millimetre of the sediment column at these stations (Fig. S1b). At the
outer fjord, the slower pH decrease and the higher OPD (>15 mm) would therefore be attributed

to lower BCP content at this station.
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5.2 Distribution of foraminiferal species in response to environmental conditions

According to the topography and physical characteristics of the fjord, the foraminiferal
distribution and the measured environmental parameters also define three biozones: (i) the inner
fjord, (ii) the deep basins and sill, and (iii) the outer fjord. The CCA analysis (Fig. 5) shows
that the inner fjord faunas are positively correlated to PRT (%) and negatively correlated to
CHO (%), meaning that they favourably respond to the availability of fresh and labile organic
matter.

Elphidium clavatum dominates the innermost fjord stations, where it preferentially occupies
the superficial microhabitats. The high dominance of this species in the inner fjord is consistent
with previous findings from other glacier-proximal inner Svalbard fjords (Hald and Korsun,
1997; Korsun and Hald, 2000) and Arctic domains (e.g., Iceland; Jennings et al., 2004).
Elphidium clavatum is also often described as being able to adapt to harsh environments, such
as near tidewater glacier fronts and riverine estuaries (e.g., Hald and Korsun 1997; Korsun and
Hald, 1998; Forwick et al., 2010). The presence of this species therefore suggests quite stressful
conditions.

The station MCI, at the fjord head, is additionally characterised by the presence of
Cassidulina reniforme. This species tolerates high concentrations of suspended particulate
organic matter (Schifer and Cole, 1986) and prefers cold water environments (Jernas et al.,
2018). Korsun and Hald (1998) hypothesised that C. reniforme becomes dominant when
glacier-driven turbidity is lower and phytoplankton production is higher. According to our
findings, fauna at stations MC2 and MC3 potentially reflect a more stressful environment than
station MC1. The strong dominance of these two species is also visible in the small size fraction,
suggesting recent reproductive events, probably in response to fresh organic matter inputs to
the seafloor. This hypothesis also matches with the dominance of Nonionellina labradorica in
the intermediate microhabitats. In fact, this species is often reported in highly productive areas
(Lloyd, 2006) because of its preference for feeding on fresh phytodetritus and on diatoms in
particular (Cedhagen, 1991). Korsun and Hald (2000) suggest that this species may start
reproducing during spring in glaciomarine environments, possibly following the diatom bloom
starting in March under the sea ice (Rysgaard et al., 2011). Therefore, we instead interpret its
presence as a response to meltwater discharge and consequent phytoplanktonic bloom.
Additionally, Elphidium bartletti that occurs as an accessory species (especially at station MC2)

was previously reported in river-affected habitats of the southern Kara Sea, characterised by
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highly variable environmental conditions (Polyak et al., 2002), further supporting our
interpretations.

The CCA analysis (Fig. 6) shows a negative correlation of the deep basins and sill fauna
with proteins and a positive correlation with carbohydrates, highlighting a response of the fauna
to old (refractory) organic matter. The assemblages in the two deep basin stations (MC4 and
MC5) display similar diversities, which are in both cases higher than in the inner fjord.
Agglutinated species dominate the topmost centimetre of the sediment, in particular Reophax
scorpiurus, Reophax fusiformis, and Recurvoides turbinatus, occasionally accompanied by
Labrospira crassimargo and Ammotium cassis. These species are often found in the distal part
of other Svalbard fjords (e.g., Hald and Korsun, 1997; Murray and Alve, 2011; Jernas et al.,
2018) and widely distributed in areas covered with seasonal sea ice in the Arctic Ocean (e.g.,
Wollenburg and Kuhnt, 2000; Wollenburg and Mackensen, 1998). They are considered as
tolerating low food quality, high sedimentation rates, and a wide range of salinities,
temperatures, and organic matter fluxes (Hald and Korsun, 1997; Murray, 2006; Jernas et al.,
2018). This capacity for adaptation may explain the abundance of all these agglutinated species
in the deep basins where residual BSW (with high S, low T and pH) and high concentrations of
refractory carbohydrates are recorded in the top sediment. At station MC4, N. labradorica also
lives in a subsurface microhabitat (from 1 down to 3 cm depth), probably profiting from the
phytodetritus supply, as testified by the high CPE contents.

The assemblage composition at the sill (station MC6) is close to those found in the deep
basins, except for the dominant presence of Adercotryma glomeratum. The similarities with the
deep basin’s assemblages are interpreted as the result of intermittent pulses of BSW outflowing
the fjord and bypassing the sill during some periods of the year and therefore influencing this
station. The opportunist A. glomeratum (e.g., Gooday and Rathburn, 1999; Heinz et al., 2002)
has been reported as being positively related to increasing distance from glaciers and from the
fjord head (Hald and Korsun, 1997). Its dominance at this station suggests a positive
relationship with an increase in salinities and temperatures and consequently with Transformed
Atlantic Water (TAW) during summer, according to existing literature (e.g., Hald and Korsun,
1997; Jernas et al., 2018). It has therefore been interpreted as the consequence of seasonal
influence of Atlantic waters on the sill, when BSW overflow is weakened or absent. In addition
to the assemblage composition, the presence of very badly preserved calcareous foraminifera
tests and the dominance of agglutinated species in the deep basins plus the sill, strongly suggest

that corrosive BSW has a primary control on the benthic ecology in this sector of the fjord.
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The outer fjord biozone (station MC7) is characterised by a thicker overlying water column
(> 300 m), and higher bottom water salinity and temperature compared to the rest of the studied
sites. The presence at this station of agglutinated species shared with the deep basin stations is
probably due to the widespread character of these species. However, the clear influence of the
NAW at this site is indicated by the presence of typical Atlantic species such as Melonis
barleeanus and Globobulimina auriculata. In the North Atlantic Ocean, M. barleeanus is
described as infaunal and opportunist toward good-quality organic matter (e.g., Caralp et al.,
1989; Nardelli et al., 2010). At high latitudes, its presence suggests the influence of relatively
warm Atlantic Water (AW) (Caralp, 1989; Polyak et al., 2002; Jennings et al., 2004; Knudsen
et al., 2012; Melis et al., 2018). This interpretation is further confirmed by the presence of the
deeper dwelling Globobulimina auriculata, presumed to be related to increasing bottom water
salinity (Williamson et al., 1984; Jernas et al., 2018) and often associated with buried organic

matter (e.g., Alve, 2010).
5.3 Agglutinated vs. calcareous taxa: the premise of a paleo-proxy of brine formation

In both size fractions (63—-150 and > 150 um), low agglutinated / calcareous (A/C) ratios
characterise the inner fjord, in contrast to the high values observed at the deep basin and sill
stations (Figs. 3b and 8). The exclusive presence of some agglutinated species in the smaller
fraction (e.g., Cuneata arctica, Spiroplectammina biformis and Textularia torquata) results in
relatively high A/C ratios for the > 63 um fraction compared to the > 150 um fraction. It is
worth mentioning that in the Storfjordrenna (station MC7) the A/C ratio in the > 63 um fraction
is lowered by the presence of several small calcareous species (e.g., Stainforthia feylingi,

Cassidulina teretis, Alabaminella weddellensis, Cassidulina reniforme) that are not present in

the larger fraction (Fig. 8).

Several hypotheses, which are eventually not exclusive, arise to explain the dominance of
agglutinated species at the deep basins and sill stations.

i. The influence of organic matter quality. Jernas et al. (2018) suggest that agglutinated species
may be more tolerant or less sensitive to the lower quality and/or quantity of food than the
calcareous fauna. Following this idea, the dominance of agglutinated species in the deep
basins is coherent with the more refractory organic matter (higher CHO %) measured in July
2016 (Fig. 2). However, the lower percentage of CHO observed at the sill station MC6 seems

to contradict this hypothesis.
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ii. The brine-related calcareous test dissolution. Low relative abundances of calcareous taxa
found in the sediment in the deep basins could be attributed either to hampered growth,
limited reproduction, or test dissolution. Indeed, at the deep basins and sill stations we
observe the most severe degree of dissolution on Elphidium clavatum, Elphidium bartletti,
Triloculina oblonga and Robertinoides spp. in particular (Fig. S2). The most obvious
explanation for that is the corrosive effect of brine waters that persist all year round at
stations MC4 and MC5 and may impact station MC6 through episodes of overflow from
autumn to spring. In the inner fjord stations, these species also present some dissolution, but
this is largely less severe (Fig. S2). In our opinion the dissolution at these sites can but either
related to early cascading of BSW during winter or to the high seasonal input of meltwater
as a factor affecting the preservation of carbonate (Schroder-Adams et al., 1990).

iii. The combined effect of brine and organic matter mineralisation. As an alternative (or in
parallel) calcareous test dissolution may result from decaying organic matter. Indeed, test
dissolution of E. clavatum species was previously observed in the Adventfjorden (west
Svalbard) and was attributed to low pH in the pore waters of upper sediments due to organic
matter decay (Majewski and Zajagczkowski, 2007), whereas in the Barents-Kara shelf this
process was associated with sinking of brine (Hald and Steinsund, 1992; Steinsund and Hald,
1994). The coupled effect of corrosive brine and organic matter remineralisation probably
simultaneously contributes to the dissolution of the calcareous fauna. It is difficult to
decouple the effects of both these factors. However, we observe the most severe degree of
dissolution in the deep basins, where organic matter is less available. This lets us conclude
that the persistence of brine is the main factor responsible for the dissolution. This conclusion
supports some previous paleoceanographical studies from the Arctic, which proposed that
the high proportion of agglutinated taxa in sediment cores is dependent on bottom water
hydrographical condition (Seidenkrantz et al., 2007) and on corrosive brine production
specifically (Rasmussen and Thomsen, 2015).

In light of these arguments, we propose the A/C ratio as a proxy for brine persistence and/or
overflow in historical sedimentary archives. Rasmussen and Thomsen (2014, 2015) reported an
exceptional fossilising potential of agglutinated species in this area on records back to 10 ka,

therefore it is most likely that the ratio is not affected on a timescale of hundreds of years.
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5.4 Insights from the small size fraction

The additional observation of the small size fraction (63-150 um) results in the definition of the
same three biozones and similar A/C ratios as for the larger fraction (except for the outer fjord
station where the ratio changes) (Figs. 8 and 9a). The cluster analysis (Fig. 9b) further shows
that the consideration of the 63-150 um fraction increases the percentage of similarity among
stations belonging to the same biozone and it increases the dissimilarity between the stations
inside the fjord (from MC1 to MC6) and outside the fjord (MC7). Nonetheless, the study of the
63-150 um fraction provides new insights into the benthic foraminiferal ecology of Storfjorden.

At the inner fjord stations MC2 and MC3, the exclusive presence of the calcareous species
Stainforthia feylingi and the three agglutinated species Cuneata arctica, Spiroplectammina
biformis, and Textularia torquata in the 63-150 um fraction increases the overall diversity
compared to the larger fraction. These four species, with individuals of small size, are typical
of Arctic and cold boreal environments and show an opportunistic behaviour in response to a
wide range of environmental conditions (e.g., Schifer and Cole, 1986; Hald and Korsun, 1997;
Korsun and Hald, 1998, 2000; Lloyd et al., 2007; Leduc et al., 2002; Pawlowska et al., 2016;
Jernas et al., 2018). The presence of numerous juveniles (63-150 um) of Elphidium clavatum
and Cassidulina reniforme in the inner fjord also confirms recent reproductive events, possibly
related to phytoplanktonic bloom and associated fresh organic matter inputs in the benthic
system, in agreement with the high percentages of PRT measured in the sediment (Fig. 2).

On the contrary, in the deep basins, the diversity decreases when the small fraction is
considered, due to the strong dominance of the agglutinated species S. biformis. In the literature,
this is an opportunistic species in glaciomarine habitats, indicative of the presence of cold Arctic
waters (Hald and Korsun, 1997; Korsun and Hald, 1998, 2000; Schifer and Cole, 1986). The
high numbers of small individuals found in the deep basins, coupled with the high percentages
of CHO, may suggest an eventual positive response of S. biformis to refractory organic matter.
The relatively high abundances of T. torquata at the sill station MC6 suggests high salinity
fluctuations (Wollenburg and Kuhnt, 2000), which could be consistent with occasional or
seasonal overflow of BSW at this site, further confirming our hypothesis based on the >150 um
assemblages.

In the Storfjordrenna, Cassidulina teretis and Alabaminella weddellensis are exclusively
present in the 63-150 um fraction. These two species, usually associated with AW (Wollenburg
and Mackensen, 1998), further give evidence of the influence of this water mass in the outer

fjord area. The presence of C. reniforme at this station exclusively as juveniles is less easy to
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interpret. Because of its preference for cold waters (e.g., Jernas et al., 2018), its presence could
be the result of an occasional influence of Arctic waters on this station.

Taking into consideration the comparison between the 63-150 and >150 um data, the
additional information from the small fauna is limited to a slightly more precise estimation of
biodiversity and the confirmation of ecological speculations based on the large fauna (e.g.,
recent blooming events at inner stations). Therefore, regarding the high time-consuming
character inherent to the investigation of the 63-150 um fraction, we propose that the small
fraction could be neglected in comparable future studies in Storfjorden unless it is studied with

the aim of answering some very specific questions.

6. Conclusions

Living benthic foraminiferal fauna from the Storfjorden “sea ice factory” were studied in order
to determine the response of foraminiferal communities to the major driving factors controlling
the sea bottom ecology in this area. The benthic ambient conditions were further connected to
brine-enriched shelf waters (BSW) production and persistence and indirectly to first-year sea
ice formation. The influence of the BSW persistence on benthic foraminiferal assemblages was
identified on the basis of characteristic fauna inhabiting the two deep basins and the sill of the
fjord. At these sites, BSW are, respectively, trapped for a long part of the year or overflow
during the maximum production period. The assemblages at these stations are dominated by
agglutinated taxa, resulting in high agglutinated/calcareous ratio (A/C). The presence of heavily
dissolved calcareous tests supports the hypothesis that one of the main factors responsible for
this result is the corrosive character of BSW. Additionally, the chemocline related to BSW
presence at the bottom could limit the fresh organic matter flux to the seabed and indirectly
influence the assemblages. In light of these results, we propose the application of the A/C ratio
as a proxy for brine persistence and overflow on historical sedimentary records from
Storfjorden, in order to reconstruct past changes in BSW intensity and, by extension, in first-

year sea ice production.
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Supplement Chapter 1

Table S1. Sedimentation rate and sediment grain size characteristics (percentage of sand and
silt, distribution mean and mode) of the topmost centimetre of sediment (0.0-0.5 and 0.5-1.0

cm sediment layers separately) for each sampling station (data are not available for station
MC3).

. . Grain size characteristics
Sedimentation

Station Depth (m
pth (m) rate (mm yr™) Layer (cm) % SAND % SILT Mean (um) Mode (pm)

0.0-0.5 4.0 87.3 8.7 10.5
MC1 108 3.1+£25

0.5-1.0 35 87.4 8.1 9.3

.0-0.5 4. 7. . .

MC2 117 39+03 0 8 87.0 23 23

0.5-1.0 59 82.6 7.6 7.2

0.0-0.5 7.3 86.2 10.9 12.0
MC4 191.5 32+05

0.5-1.0 6.7 85.1 9.1 9.3

0.0-0.5 9.0 83.8 10.8 10.5
MC5 171 26+09

0.5-1.0 8.2 85.1 10.8 10.5

0.0-0.5 10.4 84.8 14.2 13.6
MCe6 157 50+£32

0.5-1.0 4.3 88.9 10.0 12.0

0.0-0.5 6.8 88.2 14.3 19.9
MC7 321 1.3+0.6

0.5-1.0 6.2 88.9 14.1 19.9
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Table S2. For each sampling station (data are not available for station MC3), biochemical
parameters are reported as average + sd (n = 3). Starting from left: total amount of proteins
(PRT), carbohydrates (CHO), lipids (LIP), relative contribution of PRT, CHO and LIP to the
BPC, the biopolymeric carbon contents (BPC), chlorophyll-a (Chl-a) and phaeopigment
(Phaeo) contents, the chloroplastic pigment equivalent (CPE), the autotrophic Carbon (C-CPE)
and the algal fraction of BPC (C-CPE/BPC).

Stations PRT mg g CHO mg g! LIP mg g PRT % CHO % LIP %
avg sd avg sd avg sd avg sd avg sd avg sd
MC1 5.39 0.74 2.75 0.32 2.33 0.01 47.95 2.41 20.03 0.53 32.03 2.94

MC2 5.85 0.76 3.64 0.28 3.72 0.44 40.23 0.62 20.52 0.80 39.24 0.18
MC4 5.06 1.01 6.47 0.31 3.47 0.08 32.12 4.42 33.79 1.71 34.09 3.00

MC5 4.33 0.92 6.21 0.84 3.01 0.45 30.75 4.58 36.08 2.52 33.16 7.11
MC6 6.01 0.26 4.07 0.57 3.75 0.09 39.91 1.69 22.02 2.77 38.07 1.15
MC7 3.62 0.50 291 0.06 2.36 0.40 37.76 5.76 24.71 0.35 37.53 5.87
Stations BPC mgC g! Chl-a pg g*! Phaeo pg g! CPE pg g! C-CPE mgCg! | C-CPE/BPC %
avg sd avg sd avg sd avg sd avg sd avg sd
MCI 5.49 0.49 4.08 0.19 19.96 3.50 24.04 3.69 0.72 0.11 13.09 0.87

MC2 7.12 0.82 6.08 0.47 35.12 9.15 41.19 9.62 1.24 0.29 17.21 2.10
MC4 7.67 0.51 5.27 0.33 28.35 5.30 33.62 5.63 1.01 0.17 13.10 1.37
MC5 6.86 0.45 6.41 0.44 30.45 7.13 36.86 7.58 1.11 0.23 16.02 2.27
MC6 7.38 0.21 6.82 0.76 27.78 2.46 34.60 3.22 1.04 0.10 14.06 1.20
MC7 4.71 0.07 0.02 0.04 6.40 0.48 6.43 0.45 0.19 0.01 4.09 0.33
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(a) Oxygen profiles (umol. L)
4. MC1 .. MC2 .. MC3 .. MC4 4. MC5 4. MC6 .. MC7
-2 100 200 30 -2 4 100 200 3 -2 { 100 200 30 -2 4 100 200 3 -2 100 200 3 !0 -2 1 100 200 3% -2 1 100 200 3})0
01 04 0] 0 7 0 ] 0 — 0 e
2 4 2 2 ] 2 4 2 2 2 P4
4] 4] 47 4] 4 // 4 4 /
6 6 ] 63 6 1 6 6 6
8 ] 8 ] 8 - 8 1 8 8
10 4 10 10 - 10 10 4 10
12 12 12 ] 12 4 12 ] 12
14 J 14 ] 14 ] 14 14 14 3
16 1 16 1 16 ] 16 § 16 16 1
18 1 18 1 18 ] 18 4 18 18 -
20 J 20 7 20 3 20 4 20 20
mm mm mm mm mm mm
(b) pH; profiles
4. Mci1 .- MC2 . MC3 .. Mc4 .- MC5 .. MCé .. McC7
-2 72 76 8‘0 24 7276 %.0 24 7276 S.Ci -2 72 76 F.O 24 7276 %.0 24 7276 %O 2 7.2 76 BJO
ol ol ..k ol ol ol L 0l 0ol
2 2 ] 2 4 2 2 ] 2 1 2
4 4] 4 4 4 4 4
6 6 6 4 6 6 6 - 6
8 8 1 8 8 8 1 8 1 8
10 10 4 10 10 10 A 10 4 10
12 12 4 12 4 12 12 4 12 9 12
14 14 4 14 4 14 14 A 14 4 14
16 16 1 16 16 16 1 16 16
18 18 18 A 18 18 18 4 18
20 20 - 20 - 20 20 - 20 20
mm mm mm mm mm mm mm

Figure S1. Replicated measurements of sediment oxygen (a) and pHt microprofiles (b) in
interface cores sampled at each station. Level 0 is the position of the sediment-water interface.
Different colours represent different replicates of profiles.
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Figure S2. High-resolution SEM images of specimens (from the >150 um size fraction)
classified into four dissolution stages from weak (stage 1) to severe (stage IV) following the
classification of Gonzales et al. (2017). Scale bars 20 um.
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Figure S3. (a) Map with the location of all CTD stations from the STeP cruise (black dots) and
of the interface multicorer stations analysed in the present study (red dots). The dashed yellow
line is the N-S transect used for the ODV interpolations shown on the left panels and the dashed
green line the one shown on the right panels. Bathymetry obtained from EMODnet
(http://portal.emodnet-bathymetry.eu) and map elaborated with QGIS (made with Natural
Earth). Ocean Data View interpolation for temperature (b) salinity (¢) and oxygen (d) of CTD
profiles.
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Figure S4. Please see caption in the next page.




Chapter 1

Figure S4. Scanning electron micrographs of the most relevant calcareous benthic species from
Storfjorden (scale bars = 100 um). 1a, 1b. Alabaminella weddellensis (Earland, 1936). 2.
Buccella frigida (Cushman, 1922). 3. Cassidulina reniforme Ngrvang, 1945. 4. Cassidulina
teretis Tappan, 1951. Sa, Sb Cibicidoides lobatulus (Walker & Jacob, 1798). 6. Elphidium
bartletti Cushman, 1933. 7a, 7b. Elphidium clavatum Cushman, 1930. 8. Cribroelphidium
subarcticum (Cushman, 1944). 9. Globobulimina auriculata (Bailey, 1894). 10. Islandiella
norcrossi (Cushman, 1933). 11. Melonis barleeanus (Williamson, 1858). 12a, 12b.
Nonionellina labradorica (Dawson, 1860). 13a, 13b. Nonionella digitata Ngrvang, 1945. 14a,
14b. Pullenia bulloides (d'Orbigny, 1846). 15. Stainforthia feylingi Knudsen & Seidenkrantz,
1994. 16. Triloculina oblonga (Montagu, 1803).

79



Chapter 1

Figure SS. Please see caption in the next page.
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Figure SS. Scanning electron micrographs of the most relevant agglutinated benthic species
from Storfjorden (scale bars = 100 um). 1a, 1b. Adercotryma glomeratum (Brady, 1878). 2a,
2b, 2¢. Ammotium cassis (Parker, 1870). 3a, 3b. Labrospira crassimargo (Norman, 1892). 4.
Cribrostomoides sp. Cushman, 1910. 5. Cuneata arctica (Brady, 1881). 6a, 6b. Lagenammina
difflugiformis (Brady, 1879). 7a, 7b. Recurvoides turbinatus (Brady, 1881). 8a, 8b, 8c.
Reophax fusiformis (Williamson, 1858). 9a, 9b, 9¢. Reophax scorpiurus Montfort, 1808. 10a,
10b. Spiroplectammina biformis (Parker & Jones, 1865). 11. Textularia torquata Parker, 1952.

Erratum

The paper presented here as Chapter 1 of the thesis is the same version published on
Biogeosciences (doi:10.5194/bg-17-1933-2020). After the acceptance and publication of the
manuscript, the authors realised that the inner diameter of the collected sediment cores, used to
standardise foraminiferal densities, was 9.6 cm instead of 10 cm as reported in the published
manuscript (which changes the radius of the core by 0.2 cm). We did not publish an erratum of
the paper because this error determines a consistent underestimation of absolute foraminiferal
densities by 7.84% (calculated as 1-(r2%/r1%) ¥100 ; where r2 is 4.8 cm and r1 is 5 cm). Therefore,
the relative differences among stations, as well as the relative foraminiferal abundances, do not
change after the correction, and the ensuing discussion and the main findings of the paper are
not affected. Data of foraminiferal densities were corrected for this error on the PANGAEA

online repository.
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Abstract

The recurrent latent-heat polynya characterising the Storfjorden (Svalbard, Norway) triggers
seasonal formation of thin first-year sea ice. This leads to the production of dense, salty, and
corrosive brines that cascade towards the seafloor and mix with shelf waters. The bottom
topography of the fjord is responsible for the retention of these dense waters in two central deep
basins all over the year. Recent studies show that living benthic foraminifera in the Storfjorden
are particularly affected by the persistence of brines on the seafloor, with a strong dominance
of agglutinated (A) species and high dissolution degrees of calcareous (C) faunas. Therefore,
the A/C ratio, calculated on living faunas, was proposed as a proxy for brine persistence. In the
present study we analyse the fossil faunas, found below the taphonomically active zone, to
investigate the residual signal of the A/C proxy after the early intense taphonomic processes
and challenge its applicability in sedimentary archives. Our results show that despite the
generally high taphonomic loss inside the fjord, the high proportion of agglutinated species is
still visible in fossil faunas at the stations under regular and/or persistent presence of brine-
enriched shelf waters. These results support the application of the A/C ratio in historical records
to reconstruct the persistence of brines and indirectly of the first-year thin sea ice formation in
the Storfjorden. This can be further applied to other Arctic fjords with similar settings and

characterised by the production of brines during the winter-early spring season.

Keywords: Arctic, polynya, brine-enriched shelf waters, fjord, climate, diagenesis,

fossilisation, dissolution
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1. Introduction

The world ocean thermohaline circulation depends on the formation of deep waters in Polar
Regions. In the Arctic, deep waters are mainly formed by the densification of surface waters
through cooling and salinity increase due to brine release in sea ice production areas (e.g.,
Rudels and Quadfasel, 1991). The Storfjorden, in the Svalbard archipelago, is a major supplier
of brine-enriched shelf waters, contributing for up to 5-10 % of dense water production in the
Arctic Ocean (Quadfasel et al., 1988; Smedsrud et al., 2006).

The release of brines is strictly related to the production of sea ice (Rysgaard et al., 2011)
and therefore indirectly connected to climate forcings. The polynya regions (i.e., sea ice free
areas formed and maintained by advection of ice by offshore winds and currents) are the main
zones where the production of brines occurs. Due to their largely ephemeral nature, polynyas
have been suggested as sentinel regions for temporal large-scale climate-related sea ice changes
in polar marine environments (Smith and Barber, 2007). At present, there are solid observations
about the fact that ongoing climate change strongly affects sea ice growth and extension in the
Arctic (e.g., Meredith et al., 2019) and in this context vulnerability of polynyas has been
highlighted by several studies (e.g., Vincent, 2019; Ribeiro et al., 2021). Among other possible
consequences, the reduction of first-year sea ice production in polynyas could lead to reduced
brine-enriched shelf waters (BSW) production with potential consequences on global deep
water circulation (e.g., Ohshima et al., 2016). The high natural variability of sea ice dynamics
in polynya regions, however, complicates the long-term prediction based on direct present-day
observations, based on satellite images. The main challenge is to understand the significance of
the observed present-day sea ice trends on longer time scales (i.e., hundreds of years) to
trustfully predict their potential consequences on global ocean circulation.

The solely short-term information about interactions between the climate, the cryosphere
and the oceans has motivated the development and calibration of geochemical and biological
tracers preserved in the sediments. These proxies are the potential key to reconstruct historical
sea ice changes and to define the environmental variability on an annual or multi-annual
resolution (Limoges et al., 2018). Lately, several efforts have been conducted to validate the
application of proxies related to sea ice dynamics, and several proxies seem suitable for tracing
the presence and variability of sea ice (i.e., dinoflagellate cysts, diatoms, ostracods, and
biomarkers; see De Vernal et al., 2013 and references therein). However, each proxy presents
some limitations (e.g., see review by De Vernal et al., 2013 for a complete overview), including

the most promising ones that preserve well in recent sedimentary archives such as the 1P2s
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(organic lipid produced by sea ice endemic diatoms) (Belt, 2018, 2019; Belt et al., 2007; Belt
and Miiller, 2013). For instance, the preservation and storage of the sediment samples for IP2s
analyses are complex (Belt et al., 2007; Belt and Miiller, 2013; Miiller et al., 2009, 2011) and
some missing information further limit its applicability (e.g., absence of the biomarker in the
Antarctic, (partially) unknown species responsible for the biomarker production, lack of
knowledge about the distribution of the species in question in the Arctic region). All these
aspects limit, by the moment, its application for sea ice dynamics reconstruction in the Northern
Polar region. This further suggests the necessity of a multi-proxy approach to obtain reliable
datasets for sea ice reconstruction.

A previous investigation of benthic foraminiferal faunas under seasonal sea ice cover
conditions did not identify any endemic species exclusively related to sea ice presence, and
concluded that foraminiferal assemblages cannot be used as direct proxies for sea ice cover
(Seidenkrantz, 2013). The recent study of Fossile et al. (2020), based on ecological
interpretations from living assemblages in Storfjorden (Svalbard, Norway), suggested the
potential use of a benthic foraminiferal-based proxy to reconstruct past brine production in
coastal Arctic polynyas. Because the brine-enriched shelf waters cascading strictly depends on
first-year sea ice growth (e.g., Skogseth et al., 2004, 2005a, 2008) the proposed proxy has been
suggested as indirect indicator of seasonal sea ice production (Fossile et al., 2020). This proxy,
based on benthic foraminiferal assemblages, consist of the ratio between agglutinated (A) and
calcareous (C) species, with the A/C ratio increasing in the presence of persistent brines at the
seafloor (Fossile et al., 2020). Indeed, due to the CO: release during sea ice formation and the
winter lasting interruption of direct exchanges with the atmosphere, the brines are COz-enriched
and consequently corrosive (Rysgaard et al., 2011), affecting therefore the mineralization of
calcareous shells to the advantage of agglutinated forms. However, Fossile et al. (2020) also
suggested that high A/C ratio (i.e., high presence of agglutinated forms) could also be related
to high contents of quite refractory organic matter. Most probably, the combined effect of
corrosive brines, organic matter remineralisation, and persistence of brine-enriched shelf waters
in the deep basins determine the dominance of agglutinated forms. In the deep basins, the
organic matter is less labile, compared to the shallower stations where seasonal mixing and
phytoplankton blooms favour fresher organic supplies to which calcareous forms respond
greatly. A tolerance to less labile organic matter could be an additional competitive advantage
for the agglutinated species inhabiting the fjord (Fossile et al., 2020).

Although promising, the possibility to realistically use the A/C proxy in historical records

relies on: (i) the preservation potential of the agglutinated species dominating the living
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assemblages after death and below the taphonomically active zone (TAZ), corresponding to the
bioturbated zone beneath the sediment surface where most of early diagenesis occurs (Davies
etal., 1989; Berkeley et al., 2007), and (ii) the preservation of the residual calcareous specimens
after early dissolution events. In fact, agglutinated species, and in particular the species with
organic cement, are known to be particularly fragile and to have a bad preservation potential in
the fossil faunas (Bizon and Bizon, 1984; Schroder, 1988; Bender, 1995). In the Storfjorden,
however, an exceptional preservation of agglutinated foraminifera was reported from relatively
recent fossil records (e.g., Late Holocene; Rasmussen and Thomsen, 2014, 2015), probably
promoted by low temperatures and high sedimentation rates. Therefore, their preservation in
this region should ensure a good representativity of foraminiferal assemblages from historical
sedimentary archives.

The aims of the present study are to: (i) estimate the information loss due to taphonomy of
benthic foraminiferal assemblages and (ii) challenge the possibility of using the A/C ratio
calculated from fossil faunas as a proxy for brine-enriched shelf waters persistence in the recent
past (tenths to hundreds of years). The study of Fossile et al. (2020) investigated living
assemblages in Storfjorden (Svalbard, Norway), and provided ecological interpretations of the
main benthic foraminiferal species. By comparing living assemblages of the topmost five
sediment centimetres (Fossile et al., 2020) with dead and fossil foraminiferal assemblages from
the same cores, we further investigate in the present study, the preservation state of
foraminiferal assemblages from fossil faunas just below the TAZ and the effect of taphonomic

processes on the residual assemblages.

2. Materials and Methods

2.1 Study area

Storfjorden is the largest fjord of the Svalbard archipelago, Norway (74°-81° N and 10°-35° E,
Fig. 1). It is characterised by shallow water depth in the innermost area (average depth ~100
m), two central deep basins (average depth ~180 m) and a sill (~120 m water depth) that
separates these basins from the outer shelf (>200 m). The inner part of the Storfjorden is
characterised by the presence of a latent-heat polynya, where thin first-year sea ice is
continuously produced during winter-early spring (Skogseth et al., 2004, 2005a). The sea ice
production process leads to the ejection of CO: and salt and the formation of dense, cold, salty,

and corrosive brines (Anderson et al., 2004; Rysgaard et al., 2011). These waters cascade
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towards the seafloor as brine-enriched shelf waters, mixing with shelf Arctic waters (Skogseth
et al., 2005a, 2005b).

During the cold seasons, brine-enriched shelf waters fill the deep basins up to the sill level
and overflow towards the Barents Sea and the Fram Strait, passing below the Atlantic waters
(Fer et al., 2003). The contribution of brine-enriched shelf waters produced in the Storfjorden
has been estimated at 5 to 10% of Arctic deep waters (Quadfasel et al., 1988; Skogseth et al.,
2004, 2005a; Smedsrud et al., 2006) and their circulation contributes to the ventilation of Arctic
deep waters (Schauer and Fahrbach, 1999). During summer, when sea ice production is null,
brine overflow over the sill stops, but residual BSW are trapped in the deep central basins all
year round (Haarpaintner et al., 2001a, 2001c). The production of BSW and their properties
(salinity and density) in the Storfjorden depend on the polynya activity and position, which in
turn is influenced by climate variability (North Atlantic Oscillation; Skogseth et al., 2004).
Haarpaintner et al. (2001b) report denser BSW formed during milder winters, due to a shallower
position of the polynya on the shelf. The topography and the tidal currents also play an
important role on brine-enriched shelf waters physical characteristics, by promoting the mixing
of water masses and the decrease of brine-enriched shelf waters density (Haarpaintner et al.,

2001a, 2001c).

2.2 Sediment sampling

During the STeP (Storfjorden Polynya Multidisciplinary Study) cruise on board the R/V
L’ Atalante IFREMER) in July 2016, we sampled interface cores (9.6 cm internal diameter)
with a multi-corer at seven stations across an inner-outer fjord transect (Fig. 1). Three stations
were sampled in the inner fjord (at ~110 m depth), two in the two central deep basins (at ~180
m), one over the sill (at ~160 m) and one just outside the fjord (at ~320 m). All details relative
to the sampling stations are given in Table 1. At each station, except for MC3, two cores were

retrieved, one for foraminiferal analyses and one for age models.

Sampling date Station Latitude (N) Longitude (E) Depth (m)
13/07/2016 MCI1 78°15.0 19°30.0 108.0
14/07/2016 MC2 77°50.0 18°48.0 117.0
14/07/2016 MC3 77°58.6 20°14.6 99.0
15/07/2016 MC4 77°29.2 19°10.6 191.5
17/07/2016 MC5 77°13.2 19°17.9 171.0
18/07/2016 MC6 76°53.9 19°30.3 157.0
19/07/2016 MC7 76°00.9 17°03.4 321.0

Table 1. Sampling date, coordinates, and sampling water depth of the nine stations sampled
during the STeP mission.
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Figure 1. Svalbard map with bathymetry showing the seven sampling stations along an inner-
outer transect in Storfjorden. The map was prepared with R package PlotSvalbard (Vihtakari,
2020) using R software (R Core Team, 2020).

2.3 Sedimentation rates

At each station (except for the MC3), cores were sliced on board, collecting five sediment layers
(0-0.5,0.5-1, 1-2, 2-5 and 5-10 cm), then stored at —20°C. In the laboratory, sediment samples
were lyophilized to perform gamma spectrometry measurements to determine the apparent
sedimentation rate by the *'°Pbxs method (Appleby and Oldfield, 1978). The 2!°Pb dating was
conducted using a gamma spectrometer Mirion Canberra HPGe GX4520 coaxial photon
detector at Subatech Laboratory Nantes. The homogenised samples were weighed and sealed
in a defined geometry for at least 3 weeks to ensure *??Rn-?*Ra-*'*Pb equilibration.
Sedimentation rate was based on the determination of the excess or unsupported activity 2'°Pb
(*'%Pbxs) and performed through constant flux-constant sedimentation (CF-CS) model
(Sanchez-Cabeza and Ruiz-Fernandez, 2012). The *!°Pbys, incorporated rapidly into the
sediment from atmospheric fallout and water column scavenging, was calculated as the
difference between the total measured 2'°Pb activity (supported + excess) at 46.54 keV and
214ph at 351.93 keV.

The depth of the surface mixed-layer was established on the base of homogenous ?!°Pbex

activity. This homogeneity is the result of physical (resuspension/deposition) and/or biological
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disturbance (e.g., Schmidt et al., 2005). The surface mixed layer does not correspond exactly
to the bioturbation depth, because bioturbation can still occur in the deeper incomplete mixing
layers (TomaSovych et al., 2019). However, below the surface mixed layer, bioturbation
coefficients are generally lower (10-20%; Silverberg et al., 1986) up to orders of magnitude
(Mufioz et al., 2004) and thus their influence on taphonomic processes is reduced or negligible.
The TAZ, defined as the zone of the sediment included between the surface and the bottom of
the bioturbated area (Berkeley et al., 2007), was therefore assimilated to the surface mixed
layer, where the effects of physical disturbance are recorded in the sediment chemistry (i.e.,

210Pbex activity).
2.4 Foraminiferal analyses

Interface sediment cores dedicated to foraminiferal analyses were sliced every 0.5 cm down to
2 cm depth, then 1 cm down to 6 cm depth and 2 cm down to 10 cm depth. Each sediment
sample was stained with 2 g L' Rose Bengal in ethanol to distinguish living and dead
specimens. Once in the laboratory, the samples were washed using 63, 125 and 150 pm meshed
sieves. The living specimens were hand-picked in water and analysed together with
geochemical and sedimentological parameters in the top 5 cm of the sediment by Fossile et al.
(2020). For dead (i.e., above the TAZ) and fossil (i.e., below the TAZ) faunal analyses, the
residual samples were dried at 50°C. When the densities were high, the dry residues were split
using an OTTO microsplitter. A minimum of 300 individuals were picked from a single split
and the counts were then standardised to the total sample. These analyses were performed on
the >150 um fraction of the dead assemblage (0-1 cm) and fossil assemblages (3-4 cm and 6-8
cm sediment layers). The size fraction to consider was chosen based on the observations of
Fossile et al. (2020), who highlighted that the large size fraction (>150um) gives similar
ecological information as the small size assemblages (63-150 pm) in the study area.
Foraminiferal densities in the 3-4 and 6-8 cm sediment layers are supposed to represent the
fossil or preserved fraction of fauna integrating (i) foraminifera living at the surface sediment
at the time where the layer was located at the water-sediment interface and (ii) the infaunal
foraminifera that lived in this layer after its burying. These two sediment layers are supposed
to lie below the TAZ, where bioturbation can have a strong influence on sediment reworking
and early diagenesis (Berkeley et al., 2007, 2014). Therefore, they should contain early fossil
assemblages having undergone the first steps of taphonomic processes. The two sediment layers

were analysed to eventually detect significant differences that would have indicated strong
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diagenetic processes occurring below the TAZ. Fossil foraminifera from both layers were
compared to living faunas (in the 0-1 and 0-5 cm sediment layers) and to the dead fauna from
the topmost centimetre, to estimate taphonomic loss.

To compare faunas from sediment layers of different volumes and sampled at different
depths in the core (i.e., with possible differences in the compaction state), we normalized and
expressed foraminiferal absolute abundances as individuals per gram of dry sediment. As the
foraminiferal samples were not weighted before the sieving, we estimated the water content of
each layer from the analyses of twin cores sampled at each station for other sedimentological
analyses. Wet and dry sediment layers of these cores were weighted, and the porosity calculated
on the base of the water content. The raw number of picked foraminifera being standardised for
50 cm?® (wet sediment), the volume of water was subtracted, and the remaining was converted
to mass of sediment by multiplying by sediment density (a density of 2.6 g.cm™ was used as an
average for clay-silt sediment particles, e.g., Blake, 2008).

To quantitatively estimate the differences between living and fossil assemblages, the
L/(L+F) ratio was calculated using the relative abundances of the major species (Jorissen and
Wittling, 1999). In the following formula Lo-sem/(Lo-sem+ Fs-sem), L indicates the relative
abundance of each living species in the 0-5 cm sediment layer whereas F indicates the relative
abundance of each fossil species from the 6-8 cm sediment layer. For each species, ratios
between 0 and 0.5 indicate that the species is relatively more abundant in the fossil fauna, ratio
between 0.5 and 1 in the living faunas, whereas a value of 0.5 means an equal representation.

The A/C ratio is calculated as the ratio of relative abundances of the agglutinated and
calcareous (miliolids and hyaline) species. As the fossil layers are supposed to integrate the
fauna living at all microhabitats (including infaunal) and at all seasons (fauna of the year) we
compared the A/C ratio of the whole living assemblages (0-5 cm) and of the annual fauna (total
= living + dead, 0-1 cm) with the one of the fossil layer (6-8 cm) to detect possible changes due

to taphonomy.
3. Results

3.1 Sediment accumulation rate and determination of the taphonomically active zone

The results of the 2!°Pbys are reported in Figure 2. The sediment mixed layer (SML), where the
sediment is distinctly bioturbated, can be identified through the unvaried 2!°Pb activity values
in the topmost centimetre of the cores. This depth is identified as the limit of the taphonomic

active zone. The ?!°Pbys points included in the surface mixed layer (in red in Fig. 2) are excluded
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from the Sediment Accumulation Rate (SAR) estimation. The SAR is particularly high in the
inner fjord (0.26 + 0.09 to 0.39 + 0.03 cm yr''; i.e., from 30 to 23 years old on the depths
considered, respectively) (MC2 to MC5) and lower at the outer MC7 station (0.13 + 0.06 cm
yr')). The precision of the SAR obtained for stations MC1 and MC6 is too low to be considered
as reliable (error >26). The slope of the linear model for 2!°Pbys measurements in core MC7 is

strongly driven by the deepest point, which could be the result of irregular sedimentation at this

station.

Figure 2. ?'%Pbys incorporation into sediment from the sediment surface down to 10 cm depth
and the correspondent Sediment Accumulation Rates (SAR) expressed as cm yr'!. The dashed
lines correspond to the limit of the Sediment Mixed Layer (SML), also identified as the TAZ.
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3.2 Taphonomic loss

3.2.1 Density

The analysis of the total fauna (living + dead foraminifera) in the 0-1 cm layer (Fig. 3a) shows
the same order of magnitude in total densities between stations, with MC6 (sill) and MC1 (inner
fjord) showing the lowest densities (~20 and 40 ind. g”! respectively), and station MC7 (outer
fjord) showing the highest density (85 ind. g'!). However, while inside the fjord (MC1 to MC6)
most of the superficial fauna is represented by living specimens (>80%), the high density at the
outer fjord MC7 is largely represented by dead faunas (65%).

The comparison of total densities (living + dead 0-1 cm) with the ones of fossil fauna at 3-4
cm (Fig. 3b) and 6-8 cm (Fig. 3c) shows generally lower densities for the stations of the inner
fjord (MC1 to MC5). This is particularly striking for station MC3 where fossil faunas are nearly
absent (2 ind. g). At station MC6 this is true for the 3-4 cm layer (~ 10 ind. g!) but densities
are slighter higher at 6-8 cm (~30 ind. g'!). At station MC7, fossil faunas are denser (~120 ind.
g’!) than in the total assemblage of the topmost centimetre (~90 ind. g'!). No major differences
are observed between the 3-4 and 6-8 cm layers except for the three times lower densities
observed at station MC6 at 3-4 cm depth.

(@  Totaifaunaso1em  (P) Fossiifaunassacm  (€)  Fossilfaunas 6-8.cm

ind.g”! ind.g™ ind.g™
0O 20 40 60 80 100 120 O 20 40 60 80 100 120 O 20 40 60 80 100 120

MC1
. Living
Inner _|
fjord MC2 D Dead
| Mc3 . Fossil
[mca
Deep
basins — MC5
& Sill
MC6

Outer
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fijord _[

Figure 3. Foraminiferal densities expressed in individuals per gram of dry sediment (ind. g™!)
considering the (a) total faunas (living + dead) in the 0-1 cm sediment layer, (b) the fossil faunas
in the 3-4 cm and (c¢) 6-8 cm sediment layers.

3.2.2 Species composition

In Figure 4, the relative abundances of the 21 major species (>5 % in at least one layer) are
shown for the living assemblages of the first 5 cm of sediment, living and dead assemblages of

the 0-1 cm layer, and the fossil faunas at 3-4 and at 6-8 cm.
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In the inner fjord stations (MC1 to MC3), the living (0-1 and 0-5 cm) and the dead faunas
(0-1 cm) are mainly represented by the same major species, Elphidium clavatum and
Nonionellina labradorica (this latter is more abundant when subsurface layers are considered).
In both the fossil assemblages of these inner fjord stations (at 3-4 and 6-8 cm depths), the same
species dominate, with comparable proportions among the two sediment layers. Despite the
very low densities observed in the MC3 fossil faunas (i.e., ~2 ind. g'! at both 3-4 and 6-8 cm
depth; Fig. 3b and Fig. 3c), the major species are still represented. Cassidulina reniforme,
limited to the MC1 station, is represented at each considered depth. Elphidium clavatum at
MC3 shows reduced percentages in the fossil faunas (both at 3-4 and 6-8 cm) compared to the
living and dead assemblages (~40 vs 80 % respectively). Conversely, Ammotium cassis is
nearly absent in the living and dead faunas and reaches about 20 % in the fossil assemblages.
The calcareous Buccella frigida is nearly absent in the living faunas and its relative abundances
increase in the dead and fossil assemblages (5-15 %).

In the deep basins (MC4 and MC5) and sill station (MC6), living faunas and dead faunas of
the topmost centimetre are largely represented by Reophax spp. (30-50 %), Recurvoides
turbinatus (10 to 25 %) and Labrospira crassimargo (5 to 15 %). These agglutinated species
are accompanied by 8-10 % of N. labradorica in the living assemblages of the 0-5 cm sediment
layers. At station MC6, a high proportion of Adercotryma glomeratum is also observed (10-30
%). The proportion of L. crassimargo and R. turbinatus is comparable in both the 3-4 and 6-8
cm fossil assemblages, whereas Reophax spp. drastically decreases to reach 0 to 12 %.
Adercotryma glomeratum reaches only 5 % in the deeper fossil faunas (6-8 cm). Some
calcareous species become noticeable only in the fossil faunas, such as Elphidium clavatum
(about 10-25 %), Elphidium bartletti (about 5-13 % in the 6-8 cm) and C. reniforme (10 %) at
MC4.

The living and dead assemblages at the outer fjord station MC7 show high proportions of
Reophax spp. (15-35 %), Lagenammina difflugiformis (10-25 %), Melonis barleeanus (~10%),
accompanied with N. labradorica in the 0-5 cm (25 %) and in the dead assemblages of 0-1 cm
layer (15 %). In the fossil assemblages of both 3-4 and 6-8 cm sediment layers, the agglutinated
species are nearly absent, and the relative abundances of M. barleeanus remains the same while
the proportion of N. labradorica decreases to 5-10 %. Furthermore, some calcareous species
are only present in the fossil assemblages (e.g., Cribroelphidium subarcticum, 10 %) or in both

dead and fossil assemblages (e.g., E. clavatum, 10-20 %).
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Figure 4. Relative abundances of the 21 major species (>5% in at least one layer) considering
the living faunas from the 0-5 cm and 0-1 cm sediment layers, the dead faunas from the 0-1 cm
sediment layer and the fossil faunas form the 3-4 cm and 6-8 cm sediment layers for (a) the
inner fjord, (b) the deep basins and sill and (¢) the outer fjord. Red textures represent
agglutinated species whereas grey ones the calcareous. “Other” category includes both
agglutinated and calcareous rare species.

3.2.3 Living vs fossil assemblages
To quantitatively estimate the difference between species composition of living and fossil

assemblages, the Lo-sem/(Lo-sem+ Fe-8cm) ratio is calculated for 19 major species (Fig. 5). The

210Pbys-based estimation of sedimentation rates shows that both 3-4 and 6-8 cm layers were
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below the TAZ. The differences in terms of species composition between the two layers are
low at all stations. Since the older layer (6-8 cm) has undergone taphonomic processes for a
longer period of time than the 3-4 cm layer, this is regarded as the best representative for the
fossil assemblages and therefore presented on Figure 5 for comparison.

In the inner fjord, the ratio for the calcareous Elphidium clavatum is about 0.3 at MC1 and
it increases to 0.5 and 0.6 respectively at MC2 and MC3. Nonionellina labradorica shows a
ratio from about 0.6-0.8 at MC1 and MC2 to about 0.4 at MC3. In the inner fjord, the only
major agglutinated species is Ammotium cassis at MC3, which shows a ratio of 0.3.

In the deep basins (MC4 and MCS5) and sill (MC6) stations all the calcareous species show
ratios <0.5, except for N. labradorica at MC4 (0.6 ratio) and Nonionella digitata at MC5 (0.9
ratio). The agglutinated taxa Reophax spp., Recurvoides turbinatus, A. cassis generally have
ratios of about 0.6 to 1 in these stations. The exceptions are R. turbinatus at MC4, showing a
ratio of 0.4, and Labrospira crassimargo with 0.4-0.5 ratios at MC4 and MCS5. Finally, a ratio
of 0.8 is observed for Adercotryma glomeratum at the sill station MC6.

In the outer fjord, MC7, Buccella frigida, Cassidulina teretis, Cibicidoides lobatulus
Cribroelphidium subarcticum and E. clavatum have ratios <0.2. Globobulimina auriculata and
N. labradorica show 0.8 to 1 ratios. Concerning the agglutinated taxa, Reophax spp. and

Lagenammina difflugiformis have ratios of 0.9-1.
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Figure 5. Ratio between living faunas (from the 0-5 cm sediment layer) and the fossil faunas
(from the 6-8 cm sediment layer) calculated as: Lo-sem/(Lo-5em+ Fo-sem). Ratio >0.5 indicates a
relatively higher representation of the actual species in the living faunas, ratio <0.5 a higher
representation of the species in the fossil faunas, whereas a value of 0.5 shows an equal
representation.
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3.3 Agglutinated/calcareous ratio (A/C)

The A/C ratios were calculated from the relative abundances of species from the living faunas
(0-5 cm) (Fig. 6a; Fossile et al., 2020), the total faunas (living + dead in the 0-1 cm) (Fig. 6b)
and from the fossil faunas at 6-8 cm depth (Fig. 6¢).

The A/C ratio at the inner fjord stations (MCI1 to MC3) is <0.1 due to high relative
abundances of calcareous species (i.e., 89-94 %), in the living (0-5 cm; Fig. 6a), total (living +
dead, 0-1 cm; Fig. 6b) and fossil (6-8 cm; Fig. 6¢) faunas. The only noticeable difference is the
slight increase in the ratio from 0.1 to 0.2 for the fossil assemblages at MC3.

In the deep basin and sill stations (MC4 to MC6) the A/C ratio varies between 1.9 and 3.4
in the living faunas (0-5 cm; Fig. 6a), and it increases up to 3.0-6.2 for the total faunas (living
+ dead, 0-1 cm; Fig. 6b). This is determined by high percentages of agglutinated species (i.e.,
65-86 %). In the fossil faunas (6-8 cm; Fig. 6¢), the A/C ratio decreases to values of 0.3-0.5
(agglutinated species about 20-33 %), but it is still two to three times higher than in the inner
fjord stations.

In the outer fjord station MC7, the ratio is about 0.7-0.8 in the living (0-5 cm; Fig. 6a) and
total faunas (living + dead; Fig. 6b) due to high proportion of calcareous species (about 60%).
The ratio decreases to 0.03 in the fossil faunas (6-8 cm; Fig. 6¢) due to a stronger dominance

of calcareous species (95%).
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Figure 6. Agglutinated/Calcareous (A/C) ratio calculated for (a) living faunas from the 0-5 cm
sediment layer, (b) total faunas (living + dead) form the 0-1 cm sediment layer and (c) fossil
faunas from the 6-8 cm sediment layer. Note that the ratio scale is different for the fossil faunas
that for the others.
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4. Discussion

4.1 Ecological and taphonomic processes affecting foraminiferal standing stocks

Foraminiferal total fauna (dead + living) represents the integration of most of the specimens
inhabiting a given place over a certain period of time. According to the estimated sedimentation
rates, the total faunas of the 0-1 cm layer integrate approximately 2.5 to 4 years’ time period
(Fig. 2). The accumulation of dead faunas depends both on species production and taphonomic
factors (e.g., Schonfeld et al., 2012). The comparison between living and dead faunas from the
topmost centimetre of the sediments in the Storfjorden (Fig. 3a) shows a major difference
between the stations inside the fjord (MC1 to MC6) and the outer fjord station (MC7). Inside
the fjord, the dead assemblages of the top centimetre account for only 5 to 20% of the total
fauna while in the outer station MC7, they represent about 65% of the total assemblage. This
difference could be explained either by (i) a seasonal contrast in foraminiferal densities between
summer (the sampling season) and other seasons, (ii) more intense early taphonomic processes
inside than outside the fjord, and/or (iii) a difference in sedimentation rates.

(i) The winter in the Arctic realm, including in the Storfjorden, is characterised by the
scarcity of light and by water stratification (Berge et al., 2015a, 2015b; Howe et al., 2010). This
seasonal physical setting controls the timing and rate of primary productivity (PP), and the
associated organic fluxes to the seafloor, which largely increase during the spring-summer
season. Increased density and diversity of meiofauna and macrofauna were observed in the
Adventfjorden (Svalbard), as a response to meltwater discharges and increased PP during the
warm season (Pawlowska et al., 2011). As benthic meiofaunal consumers, foraminifera may as
well lower their production rate during winter to adapt to low organic matter fluxes (e.g.,
Pawtowska et al., 2011; Juul-Pedersen et al., 2015) and increase their abundances during the
warm season. Such seasonal and interannual variability in living foraminiferal densities was
reported recently from the Kongsfjorden, another Svalbard fjord, and was inferred temporal
variability in PP (Jernas et al., 2018). In our case study, this would explain the high densities of
living foraminifera (i.e., warm-seasonal faunas; Fig. 3) compared to dead assemblages, inside
the fjord (MC1 to MC6). The observed dead assemblages would mainly represent the rest of
the living faunas of the previous warm seasons, after early taphonomic loss, rather than faunas
of other seasons. The higher proportion of dead faunas at MC7 would be therefore due to

reduced taphonomy at this station.
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(ii) Inside the fjord, the production and cascading of corrosive brine-enriched shelf waters
during winter-early spring is a potential cause of early taphonomic processes occurring close to
the sediment surface and leading to a partial or total dissolution of calcitic-shelled foraminifera
as reported from Fossile et al. (2020). Additionally, higher fluxes of organic matter during the
warm season, and its enhanced remineralisation can contribute to further lower the pH in the
first layers of the sediment column (Fossile et al. 2020). As such, the resulting dissolution of
calcitic shells may explain the low percentages of dead faunas in the fjord stations. Outside the
fjord, the influence of brine-enriched shelf waters is episodic and only related to the seasonal
outflow during their production period (Skogseth et al. 2005a).

(iii) Outside the fjord, the sedimentation rates are on average three times lower than inside.
This, added to reduced BSW influence, promotes the accumulation of dead faunas at MC7 (see
Fig. S1).

The difference in the preservation potential observed in the upper centimetre faunas between
the stations inside and the one outside the fjord, is also observed in the fossil faunas from the
3-4 and 6-8 cm sediment layers (Fig. 3). Except for the sill station MC6, where standing stock
fluctuations among layers are observed, the stations inside the fjord (MC1- MCS5) generally
show low preservation of fossils (Fig. 3), while an accumulation of specimens is visible outside
the fjord (MC7). The higher variability observed at station MC6 highlights the possible
influence of natural temporal variability of standing stocks on fossil assemblage accumulation.
This could be due to biological reasons (increased reproduction rates at some periods) and/or
to physical processes influencing accumulation, including transport over the sill during brines
outflow (e.g., Nielsen and Rasmussen, 2018).

The generally high similarity, in terms of standing stocks, between fossil faunas at 3-4 and
6-8 cm depths (Fig. 3) at all stations confirms that: (i) the maximum taphonomic loss occurs at
the sediment surface (inside the TAZ), (ii) both 3-4 and 6-8 cm sediment layers contain fossil
faunas that crossed the early taphonomic stages, and (iii) there is not a major taphonomic loss

occurring between 3-4 cm and 6-8 cm layers.
4.2 Species preservation in the fossil record

Species composition of the living (0-1 and 0-5 cm), dead (0-1 cm) and fossil (3-4 and 6-8 cm)
assemblages show different results for calcareous and agglutinated species in terms of

preservation potential.
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In the innermost fjord stations (MC1 to MC3), all the assemblages (i.e., living, dead and
fossils) are largely dominated by the same calcareous species (Elphidium clavatum, Cassidulina
reniforme, and Nonionellina labradorica). This indicates a low temporal variability in this part
of the fjord. The presence of these species in the living assemblages, which reflect summer
conditions, may indicate their tolerance to the potential stressful environmental conditions
during the melting season (i.e., high freshwater and sediment inputs from glaciers) and their
preference and/or tolerance of high concentrations of (fresh) organic matter fluxes (e.g., Hald
and Korsun, 1997; Korsun and Hald, 1998; Forwick et al., 2010; Fossile et al., 2020). The low
variability observed between dead and fossil assemblages in the inner fjord (MC1 to MC3)
suggests that the fossil faunas mostly reflect, in terms of species composition, the summer
foraminiferal assemblages. The alternative hypothesis would be the dissolution of cold season
faunas during the phases of intense brine production and cascading. Considering the living
assemblages, the low proportion of E. clavatum in favour of N. labradorica in the 0-5 cm layer
compared to the sediment surface (0-1 cm), reiterates the necessity to integrate the infaunal
microhabitats in the comparison of living and fossil faunas, to avoid underestimating infaunal
species.

In our samples, there is only one calcareous species, Buccella frigida, which is abundant
only in the dead/fossil assemblages and nearly absent in the living fauna. This species has been
previously reported from glacier-proximal areas of Arctic fjords (e.g., Korsun and Hald, 1998;
Jernas et al., 2013) and suggested by Szymanska et al. (2017) as an indicator of sea ice
formation during winter. Its presence in the dead faunas may suggest its occurrence only during
winter season. This corroborates that winter faunas are not completely impacted by taphonomy
and that the dead and fossil assemblages reflect most likely a higher foraminiferal production
in summer. Another possibility could be that B. frigida resists dissolution better than other
winter species which would not be preserved in dead and fossil faunas. However, species
relative abundances are comparable in the fossil faunas, suggesting no species-specific
taphonomic loss. The only exception is E. clavatum, which seems to suffer high taphonomic
loss in terms of relative abundances (Fig. 4) but it is still well represented in the fossil
assemblages.

In the deep basins (MC4 and MC5) and sill (MC6) stations, the living faunas are dominated
by agglutinated species, including fragile organic-cemented agglutinated taxa such as Reophax
spp. (e.g., Schroder 1988). The dead faunas at these stations (MC4-MC6) are similar to the
living assemblages, suggesting that the diagenesis of agglutinated tests does not occur rapidly

after their death, despite the brine-enriched shelf waters persistence as previously reported by
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Fossile et al. (2020). This is in accord with Rasmussen and Thomsen (2015) who reported the
presence of Reophax spp. in Holocene archives from the central Storfjorden and suggested that
the high sedimentation rates of the fjord would be responsible for the exceptional preservation
of these species. In our samples, however, the fossil faunas show a clear shift towards the
dominance of calcareous species, while the agglutinated taxa, after the loss of fragile species,
are mostly represented by more robust agglutinated species Adercotryma glomeratum,
Ammotium cassis, Recurvoides turbinatus and Labrospira crassimargo (Fig. 4, Fig. 5), which
may have a better preservation potential (e.g., Rasmussen and Thomsen 2015). As such, the
higher proportion of calcareous species in the fossil faunas at these stations would mainly be
the consequence of selective taphonomic loss on some agglutinated species.

Differently from the inner fjord, where the dominant calcareous species do not change
among layers, in the deep basins and sill stations, some major changes in calcareous species
composition are observed. For instance, E. clavatum is nearly absent in the living faunas of the
deep basin and, when present, it shows high degrees of dissolution (Fossile et al., 2020). Its
higher relative density in the living faunas of the sill station MC6 would be related to the only
intermittent influence of BSW over the sill. The quite high relative abundance of E. clavatum
in the fossil faunas of the stations MC4 to MC6, therefore, would indicate either past conditions
with different environmental characteristics in this area of the fjord (i.e., more similar to inner
fjord, lower BSW influence) or a possible transport from the inner fjord with BSW cascading
or near-bottom currents, followed by a rapid burial. As, according to the literature, deep basins
are characterised by constant conditions under year-round persisting BSW (Skogseth et al.,
2005a), transport seems the most reliable hypothesis to retain. Moreover, the increased presence
of E. clavatum in the fossil faunas is coeval with increased abundances of Cibicidoides
lobatulus. This latter species has been previously reported from glacier-proximal stations in the
Storfjorden (e.g., Mackensen and Schmiedl, 2016) and is often associated with coarse
sediments and high-energy environments in the outer or threshold area of various Arctic fjords
(e.g. Hald & Korsun 1997). Its presence in the fossil faunas would be in accordance with the
hypothesis of intermittent transport by near-bottom currents or brine-enriched shelf waters
cascading formulated for E. clavatum.

Among the calcareous species found in the deep basins (MC4 and MCS5) and sill (MC6)
stations, N. labradorica is largely present in all the assemblages and does not show high degrees
of dissolution in the living assemblages directly under the influence of corrosive BSW (Fossile
et al., 2020). Although the reason for such a resistance to dissolution is intriguing, this seems

to be the only possible explanation of its high preservation potential in the fossil record (Fig. 4,
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5). The resistance could be related to a high robustness of the shell or to physiological adaptative
patterns. Indeed, the pH values in the first millimetres or centimetre of the sediment are
typically lower than at water-sediment interface, due to aerobic respiration of organic matter.
As a shallow to deep infaunal species (e.g., Fontanier et al., 2014), N. labradorica could be
adapted to calcify under low pH conditions, and as such, this might be an advantage for
preservation in this kind of environment affected by corrosive BSW.

Finally, we highlight that the outer fjord station MC7 shows very different assemblages
when comparing living and fossil faunas. Living faunas is composed of typical Atlantic species,
such as Melonis barleeanus, Cassidulina teretis and Globobulimina auriculata (e.g., Jennings
et al., 2004; Knudsen et al., 2012; Jernas et al., 2018). While M. barleeanus and C. teretis are
still well represented in the dead and fossil assemblages, G. auriculata is completely absent in
the fossil record. This latter species has a very thin and delicate calcareous test, with consequent
lower fossilising potential, suggesting a possible selective taphonomy against this species.
Fossil faunas show an interesting mix of Atlantic and Arctic species (i.e., B. frigida, E.
clavatum, N. labradorica). This station, located at about 300 m depth in the Storfjordrenna,
about 50 km from the southern coast of Spitsbergen, is possibly influenced both by Atlantic
waters (during summer) and BSW overflow from Storfjorden during winter-early spring (i.e.,
the period of intensive sea ice formation). Furthermore, the presence of both Atlantic and Arctic
species is representative of the seasonal variability in the assemblage composition at the outer

fjord.

4.3 The A/C ratio as a proxy for historical reconstructions of brine persistence

The comparison between recent (living and dead) and fossil assemblages in terms of shell
composition shows that the effects of brine persistence in the bottom waters (as observed by
Fossile et al., 2020), are still visible after the first phases of taphonomic processes. In fact,
despite the considerable loss of foraminifera (e.g., both at 3-4 cm and 6-8 cm depth, Fig. 3),
and the selective disappearance of delicate agglutinated taxa (mainly Reophax and
Lagenammina spp.) or fragile calcareous species (e.g., G. auriculata), the A/C ratios still reflect
the ratios calculated for the living faunas.

In absolute terms, A/C ratios decrease of one order of magnitude when comparing the 0-1
cm total (living and dead) faunas and the 6-8 cm fossil faunas. This is possibly due to the
selective loss of agglutinated species under taphonomic processes. Such difference is smoothed

when comparing the 0-5 cm living faunas to the fossil faunas (6-8 cm) because of the presence
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of calcareous species in the infaunal microhabitat (e.g., Nonionellina labradorica). This result
underlines that the decrease of the A/C ratio in the fossil faunas is not exclusively related to the
preservation potential of agglutinated species but also to the fact that fossil assemblages
integrate species from potentially different microhabitats.

Nevertheless, the loss of A/C signal between the recent faunas (total from 0-1 cm and living
from 0-5 cm) and the fossil faunas (6-8 cm), does not invalidate the use of this ratio as a proxy
for brine persistence. The A/C ratio, calculated on fossil faunas, in the deep basin is two to three
times higher than in the inner fjord (Fig. 6). This confirms that the relative difference between
the inner fjord stations (MC1-MC3), not impacted by persistent brines, and the deep basin and
sill stations (MC4-MC6), influenced by long-term presence of BSW at the seafloor, is still
clearly expressed.

Accordingly, our findings suggest that the A/C ratio can be used in historical sedimentary
archives to determine the presence or absence of persistent BSW at the seafloor as an indirect
proxy for thin first-year sea ice production in coastal polynyas. The plus-value of the A/C ratio
as a proxy for sea ice production is its applicability in Arctic coastal settings where the common
proxies for sea ice reconstruction in open marine areas are not valuable (e.g., IP2s, Ribeiro et
al., 2017; Limoges et al., 2018). Although our findings validate the use of the A/C proxy, we
recommend its association with other proxies to get a more robust overview of historical sea
ice dynamics. For example, Ribeiro et al. (2017) performed a calibration of possible useful
proxies in some fjords of Greenland and suggested that organic compounds, biogenic silica and
a sea ice-associated biomarker (i.e., HBI III) can well reflect marine influence and sea ice edge
position in the fjord system. The complementary application of the A/C ratio would allow the
identification of events (or their absence) of thin sea-ice production in the recent past (i.e.,

hundreds of years) in Arctic coastal/fjord settings.

5. Conclusions

The seasonal formation of sea ice and the consequent production of brine-enriched shelf waters
(BSW) undeniably impact the benthic environment in Storfjorden, as shown by foraminiferal
assemblages, with clear spatial differences linked to the fjord topography. The persistence of
corrosive brines at the seafloor is a major driving factor for foraminiferal distribution, leading
to a relative increase of agglutinated species vs calcareous species more sensitive to dissolution
in the living assemblages. The present study validates the applicability of the

Agglutinated/Calcareous (A/C) ratio as a proxy to reconstruct historical brine production and
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BSW persistence at the seafloor, and indirectly, for a semi-quantitative estimation of the first-
year thin sea ice formation in the fjord. The conditio sine qua non for this validation was the
preservation in the fossil records below the TAZ of the signal observed in living and recently
dead faunas. Despite a high taphonomic loss in superficial sediment of the Storfjorden in terms
of standing stocks, the fossil faunas allow to clearly detect the increased proportion of
agglutinated species in the area persistently influenced by BSW (deep basins) compared to the
one only influenced (inner fjord). In Storfjorden and similar fjords characterised by the presence
of deep basins delimited by a sill, the analyses of cores sampled at or outside the sill would
allow to connect the persistence of BSW to intense overflow and therefore to the intense (or
not) production of first-year thin sea ice. The possibility to reconstruct sea ice dynamics in
polar fjords on a historical time scale is crucial to confirm short time scale tendencies observed
by satellite images on present-day ice cover and perform more reliable predictions for the

future.
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Figure S1. Benthic foraminiferal accumulation rates (BFAR) expressed in number of
individuals per cm’? per year (ind.cm'zyr'l) calculated on (a) total (living + dead 0-1 cm) and (b,

¢) fossil faunas (3-4 and 6-8 cm).
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Abstract

Kongsfjorden (Svalbard archipelago) is subjected to strong environmental gradients creating
high physical and geochemical stress on benthic faunas. The present study aims at
understanding the environmental drivers governing benthic foraminifera in the innermost part
of the fjord. Surface sediments from 9 stations were sampled during August 2018 along a
transect starting at ca. 2 km from the tidewater glacier Kronebreen and ending 12 km seaward.
Three ecological groups were identified in response to physical disturbances linked to the
proximity of the Kronebreen front (i.e., high water turbidity, freshwater, and sediment inputs
from subglacial discharges). Close to the terminus, few stress-tolerant and glacier proximal
species were present (i.e., Capsammina bowmanni and Cassidulina reniforme). At about 6-8
km from the front, reduced turbidity, and increased organic fluxes, resulted in a higher diversity,
and a high abundance of the phytodetritus-indicator Nonionellina labradorica. Relatively high
diversity persisted until 12 km from the front due to higher organic inputs and reduced stressful
conditions. The outer assemblage was dominated by the Atlantic Water (AW) indicator
Adercotryma glomeratum, in coherence with the presence of warm and salty AW detected far
inside the fjord. Physical stress related to the glacier dynamics appears to favour the
establishment of opportunistic species close to the terminus, whereas reduced disturbance away
from the glacier induces the establishment of diverse assemblages. Our results show that benthic
foraminifera may be effective bioindicators to monitor the long-term retreat of tidewater

glaciers induced by climate change in Kongsfjorden.

Keywords: benthic foraminifera, bioindicators, tidewater glacier, Arctic, fjord hydrology
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1. Introduction

The ongoing climate change is threatening the Arctic region at faster rate compared to lower
latitudes (IPCC, 2019). In the last decades, the Arctic warming was double of the global mean,
a phenomenon called Arctic amplification (AA - Dai et al., 2019; Holland and Bitz, 2003).
Although the exact causes of the AA are still debated, the scientific community agrees that it is
mainly the result of both local feedbacks (e.g., ice-albedo - Screen and Simmonds, 2010;
Stuecker et al., 2018) and climatic/oceanographic forcing (e.g., changes in poleward heat
transport - Graversen et al., 2008; Screen et al., 2012). The rapidly shrinking sea ice cover and
glacier mass loss is a striking evidence of climate change in the Arctic (IPCC, 2019). The
climate-change induced increase in ocean temperature and reduction in water stratification are
among the causes of the sea ice decline in the Arctic Ocean (e.g., Lind et al., 2018; Polyakov et
al., 2017; Yu et al., 2021). For land-terminating glaciers, the major mechanism for melting is
through surface meltwaters migrating to the ice-bedrock interface (e.g., Tedstone et al., 2015;
Zwally et al., 2002), whereas ocean-terminating glaciers mainly lose mass through calving at
the glacial front by warming seawater temperatures (e.g., Luckman et al., 2015). Whether
through rising sea temperatures or changes in freshwater and sediment inputs induced by glacier
melting, these climate-change induced phenomena are having, and will continue to have,
several implications for Arctic marine ecosystems, with repercussions on the benthic and
pelagic realms (Meredith et al., 2019).

The Svalbard archipelago (74-81°N and 10-35°E) is largely influenced by the warm and
saline Atlantic Water (AW). The AW, carried by the North Atlantic Current (NAC) and further
north by the West Spitsbergen Current (WSC), flows west of the archipelago and enters the
Arctic Ocean as the major source of heat, carbon, and plankton (e.g., Vernet et al., 2019) (Fig.
1). Western Svalbard fjords, located close to the WSC path, experience an increasing influence
of warm and saline AW, more than any other Arctic fjords (Cottier et al., 2007; Saloranta and
Svendsen, 2001). Furthermore, the mean temperature of the WSC core (20-200 m depth) has
increased by 0.7°C in the last 20 years (Norwegian Polar Institute, 2021). Beside the climatic
modifications, the hydrological conditions of the fjord are also subjected to extreme seasonal
variations. During summer, warm AW incursions and freshwater inputs from glaciers,
determine the presence of strong temperature and salinity gradients across these systems (e.g.,
Cottier et al., 2010; Hop et al., 2002; Hop and Wiencke, 2019; Svendsen et al., 2002). The
fjords, through circulation dynamics and mixing between fjord and shelf waters (i.e. an inshore

dominated by glaciers with seasonal meltwater inputs and an offshore influenced by warm
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oceanic water intrusions), represent a link between the ocean and the land (Cottier et al., 2010).
Therefore, these systems are subjected to combined variations of these two end-members and
are thus sensitive to seasonal climatic fluctuations and to oceanographic changes (Cottier et al.,
2005).

Kongsfjorden, a glacially, over-deepened valley located in the north-western coast of
Spitsbergen, is influenced by the AW circulation as well as by tidewater glacier dynamics and
the associated water masses at the fjord head (Hop et al., 2002; Sundfjord et al., 2017; Svendsen
et al., 2002). Nowadays, this fjord is experiencing important changes. Before 2006, extensive
sea ice was formed each winter in the inner fjord, but since then, the increased inflow of AW
and the resulting overall increasing trend in seawater temperatures (e.g., Cottier et al., 2007;
David T and K.P., 2017; Payne and Roesler, 2019; Tverberg et al., 2019) shifted the fjord
system into a warmer state (Cottier et al., 2010, 2007). This resulted in a reduced sea ice cover
(i.e., up to 50% decrease; Pavlova et al., 2019) and thickness (i.e., from 0.6 m to 0.2 m decrease;
Pavlova et al., 2019).

In summer, it has been reported that AW intrusion in Kongsfjorden occurred during
prolonged periods of time, and that AW has reached the inner part of the fjord only in the last
decade (Holmes et al., 2019). This recent hydrological change strongly enhanced submarine
melt and calving (i.e., frontal ablation) of tidewater glaciers (Holmes et al., 2019; Luckman et
al., 2015), and consequently increased meltwater discharges and associated sediment load at
the fjord head. As a result, the higher water turbidity in the vicinity of the marine termini of
Kronebreen and Kongsvegen glaciers reduces local euphotic depth, disrupting phytoplankton
distribution and biomass at the head of the fjord (Payne and Roesler, 2019). Furthermore,
glacial meltwater runoff has a direct implication in building up steep temperature and salinity
vertical gradients that lead to stable water stratification in the fjord. As a consequence primary
production is even more affected with repercussions on the entire trophic chain (Pasculli et al.,
2020). Knowing that marine-terminating glaciers generally sustain high productivity in arctic
fjords (Meire et al., 2017), the recent seasonal processes developing in Kongsfjorden may cause
persistent physical and geochemical stresses with impact on the fjord ecosystem, particularly
on the benthic faunas.

The impact of increasing glacial melting on the Arctic marine ecosystems remains poorly
studied (Meire et al., 2017), and a better understanding of the resilience capability of fjord
ecosystems under present-day evolving conditions is needed (Hop et al., 2019). To that aim,
benthic foraminifera are powerful and promising tools. Thanks to their short life cycle and

specific ecological requirements, they respond quickly to environmental disturbance (e.g.,
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Jorissen et al., 1995; Hald and Korsun, 1997; Alve et al., 2016; Jernas et al., 2018). Moreover,
their fossilisation potential allows historical and paleoenvironmental reconstructions (e.g.,
Skirbekk et al., 2010; Jernas et al., 2013; Pawlowska et al., 2017) providing critical information
on the evolution of a similar habitat in the recent past (e.g., tens to hundreds of years).

The present study focuses on the ecology of benthic foraminiferal faunas under current
environmental conditions in the inner Kongsfjorden, with the aim of understanding the main
drivers of benthic communities in fjords influenced by glacier dynamics and in a warm state.
Foraminiferal distribution was analysed in response to the steep environmental gradients
created by the meltwater runoff from tidewater glaciers at the fjord head and the AW inflow at

the fjord mouth in summer.
2. Study area

2.1. Geographical and geological setting

Kongsfjorden is a glaciomarine fjord (20 km long and 4-10 km wide) located on the north
western coast of Spitsbergen (79°N, 12° E) in the Svalbard archipelago. This fjord, elongated
in the SE-NW direction, is located on a tectonic boundary between the Tertiary Fold and Thrust
Belt to the south-west thrusting on the Northwestern Basement Province to the north-east
(Bergh et al., 2000). Kongsfjorden has likely developed in a morphological depression linked
to fractures of the bedrock, parallel to the thrust front (Husum et al., 2019; Svendsen et al.,
2002).

Bedrocks of different composition are present in the fjord basement (Svendsen et al. 2002).
Located on the Northwestern Basement Province, the northern bank of the fjord consists of
medium-grade metamorphic (Middle Proterozoic age) marbles, mica-schists, and quartzites.
The eastern part of the fjord and the islands at the fjord head (e.g., Blomstandhalv@ya; Fig.1)
are composed of slices of unmetamorphosed rocks (red conglomerates and sandstones) of
Devonian age and marbles. Above the basal Tertiary thrust, the southern Kongsfjorden bedrock
consists of sedimentary rocks of Late Palaeozoic and Tertiary Age, with some Proterozoic low-
and medium-grade metamorphic rocks (mica-schists, marbles, phyllites, quartzites) (Svendsen
et al., 2002).

The main source of sediment in Kongsfjorden is through subglacial discharge from tidewater
glaciers (Svendsen et al., 2002; Trusel et al., 2010; D’Angelo et al., 2018). In addition, the
glacial rivers of the Lovenbreen continental glaciers can provide a further supply of sediment

(Bourriquen et al., 2016; 2018). Particle flux into Kongsfjorden mainly consist of siliciclastic
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and detrital carbonate grains (D’Angelo et al., 2018). The bedrock geology of glacier
catchments also influences the nutrient dynamics in the fjord. The sedimentary supply derived
from the erosion of the surrounding bedrocks, that nourishes Kongsfjorden waters through
meltwater discharge, makes this environment rich in silicon (e.g., silica-rich bedrock
determines high silicic acid content in glacier meltwaters; Halbach et al., 2019) and iron
(Laufer-Meiser et al., 2021). Limitation of sea life will come from a deficit of fresh organic
matter with low C:N ratio (Laufer-Meiser et al, 2021). At the fjord head, high accumulation
rates of detrital material (i.e., 6-8 cm yr'l; Zaborska et al., 2006; Trusel et al., 2010) and low
primary productivity lead to bottom sediments with low total organic carbon (TOC) content,
as a result of the dilution effect of lithogenic material. Laufer-Meiser et al. (2021) found organic
carbon with a very high C:N ratio (i.e., ratio of up to 70) in sediment close to the glacial source,
originating from the terrestrial input of refractory petrogenic organic carbon (more resistant to

microbial degradation compared to fresh marine organic carbon, Arndt et al., 2013)
2.2. Oceanographic and hydrological setting

The Svalbard archipelago (74-81°N and 10-35°E) is the eastern margin of the Fram Strait that
connects the Atlantic and Arctic Oceans. Active exchanges between northern-sourced and
southern-sourced water masses, that are essential for modulating the climate at various time-
scales occur through this gateway (Dickson et al. 2008). The Fram Strait channels the inflow
of the dominant heat source for the Arctic Ocean, the Atlantic Water (AW), via the West
Spitsbergen Current (WSC), a branch of the North Atlantic Current (Schauer et al., 2004). On
the western margin of Svalbard, the WSC flows northwards along the continental slope whereas
the Spitsbergen Polar Current (SPC), an extension of the East Spitsbergen Current (ESC),
transport Arctic Water (ArW) parallel on the continental shelf of Spitzbergen (Tverberg et al.,
2019) (Fig. 1). Cold and fresh ArW carried by SPC is separated from the warm and saline AW
by the Arctic front (Fig. 1).

Kongsfjorden, due to its geographical location on the western margin of Svalbard, and its
open fjord configuration, i.e. without a well-defined sill (Howe et al. 2003), is strongly
influenced by oceanic intrusion derived from the Fram Strait circulation and depending on the
Arctic front dynamics (Svendsen et al., 2002). Water mass intrusions across this front are
allowed by barotropic instabilities (Saloranta and Svendsen, 2001). Frontal instabilities, due to
strong northerly winds, promote the AW upwelling from the WSC core and thus, the AW
advection across the shelf into Kongsfjorden (Cottier et al., 2005, 2007; Svendsen et al., 2002).
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However, the AW intrusions occur especially in summer when there is a geostrophic balance
between shelf and fjord waters (Svendsen et al., 2002; Cottier et al., 2005). These cross-shelf
mechanisms determine a seasonal shift between the prevailing cold and fresh ArW during
winter, and the warm and saline AW during summer on the shelf and into the fjord (Svendsen
et al., 2002; Cottier et al., 2005).

The spreading of AW intrusion into the fjord changes yearly, determining the distinction
between “cold” and “warm” years (Cottier et al., 2005; Hop et al., 2002; Svendsen et al., 2002).
Cottier et al. (2005) hypothesised that this interannual variability depends on both internal and
external factors. The internal parameter would be the formation of sea ice during the preceding
winter, whereas the external factor is most likely the shelf wind field creating instabilities at the

shelf front during summer.
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Figure 1. Map of Kongsfjorden showing, on the eastern and northern bank, the five tidewater
glaciers flowing in the fjord (light grey) and on the southern bank the continental (land
terminating) glaciers (dotted light grey). 'Nine stations sampled with the interface corer (black
dots), and the ten locations of CTD casts (red squares) performed during August 2018 are
indicated. On the bottom left of the panel, a map of Svalbard archipelago showing the main
currents: Arctic waters (blue lines) carried by the East Spitsbergen Current (ESC) and
Spitsbergen Polar Current (SPC), and Atlantic waters transported by the West Spitsbergen
Current (WSC). The dashed black line represents the Arctic front west of Spitsbergen. The map
was performed with the R package PlotSvalbard (Vihtakari, 2020).
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Kongsfjorden is surrounded by four continental (land-terminating) glaciers (Austre
Lovénbreen, Midtre Lovénbreen, Vestre Lovénbreen, and Pedersenbreen) and five tidewater
(marine-terminating) glaciers (Blomstrandbreen, Conwaybreen, Kongsbreen, Kronebreen and
Kongsvegen; Fig. 1). During summer, those tidewater glaciers highly contribute to the fjord
dynamics with important freshwater and sediment inputs. Kronebreen, a fast-flowing tidewater
glacier, has one of the highest flux rates in Svalbard (winter speed of 1.5-2 m d™!, with 3-4 m d°
! peaks in summer; Luckman et al., 2015).

Due to the dual influence of AW inflow and freshwater inputs from glacier meltwaters,
Kongsfjorden is characterised by different seasonal water masses. Cottier et al. (2005) revised
the classification of these water masses based on Svendsen et al. (2002). Most of the AW
entering the fjord mixes with ArW on the shelf forming Transformed Atlantic Water (TAW).

During late spring and summer, within the fjord, Surface Water (SW) forms from glacial
meltwaters and this layer can mix with the underlying AW or TAW, forming Intermediate
Water (IW). During autumn and winter, surface water cooling leads to the formation of Local
Water (LW). Sea ice formations and consequent brine releases form cold and dense Winter
Cooled Water (WCW). During spring and early summer, LW and WCW progressively warm
up and decrease in salinity and so are merged in the IW.

Most of the freshwater inputs into the fjord come from glacier runoff with the major
contribution coming from the fjord head (i.e., Kronebreen and Kongsvegen glaciers; Pramanik
et al., 2018). Glacier meltwater exits from the bottom of the terminus through subglacial
channels forming a buoyant turbulent plume (How et al., 2017). Subglacial runoff and
consequent upwelling of meltwater plumes in front of the tidewater glacier front generate a
strong surface outflow and consequent sub-surface inflow of warm and saline AW that
promotes submarine melting at the glacier front (Cowton et al., 2015; Sundfjord et al., 2017).
It was indeed observed that frontal ablation of tidewater glaciers is primarily controlled by
warm sub-surface waters (Holmes et al., 2019; Luckman et al., 2015). During summer, the
Kronebreen glacier is a main source of meltwaters and suspended particles which consists in a
typical glacial upwelling system; this source forms a plume of fresh and turbid meltwaters
spreading in the inner part of the fjord (Meslard et al., 2018). The contribution of continental
glaciers to the freshwater inputs is not yet fully understood, but the changes observed in the
drainage rivers network from the Lovénbreen glaciers (Bourriquen et al., 2018) reveal their

important impact related to the glacier retreat.
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2.3. Productivity and organic matter export in Kongsfjorden

In Arctic environments, phytoplanktonic blooms are limited by light availability and sea ice
cover. Spring blooms occur after sea ice break-up and consequent light availability increase,
but their timing and intensity can change yearly (Hegseth and Tverberg, 2013; Hodal et al.,
2012). Also, changes in community structure in relation to water mass advection from the Fram
Strait into the fjord were observed for phytoplankton (Hegseth and Tverberg, 2013; Hodal et
al., 2012; Lalande et al., 2016; Piquet et al., 2014). During spring, export fluxes of biogenic
matter (phytoplankton) are controlled by zooplankton grazing and sink processes (Lalande et
al., 2016).

In the summer season, freshwater inputs from land-terminating glaciers do not seem to affect
the euphotic depth, whereas meltwater discharges from marine-terminating glaciers have
demonstrated a negative impact on the light penetration depth (Payne and Roesler, 2019).
Meltwater plumes scatter high quantity of suspended matter away from the glacier front which
hampers primary productivity (Hopwood et al., 2020) and increases benthic deposition
processes via flocculation at the glacier fronts (Halbach et al., 2019; Payne and Roesler, 2019).

Although export fluxes of matter are reduced to high input of inorganic particles from
glaciers particularly in the innermost part of the fjord (Lalande et al., 2016), meltwater turbid
plumes have a fundamental role in fjord ecosystems. Surface waters are continuously supplied
by meltwater at the tidewater glacier fronts and are pushed away from the coast and replaced
by intermediate water rich in plankton and nutrients from the outer fjord (Lydersen et al., 2014).
This upwelling system promotes the formation of foraging area (for seabirds and marine
mammals) identified as “ecological hotspots” (Lydersen et al., 2014). Furthermore, water
masses advected from the shelf carry Arctic and Atlantic faunas (Basedow et al., 2004; Willis

et al., 2006), influencing fjord’s biodiversity.

3. Material and methods

3.1 Environmental parameters

3.1.1 CTD (conductivity-temperature-depth) profiles

In August 2018, several water column casts were performed with a conductivity-temperature-
depth sensor (CTD profiler, Saiv SD204) equipped with a fluorometer. We selected ten CTD
casts (Table 1) close to the sediment sampling stations (see Fig. 2a) to determine water mass

characteristics at the sampling time.
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The Ocean Data View software V.5.3.0 (ODV; Schlitzer, 2020) was used to produce
temperature and salinity plots. Mean surface turbidity was calculated considering the uppermost
20 m of the surface column, then an interpolation plot was performed with inverse distance
weighted interpolation using the function inferpolate_spatial in the R package PlotSvalbard
(Vihtakari, 2020).

Station Tr;lil:lzed Sampling date Latitude (N) Longitude (E) Max depth (m)
CTD1 Proximal 21/08/2018 78°52.769' 12°29.809' 72.3
CTD2 Proximal 21/08/2018 78°53.353' 12°29.368' 67.9
CTD3 Proximal 21/08/2018 78°53.159' 12°25.378' 85
CTD4 Proximal 23/08/2018 78°53.413' 12°25.045' 38.7
CTDS Proximal 21/08/2018 78°54.272' 12°26.560' 64
CTD6 Medial 21/08/2018 78°54.122' 12°15.771 33.8
CTD7 Medial 21/08/2018 78°54.873' 12°14.641' 104
CTD8 Medial 21/08/2018 78°54.717 12°11.992' 86.3
CTD9 Distal 21/08/2018 78°55.104' 12°7.082' 138
CTD10 Distal 21/08/2018 78°56.221' 12°9.760' 142

Table 1. Sampling date and degrees decimal minutes coordinates of the ten CTD cast location
during the ISMOGLAC mission.

3.1.2 Sediment sampling

In the frame of the IPEV field campaign C3 (Coasts under Climate Change suite) organised in
August 2018, within a collaboration with the Aztec Lady sailing boat, the KING18 mission
allowed to sample nine stations along a SE-NW transect in Kongsfjorden, from about 2 km to
12 km off the Kronebreen and Kongsvegen tidewater glacier fronts (Table 2, Fig. 1). The order
of the stations is reported based on the distance from the glacier front, determining three zones
along the studied transect, i.e. proximal stations close to the glacier front margin, medial stations
located in a ~75m-deep sub-basin (enclosed in shoals and small islands), and distal stations, at
the fjord trench head, deeper than 100 meters. The sediment-water interface was properly
sampled by use of a GeMAX corer that collected two twin sediment cores (9 cm inner diameter)
at each station: the first for grain size and organic matter analyses and the second for

foraminiferal analyses.
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. Transect Sampling . . Sampling Distance
Station line date Latitude (N)  Longitude (E) depth (m) ffrom the
ront (km)

St2 Proximal 21/08/2018 78°53.053' 12°30.780' 49 1.92
St7 Proximal 22/08/2018 78°54.239' 12°26.142' 68 4.53
St1 Medial  21/08/2018 78°53.847' 12°19.520' 52 6.22
St3 Medial  21/08/2018 78°53.705' 12°15.006' 38 7.68
St4 Medial = 22/08/2018 78°53.905' 12°13.657' 35.5 8.25
St5 Medial  22/08/2018 78°54.382' 12°14.511 75.7 8.25
St8 Distal 22/08/2018 78°54.966' 12°06.917' 114 11.18
St6 Distal 22/08/2018 78°56.241" 12°09.806' 148 11.43
St9 Distal 22/08/2018 78°55.447 12°04.086' 156 12.47

Table 2. Location along the transect, sampling date, degrees decimal minutes coordinates,
sampling water depth and distance from the glacier front of the nine stations sampled during
the KING18 mission.

3.1.3 Sediment grain size and carbon analysis

At each station, one core was sliced on board, collecting seven sediment layers (every 0.5 cm
between 0 and 2 cm and every 1 cm from 2 down to 5 cm depth, i.e., 0-0.5, 0.5-1, 1-1.5, 1.5-2,
2-3, 3-4 and 4-5 cm), then stored at +4°C. In the laboratory, an aliquot of each slice was used
for grain-size analyses and the rest was lyophilised for carbon analyses. The laser diffraction
particle size analyser Malvern Mastersizer 3000 was used to obtain grain-size data. The particle
size distributions were analysed with GRADISTAT 8.0 software program (Blott and Pye,
2001).

The carbon analysis was performed using a TOC-Vcpn analyser. This instrument measures
the free CO2 gas released by the combustion of the carbon contained in the sediment sample
using a non-dispersive infrared system (NDIR). The total carbon (TC) and total inorganic
carbon (TIC) contents were determined on three pseudo-replicates and their values were
calculated based on two calibration curves using two standards (glucose for TC and sodium
bicarbonate for TIC). The combustion at 900°C of 100 mg of sediment has been used to
determine the TC. The combustion at 200°C of 100 mg of sediment was conducted after the
addition of 450 pl of concentrate phosphoric acid to determine the TIC. The total organic carbon
(TOC) was then calculated indirectly as the difference between the TC and the TIC (Bisutti et
al., 2004).
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3.1.4 Correlation among environmental variables

Pearson correlations and two sided test between environmental variables were calculated and
illustrated using the ggpairs function in the R package GGally (Schloerke et al., 2021). The
correlations were tested for sediment-related properties measured in the 0-0.5 cm sediment
layer (i.e., percentage of total carbon (TC), percentage of total inorganic carbon (TIC),
percentage of total organic carbon (TOC), percentage of sand, silt and clay), sampling water
depth (expressed in meters), extrapolated mean surface water turbidity (0-20 m, expressed in
FTU), and distance from the glacier front (expressed in kilometers).

Mean surface water turbidity was extrapolated for sediment sampling coordinates
performing inverse distance weighted interpolation on CTD cast measurements using the
function interpolate_spatial in the R package PlotSvalbard (Vihtakari, 2020).

The distance of each sampling station from the front of the glacier was calculate as follow.
We used the satellite image taken on the 1* of August 2018 by LANDSAT7 and LANDSATS8
(https://landsatlook.usgs.gov) as a reference for the position of the Kronebreen glacier front at
the sampling time. Then, the reference point for the front position was selected along the centre-
line of the glacier (calculated using the box method; Lea et al., 2014) and its coordinates (i.e.,
78°52'39.19"N, 12°35'42.51"E) were obtained using the Google Earth Pro software (v
7.3.3.7786) after overlying the satellite image. The distances between the reference point and
the individual sampling stations were calculated using the distm and distGeo functions in the R

package geosphere (Hijmans, 2019).
3.2 Foraminiferal analyses

3.2.1 Sample processing

Immediately after recovery, the interface cores were sliced horizontally as for the sedimentary
analysis (every 0.5 cm between 0 and 2 cm and every 1 cm from 2 down to 5 cm depth, i.e. O—
0.5, 0.5-1, 1-1.5, 1.5-2, 2-3, 3-4 and 4-5 cm). Following the FOBIMO recommendations
(Schonfeld et al., 2012), each sample was stored in a 500 cm? bottle filled with 95% ethanol
with 2 g.L7! of rose bengal stain (to label living foraminifera). In the laboratory, the uppermost
two sediment layers (0-0.5 and 0.5-1 cm) were sieved through 63, 100, 125 and 150 um meshes,
and all sediment layer below 1 cm depth were sieved through 63 and 150 um meshes. All
samples were then stored in 95% ethanol. All living (rose bengal-stained) specimens of the
>150 um fraction were hand-picked in water for each sediment layer. The small fraction 63-

150 um (i.e., 63-100, 100-125, 125-150 um fractions combined) was considered to investigate
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potential supplementary ecological information (i.e., presence of juveniles, elongated and/or
small sized species), knowing that high abundances of small sized foraminifera are common in
foraminiferal studies (e.g., Duchemin et al., 2007; Shepherd et al., 2007; Gooday and Goineau,
2019; Fossile et al., 2020). However, being extremely time-consuming, the picking of the living
foraminifera from the 63-150 um size fraction was restricted to the uppermost centimetre of the
sediment. Due to high foraminiferal abundances, some samples of the small fraction were dried
at 50°C, split with an Otto Microsplitter and hand-sorted to reach a minimum of 300 individuals
from a whole subsample, then standardised to the entire sample.

The presence of fragments of living and dead specimens of two large tubular agglutinated
species (Hyperammina sp. and Archimerismus subnodosus) was documented in some samples
(St5, St6, St8 and St9). However, due to the fragility of their test and impossibility to determine
the number of individuals represented by the observed fragments, they were not included in the
analysis (e.g., Duros et al., 2013; Caulle et al., 2014). Scanning electron micrographs (SEM) of
the major agglutinated and calcareous species are shown in Figure S4 and Figure S5,
respectively. Cassidulina spp. and Islandiella spp. SEM and stereomicroscope pictures are
displayed in Figure S6.

The dead assemblages from 4-5 cm were picked and analysed to highlight possible
differences between living and dead assemblages due to seasonal variability. To do so, the
L/(L+D) ratios (%Living / (%Living + %Dead); Jorissen and Wittling, 1999) were calculated
considering the living assemblages from the 0-5 cm core top interval (merging the seven
sediment layers) and the dead assemblages from the 4-5 cm sediment layer, for all species >
5% in either living or dead assemblages. A ratio ranging between 0 and 0.5 indicates that a
species is relatively more abundant in the dead fauna, whereas a species is more abundant in
the living assemblage when the ratio ranges between 0.5 and 1. A species is equally abundant
in the living and dead assemblages when the ratio is 0.5. As it was not possible to calculate the
accumulation rates at our sampling stations, we cannot ascertain whether the 4-5 cm layer a
good representation of the thaphonomic loss. Therefore, the L/(L+D) ratios were only used to
have a qualitative information on possible seasonal sampling bias. A ratio of 0.5 indicates that
there is no discrepancy between the relative abundance of the given species sampled alive in
August 2018 and its production all year along. Higher or lower ratios suggest that the sampling

time (i.e., August 2018) is not representative of the given species life cycle.
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3.2.2 Diversity metrics and multivariate analysis

Taxonomic diversity was estimated using three different metrics using R package vegan
(Oksanen, 2019):
1. Species richness (S; i.e., number of species);

2. Shannon index (H’) calculated as:

s
H = _Zpi Inp; (1)
i=1

where p; is the proportion of each species i in the community;
3. Pielou’s evenness (J) calculated as:
HI

== (11)

J

All multivariate analyses were performed using the R software (v. 4.0.0; R Core Team,
2020). Hierarchical clustering analyses were performed on relative abundances considering the
0-5 cm sediment layer and the >150 pm size fraction (Bray-Curtis dissimilarity measure). The
cluster on stations (complete linkage method) was performed on foraminiferal abundances
considering all the species, whereas the cluster on the species (average linkage method) used
only the abundances of the major species (relative abundance >5%). Dissimilarity matrices
were calculated using the vegdist function in the R package vegan (Oksanen, 2019). Different
linkage methods were compared among each other and cophenetic distances were computed to
assess clustering consistency. Dendrograms were produced with fviz_dend function in the R
package factoextra (Kassambara and Mundt, 2020).

Transformation-based redundancy analysis (tb-RDA) was performed on living foraminiferal
community considering the 0-5 cm sediment layer and the >150 um size fraction in relation to
environmental parameters. Forward selection was performed on several environmental
variables (bottom water depth, TOC, sand, silt, clay percentages and surface water turbidity)
and only three parameters were retained (i.e., turbidity and depth, p < 0.05; TOC, p <0.1). The
significance of the model and ordination axes was tested with the anova.cca function in the R
package vegan (Oksanen, 2019), applying Bonferroni correction. Hellinger transformation was
applied to foraminiferal abundances, whereas environmental variables were centred and scaled.
Both transformations were performed using the decostand function in the R package vegan

(Oksanen, 2019). Adjusted R? was calculated to determine the model fit.
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Differences between the two size fractions (63-150 um and >150 um) in the 0-1 cm sediment
layer were investigated with a non-metric multidimensional scaling analysis (nMDS). The
analysis was performed on foraminiferal abundances using the metaMDS function (which
applied square root transformation and wisconsin double standardisation) in the R package
vegan (Oksanen, 2019) using Bray-Curtis dissimilarity. A similarity of percentages (SIMPER)
analysis was performed using the simper function in R package vegan (Oksanen, 2019) to
investigate the relative contribution of each species to the difference between size fractions.
The most influential species (i.e., p<0.01 and average contribution >5%) were extracted and

displayed on the nMDS biplot.

4. Results

4.1 Environmental parameters

4.1.1 Water properties

During August 2018, a water stratification typical of the summer season was well established
in Kongsfjorden (Fig. 2). The uppermost 10 m of the water column were relatively fresh
(salinity range = 30.0-34.0) with a narrow temperature range between 3.5 and 4.0°C and thus
identified as Surface Water (SW, T > 1°C and S < 34.0; Cottier et al., 2005). In the 4-10 km
section of the transect, below the SW at about 10-30 m depth, waters with the highest
temperature, between 4.5 and 5.5°C and salinity range between 34.1 and 34.8 were detected.
Below 30 m depth an homogeneous water column (T = 3-4 °C, S = 34.8-34.9) can be identified
as Atlantic Water (AW, T > 3°C and S > 34.65; Cottier et al., 2005) intruding into the fjord up
to at least 4 km from the Kronebreen-Kongsvegen front. In the innermost part of the fjord (0-4
km of the section transect), below the surface layer, waters of 4-4.5°C temperature and a salinity
range between 34 and 34.7 were observed and possibly correspond to Intermediate Water (IW,
T > 1°C and 34.00 < S < 34.65; Cottier et al., 2005). A relatively colder layer of 1.0 to 3.0°C
with a salinity of about 34.7 appeared at the bottom, likely issued from mixing between Arctic
and Atlantic waters.

The surface water turbidity (average of the 0-20 m layer) displayed values above 80 FTU in
front of the Kronebreen-Kongsvegen terminus and below 20 FTU in all stations located close

to the southern coast or far away from the glacier front (Fig. S1).
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Figure 2. SE-NW 0-130 m deep sections across Kongsfjorden of the 10 CTD casts for
temperature (°C) (a) and salinity (b). Salinity data for CTDI1 are not available.

4.1.2 Grain size analyses

Sediments, at all stations and both surficial (0-0.5 cm) and intermediate (2-3 cm) levels, were
medium silts with mean grain sizes ranging from 6.3 to 16.3 um (Table S1). Grain size curves
mainly showed unimodal distribution with a single mode around 7-9 um, except at the 2-3 cm
level from two stations (St2 and St8) where a second mode picks at 37.7 and 62.9 um
respectively, indicating a mixture with a population of coarse silts. At all stations, the mean
values slightly increased with depth, a trend more obvious at St2 and St8 (coherent with the
bimodal distribution mentioned above), and at the two shallowest stations close to the southern
coast of the fjord (St3 and St4) where the single mode reached 17.5 and 22.6 um, respectively.
At all stations, the percentage of sand (>63 um) remained low, about or below 10%, except at

depth at St8 where it reached almost 20% (coherent with the secondary mode of the grainsize
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distribution at 62.9 um). The percentage of clay (<2 um) was everywhere slightly higher in the

surficial sediments and ranging from around 10 to 18%.
4.1.3 Organic matter analysis

All the sampled stations were characterised by total carbon contents (TC%) between 2.68 and
3.10% in the surface sediment layer (0-0.5 cm) (Table 4). TC was mostly composed of inorganic
carbon (TIC%; values between 2.07 and 2.65 %). Therefore, the total organic carbon content
(TOC%) of the fjord showed values below 0.70% at all stations (Table 3). In general, TOC
percentages were lower close to the terminus in the innermost fjord (St2, St7 and St1 <0.40%)

than at downstream stations (between 0.40 and 0.70%). TOC percentages are significantly

different among the stations (One-Way ANOVA, p<0.001) (Table 3).

Stations Location TC TIC TOC
St2 Proximal 2.78+0.03 %  2.5940.07 %  0.20+0.04 %
St7 Proximal 2.84+0.05 % 2.4440.05 %  0.40£0.04 %
St1 Medial 2.78+0.01 %  2.65+0.02% 0.12+0.01 %
St3 Medial 2.7540.03 %  2.26£0.08 %  0.48+0.05 %
St4 Medial 2.68+0.02 %  2.30+0.04 %  0.38+0.03 %
St5 Medial 3.10£0.01 %  2.40+0.07 %  0.70+0.04 %
St8 Distal 2.762£0.05 % 2.28+0.01 % 0.48+0.03 %
St6 Distal 3.04£0.03 %  2.39+0.02 %  0.65£0.02 %
St9 Distal 2.73£0.02 %  2.07£0.03 %  0.65+0.02 %

Table 3. Total carbon (TC), Total Inorganic Carbon (TIC) and Total Organic Carbon (TOC)
percentages measured on the uppermost sediment layer (0-0.5 cm) at each sampling station.
Data are displayed as mean + standard deviation (n=3).

4.1.4 Correlation between environmental variables

Few significant relationships were observed between environmental variables (Fig. S2). The
most significant correlations were observed between distance from the glacier front and
turbidity of surface waters (r =-0.969, p<0.001) and between sampling depth and sediment clay
percentage (r = -0.90, p<0.001). Distance from the front was also significantly correlated with

TIC and TOC percentages in sediment (r = -0.739, 0.729, respectively, p<0.05).
4.2 Foraminiferal assemblages in the upper 5 cm sediment (>150 um fraction)

4.2.1 Abundances and diversity

Foraminiferal absolute abundances and diversity metrics, considering the 0-5 cm sediment

interval and the >150 fraction, are displayed in Table 4. Abundances were below 300
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ind. 50 cm™ in the three stations closest to the glacial front (proximal stations St2 and St7 and
the first medial station St1). The other medial and distal stations located beyond 6 km from the
terminus showed abundances between 1700 and 3500 ind. 50 cm™? (except St4 with 658
ind. 50 cm™). The number of species was about or below 10 in the innermost proximal stations
(St2 and St7) and almost double at the first medial station (Stl), whereas all the other stations
showed a species richness between 32 and 49. Low values of Shannon index H’ were found at
the proximal stations (below 1), a small increase in diversity was observed at St3, St6 and St8
(values between 1 and 2), whereas higher H’ values (above 2) were observed at Stl, St4, St5
and St9. The equitability (J, Table 4) was below 0.50 at St2, St3, St7 and St8, whereas higher

values (up to 0.73) were observed at the other locations.

Stations ng;fzf: (;?ll()ll.usl(()lillll(l:g) Richness (S) Sha“‘(‘fl‘,‘)‘“de" Equitability (J)
St2 Proximal 261 8 0.91 0.44
St7 Proximal 238 10 0.99 0.43
St1 Medial 263 19 2.16 0.73
St3 Medial 2308 34 1.12 0.32
St4 Medial 658 36 2.60 0.73
St5 Medial 1733 45 2.45 0.64
St8 Distal 3485 49 1.78 0.46
St6 Distal 1841 43 1.97 0.52
St9 Distal 2086 32 2.10 0.61

Table 4. Foraminiferal total abundances (in number of individuals per 50 cm?) and diversity
metrics (richness, equitability and Shannon index), considering the total living fauna (>150 um
size fraction) in the O to 5 cm core top sediment.

4.2.2 Assemblage composition

The first cluster analysis divided the sampling stations into four clusters: cluster 1 composed
by the proximal stations (St2 and St7), cluster 2 including only the first medial Stl, cluster 3
grouping the remaining medial stations (St3, St4, and St5) and cluster 4 for the distal stations
(St8, St6, and St9) (Fig. 3). The second cluster analysis, performed on the most abundant species
only, divided the species in two major groups: group a including species present in the proximal
stations and first medial station, and group b including species present mostly in the other
medial and distal stations (Fig. 3).

Foraminiferal species composition in terms of relative abundances is shown in Figure 3 and
scanning electron micrographs (SEM) of the major species are displayed in Plate 1 and 2. The
proximal station St2 was dominated by the agglutinated Capsammina bowmanni (73%) and

Saccammina cf. sphaerica (15%), with a minor contribution from the miliolid Quinqueloculina
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stalkeri. Capsammina bowmanni was also dominant at the other proximal station St7 (55%),
together with the calcareous Cassidulina reniforme (39%). Cassidulina reniforme,
Nonionellina labradorica, Reophax fusiformis and Textularia earlandi were the main species
at the medial Stl with abundances between 15 and 20%. The medial St3 assemblage was
characterised by Nonionellina labradorica (78%), which was also a major component in the
medial and distal stations (with abundances between 13 and 33 %). Globobulimina auriculata
made up to 13% at St4. The agglutinated Adercotryma glomeratum showed high relative
abundances (between 35 and 57%) at the distal stations (St8, St6, St9). Cibicidoides lobatulus
reached 11 % only in the outermost station St9.

Station cluster
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Nonionellina labradorica 18.81 - 2521 327 2645 1295 18.96
Cibicidoides lobatulus 0.6 0.03 0.84 05 10.7 3.09 0.73 | - 1 -
Quinqueloculina seminula 0.17 0.12 512 0.53 0.86 2.26
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Figure 3. Heatmap showing the cluster analysis of the foraminiferal fauna based on relative
abundances of the major species considering the total living faunas (>150um size fraction) in
the 0 to 5 cm core top sediment. The dichotomy clustering is based on the Bray-Curtis
dissimilarity. The station cluster (complete linkage method) considers all the species whereas
the species cluster (average linkage method) considers only the relative abundances of the major
species (>5 %).
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4.2.3 Microhabitat distribution

The foraminiferal vertical distribution profiles from the surface down to 5 cm sediment depth
were heterogeneous along the fjord axis (Fig. 4). Living foraminifera were present mostly in
the uppermost half centimetre of sediment, rapidly disappearing downcore at the two proximal
stations (St2 and St7; cluster 1). This surface layer was dominated by C. bowmanni and
Saccamina cf sphaerica at St2, whereas St7 was characterised by C. bowmanni and C.
reniforme. Cluster 2 including only St1 shows the presence of C. reniforme mostly in the 0-0.5
cm layer together with other species (e.g., N. labradorica, R. fusiformis and T. earlandi). The
three medial stations of cluster 3 (St3, St4, St5) showed the typical exponential decrease in
foraminiferal abundances with sediment depth. Some species were mostly present in the
uppermost centimetre (e.g., Cassidulina sp. morphotype 2 and Labrospira crassimargo). The
only species abundant below the 0-0.5 cm layer were N. labradorica, particularly at St3, and
Globobulimina auriculata, even more abundant at the 1-2 cm layer of St4. In the distal stations
(cluster 4), deep infauna (i.e., A. glomeratum and/or N. labradorica) was encountered.
Foraminiferal abundances at St6 remained similar at all layers below the 0.5 cm depth. On the
contrary St9 showed a subsurface peak at 1-2 cm depth with foraminiferal abundances almost
double than the uppermost centimetre due to the high abundances of A. glomeratum and N.
labradorica. The intermediate and deep infaunal microhabitats showed similar species

compositions than the uppermost centimetre.
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Figure 4. Foraminiferal microhabitat distribution of the most representative species
(contributing with >5% in at least one sample) from the sediment surface down to 5 cm depth
considering the >150 um fraction. Note that stations are displayed based on their location
(proximal, medial, distal) and on the results of the station cluster analysis displayed in Fig. 3.

4.2.3 Redundancy analysis

Three predictors of variation in species composition were identified from the redundancy

analysis (turbidity and depth p<0.05; TOC, p<0.1). The first two components of the model
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explained 66.4% of the total variance (r> adjusted = 0.59). RDA1 was positively correlated with
sediment organic matter content (TOC) and water depth, and negatively with surface water
turbidity. Opposite correlations were observed for the RDA2. RDA1 separates the proximal
stations plus Stl from the other medial and distal stations. RDA2 separates proximal and distal
stations from the medial stations. The proximal stations were positively correlated with
turbidity, whereas the distal stations with TOC and depth. The three species with the highest
scores are C. bowmanni, N. labradorica and A. glomeratum, which were the major species

respectively at the proximal, medial and distal stations.
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Figure 5. Transformed-based redundancy analysis (tb-RDA) performed on living foraminiferal
community (total abundances in the 0-5 cm interval, >150 um fraction) in relation to three
significative environmental parameters (surface water turbidity in the 0-20 m surface layer,
percentage of TOC, and sampling water depth).

4.3 Comparison between the 63-150 um and > 150 pm size fractions (in the 1 cm core top)

4.3.1 Abundance and diversity

Foraminiferal abundances and diversity metrics were calculated considering the 63-150 um and
>150 um fractions in the 0-1 cm sediment layer (Fig. 6). The finer fraction (63-150 um) showed
abundances always higher than the coarse fraction (>150 um) with abundances between 1000
and 4700 ind. 50 cm™. The small fraction contributed from 72 up to 96% to the total abundances
(63-150 um + >150 um) (Fig. 6a). Foraminiferal abundances considering the >150 pm were
lower than 300 ind. 50 cm™ at St2, St7 and St1, between 300 and 600 ind. 50 cm™ at St4, St6
and St9 and over 1000 ind. 50 cm™ at St3, St5 and St8.
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Less than 20 species were observed for both size fractions in the first three stations of the
transect (St2, St7 and Stl), whereas values between 29 and 57 were observed further away in
the transect. The number of species observed in the finer fraction was always higher than in the
coarse fraction but with a similar trend along the main fjord axis (Fig.6b).

Shannon index was lower than 2 at the three innermost stations, whereas values between 2
and 3 were observed further away in the transect considering the finer fraction (63-150 um).
The >150 fraction presented values lower than 1.5 at the station St2, St7 and St3, values around
2 at Stl and St8, while the remaining stations showed values around 2.5. Equitability values for
the >150 um fraction were below 0.5 at St2, St7 and St3, whereas values between 0.5 and 0.8
were observed at all other stations. The finer fraction (63-150 um) showed very low equitability
at St2, values between 0.5 and 0.6 at St7, Stl, and St3, and over 0.7 at the other stations.
Shannon index and equitability diversity metrics showed more variability between the two size
assemblages (Fig. 6¢, d) compared to species richness (Fig. 6a), but a similar diversity increase

from the inner to the outer stations was observed.
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Figure 6. (a) Foraminiferal cumulative abundances (ind. 50 cm™) for two size fractions (63-
150 pm and >150 pm) of the 0-1 cm sediment layer and (b) richness (S), (¢) Shannon index
(H”), and (d) equitability (J) indexes comparison among the 63—150 um and >150um fractions.
The >150 um fraction is represented in white and the 63-150 um in grey.

4.3.2 Non-metric multidimensional scaling analysis
The nMDS ordination plot (stress = 0.071), based on species abundances considering the fine

(63-150 um) and coarse (>150 um) size fractions in the 0-1 cm sediment layer, showed a similar
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clustering of the stations by area (proximal, medial, distal) but differences in assemblage
composition (Fig. 7). The NMDS1 axis separates the first three stations of the transect (St2,
St7, and Stl) from the remaining stations, whereas NMDS?2 separates the two size fractions.
The area of the polygon for the >150 um size fraction is bigger than the one for the 63-150 um,
indicating lower dissimilarity among stations in the finer fraction.

Although both fractions separated the nine stations into the same stations’ clusters, no
overlap can be observed between convex hulls due to large differences in foraminiferal
assemblages (Fig. 7). Indeed, the SIMPER analysis identified five major species (i.e.,
Cassodulina reniforme, Textularia earlandi, Spiroplectammina biformis, Stainforthia feylingi,
Pullenia cf. osloensis) influencing this difference (average contribution >5%, p<0.01). Four of
them were positively correlated with the NMDS?2 axis and mostly represented in the 63-150 um
fraction. The only exception being C. reniforme, which was almost equally present in both
fractions. The two size fractions had 50 common species. The >150 pm had 14 exclusive
species, whereas the 63-150 um presented 21 exclusive species. Species relative abundances

for both size fractions are displayed as heatmaps in the supplement (Fig. S3).
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Figure 7. Non-metric multidimensional scaling (nMDS) analysis (Bray-Curtis dissimilarity) on
foraminiferal abundances considering two groups corresponding to the two size fractions (63-
150 um and >150 pm) in the 0-1 cm. Station colours correspond to the sampling area (proximal,
medial, distal). The convex hulls enclosed each of the groups. The displayed vectors are the
species explaining significant (p<0.01) percentage of dissimilarity (>5%) between the two
groups based on SIMPER analysis.
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5. Discussion

The geographical position of Kongsfjorden and its geometric configuration (i.e., no entrance
sill) are responsible for the build-up of steep environmental gradients developing along the short
fjord axis between two contrasted end-members (Lalande et al., 2016; Meslard et al., 2018;
Svendsen et al., 2002). Gradients of water salinity and temperature, turbidity, nutrient
distribution, and inorganic particulate sedimentation, are determined by the concomitance of
glacier dynamics at the fjord head with the AW inflow from the outer shelf. The present study,
performed in August 2018, shows that benthic foraminiferal faunas respond clearly to these
summer environmental gradients. Our analyses identified three biozones related to the glacier

front in the inner Kongsfjorden: distal, medial and proximal.

1. Proximal biozone

During August 2018, CTD casts detected a water column typical of the summer stratification
(Svendsen et al, 2002; Cottier et al. 2005) with a fresh surface layer of meltwaters overlying
saltier water mass (due to mixing with AW) (Fig. 1). The surface layer also revealed high
turbidity, particularly in the vicinity of the front of the tidewater glacier Kronebreen (Fig. S2).
This observation confirms previous studies that identified the Kronebreen glacier as the major
source of meltwater, suspended particles and sediment in Kongsfjorden (D’ Angelo et al., 2018;
Meslard et al., 2018; Svendsen et al., 2002; Trusel et al., 2010). Generally, Kronebreen
subglacial discharges and associated sediment load eroded from the glacier basement exit from
the northernmost part of the glacier front (Meslard et al., 2018; Trusel et al., 2010).
Consequently, a buoyant turbid plume is formed at the tidewater glacier front and is pushed
away northwards by the downfjord surface circulation at the fjord head (Sundfjord et al., 2017;
Torsvik et al., 2019), implying the spreading of the plume above our sampling stations St2 and
St7 (Fig. 1). The fine grained particles, transported in suspension in the plume are deposited
with a high sedimentation rate estimated at about 6-9 cm y! in the vicinity of the Kronebreen
front (< 0.5 km) (Trusel et al., 2010). This explains our observations at the proximal stations
where unconsolidated and potentially high mobile surface sediment (i.e., low sediment
stability) was composed of medium silt. Coarser particles from subglacial discharges, such as
coarse silt and fine sand, can also be transported in suspension in the plume during sporadic
hydrodynamic events (e.g., accelerated melting period, surge, storm), and then deposited along
a decreasing size gradient off the glacier front (Torsvik et al., 2019). This process may be

recorded by layers of coarse silts as observed 3 cm downcore at St2.
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The proximal stations (St2 and St7), grouped into cluster 1 (Fig. 3), were positively
correlated with surface water turbidity (Fig. 5). This area, directly subjected to high
sedimentation from the meltwater turbid plume was characterised by low foraminiferal
abundances and/or low taxonomic diversity in both size fractions (Table 3, Fig. 6). Only few
species (i.e., Capsammina bowmanni, Saccammina cf sphaerica, Cassidulina reniforme and
Textularia earlandi) that are most likely adapted to colonise soft-bottom sediments subjected
to high physical disturbance, were identified in this area (Fig. 3 and Fig. 7). The agglutinated
monothalamus species C. bowmanni completely dominated the assemblage in the immediate
proximity of the glacier (St2, 1.9 km far from the glacier front). This species lives preferentially
in the uppermost centimetre of the sediment (Gooday et al., 2010) and was previously reported
in a temperate fjord under fluvial influence in southern Norway (e.g., Alve and Nagy, 1986).
However, it has never been reported as a dominant species and its presence has not been often
documented, likely due to the fragility of the test that can be lost during sample preparation. At
St7, C. bowmanni was accompanied by C. reniforme and T. earlandi. The increased distance
(about 4.5 km) from the glacier front and a consequent slightly reduced environmental stress
may have favoured the coexistence of these species. Cassidulina reniforme is a typical glacier
proximal species that has been previously observed in several Svalbard fjords from the western
coast (Adventfjorden, Hornsund, Van Mijenfjorden, Isfjorden, Tempelfjorden, Krossfjorden,
Smeerenburgfjorden; Hald and Korsun, 1997; Korsun and Hald, 2000; Szymanska et al., 2017)
and from the southern coast (Storfjorden; Fossile et al., 2020). This species was suggested to
prefer less saline waters (e.g., Hald and Korsun, 1997; Jernas et al., 2018). Cassidulina
reniforme was also present as juveniles in the fine fraction at the proximal station St7. The
presence of juveniles of this glacier-proximal species (e.g., Hald and Korsun, 1997; Korsun and
Hald, 1998, 2000) may suggest an opportunistic response to the stressful conditions related to
glacier dynamics (i.e., high turbidity and reduced organic flux). In other Svalbard fjords, C.
reniforme is often accompanied by another glacier proximal opportunist, Elphidium clavatum
(e.g., Hald and Korsun, 1997; Korsun and Hald, 1998, 2000; Fossile et al., 2020). In the studies
mentioned above, it was proposed that C. reniforme would replace E. clavatum when
environmental conditions ameliorate in terms of glacial physical disturbance and food supply.
In our study E. clavatum was observed only in the dead assemblages, suggesting a potential
temporal shift in the dynamics for their reproduction (Table S2). Indeed, high frequencies of E.
clavatum and C. reniforme were documented in September 2015 at Kongsfjorden head

(Kniazeva and Korsun, 2019). In the small size assemblage of St7 there was also the
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agglutinated 7. earlandi. This is a typical glaciomarine species usually found in fjord
environments (e.g., Korsun and Hald, 2000).

The meltwater turbidity plume can spread for several kilometres from the glacier front
(Meslard et al., 2018) reducing the euphotic depth to few meters (Halbach et al., 2019) and
locally preventing phytoplankton growth. Moreover, glacial runoff transports old and refractory
terrestrial organic carbon (Bourgeois et al., 2016; Calleja et al., 2017; Kedra et al., 2012). This
generally causes the depletion of available organic matter export fluxes to the seafloor in the
inner fjord (Lalande et al., 2016). Previous studies reported sediment depleted in organic carbon
close to the Kronebreen terminus (TOC% < 0.25%; Bourgeois et al., 2016).

The presence of living foraminifera restricted at the sediment surface (Fig. 4) was likely due
to the unconsolidated and potentially mobile sediment (i.e., low sediment stability) caused by
rapid accumulation from high suspended sediment load coming from the glacier terminus. But,
it can also be a response to the poor TOC concentrations lower or about 0.4% (TROX model,
Jorissen et al., 1995). Deposition of massive amounts of sediments can also hamper the oxygen
penetration into the sediment. It is well known that oxygen availability as well as organic matter
are two limiting factors for foraminiferal microhabitat distribution (Jorissen et al., 1995).
Moreover, the presence of C. bowmanni and C. reniforme restricted at the sediment surface
may be the result of their microhabitat preferences. High absolutes and relative abundances and
microhabitat restriction might be indicative of the pioneer character of C. bowmanni. The
presence of opportunistic and simple agglutinated species capable of rapid colonisation after
physical disturbance was previously observed in highly disturbed areas (i.e., canyons; Koho et
al., 2007). This species, together with 7. earlandi and the calcareous C. reniforme, may be the
only species able to deal with the stressful conditions prevailing at the sampling time. Similar
habitat restrictions to the sediment-water interface were observed for benthic macrofauna in
some areas of Arctic fjords subjected to high disturbance (e.g., Wlodarska-Kowalczuk et al.,
2005). Finally, the high availability of mica at the Kronebreen terminus originated from mica-
schists (from Proterozoic low- and medium-grade metamorphic rocks; Svendsen et al., 2002),
could have also played a positive role in the thriving of C. bowmanni. Indeed, this species

appears to have an obligated use of mica flakes to build its test (Gooday et al., 2010).
II. Medial biozone

In the central part of the inner fjord, the water column was characterised by the same fresh
surface layer and a clear signal of AW intrusion (Fig. 1). A reduced water turbidity compared

to the proximal area was observed (Fig. S1). The increased distance from the glacier front and
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a progressive dispersal of the meltwater turbid plume coming from Kronebreen can explain
such a pattern (e.g., Meslard et al., 2019). Medium silts were also observed in this area, as a
result of the sedimentation from the meltwater turbid plume away from the glacier front. Indeed,
high sedimentation rates were previously estimated to values of about 2.5 cm yr'! in the medial
zone, but they are 2.5 to 3.5 times lower than the ones measured in the proximal zone (Zaborska
et al., 2006). At the two shallowest stations St3 and St4, located in front of glacial sandur deltas,
in the vicinity of prodeltas (Bourriquen et al., 2016) developed along the southern coast, coarse
silts were observed as a secondary peak in the grainsize distribution of down core sediment
layers. This relatively coarse particulate input to the fjord may be provided by meltwaters (and
associated sedimentary load) derived from the sandur drainage downstream the continental
glaciers (i.e., Austre Lovénbreen and Midtre Lovénbreen) located on the southern bank of the
fjord (Bourriquen et al., 2018).

The medial stations grouped into cluster 2 (Stl alone) and cluster 3 (St3, St4 and St5) (Fig.
3) and do not show any strong correlation with a specific environmental variable (Fig. 5).
However, foraminiferal communities showed some differences between the two identified
clusters. Stl was separated from the remaining medial stations and it was composed by a
transitional assemblage from the proximal to the medial biozone. Such assemblage was
characterised by the presence of C. reniforme, Reophax fusiformis and T. earlandi. Cassidulina
reniforme, which was also dominant in the proximal station assemblages, could indicate the
persistence of the tidewater glacier disturbance, as also suggested by the presence of juveniles
of this species. Moreover, the relatively high disturbance at St1 is supported by the lowest TOC
content (around 0.1 %) measured along the transect. Textularia earlandi, was the dominant
species in the small size assemblage of Stl. This elongated species together with
Spiroplectammina biformis was mostly present in the fine fraction and especially in the medial
stations (Fig. 7, Fig. S3). Both species are typical of glaciomarine environments, and their
relative abundances usually increase with distance from the glacier but still under glacier
influence (e.g., Korsun and Hald, 2000; Forwick et al., 2010; Szymanska et al., 2017; Fossile
et al., 2020). The agglutinated R. fusiformis was previously observed together with 7. earlandi,
in a West Greenland fjord, an Arctic fjord under the influence of Atlantic-sourced waters
(Lloyd, 2006). The preference of both species for these waters is coherent with their presence
in August 2018 when an AW intrusion was clearly observed in the medial area. Station Stl
presented also high relative abundances of Nonionellina labradorica, which is in common with
all the other medial stations grouped into cluster 3, underlying the transitional character of this

station.
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At all the stations grouped into cluster 3, the calcareous species Nonionellina labradorica
was the major species with variable relative abundances. This is a typical glacier-distal species,
of which the distribution was often related to nutrient enrichment or to the presence of AW
(Hald and Korsun, 1997; Korsun and Hald, 1998). This species preferentially feeds on diatoms
(e.g., Cedhagen, 1991; Jernas et al., 2018) and its location at the sediment surface may indicate
the presence of fresh phytodetritus inputs, which is mostly composed of diatoms in the inner
Kongsfjorden (Lalande et al., 2016). The presence of N. labradorica is compatible with the
slightly higher organic carbon content measured in the stations of cluster 3 (0.4-0.7 % of TOC)
(Table 3). Indeed, the fjord dynamics, with the deep AW intrusion, consequent subglacial-
induced upwelling at the glacier terminus and downfjord surface advection, can supply nutrients
(i.e., nitrate and phosphate) in this medial area enhancing primary productivity (Halbach et al.,
2019). Several other minor species (e.g., Quinqueloculina seminula, Labrospira crassimargo,
Astrononion gallowayi, Siphonaperta agglutinata and Adercotryma glomeratum) often found
in Svalbard fjords (e.g., Hald and Korsun, 1997; Korsun and Hald, 2000; Forwick et al., 2010;
Jernas et al., 2018; Kniazeva and Korsun, 2019) were identified in the medial stations and are
the reason for the increased diversity measured in this area compared to the innermost part of
the fjord (Table 3). The fine fraction at these stations was characterised by the elongated
calcareous species Stainforthia feylingi. This species was previously found in the outer
Kongsfjorden (Jernas et al, 2018), but little is known about its ecology. This species is reported
as opportunist (e.g., Lloyd et al., 2007) and often associated to high primary productivity in the
vicinity of sea ice in paleoenvironmental reconstructions (e.g., Seidenkrantz, 2013). In August
2018, S. feylingi co-occurred with a phytodetritus indicator (i.e., N. labradorica), which
supports the speculation of its preferences for that food resource. The small fraction at station
St5 was dominated by the small-sized species Pullenia cf. osloensis which presented high
relative abundances also in the distal stations.

The microhabitat distribution in the >150 um fraction showed decreased foraminiferal
abundances with sediment depth. The downcore microhabitat distribution of N. labradorica
showed subsurface peaks that demonstrate its capacity to occupy infaunal habitats. This
suggests a potential ability to exploit other food resources than fresh phytodetritus (e.g., buried
organic matter) or to benefit from an alternative metabolism (e.g., denitrification; Jauffrais et
al., 2019). Indeed, some closely related species are capable of denitrification (e.g., Nonionella
sp. T1 and Nonionella cf stella; Glock et al., 2019; Choquel et al., 2021) and thus can
successfully occupy and exploit subsurface sediment resources. Globobulimina auriculata also

displayed a subsurface increase at St4. This behaviour can be explained by its tolerance for low
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oxygen conditions and/or denitrification capacity as other Globobulimina species (e.g.,
Risgaard-Petersen et al., 2006; Koho et al., 2011) and thus able to occupy infaunal habitats
where interspecific competition is reduced. The microhabitat distribution observed in the
medial stations may also result from reduced sediment deposition, increased sediment stability,
increase in organic flux, and therefore the development of diverse suitable ecological niches to

occupy.
111. Distal biozone

The outer part of the transect was characterised by a fresh surface layer and by an intermediate
water and deep layer of AW (Fig. 1). This part of the fjord, deeper than 100 m, is directly
influenced by the inflow of warm and salty AW coming from the WSC current flowing along
the western coast of Svalbard. The lowest values of surface turbidity were observed in this area
of the fjord (Fig. S1). The increased water transparency was the result of augmented distance
from the Kronebreen front. However, we observed the same type of sediment (i.e., medium silt)
as upstream. This could suggest that this area is still impacted by the sedimentation from a
diluted turbid plume. At St8, which is located close to the southern coast, the coarser medium
silt of the fjord sediment was observed with a secondary mode of very fine sand. This may
suggest sediment inputs from continental glacier meltwaters (i.e., Midtre Lovénbreen).
Unfortunately, the local sedimentation rate is unknown.

The distal stations grouped into cluster 4 (St6, St8 and St9) (Fig. 3) were positively correlated
with sediment organic carbon and water depth (Fig. 5). The dominant species was the
agglutinated Adercotryma glomeratum followed by the calcareous N. labradorica (Fig. 3).
Adercotryma glomeratum was suggested to be able to exploit low food quality and/or quantity
(Jernas et al., 2018), whereas N. labradorica is supposed to feed on fresh phytodetritus or to
have different metabolism (i.e., able of denitrification; see references above). The coexistence
of these two species may be explained by the occupation of different ecological niches.
Adercotryma glomeratum was also previously related to AW influence in Kongsfjorden (Jernas
et al., 2018), in other western Svalbard fjords including Isfjorden and Krossfjorden (Korsun and
Hald, 1997), and in the southern fjord Storfjorden (Fossile et al., 2020). The clear dominance
of this species in the distal stations and its decreasing percentage in the medial area (where
represented only a minor proportion of the assemblages), suggests the decline in the AW
influence upstream fjord. This is coherent with AW intrusion invading the fjord trench from the

outer sea and perhaps suggests a longer persistence of AW at the distal stations. At St9,
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Cibicidoides lobatulus is highly present and could indicate high-energy near-bed currents at
this station (Murray, 2006).

The fine fraction (63-150 um) of the distal stations and were characterised by the presence
of the small-sized species Pullenia cf. osloensis. The ecological preferences of P. cf. osloensis
have not been previously described. Pullenia spp. were previously reported as detritivore and
typically found on the shelf-bathyal area of cold environments (Murray, 2006). Some species
of this genus are often used as AW indicators in paleoenvironmental studies (e.g., Chauhan et
al., 2016 and reference therein), potentially explaining the presence of this species mostly at
St5 and in the distal stations that are under the inflow of AW (Fig. S3). Moreover, Stainforthia
feylingi showed important relative abundances at the outermost station St9 suggesting increased
phytodetritus inputs at this location (e.g., Lloyd et al., 2007; Seidenkrantz, 2013).

Even if foraminiferal species composition was similar among the distal stations, the
microhabitat distribution displayed some differences (Fig. 5). The subsurface peaks observed
at St9 (Fig. 5) was determined by the high abundances of A. glomeratum and N. labradorica.
Both species may have preferred the infaunal habitat to exploit additional food resources (i.e.,
buried organic matter of lower quality) or use different metabolisms (i.e., denitrification) and
thus reduce competition with the many species present at the sediment surface. However, A.
glomeratum was also present with high numbers at the sediment surface and presented a deep
increase in abundances at St6, that may point out to bioturbation processes at these stations

(e.g., Thibault De Chanvalon et al., 2015).

6. Conclusions

Living benthic foraminiferal faunas from the inner Kongsfjorden were studied to determine the
combined influence of glacier melting with AW inflow on the benthic system. To that aim,
foraminiferal patterns were investigated in relation to water masses properties, sediment
characteristics and organic matter inputs to the seafloor during late summer, when
environmental gradients are the steepest. Benthic environmental conditions were connected to
tidewater glacier dynamics and interpreted based on the glacial-related disturbances. The
surface water turbidity, water depth and the organic inputs to the seafloor are the main driving
factors for foraminiferal patterns in the inner Kongsfjorden, determining the establishment of
three different biozones (i.e., proximal, medial and distal) summarised in the conceptual model
(Fig. 8). High surface water turbidity related to freshwater and sediment inputs from subglacial

discharges and surface runoff, and reduced organic flux due to reduced primary production,
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were the limiting factors for the proximal biozone. This inner area was dominated by few stress-
tolerant and/or opportunistic glacier proximal species restricted to the sediment surface (e.g.,
Capsammina bowmanni, Cassidulina reniforme and Textularia earlandi). A progressive
reduction of the general stressful environmental conditions (i.e., reduced physical disturbance
and increase organic flux) and the increased AW inflow influence in the medial and distal
biozones favoured the establishment of diversified foraminiferal communities able to occupy
different ecological niches and microhabitats (i.e., epifaunal and/or infaunal). In particular, the
phytodetritus indicator Nonionellina labradorica and the AW indicator Adercotryma
glomeratum were the representative species in the medial and distal biozone, respectively. The
comparison between the two size fractions highlighted the presence of different foraminiferal
assemblages in terms of species composition but similar foraminiferal patterns along the
transect. The supplementary ecological information obtained from the small size assemblage
was imprecise due the lack of knowledge regarding the ecological preferences for these species
in modern environments. Ultimately, the variation of several environmental parameters in
relation to the distance from the glacier terminus, parallelly to the appearance of different
foraminiferal assemblages, suggests the potential investigation of diversity patterns in relation

to the distance from the front as potential proxy for glacier retreat.
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Figure 8. Conceptual model showing the environmental gradients created by tidewater glacier
dynamics and, repartition of benthic foraminiferal communities and their microhabitat
preferences.
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Supplement Chapter 3

Table S1. Grain size characteristics of the uppermost sediment layer (0-0.5 cm) and of an
intermediate layer (2-3 cm) to highlight the main differences among stations and sediment
levels.

. Sediment Sediment  Mean D1o Dso Do Sand Silt Clay
Stations Area Mode (um
! layer (cm) type (um) (pm) (um)  (um)  (um) (%) (%) (%)
s Proximal 0-0.5 Medium 8.8 72 1.4 8.9 49.8 59 78.7 15.4
Troxima .
2-3 Silt 105 377 93 15 11.2 57.6 8.3 78.2 13.5
s7 Proximal 0-0.5 Medium 6.6 8.2 13 7.0 30.8 1.6 80.7 17.7
roximai .
2-3 Silt 6.9 93 13 7.4 315 22 81.0 16.8
0-0.5 Medium 6.5 8.2 12 7.0 28.9 1.1 81.3 17.6
St1 Medial X
2-3 Silt 8.4 93 1.6 8.8 40.8 5.0 81.8 13.2
0-0.5 Medium 6.6 8.2 13 7.1 29.1 1.4 81.8 16.8
St3 Medial X
2-3 Silt 11.0 17.5 2.0 11.7 50.5 6.4 83.7 9.9
0-0.5 Medium 6.3 8.2 13 6.8 27.1 1.1 81.6 17.3
St4 Medial X
2-3 Silt 13.2 22.6 2.1 14.0 66.3 112 79.9 8.9
0-0.5 Medium 6.5 8.2 13 7.0 28.3 1.7 81.3 17.0
Sts Medial X
2-3 Silt 7.1 8.2 15 8.0 35.9 3.6 82.3 14.1
st Distal 0-0.5 Medium 8.3 93 15 8.4 48.9 7.4 78.4 14.3
1stal .
2-3 Silt 163 105 629 25 16.3 95.4 19.2 73.4 74
St Distal 0-0.5 Medium 7.7 8.2 1.7 8.0 317 26 85.0 12.5
1Stal .
2-3 Silt 78 8.2 1.7 8.0 33.2 33 84.3 12.3
st Distal 0-0.5 Medium 8.4 8.2 1.7 8.5 40.5 52 83.1 11.8
1stal .
2.3 Silt 10.2 8.2 2.0 99 54.4 8.1 82.0 938




Chapter 3

Table S2. Ratios L/(L+D) based on the living faunas from the 0-5 cm layer (>150 um) and the
dead faunas from the 4-5 cm layer (>150 um). Ratios calculated for St2 and St7 should be
evaluated carefully (only 13 and 35 specimens were picked for St2 and St7 respectively).

Stations St2 St7 sl St3 St4 St5 St8 St6 St9
Adercotryma glomeratum NA NA NA NA ( 0.64 0.59
Astrononion galloway NA NA NA 0.63 NA NA
Capsammina bowmanni NA NA NA NA NA
Cassidulina reniforme 0.33 0.54 NA i NA ‘ 0.12 NA
Cassidulina sp. morphotype 2 NA NA NA NA NA NA NA
Cibicidoides lobatulus NA NA NA NA 0.38 NA 0.71
Elphidium bartletti NA NA NA Na B NA NA
Elphidium clavatum 0.0 0.07 . ) NA NA &
Globobulfimina auriculata NA NA NA NA NA NA NA NA
Labrospira crassimargo NA NA NA 0.52 0.30 | 0.10 NA 0.41
Nonionellina labradorica - NA 0.47 0.41 0.69 0.73 0.55 0.57
Pyrgo williamsoni NA NA NA 0.21 NA NA NA NA NA
Quingqueloculina arctica - NA NA NA NA NA NA NA NA
Quinqueloculina seminula NA NA NA NA NA - NA NA NA
Quinqueloculina stalkeri | 012  NA 0.32 - NA NA 0.24 NA
Recurvoides turbinatus NA NA NA NA NA NA _ NA NA
Reophax fusiformis NA NA 0.63 0.14 0.47 0.39 0.22 NA NA
Saccammina cf. sphaerica - NA NA NA NA NA NA NA NA
Siphonaperta agglutinata NA NA NA NA NA - NA NA NA
Spiroplectammina biformis NA NA NA NA NA NA NA NA
Textularia earlandi NA NA - NA NA NA NA NA NA

B o

Turbidity |

(FTU)
80
80
40

20

Figure S1. Interpolation map of the mean surface water turbidity (0-20 m water layer) obtained
from the CTD casts.
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Figure S2. Distributon and correlation between environmental variables measured at each
sampling station. Front = distance from the glacier front (km), Depth = sampling water depth
(m), TC = Total Carbon (%), TIC = Total Inorganic Carbon (%), TOC = Total Organic Carbon
(%), Sand (%), Silt (%), Clay (%), Turbidity = extrapolated mean turbidity in the 0-20 m water
column. Significance of p-values is dysplayed as follow: . p<0.1; * p<0.05, p< 0.01, ***
p<0.001.
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Figure S3. Heatmap showing foraminiferal relative abundances of the major species
considering the total living faunas in the 0-1 cm sediment layer for the (a) 63-150 um and (b)

>150 pm size fractions.
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Figure S4. Scanning electron micrographs (SEM) of the most relevant agglutinated benthic
species from Kongsfjorden (scale bars = 100 um). 1a,1b. Adercotryma glomeratum (Brady,
1878). 2. Ammotium cassis (Parker, 1870). 3. Capsammina bowmanni (Heron-Allen & Earland,
1912). 4. Cuneata arctica (Brady, 1881). 5. Eggerella advena (Cushman, 1922). 6a, 6b, 6c.
Labrospira crassimargo (Norman, 1892). 7. Lagenammina difflugiformis (Brady, 1879). 8.
Leptohalysis scottii (Chaster, 1892). 9a, 9b. Recurvoides turbinatus (Brady, 1881). 10a, 10b,
10c. Reophax fusiformis (Williamson, 1858). 11. Reophax catella Hoglund, 1947. 12a, 12b.
Reophax scorpiurus Montfort, 1808. 13. Saccammina cf. sphaerica Brady, 1871. 14a, 14b.
Siphonaperta agglutinata (Cushman, 1917). 15. Spiroplectammina biformis (Parker & Jones,
1865). 16a, 16b. Textularia earlandi Parker, 1952. 17. Textularia torquata Parker, 1952.
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Figure S5. Scanning electron micrographs (SEM) of the most relevant calcareous benthic
species from Kongsfjorden (scale bars = 100 pm). 1a,1b. Astrononion gallowayi Loeblich &
Tappan, 1953. 2. Astrononion sp. Cushman & Edwards, 1937. 3. Bolivina pseudopunctata
Hoglund, 1947. 4. Cassidulina reniforme Ngrvang, 1945. 5a, 5b. Cibicidoides lobatulus
(Walker & Jacob, 1798). 6. Cribroelphidium subarcticum (Cushman, 1944). 7. Elphidium
clavatum Cushman, 1930. 8. Elphidium bartletti Cushman, 1933. 9. Globobulimina
auriculata (Bailey, 1894). 10a, 10b. Melonis pompilioides (Fichtel & Moll, 1798). 11a, 11b.
Nonionellina labradorica (Dawson, 1860). 12. Pyrgo williamsoni (Silvestri, 1923). 13.
Quinqueloculina arctica Cushman, 1933. 14. Quinqueloculina seminula (Linnaeus, 1758). 15.
Quinqueloculina stalkeri Loeblich & Tappan, 1953. 16a, 16b. Pullenia cf. osloensis Feyling-
Hanssen, 1954. 17. Robertina arctica d'Orbigny, 1846. 18. Stainforthia feylingi Knudsen &
Seidenkrantz, 1994. 19. Stainforthia loeblichi (Feyling-Hanssen, 1954).
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Figure S6. Stereomicroscope pictures and scanning electron micrographs (SEM) of side (a)
and peripheral (b) views of Cassidulina and Islandiella species identified in this study (scale
bars = 100 um). 1a, 1b. Cassidulina sp. morphotype 1. 2a, 2b, 3a, 3b. Cassidulina sp.
morphotype 2. 4a, 4b. Cassidulina teretis. S5a, Sb. Islandiella helenae. 6a, 6b. Islandiella
norcrossi.
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Abstract

Benthic foraminifera, worldwide distributed single-celled protists, are widely used in
biomonitoring and paleoenvironmental studies due to their prompt responses to environmental
changes. However, to date, research has only relied on taxonomic diversity patterns, thus
lacking a direct link to ecosystem functioning. Functional trait analysis provides a better
understanding of biodiversity responses to environmental perturbations and their influence on
ecosystem functions and services. Tidewater-glacier fjord systems are extremely sensitive to
climate change and subjected to strong seasonal gradients (e.g., temperature, salinity, turbidity,
organic inputs). As such, they are ideal for investigating diversity patterns along steep
environmental gradients and developing proxies for biodiversity responses to glacier retreat.
Here, we investigate benthic foraminiferal taxonomic and functional diversity along a gradient
of decreased environmental stress from the Kronebreen tidewater glacier front in Kongsfjorden
(Svalbard). We assessed foraminiferal biodiversity using four size assemblages (i.e., >63, >100,
>125, and >150 um) to test a potential size bias on diversity patterns. In all size assemblages,
we observed a general increase in both taxonomic and functional diversity with increasing
distance from the glacier front. Only the regularity component was not captured by the largest
fraction (i.e., >150 pum). We hypothesise that reduced glacier-induced disturbance far from the
front increases the availability of ecological niches, which in turn allow the establishment of
species occupying different regions of the functional space. Few stress-tolerant and/or
opportunistic species are able to exploit the “hostile” environment near the front (e.g.,
freshwater and sediment inputs, reduced organic fluxes), whereas the progressive development
of more equilibrated and diverse communities far from the front, indicate improved
environmental conditions (e.g., reduced physical disturbance, increased primary productivity).
The progressive diversity loss observed towards the tidewater glacier front may be a potential

ecological proxy for glacier retreat in historical reconstructions.

Keywords: benthic foraminifera, biodiversity response, functional traits, size fraction, fjord,

Arctic
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1. Introduction

Benthic foraminifera are protists widely distributed in all marine environments, from coastal
areas to abyssal plains. Besides their ubiquity and high density in marine sediments, short life
cycles and specific ecological requirements allow foraminifera to respond rapidly to
environmental changes. Therefore, foraminiferal abundances, species composition, and
taxonomic diversity are widely used to evaluate present environmental conditions (e.g., Hallock
et al., 2003; Koukousioura et al., 2011; Bouchet et al., 2012, 2018; Hallock, 2012; Schonfeld
et al., 2012; Dimiza et al., 2016; Jorissen et al., 2018) and trace past changes (e.g., Murray,
1991, 2006; Schmiedl, 2019). However, taxonomic metrics provide only an incomplete picture
of biodiversity patterns (Villéger et al., 2010).

Species’ roles in the ecosystem are defined by specific functional traits determining species’
response to environmental conditions (Villéger et al., 2010). A functional trait includes any
physiological, morphological and phenological characteristics that influence the ecological
performance of an individual, or, in other words, indirectly influence the fitness by affecting
growth, reproduction and survival (McGill et al., 2006; Violle et al., 2007; Dawson et al., 2021).
Therefore, the investigation of trait-based diversity can help better constrain the description of
environmental perturbations (Mouillot et al., 2013). The importance of functional diversity
(FD; 1.e., the diversity of traits between organisms; Carmona et al., 2016) in understanding
community responses to environmental changes has been demonstrated for several taxonomic
groups (e.g., Thuiller et al., 2006; Buisson et al., 2013; Brown et al., 2018; Marcisz et al., 2020).
However, the application of trait-based approaches to foraminiferal communities remains
underdeveloped (e.g., Cleary and Renema, 2007; Manasa et al., 2016; Saraswat et al., 2018)
due to limited knowledge on the relationship between organismal traits and ecological
functions. Nevertheless, morphological traits integrate both functional and evolutionary
information (Wainwright and Reilly, 1994).

Areas with natural environmental gradients are ideal to investigate species responses to
environmental changes. Fjords, as semi-enclosed marine basins characteristic of high latitude
coasts, are typical examples of environments subjected to strong physical and biogeochemical
gradients on relatively small (i.e., decametric to kilometric) spatial scale (Howe et al., 2010;
Bianchi et al., 2020). This is particularly the case for glaciated fjords, where marine-terminating
glaciers discharge high amounts of meltwater and associated sediment load at the continent-sea
interface (e.g., Svendsen et al., 2002; Meslard et al., 2018). Consequently, near tidewater glacier

fronts, fresh organic inputs to the seafloor are low due to high water turbidity hampering
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primary production (e.g., Lalande et al., 2016; Meslard et al., 2018; Hop and Wiencke, 2019;
Hopwood et al., 2020). This generates seasonal chronicle physico-chemical disturbances (e.g.,
high sedimentation rates, low salinity waters) affecting benthic compartments (e.g., Wtodarska-
Kowalczuk et al., 2005, 2013; Cauvy-Fraunié and Dangles, 2019). Among benthic organisms,
foraminifera are particularly sensitive to these perturbations. For instance, Fossile et al.
(Chapter 3) observed the succession of assemblages along a gradient created by tidewater
glacier dynamics which weakens with increasing distance from the front, and further suggested
to investigate diversity patterns as potential proxy for glacier retreat.

The development of robust ecological proxy applicable on fossil assemblages requires a deep
knowledge of present foraminiferal ecology and bias determined by different methodological
approaches. Particularly, a common divergence in foraminiferal studies is the size fraction
investigated. While some studies focus on the >150 pm fraction (see Schonfeld, 2012 and
references therein), the FOraminiferal Blo-Monitoring (FOBIMO) protocol (Schonfeld et al.,
2012) suggests the analysis of the >125 um fraction for biomonitoring studies, and to eventually
consider the 63-125 um fraction for specific cases. However, traditionally, the >125 um fraction
is rarely used in paleoenvironmental studies determining a mismatch between living- and fossil-
based studies (Lo Giudice Cappelli and Austin, 2019). For instance, in the Arctic Region, living
assemblages are often reported for the >100 um (e.g., Hald and Korsun, 1997; Ivanova et al.,
2008; Husum et al., 2015; Kujawa et al., 2021), >106 um (e.g., Jennings et al., 2004; Saher et
al., 2009, 2012; Jernas et al., 2018), or >125 um (e.g., Korsun and Hald, 1998; Rytter et al.,
2002; Forwick et al., 2010) fraction, with a few studies also analysing the fraction 63-150 pm
(e.g., Fossile et al., 2020, Chapter 3; Caridi et al., 2021), and the same inconsistency is observed
in paleoenvironmental studies (e.g., >100 um: Skirbekk et al., 2010; Rasmussen and Thomsen,
2014; Chauhan et al., 2016; Pawlowska et al., 2016; El bani Altuna et al., 2020; >106 pm:
Jernas et al., 2013; >125 um: Rasmussen et al., 2012; >150 um: Bartels et al., 2018). However,
the use of different fractions skews the analysis of foraminiferal abundances, taxonomic and
morphological compositions (e.g., elongated taxa or small opportunists are not retained by
larger meshes), as well as resultant taxonomic and functional diversity calculations, with
potential implications on ecological interpretations. Therefore, the development of a reliable
proxy requires to investigate the bias caused by the chosen size fraction.

The present study focuses on a 10 km longitudinal transect in the Artic fjord Kongsfjorden
(Svalbard), starting close to the Kronebreen glacier terminus at the fjord head. In Fossile et al.
(Chapter 3) we explored benthic foraminiferal assemblages from the surface sediment along

the transect and their distribution in relation to environmental gradients forced at the inner end-
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member by tidewater glacier dynamics. Here, we investigate how the abundance, size structure,
community composition, taxonomic and functional diversity of living benthic foraminifera vary
in relation to the distance from the glacier front. We further test whether analysing foraminiferal
communities at different resolutions (i.e., different size fractions: >63, >100, >125, and >150
um) alters the patterns observed at the highest resolution (>63 um) and, therefore, the ecological
interpretations. Thus, we identify the size fraction which represents the best trade-off between
methodological effort and accuracy of results. Lastly, we propose the most suitable ecological

metrics as promising proxy for glacier retreat.
2. Study area

Kongsfjorden is a glaciomarine fjord (20 km long and 4-10 km wide) located on the north
western coast of Spitsbergen (79°N, 12° E) in the Svalbard archipelago (Fig. 1). The fjord is
subjected to strong seasonality, and it is influenced by two major oceanographic drivers: the
Atlantic Water (AW) intrusion from the shelf, and tidewater-glacier associated Arctic water
masses in the innermost part (e.g., Svendsen et al., 2002; Hop and Wiencke, 2019). The
geographical location of the fjord and the absence of a well-defined sill (Howe et al., 2003)
allow oceanic intrusion of AW from the Fram strait (Svendsen et al., 2002). Indeed, the West
Spitsbergen Current (WSC, a branch of the North Atlantic Current) flows on the western margin
of the archipelago transporting the AW, which is the main heat source for the Arctic Ocean
(e.g., Schauer et al., 2004).

Five tidewater (marine-terminating) glaciers (Blomstrandbreen, Conwaybreen, Kongsbreen,
Kronebreen and Kongsvegen; Fig. 1) calve into the fjord. Tidewater glaciers are major sources
of sedimentation and freshwater through meltwater discharges during summer, while a minor
contribution comes from continental glaciers (land-terminating) covering the mountain range
running along the southern coast of the fjord (Svendsen et al., 2002). In particular, the
Kronebreen, a fast-flowing glacier with one of the highest flux rates in the Svalbard (winter
speed of 1.5-2 m d! and 3-4 m d’! peaks in summer; Luckman et al., 2015), discharges high
amounts of meltwater and associated sediment into the fjord during the melting season
(Svendsen et al., 2002). This forms a plume of fresh and turbid meltwaters spreading in the
inner part of the fjord (Meslard et al., 2018). The meltwater turbid plume hampers primary
production through light limitation, thus affecting carbon fluxes to the seafloor, and increases
inorganic particle deposition at the glacier front (e.g., Lalande et al., 2016; Bischof et al., 2019;
Halbach et al., 2019; Payne and Roesler, 2019). During the melting season, sediment and
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freshwater discharges, combined with the warm and salty AW inflow, establish environmental

gradients along the main fjord axis with great influences on the benthic environment (Hop and

'V : f

Wiencke, 2019).
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Figure 1. Kongsfjorden map showing the nine stations sampled in August 2018 along a SW-
NE transect (black dots) and the five tidewater glaciers flowing in the fjord (light grey);
continental (land-terminating) glaciers are represented in dotted grey. On the bottom left of the
panel, a map of Svalbard archipelago showing West Spitsbergen Current (WSC) transporting
Atlantic Water (AW). The map was produced with the R package PlotSvalbard (Vihtakari,
2020).

3. Material and methods

3.1 Sediment sampling and processing

Nine interface sediment cores (9 cm inner diameter) were sampled along a longitudinal (SE-
NW) transect of about 10 km length in Kongsfjorden, starting at about 2 km from the terminus
of the Kronebreen glacier (Fig. 1, Table 1) during the KING18 mission (August 2018, R/V:
Aztec Lady and Teinsten) as reported in Fossile et al., (Chapter 3). For each station we
calculated the linear distance from the glacier front (for detailed methodology see Fossile et al.,

Chapter 3).
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Station Sag‘;‘;“g Latitude (N) Longitude (E) 3:;‘:111’1(‘;% g‘:g‘;ﬁl‘i g((::;
st2 21/08/2018 78°53.053' 12°30.780" 49 1.92
St7 22/08/2018 78°54.239 1226.142' 68 453
st1 21/08/2018 78°53.847" 12°19.520" 52 6.22
St3 21/08/2018 78°53.705' 12°15.006' 38 7.68
Std 22/08/2018 78°53.905' 12°13.657 355 8.25
Sts 22/08/2018 78°54 382 12°14.511° 757 8.25
St8 22/08/2018 78°54.966' 12°06.917" 114 1118
St6 20/08/2018 78°56.241" 12°09.806' 148 1143
St9 22/08/2018 78°55.447 12°04.086' 156 12.47

Table 1. Sampling date, coordinates, and sampling water depth of the nine sampling stations.
Stations are displayed based on the distance from the glacier front.

As detailed in Fossile et al. (Chapter 3), immediately after recovery, the interface cores were
sliced horizontally to collect the uppermost five centimetres of sediment (0-0.5, 0.5-1, 1-1.5,
1.5-2,2-3, 3-4, and 4-5 cm), then stored in bottles with 95% ethanol with 2 g.L.”! of Rose Bengal
stain. In the laboratory, the uppermost two sediment layers (i.e., 0-0.5, 0.5-1 cm) were sieved
through 63, 100, 125 and 150 um meshes and the residues were stored in 95% ethanol.

Living (Rose Bengal stained) foraminifera were picked from all four different size fractions
(63-100, 100-125, 125-150, and >150 um) and identified to the highest taxonomic level. All
living specimens from the >150 pm fraction were hand-picked in water. Samples with high
foraminiferal abundances from the remaining fractions were dried at 50°C, split with an Otto
Microsplitter, and hand-sorted to reach a minimum of 300 individuals from a whole subsample,

then standardised to the entire sample.
3.2 Foraminiferal analyses

3.2.1 Foraminiferal abundance and size structure

We combined foraminiferal counts of the first two sediment layers (0-0.5, 0.5-1 cm), and
calculated the total abundance for four cumulative size fractions (i.e., >63 um = the sum of the
four size fractions; >100 pm = 100-125 pm + 125-150 pm + >150 pm; >125 pm = 125-150 pm
+ >150 um; >150 um alone). Abundances were then standardised to 50 cm’. Furthermore, to
investigate the size structure of the communities, the relative contribution of each individual
size fraction (i.e., 63-100, 100-125, 125-150, and >150 um) to the total community (i.e., >63

um) was calculated for each station.
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3.2.2 Community composition

To examine how species compositions vary among stations and size fractions, a species-by-
sample matrix was created indicating the abundance of each species in each of the 36 analysed
samples (i.e., nine stations per four cumulative size fractions). The matrix was used to perform
a non-metric multidimensional scaling (nMDS) ordination (stress = 0.085) with Bray-Curtis
dissimilarity of the square root transformed data. Convex hull polygons for the four cumulative
size fractions were constructed and overlayed to the ordination plot. nMDS ordination was

carried out with the function metaMDS() in the R package vegan (Oksanen et al., 2019).
4. Results

4.1 Foraminiferal abundance and size structure

Total living foraminiferal abundances (i.e., >63 pm) spanned between about 1,400 ind. 50 cm’
3 and 6,300 ind. 50 cm™. No significant relationship was detected between total abundance and
distance from the glacier front for any of the four cumulative size fractions (i.e., >63, >100,
>125, and >150 um) (Fig. 2a). However, the size structure of foraminiferal communities varied
across the gradient (Fig. 2b). Specifically, the relative contribution of the finest fraction (63-
100 um) increased from about 20 to 60 % with increasing distance from the glacier front (p =
0.001) to the detriment of the contribution of the 125-150 um fraction that decreased rapidly
from about 50 to 10 % (p < 0.001). Conversely, the proportions of the 100-125 and >150 pm
fractions did not vary significantly (p = 0.53, p = 0.29, respectively) (Fig. 2b).
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Figure 2. (a) Relationship between foraminiferal abundances (ind. 50 cm™) and distance from
the glacier front for four cumulative size fractions (i.e., >63, >100, >125, and >150 um); p-
values refer to linear regression models. (b) Relationships between the relative abundance of
four individual size fractions (63-100, 100-125, 125-150, and >150 pm) and distance from the
glacier front.

4.2 Community composition

Dissimilarities among foraminiferal communities at different fraction resolution were
investigated with a nMDS analysis (Fig. 3). The first dimension of the nMDS (NMDS1)
separates the three stations closer to the glacier front (i.e., St2, St7, and St1) from all other
stations, whereas the second dimension separates the cumulative size fractions of each station
(Fig. 3a). Furthermore, the minimum convex hulls plotted per cumulative size fraction show
decreased dissimilarity with increased fraction resolution (i.e., the area of the polygon
decreases) (Fig. 3a). Foraminiferal composition was strongly related to the distance from the
glacier front, as indicated by the significant linear relationship with the NMDS1, which was

consistent among all cumulative size fractions (Fig. 3b).
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Figure 3. (a) nMDS ordination plot (stress = 0.085) based on 36 samples (i.e., 9 stations x 4
cumulative size fractions). Coloured polygons show the minimum convex hull plotted per
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cumulative size fraction. (b) Relationship between the first dimension of the nMDS (i.e.,
NMDS1) and distance from the glacier front for each of the four cumulative size fractions (>63,
>100, >125, and >150 pum). Dots depict the raw data, dark lines represent the average model
estimate, and ribbons around the estimate represent +2SE for the GAMs.

4.3 Correlations between diversity metrics calculated at different resolution

The correlation between diversity metrics calculated at the highest (>63 um) and at lower
(>100, >125, and >150 pum) resolution showed a progressive decreasing trend (Fig. 4). All
cumulative fractions yielded values of S and Fric significantly highly correlated with those
calculated with the >63 um fraction (r = 0.984-0.999 and r = 0.987-0.997 for S and Fkric,
respectively). A similar result was observed for H’, although values obtained with the largest
fraction (>150 um) were slightly less correlated (r = 0.815). Conversely, while comparable
results were obtained using foraminiferal communities at the highest (>63 um) and intermediate
resolution (i.e., >100, >125 um) for J, Feve, and Rao, the largest fraction (>150 um) largely
failed to obtain values of these metrics correlated with those at the highest resolution (r < 0.57

and non-significantly different from 0).
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Figure 4. Pairwise Pearson’s correlations among taxonomic and functional metrics calculated
based on the four cumulative size fractions (>63, >100, >125, and >150 pum). Significance of
p-values is displayed as follow: * p <0.05, ** p <0.01, *** p <0.001.
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4.4 Relationship between diversity metrics and distance from tidewater glacier front

Foraminiferal taxonomic and functional diversity increased with increasing distance from the
glacier front (Fig. 5). At the highest resolution (i.e., >63 um), a threefold linear increase along
the transect was observed for J and Rao but less pronounced for Feve. On the contrary, non-
linear relationships better described the patterns for S, Fric, and H’ (Fig. 5, Table S3). The latter
three metrics showed a steep increase between 3 and 7 km from the front and reached a plateau
at approximately 8 km. For all diversity metrics similar patterns were detected by the >100 pum,
and >125 pm fractions. Conversely, the >150 um fraction compared to the highest resolution
showed similar patterns for S and Fric and slight differences for H* and Rao, but completely
failed to detect patterns in J and Feve (p > 0.05). Relative functional redundancy was generally
low (<0.1) and did not show a clear pattern along the transect with the highest value at the

intermediate station Stl1. However, results were consistent among size fractions (Fig. S1).
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Figure 5. Relationships between taxonomic and functional diversity metrics and distance from
the glacier front for each of the four cumulative size fractions (from left to right: >63, >100,
>125, and >150 pm). Dots depict the raw data, while dark lines represent the average model
estimate. The ribbons around the estimate represent £2SE for GAMs, or the 2.5 and 97.5
percentiles for GLMs. In each panel the adjusted or pseudo R?> (for GAMs and GLMs,
respectively) and the p-value are displayed.

3.2.3 Diversity metrics

Several taxonomic and functional diversity metrics were calculated for each cumulative size

fraction (i.e., >63, >100, >125, and >150 um). Taxonomic diversity was estimated using three
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metrics: 1) taxonomic richness (S; i.e., number of species); 2) Shannon Index (H’) calculated

as

s
H'=—Zpilnpi (1)
i=1

where p; is the proportion of each species i in the community; and 3) taxonomic evenness
(Pielou’s evenness, J) calculated as
HI

= s (11)

J

To estimate foraminiferal functional diversity (FD), the functional strategy of each species
was characterised using six categorical and binary traits: test material (calcareous or
agglutinated), test shape (rounded, ovoid, elongated or irregular), symmetry/asymmetry of the
test, presence/absence of pores, tooth (none, single tooth, teeth-like tubercles), and number of
chambers (monothalamous, polythalamous). The relationship between morphological traits and
ecological functions is detailed in Table S1, while the assignment of the functional traits for
each species can be found in Table S2.

The Gower distance (Gower, 1971) was used to build a multi-trait dissimilarity matrix based
on the six functional traits. In order to obtain a dissimilarity matrix with uniform contributions
of all the traits, the R package gawdis was used (de Bello et al., 2020). Then, a Principal
Coordinate Analysis (PCoA) was performed on the dissimilarity matrix to identify the main
axes of functional trait variation. The first three axis of the PCoA (representing 79% of the total
variance) were retained; this reduced space is hereinafter referred to as functional space.

Functional richness (Fric; i.e., the amount of the functional space occupied by the species in
a community), functional evenness (Feve; i.e., the regularity in the distribution of species
abundances in the functional space of a community), and Rao’s quadratic entropy (Rao; i.e.,
the dissimilarity between two randomly chosen individuals from a community; Botta-Dukat,
2005) were computed using the R package TPD (Carmona et al., 2019a, 2019b). The
distribution probability of each species in the functional space was estimated using the
TPDsMean() function calculating a multivariate normal distribution centred in the species
coordinates and bandwidth chosen using Hpi.diag() function in the R package ks (Duong, 2007;
Duong, 2020). The probability density of each species was calculated separately for each of
125,000 equal-sized cells in which the three-dimensional functional space was divided (i.e., a
grid 50x50x50). The combination of the individual distribution probabilities of each species in

a community together with their abundances result in the trait probability density function of
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that community in the functional space (Carmona et al., 2016, 2019a). The REND() function
was then used to compute the Fric and Feve of each community (Carmona et al. 2019a, 2019b),
while the dissimilarity-based index Rao was calculated using overlap-based functional
dissimilarity between all pairs of species in a community with the help of the dissim() and Rao()
functions (Carmona et al., 2016, 2019a). Moreover, to evaluate vulnerability to species loss the
functional redundancy of each community (i.e., the average number of species that could be
removed from a community without reducing its functional volume) was calculated using the
redundancy() function. Functional redundancy was then expressed in relative terms by dividing
it by the maximum possible value (i.e., number of species minus one), which represents the
proportion of the community that could be removed without reducing its functional volume

(Carmona et al., 2016, 2019a; Galland et al., 2020).
3.3 Statistical analyses

The relationships between all foraminiferal descriptors (i.e., abundances, size structure, species
composition, taxonomic and functional diversity) and the distance from the glacier front were
investigated. For each cumulative abundance (i.e., >63, >100, >125, and >150 pum), a linear
model (LM) and a generalised additive model (GAM) with Gaussian error distribution were
fitted to investigate linear and non-linear responses to distance from the glacier front. Models
were then compared using Akaike’s Information Criterion corrected for small sample size
(AIC.) with the R package MuMIn (Barton, 2020), where the best fit had the lowest AIC. score.
When LM and GAM were equally supported (i.e., AAIC: < 2; Burnham and Anderson, 2004)
model selection was performed by visual inspection of goodness of fit plots. To investigate how
foraminiferal size structure changes in relation to the distance from the glacier front, a GAM
with Beta error distribution was performed using the relative proportion of each individual size
fraction as response variable. Both the intercept and smooth terms were allowed to vary among
fractions.

Then, the relationship between the first dimension of the nMDS and the distance from the
glacier front was analysed to assess the variation in species composition along the gradient. As
for species abundances, a LM and GAM with Gaussian error distribution were fitted for each
cumulative size fraction and the best models were selected based on AIC. scores and visual
inspection of goodness of fit plots.

To investigate whether measuring biodiversity using communities at different resolutions

yield similar results, we analysed the Pearson’s correlation between the values of each diversity
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metric (taxonomic and functional) calculated with different cumulative size fractions. Then, the
relationships between each diversity metric calculated for the four cumulative size fractions and
the distance from the glacier front were investigated. For each metric, a generalised linear model
(GLM) and a GAM were fitted and compared using AIC.. We modelled S using a Poisson error
distribution with log link function, while we used a Beta distribution with logit link function
for J, Feve, and Rao, and a Gamma distribution with log link function for H* and Fric.

All LMs and GLMs were fitted using the R packages stats (R Core Team, 2020) and betareg
(Cribari-Neto and Zeileis, 2010), whereas GAMs were fitted with the R package mgcv (Wood,
2017) using cubic regression splines with the minimum basis dimension (i.e., k = 3) to avoid
overfitting. All analyses were performed with the software R (version 4.0.0; R core team, 2020),
relying heavily on the packages within the tidyverse ecosystem (Wickam et al., 2019) for data

wrangling and plotting.

5. Discussion

5.1 Foraminiferal responses to glacier induced disturbance

The disturbance created by tidewater glaciers in fjords generally affects the abundance and
diversity of multiple taxonomic groups, such as annelids, echinoderms, cnidarians, arthropods
and foraminifers (Cauvy-Fraunié and Dangles, 2019). In the present study, the absence of trend
in the overall foraminiferal abundances in surface sediments from the inner Kongsfjorden
(Svalbard) would suggest that the standing stocks are not influenced by the glacier-induced
disturbance (GID; Wlodarska-Kowalczuk et al., 2005). However, the decreasing intensity of
the GID with distance from the Kronebreen front resulted in clear patterns in size structure,
species composition, taxonomic and functional diversity of benthic foraminiferal faunas.
Indeed, as distance from the glacier front increased, the foraminiferal smallest size fraction (i.e.,
63-100 um) dominated, and community compositions changed. In parallel, taxonomic and
functional richness, and Shannon index increased rapidly within a few kilometres from the front
and remained stable from about 8 km distance. Conversely, taxonomic and functional evenness,
and Rao increased more linearly. This suggests that the progressively reduced disturbance along
the gradient favoured the establishment of more diverse and equilibrated communities. This is
coherent with the observation of a succession of different foraminiferal communities, with few
stress-tolerant and/or opportunistic species restricted to the sediment surface in the glacier
proximal area, and more diversified assemblages with complex microhabitats further away (Fig.

S2; Fossile et al., Chapter 3). Similar patterns in taxonomic diversity, with values decreasing
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towards glacier fronts, were observed for benthic foraminiferal assemblages in other Arctic
fjords (e.g., Korsun et al., 1995; Korsun and Hald, 2000; Wtodarska-Kowalczuk et al., 2013).
Furthermore, other benthic organisms, such as macrofauna, displayed similar diversity trends
which were attributed to the GID (e.g., Wtodarska-Kowalczuk and Pearson, 2004; Wtodarska-
Kowalczuk et al., 2005, 2013, 2016; Kedra et al., 2010; Nandan et al., 2016).

The threefold increase in the occupied functional space volume along the environmental
gradient suggests that the total niche space available to the community increased as GID
decreases. This allowed the establishment of functionally diverse species which occupy
different regions of the functional space. However, taxonomic and functional richness were
strongly positively correlated (r = 0.96), indicating that the number of functional entities (i.e.,
unique combinations of traits) increased linearly with the number of species. This means that a
few redundant species were present (Micheli and Halpern, 2005). Indeed, relative functional
redundancy was generally low along the gradient (<0.1; Fig. S1), suggesting that each cell of
the functional space grid is occupied by a single or few species (Carmona et al. 2016).
Therefore, despite an increase in ecological functions performed by benthic foraminifera away
from the glacier front, these functions are weakly represented and thus likely vulnerable to
species loss.

The low taxonomic evenness in proximity of the Kronebreen front reiterates the fact that a
few stress-tolerant and/or opportunistic species dominate in this highly disturbed domain,
characterised by high sedimentation rate and low primary productivity (e.g., Meslard et al.,
2018; Hopwood et al., 2020). Moreover, the low functional evenness suggests that these
dominant species occupy a restricted area of the functional space (mainly characterised by
agglutinated, monothalamous, rounded, asymmetrical foraminifera without teeth and pores;
Fig. S3), while the majority of the niche space is occupied by rare species (Mason et al., 2005).
Although rare species increase the niche space of the communities in proximity of the front,
potentially increasing the functions supported by benthic foraminifera, they are unlikely to
support such functions due to their very low abundances. On the contrary, the higher taxonomic
and functional evenness at increased distance from the front, suggests that the communities in
this area are not only more diverse but also more homogeneous, both in terms of species
abundance and their distribution in the functional space. Indeed, the strong increase in Rao with
decreasing GID highlights a higher average trait dissimilarity between individuals (de Bello et
al., 2016) and, therefore, an increased probability to encounter individuals occupying different

part of the functional space.
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5.2 Effect of sampling resolution on biodiversity patterns

The spatial patterns in foraminiferal abundance and community composition observed at the
highest resolution (i.e., >63 um) were consistently detected regardless of the resolution at which
the analysis was carried out. Particularly, foraminiferal communities at lower resolutions
displayed increased dissimilarity while maintaining the relationships with the distance from the
glacier front (Fig. 3). On the contrary, patterns in biodiversity were not always identified when
the analysis was performed at the lowest resolution (i.e., >150 um). Specifically, taxonomic
and functional evenness, and Rao measured at the lowest resolution were not correlated with
those measured at the highest resolution. This resulted in a failure to capture the spatial patterns
in taxonomic and functional evenness and, partially, in Shannon index and Rao, which showed
more linear relationships than those observed at the highest resolution. Therefore, our results
show that analysing foraminifera at the >150 pm fraction may lead to distort patterns in some
metrics of taxonomic and functional diversity and misinterpretation of the ecological patterns.
Nevertheless, both the >100 and >125 pum fractions were able to capture the spatial variability
in all considered diversity metrics.

Other studies have compared foraminiferal communities and taxonomic diversity among
size fractions (e.g., Weinkauf and Milker, 2018; Lo Giudice Cappelli and Austin, 2019; Fossile
et al., 2020; Klootwijk and Alve, 2022). The general conclusion was that results and trends
were similar between small and large fractions, supporting the use of the large fraction (either
>125 or >150 um depending on the study) in comparable studies. In comparison, our detailed
analysis (i.e., based on four cumulative size fractions and including a range of taxonomic and
functional diversity metrics) allowed us to detect important size effects on biodiversity metrics
and conclusions drawn about environmental patterns. However, these effects were limited to
the lowest resolution analysed here. This suggests that, although an increased resolution can
give a more holistic view of biodiversity across time or space, the >125 um fraction can provide
correct ecological interpretations of foraminiferal composition and diversity along
environmental gradients while containing the required analytical effort. Thus, we suggest the
use of this size fraction to study benthic foraminiferal distribution in Arctic fjord environments.
This work adds to an increasing body of literature (Weinkauf and Milker, 2018; Lo Giudice
Cappelli and Austin, 2019; Klootwijk and Alve, 2022) to suggest the use of the >125 pm
fraction in both biomonitoring and paleoenvironmental studies, thus extending

recommendations of the FOBIMO group (Schonfeld et al., 2012).
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5.3 Foraminiferal biodiversity as potential proxy for glacier retreat

Our findings have important implications in reconstructing past tidewater glacier retreat and
thus improve related future predictions (e.g., Slater et al., 2019). In this regard, we show that
several taxonomic and functional diversity metrics are strongly related to the distance from the
glacier front. Therefore, they can potentially be used in reconstructing past tidewater glacier
front positions and, consequently, glacier retreat. As the investigated metrics provide
complementary information on benthic foraminiferal responses to glacier distance, it is
advisable to use multiple diversity metrics to reconstruct glacier retreat. Specifically, we
suggest focusing on both taxonomic and functional diversity and on both metrics which do or
do not account for species abundance. This is particularly important along historical archives
where taphonomic processes may alter the observed biodiversity patterns in living benthic
foraminifera.

While past environmental conditions are often inferred using indicator species (e.g., Jackson
et al., 2021; Tesi et al., 2021), the application of diversity metrics has the advantage of
considering the whole community, including minor species, and being independent of species
identity, which can vary in space and time. This also facilitates their use by less experienced
researchers as potential taxonomic misidentification would not affect the results. Nevertheless,
taxonomic composition can be investigated in parallel to the diversity analysis as it may provide
additional support to the interpretation of glacier retreat (e.g., glacier proximal indicator).

As both biodiversity and GID intensity vary seasonally and among fjords (e.g., Hopwood et
al., 2020), the use of biodiversity metrics as proxy for glacier retreat remains, at present, mainly
applicable in a qualitative way through the identification of trends. However, the observation
of periods of steep increase in biodiversity (mainly taxonomic and functional diversity, and
Shannon Index) followed by stable values, may allow a more semi-quantitative estimation of
glacier front position (i.e., about 5-7 km from the sampling site at the time in which the
inflection point is observed, and about 8-10 km at the time in which biodiversity stabilises).
Further investigation of foraminiferal biodiversity patterns in other fjords influenced by
tidewater glaciers is necessary to build more robust models with direct quantitative application.

Although the proposed ecological proxy is promising, the spatial range of our data is
relatively limited (i.e., 1.9-12.5 km). Therefore, future studies should aim to enlarge it and
increase the sampling resolution, particularly where the gradient is the steepest, to improve
models’ predictions. Nevertheless, we covered the area with the greatest variability in GID

(Fossile et al., Chapter 3). Furthermore, the biodiversity patterns presented here are
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representative of the summer season when the GID is at its peak. However, the communities
present throughout the year are recorded in historical archives, thus potentially altering the
patterns observed. A validation of the proposed ecological proxy and its robustness to

taphonomic processes is therefore required.

6. Conclusions

In this study we explored benthic foraminiferal biodiversity along a natural environmental
gradient created by tidewater glacier dynamics in Kongsfjorden. Benthic foraminiferal
biodiversity and the bias introduced by the selected size fraction were analysed to find the best
ecological proxy to reconstruct past tidewater glacier retreat. Clear biodiversity patterns were
established in response to glacier-induced disturbance (GID). Foraminiferal taxonomic and
functional diversity increased with increasing distance from the glacier front. Few stress-
tolerant and/or opportunistic species characterised by a specific combination of traits (i.e.,
agglutinated, monothalamous, rounded, asymmetrical foraminifera without teeth and pores)
were able to occupy the glacier proximal environment. Conversely, ameliorated conditions
allowed the development of more equilibrated and diversified foraminiferal communities away
from the front. These results were generally consistent among four different cumulative size
fractions investigated. However, some patterns were not, or only partially, captured by the
largest size fraction (i.e., >150 pm). Based on our findings the >125 um appears as the best
compromise between accuracy in ecological interpretation and analytical effort. Taxonomic
and functional diversity metrics are promising indicators of distance from tidewater glacier
front and, therefore, as ecological proxy to reconstruct glacier retreat along historical and
paleoenvironmental time scales. We thus suggest testing the effectiveness of the proposed
proxy on an historical record in front of a tidewater glacier front to validate our findings. Lastly,
our study paves the way to the use of functional diversity in parallel to classical taxonomic
metrics in foraminiferal studies. This would allow to obtain a comprehensive view of diversity

without neglecting the ecosystem functioning.



Chapter 4

Data availability. Raw data are from Fossile et al. (Chapter 3) and will be published in the
online repository PANGAEA upon acceptance of the manuscript. Values of foraminiferal
diversity metrics computed for four cumulative size fractions are reported in the Supplement

section (Table S4).
Supplement. Tables S1, S2, S3 and Figures S1, S2 and S3 can be find in the Supplement section.

Author contributions. EF, MG: conceptualisation, data curation, formal analysis, investigation,
methodology, validation, visualisation, writing-original draft, writing-review & editing. MM,
MPN and HH: funding acquisition, investigation, resources, supervision, validation, writing-

review & editing. AB: funding acquisition, resources.

Acknowledgements. This project benefits from the technical support of the AWIPEV French -

German Arctic Research Base at Ny-Alesund.

Financial support. The field campaign was organised into the frame of IPEV logistic project
C3 (Coasts under Climate Change3). The authors sincerely thank the crew and tourists of the
sailing boat Aztec Lady and Hugues De Lauzon for the precious technical support during
sampling. Sediment sampling and analyses were funded by BISMART project (University of
Angers). This research is part of the PhD thesis of Eleonora Fossile, which is co-funded by
French National Program MOPGA (Make Our Planet Great Again) and the University of
Angers.

Competing interests. The authors declare that they have no conflict of interest.

184



Chapter 4

References

Austin, H. A., Austin, W. E. N. and Paterson, D. M.: Extracellular cracking and content removal of the benthic
diatom Pleurosigma angulatum (Quekett) by the benthic foraminifera Haynesina germanica (Ehrenberg), Mar.
Micropaleontol., 57(3—4), 6873, https://doi.org/10.1016/j.marmicro.2005.07.002, 2005.

Bartels, M., Titschack, J., Fahl, K., Stein, R. and Hebbeln, D.: Wahlenbergfjord, eastern Svalbard: a glacier-
surrounded fjord reflecting regional hydrographic variability during the Holocene?, Boreas, 47(4), 1003—1021,
https://doi.org/10.1111/bor.12325, 2018.

Barton, K.: MuMIn: Multi-Model Inference. R package version 1.43.17, https://CRAN.R-
project.org/package=MuMIn, 2020

Bianchi, T. S., Arndt, S., Austin, W. E. N., Benn, D. 1., Bertrand, S., Cui, X., Faust, J. C., Koziorowska-Makuch,
K., Moy, C. M., Savage, C., Smeaton, C., Smith, R. W. and Syvitski, J.: Fjords as Aquatic Critical Zones
(ACZs), Earth-Science Rev., 203(February), 103145, https://doi.org/10.1016/j.earscirev.2020.103145, 2020.

Bischof K., Convey P., Duarte P., Gattuso J.-P., Granberg M., Hop H., Hoppe C., Jiménez C., Lisitsyn L., Martinez
B., Roleda M.Y., Thor P., Wiktor J.M., Gabrielsen G.W.: Chapter 14: Kongsfjorden as harbinger of the future
Arctic: knowns, unknowns and research priorities. In: Hop H, Wiencke C (eds) The ecosystem of
Kongsfjorden, Svalbard, pp. 537-562. Springer Nature Switzerland AG, 2019

Botta-Dukét, Z.: Rao’s quadratic entropy as a measure of functional diversity based on multiple traits, J. Veg. Sci.,
16(5), 533, https://doi.org/10.1658/1100-9233(2005)16[533:rgeaam]2.0.co;2, 2005.

Bouchet, V. M. P., Alve, E., Rygg, B. and Telford, R. J.: Benthic foraminifera provide a promising tool for
ecological quality assessment of  marine waters, Ecol. Indic., 23(2012), 66-75,
https://doi.org/10.1016/j.ecolind.2012.03.011, 2012.

Bouchet, V. M. P., Goberville, E. and Frontalini, F.: Benthic foraminifera to assess Ecological Quality Statuses in
Italian transitional waters, Ecol. Indic., 84(January 2017), 130-139,
https://doi.org/10.1016/j.ecolind.2017.07.055, 2018.

Bowser, S. S., Gooday, A. J., Alexander, S. P. and Bernhard, J. M.: Larger agglutinated foraminifera of McMurdo
Sound, Antarctica: Are Astrammina rara and Notodendrodes antarctikos allogromiids incognito?, Mar.
Micropaleontol., 26(1-4), 7588, https://doi.org/10.1016/0377-8398(95)00024-0, 1995.

Brown, L. E., Khamis, K., Wilkes, M., Blaen, P., Brittain, J. E., Carrivick, J. L., Fell, S., Friberg, N., Fiireder, L.,
Gislason, G. M., Hainie, S., Hannah, D. M., James, W. H. M., Lencioni, V., Olafsson, J. S., Robinson, C. T.,
Saltveit, S. J., Thompson, C. and Milner, A. M.: Functional diversity and community assembly of river
invertebrates show globally consistent responses to decreasing glacier cover, Nat. Ecol. Evol., 2(2), 325-333,
https://doi.org/10.1038/s41559-017-0426-x, 2018.

Buisson, L., Grenouillet, G., Villéger, S., Canal, J. and Laffaille, P.: Toward a loss of functional diversity in stream
fish assemblages  under  climate  change, Glob. Chang. Biol., 19(2), 387-400,
https://doi.org/10.1111/gcb.12056, 2013.

Burnham, K. P. and Anderson, D. R.: Multimodel inference: Understanding AIC and BIC in model selection,
Sociol. Methods Res., 33(2), 261-304, https://doi.org/10.1177/0049124104268644, 2004.

Caridi, F., Sabbatini, A., Bensi, M., Kovacevi¢, V., Lucchi, R. G., Morigi, C., Povea, P. and Negri, A.: Benthic
foraminiferal assemblages and environmental drivers along the Kveithola Trough (NW Barents Sea), J. Mar.
Syst., 224(August), https://doi.org/10.1016/j.jmarsys.2021.103616, 2021.

Carmona, C. P., de Bello, F., Mason, N. W. H. and Leps, J.: Traits Without Borders: Integrating Functional
Diversity Across Scales, Trends Ecol. Evol., 31(5), 382-394, https://doi.org/10.1016/j.tree.2016.02.003, 2016.

Carmona, C. P., de Bello, F., Mason, N. W. H. and Leps, J.: Trait probability density (TPD): measuring functional
diversity across scales based on TPD with R, Ecology, 100(12), 1-8, https://doi.org/10.1002/ecy.2876, 2019a.

185



Chapter 4

Carmona, C. P.: TPD: Methods for Measuring Functional Diversity Based on Trait Probability Density. R package
version 1.1.0. https://CRAN.R-project.org/package=TPD, 2019b.

Cauvy-Fraunié, S. and Dangles, O.: A global synthesis of biodiversity responses to glacier retreat, Nat. Ecol. Evol.,
3(12), 16751685, https://doi.org/10.1038/s41559-019-1042-8, 2019.

Chauhan, T., Rasmussen, T. L. and Noormets, R.: Palaeoceanography of the Barents Sea continental margin, north
of Nordaustlandet, Svalbard, during the last 74 ka, Boreas, 45(1), 76-99, https://doi.org/10.1111/bor.12135,
2016.

Cleary, D. F. R. and Renema, W.: Relating species traits of foraminifera to environmental variables in the
Spermonde Archipelago, Indonesia, Mar. Ecol. Prog. Ser., 334, 73-82, https://doi.org/10.3354/meps334073,
2007.

Corliss, B. H.: Morphology and microhabitat preferences of benthic foraminifera from the northwest Atlantic
Ocean, Mar. Micropaleontol., 17(3—4), 195-236, https://doi.org/10.1016/0377-8398(91)90014-W, 1991.

Cribari-Neto F., Zeileis A: Beta Regression in R.”Journal of Statistical Software_,*34*(2), 1-24,
https://doi.org/10.18637/jss.v034.i102, 2010.

Dawson, S. K., Carmona, C. P., Gonzalez-Sudrez, M., Jonsson, M., Chichorro, F., Mallen-Cooper, M., Melero,
Y., Moor, H., Simaika, J. P. and Duthie, A. B.: The traits of “trait ecologists”: An analysis of the use of trait
and functional trait terminology, Ecol. Evol., 11(23), 16434—16445, https://doi.org/10.1002/ece3.8321, 2021.

de Bello, F., Carmona, C. P., Leps, J., Szava-Kovats, R. and Pértel, M.: Functional diversity through the mean trait
dissimilarity: resolving shortcomings with existing paradigms and algorithms, Oecologia, 180(4), 933-940,
https://doi.org/10.1007/s00442-016-3546-0, 2016.

Dimiza, M. D., Triantaphyllou, M. V., Koukousioura, O., Hallock, P., Simboura, N., Karageorgis, A. P. and
Papathanasiou, E.: The Foram Stress Index: A new tool for environmental assessment of soft-bottom
environments using benthic foraminifera. A case study from the Saronikos Gulf, Greece, Eastern
Mediterranean, Ecol. Indic., 60, 611-621, https://doi.org/10.1016/j.ecolind.2015.07.030, 2016.

Dubicka, Z., Ztotnik, M. and Borszcz, T.: Test morphology as a function of behavioral strategies - Inferences from
benthic foraminifera, Mar. Micropaleontol., 116, 38-49, https://doi.org/10.1016/j.marmicro.2015.01.003,
2015.

Duong, T.: Ks: Kernel density estimation and kernel discriminant analysis for multivariate datain R, J. Stat. Softw.,
21(7), 1-16, https://doi.org/10.18637/jss.v021.i107, 2007.

Duong T.: ks: Kernel Smoothing. R package version 1.11.7. https://CRAN.R-project.org/package=ks, 2020.

El bani Altuna, N., Ezat, M. M., Greaves, M. and Rasmussen, T. L.: Millennial-scale changes in bottom water
temperature and water mass exchange through the Fram Strait 790N, 63-13 ka, Paleoceanogr.
Paleoclimatology, 1-21, https://doi.org/10.1029/2020pa004061, 2020.

Forwick, M., Vorren, T. O., Hald, M., Korsun, S., Roh, Y., Vogt, C. and Yoo, K.-C.: Spatial and temporal influence
of glaciers and rivers on the sedimentary environment in Sassenfjorden and Tempelfjorden, Spitsbergen, Geol.
Soc. London, Spec. Publ., 344, 163—193, https://doi.org/10.1144/SP344.13, 2010.

Fossile, E., Nardelli, M. P., Jouini, A., Lansard, B., Pusceddu, A., Moccia, D., Michel, E., Péron, O., Howa, H.
and Mojtahid, M.: Benthic foraminifera as tracers of brine production in the Storfjorden “sea ice factory,”
Biogeosciences, 17(7), 1933—1953, https://doi.org/10.5194/bg-17-1933-2020, 2020.

Galland, T., Pérez Carmona, C., Gétzenberger, L., Valencia, E. and de Bello, F.: Are redundancy indices
redundant? An evaluation based on parameterized simulations, Ecol. Indic., 116(April), 106488,
https://doi.org/10.1016/j.ecolind.2020.106488, 2020.

186



Chapter 4

Lo Giudice Cappelli, E. and Austin, W. E. N.: Size Matters: Analyses of Benthic Foraminiferal Assemblages
Across Differing Size Fractions, Front. Mar. Sci., 6(December), 1-8,
https://doi.org/10.3389/fmars.2019.00752, 2019.

Gower, A. J. C.: A General Coefficient of Similarity and Some of Its Properties, Int. Biometric Soc., 27(4), 857-
871, https://doi.org/10.2307/2528823, 1971.

Halbach, L., Vihtakari, M., Duarte, P., Everett, A., Granskog, M. A., Hop, H., Kauko, H. M., Kristiansen, S.,
Myhre, P. I, Pavlov, A. K., Pramanik, A., Tatarek, A., Torsvik, T., Wiktor, J., Wold, A., Wulff, A., Steen, H.
and Assmy, P.: Tidewater Glaciers and Bedrock Characteristics Control the Phytoplankton Growth
Environment in a Fjord in the Arctic, Front. Mar. Sci., 6(254), https://doi.org/10.3389/fmars.2019.00254, 2019.

Hald, M. and Korsun, S.: Distribution of modern benthic foraminifera from fjords of Svalbard, European Arctic,
J. Foraminifer. Res., 27(2), 101-122, https://doi.org/10.2113/gsjfr.27.2.101, 1997.

Hallock, P.: The FORAM Index revisited: uses, challenges, and limitations, Proc. 12th Int. Coral Reef ..., (July),
9-13 http://www.icrs2012.com/proceedings/manuscripts/ICRS2012_15F_2.pdf, 2012.

Hallock, P., Lidz, B. H., Cockey-Burkhard, E. M. and Donnelly, K. B.: Foraminifera as bioindicators in coral reef
assessment and monitoring: The foram index, Environ. Monit. Assess., 81(1-3), 221-238,
https://doi.org/10.1023/A:1021337310386, 2003.

Hijmans, R. J.: geosphere: Spherical Trigonometry. R package version 1.5-10. https://CRAN.R-
project.org/package=geosphere, 2019

Hohenegger, J.: Foraminiferal growth and test development, Earth-Science Rev., 185(June), 140-162,
https://doi.org/10.1016/j.earscirev.2018.06.001, 2018.

Hop, H. and Wiencke, C.: The Ecosystem of Kongsfjorden, Svalbard, edited by Springer, Alfred Wegener
Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany., 2019.

Hopwood, M. J., Carroll, D., Dunse, T., Hodson, A., Holding, J. M., Iriarte, J. L., Ribeiro, S., Achterberg, E. P.,
Cantoni, C., Carlson, D. F., Chierici, M., Clarke, J. S., Cozzi, S., Fransson, A., Juul-Pedersen, T., Winding, M.
H. S. and Meire, L.: Review article: How does glacier discharge affect marine biogeochemistry and primary
production in the Arctic?, Cryosphere, 14(4), 1347-1383, https://doi.org/10.5194/tc-14-1347-2020, 2020.

Hottinger, L. C.: Functional morphology of benthic foraminiferal shells, envelopes of cells beyond measure,
Micropaleontology, 46(SUPPLEMENT 1), 57-86, 2000.

Howe, J. A., Moreton, S. G., Morri, C. and Morris, P.: Multibeam bathymetry and depositional environments of
Kongsfjorden and Krossfjorden, western Spitsbergen, Svalbard, Polar Res., 22(2), 301-316, 2003.

Howe, J. A., Austin, W. E. N., Forwick, M., Paetzel, M., Harland, R. E. X. and Cage, A. G.: Fjord systems and
archives : a review, Fjord Syst. Arch., 5-15, https://doi.org/10.1144/SP344.2, 2010.

Husum, K., Hald, M., Stein, R. and Weif3schnur, M.: Recent benthic foraminifera in the Arctic Ocean and Kara
Sea continental margin, Arktos, 1(1), 5, https://doi.org/10.1007/s41063-015-0005-9, 2015.

Ivanova, E. V., Ovsepyan, E. A., Risebrobakken, B. and Vetrov, A. A.: Downcore distribution of living calcareous
foraminifera and stable isotopes in the Western Barents Sea, J. Foraminifer. Res., 38(4), 337-356,
https://doi.org/10.2113/gsjfr.38.4.337, 2008.

Jackson, R., Kvorning, A. B., Limoges, A., Georgiadis, E., Olsen, S. M., Tallberg, P., Andersen, T. J., Mikkelsen,
N., Giraudeau, J., Massé, G., Wacker, L. and Ribeiro, S.: Holocene polynya dynamics and their interaction
with oceanic heat transport in northernmost Baffin Bay, Sci. Rep., 11(1), https://doi.org/10.1038/s41598-021-
88517-9, 2021.

Jennings, A. E., Weiner, N. J., Helgadottir, G. and Andrews, J. T.: Modern Foraminiferal Faunas of the
Southwestern To Northern Iceland Shelf: Oceanographic and Environmental Controls, J. Foraminifer. Res.,

34(3), 180-207, https://doi.org/10.2113/34.3.180, 2004.

187



Chapter 4

Jernas, P., Klitgaard Kristensen, D., Husum, K., Wilson, L. and Kog, N.: Palacoenvironmental changes of the last
two millennia on the western and northern Svalbard shelf, Boreas, 42(1), 236-255,
https://doi.org/10.1111/j.1502-3885.2012.00293.x, 2013.

Jernas, P., Klitgaard-Kristensen, D., Husum, K., Kog, N., Tverberg, V., Loubere, P., Prins, M., Dijkstra, N. and
Gluchowska, M.: Annual changes in Arctic fjord environment and modern benthic foraminiferal fauna:
Evidence from Kongsfjorden, Svalbard, Glob. Planet. Change, 163(November 2017), 119-140,
https://doi.org/10.1016/j.gloplacha.2017.11.013, 2018.

Jorissen, F., Nardelli, M. P., Almogi-Labin, A., Barras, C., Bergamin, L., Bicchi, E., El Kateb, A., Ferraro, L.,
McGann, M., Morigi, C., Romano, E., Sabbatini, A., Schweizer, M. and Spezzaferri, S.: Developing Foram-
AMBI for biomonitoring in the Mediterranean: Species assignments to ecological categories, Mar.
Micropaleontol., 140(January), https://doi.org/10.1016/j.marmicro.2017.12.006, 2018.

Kedra, M., Wtodarska-Kowalczuk, M. and Westawski, J. M.: Decadal change in macrobenthic soft-bottom
community structure in a high Arctic fjord (Kongsfjorden, Svalbard), Polar Biol., 33(1), 1-11,
https://doi.org/10.1007/s00300-009-0679-1, 2010.

Klootwijk, A. T. and Alve, E.: Does the analysed size fraction of benthic foraminifera influence the ecological
quality status and the interpretation of environmental conditions? Indications from two northern Norwegian
fjords, Ecol. Indic., 135(September 2021), 108423, https://doi.org/10.1016/j.ecolind.2021.108423, 2022.

Korsun, S. and Hald, M.: Modern benthic foraminifera off Novaya Zemlya tidewater glaciers, Russian Arctic,
Arct. Alp. Res., 30(1), 61-77, https://doi.org/10.2307/1551746, 1998.

Korsun, S. and Hald, M.: Seasonal dynamics of Benthic Foraminifera in a Glacially Fed Fjord of Svalbard,
European Arctic, J. Foraminifer. Res., 30(4), 251-271, https://doi.org/10.2113/0300251, 2000.

Korsun, S. A., Pogodina, I. A., Forman, S. L. and Lubinski, D. J.: Recent foraminifera in glaciomarine sediments
from three arctic fjords of Novaja Zemlja and Svalbard, Polar Res., 14(1), 15-32,
https://doi.org/10.3402/polar.v14i1.6648, 1995.

Koukousioura, O., Dimiza, M. D., Triantaphyllou, M. V. and Hallock, P.: Living benthic foraminifera as an
environmental proxy in coastal ecosystems: A case study from the Aegean Sea (Greece, NE Mediterranean),
J. Mar. Syst., 88(4), 489501, https://doi.org/10.1016/j.jmarsys.2011.06.004, 2011.

Kujawa, A., Lacka, M., Szymanska, N., Pawtowska, J., Telesinski, M. M. and Zajaczkowski, M.: Could
Norwegian fjords serve as an analogue for the future of the Svalbard fjords? State and fate of high latitude
fjords in the face of progressive “atlantification,” Polar Biol., (2016),
https://doi.org/https://doi.org/10.1007/s00300-021-02951-z, 2021.

Lalande, C., Moriceau, B., Leynaert, A. and Morata, N.: Spatial and temporal variability in export fluxes of
biogenic matter in Kongsfjorden, Polar Biol., 39(10), 17251738, https://doi.org/10.1007/s00300-016-1903-4,
2016.

Leutenegger, S. and Hansen, H. J.: Ultrastructural and radiotracer studies of pore function in foraminifera, Mar.
Biol., 54(1), 11-16, https://doi.org/10.1007/BF00387046, 1979.

Luckman, A., Benn, D. I, Cottier, F., Bevan, S., Nilsen, F. and Inall, M.: Calving rates at tidewater glaciers vary
strongly with ocean temperature, Nat. Commun., 6, https://doi.org/10.1038/ncomms9566, 2015.

Manasa, M., Saraswat, R. and Nigam, R.: Assessing the suitability of benthic foraminiferal morpho-groups to
reconstruct paleomonsoon from Bay of Bengal, J. Earth Syst. Sci, 125(3), 571-584,
https://doi.org/10.1007/s12040-016-0677-y, 2016.

Marcisz, K., Jassey, V. E. J., Kosakyan, A., Krashevska, V., Lahr, D. J. G., Lara, E., Lamentowicz, L.,
Lamentowicz, M., Macumber, A., Mazei, Y., Mitchell, E. A. D., Nasser, N. A., Patterson, R. T., Roe, H. M.,
Singer, D., Tsyganov, A. N. and Fournier, B.: Testate Amoeba Functional Traits and Their Use in
Paleoecology, Front. Ecol. Evol., 8(October), https://doi.org/10.3389/fevo.2020.575966, 2020.

188



Chapter 4

Marszalek, D. S., Wright, R. C. and Hay, W. W.: Function of the Test in Foraminifera, Trans. Gulf Coast Assoc.
Geol. Soc., 19, 341-352, 1969.

Mason, N. W. H., Mouillot, D., Lee, W. G. and Wilson, J. B.: Functional richness, functional evenness and
functional divergence: The primary components of functional diversity, Oikos, 111(1), 112-118,
https://doi.org/10.1111/j.0030-1299.2005.13886.x, 2005.

McGill, B. J., Enquist, B. J., Weiher, E. and Westoby, M.: Rebuilding community ecology from functional traits,
Trends Ecol. Evol., 21(4), 178-185, https://doi.org/10.1016/j.tree.2006.02.002, 2006.

Meslard, F., Bourrin, F., Many, G. and Kerhervé, P.: Suspended particle dynamics and fluxes in an Arctic fjord
(Kongsfjorden, Svalbard), Estuar. Coast. Shelf Sci., 204, 212224, https://doi.org/10.1016/j.ecss.2018.02.020,
2018.

Micheli, F. and Halpern, B. S.: Low functional redundancy in coastal marine assemblages, Ecol. Lett., 8(4), 391—
400, https://doi.org/10.1111/j.1461-0248.2005.00731.x, 2005.

Moodley, L. and Hess, C.: Tolerance of infaunal benthic foraminifera for low and high oxygen concentrations,
Biol. Bull., 183(1), 94-98, https://doi.org/10.2307/1542410, 1992.

Mouillot, D., Graham, N. A. J., Villéger, S., Mason, N. W. H. and Bellwood, D. R.: A functional approach reveals
community responses to disturbances, Trends Ecol. Evol., 28(3), 167-177,
https://doi.org/10.1016/j.tree.2012.10.004, 2013.

Murray, J. W.: Ecology and Palacoecology of Benthic Foraminifera, Taylor & Francis, New York., 1991.

Murray, J. W.: Ecology and Application of Benthic Foraminifera, Cambridge University Press, Cambridge, New
York., 2006.

Nandan, S. B., P. P, K., Vijay, A., C. V., A,, P. R,, J. and Krishnan, K. P.: Benthic Faunal Assemblage of the
Arctic Kongsfjorden System, Norway, Int. J. Mar. Sci., 6(54), 1-8, https://doi.org/10.5376/ijms.2016.06.0054,
2016.

Oksanen, J., Blanchet, F. G., Friendly M., Kindt R., Legendre P., McGlinn D., Minchin P.R., O'Hara R. B...
Simpson G. L, Solymos P., Stevens M. H. H., Szoecs E., and Wagner H: vegan: Community Ecology Package.
R package version 2.5-6. https://CRAN.R-project.org/package=vegan, 2019

Pawlowska, J., Zajaczkowski, M., Lacka, M., Lejzerowicz, F., Esling, P. and Pawlowski, J.: Palacoceanographic
changes in Hornsund Fjord (Spitsbergen, Svalbard) over the last millennium: new insights from ancient DNA,
Clim. Past, 12(7), 14591472, https://doi.org/10.5194/cp-12-1459-2016, 2016.

Payne, C. M. and Roesler, C. S.: Characterizing the influence of Atlantic water intrusion on water mass formation
and phytoplankton distribution in Kongsfjorden, Svalbard, Cont. Shelf Res., 191, 104005,
https://doi.org/10.1016/j.csr.2019.104005, 2019.

R Core Team: R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL https://www.R-project.org/, 2020.

Rasmussen, T. L. and Thomsen, E.: Brine formation in relation to climate changes and ice retreat during the last
15,000 years in Storfjorden, Svalbard, 76 - 78°N, Paleoceanography, 29, 911-929,
https://doi.org/10.1002/2014PA002643.Received, 2014.

Rasmussen, T. L., Forwick, M. and Mackensen, A.: Reconstruction of inflow of Atlantic Water to Isfjorden,
Svalbard during the Holocene: Correlation to climate and seasonality, Mar. Micropaleontol., 94-95, 80-90,
https://doi.org/10.1016/j.marmicro.2012.06.008, 2012.

Richirt, J., Champmartin, S., Schweizer, M., Mouret, A., Petersen, J., Ambari, A. and Jorissen, F. J.: Scaling laws
explain foraminiferal pore patterns, Sci. Rep., 9(1), 1-11, https://doi.org/10.1038/s41598-019-45617-x, 2019.

189



Chapter 4

Rytter, F., Knudsen, K. L., Seidenkrantz, M. S. and Eiriksson, J.: Modern Distribution of Benthic Foraminifera on
the North Iceland Shelf and Slope, , (3), 217-244, 2002.

Saher, M., Kristensen, D. K., Hald, M., Korsun, S. and Jgrgensen, L. L.: Benthic foraminifera assemblages in the
Central Barents Sea: An evaluation of the effect of combining live and total fauna studies in tracking
environmental change, Nor. Geol. Tidsskr., 89(1-2), 149-161, 2009.

Saher, M., Kristensen, D. K., Hald, M., Pavlova, O. and Jgrgensen, L. L.: Changes in distribution of calcareous
benthic foraminifera in the central Barents Sea between the periods 1965-1992 and 2005-2006, Glob. Planet.
Change, 98-99, 81-96, https://doi.org/10.1016/j.gloplacha.2012.08.006, 2012.

Saraswat, R., Roy, C., Khare, N., Saalim, S. M. and Kurtarkar, S. R.: Assessing the environmental significance of
benthic foraminiferal morpho-groups from the northern high latitudinal regions, Polar Sci., 18(August), 28—
38, https://doi.org/10.1016/j.polar.2018.08.002, 2018.

Schauer, U., Fahrbach, E., Osterhus, S. and Rohardt, G.: Arctic warming through the Fram Strait: Oceanic heat
transport from 3 years of measurements, J. Geophys. Res. C Ocean., 109(6), 1-14,
https://doi.org/10.1029/2003JC001823, 2004.

Schmiedl, G.: Use of Foraminifera in Climate Science., 2019.

Schonfeld, J.: History and development of methods in Recent benthic foraminiferal studies, J. Micropalaeontology,
31(1), 53-72, https://doi.org/10.1144/0262-821x11-008, 2012.

Schonfeld, J., Alve, E., Geslin, E., Jorissen, F., Korsun, S., Spezzaferri, S., Abramovich, S., Almogi-Labin, A., du
Chatelet, E. A., Barras, C., Bergamin, L., Bicchi, E., Bouchet, V., Cearreta, A., Di Bella, L., Dijkstra, N.,
Disaro, S. T., Ferraro, L., Frontalini, F., Gennari, G., Golikova, E., Haynert, K., Hess, S., Husum, K., Martins,
V., McGann, M., Oron, S., Romano, E., Sousa, S. M. and Tsujimoto, A.: The FOBIMO (FOraminiferal Blo-
MOnitoring) initiative-Towards a standardised protocol for soft-bottom benthic foraminiferal monitoring
studies, Mar. Micropaleontol., 94-95, 1-13, https://doi.org/10.1016/j.marmicro.2012.06.001, 2012.

Skirbekk, K., Kristensen, D. K., Rasmussen, T. L., Koc¢, N. and Forwick, M.: Holocene climate variations at the
entrance to a warm Arctic fjord: evidence from Kongsfjorden trough, Svalbard, Geol. Soc. London, Spec.
Publ., 344(1), 289-304, https://doi.org/10.1144/SP344.20, 2010.

Slater, D. A., Straneo, F., Felikson, D., Little, C. M., Goelzer, H., Fettweis, X. and Holte, J.: Estimating Greenland
tidewater glacier retreat driven by submarine melting, Cryosphere, 13(9), 2489-2509,
https://doi.org/10.5194/tc-13-2489-2019, 2019.

Svendsen, H., Beszczynska-Mgller, A., Hagen, J. O., Lefauconnier, B., Tverberg, V., Gerland, S., @rbak, J. B.,
Bischof, K., Papucci, C., Zajaczkowski, M., Azzolini, R., Bruland, O., Wiencke, C., Winther, J.-G. and
Dallmann, W.: The physical environment of Kongsfjorden — Krossfjorden, an Arctic fjord system in Svalbard,
Polar Res., 21(1), 133-166, https://doi.org/10.3402/polar.v21i1.6479, 2002.

Tesi, T., Muschitiello, F., Mollenhauer, G., Miserocchi, S., Langone, L., Ceccarelli, C., Panieri, G., Chiggiato, J.,
Nogarotto, A., Hefter, J., Ingrosso, G., Giglio, F., Giordano, P. and Capotondi, L.: Rapid Atlantification along
the Fram Strait at the beginning of the 20th century, Sci. Adv., 7(48), https://doi.org/10.1126/sciadv.abj2946,
2021.

Thuiller, W., Lavorel, S., Sykes, M. T. and Aradjo, M. B.: Using niche-based modelling to assess the impact of
climate change on tree functional diversity in Europe, Divers. Distrib., 12(1), 49-60,
https://doi.org/10.1111/j.1366-9516.2006.00216.x, 2006.

Vihtakari M.: PlotSvalbard: PlotSvalbard - Plot research data from Svalbard on maps. R package version 0.9.2.
https://github.com/MikkoVihtakari/PlotSvalbard, 2020

Villéger, S., Miranda, J. R., Hernandez, D. F. and Mouillot, D.: Contrasting changes in taxonomie vs. functional
diversity of tropical fish communities after habitat degradation, Ecol. Appl., 20(6), 1512-1522,
https://doi.org/10.1890/09-1310.1, 2010.

190



Chapter 4

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I. and Garnier, E.: Let the concept of trait
be functional!, Oikos, 116(5), 882-892, https://doi.org/10.1111/1.2007.0030-1299.15559.x, 2007.

Wainwright, P. C., and Reilly S. M.: Ecological morphology: integrative organismal biology. University of
Chicago Press, Chicago, Illinois, USA, 1994.

Weinkauf, M. F. G. and Milker, Y.: The effect of size fraction in analyses of benthic foraminiferal assemblages:
A case study comparing assemblages from the >125 and >150um size fractions, Front. Earth Sci., 6(May), 1—-
10, https://doi.org/10.3389/feart.2018.00037, 2018.

Wetmore, K. L.: Correlations between test strength, morphology and habitat in some benthic foraminifera from
the coast of Washington ( USA)., J. Foraminifer. Res., 17(1), 1-13, https://doi.org/10.2113/gsjfr.17.1.1, 1987.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Frangois, R., Grolemund, G., Hayes, A., Henry,
L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Miiller, K., Ooms, J., Robinson, D., Seidel, D.,
Spinu, V., Takahashi, K., Vaughan, D., Wilke, C., Woo, K. and Yutani, H.: Welcome to the Tidyverse, J. Open
Source Softw., 4(43), 1686, https://doi.org/10.21105/joss.01686, 2019.

Witodarska-Kowalczuk, M. and Pearson, T. H.: Soft-bottom macrobenthic faunal associations and factors affecting
species distributions in an Arctic glacial fjord (Kongsfjord, Spitsbergen), Polar Biol., 27(3), 155-167,
https://doi.org/10.1007/s00300-003-0568-y, 2004.

Wiodarska-Kowalczuk, M., Pearson, T. H. and Kendall, M. A.: Benthic response to chronic natural physical
disturbance by glacial sedimentation in an Arctic fjord, Mar. Ecol. Prog. Ser., 303, 31-41, 2005.

Wiodarska-Kowalczuk, M., Pawlowska, J. and Zajaczkowski, M.: Do foraminifera mirror diversity and
distribution patterns of macrobenthic fauna in an Arctic glacial fjord?, Mar. Micropaleontol., 103, 30-39,
https://doi.org/10.1016/j.marmicro.2013.07.002, 2013.

Wiodarska-Kowalczuk, M., Gérska, B., Deja, K. and Morata, N.: Do benthic meiofaunal and macrofaunal
communities respond to seasonality in pelagial processes in an Arctic fjord (Kongsfjorden, Spitsbergen)?, Polar

Biol., 39(11), 2115-2129, https://doi.org/10.1007/s00300-016-1982-2, 2016.

Wood, S.N.: Generalized Additive Models: An Introduction with R (2nd edition). Chapman and Hall/CRC, 2017.

191



Chapter 4

Supplement Chapter 4

Table S1. List of foraminiferal functional traits and correspondent function for each trait based
on previous publications.

Functional trait

Hypothesized link to performance and
fitness

References

Test material

Adaptations to specific ecological niches;
habitat preferences

Marszalek et al., 1969
Murray, 1991, 2006

Test shape

Adaptations to specific ecological niches or
microhabitats; test strength and survival

Marszalek et al., 1969
Wetmore, 1987
Corliss, 1991

Test symmetry

Motion (e.g., bilateral pseudopodial extrusion);
habitat preferences (e.g., trochospiral-
asymmetrical, or planispiral-symmetrical)

Hottinger, 2000;
Dubicka et al., 2015

Pores

Gas exchanges

Leutenegger and Hansen, 1979;
Moodley and Hess, 1992;
Richirt et al., 2019

Tooth presence

Assistance in feeding (i.e., break up aggregates
of food and detritus, or diatoms frustuls)

Austin et al., 2005;
Murray, 2006

Chamber number

Growth investment

Bowser et al., 1995;
Hohenegger, 2018
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Table S2. Functional trait values for each species. Binary traits are identified as follow: test
material, 1 = calcareous, 0 = agglutinated; test symmetry, 1 = symmetrical, O = asymmetrical;
pores, 1 = presence, 0 = absence; chamber number, 1 = polythalamus, 0 = monothalamus.
Categorical traits are: test shape (rounded, ovoid, elongated, irregular); tooth presence (none,
tooth, tubercles)

Species Test. Test shape Test Pores Tooth Chamber
material symmetry presence number
Adercotryma glomeratum 0 rounded 0 0 none 1
Ammodiscus sp. 0 rounded 1 0 none 0
Ammonia sp. 1 rounded 0 1 none 1
Ammotium cassis 0 elongated 1 0 none 1
Astrononion galloway 1 rounded 1 1 none 1
Astrononion sp. 1 rounded 1 1 none 1
Baculogypsinoides sp. 1 irregular 0 1 none 1
Bolivina pseudopunctata 1 elongated 0 1 single-tooth 1
Buccella frigida 1 rounded 0 1 tubercles 1
Buccella sp. 1 rounded 0 1 tubercles 1
Capsammina bowmanni 0 rounded 0 0 none 0
Cassidulina neoteretis 1 rounded 0 1 single-tooth 1
Cassidulina reniforme 1 rounded 0 1 single-tooth 1
Cassidulina sp. 1 rounded 0 1 single-tooth 1
Cassidulina sp. morphotype 1 1 rounded 0 1 single-tooth 1
Cassidulina sp. morphotype 2 1 rounded 0 1 single-tooth 1
Cibicides bertheloti 1 rounded 0 1 none 1
Cibicidoides lobatulus 1 rounded 0 1 none 1
Cornuspira foliacea 1 rounded 1 0 none 0
Cornuspira involvens 1 rounded 1 0 none 0
Cornuspira sp. 1 rounded 1 0 none 0
Cuneata arctica 0 elongated 1 0 none 1
Dentalina ittai 1 elongated 1 1 none 1
Discorbina sp. 1 rounded 0 1 none 1
Eggerella advena 0 elongated 0 0 none 1
Elphidium bartletti 1 rounded 1 1 tubercles 1
Elphidium clavatum 1 rounded 1 1 tubercles 1
Elphidium sp. 1 rounded 1 1 tubercles 1
Epistominella exigua 1 rounded 0 1 none 1
Eponides sp. 1 rounded 0 1 none 1
Fissurina sp. 1 ovoid 1 1 none 0
Globobulimina auriculata 1 ovoid 0 1 single-tooth 1
Globobulimina sp. 1 ovoid 0 1 single-tooth 1
Globocassidulina sp. 1 rounded 0 1 single-tooth 1
Glomospira sp. 0 rounded 0 0 none 0
Haplophragmoides sp. 0 rounded 0 0 none 1
Hippocrepina sp. 0 elongated 1 0 none 0
Hormosina globulifera 0 elongated 1 0 none 0
Hyalinonetrion sp. 1 elongated 1 1 none 0
Islandiella helenae 1 rounded 0 1 single-tooth 1
Islandiella norcrossi 1 rounded 0 1 single-tooth 1
Islandiella sp. 1 rounded 0 1 single-tooth 1

—
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. Test Test Tooth Chamber
Species . Test shape Pores
material symmetry presence number

Labrospira crassimargo 0 rounded 1 0 none 1
Lagena striata 1 elongated 1 1 none 0
Lagenammina difflugiformis 0 ovoid 1 0 none 0
Leptohalysis scottii 0 elongated 1 0 none 1
Lotostomoides calomorphum 1 elongated 1 1 none 1
Melonis pompilioides 1 rounded 1 1 none 1
Miliolinella circularis 1 rounded 0 0 single-tooth 1
Miliolinella sp. 1 rounded 0 0 single-tooth 1
Miliolinella sp. juvenile 1 rounded 0 0 single-tooth 1
Nonion commune 1 rounded 1 1 none 1
Nonion sp. 1 rounded 1 1 none 1
Nonionella digitata 1 rounded 0 1 none 1
Nonionella turgida 1 rounded 0 1 none 1
Nonionellina labradorica 1 rounded 1 1 tubercles 1
Paratrochammina sp. 0 rounded 0 0 none 1
Procerolagena gracilis 1 elongated 1 1 none 0
Psammosphaera fusca 0 rounded 1 0 none 0
Pullenia cf osloensis 1 rounded 1 1 none 1
Pyrgo williamsoni 1 rounded 1 0 single-tooth 1
Pyrulina cilindroides 1 elongated 0 1 none 1
Pyrulina sp. 1 elongated 0 1 none 1
Quinqueloculina arctica 1 ovoid 0 0 single-tooth 1
Quinqueloculina seminula 1 ovoid 0 0 single-tooth 1
Quinqueloculina stalkeri 1 ovoid 0 0 single-tooth 1
Recurvoides turbinatus 0 rounded 0 0 none 1
Reophax catella 0 elongated 1 0 none 1
Reophax fusiformis 0 elongated 0 0 none 1
Reophax scorpiurus 0 elongated 1 0 none 1
Reophax sp. 0 elongated 1 0 none 1
Robertina arctica 1 ovoid 0 1 none 1
Saccammina cf. sphaerica 0 rounded 1 0 none 0
Silicosigmoilina groenlandica 0 ovoid 0 0 none 1
Siphonaperta agglutinata 0 ovoid 0 0 none 1
Spiroplectammina biformis 0 elongated 1 0 none 1
Stainforthia feylingi 1 elongated 0 1 single-tooth 1
Stainforthia loeblichi 1 elongated 0 1 single-tooth 1
Textularia earlandi 0 elongated 1 0 none 1
Textularia torquata 0 elongated 1 0 none 1
Trifarina fluens 1 elongated 0 1 none 1
Triloculina oblonga 1 elongated 0 0 single-tooth 1
Triloculina trihedra 1 ovoid 0 0 single-tooth 1
Trochammina inflata 0 rounded 0 0 none 1
Trochammina sp. 0 rounded 0 0 none 1

Table S2 (continued)
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Table S3. Akaike’s Information Criterion corrected for small sample size (AIC:) for each
model, and difference in AIC: (AAIC:) relative to the model with the lowest AIC. for each
diversity metric (S = Taxonomic richness, J = Taxonomic evenness, H = Shannon index, Fric
= Functional richness, Feve = Functional evenness, Rao = Rao’s quadratic entropy) and
cumulative size fraction (>63, >100, 125, and >150 um). GLM = Generalised Linear Model;
GAM = Generalised Additive Model.

Diversity  Size Model dr AICc  AAICe
metric fraction

se3um  OLM 2.00 81.92 13.40

GAM 2.94 68.51 0.00

100pm  OLM 2.00 7833 13.03

g GAM 2.94 65.30 0.00
2spm | OLM 2.00 81.59 1421

GAM 2.94 67.37 0.00

sopm  GLM 2.00 73.47 11.18

GAM 2.93 62.28 0.00

ce3um  OLM 3.00 -7.66 0.00

GAM 3.95 521 245

GLM 3.00 75.86 0.00

; 2100 pm o 3.70 043 3.43

2spm | OLM 3.00 218 0.00

GAM 3.82 157 3.75

GLM 3.00 20.57 0.00

210 pm 3.00 -0.39 0.18

ce3um  OLM 3.00 28.43 3.14

GAM 3.94 25.29 0.00

100pm  OLM 3.00 25.74 2.94

. GAM 3.93 22.80 0.00

2spm | OLM 3.00 26.36 443

GAM 3.94 21.93 0.00

sopm  OLM 3.00 22.95 0.00

GAM 3.59 24.63 1.68

ce3um  OLM 3.00 22622 1.30

GAM 3.89 2753 0.00

GLM 3.00 226.83 175

Fr 2100 pm oo 3.90 12858 0.00

2spm | OLM 3.00 2478 0.00

GAM 3.60 2321 156

sopm  OLM 3.00 2575 0.02

GAM 3.83 12576 0.00

ceaum  OLM 3.00 C19.41 0.00

GAM 3.00 19.17 0.25

GLM 3.00 C17.94 0.00

Feve >100pm 3.00 -17.70 0.24

25um  OLM 3.00 716,62 0.00

GAM 3.00 11638 0.24

GLM 3.00 1133 0.00

2150 um o 3.00 -11.10 0.23

ce3um  OLM 3.00 .67 0.