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Abstract

Abstract

Fram Strait is the major gateway for Arctic Ocean sea-ice export, and the only deep-water
connection between the Arctic Ocean and high latitude North Atlantic. The region is
confined by the NE Greenland Shelf to the west and Svalbard to the east; approximately
half is covered by summer sea-ice. Glacial and sea-ice lead to strong year-round light
limitation of phytoplankton growth across the region. Yet, rapid declines in the extent of
summer sea-ice (~40%) and ice shelf coverage (~95% for the Zachariz Isstrem ice tongue)
have been documented since the 2000s which may have increased marine primary
production in Fram Strait. The bioessential micronutrient iron (Fe) limits primary
production across much of the high latitude ocean, including parts of the sub-polar North
Atlantic south of Fram Strait. Whilst primary production in the Arctic Ocean is generally
thought to be controlled by a combination of light and fixed nitrogen availability, the
potential role of trace elements as co-limiting factors for phytoplankton growth and their
role in ecosystem dynamics has scarcely been investigated. What factors control the supply
of Fe to the dynamic Fram Strait region and how does this affect marine primary
production? To answer these questions, in late summer 2016, we performed a detailed
investigation into the macronutrient and trace element micronutrient distribution across
Fram Strait as part of the GEOTRACES GNO5 cruise, including full Fe speciation analysis,
and conducted nutrient addition bioassay experiments to assess spatial patterns in limiting

nutrients.

Surface dissolved Fe (dFe), the biologically most accessible form of Fe, showed an east-
to-west gradient across Fram Strait. Concentrations were elevated near the Greenlandic
coast in proximity to the marine-terminating glaciers Nioghalvfjerdsbrae and Zacharize
Isstram, and depleted in the West Spitsbergen Current near Svalbard. Fixed nitrogen (N),
the sum of nitrate, nitrite and ammonium, and dFe were deficient in seawater relative to
typical phytoplankton requirements. An east-to-west trend in the relative deficiency of N
and Fe was apparent, with N becoming more deficient towards Greenland and Fe more
deficient towards Svalbard. This aligned with phytoplankton responses in bioassay
experiments, which showed greatest chlorophyll-a increases in +N treatments near the
Greenland continental margin, and +N+Fe near Svalbard. Collectively, our results suggest

primary N limitation of phytoplankton growth throughout the study region, with conditions
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potentially approaching secondary Fe limitation in the eastern Fram Strait. The supply of
Atlantic-derived subsurface N and Arctic-derived Fe therefore exerts a strong control on
summertime primary production in the Fram Strait region. Future primary production in
Fram Strait region will experience relief from light limitation yet would require additional
supply of N during the post-bloom season to raise levels of phytoplankton growth.
Conversely, changes in the southward flow of Arctic-derived Fe may have implications for

Fe-limited productivity further south.

On the NE Greenland Shelf, surface dFe concentrations near Nioghalvfjerdsbrae and
Zacharie Isstram showed no connection to observed maxima in the East Greenland Current
further offshore which instead appear to have arisen from Arctic sources further north.
Analyses of Fe species immediately adjacent to the Nioghalvfjerdsbrae glacier terminus
revealed a decoupling of dFe from labile particulate Fe inputs likely due to a prolonged
residence time of meltwater beneath Greenland’s largest floating ice-tongue. Subglacial
removal in combination with limited stabilization from organic material (i.e. Fe-binding
ligands) leads to restricted supply of ‘new’ Fe from meltwater. Water exchange between
the subglacial cavity, formed by the 80 km long floating ice tongue, and the shelf, is driven
by the cavity overturning circulation, and exerts a strong control on subglacial dFe
discharge to the NE Greenland Shelf. Comparison of findings at Nioghalvfjerdsbrae to
observations in Antarctica suggests a more universal role for cavity overturning circulation
in determining the extent of lateral dFe fluxes to broad glaciated shelf regions. Future
retreat of deep-grounded marine termini, as projected for Nioghalvfjerdsbrae, may result in
increased export of glacial dFe to shelf environments and more direct connectivity between

meltwater discharge and marine primary production.

Fluxes of dissolved trace elements across Fram Strait were calculated with the most recent
year-round synopsis of volume transport rates available. Transport was dominated by the
southward-directed East Greenland Current and the northward-directed West Spitsbergen
Current, and comprised 80% of gross dFe, dMn, dCo and dZn transport across Fram Strait.
Dissolved Fe, Mn, Co and Zn fluxes on the NE Greenland Shelf were of only local
importance and contributed 10% to gross northbound and southbound transport.
Greenland Ice Sheet discharge and associated near-shore sedimentary enrichment from
Nioghalvfjerdsbrae were much smaller than dFe, dMn and dCo fluxes in the EGC and WSC
and comprised <1% of southbound export across Fram Strait. The advection of Central
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Arctic Ocean waters including the trace element-rich Transpolar Drift, feeding into the East
Greenland Current, plays a fundamental role in dFe, dMn and dCo supply to surface Fram
Strait. Comparison of fluxes to estimates from the Barents Sea Opening and Davis Strait
stresses the importance of Fram Strait as the main gateway for Arctic-Atlantic dFe, dMn,
dCo and dZn exchange, a consequence of intermediate and deep water transport between
Svalbard and Greenland. Fluxes of all three gateways combined suggests the Arctic is
exporting 2.7 + 2.4 Ggla® dFe to the North Atlantic Ocean. Arctic export of dMn
(2.8 + 4.7 Gglat) and dCo (0.3 + 0.3 Gghat) appears more balanced and within uncertainty.
For dZn, Arctic-Atlantic exchange was balanced with an insignificant net northbound flux
of 3.0 + 7.3 Ggla. More observational data, particularly from non-summer months, is
needed to project changes in seasonal and interannual Arctic-Atlantic micronutrient
exchange and potential effects on ecosystem services sensitive to (micro)nutrient

stoichiometry.
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Zusammenfassung

Die Framstrale ist der Hauptkorridor fir den Export von Meereis aus dem Arktischen
Ozean und die einzige Tiefseeverbindung zwischen dem Arktischen Ozean und dem
Weltmeer. Als Teil des Nordatlantiks grenzt die FramstralRe im Westen an das Kontinental-
schelf vor Nordostgronland und im Osten an die Kuste Svalbards (,,Spitzbergen). Die
Region ist im Sommer ungefahr zur Halfte mit Meer- und Gletschereis bedeckt, welches
den Lichteinfall reduziert und dadurch ganzjihrig das Wachstum von Phytoplankton
behindert. Seit den 2000er Jahren ist die Ausdehnung des Sommereises jedoch betréchtlich
zuriickgegangen ( 40 %) und auch die schwimmenden Gletscherzungen haben sich zum
Teil dramatisch zuruckgezogen (z. B. Zachariee Isstram: —95 %). Aufgrund erhohten
Lichteinfalls in die oberen Meeresschichten fuhrte dies womdglich zu einer Steigerung der

marinen Primérproduktion in der Framstrale.

Eisen (Fe) ist ein essentielles Spurenelement, ein Mikronahrstoff, der die Primarproduktion
in weiten Teilen der nordlichen Breiten begrenzt. Dies trifft auch auf den subpolaren
Nordatlantik sudlich der FramstraRe zu. Im Gegensatz zum Nordatlantik wird das Ausmalf3
der Priméarproduktion im Arktischen Ozean mafgeblich vom Vorhandensein von Licht und
gebundenem Stickstoff (N) bestimmt, dabei ist die Rolle, die Spurenelemente als
co-limitierende Faktoren spielen, bisher kaum erforscht. Welche Faktoren bestimmen den
Bestand an Fe in der Framstrae und wie beeinflussen diese die marine Priméarproduktion
der Region? Um dieser Frage nachzugehen, untersuchten wir im Spatsommer 2016 die
Verteilung von Makronahrstoffen und Spurenelementen in der FramstraBe. Als Teil der
GEOTRACES-Expedition (GNO05) analysierten wir verschiedene Fe-Spezies und fuhrten
Bioassay-Experimente durch, welche Aufschluss lber die Art der Wachstumslimitierung
des Phytoplanktons (Licht, Stickstoff oder Fe) geben.

Fur die meisten Organismen ist gelostes Fe die zuganglichste Form des Eisens.
Konzentrationen im Oberflachenwasser der Framstralle wiesen ein West-Ost-Gefélle auf.
Gelostes Fe war nahe der gronléandischen Kiiste in der Nadhe der schwimmenden
Gletscherzungen Nioghalvfjerdsbrae und Zachariee Isstram erhéht und im
Westspitzbergenstrom vor Svalbard erniedrigt. Das typischerweise fiir Phytoplankton

bendtigte Verhéltnis von geldstem Fe zu gebundenem N, welches Nitrat, Nitrit und
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Ammonium umfasst, wies auf einen Mangel beider Stoffe im Oberflachenwasser der
FramstraBe hin: In westlicher Richtung wuchs der Uberschuss an gelostem Fe relativ zum
Depot an gebundenem N an. Im Gegensatz dazu stieg in 6stlicher Richtung der Uberschuss
an gebundenem N relativ zum Depot an gelostem Fe. Dieser Ost-West-Trend stimmte mit
den durchgefuhrten Bioassay-Experimenten tberein: Durch Zugabe von gebundenem N
erzielte Phytoplankton nahe Gronland den gréfiten Zuwachs an Chlorophyll-a, wohingegen
Phytoplankton vor Svalbard den gréf3ten Zuwachs nach Zugabe von gebundenem N und
gelostem Fe erreichte. Diese Ergebnisse deuten darauf hin, dass das Phytoplankton-
wachstum in der FramstralRe maRgeblich durch einen Mangel an gebundenem N begrenzt
ist. Nach N spielt im dstlichen Teil der FramstraRe womdglich auch ein Mangel an geléstem
Fe eine Rolle. Die Zufuhr von gebundenem N aus tiefergelegenen atlantischen
Wasserschichten einerseits und Fe aus der Arktis andererseits hat daher einen
mafRgeblichen Einfluss auf das Ausmal} der Primdrproduktion der Framstrale. Da
Phytoplanktonwachstum im Spéatsommer durch gebundenen N limitiert wird, ist davon
auszugehen, dass der Ruckzug des Meereises, und damit einhergehende verbesserte
Lichtverhaltnisse in oberflachennahen Schichten, womdglich nicht zu einer Steigerung der
Primérproduktion in der Framstrae fuhren. Im Umkehrschluss konnte sich eine
Veranderung der Strdmungsverhaltnisse in der Framstral3e auf den gen Suden gerichteten
Transport von Fe aus der Arktis auswirken und die dortige Fe-limitierte Primérproduktion

beeinflussen.

Auf dem gronlandischen Kontinentalschelf waren die erhohten Konzentrationen an
geléstem Fe nahe der Gletscher Nioghalvfjerdsbrae und Zacharia Isstrgm nicht mit den
Konzentrationsmaxima im Ostgronlandstrom verknipft, welche aus der weiter nordlich
gelegenen, zentralen Arktis stammen. Anhand der Analyse verschiedener Fe-Spezies
konnte eine Entkopplung des Bestands an gelostem Fe von dem Bestand an labilem,
partikular-gebundenem Fe nahe der Eiskante des Nioghalvfjerdsbrae festgestellt werden
und ist woméglich auf die ausgedehnte Verweildauer des Schmelzwassers in der Kaverne,
d. h. unterhalb der Gletscherzunge, zuriickzufiihren. Subglaziale Abscheidungsprozesse,
auch aufgrund begrenzter Stabilisierungsmoglichkeit durch organisches Material (z. B.
durch Fe-komplexierende Liganden), beschranken den Eintrag von ,,neuem®, aus dem
Schmelzwasser stammendem Fe innerhalb der Kaverne. Der Wasseraustausch zwischen
der Kaverne und dem Schelf wird durch die Umwalzzirkulation unterhalb der 80 km

langen, schwimmenden Eiszunge angetrieben und beeinflusst so maRgeblich den Export

Vi
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von subglazialem Fe auf das nordostgronléandische Schelf. Der Vergleich mit antarktischen
Gletschern zeigt, dass subglazialen Umwaélzzirkulationen eine gréf3ere Bedeutung jenseits
des Nioghalvfjerdsbrae zukommen kdnnte und unter Umstanden auch auf globaler Ebene
den Export von geléstem Fe aus Gletscherkavernen in angrenzende Schelfregionen
reguliert. Fir die Zukunft ist der Riickzug tiefverankerter Gletscherzungen, wie die des
Nioghalvfjerdsbrae, prognostiziert, was den Export von subglazialem, geldstem Fe
vermutlich erhoht und eine direktere Verknupfung von Schmelzwassereintrag und mariner

Primérproduktion zur Folge hat.

Fur die Berechnung der Spurenelementfliisse wurde die aktuellste zur VVerfugung stehende
Zusammenstellung der Volumentransportraten durch die FramstralRe verwendet. Der gen
Slden gerichtete Ostgronlandstrom und der gen Norden gerichtete Westspitzbergenstrom
dominierten den Transport durch die Framstrale und umfassten 80 % des Bruttotransports
an geléstem Fe, Mangan (Mn), Cobalt (Co) und Zink (Zn). Die Transportraten auf dem
nordostgronlandischen Schelf waren nur lokal bedeutsam und trugen 10 % zu dem nach
Norden und Slden gerichteten Transport bei. Der Eintrag vom gronléandischen Eisschild
und kiistennahen Sedimenten durch den Nioghalvfjerdsbrae war wesentlich geringer als der
Transport im Ostgronland- bzw. Westspitzbergenstrom und machte <1 % des nach Siiden
gerichteten Exports von geléstem Fe, Mn und Co aus. Der Zufluss aus dem zentralen
Arktischen Ozean, der in den Ostgrénlandstrom miindet, spielt eine fundamentale Rolle fiir
den Bestand an gelostem Fe, Mn und Co in den oberflachennahen Wassern der Framstrafe.
Ein Vergleich mit Absch&tzungen des Transports durch die Barentssee und der Davisstralie
hebt die Bedeutung der FramstraBe als Hauptkorridor fur den arktisch-atlantischen
Austausch von gelostem Fe, Mn, Co und Zn hervor, welches auf den Transport von
Zwischen- und Tiefenwasser zwischen Svalbard und Gronland zuriickzufuhren ist. Die
Transportraten aller Korridore zusammen deuten darauf hin, dass die Arktis
2,7+ 2,4 Ggla® an gelostem Fe in den Nordatlantik exportiert. Der Export von geldstem
Mn (2,8 +4,7 Ggla?) and gelostem Co (0,3 +0,3 Gglal) aus der Arktis ist einem
Gleichgewicht ndher und innerhalb der Messunsicherheit. Der arktisch-atlantische
Austausch von gelostem Zn war ausgeglichen und stellt einen insignifikant gen Norden
gerichteten Transport von 3,0 + 7,3 Ggla* aus dem Atlantik dar. Weitere Messdaten, vor
allem jenseits der Sommermonate, sind erforderlich, um die saisonale und

zwischenjahrliche Variabilitdt im Austausch von Arktis und Atlantik und damit

vii
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einhergehende Auswirkungen auf das Okosystem, welches empfindlich auf Veranderungen

des (Mikro-)Néahrstoffhaushalts reagiert, erfassen zu kénnen.

viii
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Chapter 1 — Introduction

1 Introduction

Life in the ocean is governed by the availability of nutrients and light (Sedwick and
DiTullio, 1997; Tremblay and Gagnon, 2009; Saito et al., 2014; Bristow et al., 2017) and
predation-mortality by higher trophic organisms (Verity et al., 1993; Mojica et al., 2016).
Liebig’s law of the minimum (Liebig, 1843), originally referring to agriculture, in a more
general form is also applicable to the ocean: it is not the total amount of resources, but the
availability of the scarcest factor that limits phytoplankton growth (Arrigo, 2005; Moore et
al., 2013). There are of course subtleties to this generalization when applied to entire
ecosystems, because different primary producers may be limited by different nutrients, and

the demand for nutrients may not be entirely independent of regional supply.

Oceanic primary production requires the macronutrients fixed nitrogen (N) which includes
nitrate (NOgz), nitrite (NO2) and ammonia (NHa); phosphate (PO4) and silicic acid (Si(OH)a)
(Zehr and Kudela, 2011; Tréguer and De La Rocha, 2013; Karl, 2014). Additionally,
phytoplankton physiology relies on dissolved trace elements (i.e. micronutrients) including
dissolved iron (dFe), manganese (dMn), cobalt (dCo), nickel (dNi), copper (dCu) and zinc
(dZn) to maintain cell functioning. These trace elements are pivotal for metabolic activities,
provide structure to proteins and form the reactive center of many enzymes that are, for
example, involved in photosynthesis and respiration (Morel and Price, 2003; Twining and
Baines, 2013). Micronutrients are typically present in the ocean at nano-to-pico-molar
concentrations (Bruland, Middag and Lohan, 2013), and play a similarly important role to
macronutrients in limiting regional surface primary production. Among the micronutrient
trace elements, Fe is thought to have the most pivotal role, and is, besides Zn, the most
abundant trace element in phytoplankton taxa (Twining and Baines, 2013). Approximately
I of the Fe requirement in oxygenic photosynthetic species is related to its use in the
photosynthetic apparatus, photosystem | and I, with the rest being largely required for
respiration (Morel, Milligan and Saito, 2003). Fe is also involved in various steps of the
nitrogen cycle, catalyzing nitrification, denitrification and nitrogen fixation (Morel and
Price, 2003; Zehr and Kudela, 2011).

Approximately one third of global ocean surface primary production is limited by the
availability of dFe (Martin and Fitzwater, 1988; Boyd et al., 2007; Boyd and Ellwood,
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2010). Fe scarcity in surface waters, as observed in the Southern Ocean (Martin, Gordon
and Fitzwater, 1990), the subpolar North Pacific (Boyd et al., 2004) and North Atlantic
Oceans (Ryan-Keogh et al., 2013), may decrease Fe uptake and the ability of phytoplankton
to harvest light that is affecting the photosynthetic production or increasing oxidative stress
caused by disruption in electron transfer (Raven, Evans and Korb, 1999; Peers and Price,
2004). Fe deficiency, through its use in membrane-bound nitrate and nitrite reductases, may
also limit phytoplankton growth by limiting N acquisition (Price, Ahner and Morel, 1994).
Yet, in Fe-scarce environments, some phytoplankton species have developed strategies to
sustain growth, for example, through the use of organic molecules with high affinity for Fe
(‘siderophores’) and siderophore-specific uptake systems (Wilhelm, Maxwell and Trick,
1996; Hopkinson and Morel, 2009) or by substitution of Fe-bearing enzymes with non-Fe
containing proteins (Peers and Price, 2006). Such competitive advantages may partly
explain why cellular Fe quotas are highly variable in the ocean and generally increase with
Fe availability (Twining and Baines, 2013).

Cellular Fe quotas inferred from water column geochemical data and laboratory cultures
were found to be lowest in the Fe-depleted, high nutrient-low chlorophyll (HNLC)
Southern Ocean, and highest in Fe-replete, non-HNLC waters (Strzepek et al., 2011;
Twining and Baines, 2013). Phytoplankton surrounded by elevated Fe may acquire more
Fe than needed to sustain maximal growth (Sunda and Huntsman, 1995; Marchetti et al.,
2006). This ‘luxury” uptake of Fe may extent phytoplankton community growth in an
otherwise Fe-depleted environment later in the season. A particularly high Fe demand is
found for diazotrophic cyanobacteria such as Trichodesmium which, in the absence of
sufficient fixed N, are able to acquire N from dinitrogen (N2) (Zehr et al., 2001; Kustka et
al., 2003). Diazotrophs use Fe-bearing nitrogenase and require 5-times more Fe when
growing on N instead of NH4 (Kustka et al., 2003). In the subtropical and tropical North
Atlantic Ocean, this demand is met by riverine supply and atmospheric deposition of Fe
and supports N fixation that is off-setting the loss of fixed N caused by anaerobic
ammonium oxidation, denitrification or burial (Tovar-Sanchez et al., 2006; Moore et al.,
2009).

Critical roles determining the regional extent of phytoplankton community growth has also
been suggested for dMn in the Southern Ocean (Pausch, Bischof and Trimborn, 2019;
Browning et al., 2021), and dCo in parts of the North and South Atlantic Oceans (Panzeca
et al., 2008; Browning et al., 2017). Most prominently, Mn is needed for the oxidation of
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water during photosynthesis (McEvoy and Brudvig, 2006), whereas Co is required for the
synthesis of cobalamin (Vitamin Bio) that is an essential cofactor in various enzymes
(Martens et al., 2002; King et al., 2011; Twining and Baines, 2013). Even if not limiting
the extent of net primary production, micronutrient availability and changes in nutrient
stoichiometry may influence phytoplankton species composition, affect biodiversity in the
ocean and the biological carbon pump (DiTullio, Hutchins and Bruland, 1993; Eldridge et
al., 2004; Hopkinson and Barbeau, 2008; Browning et al., 2019).

1.1 Trace element micronutrients

Although trace metals occur at enhanced concentrations in the earth’s crust (e.g. Fe 5%
by mass), they occur at very low levels in seawater due to their low solubility ( 10~ for Fe)
and this makes their quantification in marine waters challenging (Bruland, Middag and
Lohan, 2013). Because these elements are present throughout the anthroposphere, the risk
for contamination of samples is high, and particularly problematic for determination of
marine dFe and dZn. For example, Fe is used for steel and Zn for galvanization, hindering
ship-based investigations concerning their biogeochemistry. To account for the high risk of
contamination, trace element clean sampling and laboratory instrumentation are needed to
produce reliable and representative data. Before the 1980s, sporadic profiles of
micronutrients were obtained, but investigations into trace element cycling on a broader
scale remained impossible. Since the 2000s, developments in sampling and laboratory
element analysis techniques (de Baar et al., 2008; Sohrin et al., 2008), international
collaboration and implementation of uniform standards (SCOR Working Group, 2007;
Cutter et al., 2017) have changed our understanding of the role that trace elements exert in
marine ecosystem functioning. Yet, expeditions particularly to remote areas such as the
Arctic and the Southern Oceans remain time- and money-consuming endeavors, and even
after decades of marine research, our understanding of the controls on primary production
across the world ocean, which underpins the well-being and livelihood of billions, is still

patchy.

Micronutrient concentrations are controlled by the relative rates of input and removal.
Trace elements are supplied to the ocean by benthic sediment release (Homoky et al., 2013;
Scholz et al.,, 2014), riverine and submarine groundwater discharge (Ho6lemann,
Schirmacher and Prange, 2005; Gaillardet, Viers and Dupré, 2014; Jeandel, 2016), aerosol
deposition (Mahowald et al., 2018; Shelley et al., 2018) and hydrothermal venting (Sander



Chapter 1 — Introduction

and Koschinsky, 2011; Fitzsimmons et al., 2017). Major sinks are biological uptake (Morel,
Milligan and Saito, 2003; Mellett et al., 2018), passive scavenging and particle aggregation
(Boyle, Edmond and Sholkovitz, 1977; Johnson, Michael Gordon and Coale, 1997,
Homoky et al., 2012) that ultimately result in vertical export (Curtis, 1993; Buesseler, 1998;
Lemaitre et al., 2020) and the burial of trace elements in marine sediments. In between
supply and burial, trace elements may undergo biogeochemical cycling for extended
periods of time (Bruland, Middag and Lohan, 2013) with residence times varying from
several years to hundreds of thousands of years. Biological uptake and remineralisation
(Boyd and Ellwood, 2010; Tagliabue et al., 2019), scavenging-release (Homoky et al.,
2012; Milne et al., 2017) and redox transformations (Sunda and Huntsman, 1988;
O’Sullivan et al., 1991; Moffett and Ho, 1996) are major cycling processes and shape trace
element distributions in the water column. The extent to which trace elements are involved
in biogeochemical cycling is determined by biophysical properties and is controlled by a
complex interplay of environmental factors, including biological demand, pH, oxygen,
light levels and the presence of particles and dissolved organic matter (Morel and Price,
2003; Bruland, Middag and Lohan, 2013; Millero, 2013).

Generally, trace elements are differentiated into four groups, based on their vertical

distribution and biological relevance:

0] Nutrient-type trace elements (e.g. Zn, Cd) show surface depletion and increasing
concentrations with depth due to biological uptake in the surface ocean and
remineralisation at depth of sinking phytoplankton debris, and are extensively
recycled in the surface ocean before being exported to deep waters. Oceanic
residence times are intermediate and range between 1000-100,000 years, thus
comparable to ocean ventilation time scales (Bruland, Middag and Lohan, 2013).
For Zn and Cd, deep ocean residences times of 3000-6000 years (Zn) and 22000-
45000 (Cd) have been suggested (Bruland, Orians and Cowen, 1994).

(i)  Scavenged-type trace elements (e.g. Mn, Pb) are dominated by their high affinity to
particles and tend to be exported with sinking matter. Concentrations are highest
near sources and decrease with distance from the source. Residence times are
typically shorter than ventilation or mixing in the ocean, and may range between
50-1000 years (Bruland, Middag and Lohan, 2013). In case of Mn, the residence
time in the ocean may only be 50-100 years (Bruland, Orians and Cowen, 1994),
yet large regional differences (Kadko et al., 2019), partially related to its redox
chemistry (Sunda and Huntsman, 1988, 1994), are evident.
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(iii)  Hybrid-type trace element (e.g. Fe and Co) behaviour resembles that of nutrient-
type elements, that is depletion in surface water and regeneration at depth, but are
also influenced by scavenging processes. In the case of Fe and Co, oceanic
residence times around 50 years for Co (Saito and Moffett, 2002) and 200 years
for Fe (Bruland, Middag and Lohan, 2013) have been suggested.

(iv)  Conservative-type trace elements (e.g. Mo) show little variation in their vertical
profiles, as their distribution is primarily governed by mixing processes and hence
follow similar trends to salinity. Oceanic residence times are much longer than
ventilation time scales, and may be several hundred thousand years, e.g.
800000 years for Mo (Lutfi Firdaus et al., 2008).

1.2 Fram Strait

1.2.1 Iron biogeochemistry in the sub-polar North Atlantic and the Arctic Ocean

Transport in the North Atlantic Ocean is dominated by the North Atlantic Current advecting
warm and saline water from the Gulf of Mexico towards the Greenland Sea and Fram Strait
(e.g. Rosshy, 1996; Mauritzen et al., 2011). The North Atlantic Current is found at depths
reaching 600 m in the northeastern North Atlantic Ocean (Bower et al., 2002). There,
depth profiles of dFe, dMn and dCo in the Iceland and Irminger Basins (Fig. 1.1) show
surface depletion and subsurface maxima in July, indicative of phytoplankton drawdown
and regeneration at depth (Achterberg et al., 2018, 2021). Surface dFe concentrations below
0.1 nM are observed in the season following the spring bloom. Primary production in large
parts of the high latitude North Atlantic (>45°N) is seasonally limited by the availability of
dFe (Nielsddttir et al., 2009; Ryan-Keogh et al., 2013), NO3 or both (Browning et al.,
2019), and this puts an upper threshold to net phytoplankton community growth in summer.
Autumn and winter minima in phytoplankton concentrations are a consequence of subdued
solar irradiance and decreased water column stability (Behrenfeld and Boss, 2018). Deep
winter mixing is the main driver for surface macro- and micronutrient replenishment in the
high latitude North Atlantic Ocean and sets the conditions for the phytoplankton bloom
next spring (Hartman et al., 2010; Achterberg et al., 2018). Sediments on the Greenland,
Iceland and European Shelf are additional, yet rather localized sources of micronutrients,
particularly dFe, to the North Atlantic Ocean (Birchill et al., 2017; Achterberg et al., 2018,
2021; Tonnard et al., 2020). Glacial discharge to the Greenland Shelf (Cape et al., 2019)
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may also contribute to dFe maxima near the Irminger Basin margin (Achterberg et al.,
2018, 2021; Tonnard et al., 2020).

In contrast to the high latitude North Atlantic, Arctic Ocean primary production is
predominantly limited by the availability of light and fixed N (Sakshaug, 2004; Ortega-
Retuerta et al., 2012; Mills et al., 2018). A much stronger seasonal cycle is evident in the
Arctic compared to the high latitude North Atlantic, ranging from open water, 24 h
irradiance and increased freshwater and meltwater input in summer (Pfirman et al., 1995;
Bhatia et al., 2011; McClelland et al., 2012), to sea surface freeze-up and brine rejection to
deep waters in winter with a complete absence of light (Midttun, 1985; McClelland et al.,
2012). In sea-ice covered parts, the critical role for solar irradiation on primary production
persists throughout the year. At its September 2020 minimum, 3.74 million km? of the
surface Arctic Ocean was covered by sea ice (National Snow & Ice Data Center, 2020),
representing 39% of the Arctic surface area (Menard and Smith, 1966). Alleviation from
light limitation through melting of sea ice increases net phytoplankton production
(Carmack, Macdonald and Steve, 2004; Tremblay et al., 2008). Enhanced water column
stratification through meltwater addition and solar heating assists phytoplankton growth in
spring (Cherkasheva et al., 2014; Oliver et al., 2018), however it also restricts surface
nutrient replenishment during the growth season (Tremblay et al., 2008; McLaughlin and
Carmack, 2010; Henley et al., 2020). Macronutrient distributions (Codispoti et al., 2013;
Randelhoff et al., 2020), and few bioassay incubations in prior work suggest fixed N
constrains the extent of net primary production in ice-free parts of the Arctic Ocean, for
example in the Chukchi Sea (Mills et al., 2018; Ko et al., 2020) and Beaufort Sea (Ortega-
Retuerta et al., 2012). Following the growth season, the North Atlantic (Hartman et al.,
2010; Achterberg et al., 2018) and Arctic surface ocean (Codispoti et al., 2013; Randelhoff
et al., 2020) alike are critically depending upon convective supply of nutrients in winter to

alleviate from post-spring bloom nutrient stress.

The widespread availability of dFe in the Central Arctic Ocean, both in absolute terms and
relative to fixed N, results from advection of low salinity surface waters from Siberian
riverine discharge (Klunder, Bauch, et al., 2012; Charette et al., 2020) amended with shelf
sediment input (Rutgers van der Loeff et al., 1995; Kipp et al., 2018) through the Transpolar
Drift towards Fram Strait (McClelland et al., 2012; Rudels, 2019). Rivers such as the Lena
and Ob transport large quantities of micronutrients to the Arctic Ocean shelf regions
(Holemann, Schirmacher and Prange, 2005; Escoube et al., 2015; Conrad et al., 2019), even
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after concentrations of some elements are reduced by estuarine removal processes (Dai and
Martin, 1995). The Arctic Ocean receives additional micronutrient input from Pacific
Water crossing over the Chukchi Shelf (Kondo et al., 2016; Vieira et al., 2019), and sea ice
that may also be an important vehicle for offshore transport of trace elements (Measures,
1999; Aguilar-Islas et al., 2008; Tovar-Sanchez et al., 2010).

Stabilized from wind-induced turbulence through the presence of sea ice (Williams and
Carmack, 2015) and aided through organic stabilization from e.g. Fe-binding ligands
(Slagter et al., 2017; Laglera et al., 2019), distributions of dFe, dMn and dCo in the Central
Arctic Ocean mirror the distributions in the North Atlantic Ocean (Fig. 1.1). Near the North
Pole, concentrations of dFe, dMn and dCo were enriched in the surface and depleted at
depth (Bundy et al., 2020; Charette et al., 2020). Effective offshore advection through the
Transpolar Drift makes the Arctic Ocean different from surface micronutrient transport in
the high latitude North Atlantic, where shelf sediment and riverine enrichment are more
localized phenomena (Achterberg et al., 2018, 2021; Tonnard et al., 2020). However,
although the central Arctic is subject to high dFe concentrations in the Transpolar Drift,
dFe in the Arctic Ocean has been found to co-limit primary production in the Beaufort Sea
in late summer (Taylor et al., 2013), and dFe deficiency relative to mean phytoplankton
requirements was also suggested from the SE Nansen Basin (Rijkenberg et al., 2018),
stressing the importance of investigations concerning dFe fluxes in the Arctic. Notably, the
southern extent of trace element transport in the Transpolar Drift that is feeding into the
East Greenland Current in Fram Strait (Rudels, 2019) and thus, potentially exporting dFe
to the high latitude North Atlantic Ocean (Klunder, Bauch, et al., 2012; Charette et al.,

2020) is currently unknown.
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Figure 1.1: Comparison of dissolved Fe (dFe), Mn (dMn) and Co (dCo) depth profiles for typical stations in
the Central Arctic Ocean Transpolar Drift (top row, GEOTRACES expedition PS94/GNO04, station 81)
(Charette et al., 2020) and the North Atlantic Ocean Irminger Basin (bottom row, GEOTRACES expedition
D354, station Ti-009) (Achterberg et al., 2018, 2021). Map depicts the position of PS94/GNO04 station 81 (red
dot) and D354 station Ti-009 (brown dot) relative to the stations sampled herein during GEOTRACES
expedition PS100 (GNO5) in Fram Strait (blue dots). Please note the different scales on the x-axis. Figure
made using OriginPro software, version 9.1.0 (OriginLab Corporation, Northampton, MA, USA), and Ocean
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Data View software, version 5.4.0 (Schlitzer, 2021).
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Ocean Data View

Figure 1.2: Near-surface distribution of salinity (left) and temperature in the Nordic Seas including Fram
Strait and southern parts of the Arctic Ocean. Data obtained from ship-based
thermosalinograph measurements at 11 m depth of Polarstern expeditions to the region between 2008-2019
(top, blue lines). Isohalines (left) and isotherms (right) distinguish between the southwards-directed East
Greenland Current (EGC, thin black contours, salinity <31.4, temperature <0°C), and the northward-directed
West Spitsbergen Current (WSC, thick black contours, salinity >34.8, temperature >5°C). Figure made using
Ocean Data View software (version 5.4.0) with DIVA gridding calculations (Schlitzer, 2021).

1.2.2 Fram Strait — Gateway of Arctic-Atlantic exchange

The Arctic is undergoing rapid change as a consequence of atmospheric and ocean warming
(Meredith et al., 2019; Przybylak and WyszyCEski, 2020; Tsubouchi et al., 2021), and
represents the region most affected by climate change worldwide. Surface air temperatures
in the Arctic are rising approximately twice as fast as the global average (Richter-Menge,
Druckenmiller and Jeffries, 2019). Substantial impacts on marine ecosystems are expected
from accelerating Greenland Ice Sheet loss (Straneo and Heimbach, 2013; Bevis et al.,
2019), sea ice loss (Notz and SIMIP Community, 2020; Zhang et al., 2021) and increasing
shelf exposure (Williams and Carmack, 2015; Kipp et al., 2018). Shifts in phytoplankton
growth have been evident since the 1990s in the satellite record (Arrigo, van Dijken and
Pabi, 2008; Ardyna et al., 2014) and phytoplankton ecology may overall be shifting to a
more Atlantic-like community structure (Lasternas and Agusti, 2010; N6thig et al., 2015).
Increased advection of Atlantic Water to Fram Strait and the Arctic Ocean are projected for
the future (Wang et al., 2020), and may contribute further to Arctic ‘Atlantification’. How
these changes affect micronutrient fluxes, phytoplankton abundance and phytoplankton
growth in the Arctic is far from being understood. The paucity of micronutrient data is

particularly problematic for Fram Strait.































































































































































































































































































































































































































































