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»---Dass ich nicht mehr mit saurem Schweif
Zu sagen brauch was ich nicht weif3;
Dass ich erkenne, was die Welt

Im Innersten zusammenhdilt...”

“...And thus the bitter task forego
Of saying the things | do not know;
That | may detect the inmost force

Which binds the world, and guides its course...”
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Summary

Summary

The biological carbon pump (BCP) exports organic carbon from the surface to the deep ocean
through which it drives the oceanic carbon storage of atmospheric CO=. The majority of this
exported carbon is mediated by sinking marine particles, which are mostly formed by primary
producers i.e. phytoplankton, and detrital material including dead zoo- and phytoplankton as
well as fecal pellets. The efficiency at which these marine particles are exported is largely
dependent on the interplay between their degradation and the duration the particles settle
through the water column. Particle and aggregate degradation is largely driven by attached
microbes and zooplankton grazing, which is most prominent in the upper few hundred meters
of the water column. Settling velocities of particles or aggregates are largely determined by
their density and thus composition. Therefore, fast settling aggregates or particles sink more
rapidly through the upper water column, which increases the efficiency for carbon export.
The incorporation of ballasting components, such as sediments or minerals, during particle
aggregation may increase the size-specific settling velocities of the aggregates and are thus
an important process for carbon export via the biological pump. The manuscripts within this
dissertation focus on the impact of aggregate morphology and ballasting on settling velocities
and how carbon export is mediated by slow versus fast settling aggregates. We investigated
the horizontal relocation of slow vs. fast settling aggregates in form of particle clouds,
aggregate ballasting through the incorporation of minerals and the role of the aggregate

microstructure on settling.

In Manuscript | we developed a method for the observation of the internal and external
structure of marine snow which is crucial for the understanding of its settling behaviour and
exchange rates of solutes with the surrounding environment. Due to its small size and fragile
nature, small scale observations of marine snow have been restricted to a resolution of whole
aggregates without the possibility to observe three-dimensional structures within single
aggregates, e.g. micropores, channels or hollow spaces. In this project we use magnetic

resonance imaging to develop a three-dimensional imaging method that can visualize surface
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Summary

and internal microstructures within individual aggregates. For the first time, we are able to
visualize the three-dimensional internal and external structure of an aggregate. These
observations indicate that commonly used approaches to derive aggregate sizes and volume
using geometric model shapes such as an ellipsoid, underestimate true aggregate sizes. Using
a flow model, we compared the effect of the aggregate shape with ellipsoid and spherical
model shapes to observe differences in settling behaviour. Surface vorticity fields on the
aggregate were more pronounced as for model shapes. Generated drag forces by the
aggregate were over a magnitude larger as for the model shapes. Despite the occurrence of
connecting channels in the aggregate pore space, we did not observe any indications for
internal flow by our flow model. Our results suggest that current parameterizations of particle
size may bias estimations of microbial degradation and settling velocity of aggregates. This

may have large implications for current estimations of carbon export via the biological pump.

In Manuscript I, we combined inter-annual and -seasonal flux measurements between 1989
- 2017 with a ship-based process study from 2019 to deduce forcing factors for the formation
of shelf produced particle clouds and their contribution to deep ocean carbon export in the
Canary current-EBUS (CC-EBUS). Our results from deep ocean carbon fluxes show that particle
clouds formed at the continental shelf continuously supply 4.2 - 6.0 times more carbon than
vertically exported local surface primary production. Microscopic observations and measured
size and settling velocities imply that mineral ballasting of offshore advected particles and
aggregates drives the formation of a fast-settling benthic particle cloud while non-ballasted
particles and aggregates form a slower settling intermediate particle cloud. These
observations suggest that common approaches that only consider vertical downward
movement of settling particles and aggregates are prone to overestimate carbon flux and
turnover by not including the contribution of horizontal advected slow settling particles and
aggregates throughout the water column. The recognition of horizontal advected particle
clouds in modelling efforts will thus help improve our ability to accurately quantify carbon

export and sequestration via the biological pump.

In Manuscript lll, we describe the role of sea-ice mediated aggregate ballasting as driver for

carbon export in the vicinity of the ice-edge in the Arctic. By combining 13-years of continuous
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flux measurements with benthic eDNA analysis, laboratory-based ballasting experiments and
sea-ice distributions, we show that the release of cryogenic gypsum and terrigenous material
from melting sea-ice ballasts organic matter in the water column, which enhances carbon
export. The ballasting experiments showed that size-specific aggregate settling velocities
where up to 10-fold higher that non-ballasted aggregates, which resulted in >30% higher
carbon export at the ice-edge. Further, eDNA samples from the sea-floor showed that the
slow settling phytoplankton genus Phaeocystis spp., which generally does not contribute
significantly to carbon export, was efficiently exported to the sea floor in sea-ice associated
areas. As cryogenic gypsum is primarily formed in first-year sea-ice, its effect on aggregate
ballasting is expected to continue as long as phytoplankton phenology matches the
distribution of sea-ice. However, the flux of terrigenous material continuously decreased over
the past decades and is expected to cease with progressing sea-ice loss since the future Arctic
sea-ice is projected to be formed in the open ocean and not on the Siberian shelf where
terrigenous sediment is incorporated into the ice. We therefore expect that the ongoing loss
of sea-ice with global warming will limit aggregate ballasting and thus reduce carbon export

in the future Arctic Ocean.



Zusammenfassung

Zusammenfassung

Die biologische Kohlenstoffpumpe exportiert organischen Kohlenstoff von der Ozean
Oberflache in die Tiefsee, und treibt somit die Speicherung von atmosphéarischem CO2 in den
Ozeanen an. Der GroBteil des organischen Kohlenstoffs wird in Form von sinkenden Partikeln
exportiertet, welche aus Bestandteilen der Primdrproduktion in der Wasseroberflache
bestehen, wie etwa Algen und Detritus welches z.b. aus totem Phyto-, Zooplankton oder
Kotballen bestehet. Die Effizienz mit der diese Partikel exportiert werden ist in groRem Male
abhangig von der Partikelsinkgeschwindigkeit und der Abbaurate. Der Abbau von Partikeln
geschieht GroRteiles im oberen Teil der Wassersdule und wird durch mikrobiellen Abbau und
Zooplankton Fral verursacht. Die Sinkgeschwindigkeit der Partikel ist wiederum
hauptsdchlich von der Partikeldichte aber auch der Morphologie und somit der
Zusammensetzung abhdngig. Somit fihren schnell absinkende Partikel zu einem
verhéltnismiBig geringen Abbau, da die Partikel schnell aus dem oberen Teil der Wassersaule
sinken. Das Einbauen von Ballastmaterialien wie z.b. Sedimente oder Mineralien, kann die
Sinkgeschwindigkeiten von Partikeln erhéhen und ist somit ein wichtiger Faktor der den
Export von Kohlenstoff Giber die Biologische Pumpe beeinflusst. Die Studien innerhalb der
vorgelegten Dissertation beziehen sich deshalb auf die Morphologie von Partikeln, den
Einfluss durch das Beschweren iiber Ballastmaterialien und Unterschiede zwischen dem
Export von Kohlenstoff durch langsam und schnell absinkende Partikel. Hierfiir untersuchten
wir den horizontalen Transport von schnell und langsam absinkenden ,Partikelwolken®, das
beschweren von Partikeln durch die Integration von Mineralien, und den Einfluss der internen
und externen Mikrostruktur won Partikeln auf ihre Sinkgeschwindigkeit und

Aggregationspotential.

In Manuskript | entwickelten wir eine Methode zur Darstellung von internen und duleren
Strukturen von marinen Partikeln, welches essentiell fir das Verstdndnis und die Vorhersage
von Partikelsinkgeschwindigkeiten und austauschraten von geldsten Stoffen mit der
Umgebung ist. Durch ihre kleine GroRe und fragilem Aufbau sind Untersuchungen von
marinen Partikeln limitiert auf ganze Partikel, ohne die Maobglichkeit die internen

Porenstrukturen aus Tunnel und Hohlrdumen mit einzubeziehen. In diesem Projekt ist uns als
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Zusammenfassung

erste gelungen eine Methode zu entwickeln um die interne und duBere Struktur inklusive von
Poren mit Hilfe von Magnetresonanztomographie dreidimensional darzustellen. Unsere
Beobachtungen deuten darauf hin das reguldr verwendete Methoden zur Bestimmung der
Grole von Partikeln mithilfe von geometrischen Formen wie z.b. einer Ellipse, fehlerbehaftet
sind. Mithilfe eines Strémungsmodels, verglichen wir den Einfluss der Form von dem Partikel
mit elliptischen und sphéarischen geometrischen Formen um den Einfluss der Struktur auf das
sinkverhalten festzustellen. Die Wirbelstérke im Fluss Giber der Oberflache des Partikels war
starker ausgeprigt als bei den geometrischen Formen. Der generierte Stromungswiederstand
des Partikels war um das 10-fache erhéht im Vergleich zu den geometrischen Formen. Trotz
der Prisenz von Tunnelstrukturen durch den Partikel, haben wir keine Indizien fir internen
Fluss iiber unser Model feststellen kbnnen. Unsere Ergebnisse deuten darauf hin das regular
verwendete Methoden zur Parametrisierung von PartikelgréBen, Annahmen zu Abbauraten
und Partikelsinkgeschwindigkeiten wverfdlschen kdnnten. Diese Beobachtungen kdénnte
weitreichende Implikationen fir aktuelle Schitzungen zum Export von Kohlenstoff iiber die

Biologische Pumpe haben.

Im Manuskript Il kombinierten wir jahrliche und saisonale Kohlenstoff Export Messungen
zwischen 1989 und 2017 im Auftriebsgebiet vor Westafrika mit einer schiffsbasierten
Prozessstudie aus dem Jahre 2019, um die vorherrschenden Faktoren fir die Bildung von
Partikelwolken zu identifizieren und ihren Anteil am Kohlenstoffexport in der Tiefsee zu
bestimmen. Unsere Ergebnisse haben gezeigt, dass der Anteil vom Kohlenstoffexport iber
lateral eingetragene Partikelwolken den vom vertikalen Export aus der Oberfliche um das
4.2-6.0 fache bersteigt. Ergebnisse von Mikroskop-basierten Beobachtungen und
Messungen von PartikelgroBen und Sinkgeschwindigkeiten zeigen, dass der Einbau von
Mineralien Partikel beschwert und somit zur Bildung von schnell sinkenden Partikelwolken
filhrt, wdhrend Partikel die nicht beschwert wurden langsam sinkende Partikelwolken
bildeten. Unsere Beobachtungen deuten darauf hin, das gangige Methoden zur Bestimmung
vom Kohlenstoffexport dazu neigen den Kohlenstoffexport und Abbauraten zu tiberschitzen,
da in diesen der Eintrag von lateralem material nicht beriicksichtigt wird. Das integrieren von

lateralem Kohlenstoffeintrag (iber Partikelwolken in Modellen zur Bestimmung des
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Kohlenstoffexports ist somit ein wichtiger Schritt um den Kohlenstoffexport und die

darauffolgende Sequestrierung tiber die Biologische Pumpe bestimmen zu kénnen.

Im Manuskript lll beschreiben wir, wie die Freisetzung von eingeschlossenem Material aus
schmelzendem Meereis den Kohlenstoffexport entlang der Meereiskante in der Arktis
antreibt. Durch die Kombination von 13-jahre andauernden Kohlenstoffexport Messungen
mit benthischen e-DNA Analysen, Laborexperimenten zur Beschwerung von Partikeln und
Daten zur Meereisausdehnung, zeigen wir das die Freisetzung von kryogenem Gips und
terrigenem Material, Partikel in der Wassersdule beschweren und somit den
Kohlenstoffexport erhoht. Die Experimente zur Beschwerung von Partikeln zeigten das
aufgenommenes Material die Partikelsinkgeschwindigkeiten um das 10-fache erhéhen. Dies
spiegelte sich in einem 30% hoheren Kohlenstoffexport in der Ndhe der Meereiskante wider.
Des weiteren haben benthische e-DNA Analysen gezeigt das die Alge Phaeocystis spp. in
Regionen mit regelmaRiger Meereisbedekung bis zum Meeresboden gesunken ist, obwaohl
diese dafiir bekannt ist durch ihre langsame Sinkgeschwindigkeit nicht nennenswert zum
Kohlenstoffexport in tiefere Wasserschichten beizutragen. Mit Bezug auf dem Klimawandel
erwarten wir, dass, solange die Phanologie der frithjdhrlichen Planktonbliite mit dem Beginn
der Meereisschmelze (bereinstimmt, das Freisetzen von kryogenem Gips Partikel in der
Wassersdule beschweren wird. Jedoch zeigten die Exportmessung das mit der
fortschreitenden Reduktion der Meereisausdehnung der Einschluss und somit das freisetzen
von terrigenem Material aus Meereis sich immer weiter reduziert. Wir erwarten somit, dass
die bestdndige Reduktion der Meereisbedeckung durch den Klimawandel den

Kohlenstoffexport im Arktischen Ozean reduzieren wird.
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Introduction

Marine carbon pumps

Carbon transfer between the global carbon reservoirs

The global carbon cycle describes the transfer of carbon within and between the four main
global carbon reservoirs, including the land, atmosphere, geological reserves i.e. fossil fuels
and the ocean (Houghton 2014). Carbon transfer between the main carbon reservoirs occurs
through a multitude of abiotic and biotic processes in which carbon is transferred as a “carbon
flux”. Whenever a net influx of carbon to a is higher than its release, it is considered a “carbon
sink”.

From the four major carbon reservoirs, the ocean is a key component in the regulation of the
global climate through a net influx of atmospheric CO3, thus acting as a net carbon sink (Lal
2008). The net ocean influx of atmospheric CO: at the air-sea interface is driven by a gradient
of a higher CO: partial pressure (pCO:) in the atmosphere which leads to an accumulation of
dissolved inorganic carbon (DIC) in the surface ocean (Volk and Hoffert 1985). This gradient is
maintained by “carbon pumps” which actively transport DIC from the surface ocean to the
ocean interior. Therefore, the oceans carbon pumps are a driving force that regulate

atmospheric CO: concentrations and thus the global climate.

Carbon pumps in the ocean

The ocean carbon pumps are distinguished in the solubility pump and the biological pump.
The solubility pump is based on the increase of seawater density and CO- solubility with colder
water temperatures. As part of the global ocean circulation, commonly referred to as the
global conveyer belt, relatively cold DIC enriched surface water sinks into the ocean interior
at high latitudes which leads to the formation of DIC enriched deep water.

In contrast, the biological pump exports carbon from the ocean surface into its interior in
form of particulate organic carbon (POC). The accumulated DIC in the surface ocean is
transformed into POC through photosynthesis by marine autotrophs, in particular marine
phytoplankton. When phytoplankton collide, they may stick together, aggregate and form

what is referred to as “marine aggregate”. If the equivalent spherical diameter of such a
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marine aggregates is larger than 500 pm, it may also be termed “marine snow”. Together with
“fecal pellets” which are excreted from heterotrophs e.g., zooplankton, these two marine
particle types transport the assimilated DIC as POC into the ocean interior and thus drive the
uptake of atmospheric COz in the surface ocean.

Combined, the solubility pump and the biological pump drive an estimated total CO- uptake
of ~ 92.5 Gt C year! from the atmosphere, which amounts to ~25 Gt of carbon per year (Lal
et al. 2008). However, the contribution of the biological pump to the transfer of DIC to the
deep ocean is estimated to cover ~ 70% of the total carbon export (Passow & Carlson 2012).
Therefore, the biological pump accounts for the majority of carbon export to the deep ocean

and thus CO: regulation of the global atmosphere.

Mechanisms of particle transport in the biological pump

The export of marine POC is mediated by varying export pathways including abiotic and biotic
processes (Boyd et al. 2019). Approximately 6.5 + 2.5 Gt of the global POC export can be
attributed to gravitational settling i.e. the particle density is higher as that of the surrounding
water. In addition, 4 + 3.5 Gt of global POC export is suggested to be partly mediated by so
called particle-injection pumps (PIP) that actively transport particles to greater depth.
However, as PIP export settling- as well as suspended particles, a unknown fraction of carbon
export mediated by PIP can also be accounted to export via gravitational settling. The
combined total export of approximately 17 Gt is therefore likely an overestimation due to
double accounting. The underlying processes to these PIP include 5 different mechanisms of
which 3 are physical and 2 biological based. Physical based mechanisms include: (1) the mixed-
layer pump, which is driven by the accumulation of marine aggregates and particles in
summer months and subsequently diluted as the mixed layer depth increases during winter.
In the following spring, only a fraction of the diluted particles is reintroduced into the mixed
layer with the onset of surface stratification. (ll) The large scale subduction pump which
covers the passive transport of marine aggregates and particles along the global conveyer belt
and (lll) the eddy-subduction pump which subducts surface waters on scales of up to 10 km
by vertical circulation in eddy fronts. The biological based mechanisms include: (IV) the
mesopelagic migrant pump which describes the excretion of fecal pellets from vertically

migrating zooplankton in deeper water layers and (V) the seasonal lipid pump which describes
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the respiration of lipid reserves from hibernating zooplankton in deep water layers.
Therefore, POC export via the biological pump is mediated by a combination of factors,
including the particles density, the prevailing biota and the physical conditions of the water

column.

Carbon remineralisation of exported particles

From the estimated global net primary production of 50 Gt C year (Steinberg & Landry 2017),
the suggested carbon export of the biological pump is 6-17 Gt C year? of which approx. 0.66
GT Cyear? reaches 2000 m depth or greater (Boyd et al. 2019, Henson et al. 2012). Therefore,
carbon fluxes in the water column generally decrease with increasing depth. This strong
attenuation of POC export is due to zooplankton grazing and microbial remineralisation.
Zooplankton grazing occurs predominantly in the upper few hundred meters of the water
column (Jackson & Checkley 2011, Iversen et al. 2010). In addition, marine particles are
hotspots for microbial activity (Azam et al. 1993, Thiele et al. 2019, Arnosti et al. 2011) which
degrade particles and thus reduce POC export while settling through the water column. As a
result, POC attenuation is suggested to reduce export flux by 30 - 80% within the top 100 m
(Buessler et al. 2020) and only an estimated 1 - 10% of primary production is exported to a
depth of = 2000 m (Henson et al. 2012).

Depth dependent sequestration efficiency of exported carbon

The sequestration timescale of the exported POC is determined by the duration until the
exported POC is relocated back to the surface ocean. Therefore, a greater export depth leads
to a higher sequestration efficiency (Passow & Carlson 2012, Boyd et al. 2019). Estimations
for the sequestration time of a given export depth are highly variable e.g. for an export depth
of 1000 m, the estimated sequestration timescale ranges between 100 years (Passow &
Carlson 2012) and 300 —400 (Boyd et al. 2019) years. Suspended particles tend to have a
lower sequestration efficiency than settling particles. This is because suspended particles are
dependent on PIPs to be actively transported to deeper water layers and thus contribute to
carbon export (Boyd et al. 2019). Due to this limitation of suspended particles to reach great

depths, settling particles have a larger potential for long-term carbon sequestration.
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The fundamental parameters to estimate carbon export

The accurate determination of carbon fluxes from the surface to the deep ocean is essential
to assess carbon export via the biological pump and thus understanding its implications for
climate functioning. Numerous studies over the past decades have identified a multitude of
processes which affect the export via the biological pump. However, experimental and
theoretical based observations have shown that the main parameters for the regulation of
carbon export are the settling velocity and rate of degradation (e.g., Martin et al. 1987,
lversen & Ploug 2013). Therefore, relevant implications of particle and aggregate settling

velocities and degradation will be discussed separately in the following chapters.

Particle degradation

The pelagic food web plays a central role in the cycling and export of carbon. In particular,
microbes and zooplankton play a fundamental role by recycling organic carbon from marine
aggregates and transferring it into the dissolved organic and inorganic pool, as well as linking
higher and lower trophic levels as predators and food source (Steinberg & Landry 2017). The
degradation and consumption of marine aggregates can loosely be separated into two vertical
domains: Zooplankton grazing of marine aggregates is mostly pronounced in the upper few
hundred meters of the water column (Jackson & Checkley 2011, Iversen et al. 2010, van der
Jagt et al. 2020), while the degradation by particle attached microbes is prominent

throughout the entire water column (lversen and Ploug 2013, lversen et al. 2010).

Zooplankton degradation

The majority of zooplankton feeding occurs in the euphotic zone and is estimated to consume
75 —91% of carbon produced from primary production (Steinberg & Landry 2017). Hereby,
the consumed carbon is metabolically respired, fixed within the organism or excreted as fecal
pellets. Fecal pellets are particularly relevant since they are reintegrated into carbon export
as fast settling and compact aggregates and contain approximately up to half of the carbon

consumed by the zooplankton (Steinberg & Landry 2017). Therefore, the rate at which these
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are exported and degraded by microbial remineralisation and/or zooplankton coprophagy is
a determining factor if zooplankton grazing results in an increase or decrease of carbon fluxes.
For instance, rapidly exported fecal pellets from dense swarms of Antarctic krill (Euphausia
superba) were observed to locally contribute up to 72% of carbon flux in the water column
and deposit >60% of carbon stored in the sea floor. In contrast, fecal pellets produced from
salps (Salpa thompsoni) in the same region contained 4-fold more carbon than krill fecal
pellets, yet microbial degradation and disaggregation retained 80% in the mixed layer (lversen
et al. 2017, Pauli et al. 2021). Therefore, the “repackaging” of organic carbon from the water
column into efficiently exported fecal pellets and the rate at which these are exported and

recycled may fundamentally impact the export efficiency of the biological pump.

Microbial degradation

Marine aggregates host distinct microbial communities (Thiele et al. 2019) which can be two-
to threefold more abundant compared to the surrounding water column, thus enabling a
rapid remineralisation. The key determinants for microbial carbon turnover within marine
aggregates is the in- and efflux of O, nutrients and dissolved organic matter (Ploug &
Bergkvist 2015, Zetsche et al. 2021). Herewith, microbial grazing and extracellular enzyme
release are maintained, thus driving heterotrophic production on the aggregate and the
release of unutilized DOC to the surrounding water column (Arnosti et al. 2011).

In-situ measurements of aggregate degradation indicate that microbial remineralisation of
marine aggregates is temperature dependent, with increasing degradation rates at higher
temperatures (lversen and Ploug 2013). This has been supported by deep ocean carbon
fluxes, which could be replicated with flux calculations by taking the temperature dependent
microbial degradation into account (lversen & Ploug 2013). However, experimental studies
have also shown that the increase in ambient pressure decreases the concentration and
respiratory activity of particle attached microbes, especially when reaching ambient pressure
equivalent to 3000 m depth and below (Grossart & Gust 2009, Stief et al. 2021). This indicates,
that the temperatures marine aggregates experience while settling through the water column
may be a good indicator for microbial degradation rates in depths above 3000 m, while at
deeper depths, pressure induced effects are expected to further decrease respiratory activity

of particle attached microbes.
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The microbial communities of marine aggregates sampled from the deep ocean showed
similar microbial compositions as for the surface ocean, suggesting that microbial
colonization occurs mainly in the surface ocean (Thiele et al. 2015, Boeuf et al. 2019). This
may suggest that particle attached microbial activity is related to the water temperatures in
the upper water column. Therefore, the temperature dependence of the microbial activity
and thus aggregate degradation during settling may be more affected in tropical or
subtropical regions as for polar regions, since aggregates sink from relatively warm surface
waters to the cold deep ocean, as suggested by trends towards a more efficient microbial

remineralization in regions with cold waters (Marsay et al. 2015).

Aggregate formation and its implications on settling velocities

Marine aggregate formation envisioned from aggregation- and coagulation theory

Particle aggregation is a primary process of the biological pump as it alters the physical
properties of organic matter by forming aggregates that allows the transfer of material from
the dissolved into the particulate phase and suspended/slow-settling single cells into fast-
settling aggregates (Burd & Jackson 2009). Extensive theoretical and empirical based findings
have proposed two major hypothesis that describe aggregation behaviour of particulate
material and are based on the aggregation of material by collision (aggregation theory) and
the spontaneous assembly of DOM polymers to larger sized gel polymers (polymer gel theory;
Verdugo et al. 2004).

According to the aggregation theory, the particle aggregation rate is dependent on the
particle size, concentration, adhesion force i.e. stickiness and encounter rate which depends
on differential settling, turbulent or laminar fluid shear and, for sub-micron sized particles,
Brownian motion (Burd & Jackson 2009).

In the polymer gel theory, aggregation is explained by self-induced assembly to networks of
random or (semi)ordered structures via chemical or physical bonds, including covalent bonds,
hydrogen bonding, van der Waals forces, electrostatics, entanglement etc. (Verdugo et al.

2004).
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The extent to which the aggregation theory and polymer gel theory overlaps and
complements each other is not fully clear, however, a size-dependent relevance can be
expected and would suggest polymer gel theory to explain primarily sub-micron coagulation
processes including particle precursor material such as nano- and microgels, while the
aggregation theory is more suitable for the description of particle aggregation in the larger

size ranges, hence marine snow.

The hydrodynamic environment from aggregates impacts bacterial attachment

In addition to the aggregation parameters defined from aggregation theory, the
hydrodynamic environment around a settling aggregate may affect the encounter of particles
(Secchi et al. 2021). As marine aggregates settle through the water column, the surrounding
water generates a drag force i.e. fluid resistance which forms a thin layer of water around the
aggregate, with a steep gradient of flow velocities i.e. shear rate. When particles are to
encounter, the shear rate around the settling aggregate may act as a limiting barrier by
“pushing away” the colliding particle and thus decelerate the collision speed. Thereby, the
encountering particles trajectory may be redirected by the flow surrounding the aggregate,
thus deflecting the encountering particle and preventing aggregation (Zetsche et al. 2020,
Secchi et al. 2021). This implies that the hydrodynamic environment of a settling aggregate
must be overcome in order for colliding particles to successfully encounter and potentially
attach.

Studies have shown that the hydrodynamic environment may deflect bacteria (Secchi et al.
2020). In addition to size, the bacterial motility/sinking velocities affects the rate at which
small sized particles overcome the boundary layer and hence, attach to the particle.
Non-motileftruly suspended bacteria are attached less frequent and in the windward
direction of a settling particle. In contrast, motile bacteria, attach more frequent and
predominantly in the leeward position of a particle (Secchi et al. 2020). This is because motile
bacteria are able to penetrate into the high shear layer as they are deflected, if their motility
velocity is higher as the wake flow behind the aggregate (Secchi et al. 2020). However, the
mentioned bacterial motility is a chemotactically driven movement towards the particle.
Therefore, motile bacteria actively approach the surface of the aggregate independent of

their orientation towards the aggregate.

13



Introduction

In addition, the surface heterogeneity of settling aggregates creates local vorticity, which
creates a rotational water flow towards the aggregate surface. This is particularly pronounced
if the structures are located lateral on the settling particle (Zetsche t al. 2020). The vortexes
created from surface structures may thus enhance the aggregation potential of small sized
particles by dragging the particle towards the aggregates surface.

Particle ballasting increases aggregate settling velocities

The incorporation of relatively dense ballasts minerals increases the size-specific settling
velocities of marine aggregates (e.g. lversen and Ploug 2010, Ploug et al. 2008a, Ploug et al.
2008b, van der Jagt et al. 2018). This particle ballasting is a commonly observed process and
can be mediated by material of organic and inorganic origin.

Ballasting sources of organic origin comprise mainly phytoplankton groups that form shells of
biogenic minerals, including calcium carbonate (coccolithophores) and opal (diatoms; lversen
& Ploug 2010, Ploug et al. 2008). Further, the incorporation of relatively dense fecal pellets
into marine aggregates can increase particle settling velocities (Ploug et al. 2008).

Inorganic particle ballasting includes the incorporation of minerals or sediments (lversen &
Robert 2015, van der Jagt et al. 2018). These materials are sourced by the deposition of
atmospheric dust on the ocean surface, e.g. Saharan dust deposition in the Atlantic (lversen
et al. 2010, Nowlad et al. 2015, van der Jagt et al. 2018), sediment plumes from river or glacial
discharge (Halbach et al. 2019, Mouyen et al. 2018) or the resuspension of sediments in
shallow shelf areas (Fahl & Nothig 2007).

Differences between slow and fast settling aggregates for carbon export

As the majority of organic matter turn-over occurs within the upper few hundred meters (e.g.
Ilversen et al. 2010), the retention time within these depths largely determines the efficiency
at which POC is exported to greater depth. Fast particle and aggregate settling velocities may
transition organic matter efficiently to greater depths which limits zooplankton grazing and
microbial degradation at shallow depths. Further, colder water temperatures limit the
respiration rate of particle attached microbes thus limiting particle degradation (lversen &
Ploug 2013). Hence, a fast particle settling into deeper and colder water layers (excluding
polar regions with cold surface waters, see section Microbial degradation) reduces the

degradation by attached microbes in the deep ocean (Marsay et al. 2015). Therefore, fast
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particle and aggregate settling velocities are a determining factor for the efficiency of POC
export.

In contrast, slow-settling particles and aggregates are generally considered to be degraded
more efficiently at shallow depths due to their longer residence times and, thus, exposure to
grazing zooplankton and microbial degradation in the upper part of the water column. For
example, the phytoplankton species Phaeocystis spp. forms colonies with high amounts of
gelatinous polysaccharides, which lower their settling velocity to approx. ~10 m day?
(Skreslet 1988, Ploug et al. 1999). Due to this low settling velocity, Phaeocystis spp. is
generally attenuated within the top 100 m of the water column and therefore only
contributes to carbon flux in negligible amounts (Reigstad & Wassmann 2007, Wolf et al.
2016). Further, slow-settling particles and aggregates are strongly affected by water currents.
Therefore, resuspension and vertical mixing are more likely to maintain slow-settling particles
in the surface ocean. However, lateral advection may relocate slow settling particles and
aggregates over far distances and thus change the area that the they are exported to from
their production origin. This is particularly relevant in shelf regions, where the limited water
depth leads to a short sequestration time when compared with the deep ocean (Boyd et al.
2019, Karakas et al. 2005). A lateral relocation of particles from shallow to deep areas may
therefore extend the sequestration timescale of particles and thus increase the amount of

POC exported via the biological pump.
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Aims of the doctoral thesis

Great efforts have been undertaken over the past decades to identify and describe the
principal mechanisms that control and drive the carbon export via the biological pump. In
particular, the interplay between particle degradation and settling velocity have been
identified as determining factors for carbon export (e.g., Martin et al. 1987, lversen et al.
2013). However, until now, particle aggregation and its consequential implications on particle
settling velocities are not fully understood. Specifically, methodological constraints on the
sub-aggregate level limit our understanding of aggregation processes. In addition, highly
dynamic environments such as polar and shelf regions encompass complex environmental
properties that affect particle formation, composition and ballasting with varying
consequences for particle sinking velocities and the time available for organic matter turn-
over in the water column.

In this thesis, | aim to investigate knowledge gaps regarding aggregate structure and
aggregation on the sub-aggregate level and the settling behaviour of particles in highly
dynamic yet globally relevant environments for carbon export. The questions addressed in

this thesis are:

. How does lateral advection and vertical transport contribute to deep ocean carbon
flux?
Il.  What are the implications of mineral ballasting on settling marine aggregates?
lll. How does aggregate structure affect microbial degradation and aggregation

potential?
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Abstract

Oceanic carbon storage is largely mediated by organic aggregates which sink from the surface
ocean to the deep sea. Since carbon flux is determined by the concentration and settling
velocity of organic aggregates, it is vital to understand how aggregate composition, size and
shape impact their size-specific carbon content and sinking velocity. However, we still struggle
to visualize and quantify the three-dimensional structure within settling aggregates as well as
how transparent components of the aggregates affect their size and shape. Here, we suggest
a method to visualize both the internal and external three-dimensional structure of individual
aggregates using magnetic resonance imaging (MRI). We compared microscopic and MRI
measurements and found that aggregate size, volume and surface area were larger when
determined via MRI compared to microscopy. If this discrepancy is correct, it has implications
for previous size-based measurements on aggregates, such as volumetric carbon content,
microbial respiration derived from microsensor profiles, carbon-specific degradation, and
size-specific settling velocities. Accompanied with the high-resolution size measurements, the
MRI allowed visualization of small-scale structure on the aggregate surface. When
implementing these surface structures into a flow model, we found that they caused strong
vorticity fields, which may enhance microbial colonization downstream of the structure.
Further, the small-scale surface structures increased the drag forces on the settling aggregate
to a magnitude higher than would be expected from a smooth sphere with a similar volume.
The internal structure of the aggregate showed connecting channels throughout the entire
aggregate. Though these channels connected to the surface of the aggregate, the flow model
still suggested that flow and advection did not occur through the channels, suggesting
diffusion as the main mechanism for solute transport to and from settling aggregates. Our
preliminary results suggest that MRI based structural analyses of settling aggregates is a
powerful tool to link small-scale structures and processes within single aggregates to large-

scale processes, such as biogeochemical cycles and oceanic carbon sequestration.
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Introduction

The world’s oceans regulate the global carbon cycle through the uptake and storage of
atmospheric CO2. The biological carbon pump is a key mechanism to regulate atmospheric
CO: uptake via the export of organic matter from the surface to the deep ocean:
Phytoplankton in the surface ocean fix dissolved atmospheric CO: into particulate organic
carbon (POC) via photosynthesis and, by sinking through the water column, transport the
fixed POC to the deep ocean where it may be sequestered (Volk & Hoffert 1985, Turner 2015,
Boyd et al. 2019).

The export of POC is largely mediated by sinking aggregates, such as zooplankton fecal pellets
pellets and marine snow aggregates (Alldredge and Silver 1988). Marine snow often contains
a gel like matrix of polysaccharides which are collectively termed transparent exopolymer
particles (TEP; Passow & Alldredge 1994, Flintrop et al. 2018, Zetsche et al. 2020). These TEP
arrange to a sticky web-like structure to which the material prevailing in the water column
adheres to, thus forming a highly heterogenous and porous aggregation of whole
phytoplankton cells or their fragments, detrital material and inorganics such as minerals or
sediments (Flintrop et al. 2018, van der Jagt et al. 2018).

Marine aggregates host diverse microbial communities which degrade the aggregates while
settling through the water column. These communities primarily form on single
phytoplankton cells and small aggregates during aggregate formation in the upper water
column (Thiele et al. 2015). However, it is possible that some motile bacteria colonize settling
aggregates throughout the water column (Secchi et al. 2020), though most studies suggest
that this is only a minor fraction of the microbial communities associated with the aggregates
at depth (Thiele et al. 2015, Bachmann et al. 2018, Mestre et al. 2018, Fadeev et al. 2020).
The aggregate associated microbial communities can be two- to threefold more abundant
compared to those in the surrounding water, making marine aggregates hotspots for
microbial activity (Thiele et al. 2019). During the microbial degradation, organic matter is
solubilized and remineralized under the release of carbon dioxide (respiration), dissolved
organic matter (DOM, solubilization) and nutrients (remineralization) to the surrounding
water column (Arnosti et al. 2010, Zetsche et al. 2020). Therefore, along with zooplankton

grazing, microbial degradation is a determining factor for the efficiency with which organic
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matter, including carbon, is attenuated from the surface to the deep ocean, thus regulating
atmospheric CO; sequestration via the biological pump.

Over the past decades, a multitude of approaches have been developed to estimate carbon
export and sequestration via the biological pump. (e.g. lversen et al. 2010, McDonnell &
Buesller 2010, Kiko et al. 2017, Guidi et al. 2008, lversen & Ploug 2013). While these
approaches may utilize varying equipment and sources for data acquisition, the variables that
are universally necessary to estimate vertical carbon fluxes are the quantity of particulate
organic carbon, the rate of its degradation and the speed at which it settles through the water
column. However, the fundamental parameter defining each of these variables is the
aggregate size and structure, i.e. aggregate diameter, volume, surface area, and internal and
external physical structures such as surface roughness and internal pore-space. Often
aggregate volume is used to derive carbon-to-volume ratios of different types of aggregates
(lversen et al. 2010, Iversen and Ploug 2010, lversen and Ploug 2013), which can be used to
estimate the carbon content of different aggregate types and sizes using optical
measurements of in situ particle abundance and distribution (e.g. Guidi et al. 2008, lversen et
al. 2010, Kiko et al. 2017). Furthermore, total respiration rate of microbial communities within
aggregates are often determined from the product between aggregate surface area and
oxygen flux at the aggregate surface which is measured using microsensors (Ploug et al. 1999,
lversen & Ploug 2013, Ploug & Grossart 2000, Zetsche et al. 2020). Size-specific settling
velocities of marine aggregates are typically related to the equivalent spherical diameter of
the aggregates (lversen and Ploug 2010, McDonnell & Buesseler 2010, Guidi et al. 2008
Iversen and Robert 2015). All of these measurements are reliant on our ability to determine
aggregate size accurately across a multitude of methods, including microscope, in situ camera
systems, and laser scanning systems. However, despite the crucial role particle volume and
surface area have for understanding and predicting the functioning of the biological pump,
there is no method to date that allows for the accurate determination of the true volume and
surface area of a marine particle.

The common approach to estimate aggregate volume and surface area is to measure the
aggregate dimensions and fit a matching geometric volume i.e. an ellipsoid or sphere from
which the volume and surface area are derived (e.g. Ploug & Grossart 2000, Gardes et al.

2011, Ilversen & Ploug 2013, Zetsche et al. 2020). However, the composition of marine
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aggregates is highly heterogenous and contains internal pore spaces and ruff surface areas
(Zetsche et al. 2020, Flintrop et al. 2018, Rogge et al. 2018, Ploug & Passow 2007). Therefore,
the established methods for the approximation of surface area and volume are inevitably
biased, thus affecting our capability to understand and predict carbon cycling and export
within the biological pump.

In this study, we present for the first time a new approach to visualize in 3D the internal and
external structures of an aggregate. We combine these observations with lab-based
measurements of size, settling velocity and oxygen consumption in order to compare the
accuracy of established approaches with precise volume and area measurements from the
magnetic resonance imaging (MRI). We combine our MRI derived aggregate sizes with a
computational fluid dynamics (CFD) based numerical model to estimate the impact of the
aggregate structure on hydrodynamic properties including boundary layer thickness and drag
forces. Our findings suggest that estimations based on aggregate surface area and volume
which are derived from geometric shapes involves significant differences compared to our 3D
reconstructed aggregate, indicating that the use of MR imaging can be a powerful tool to

improve the structural analysis of marine aggregates.
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Material and Methods

Algae cultures

Cultures of Phaeocystis antarctica, Chetoceros debilis and Pseudonitzschia turgidula were
grown for 25 days at 2 °C in artificial sea water with 35 P5U according to Kester et al. (1976),
and was enriched with nutrients according to f/2 medium (Guillard 1975). The cultures were

kept under a constant light irradiation equivalent to 150 pmol photons m? s,

Aggregate formation

An algal concentration of 7000 cells mI* of Phaeocystis antarctica, Chetoceros debilis and
Pseudonitzschia turgidula respectively, were transferred into phosphate and trace elements
limited artificial seawater (F1/4) and filled into roller tanks (14 x 7.5 cm; 1.15 | tank?). Roller
tanks were placed on a roller table set at 3 rpm in a temperature-controlled cabinet set at

2 °C until aggregates had formed after 5 days.

Measurements of aggregate settling and oxygen consumption

To determine the aggregate settling velocity, size, settling orientation and oxygen
consumption, aggregates were placed into a flow chamber (5 cm diameter) which keeps
aggregates suspended by creating an upward flow, thus mimicking aggregate settling (Ploug
& Jorgensen 1999). The water in the flow chamber was aerated to ensure oxygen saturation,
and cooled to the incubation temperature of the algal culture (2°C) with a thermostat
(Julabo). Once the flow was adjusted to maintain the aggregate suspended, the settling
velocity was determined in triplicates by dividing the flow rate with the diameter of the flow
chamber. Aggregate sizes were determined in their length, width and height with a retical
mounted on an ocular and the settling orientation of individual aggregates was captured with
a camera (Sony alpha 7 1l with a mounted Carl Zeiss Makro-Planar T 100 mm /2 ZF2).

The microbial oxygen consumption of aggregates was measured as vertical profiles in 100 pm
steps from 1 mm above the aggregate until the aggregate centre using a clark-type oxygen
microsensor (Unisense, OX-12, 10 um tip diameter) mounted on a micromanipulator. To
ensure that no photosynthetic Oz production from phytoplankton within the aggregates

affected the measurements, oxygen profiles were taken in the dark. The oxygen flux of
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individual aggregates was calculated in nmol Oz cm™ h? by using the model from Moradi et
al. (2021) and then multiplied by the surface area to 02 h™' agg™. From the obtained oxygen
consumption, the microbial respiration of individual aggregates was derived assuming a one-

to-one molar ratio of Oz flux to COz flux.

Aggregate preparation for MR imaging measurements

After the measurements in the flow chamber, marine snow particles from the roller tank
experiments were embedded in agarose following a modified procedure according to Rogge
et al. (2018). A 0.5% weight contribution of agarose (SERVA, research grade, gel strength min.
1700 g/cm?) was added to filtered sea water and heated to boiling temperature while stirring
until fully dissolved. The hot agar was then filled into an embedding mould which was
subsequently placed on a tissue cooler (Jiirgens Tissue cool plate COP 20) set at 0°C. The tissue
cooler was used to ensure that the agar cured in a gradient from bottom to top. After approx.
4 min, when the agar in the lower half of the embedding mould was firm and in the upper
half still liquid, individual aggregates where gently placed into the liquid agar and let to settle
on the cured agar within the moulding block. After the agar fully cured a small agar block
containing the freely embedded aggregate was cut out of the embedding mould. To control
for structural alterations from the embedding process, dimensions of width, length and height
of the embedded aggregate were measured once more with a retical mounted on a stereo
loupe (xxx) before the agar block was gently transferred into a 2 ml reaction tube. Afterwards,
the reaction tube was filled with a contrast agent (0.5 mmol Magnevist solution; Schering)
which was let to diffuse into the agar block for a minimum of 24h. Embedded aggregates

where then stored at 7°C until the conduction of MRl measurements.

MRI measurements

MR imaging was done on a Biospec 70/20 USR (Bruker Biospin MRI GmbH, Ettlingen,
Germany) with a magnetic field strength of 7T working at 300MHz. The system ist equipped
with a magnetic field gradient insert BGA12S2 (inner diameter = 116 mm, max. gradient
strength = 441 mT m™). Signal excitation and reception was done using a custom-build radio
frequency (RF) loop-gap resonator (inner diameter: 21mm, length: 25mm) inductively

coupled to the RF-system. In order to derive 3-dimensional maps of T2-relaxation and
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diffusion of water molecules, MR imaging measurements were done using the following
parameters: (1) T2 map: Multi-Spin-Echo sequence with 15 spin-echos separated by 10ms, TE
= [10 20 ... 150] ms, TR = 3.0s, two times signal averaging, total experimental time = 13:39
hours:min. (2) Diffusion map: Stejskal-Tanner pulsed gradient Spin-Echo sequence (Stejskal &
Tanner 1965), TE=27.5ms TR=3.0s, 12 signal averages, total experimental time = 28:19 h:m,
b-values = [0 600] s mm™.

Both data sets were acquired with identical geometrical parameter at an isotropic spatial
resolution of 78 um (data matrix size: 128x128x64 points, field of view (FOV): 10x10x5mm?).

Data were stored in the generic format of the vendor.

Image pre-processing
Image reconstruction was done offline using custom written scripts in Julia programming

language (Version 1.7.1, https://julialang.org/) as follows: The acquired MR-time domain data

were arranged to 4D-data sets where the first 3 dimensions represent the data k-space, while
the 4™ dimension corresponds to volumes acquired at different echo times (T2-
measurement) or b-values (diffusion measurements). Next, the individual 3D-data sets were
zerofilled along all three k-space axes prior to 3D-Fourier-Transformation (3D- FT) using the
"FFTW"-package of Julia. These FT-processed data were saved as magnitude data with an

isotropic spatial resolution of 39 pm in the Nifti-format (https://nifti.nimh.nih.gov/) using the

Julia "NIfTI"-package. The final T2-relaxation map was calculated using a least-squares fitting
algorithm as implemented in Julias “"LsgFit"-package by a pixelwise estimation of two
parameters (50,T2) to fit the data points at the measured TE-times according the following
equation: S(x,y,z,TE) = S0(x,y,z) * exp{-TE/T2(x,y,z)} where 5(x,y,z,TE) := signal time course at
voxel position (x,y,z) measured at TE and 50(x,y,z) as well as T2(x,y,z) are pixel-wise estimated
values. This results in a 3-dimensional map representing the sampled volume by T2-relaxation
values in ms. These estimated T2-values are known to be smaller as compared to the intrinsic
T2 relaxation times - this effect is due to the diffusion weighting introduced by the transient
magnetic field gradients used for spatial encoding the images (Edzes et al. 1998).

Analogous to this protocol, the diffusion data were processed. Here, the diffusion constant

(DC) and the SO are estimated by fitting the signal to the following equation: S(x,y,z,b) =
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S0(x,y,z) * exp{-b*DC(x,y,z)} where 5(x,y,z,b) := signal at voxel position (x,y,z) measured with
the corresponding b-value and S0(x,y,z) as well as DC(x,y,z) are pixel-wise estimated values.
After image pre-processing, respective aggregate images from T2 measurements and
diffusion maps were converted to an 8-bit grey scale (pixel values ranging from 1 - 256), and
stacked in a z-plane using the open-source image processing software image | (fiji, version
2.1.9/1.53c). Low pixel values represented embedded structures ie. the embedded
aggregate, while high values represented the surrounding agar and water pockets within the
aggregate. In order to differentiate between aggregate structures and surrounding medium,
we used the minimum detectable voxel value for noise grain to define a threshold value.
The data were processed with the Avizo software (version 2021.2). The measured aggregate
was segmented with a marker-based watershed algorithm (Watershed module). Markers
were set with the Segmentation Editor by threshold segmentation (threshold of 222). The
resulting structure was further manually corrected by including and excluding individual
voxels to account for the aggregate and background, respectively. This was necessary,
because some parts of the aggregate had voxel values that lay outside the threshold value,
while parts of the background noise lay within the threshold value. As guideline for the
addition and removal of voxels we followed the principle that noise is a random artifact and
does not form coherent structures. Therefore, it can be expected that detected structures
with a coherent appearance, e.g. a detected sharp edge over multiple voxels, are part of the
embedded aggregate structure and vice-versa (comparison shown in Fig. S1). Thus, it should
be noted, that due to the detection limitations of our MRI setup, the defined contour of the
aggregate may locally vary within the size range of a voxel, i.e., 39 um?. The Material Statistics
and Label Statistic modules were used to characterize the aggregate and calculate the

aggregate’s volume and surface area.

Flow model setup

A numerical CFD (Computational Fluid Dynamics) model was used to simulate the flow in the
direct vicinity of the aggregate. The model is based on the open-source toolbox OpenFOAM
version 2112 (Open Field Operation and Manipulation, www.openfoam.com). In order to
resolve the flow equations OpenFOAM uses the Finite Volume Method (FVM). In the present

case a SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) solver that allows to
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couple the Navier-Stokes equations with an iterative procedure was used (Ferzinger & Peric
2001). The domain (DX = 0.02 m, DY = 0.02 m, DZ = 0.06 m) was discretized into a grid of
three-dimensional hexagonal elements. The flow was driven by inlet and outlet boundary
conditions that were assigned at the top and bottom of the domain. All sides walls were
discretized with recycling boundary conditions. In order to resolve the flow in high resolution
each aggregate was embedded by six mesh refinement zones. In total three aggregate
geometries were discretized into the domain at X =0.01m, Y =0.01 m and Z = 0.04 m (Fig. 1).
Two geometries were designed as simplified shape models (sphere and ellipsoid) and served
model validation (Fig. 2). Both geometries were created with the opensource software
Blender and implemented into the CFD environment as STL files. Please note that the size
ranges of the ellipsoid and the sphere based onto the equal spherical diameter. The STL
(stereo lithography file) file of the natural aggregate, was also positioned at the same location
as the sphere and the ellipsoid. The orientation of the MR imaged aggregate was set to match
the orientation of the aggregate in the flow chamber. The settling velocity values under which
all aggregates were tested was Uz = 60.25 m day . Each model run was stopped after the flow
field was in steady state, whereby all model runs converged after 1200 iteration steps. Each
simulation was run in parallel on 48 cores and took 39 hours of computation time on a
Beowulf cluster.

Images created from the model output were generated using the 3D open-source imaging
software Paraview (Kitware). Boundary layer sizes were defined as flow velocities within the
upper 10% of the terminal settling velocity of the aggregate from flow chamber
measurements. An isovolume Filter was used to derive the exact location of the boundary
layer. From the derived boundary layer, the volume and surface area where derived using

Paraview.

Excess density of aggregates
From the measurements in the flow chamber, we calculated the excess density (Ap) of

aggregates according to lversen and Ploug (2010):

Cp P w?
Ap=—F"— (1)
390D
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where p  is the density of seawater at 2 °C at a salinity of 35 PSU (1.0280 in g cm™), w is the
measured aggregate settling velocity in cm s, g is the gravitational acceleration (981 cm s%)
and D is the aggregate diameter (cm) in direction of the Z-axis which was derived from the

respective shapes within the model. Cp is the dimensionless drag force which was

experimentally derived from the flow model.
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Results

A list of aggregate properties including the aggregate shape (volume, area and pore space),
microbial respiration as well as hydrodynamic properties (boundary layer, drag force and

excess density) are summarized in table 1.

Aggregate formation

Aggregates from a phytoplankton culture mix with equal parts of Phaeocystis antarctica,
Chetoceros debilis and Pseudonitzschia turgidula were formed at a total algal cell
concentration of 21000 cells ml™. The formed aggregates were highly porous and very fragile

(Fig. 52), thus falling apart regularly which made the handling difficult.

Aggregate volume, area and shape

An overview figure of the shape and internal pore of the aggregate derived from MRI is shown
in Fig. 3. The volume of the MRI derived aggregate model with added pore space volume was
3.86 mm? and therefore 37% larger as the optically fitted sphere with 2.43 mm? and 45%
larger as the derived sphere with 2.14 mm?®. By excluding the measured pore space volume
of 0.68 mm?, the resulting MRI derived true aggregate volume was 3.18 mm? with a minimum
estimate of 3.08 mm? and a maximum estimate of 3.23 mm?3.

The outside surface area of the MRI derived aggregate model was 0.189 cm?, while surface
areas of the optically derived ellipsoid and sphere were approximately half with 0.091 cm?
and 0.080 cm? respectively. The pore space area of the MRI derived aggregate model was
0.170 cm?, resulting in a total surface area of 0.358 cm? with minimum and maximum
estimates of 0.35 cm? and 0.42 cm?, respectively. Therefore, the total surface area of the MRI
derived aggregate model was ~4 fold larger as the optically derived surface area of the
ellipsoid and sphere.

The volume of the optically derived ellipsoid from the embedded aggregate was 2.55 mm?
which amounts to a ~5% increase compared to the ellipsoid volume derived from flow
chamber measurements. The shape of the embedded aggregate appeared overall more

flattened with a height, width and depth of 1.71 mm, 2.75 mm & 1.04 mm, while the shape
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of the suspended aggregate in the flow chamber was narrower but more elongated in height

with dimensions of 2.125 mm, 1.75 mm and 1.25 mm, respectively (Fig. 2).

Flow velocity, boundary layer size and vorticity

The aggregate settling velocity measured in the flow chamber was 60 m day?. The flow fields
derived from the model output showed parallel running streamlines which were deflected
from the surface of the respective shape, smoothly followed the surface and afterwards
converged back to in-parallel running streamlines with no indication for the formation of
vortices in the leeward direction of the respective shapes (Fig. 53). For the MRI derived
aggregate model, streamlines showed no indication for flow through the internal pore
structures.

The boundary layer area of the MRI derived model aggregate was 0.67 cm? with a total
volume of 6.11 mm?®. The boundary layer area of the ellipsoid was 0.20 cm? with a volume of
3.25 mm?® while the boundary layer of the sphere had an area of 0.20 cm? with a volume of
3.12 mm?. This results in an ~2-fold larger surface area and ~3-fold larger total volume of the
boundary layer by the MRI derived model aggregate when compared to the boundary layer
of the ellipsoid and the sphere (Fig 5).

The respective windward and leeward distance of the boundary layer along the z-axis was
0.028 cm and 0.024 cm for the model derived aggregate, while the ellipsoid was 0.012 cm and
0.02 cm and the sphere was 0.02 cm and 0.028 cm. When dividing the combined distance of
the boundary layer along the z-axis with the diameter of the respective shape, the boundary
layer fraction was 0.245 for the MRI derived aggregate, while the ellipsoid had the smallest
fraction with 0.157 and the sphere the largest with 0.300.

Vorticity fields clearly pronounced on the surface of the MRI derived aggregate while the
surface of the ellipsoid and the sphere formed barely any vorticity (Fig. 4a-c). The intensity of
vorticity fields for the MRI derived aggregate varied depending on the heterogeneity of the
surface structure and where most intense at structures that extended lateral from the

aggregate (Fig. 4a).

Drag force, drag coefficient and excess density
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The total drag force generated on the sphere by our model was 0.683 N (Fig. 6). These
observations matched well the theoretical based drag coefficients of 0.651 N according to
White et al. 2005, suggesting that our model was capable to represent the hydrodynamic
forces on the respective shapes with a precision of ~95%. Compared to the sphere, the drag
force generated on the ellipsoid was only 0.494 N which amounts to a ~30% lower drag force
generated on the sphere, while the drag force from the MRI derived model aggregate was
8.11 N resulting in an ~12-fold increase compared to the sphere.

The derived drag coefficient for the MRI derived aggregate was 298.2 from which 176.7 was
formed by viscous drag and 121.5 by pressure drag. The drag coefficient for the ellipsoid was
lowest with 18.2 from which 13.9 was formed by viscous drag and 4.2 by pressure drag, while
the sphere generated a drag coefficient of 25.1 which composed of a viscous drag by 16.8 and
pressure drag of 8.3.

Using the model derived drag coefficients, the calculated excess density of the MRI derived
aggregate model was 5.37 #1072 g cm™. This was ~10-fold higher as for the sphere with

5.98¢10* g cm™, while excesses density of the ellipsoid was lowest with 3.33 #«10* g cm™.

Respiration rate

The oxygen microsensor measurements of the aggregate while settling in the flow chamber
showed an 02 flux of 5.5278 nmol 02 cm™ h*. Assuming a 1 to 1 molar conversion of 02 to
CO; from microbial respiration, the area integrated CO; flux of the sphere was 10.65 nmol C
agg! d. The area integrated CO: flux of the ellipsoid was similar with 12.08 nmol C agg™ d?,
while the larger area of the MRI derived aggregate formed a 2-fold higher CO; flux of 25.07
nmol C agg™ d*.
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Fig 1: Numerical model setup indicating the model dimensions, boundary conditions as well as the mesh distribution.
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Fig 2: Overview of the tested aggregate shapes: a) Sphere b) Ellipsoid c) Aggregate
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Fig. 3. Aggregate model of the internal and external aggregate shape, derived from measurements with magnetic
resonance imaging (MRI).
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Fig. 5. Model derived boundary layer shape for the sphere (a), ellipsoid (b) and aggregate (c). The depicted boundary
layer was defined as water velocities which are within 290 - 100% of the terminal settling velocity. The coordinate axes
shows the orientation at which the model output is depicted.
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Fig. 6. Generated drag force of theoretical and model derived settling for different shapes. Light grey dots depict
theoretical values for generated drag force with increasing settling velocities according to White et al. 2005. The
remaining dots show the generated drag force on the aggregate (red), ellipsoid (blue) and sphere (black), which was
derived from the model output.
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Table. 1. Comparative overview table of sphere, ellipsoid and aggregate properties regarding shape, respiration and
hydrodynamic features. The 10% value for the boundary layer variables indicates that the boundary layer was defined
water velocities which are within 290 - 100% of the terminal settling velocity. Details on respective variables can be obtain

from the material & methods section.

Sphere Ellipsoid Aggregate
Surface area (excluding pore 0.080 cm? 0.091 cm? 0.189 cm?
space)
Surface area (including pore 0.358 cm?
space)
Volume (excluding pore space)  2.14 mm? 2.43 mm? 3.86 mm?
Volume (including pore space) 3.18 mm?
Z axis diameter 0.160 cm 0.208 cm 0.212 cm
Total drag coefficient 25.093 18.164 298.238
Pressure drag coefficient 8.255 4.247 121.500
Viscous drag 16.838 13.917 176.737
Drag 0.683 N 0.494 N 8.110N

Excess density

Boundary layer area (10%)
Boundary layer volume (10%)
(including pore space)

Area integrated Oz flux

Volumetric Oz flux

5.988 * 10 g cm™
0.20 cm®

3.12 mm®

10.61 nmol Ozagg™
d-:l

3

4.96 nmol Oz mm’

d -1

3.334*10%g cm™
0.20 cm®

3.25 mm’

12.08 nmol Oz agg™
d-:l

3

4,96 nmol Oz mm’

d-:l.

5.373* 107 gcm™
0.67 cm?

6.11 mm?

25.07 nmol Ozagg™
d-:l.

6.49 nmol Oz mm>

d-:l.
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Discussion

In this study, we show for the first time a three-dimensional representation of the internal
and external structures of a soft embedded aggregate using magnetic resonance imaging
(MRI). A major constrain in the study of marine aggregates is their highly sensitive structure.
This makes the study of single aggregates challenging as minor disturbances may already
result in the alteration or disruption of the aggregate structure, thus affecting the outcome
of measurements. In the case of our study, it is possible that the aggregate structure was
affected by the aggregate embedding into agar. Embedding of marine aggregates in media
such as cryogels (Ebersbach and Trull 2008; Laurenceau-Cornec et al. 2015; Wiedmann et al.
2016, Flintrop et al. 2018), hard resin, or agar (Rogge et al. 2018) have previously been used
to fix and preserve single aggregates for analyses with minimal impact on their structure. The
utilized method of soft-embedding in agar for the fixation of the marine aggregate was
suggested to be minimal invasive (Rogge et al. 2018). To further minimize structural
disturbances, we used a gradient embedding which dampened the impact of the settling
aggregate on the cured agar during the embedding process.

Repeated measurements of the length, width and height of the embedded aggregate resulted
in a volume increase of the fitted ellipsoid of ~5%, which is within an expected range of
measuring error and suggests that no condensation or swelling of the aggregate occurred
after embedding. However, it should be noted that in comparison to the length
measurements obtained in the flow chamber, measurements of the aggregate height where
smaller in the cured agar block while the measured width was larger. Due to the sensitive
structure of the aggregate, the hydrodynamic forces while settling will deform an aggregates
structure into a more streamline shape. The observed difference in aggregate height and
width are therefore likely a result of embedding the aggregate in a quasi-suspended state,
which also explains the relatively more elongated shape of the aggregate along the z-axis
when compared to the shape derived from MRI (Fig. 2). The amount of deformation between
measurements of the settling aggregate in the flow chamber and the sedimented aggregate
in the embedding medium strongly depends on the composition of the embedded aggregate.
We formed aggregates from phytoplankton cultures of diatoms and Phaeocystis antarctica

which produce very porous aggregates with high quantities of TEP (Transparent exopolymer
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particles; Passow 2000, Reigstad & Wassmann 2007, Fig. 52.). However, we expect the effect
of hydrodynamic deformation of the aggregate structure to be less in more compact
aggregates and to be non-existing for zooplankton fecal pellets. While this caveat should be
considered for the interpretation of the embedded aggregate, we observed discrepancies
between the microscope and MRI that were larger than what could be explained by the
embedding procedure alone. Hence, we consider the combination of MRI with soft
embedding in agar as a powerful new tool to study marine aggregates on the sub-aggregate

level.

Impact of geometric volume estimations on total aggregate volume

In experimental setups, aggregate size is determined from measurements of aggregate
length, width and height and the equivalent spherical diameter is calculated from the
aggregate volume, typically by assuming that the aggregate has an ellipsoidal shape (e.g.
Ploug and Grossart 2000, lversen & Ploug 2010, Iversen & Robert 2015). While most marine
snow aggregates tend to have ellipsoidal shapes, they can have many other shapes including
spherical, tubular, cylindrical, and even comet shapes, meaning that the aggregate has a
spherical front with a comet tail in its wake.

The aggregate volume we obtained from MRI measurements was 60% larger with a 2-fold
larger outside surface area, compared to the optically fitted ellipsoid. As aggregate shapes
can be highly divers, the utilized geometric shape will impact how well the true aggregate
volume and surface area are represented. The volume derived from a fitted rectangle, for
instance, showed a better fit for our aggregate by only overestimating the MRI derived
volume by ~20% and underestimating the surface area by ~10%. It is expected, however, that
different aggregate shapes would yield different results, thus implying that estimations of
volume and surface area of individual aggregates may bear large errors depending on the
fitted shape.

This observations in turn may have large consequences for various practices which are based
on volume and area estimates that are derived from fitted geometric shapes. For instance,
the respiratory COz flux of the microbial community on an aggregate is commonly derived
from measurements of oxygen concentration profiles through the aggregate-water interface

of the diffusive boundary layer (e.g. Ploug et al. 2008, Iversen & Ploug 2013). To determine
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the total CO: respiration, the respiratory CO: flux is then integrated by the area of the
aggregate which commonly is derived using a fitted ellipsoid and thus will alter in accordance
to the derived surface area (Ploug et al. 2008, Iversen & Ploug 2013). Another example are
particle camera systems that detect particle distributions throughout the water column and
are commonly used to estimate aggregate sizes throughout the water column by fitting
geometric shapes to the aggregates captured in the images. With these derived size
estimations, budgets of carbon content throughout the water column (Kiko et al. 2017) and
estimates of vertical carbon flux are commonly computed (Guidi et al. 2008, Iversen et al.
2010, McDonnell & Buesseler 2010). It should be noted though that a multitude of empirical
observations showed coherent predictions with estimates from ellipsoid shape
approximations. For instance, deep ocean fluxes from a global spanning list of sediment trap
records could be accurately predicted from aggregate respiration rates that are based on
ellipsoid shape approximations (lversen & Ploug 2013). However, controversial observations
of oceanic carbon budgets and bathypelagic respiration rates have frequently been observed
(Burd et al. 2010). Considering that the mentioned examples are fundamental for global
oceanic carbon flux and budget estimates, the observed mismatch between the MRI and
ellipsoid derived aggregate surface area and volume demonstrate that the applied method
for aggregate size determination is fundamental for the analysis and conclusions regarding

the biological pump, and should be considered carefully.

Impact of vorticity fields on aggregate colonization

The modelled flow velocity fields followed the surface of the sphere, ellipsoid and aggregate
smoothly along the Z-axis. This is in line with previous observations of sphere and aggregate
velocity flow fields at Reynolds numbers <5 (Kigrboe et al. 2001, Zetsche et al. 2020).
Experimental and model-based observations of microbial colonization on a pillar as well as
protruding surfaces show, that attachment of motile bacteria occurs primarily in the
downstream direction of the flow (Secchi et al. 2020). This downstream attachment of motile
bacteria was suggested to be promoted by the formation of local vorticity which drives the
attachment of the bacteria by creating a local rotation towards the surface (Zetsche et al.
2020, Secchi et al. 2020). Our flow model showed overall higher vorticity on the rough

surfaces of the aggregate compared to the ellipsoid and sphere with both smooth surfaces
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(Fig. 4 a-c). At lateral extensions along the surface of the aggregate, the model showed local
maxima of vorticity (Fig. 4 c), which is in line with previous observations using particle image
velocimetry (PIV, Zetsche et al. 2020). This may therefore suggest, that the rough surface
areas of marine aggregates may enhance the potential for microbial colonization and
potentially particle scavenging. This also suggests that the attachment and colonization of
motile bacteria occurs at different regions of individual aggregates and that the colonization
mechanisms are different between aggregates with smooth versus rough surfaces, i.e.
colonization on smooth aggregates mostly occurs downstream, while attachment to
aggregates with rough surfaces occur downstream of the aggregate itself and downstream of

laterally extending structures.

Visualization of internal pore space - implications for microbial communities and flow

MRI allowed us to visualize the internal pore spaces of an aggregate. The visualisation of the
internal pore space showed isolated chambers and tunnels that spread and connected
throughout the aggregate as well as far reaching depressions on the surface. Compared to
the smooth surface of the ellipsoid, the highly heterogenous structures of the aggregate
resulted in surface area estimates which were 2-fold larger when only considering the outside
surface and 4-fold larger when additionally taking the internal pore space into account. This
suggests that marine aggregates have larger areas for microbial colonization than what is
estimated when calculating the surface area of a smooth ellipsoid. Further, aggregates have
been observed to host divers and distinct microbial communities (Thiele et al. 2015).
Heterogenous structures such as individual pores or local depressions may stimulate the
formation of diverse communities on a relatively small spatial scale, as indicated by the
heterogenous distribution of individual bacterial clades throughout aggregate structures
(Flintrop et al. 2018). Surface heterogeneity from structures of marine aggregates may
therefore be crucial for the diversity of microbial communities which is likely to affect particle
degradation and nutrient cycling within aggregate attached microbial communities.

Internal flow and consequential solute transport through aggregates has been suggested
through connecting tunnel structures (Li & Logan 2001, Ploug et al. 2002). However, so far
there has been no direct observation of flow through marine aggregates (Ploug & Passow

2007, Zetsche et al. 2020). Our model observations of fluid flow around the MRI derived
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aggregate did not show any indications for flow through the internal pore space despite the
presence of connecting channels. This suggests that the viscous forces of water at low
Reynolds numbers within the aggregate boundary layer decelerates the flow velocity of
oncoming water and therefore prevents flow within the pore channels (Fig. 4f). This indicates
that flow as a mechanism for solute transport can likely be neglected and suggests that
diffusion is the main mechanism for solute transport within settling aggregates.

Previous estimations of the pore water fraction in diatom aggregates ranged between 88 —
98% of the total aggregate volume (Ploug & Passow 2007). The total volume of the MRI
derived internal pockets, tunnels and depressions in the aggregate only amounted to ~18%
of the total aggregate volume. However, it is important to consider that the detection limit of
our MRI measurements was 39 um? per voxel. This implies that in order to detect a pore
structure, a coherent signal of multiple voxels is necessary, thus suggesting that the true
detection limit for internal pore spaces within the aggregate is above 78 pm* using MRI.
Considering that aggregates contain pores with sizes well below our detection limit (Flintrop
et al. 2018, Radic et al. 2011), this suggests that we only observe the upper size fraction of
aggregate pore spaces from our MRl measurements. However, the MRI derived pore space
shows larger sized structures that do not contain organic matter i.e. are filled with water.
Therefore, the combination of calculated estimates for aggregate pore space with larger sized
and water filled pore structures from the MRI would give a more accurate estimate of the
porewater fraction in marine aggregates.

By combining the experimentally derived regression of pore water fraction per aggregate size
from Ploug & Passow (2007) with aggregate volume and pore space measurements derived
from the MRI, we obtain a total pore water fraction of 0.899. These findings are well within
the range of pore water fractions from diatom aggregates (Ploug & Passow 2007) and are
expected, considering that the water fraction for large scale pore spaces only shifted from a
previously assumed pore water fraction of ~0.90 (Ploug & Passow 2007) to 1.00 in our case.
We therefore suggest that our observations do not considerably alter previous estimations
on aggregate porosity, but are more relevant for processes regarding microbial colonization

and degradation.

Implications of drag force on the excess density of particles
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The model derived output of the drag force which was generated for a smooth sphere was in
accordance to theoretically based estimates according to White et al. 2005 (Fig. 6). This
suggests that our model is capable to accurately represent the forces that are generated by
an object that settles through water. The modelled drag force for the smooth ellipsoid was
lower than it was for the sphere. This was expected, as ellipsoidal objects tend to have
optimised streamline properties when the length along the z-axis exceeds that of the x- and
y-axis (White et al. 2005), as it did in our case. In contrast, the generated drag force on the
model aggregate exceeded that of the sphere by 12-fold (Fig. 6). This was partially due to a
higher proportion of pressure drag which accounted for ~40% of the total drag on the
aggregate and was formed from hydrodynamically blunt areas of the heterogenous surface
structure. In addition, the modelled viscous drag was ~10-fold higher for the aggregate
compared to the sphere. This was likely due to the larger body of water which was moved by
the settling aggregate compared to the sphere, as indicated from the larger sized boundary
layer (table. 1). It should therefore be considered that heterogenous surface structures of
settling aggregates generate substantially higher drag forces than idealized spherical and
ellipsoidal model aggregates with smooth surfaces.

Calculations for the excess density of settling aggregates are directly tied to the amount of
generated drag via the drag coefficient (equation 1). Therefore, the excess density of the
aggregate was 12-fold higher than the excess density of the sphere and 16-fold higher than it
was for the ellipsoid. The excess density of our aggregate was comparable to previous
measurements of aggregates with settling velocities of ~220 m day? i.e. four times higher
than the measured settling velocity of ~60 m day™ (lversen & Ploug 2010). In contrast, the
excesses densities of the sphere and ellipsoid were within the range of aggregates with similar
settling velocities to our aggregate i.e. ~60 mday?! (lversen & Ploug 2010). The drag
coefficient of aggregates is commonly derived from the theoretical drag coefficients derived
for a sphere, and hence Stokes law, since an accurate determination of drag coefficients from
particles with heterogenous surface structures was so far not possible. This implies that
pressure drag was previously not accounted for, since Stokes law only considers the forces
from viscous or friction drag. This suggests that excesses densities of aggregates are
underestimated when the drag coefficient is derived from a sphere using Stokes law. Hence,

it seems that excesses densities of more natural aggregates with heterogenous surface
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structures should be a magnitude larger than previously estimated. These observations may
have implications on flux estimations where particle settling velocities are derived from
Stokes law by assuming a spherical shape (Guidi et al. 2008, McDonnell & Buesseler 2012). Following
these assumptions, the underestimated drag force would result in an overestimation for particle

settling velocities which would therefore increase estimations of carbon flux.

Conclusion

In this study, we were for the first time able to accurately visualize the internal and external
structures of an aggregate in a minimal invasive and three-dimensional manner. Our obtained
results of the aggregate volume and surface area indicated large discrepancies with
established practices that fit geometric shapes e.g. ellipsoids or spheres, according to length
or area measurements of individual aggregates. These results therefore suggest, that fitted
geometric shapes may introduce biases to estimations which are based on aggregate size,
such as aggregate carbon content, export fluxes or aggregate settling velocities. In addition,
the shifts in hydrodynamic properties due to the heterogenous shapes may have implications
on particle colonization from ambient bacteria and community distributions throughout the
aggregate. However, it should be considered that the presented and discussed implications
of our findings stem from measurements based on a single aggregate and are therefore
expected to vary. None the less, our results demonstrate how crucial the correct
parameterization of aggregate volume and surface area are for various practices and
processes, including microbial colonization and respiration, calculations of oceanic carbon
export fluxes and hydrodynamic forcing around settling aggregates. Future work should
therefore carefully consider the shape of the aggregate when calculating volume and surface
area. MRl may be a helpful tool for aggregate studies and has a great potential to improve
our knowledge on aggregate structures, both internal and external, and how they impact
small-scale processes within aggregates as well as the settling through and solute exchange

with the surrounding water.
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Abstract

Sub-surface clouds of particulate matter (nepheloid layers) are a persistent feature in the
oceanic Eastern Boundary Upwelling region off Cape Blanc. However, it is unclear to which
extent the particulate organic matter within these clouds sinks and contributes to deep ocean
carbon export. In this study we combined short-term carbon fluxes from 8 expeditions with
process studies and a 23-years time-series of deep ocean carbon fluxes. Thereby we assessed
the inter-annual and inter-seasonal contribution of horizontal advected particles to carbon
export in the deep ocean off Cape Blanc. Our results revealed that particle clouds are
composed of slow sinking material advected offshore from the productive shallow shelf. The
particle clouds accounted for ~80% of the total organic carbon export to the adjacent deep
ocean waters, with the remainder originating from primary production in open ocean waters.
Considering that marine particle clouds are observed throughout the global ocean, our results
suggest that the common approaches used to estimate carbon flux attenuation, which only
consider a vertical component, will lead to overestimations in carbon flux and turnover.
Recognition of particle clouds as an integral part of the biological carbon pump and inclusion
of lateral advection in future carbon budgets, will allow more accurate quantifications of
export efficiency and biological turnover, hence, improve the data used to model and predict

oceanic carbon sequestration.

Plain Language Summary

The biological carbon pump transfers biologically produced organic carbon from the sunlit
surface ocean to the deep sea via settling particles. This downward rain of “marine snow”
through the water column is an essential component that leads to the uptake and storage of
carbon dioxide in the oceans. Generally, this transfer to the deep ocean is considered as a
vertical process; wherein organic carbon is formed in the surface ocean by phytoplankton and
sinks out directly, in the same region. Here we show that a surprisingly large proportion of
the carbon that reaches the deep ocean adjacent to a productive upwelling region is produced
on the shallow shelf > 450 km away. This occurs because currents transport carbon rich
particles in sub-surface “particle clouds” that sink very slowly. These particle clouds

contribute ~80% of the organic carbon flux to the deep ocean, demonstrating that horizontal
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transport can be more important than vertical transport for oceanic carbon sequestration.
However, despite the importance of horizontal transport for oceanic carbon sequestration

and Earth’s climate, it is often overlooked in global modelling efforts.

1. Introduction

The biological carbon pump (BCP) mediates the transfer of organic matter from the surface
to the deep ocean, fuelling sub-surface ecosystems, as well as contributing an estimated 6-
17 Gt to annual carbon sequestration in the deep ocean and seafloor (Boyd et al. 2019).
Sinking marine aggregates and fecal pellets are the main vectors of organic matter export
within the BCP (Turner 2015), and the efficiency with which these particles are exported is
dependent on the interplay between particle degradation and settling velocity (lversen et al.
2010; Nowald et al. 2015). Particle degradation, and the associated attenuation of carbon
flux, is largely driven by zooplankton feeding and microbial remineralization (van der Jagt et
al. 2020, Jackson & Checkley 2011, Iversen et al. 2010). Typically, the majority of flux
attenuation takes place in the upper few hundred meters of the water column (Martin et al.
1982) and the retention time of settling aggregates at these depths determine their
attenuation (Stemmann et al. 2004, lversen et al. 2010). Therefore, factors which increase the
sinking velocity of aggregates directly impact the magnitude of carbon flux (lversen and Ploug
2010). For example, particle ballasting from Saharan dust, biominerals or clay particles was
shown to increase particle settling velocities by 2 to 4-fold, thus increasing the export
efficiency by decreasing the time that a ballasted aggregate needed to sink through the water
column, i.e. decreasing the time for degradation (lversen et al. 2010, lversen and Ploug 2010,
Iversen & Robert 2015, van der Jagt et al. 2018).

The time that carbon is removed from exchange with the atmosphere depends on the depth
to which it is exported to, with greater export depths leading to a longer sequestration time.
This means that slow settling aggregates that are only exported to shallow depths may be
transported back up to the surface ocean via resuspension and vertical mixing on daily to
seasonal time-scales (Boyd et al. 2019). In this manner, the organic carbon from slow settling
aggregates has a higher likelihood of being remineralised in the surface ocean where the
produced carbon dioxide can exchange with the atmosphere. Similarly, the limited depths in

shallow ocean margins may reduce the sequestration period of exported carbon. This is due
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to the shallow depth of remineralization for the sedimented aggregates, whereby the
produced carbon dioxide may be released back into the atmostphere. If organic matter is
advected from the shallow regions to the deep open ocean, the carbon may be sequestrered
for long periods (e.g. Karakas et al. 2006, Frischknecht et al. 2018). Consequentially, the
horizontal relocation of organic matter produced in shelf regions to the open ocean may
dramatically increase the sequestration time of the carbon and thus increase the efficiency
of the biological pump. Such horizontal transport mechanisms are typically observed in
Eastern Boundary Upwelling Systems (EBUSs) where a fraction of the deep ocean carbon
export may originate from production in the shallow ocean margins, i.e. in the shallow shelf
region (e.g. Fischer et al. 2009, Romero et al. 2020).

EBUSs are among the most productive regions in the oceans, with the four major EBUSs
(Canary, California, Benguela, and Humboldt upwelling system) contributing 10% of global
marine primary production and ~20% of fisheries despite covering less than 1% of the ocean’s
surface (Carr 2002, Behrenfeld and Falkowski 1997, Pauly and Christensen 1995). EBUSs are
characterized by strong along-shore trade winds that drive cross-shore Ekman transport
which carries nutrient-rich deep waters into the euphotic zone (Garcia-Reyes et al. 2015,
Jacox et al. 2015). This leads to high rates of primary production fueled by the high nutrient
input and the strong offshore advection creates large surface filaments of phytoplankton
resulting in strong lateral displacement of surface production and carbon export (e.g., Van
Camp et al. 1991, Pelegri et al. 2005, Gabric et al. 1993). In addition, intense bottom currents
on the shallow continental shelf form so called “nepheloid layers” that, due to their slow
settling velocity, are advected into the meso- and bathypelagic depths in the open ocean (e.g.,
California EBUS: Harlett 1973, Ransom et al. 1998; Canary EBUS: Freudenthal et al. 2001,
Karakas et al. 2006, Nowald et al. 2006, Fischer et al. 2009, Ohde et al. 2015; Benguela EBUS:
Inthorn et al. 2006, Waldron et al. 2009; Humboldt EBUS: Lam et al. 2018). Traditionally, these
nepheloid layers have been considered to be composed from sediments that are resuspended
from the shelf and slope seafloor (e.g. Gardner et al. 2018), however, several studies have
found that nepheloid layers contain large marine snow particles and labile organic material
with distinct microbial communities (Ransom et al. 1998, Santschi et al. 1998, Thiele et al.
2019, Iversen et al. 2010, Roullier et al. 2014, Puig et al. 2013, Romero et al. 2020). The marine

snow within nepheloid layers include phytoplankton groups and microbial communities that
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are related to the pelagic environment (Ransom et al. 1998, Thiele et al. 2019, Romero et al.
2020). This suggests that nepheloid layers are formed from both benthic and pelagic material,
which form what we hereafter refer to as “particle clouds” in the water column. These particle
clouds transport slow-sinking organic carbon horizontally from the ocean margins to the deep
ocean.

Several studies have previously investigated the processes responsible for lateral advection
of surface production in EBUSs and the consequent impact on particulate organic carbon
(POC) displacement and export via the biological carbon pump (Helmke et al. 2005, Amos et
al. 2019, Chabert et al. 2020, Bonino et al. 2021, Lovecchio et al. 2017, Lovecchio et al. 2018,
Santana-Fal’con et al. 2020, Frischknecht et al. 2018). However, despite being a persistent
feature within EBUSs, the role that particle clouds and horizontal advection play for POC
export has so far not been directly quantified from the shallow shelf to the deep open ocean.
Here, we utilize POC fluxes obtained from 8 shipbound expeditions as well as a 23-years time-
series of deep ocean POC fluxes to assess the inter-annual and inter-seasonal contribution of
horizontal advection of particle clouds to carbon export in the deep ocean off Cape Blanc. We
combine the long-term measurements with ship-based process studies to understand the
mechanisms that shape the transport and distribution of particle clouds and sources and sinks
of organic matter in the Canary Current-EBUS (CC-EBUS). Our results suggest that particle
clouds are advected offshore from the productive shallow shelf and supply ~80% of the total
carbon export to the deep ocean. Hence, a significant fraction of the deep ocean carbon flux
is exported via horizontal transport of sub-surface particle clouds from the shelf region to the
open ocean. We suggest a reassessment of organic matter fluxes in EBUSs and urge the
consideration of off-shore advected particle clouds from ocean margins for global carbon

budgets.
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2. Material and Methods

2.1. Sampling stations

Field data were obtained during the RV Poseidon cruise (P0OS531) to the CC-EBUS off Cape
Blanc from January 18" to February 1% 2019. Sampling was performed along a transect
between 20°46.251' N — 21°12.618" N covering the shelf, slope and open pelagic water
column via four key regions; the shallow shelf region (CBs; 17°10.859° W - 17°37.767" W), the
continental slope (CBs; 17°40.575" W - 17°44.779" W), euphotic open ocean (CBey; 18°44.219’
W —18°53.648" W), and mesotrophic open ocean (CBmeso; 20°51.919° W - 20°53.826" W). Two
additional connecting stations were studied between CBeu and CBmeso (Transect; 18°04.525’
W — 18°24.222" W). Deployed instrumentation and measurements at each key region
consisted of: Rosette water sampler, in situ particle camera, marine snow catcher (MSC), free-
drifting sediment traps (hereafter referred to as “drifting trap”) and measurements of primary
production and standing stock of POC through the water column. Deployments at transect
stations were limited to the rosette water sampler and in situ particle camera. A detailed
sampling overview is given in Figure 1 and table 51 in Supporting Information. The rosette
water sampler was equipped with a SBE 9 CTD (Sea-Bird Scientific, Bellevue, USA) for
conductivity, temperature and pressure, a WET Labs ECO-AFL/FL (WET Labs Inc., Philomath,
USA) for fluorescence and turbidity, and SBE 43 (Sea-Bird Scietific, Bellevue, USA) for
dissolved oxygen measurements. Water currents from the surface to 100 m depth were
continuously measured with a ship mounted 180 kHz acoustic doppler current profiler (ADCP;

Teledyne Technologies, Thousand Oaks, USA) with a measuring interval of 5 Hz.
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Figure 1. Overview map of the sampling areas and deployed devices during our process study on research expedition POS531 in 2019,
Black circles indicate the extent of the CB,, and Transect sampling area. Icons indicate the sampling/deployment carried out at each
location.

2.2. Vertical profiling of particle size-distributions and abundance

An underwater camera system was deployed to obtain images of particles every 1 meter

along a vertical profile down to 500 m depth. The camera (Canon EQOS 60D with a 50 mm

prime lens) was set up to image a volume of 606 ml illuminated by a strobe flash. Particles

were detected using the Image Processing Toolbox in MatLab (The MathWorks, Markussen

et al. 2020) and were then assigned to one of 22 logarithmically-spaced size bins to account

for decreasing abundance with increasing particle sizes (Jackson et al. 1997). The area-derived
equivalent spherical diameter (ESD) of the particles was computed and the values divided into

22 logarithmicallyspaced size bins between 107 pm — 6266 pm. The particle number

abundance spectrum (f; # m= pm') was calculated by dividing the concentration of particles

per imaged volume (Ng; # m=) within the respective bin (Ad; pm):

Nf
f= - (eq

1)
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From the resulting particle abundance spectrum (f), the derived ESD was then used to
calculate the total particle volume of each size bin assuming a spherical shape. The particle
camera system accurately quantified particles with ESDs ranging from 107 — 6266 pm. The
optical resolution of the camera system could not quantify particles < 107 pum, which resulted
in a decrease in particle number size-spectra for smaller particles (Figure 51). Particles larger
than 6266 pm were very rare (< 3 particles per bin) and were excluded from further analysis

since their numbers were not significantly reliable (Jackson et al. 1997).

2.3. Vertical export fluxes

Vertical export fluxes were measured over a period of 24 h with an array of three drifting
traps (Sediment trap 28.400, KC Denmark, Denmark) located at 100, 200 and 400 m depth
tethered to surface buoys. At each collection depth, the drifting trap array consisted of four
gyroscopically mounted collection tubes (diameter: 11 cm and length: 70 cm), which were
filled with filtered seawater prior to their deployment. The filtered seawater was made denser
by adding an equivalent of 3 PSU of sodium chloride (NaCl).

Three collection tubes from each depth were used for biochemical analysis, while a fourth
tube contained an insert cup that was filled with a viscous cryogel, referred to as gel trap
(Tissue-Tek® O.C.T.™ Compound; Sakura Finetek Europe B.V., The Netherlands; hereafter
referred to as “gel trap”). The gel trap collected intact marine aggregates without damaging
or altering their size and structure (Thiele et al. 2015, Flintrop et al. 2018).

After the drifting traps were recovered, slow-sinking particles in the collection tubes were left
to settle for 4h in the dark after which the overlying water was then gently siphoned off. The
collected material was preserved with HgCl (0.14% final concentration) and kept at 4°C till
further analysis. The cup inserts from the gel trap were removed, imaged and frozen at —20°C.
For measurements of POC and particulate organic nitrogen (PON), subsamples from drift trap
samples were filtered onto pre-combusted and pre-weighed GF/F filters (Whatman GF/F
0.7um, 25mm, GE Healthcare Europe GmbH, Germany). After drying (24h at 40°C), the filters
were weighed and acid fumed (24 h with 37% HCl), dried once more (24h at 40°C) and then
packed in tin boats for measurements of POC and PON content with a CHN elemental analyser
(Elementar vario EL lll, precision of +0.7 pg C or +0.3%). Values of POC:PON in units of mass

where converted to molar units.
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For analysis of volumetric particle- and zooplankton fecal pellet flux contribution to the
measured drifting trap flux, gel trap samples were imaged (pixel size: 3.47 pm/px) with a
custom-built camera setup. The camera setup (Basler acA4600 — 7gc, Basler AG, Germany,
with a mounted Edmund Optics 10mm 0.5x inline compact telecentric lens, Edmund Optics,
Germany) was attached to a motorized stage with a LED panel beneath on which the gel trap
cups where placed and backlit. Processing and analysis of the cup images was performed with
the software package Fiji (Schindelin et al. 2012) if not stated differently. Photographs were
taken as a grid of 88 frames (12.8 mm x 10.2 mm per image; 8 x 11 images per cup) which
covered the entire cup. From each grid frame, eight defined focus depths were imaged
respectively to ensure all particles were included and in focus. The eight images of each
respective grid frame were stacked using the focus stacking software Zerene stacker (Zerene
Systems LLC, USA) and consecutively stitched together to form a 718 megapixel composite
image which depicted the contents of the entire gel trap cup. Any collected zooplankton were
manually selected and removed. For particle analysis, each image was converted to grey scale
and the background was removed using a threshold value of 56 on a grayscale of 256 intensity
levels. Fecal pellets were manually marked to analyse separately from phytoplankton
aggregates and particles. Measured particles were assigned to one of 14 logarithmically-
spaced size bins ranging from 20 pm — 1133 pm as previously described (Markussen et al.

2020).

2.4. Measurements of settling velocity and microbial degradation of particles

For the analysis of single-aggregate settling velocity and microbial respiration, particles were
collected using a MSC. Sampling depths were 10 m below the chlorophyll maximum (Chlmax)
layer which ranged between 20 — 60 m. On deck, captured particles within the MSC were left
to settle for a minimum of 8 h before the top ~90 L from the 100 L contained in the MSC was
gently drained. Afterwards, the lower collection cylinder of the MSC, in which the particles
had settled, was removed and individual aggregates were collected for further analyses.

For measurements of settling velocity and respiration, particles were transferred to a flow
chamber (5 cm diameter) which enables to maintain aggregates suspended by an opposing
upward flow that was adjusted to the same velocity and the settling velocity of the individual

aggregates (Ploug & Jergensen 1999). The flow chamber was set up in an aquarium with an
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air diffuser and placed in a temperature-controlled room adjusted to the in situ water
temperature in which particles were sampled.

Once the particles were suspended in the flow, settling velocities where measured in
triplicates by dividing the flow rate with the area of the flow chamber. Particle size was
measured in its length, width and height using an ocular (12x magnification) with a retical.
The respective volumes were then calculated assuming an ellipsoid shape from which the ESD
was derived.

Using a Clark-type oxygen microsensor (Unisense, 0X-12, 10 pm tip diameter) mounted on a
micromanipulator, the oxygen concentration was measured every 20 pum from 2 mm above
the suspended aggregate’s surface to the centre of the aggregate.

The oxygen flux of respective aggregates was calculated in nmol O; cm? h! using the model
of Moradi et al. (2021), and then multiplied by the surface area for each aggregate to nmol
02 h'! agg™. The volumetric O: flux was then calculated by dividing the 02 h agg™ by the
calculated aggregate volume. The volumetric carbon respiration was calculated by assuming
a one-to-one molar ratio from O: flux to CO: flux. Subsequently, the individual aggregates
were transferred to an Uterméhl chamber and imaged to visually determine their

composition using an inverted microscope (Zeiss, Axiovert 25).

2.5. 0; fluxes in permeable sediments

Oxygen fluxes from the surficial sandy sediments on the continental shelf were estimated at
two stations at CB.» which were located in water depths of 29 m (20°46.352 N 17°11.027 W)
and 59 m (20°46.654 N 17°25.675 W). Sediments at both stations consisted of permeable
sandy sediments (see Table 52 in Supporting Information for sediment characteristics).

In situ Oz penetration depth at both stations was determined using a benthic lander
(Ahmerkamp et al. 2017). Subsequently, at each station, sediment was sampled using a van
Veen Grab, from which the upper 2 cm of sediment was collected, homogenized and filled
into acrylic flow through reactors (FTR) in triplicates to measure volumetric Oz consumption
rates (Ahmerkamp et al. 2017, Marchant et al 2016). Briefly, aerated bottom water was
pumped upward through the FTR using a peristaltic pump (Cole Palmer MasterFlex) until the
entire porewater volume in the FTR was exchanged with the aerated water. Porewater was

sampled at ~10 discrete time points over ~120 minutes from an attachment at the bottom of
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the core equipped with an optode-based measurement system (OXFTC, Pyroscience). From
the change in oxygen concentration over time, the volumetric oxygen consumption rates
were determined.

Oxygen fluxes were estimated by integrating the volumetric oxygen consumption rates over
the penetration depths based on a transport model published by Elliott and Brooks
(1997 a & b), previously adapted in Marchant et al. (2016) and Ahmerkamp et al. (2017).

2.6. Measurements of primary production and particulate organic carbon standing stock
CO: fixation rates i.e. primary production at 5 m depth, were determined over 12 and 24
hours from water samples collected at each station following Martinez-Perez et al. (2016).
For each station seawater was collected at 09:00 am via the ship inlet and filled into ten 620
mL incubation bottles. Subsequently, 2*C-DIC (NaH**CO; =98 % Sigma-Aldrich) was added to
eight of the bottles to a final concentration of ~5%. The two incubations without added 3C-
DIC were terminated immediately to determine the natural abundance of 2C in the POC,
along with two *C-DIC -spiked. The remaining six bottles were filled to the top, closed bubble-
free and incubated at surface water temperature via seawater flow-through. Light levels were
adjusted to be representative of in-situ conditions by covering the incubator with a filter foil
(Ocean Blue; Lee filter 724, 36.2% transmission). After ~12 h and ~24 h, the incubations were
terminated for three bottles respectively. A subsample of 6 mL was collected from each bottle
and combined with 100 plL of a saturated mercuric chloride solution in a 6 mL glass vial, which
was closed bubble-free; these samples were used for determination of ¥*C-DIC labelling
percentage. The remaining sample volume was filtered (KNF Meuberger, <0.4 bar vacuum
intensity) onto a pre-combusted (6 hours at 450 °C) 25 mm GF/F filter (Whatman GF/F 0.7um,
25mm, GE Healthcare Europe GmbH, Germany) and stored at -20 °C.

The GF/F filters were acid fumed overnight (HCL 37% Merck), allowed to dry and packed into
tin cups. POC content and isotopic composition was determined using an elemental analyser
(Thermo Flash EA, 1112 Series) coupled to an isotope ratio mass spectrometer (Delta Plus XP
IRMS; Thermo-Finnigan). *C-DIC atom percentage in the incubations was determined from
an acidified 2 ml subsample (Torres et al, 2005) from the 6 ml glass vial, using cavity ring-
down spectroscopy (G2201-i coupled to a Liaison A0301, Picarro Inc., Santa Clara, USA,

connected to an AutoMate Prep Device, Bushnell, USA).
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Subsequently, CO: fixation rates were calculated (Grosskopf et al, 2012) as:

co __ [Atom% POCsample—Atom?% POC control) POC [E‘ 2}
2-fixationrate — Atom% DIC—Atom% POC control) t Q-

where Atom% POC sample is the atom% *C in the POC from the labelled sample (n=3);
Atom% POC control is the natural abundance of **Cin the POC as determined from the control
sample; Atom% DIC is the atom% of 1*C-DIC in the DIC pool and POC is the total particulate
organic carbon concentration on the filter and t is the duration time of the measurement (day
1}_

For the POC standing stock, 1.5 | seawater were collected using a CTD rosette at CBmeso, CB:
and CBs at 1m, 5m, 10m, 50 m and 100 m, provided a sufficient water depth at the
respective station. Samples were filtered in triplicates on precombusted (6 hours at 450 °C)
25 mm GF/F filters (Whatman GF/F 0.7um, 25mm, GE Healthcare Europe GmbH, Germany)
and stored at -20°C. For POC analysis, the filters were acid fumed overnight (HCL 37% Merck),
dryed at 40°C and subsequently packed into tin cups. POC content was determined using an
elemental analyser (Thermo Flash EA, 1112 Series).

2.7. Excess production and export contribution of shelf derived organic matter

To estimate the contribution of laterally advected shelf production to measured export flux
in the drift traps, we calculated the projected loss of vertical POC export from 100 m to 400 m
based on temperature-dependent microbial degradation for the regions CBs, CB., and CBpeso
according to Lutz et al. (2002), and compared our results with the measured POC flux of the
drifting traps (lversen & Ploug 2013). Thus, the POC flux (J; C/m?/h) to the depth (Z; m) was
calculated by:

D(T)

] =j{zn}g(_T)z

(eq. 3)

where D(T) is the temperature dependent rate of microbial degradation (% h') and W is the
settling velocity (m h). The temperature dependent rates of microbial degradation were
obtained from the literature and on-board measurements (Figure S2 in Supporting

Information; Table 53 in Supporting Information). The water temperature T for the
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corresponding depth Z was obtained from temperature measurements of the CTD cast at the
station. The settling velocity W is derived from average settling velocities from onboard flow
chamber measurements of the respective stations (CB: = 61.5 md? [n=23]; CB.u =86 m d™*
[n = 20]). Since no size to settling relationship was found, we used an average settling velocity
for all aggregate sizes at each region. Missing settling velocities from CBmeso were substituted
by values from CBey since POC, PON and C/N export flux at 100 m depth at CBew and CBmeso
where similar and microscopic observations of particles at CB.. showed no indications of shelf
influence, i.e. we did not observed lithogenic material such as dust or sand in the aggregates.
Our calculations for the lateral contribution of shelf material to export flux at depth offshore
do not consider the role of zooplankton grazing or dust deposition, which may both impact
particle export and attenuation in the region (lversen et al. 2010, van der Jagt et al. 2018,
Nowald et al. 2015). Zooplankton feeding on settling aggregates has been shown to reduce
carbon flux in the upper 100 m (e.g. Iversen et al. 2010, Jackson & Checkley 2011), which
corroborate with our particle camera profiles which showed that the strong flux attenuation,
i.e. rapid decrease in particle abundance and total particle volume, occurred at depths
shallower than 100 m for CBs and CB,,.. Additionally, by only taking microbial degradation into
account between 100 and 400 m, the calculated carbon flux to 400 m fitted the measured
carbon flux to 400 m at CBp,eso- This suggested that zooplankton grazing on settling aggregates
was neglectable at depths below 100 m at CBmeso and we consider the same to be true for CBs
and CBeu. The consistently low volumetric contribution of fecal pellets to export flux at all
depths between 100 and 400 m at CBs and CBeu (~4% and ~6% to 100 - 400 m respectively),
further supported that zooplankton grazing was of little importance for the flux attenuation
below 100 m. Hence, we consider that our flux calculations, which only consider temperature-
controlled microbial degradation, are representing the in situ conditions.

To estimate the interseasonal and interannual contribution of laterally sourced shelf material
to the open ocean export off Cape Blanc, we applied the calculation (equation 3) to export
fluxes collected with short-term drifting trap and long-term deep ocean sediment trap data.
For short term drifting trap fluxes, this was done for POC fluxes collected by 18 drifting trap
deployments in the upper 400 m of the water column between 2012 — 2019 (Table 54 in
Supporting Information). Long-term export fluxes of POC, CaCOs, bpSi and lithogenic material

were collected at the station CBpes, between 1989 and 2012 (see detailed mooring
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descriptions in Fischer et al. 2016). The continuous export fluxes cover export measurements
for every season at ~3600 m depth and at various depths between ~750 — 4150 m. Seasonal
averages of the El Nifio/Southern Oscillation (ENSO) index and Atlantic Multidecadal
Oscillation (AMO) index during the mooring deployments were obtained from NOAA-ESRL
Physical Science Laboratory, Boulder Colorado. We calculated the projected loss of vertical
POC export from trap measurements between ~750 - 1250 m to reach 3600 m based on
temperature dependent microbial degradation (lversen and Ploug 2013). Aggregate settling
velocities and microbial degradation were utilized as in equation 3 and vertical temperature
changes were obtained from CTD profiles during our sampling campaign. Temperature
profiles are expected to be stable between years and seasons due to a limited seasonal
variability in the region (Fischer et al. 2015)

To estimate if the shallow shelf production of organic matter is sufficient to supply the
estimated quantities of lateral advected material, we performed a budget calculation by using
measurements of in situ particle camera profiles, POC flux collected by the drifting traps, net
community production, in situ particle degradation, POC standing stock and benthic
respiration.

Firstly we determined the areal net community production (NCP) within the photic surface

ocean by:

NCP = VPP - Dp (eq. 4)

were VPP is the net volumetric primary production (mg C m> day?) measured over 24 h
including community respiration and D is the depth of the productive surface layer, which is
derived from fluorescence profiles and was defined as 25 m, 65 m and 65 m for CB., CBs and
CBmeso respectively. We calculated POCagzregatea as the POC content of settling particles from
the productive surface layer, by multiplying the maesured size specific POC content of in-situ
particles with the observed size distribution from particle camera deployments. To estimate
the amount of offshore advected POC within the Cape Blanc filament from CB., to the regions
CBs, CBew and CBmeso respectively, we performed a budget calculation to determine the
potential advected POC by:
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POCigcqr = Pﬂcup * R:rlrlif:r'q:n.'.ai.rllr * GZuupI.rmkmnt -dil* + NCP (eq.
5)

by which the advected POC (POCica; mg m™ day?) is derived from the POC standing stock
(POCyp; mg m day?) within the productive surface layer, including the input of the daily net
community production (NCP; mg m? day?), under the microbial respiration (Rmicrobia; d),
macrozooplankton grazing rate (Gzoopiankton; % d2) (0.92; Steinberg & Landry 2017) and the loss
of POC by the dilution factor (dil; %) (Karakas et al. 2006) within the residence time (t; d). The
microbial respiration rate was set to 0.12 according to an average temperature of 18°C
(lversen et al. 2010, lversen and Ploug 2010, Iversen and Ploug 2013). The residence time t is
derived by dividing the average distance between sampling sites of 35 km from CB.» to CBs,
115 km from CBs to CBey and 205 km from CBey t0 CBmeso with the average surface advection
speed of 6.9 km day? (Fischer et al. 2015). For the residence time t the minimum and
maximum distance of 10 - 70 km from CBs to CBs was used to generate a minimum and
maximum estimate of potential advected POC. For the value POC,; at CB., and CBp..,, the
value of POCiocal from the previous station was used. The dilution factor dil was included for
estimates on CB., and CBpess, but not for CB..

To estimate the amount of offshore advected POC that was sourced from the shelf
(POCagvectes), we performed a similar calculation as for POC,o; (eq. 5) which did not include
the input of the daily net community production NCP for the offshore stations CBew and CBmeso.
A similar approach was used to estimate the amount of lateral advected POC as subsurface
particle clouds from CBs, to the stations CBs, CBeyw and CBmeso, respectively. The potentially
advected POC (POCuouas) was determined by

POCoua = (Pﬂcluw + Pﬂcﬂggreyated - Rbenthic) * Rmic‘rubiait ) GZoop!anktunr ~dil
(eq. 6)

where the potential advected POCous (Mg m? day?) was derived from the POC standing stock
below the mixed layer (POCiow; mg m™ day?) with the added POC input of settling aggregates
(POCoggregated: mg m2 day?) from the productive surface layer, under the degradation of the

daily benthic respiration (Reenehic; mg m day?), the microbial respiration factor (Rmicropiar; %) a
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macrozooplankton grazing rate (R:oopiankton; %) (0.92; Steinberg & Landry 2017) and the
dilution factor (dil; %) (Karakas et al. 2006) during the residence time (t; d). The microbial
respiration factor is adjusted to the estimated average temperature during the settling of the
subsurface particle clouds, with 0.1 (10°C) between CB: and CBe. and 0.04 between CBeu and
CBmeso (~4°C). For the residence time t the minimum and maximum distance of 10 - 70 km
from CBs» to CBs was used to generate a minimum and maximum estimate of potential
advected POC. For the determination of POCiow at CBew and CBmeso, the value of POCaous from
the previous station was used. Further, Reenthic 8nd Gzoopiankon Were not considered for CBey
and CBmeso, as advected POC is not encountered with sediments past the shelf break and is

expected to settle below the depth of zooplankton grazing activity.
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3. Results

The sampling campaign was carried out in January 2019 during the winter season off Cape
Blanc; an area with strong coastal upwelling and low seasonality (Fischer et al. 2015). Salinity,
temperature, density and oxygen profiles at the shelf break and the shallow shelf between
CB: and CBs» showed upwelling of deep water into the shallow shelf as a water layer, covering
the bottom 50 m of the water column at the shelf break and gradually thinning to < 10 m,
50 km onto the shelf (Figure S3 in Supporting Information). Based on wind directions and
ADCP derived surface currents (data not shown), we observed transport of surface waterina
westward offshore direction, indicative of Ekman transport caused by the trade winds (Figure
54 in Supporting Information) representative for a classic state for upwelling in the area

(Johnson 1976, Aristegui et al. 2009).

3.1. Vertical turbidity and particle profiles

In situ particle profiling showed high values of particle concentration and volume along the
entire transect, from the surface to 100 - 150 m; consistent with high water turbidity values
(Figure 2). Average particle concentrations and volume in the top 150 m were highest on the
shallow shelf at CBy, with 615 + 81 particles L't and 94 + 14 ppm, decreased at the shelf break
at CBs to 224 + 40 particles L' and 35 + 6 ppm and were lowest in the open ocean at (Bmeso
with 82 + 16 particles L'X and 12 + 3 ppm. At the slope stations two distinct peaks in particle
abundance, total particle volume and turbidity profiles were observed at intermediate depth
and above the sea floor, which showed the presence of the intermediate particle cloud (IPC)

and benthic particle cloud (BPC), respectively (Figure 2 & Figure 3).
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Figure 2. Turbidity based on profiles (black lines) measured on a latitudinal shelf transect during the time period of the process study
(lanuary 2019). Particles from the shallow shelf are advected offshore in the surface layers between 100 — 150 m, at intermediate depths

between 300 — 900 m meters forming patchy distributed intermediate partide clouds and benthic particle clouds which follow the slope
and extend offshore in two layers between 1300 — 1600 m and below 1900 until the seafloor.

The depth of the IPC ranged in depths between 230— 450 m at CBs and consisted of individual

patches or clouds of mostly 809 — 1587 um sized particles (Figure 3), with an average
concentration of 159 + 28 particles L and volume of 26 + 5 ppm. Further offshore at the
transect stations, the IPC ranged in depths between ~300 —900 m and was only visible as
individual clouds in the turbidity profiles (Figure 2).

The BPC extended from the bottom to ~200 m above the seafloor close to the shelf break at

CBs and separated into two layers ranging between ~1300-1600 m and ~1900 m until the
seafloor at ~3000 m at CBeu (Figure 2). The particle size-range of the BPC at CBs varied from

the IPC by containing 4.2 times more volume of 130 — 200 pm sized particles and overall

higher average particle concentration of 491 + 71 particles L™ and volume of 81 + 13 ppm
(Figure S5a & b; profile GeoB23603 31 and GeoB23604 01 in Supporting Information). The
peak of the BPC increased with depth and extended below the deployment depth of the
particle camera so particle concentrations and volume below 500 m likely exceed those

measured in the upper 500 m (Figure 2).
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Figure 3. Latitudinal shelf transect of particle volume from 107-413 pm
(a), 413-809 pum (b) and 802-1587 um (c) particle size classes during our
process study (January 2019). Particles advected in the surface layers
and the benthic particle cloud (which follows the slope), are composed
of each of the shown particle size classes. In addition, partides in the
B09-1587 pm size range (c) form patchy distributed intermediate
particle clouds between 230 — 450 m past the shelf break.
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3.2. Drifting trap fluxes

Fluxes of dry weight (DW) and PON showed similar values at 100 m depth across all stations,
while POC flux at CBs was 27-29% higher than at CBes and CBmeso (Table 1). In comparison to
POC flux to 100 m, the flux at 200 m and 400 m increased by 9-23% and 17-27% at CBs and
CBey, respectively, but decreased by 7-46% at CBmeso. In addition, fluxes at 200 and 400 m
were higher at stations closer to the shelf. At CBs the POC:PON ratios at 400 m were lowest
with a value of 6.2 compared to 6.9 at 100 m and 8.3 at 200 m depth, indicating flux to 400 m
was largely composed of undegraded organic matter, likely phytoplankton. The POC:PON
ratios at CB.y was 6.7 — 7.1 at all sampled depths. At CBmeso, POC:PON ratios showed a steady
increase from 7.2 at 100 m to 9.2 at 400 m depth. Particles with ESDs of ~300 pm were the
main contributor at CBs; and CB.,, comprising 17% and 20% of the total particulate volume
respectively, while at CBp.s particles with ESDs of ~580 pum comprised 21% of the total
particulate volume. Furthermore, at CBs the total volume of particles in the size-range
between 20 pm - 413 pm was up to ~2-fold higher in the gel traps collected at 200 and 400 m
compared to 100 m (Figure 54 in Supporting Information). In addition, we observed high
abundances of particles with ESDs < 20 pum at the 200 m and 400 m gel trap, suggesting the
presence of small particles in the two deeper traps.

The contribution of fecal pellets was 3.5 - 7% of the total particle volume for all stations at
100 m. At 200 and 400 m fecal pellets were 18% of the particle volume at CBmeso, 4% at CBs
and 6% at CBeu (Figure S6 in Supporting Information).

Table 1. Fluxes of Dry weight {DW), particulate organic carbon (POC) and particulate organic nitrogen (PON) from drift
trap deployments. The calculated vertical POC flux (POC vertical) is derived from temperature dependent microbial
degradation under the assumption of vertical export (equation 3). The lateral POC export contribution is the fraction of
advected POC to export flux and is derived from the difference between measured and calculated POC.

Station Depth DWW [mgm?  POC[mgm? PON [mg m2 POC PON POC:PON POC Lateral POC
[m] day] day?] day¥] % ] e export
day ] contribution
[%]
CBroisn 100 843.50 7908 5.42 53 11 7.2 79,08 0
200 632.593 73.65 719 116 11 8.8 67.10 89
400 38583 54.11 L3 133 13 5.2 50.19 72
CBeu 100 B48.05 7731 543 51 11 7.0 7731 0
200 B97.80 50.14 10087 10.0 12 71 6655 26.16
400 827.38 58.38 1254 119 15 6.7 50.01 4516
CBs 100 813.29 100.77 12,60 12.4 15 6.9 100.77 0
200 1005.32 110.14 11.37 11.0 11 83 8158 259
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3.3. Aggregate composition and settling behaviour

Flow chamber measurements showed no relationship between particle size and settling
velocity at any of the stations (p = > 0.05). Settling velocities at CBs;, were significantly higher
(p = < 0.001; 191 m day?) than at CBs (61 m day?) and CB.. (86 m day?). Light microscope
observations showed that aggregates from CBs, were denser and included sand grains,
whereas aggregates near the shelf break at CBs were fragile and composed of phytoplankton
with little lithogenic material (Figure 4 top). Further off-shore at CB.., aggregates were denser

than those observed at CBs and zooplankton fecal pellets were observed inside aggregates.
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Figure 4. Measured settling velocities of aggregates collected on the shallow shelf (CB.), past the shelf break (CB.) and on the slope
(CBiey) with ex@ample images from collected in-situ aggregates above. Boxplots depict the 25-75% quantile range, with the centre line
depicting the median (50% quantile). Whiskers encompass data points within 1.5 times the interguartile range. White horizontal bars in
boxplots indicate the average. Small points show individuale measurements of aggregate settling velocities. Large points indicate
individual measurements that were outliers. Samples were obtained during our process study (lanuary 2019).
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3.4. Lateral export contribution during the field campaign

The estimated contribution of lateral advected shelf production to measured POC export from
the drifting trap deployments during the field campaign increased with increasing depth at
CB: and CBey from ~26% at 200 m to ~55% at 400 m. This amounted to a total lateral
contribution at 400 m depth of 68.58 mg C m™ day™ and 48.36 mg C m™ day ™ at CBs and CBeu
respectively. Further offshore, estimated lateral influence was very low with 9% at 200 m and

7% at 400 m at CBmeso (Table. 1).

3.5. Long term contribution of lateral sourced carbon export

Long-term seasonal sediment trap fluxes from 1989 — 2012 at the mooring site at CBmeso are
obtained from Fischer et al. (2016; Table 2). Average seasonal POC export at 750 — 1250 m
was lower or equal to flux measured at 3600 m (Table 2). The estimated lateral contribution
of shelf material for the trap collection at 3600 m depth ranged between 3.4 —4.7 mg POC
2 day* and covered 76 - 83% of total POC fluxes between all seasons (Figure 5a). Sediment
trap fluxes were not correlated to the AMO (Spearman correlation p = 0.66) or ENSO
(Spearman correlation p = 0.38) index but significantly correlated to CaCOs (Spearman p =
<0.001), bpSi (Pearson p = <0.001) and lithogenic material fluxes (Pearson p = <0.001).
Values from drifting trap fluxes were obtained between 2011 — 2019 along the slope off Cape
Blanc (Table S4 in Supporting Information). The estimated lateral contribution of shelf
material increased with shelf proximity and was more pronounced for 400 m compard to
200 m deep flux estimates, though not being statistically significant (Figure 5c; spearman rank
correlation; p = 0.07 for 400 m and p = 0.35 for 200 m fluxes).

Table 2. Seasonal average fluxes of particulate onganic carbon (POC) to 750 — 1250 m and 3600 m from 1989 until 2012
@t CBmesx derived from Fischer et al. 2016, and estimated contribution of lateral advected shelf export and surface

derived export.
Season Av. POC Av. POC Lateral POC Surface POC Lateral POC Surface POC contribution
750- 3600 m contribution contribution contribution %]
1250 m [mg mi? [mg m? day?] [mg m™® day™] [=]
[mg mr? day’]
day’]
Spring 4.8 4.8 7 12 76 24
Summer 32 5.2 432 10 81 13
Autumn 4.0 4.4 34 11 76 24
Winter 6.2 6.4 4.7 17 T4 26
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Figure 5. Particulate organic carbon (POC) export fluxes measured off Cape Blanc between 1989 - 2019. Panel a shows sediment trap
mooring fluxes at CBmes. between 1989 — 2012 which were obtained from Fischer et al. (2015). Yellow points indicate measured carbon
fluxes. Grey lines indicate the calculated carbon flux according to Lutz et al. (2002) assuming vertical settling from sediment trap
deployments between 750 — 1250 m. Panel b shows sampling locations of the measured POC fluxes off Cape Blanc of sediment trap
moorings and drift trap deployments between 1989 - 2019. Panel ¢ shows the flux change from 100 m to 200 m and 400 m as measured
(red) and calculated (blue) flux respectively. Carbon flux was calculated according to Lutz et al. (2002) assuming vertical settling from
drifting traps deployed at 100 m.
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3.6. Budget calculations for offshore transport of shelf produced carbon

Mesurements of primary production at CBsy, CBs and CBmeso amounted for 2404, 3010 and
733 mg C m? day, respectively. The average benthic respiration on the shallow shelf was
188 + 255 mg C m? day ™. The total measured POC standing stock on the shallow shelf at CBn
was on average 16098 mg C m? from which 8240 + 1341 mg C m? were contained in the
surface productive layer between 0 and 25 m and 7858 + 2078 mg C m™ within the depths
between 25 and 60 m depth.

The estimated amount of advected shelf POC within the Cape Blanc filament was 6671 - 997,
64 — 10 and 0.01 — 0.002 mg C m~ day at CB;, CBew and CBmeso, respectively. When including
the daily net community production to the advected POC past the shelf break, the resulting
local POC within the Cape Blanc filament was estimated to 12095 - 9075, 12590 - 12560 and
3225 mg C m? day? at CB,, CB., and CBpes, respectively. The subsurface advection of shelf
POC as particle clouds was 12020 - 1915, 226 - 36, and 7 — 1 mg C m2 day* for CBs, CBey and
CBmeso, respectively. The resulting total advection of 2912 - 18691 mg C m™2 day%, as based on
the excess POC, i.e. the POC that was not turnover on the shelf, indicated that the sandy shelf

system was a net autotrophic system.
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4., Discussion

4.1. Lateral advection is the major source of deep ocean POC flux

Seasonally averaged POC fluxes measured over 23 years at 450 km off the coast of NW Africa
(Cape Blanc) at the CBmeso site showed that fluxes to intermediate depths (750 m — 1250 m)
were either equal to, or lower than fluxes to the deep ocean (3600 m). Similarly, when we
calculated potential fluxes to the deep ocean based on the upper trap fluxes, temperature
dependent microbial degradation and average particle sinking velocities (Eq. 3), the
calculated fluxes to the deep ocean only accounted for 17 — 24% of the measured POC flux
(Figure 2a). This mismatch between calculated and measured export flux to 3600 m was of
similar magnitude for all seasons and years. In contrast, a similar comparison carried out for
globally distributed deep ocean sediment traps showed good correlations between calculated
and measured POC flux (lversen and Ploug 2013). However, that study only included fluxes
which decreased with increasing depth, as they assumed that those with higher fluxes at
depth were influenced by lateral advection.

The higher measured compared to calculated POC flux to the deep ocean at CBmeso could
potentially have been caused by high inputs of Saharan dust. Dust input ballasts particles and
increases their sinking velocities thereby leading pulse events of high POC export (Nowald et
al. 2015, van der Jagt et al. 2018). However, even when assuming a doubled settling velocity
in our calculations, the estimated local vertical export from the surface ocean would only
explain 32 —48% of the total measured POC flux to 3600 m depth. Hence, the consistent
mismatch throughout the entire 23-years cannot be explained by the irregular occurrence of
dust storms. Further, the mismatch was of similar magnitude for all seasons and years and
showed no correlation to shifts in the AMO or ENSO, which impact the magnitude of carbon
export off Cape Blanc (Fischer et al. 2015, Romero et al. 2021). Therefore, the difference
between the calculated and measured POC fluxes indicates that ~75% of the total POC flux to
the deep ocean off Cape Blanc is consistently supplied from a source other than local vertical
export. Logically this source must be from lateral advection of POC.

To gain a first insight into where the POC was laterally advected from, we compared the
calculated and measured fluxes to 200 and 400 m from 18 drift traps deployed between 2011
and 2019 in the region between the shelf and CBmeso. The shallow drifting traps deployed in

the upper 400 m of the water column close to CBpeso (21°W, Fig. 5c) showed an opposite
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trend to the deep ocean moored traps. Here we observed higher calculated fluxes compared
to the measured fluxes, i.e. there was no evidence of laterally advected material to the
drifting traps deployed at 200 and 400 m at CBmeso. However, with increasing proximity to the
shelf, the measured drifting trap fluxes at 200 and 400 m gradually exceeded the calculated
POC fluxes (Fig. 5), i.e. there was an increasing fraction of laterally advected POC. From this,
we suggest that the gradually decreasing mismatch between measured and calculated
drifting trap fluxes was due to offshore advection of slow sinking clouds of particles that
originated from the shelf. These particle clouds are frequently observed off Cape Blanc
(Nowald et al. 2006, Karakas et al. 2006, Fischer et al. 2009, Helmke et al. 2005) and have
been suggested to originate from the shelf region based on the presence of coastal and
benthic diatoms in the CB.s, deep ocean trap (Romero et al. 2020). Our results suggest that
shelf material is consistently transported offshore as particle clouds that slowly sink to the

deep ocean.

4.2. Formation of subsurface particle clouds

To better understand the mechanisms by which particles are transported from the shelf to
the open ocean as particle clouds, we carried out a process study during January 2019 in the
Cape Blanc region. Satellite observations of chlorophyll and Saharan dust showed that no
large phytoplankton bloom or dust deposition event had occurred in the month preceeding
the sampling campaign (Figure 57 & Figure 58 in Supporting Information). Therefore, our
observations were not influenced by an episodic pulse flux which could have decoupled flux
mechanisms between the surface and deep ocean.

During the January sampling period, both an intermediate and benthic particle cloud (IPC and
BPC, respectively) were observed in the in situ camera and turbidity profiles. Both particle
clouds originated on the shelf and diverged at the shelf break (Fig. 3 and 4). During the time
of the campaign, the IPC could be observed up to 110 km past the shelf break, which is typical
for this region where the IPC has even been shown to extend 400 km offshore (Karakas et al.
2006, Nowald et al. 2006). Using a modelling approach Karakas et al. (2006) suggested that
the lateral and vertical extention of the IPC would only be possible if particles sank within it
at an average settling velocitiy of 5 m d™, in contrast particles in the BPC required an average

settling velocity of the 35 m d-L. This indicates that the particles within the IPC and BPC
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separate past the shelf break due to their different settling velocities. The in situ camera
profiles revealed differences in particle size-spectra between the two clouds. The BPC mainly
consisted of small particles (< 413 pm) while the IPC contained all particle sizes that were
detectable by the camera (Fig. 4), which was surprising since small particles are generally
considerd to sink slower than large particles if they are composed of similar material.
Therefore we hypothesize that the small particles in the BPC were denser than the paricles in
the IPC. Indeed both microscopic observations and direct size-specifc settling velocity
measurements revealed that the particles formed on the shelf consisted of both ballasted
and non-ballasted marine snow aggregates (rather than zooplankton fecal pellets) without a
clear size-to-settling relationship (Fig. 5, Fig. $7). This implies that differences in particle
density drives the separation of the IPC and BPC at the shelf break, with the fast-settling
particles forming the BPC while the slow-settling particles form the IPC.

The slow settling of particles within the IPC could potentially result from limited diffusive
exchange between less dense porewater within settling aggregates and the surrounding
water at haloclines (Kindler et al. 2010, Maclntyre et al. 1995). However, we did not observe
any relationship between peaks in particle concentrations and salinity gradients, which is
similar to previous observations that also did not find any indications for halocline driven
particle retention off Cape Blanc (Nowald et al. 2006, Iversen et al. 2010). An alternate
mechanism for reduced sinking velocities could be high quantities of transparent
exopolymeric particles (TEP) in the aggregates (Azetzu-Scott & Passow 2004). TEP has a lower
mass density (700 — 800 kg m3) than seawater and provide buoyancy inside organic
aggregates. While we did not directly measure TEP concentration in aggregates, we observed
large aggregates that were composed of non-sinking gelatinous material at the shelf (Figure
59 in Suporting Information). This indicates high TEP concentrations in shelf sourced particles
may explain the observations of large, seemingly slow-sinking particles within the IPC at 300
m at CBeu (Figure 4c). Considering an average offshore current velocity of ~0.1 m s (Karakas
et al. 2006), it would take the particles within the IPC between one and two months to reach
the CBmeso deep ocean trap (450 km from the shelf). This implies that the particles within the
ICP are degraded at low rates, which may be a result of their high TEP concentration. The
turnover time of TEP is strongly dependent on its chemical composition (Passow 2002). TEP

compounds rich in mannose and galactose are rapidly degraded, while fucose containg TEP

81



Manuscript Il

compounds are more resistant to degradation (Passow et al. 2002, Sichert et al. 2020). Hence,
both the slow settling velocities and the long residence time of the organic matter within the

IPC supports that the particles are composed of substantial amounts of TEP.

4.3. Implications for global carbon sequestration

By combining auto- and heterotrophic processes, the standing stock of POC on the shelf, and
offshore current velocities, we estimated that 1 — 7 mg POC m? d! that reached the deep
ocean at CBmeso originated from the shelf. This matched the independent estimate of lateral
advection based on the sediment trap data (3.4 — 4.7 mg POC m™ day; Equation 3; Figure 6).
Both of these results indicate that offshore advection of organic matter from the shallow shelf
relocates large quantities of POC in the form of particle clouds. Considering that the slow-
sinking organic matter was observed to reach depths of at least 800 m, i.e. well below the
winter mixed layer, horizontal advection is likely an important but overlooked meachnism for

oceanic carbon sequestration.
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Figure 6. Schematic of particle sources and sinks at the upwelling region off Cape Blanc. Excess production is laterally transported from the shallow shelf to the open ocean as surface- or
subsurface advected POC. Surface advected POC forms the CB filament, while subsurface advected POC forms the intermediate particle cloud (IPC) and benthic particle cloud (BPC). Italic
font indicates calculated values while regular fonts indicate measured values, POCwm is the prevailing measured POC standing stock. POCuea shows estimated advected flux including the
input from dally primary production, while POCedveses shows estimated advected flux originating from the shallow shelf with no Input from primary production (eq. 5). Measured deep ocean
sediment trap fluxes are obtained from Fischer et al. (2016) and cover measurements from 1989 - 2011, while remaing values are obtained from this process study.
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The biological carbon pump (BCP) is estimated to drive a global carbon export of 660 + 300
Mt C yr! to 2000 m depth (Henson et al. 2012). Considering that the annual POC deposition
of the four major EBUSs was estimated to cover 41 Mt POC (Carr et al. 2002,
Jahnke et al. 2009), their total contribution would amount to 4-12% of the global carbon
export. Particle clouds are a persistent feature in all of the major EBUSs (e.g. Ransom et al.
1998; Fischer et al. 2009, Inthorn et al. 2006, Lam et al. 2018), and assuming a similar
contribution to deep ocean carbon export of 76-83% as we found for the region off Cape
Blanc, laterally advected shelf material would sum up to 31-34 Mt C yr?, resulting in 5-10% of
the estimated global carbon export via the BCP. Even though this estimation is based on wide-
ranging assumptions, it clearly demonstrates that particle clouds in the major EBUS need to
be taken into account in global carbon budgets.

Particle clouds are consistent features that occur independent from EBUSs throughout the
global oceans in areas close to continental margins with elevated current velocities (Gardner
et al. 20183, Gardner et al. 2018b). Sediment trap records suggest that particle clouds formed
from shelf material contribute substantially to fluxes in the deep ocean, as has been shown
in the Canada Basin (Hwang et al. 2015), Fram strait (Lalande et al. 2016), Laptev Sea (Fahl &
Nothig 2007, Shultz et al. 2021), North- and Central Atlantic (Hwang et al. 2017, Conte et al.
2019) and South China Sea (Blattmann et al. 2018). Compositional analyses of deep ocean
fluxes indicate that laterally supplied POC contributes 20 to 69% to the total deep ocean POC
flux (Hwang et al. 2015, Hwang et al. 2017, Lalande et al. 2016, Fahl & N&thig 2007). Taken
together with the suggestion by Jahnke et al. (2009) who estimated that continental margins
may supply ~50% of global deep ocean carbon export, this implies that particle clouds are
globally important for the transport of carbon from ocean margins to the open ocean interior
and deep ocean sediment. This also suggests that horizontally advected POC may contribute
substantially to open ocean benthic communities and to carbon sequestration via the BCP.
Considering that marine particle clouds have been observed throughout the global ocean
(Gardner et al. 2018a, Gardner et al. 2018b), it seems likely that lateral supply of POC from
the continental margins to the deep ocean is not limited to EBUSs. Therefore, only considering
a vertical component in carbon flux attenuation estimates, as is done in widely used
approaches, such as the “martin curve” (Martin et al. 1987), will lead to overestimations in

both total flux and turnover in the water column above the trap (Burd et al. 2010). By
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recognizing particle clouds and horizontal advection as an integral part of the BCP, we will be
able to more accurately quantify export efficiency and biological turnover, hence, improving

the data used to model and predict oceanic carbon sequestration.

Acknowledgements

We thank Gerhard Fischer for discussions and critical comments. We thank Gerhard Fischer,
Helga van der Jagt, Clara Flintrop, Lili Hufnagel, Nicolas Nowald, Gotz Ruhland, Marco Klann,
Stefan Thiele, and Isabell Klawonn for support during drifting sediment trap deployments
during the past 10 years. We thank the captain and crew of RV Poseidon expedition POS531
for their support at sea. This work was fundedby the DFG-Research Center/Cluster of
Excellence “The Ocean in the Earth System”: EXC-2077-390741603. Soeren Ahmerkamp
acknowledges funding from the Max Planck Society (MPG) for the Multiscale Approach on
the Role of Marine Aggregates (MARMA) project.

Conflict of Interest

The authors declare no conflict of interest relevant to this study.

Data availability Statement

Data used in this study are made available at PANGEA.

References

Ahmerkamp, 5., Winter, C., Kramer, K_, Beer, D. de, Janssen, F., Friedrich, 1., ... Holtappels, M. (2017). Regulation of benthic
owygen fluxes in permeable sediments of the coastal ocean. Limnology and Oceanography, 62(5), 1935—1954.
https:/fdoi.org/10.1002/Ino.10544

Amos, C. M., Castelao, R. M., & Medeiros, P. M. (2019). Offshore transport of particulate organic carbon in the California
Current System by mesoscale eddies. Nature Communications, 10{1), 1-8.

Aristegui, 1., Barton, E. D., Aharez-Salgado, X. A, Santos, A. M. P., Figueiras, F. G., Kifani, 5., ... Demarcg, H. (2009). Sub-

regional ecosystem wvariability in the Canary Current upwelling. Progress in Oceanography, 83(1-4), 33-48.
https:/fdoi.org/10.1016/j. pocean. 2009.07.031

85



Manuscript Il

Aretsu-Scott, K, & Passow, U. (2004). Ascending marine particles: Significance of transparent exopolymer particles (TEP) in
the upper ocean. Limnology and Oceanography, 49(3), 741-748. https://doi.org/10.4319/l0_2004.49 3 0741

Behrenfeld, M. )., & Falkowski, P. G. (1997). Photosynthetic rates derived from satellite-based chlorophyll concentration.
Limnology and Oceanography, 42(1), 1-20. https://doi.org/10.4319/10.1997.42.1 0001

Bonino, G., Lovecchio, E., Gruber, M., Minnich, M., Masina, 5., & lovino, D. (2020). Drivers and impact of the seasonal
variability of the organic carbon offshore transport in the Canary Upwelling System. Biogeosciences Discussions, 1-30.
https-//doi.org/10.5194/bg-2020-470

Boyd, P. W., Claustre, H., Levy, M., Siegel, D. A, & Weber, T. (2019). Multi-faceted particle pumps drive carbon sequestration
in the ocean. Nature, 568(7752), 327-335. https-//doi. 10.10358,/s41586-019-1098-2

Burd, A. B., Hansell, D. A, Steinberg, D. K., Anderson, T. R., Aristegui, J., Buesseler, K. 0., .. Tanaka, T. (2010). Assessing the
apparent imbalance between geochemical and biochemical indicators of meso- and bathypelagic biological activity -
What the @ 5 ] | is wrong with present calculations of carbon budgets? Deep-Sea Research Il, 57, 1557—1571.

Busch, K., Endres, 5., lversen, M. H., Michels, 1., Nothig, E. M., & Engel, A. (2017). Bacterial colonization and vertical
distribution of marine gel partides (TEP and C5F) in the arctic Fram Strait. Frontiers in Marine Science, 4, 1-14.
https-//doi.org/10.3389 /fmars 2017 00166

Carr, M. E. (2002). Estimation of potential productivity in Eastern Boundary Currents using remote sensing. Deep-Sea
Research Part li: Topical Studies in Oceanography, 49(1-3), 59-80.

Chabert, P., d'Ovidio, F., Echevin, V_, Stukel, M. R_, & Ohman, M. D. (2021). Cross-Shore Flow and Implications for Carbon
Export in the California Current Ecosystem: A Lagrangian Analysis. Journal of Geophysical Research: Oceans, 126(2),
1-14. https-//doi.org/10.1029/2020)C016611

Elliott, A. H, and N. H. Brooks. 1997a. Transfer of nonsorbing solutes to a streambed with bed forms: Laboratory
experiments. Water Resour. Res. 33: 137— 151, doi:10.1029/96WR02Z783

Elliott, A. H., and M. H. Brooks. 1997b. Transfer of nonsorbing solutes to a streambed with bed forms; Theory. Water Resour.
Res. 33: 123— 136, doi:10.1029/96WR02784

Engel, A, & Passow, U. (2001). Carbon and nitrogen content of transparent exopolymer particles ( TEP ) in relation to their
Alcian Blue adsorption, Marine Ecology Progress Series 219{1977), 1-10.

Fahl, K., & Mothig, E. M. (2007). Lithogenic and biogenic particle fluxes on the Lomonosov Ridge (central Arctic Ocean) and
their relevance for sediment accumulation: Vertical vs. lateral transport. Deep-5ea Research Part I Oceanographic
Research Papers, 54(8), 1256-1272. https://doi.org/10.1016/j.dsr.2007.04.014

Fischer, G., Reuter, C., Karakas, G., Nowald, N, & Wefer, G. (2009). Offshore advection of particles within the Cape Blanc
filament , Mauritania : Results from obsenvational and modelling studies. Progress in Oceanography, 83(1-4), 322—
330.

Fischer, G., Romero, 0., Merkel, U_, Donner, B., lversen, M., Nowald, N_, Ratmeyer, vV, Ruhland, G., Klann, M., Wefer, G.
(2015). Deep ocean mass fluxes in the coastal upwelling off Mauritania from 1988 to 2012: Variability on seasonal to
decadal timescales. Biogeosciences Discussions, 12(21), 17643—17692. https-//doi.org/10.5194/bgd-13-17643-2015

Flintrop, C. M., Rogge, A, wersen, M. H., Miksch, 5., Thiele, 5., & Waite, A. M. (2018). Embedding and slicing of intact in situ
collected marine snow, Limnol. Oceanogr.: Methods 00, 2018, 00—00. https://doi.orgf10.1002,/lom3.10251

Freudenthal, T., Neuer, 5., Meggers, H_, Davenport, R., & Wefer, G. (2001). Infuence of lateral particle advection and organic
matter degradation on sediment accumulation and stable nitrogen isotope ratios along a productivity gradient in the
Canary Islands region, Marine Geology 177, 93+109.

86



Manuscript Il

Frischknecht, M., Minnich, M., & Gruber, N. (2018). Origin, Transformation, and Fate: The Three-Dimensional Biological
Pump in the California Current Systemn. Journal of Geophysical Research: Oceans, 123(11), 793%9-7962.
hitps//doiore/10.1029/2018)C01 3934

Gabric, A )., Garcia, L, van Camp, L., Nykjaer, L, Eifler, W., & Schrimpf, W. (1993). Offshore Export of Shelf Production in the
Cape Blanc (Mauritania) Giant Filament as Derived From Coastal Zone Color Scanner Imagery. Journal of Geophysical
Research, 98(92), 4697—4712.

Garda-Reyes, M., Sydeman, W. 1., Schoeman, D. 5., Rykaczewski, R. R, Black, B. A, 5mit, A_ 1., & Bograd, 5. 1. (2015). Under
pressure: Climate change, upwelling, and eastern boundary upwelling ecosystems. Frontiers in Marine Science, 2{DEC),
1-10. https://doi.org/10.3389/fmars. 2015.00109

Gardner, W. D., Richardson, M. 1., & Mishonov, A. V. (2018a). Global assessment of benthic nepheloid layers and linkage with
upper ocean dynamics. Earth ond Plonetary Science Letters, 482(Movember 2017), 126-134.
https-//doi.org/10.1016/j.epsl.2017.11.008

Gardner, W. D., Mishonov, A V_, & Richardson, M. ). (2018b). Decadal Comparisons of Particulate Matter in Repeat Transects
in the Atlantic, Pacific, and Indian Ocean Basins. Geophysical Research Letters, 45(1), 277—286.

Gardes, A, lversen, M. H_, Grossart, H. P, Passow, L, & Ullrich, M. 5. (2011). Diatom-associated bacteria are required for
agpregation of Thalassiosira weissflogii. ISME Journal, 5(3), 436—445. https://doi.org/10.1038/ismej.2010.145

Grolkopf, T, Mohr, W_, Baustian, T., Schunck, H., Gill, D, Kuypers, M. M. M., Lavik, G., Schmitz, R. A, Wallace, D. W. R,
Laroche, J. (2012). Doubling of marine dinitrogen-fixation rates based on direct measurements. Nature, 488(7411),
361-364. https-//doi.org/10.1038/nature11338

Harlett, J. C., & Kulm, L D. {1973). Suspended sediment transport on the northern Oregon continental shelf. Bulletin of the
Geological Society of America, 84(12), 3815-3826. https//doi.org/10.1130/0016-
7606(1973)84<3815:55TOTN>2.0.C0O;2

Helmke, P., Romero, O., & Fischer, G. (2005). Northwest African upwelling and its effect on offshore organic carbon export
to the deep sea. Global Biogeochemical Cycles, 19(4), 1-16. https://doi.org/10.1029/2004GB002265

Henson, 5. A, Sanders, R, & Madsen, E. (2012). Global patterns in efficiency of particulate organic carbon export and transfer
to the deep ocean. Global Biogeochemical Cycles, 26(1), 1-14. https://doi.org/10.1029/2011GB004099

Hwang, |, Kim, M., Manganini, 5. 1., Mcintyre, C. P, Haghipour, N., Park, 1., ... Eglinton, T. 1. (2015). Temporal and spatial
variability of particle transport in the deep Arctic Canada Basin. Journal of Geophysical Research: Oceans, 2813—2825.
https-//doi.org/10.1002/20141C010643. Received

Hwang, 1., Manganini, 5., j., Park. ], Montlucon, D, B., Toole, 1., M., Eglinton, T., I, (2017). Biological and physical controls
on the flux and characteristics of sinking partides on the Morthwest Atlantic margin, 1-15.
https-//doi.org/10.1002/2016/C012543 Received

Inthorn, M., Wagner, T., Scheeder, G, & Zabel, M. (2006). Lateral transport controls distribution, quality, and burial of organic
matter along  continental  slopes in  high-productivity  areas. Geology, 34(3), 205-208.
https://doi.orgf10.1130/622153.1

wersen, M. H., Nowald, M., Ploug, H., lackson, G. A_, & Fischer, G. (2010). High resolution profiles of vertical particulate
organic matter export off Cape Blanc, Mauritania: Degradation processes and ballasting effects. Deep-Sea Research
Part I: Oceanographic Research Papers, 57(6), 771-784. https://doi.org/10.1016/j.dsr.2010.03.007

wersen, M. H., & Ploug, H. (2010). Ballast minerals and the sinking carbon flux in the ocean: Carbon-specific respiration rates

and sinking velocity of marine snow aggregates. Biogeosciences, 7(9), 2613—2624. https://doi.org/10.5194/bg-7-2613-
2010

wersen, M. H., & Ploug, H. (2013). Temperature effects on carbon-specific respiration rate and sinking velocity of diatom
apggregates — potential implications deep ocean Earth for, 40734085 https://doi.org/10.5194,/bg-10-4073-2013

87



Manuscript Il

wersen, M. H_, & Robert, M. L (2015). Ballasting effects of smectite on aggregate formation and export from a natural
plankton community. Marine Chemistry, 175, 18-27. https://doiorg/10.1016/j. marchem.2015.04.009

wersen, M_H., Lampitt, R.S., (2020). Size does not matter after all: No evidence for a size-sinking relationship for marine
snow, Progress in Oceanography, doi: https://doi.org/10.1016/j.pocean. 2020.102445

lackson, G. A, Maffione, R., Costello, D. K., Alldredge, A L, Logan, B. E., & Dam, H. G. (1997). Particle size spectra between
1 pm and 1 om at Monterey Bay determined using multiple instruments. Deep-5Sea Research Part |- Oceanographic
Research Papers, 44(11), 1738-1767. https://doi.org/10.1016/50967-0637({37)00025-0

lackson, G. A, & Jr, D. M. C. (2011). Deep-5ea Research | Partidle size distributions in the upper 100 m water column and
their implications for animal feeding in the plankton. Deep-Sea Research Part [, 58(3), 283-297.

bitps://doi.ore/10.1016/,dsr. 201012 008

lacox, M. G, Bograd, 5. 1., Hazen, E. L, & Fiechter, 1. (2015). Sensitivity of the California Current nutrient supply to wind,
heat, and remote  ocean forcing. Geophysical  Research Letters, 42(14), 5950-5957.
https://doi. 10.1002/2015GL065147

lahnke R& (2009) Global synthesis. In: Liv KK, Atkinson L, Quinones R, Talaue-McManus L (eds) (2010) Carbon and nutrient
fluxes in continental margins: A global synthesis. Springer, New York

lohnson, R. {1976). Current Profiles in the Canary Current Upwelling Region Near Cape Blanc, March and April 1974, 81(36),
64296439,

Karakas, G., Nowald, N_, Blaas, M., Marchesiello, P, Frickenhaus, 5., & Schlitzer, R. (2006). High-resolution modeling of
sediment erosion and particle transport across the northwest African shelf. Journal of Geophysical Research: Oceans,
111(6), 1-13. https:{/doi.org/10.1029/2005JC003296

Kindler, K., Khalili, A, & Stocker, R. (2010). Diffusion-limited retention of porous partides at density interfaces, 107(51).
https://doi. 101073 /pnas. 1012319108

Lalande, C., N&thig, E. M., Bauerfeind, E., Hardge, K., Beszczynska-Maoller, A, & Fahl, K_ (2016). Lateral supply and downward
export of particulate matter from upper waters to the seafloor in the deep eastern Fram Strait. Deep-Sea Research
Part I: Oceanographic Research Papers, 114, 78-89. https:/{doi.org/10.1016/j.dsr. 2016.04.014

Lam, P. I, Lee, J. M., Heller, M. |, Mehic, 5., Xiang, Y., & Bates, M. R. (2018). Size-fractionated distributions of suspended
particle concentration and major phase composition from the U.5. GEOTRACES Eastern Pacific Zonal Transect (GP16).
Marine Chemistry, 201(September), 90-107. s://doi.org/10.1016/j.marchem.2017 08.013

Lovecchio, E., Gruber, M., Minnich, M., & Lachkar, Z. (2017). On the long-range offshore transport of organic carbon from
the Canary Upwelling Systemn to the open Morth Atlantic. Biogeosciences, 14(13), 3337-3369.

Lovecchio, E., Gruber, N, & Minnich, M. (2018). Mesoscale contribution to the long-range offshore transport of organic
carbon from the Camary Upwelling System to the open MNorth Aflantic Biogeosciences (Vol. 15).
https-//doi.org/10.5194/bg-15-5061-2018

Lutz, M., Dunbar, R., & Caldeira, K. (2002). Regional variability in the vertical flux of particulate organic carbon in the ocean
interior. Global Biogeochemical Cycles, 16(3), 11-1-11-18. https://doi.org/10.1029 001383

Macintyre, 5., Alldredge, A L, & Gotschalk, C. C. (1995). Accumulation of marine snow in the water column, 40{May).

Marchant, H. K., Holtappels, M., Lavik, G_, Ahmerkamp, 5., Winter, C., & Kuypers, M. M. M. (2016). Coupled nitrification-
denitrification leads to extensive N loss in subtidal permeable sediments. Limnology and Oceanography, 61(3), 10353—
1048,

Markussen, T. M., Konrad, C., Waldmann, C_, Becker, M., Fischer, G_, & Iversen, M. H. (2020). Tracks in the Snow — Advantage
of Combining Optical Methods to Characterize Marine Particles and Aggregates. Frontiers in Marine Science, 7[lune),
1-12.

88



Manuscript Il

Martin, J. H., Knauer, G. A, Karl, D. M., & Broenkow, W. W_ [1987). VERTEX: carbon cycling in the northeast Pacific. Deep Sea
Research Part A, Oceanographic Research Papers, 34(2), 267—285. https://doi_org/10.1016/0198-0142(87)30086-0

Martinez-Pérez, C., Mohr, W_, Léscher, C. R, Dekaezemacker, ., Littmann, 5., Yilmaz, P_, Lehnen, N, Fuchs, B. M., Lavik, G.,
Schmitz, R. A, LlaRoche, 1., Kuypers, M. M. M. (2016). The small unicellular diazotrophic symbiont, UCYN-A, is a key
player in the marine nitrogen cycle. Nature Microbiology, 1(11), 16163. https://doi.org/10.1038/nmicrobiol 2016.163

Moradi, M., Klawonn, |, Iversen, M. H., Wenzhdfer, F., Grossart, H. P, Ploug, H., Fischer, G, Khalili, A. (2021). A Novel
Measurement-Based Model for Calculating Diffusive Fluxes Across Substrate-Water Interfaces of Marine Aggregates,
Sediments and Biofilms. Frontiers in Marine Science, 8{August), 1-12. https://doi.org/10.3389/fmars. 2021 689977

Mowald, M., Karakas, G., Ratmeyer, V., Fischer, G., Schlitzer, R, Davenport, R. A, & Wefer, G. (2006). Distribution and
transport processes of marine particulate matter off Cape Blanc (NW-Africa): results from vertical mmera profiles.
Ocean Science Discussions, 3(4), 903—238. https://doi.org/10.5194/0sd-3-903-2006

Mowald, M., Iversen, M. H., Fischer, G., Ratmeyer, V., & Wefer, G. (2015). Time series of in-situ particle properties and
sediment trap fluxes in the coastal upwelling filament off Cape Blanc, Mauritania. Progress in Oceanography, 137, 1—
11. https://doi.org/10.1016/]. n.2014 12 015

Ohde, T., Fiedler, B., & Kartzinger, A_ (2015). Spatio-temporal distribution and transport of particulate matter in the eastern
tropical North Atlantic observed by Argo floats. Deep-5ea Research Part I: Oceanographic Research Papers, 102, 26—
42

Passow, U. (2002). Transparent exopolymer particles (TEP) in aguatic environments. Progress in Oceanography, 55(3—4),
287-333. https-//doi.org/10.1016/S0079-6611{02)001358-6

Pauly, D, & Christensen, V. (1995). Primary production required to sustain global fisheries. Nature, 374(6519), 255257
https://doi. 10.1038,/374255a0

Pelegri, ). L, Aristegui, )., Cana, L, Gonzdlez-Davila, M., Hernandez-Guerra, A, Hernandez-Ledn, 5., Marrero-Diaz, A.,
Montero, M_F_, Sangra, P_, Santana-Casiano, M. (2005). Coupling between the open ocean and the coastal upwelling
region off northwest Africa: Water redirculation and offshore pumping of organic matter. Journal of Marine Systems,
54{1-4 SPEC. ISS.), 3-37. hitps://doi.org/10.1016/j jmarsys.2004.07 003

Ploug, H., & Jgrgensen, B. B. (1999). A net-jet flow system for mass transfer and microsensor studies of sinking aggregates.
Marine Ecology Progress Series, 176(1987), 279-290. https://doi.org/10.3354/meps176272

Puig, P, Madron, X. D. de, Salat, |, Schroeder, K., Martin, |, Karageorgis, & P., ... Houpert, L (2013). Thick bottom nepheloid
layers in the western Mediterranean generated by deep dense shelf water cascading. Progress in Oceanography, 111,
1-23. https://doi.org/10.1016/j. pocean.2012.10.003

Ransom, B, Shea, K. F., Burkett, P_ 1, Bennett, R. H_, & Baerwald, R. (1998). Comparison of pelagic and nepheloid layer marine
snow: Implications for carbon coycling. Marine Geology, 150{1-4), 39-50. https://doi.org/10.1016/50025-
3227(98)00052-8

Romero, 0., Ramondenc, 5., & Fischer, G. (2020). A two-decades (1988—-2009) record of diatom fluxes in the Mauritanian
coastal upwelling: Impact of low-frequency forcing and a two-step shift in the species composition. Biogeosciences
Discussions, 1-32. https://doi.org/10.5194/bg-2020-336

Roullier, F., Berline, L, Guidi, L, Durrieu De Madron, X., Picheral, M., Sdandra, A, .. Stemmann, L. (2014). Particle size
distribution and estimated carbon flux across the Arabian S5ea oxygen minimum zone. Biogeosciences, 11(16), 4541—
4557. - /doi.org/10.5194/bp-11-4541-2014

Santana-Falcon, Y., Mason, E., & Aristegui, ). (2020). Offshore transport of organic carbon by upwelling filaments in the
Canary Current System. Progress in Oceanography, 186{March), 102322,
https:/fdoi.orngf10.1016/j. pocean.2020.102322



Manuscript Il

Santschi, P. H., Balnois, E., Wilkinson, K. 1., Zhang, 1., Buffle, ], & Guo, L (1998). Fibrillar polysaccharides in marine
macromolecular organic matter as imaged by atomic force microscopy and transmission electron microscopy.
Limnology and Oceanography, 43(5), 896—208. https://doi.org/10.4319/10.1998 43 5.0896

Schindelin, )., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., ... Cardona, A. (2012). Fiji: An open-source
platform for biological-image analysis. Nature Methods, 9(7), 676—682.

Sichert, A, Corzett, C. H,, Schechter, M. 5., Unfried, F., Markert, 5., Becher, D, ... Hehemann, 1. H. {2020). Verrucomicrobia
use hundreds of enzymes to digest the algal polysaccharide fucoidan. Nature Microbiology, 5(8), 1026—1039.

Steinberg, D. K, & Landry, M. R. (2017). Zooplankton and the Ocean Carbon Cycle. Annual Review of Marine Science, 9(1),
413444

Thiele 5., Fuchs B. M, Amann R., lversen M. H. (2015) Colonization in the photic zone and subsequent changes during sinking
determines bacterial community composition in marine snow. Applied and Environmental Microbiology. 81:1463-
1471, doi:10.1128/AEM.02570-14

Thiele, 5., Basse, A, Becker, ].W_, Lipski, A, lversen, M. H_, & Mollenhauer, G. (2019). Microbial communities in the nepheloid
layers and hypoxic zones of the Canary Current upwelling system. MicrobiologyOpen, 8(5), 1-13.
https-//doi.org/10.1002/mbo3.705

Turner, J. T. (2015). Progress in Oceanography Zooplankton fecal pellets , marine snow , phytodetritus and the ocean " s
biclogical pump. Progress in Oceanography, 130, 205—248. https://doi.org/10.1016/j.pocean.2014.08.005

Van Camp, L, Nykjaer, L, Mittelstaedt, E., & Schlittenhardt, P. (1991). Upwelling and boundary circulation off Northwest
Africa as depicted by infrared and visible satellite observations. Progress in Oceanography, 26(4), 357-402.
https-//doi.org/10.1016/0079-6611(91)80012-B

van der lagt, H., lversen, M. H., Friese, C_, & Stuut, ). W. (2018). The ballasting effect of Saharan dust deposition on aggregate
dynamics and carbon export : Aggregation , settling ,. https://doi.org/10.1002/Ino.10779

van der lagt, H., Wiedmann, |, Hildebrandt, N., Niehoff, B., & versen, M. H. (2020). Aggregate Feeding by the Copepods
Calanus and Pseudocalanus Controls Carbon Flux Attenuation in the Arctic Shelf Sea During the Productive Period.

Frontiers in Marine Science, 7(September). hitps://doi.orgf10.3389/fmars.2020.543124

Waldron, H. N., Monteiro, P. M. 5., & Swart, N. C. (2009). Carbon export and sequestration in the southern Benguela
upwelling system: Lower and upper estimates. Ocean Science, 5(4), 711-718. https:/f/doi.ong/10.5194//05-5-711-2009



Manuscript lll

Manuscript Il

01



Manuscript lll

Release of ballast material during sea-ice melt enhances carbon export in the

Arctic Ocean

steffen Swoboda®’, Thomas Krumpen?, Eva-Maria Nothig?, Katja Metfies?, Simon Ramondenc'?,

Jutta Wollenburg?, Kirsten FahP, Ilka Peeken?, Morten H. Iversen™*’

1MARUM - Center for Marine Environmental Scences, University of Bremen, Leobener 5tr. 8, 28359 Bremen, Germany.
2Alfred Wegener Institute, Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Am Handelshafen 12,
27570 Bremerhaven, Germany.

Corresponding authors:
Steffen Swoboda

Morten Iversen

Abstract

Globally, the most intense uptake of anthropogenic carbon dioxide occurs in the Atlantic part
of the Arctic Ocean, however, little is known about how carbon uptake and export will be
impacted by pan-Arctic sea-ice decline. We investigated how sea-ice derived material affects
particle ballasting and carbon export in the Fram Strait by combining 13-years of flux
measurements with benthic eDMA analysis, laboratory experiments and sea-ice distributions.
We show that melting sea-ice in the Fram Strait releases cryogenic gypsum and terrigenous
material, which ballasts sinking particles and thereby enhances their settling velocities by up
to 10-fold. This resulted in up to 30% higher carbon export in the vicinity of the ice edge where
both gypsum and terrigenous material were released to the water column during ice-melt.
Cryogenic gypsum is formed within sea-ice during ice-formation and ballasting by gypsum is
expected to persist in the future as long as sea-ice melting and release of gypsum is consistent
with phytoplankton phenology. However, terrigenous material is primarily incorporated into
sea-ice when ice is formed on the Arctic continental shelfs. Since, less sea-ice is currently
formed on shelfs, terrigenous fluxes from melting sea-ice in the Fram Strait are here shown
to be reduced by >80% per decade. We predict that terrigenous flux will ultimately cease
when intensified sea-ice melt interrupts transarctic sea-ice transport, thus limiting particle
ballasting when the ice melts in the Fram 5trait. Therefore, sea-ice loss will likely reduce

carbon export in the Fram Strait and generally in the future Arctic Ocean.
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Introduction

The biological pump drives the export of organic matter from the surface to the deep ocean,
mediating carbon sequestration and delivering organic matter to subsurface and benthic
ecosystems (1, 2). The main vectors for organic matter export are zooplankton fecal pellets
and marine snow particles which are composed of the prevailing material in the water
column, including inorganics (e.g. minerals), living and/or detrital organic material (3). The
efficiency with which marine snow particles and zooplankton fecal pellets are transferred to
the deep ocean is largely determined by their settling velocity and the rate at which the
contained organic matter is degraded. The most common degradation mechanisms are
zooplankton grazing and microbial remineralization (4). Typically, most flux attenuation
occurs in the upper 100 m of the water column (5). Therefore, fast settling particles are more
likely to overcome high degradation by sinking rapidly through the water column. As a result,
particle settling velocities are a controlling factor for the extent of particle degradation in the
water column (4).

In the sea-ice covered Arctic, brine channels in the ice (6), ice ridges and the snow-ice
interface act as a habitat for ice- and cryopelagic algae (7, 8). In addition, sea-ice melt induces
surface stratification which promotes the formation of phytoplankton blooms that form long
narrow belts along the ice edge (9, 10). The diverse phytoplankton communities associated
to sea-ice may therefore sustain an enhanced primary production and have been observed to
increase flux of particulate organic carbon (POC) in the vicinity of the ice edge compared to
ice free areas (11-14). This enhanced POC flux was explained by increased sinking velocities
in the sea-ice vicinity (14, 15).

Increased particle settling velocities can be caused by the incorporation of ballasting
components (e.g. sediments or minerals) into marine particles (4, 16-18). Recently, cryogenic
gypsum was discovered as a sea-ice mediated ballasting component in the Arctic Ocean (19).
Cryogenic gypsum crystals form during ion precipitation in sea-ice brine (20) and were
observed to be released during ice melt (19, 21). The released cryogenic gypsum was
incorporated into marine particles in the water column, including slow sinking colonies of
Phaeocystis spp., which enhanced their settling velocities and led to their rapid export to the

seafloor (19).
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In addition to cryogenic gypsum, Arctic sea-ice can contain large amounts of sediments
(NGrnberg et al. 1994), which can also serve as a ballasting component. During the formation
of sea-ice on the shallow Siberian shelf, terrigenous material is incorporated by suspension
freezing or by anchor ice which plows through shallow sediments (22, 23). Subsequently, the
sea-ice is transported across the Arctic Ocean by the Transpolar Drift and the ice rafted
sediments are released during sea-ice melt, which typically occur in the Atlantic sector of the
Arctic (24, 25).

Sea-ice rafted sediments are mostly composed of quartz and clay minerals (22, 26, 27), which
were observed to efficiently ballast marine snow particles in laboratory experiments,
resulting in 2-fold higher particle settling velocities compared to non-ballasted particles (17,
22). Typically, terrigenous and POC flux are high in the vicinity of the sea-ice edge (11), and it
was suggested that ballasting sediments may drive a more efficient POC export in the Arctic
Ocean (28).

The continuous reduction of Arctic sea-ice area and the transition from multi-year towards
first-year sea-ice may have strong repercussions on sea-ice mediated particle ballasting. Since
only shelf formed ice contains terrigenous material, the reduced sea-ice formation on the
Siberian shelf decreases the release from melting sea-ice (24, 29). Cryogenic gypsum
precipitation is not restricted to sea-ice formation in shelf areas, but a decline of the annual
sea-ice formation will reduce the production and hence, ballasting potential by cryogenic
gypsum. However, while the sea-ice decline in the Arctic Ocean appears to overall reduce the
potential for sea ice ballasting, the lowered sea-ice cover also leads to more light availability
in the upper water column which increases primary production (30). It is therefore unclear
what impact a reduction of sea-ice ballasting may have on carbon export in a more productive
future Arctic Ocean.

In this study, we utilize continuous flux measurements from sediment traps at station HG-IV
(in the central Fram Strait) between 2000-2013 in combination with eDNA sediment
samples, remote sensing data on sea-ice distributions as well as laboratory experiments to
assess the role of sea-ice mediated ballasting. We focus on the export of the marine
haptophyte Phaeocystis spp. as model organism, as it is neutrally buoyant and therefore does
not contribute considerably to export flux below 100 m water depth if not ballasted (19, 31-

34). We assessed the role of the sea-ice edge for carbon export and consequential sympagic-
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pelago-benthic coupling and predict that future sea-ice decline may reduce carbon export in

the Arctic Ocean.
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Results

Sea-ice cover and export fluxes at station HG-IV in the central Fram Strait

Analyzed sediment trap fluxes cover the sampling period from 2000 — 2013. Sediment trap
fluxes of POC and numbers of 185-sequences of Phaeocystis spp. (Phaeocystis spp.
Operational Taxonomic Units, respectively Phaeocystis spp. 0OTUs) between
March and September were significantly higher when the distance to the ice edge was
a 0—40 km from the trap compared to POC flux and Phaeocystis spp. OTUs that were
collected while the ice edge was 40 — 80 km from the trap (Wilcoxon signed-rank test; p <
0.05; Fig 2c, 2d). The flux of POC and sterol based terrigenous markers from March to
September was significantly positively correlated (Spearman’s rank correlation coefficient;
p <0.001; Fig. 2e). The monthly export flux of POC, terrigenous marker and sequence
abundance of Phaeocystis spp. OTUs in the sediment traps were highest in April and August
with a drop in export fluxes from May to July (Fig. 3a & 3b).

The occurrence of 0.15 pg/lL sea-ice campesterol and 0.41 pg/L sea-ice sitosterol in the
studied sea-ice samples (including Melosira arctica aggregates) from the Amundsen Basin
can be considered to support the association between sympagic biota and terrigenous
biomarkers entrained in the sea-ice.

The sea-ice coverage was integrated to the duration of the respective sampling periods from
the sediment trap and increased from ~0-5% in March to ~20% in June and decreased
afterwards to 0% during ice-free conditions in September (Fig. 3c). Terrigenous marker fluxes
decreased significantly over the sampling period from 2000 — 2013 (Seasonal Mann-Kendall

test; p <0.001; Fig. 5d).

Seafloor DNA samples

Sequence abundances of Phaeocystis spp. were measured from deep ocean sediment
samples (collected with multi-corer sediment samplers) across a latitudinal transect of the
Fram Strait over the time period 2003 — 2016. Sequence abundances indicated an enhanced
Phaeocystis spp. deposition at the ice-covered stations located in the east Greenland current
(EG stations) compared to the HG stations located in mainly ice-free Atlantic waters of the

WSC (fig. S1). However, due to the limited sample availability for the EG stations (n = 8)
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compared to the HG stations (n = 37) and a large variability was observed in the sequence
abundances of Phaeocystis spp. OTUs and our interpretation of higher export of Phaeocystis

spp. at the EG stations compared to the HG stations could not be verified by statistical testing.

Gypsum scavenging experiment

We incubated in situ formed organic aggregates that were collected 10 m below the depth of
the chlorophyll maximum layer in roller tanks with large (>63 pm) and small (>30 to <63 um)
sized gypsum crystals to test how scavenging of the gypsum affected the size-specific settling
velocities of formed aggregates. The scavenging experiment with large sized gypsum crystals
(> 63 pum) showed a significantly higher particle settling velocities (two-way ANOVA, p < 0.05)
over the entire 15h of the experiment, when compared to the control treatment (Fig. 4a).
Further, particle settling velocities did not decrease over time, i.e. between Oh and 15h of
incubation.

In contrast, the scavenging experiment with small sized gypsum crystals (=30 to <63 um)
showed a noticeable, but not significant increase of particle settling velocities 3h and 5h after
the addition of gypsum, and decreased afterwards to similar settling velocities as the control

treatment (Fig. 4b). A detailed overview of measured settling velocities is listed in table S3.

Sea-ice tracking

Satellite-based trajectories of sea-ice leaving Fram Strait were calculated in monthly intervals
over the period from 1997 —2021. The age of sea-ice exiting through the Fram Strait
significantly decreased over the sampling period from 1997 to 2021 (Seasonal Mann-Kendall
test, p < 0.01, tau =-0.24; Fig. 5a). This is in line with the significant reduction of the modelled
sea-ice thickness from 1997 to 2021 (Seasonal Mann-Kendall test, p < 0.001, tau = -0.40; Fig.
5b). The area in which the exported sea-ice was formed significantly shifted from shallow
areas close on the shelf to areas of greater depth in the open Arctic Ocean from 1997 to 2021
(Seasonal Mann-Kendall test, p < 0.05, tau = -0.103; Fig. 5c).
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Discussion

Increased POC export in the sea-ice vicinity

POC fluxes measured over a period of 13 years during the productive season at HG-IV were
significantly higher with sea-ice proximity of 0 —40 km compared to periods when the sea-ice
proximity was 40 — 80 km (p < 0.05, Fig 2c). Additionally, we observed that POC flux was
positively correlated to terrestrial marker flux (p < 0.05, Fig 2e). This was especially
pronounced during April and August when sea-ice melting occurred at HG-IV when sea-ice
approached and retreated, respectively. The sea-ice melt and release of terrigenous material
caused a ballasting of settling organic matter and resulted in elevated POC and terrestrial
marker flux compared to periods with larger distance to the ice-edge, i.e. no terrigenous
material released from sea-ice (Fig. 3a & 3b). Similar observations have been made in previous
studies where elevated POC and ice-rafted sediment fluxes were found in the vicinity of the
sea-ice edge compared to ice-free regions (11, 14). This suggests that the release of terrestrial
and lithogenic material from melting sea-ice at the ice-edge can ballast organic matter,
causing it to sink faster and thereby increase POC flux. This is supported by direct observations
of higher particle settling velocities in ice-associated regions compared to ice-free areas (14,
15). While a correlation between POC and terrigenous fluxes alone does not confirm
ballasting of organic aggregates by ice-rafted material, these combined observations of
elevated POC, terrigenous material flux as well as higher particle settling velocities in ice-
associated areas, suggest particle ballasting as an important driver for elevated POC export

at or near the ice-edge during ice-melt.

Ballasting potential by cryogenic gypsum

We observed a temporary increase of particle settling velocities when gypsum crystals were
incorporated (Fig. 4), supporting the proposed ballasting effect of gypsum (19). Ballasting by
small gypsum crystals (>30 to <63 pum) caused a 1.5-fold increase in settling velocities,
however, this effect was short-lived (3-5 h), due to the rapid dissolution of gypsum crystals in
sea water and within the aggregates (21). Nevertheless, this could still enhance POC fluxes
out of the upper water column, where organic matter is most vulnerable to attenuation due

to the high zooplankton grazing in the upper few hundred meters of the water column (5). It
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should also be noted that these results are conservative, as we incubated at a temperature
of 2°C, which is comparable to Atlantic water temperatures in Fram Strait (21), whereas other
Arctic waters are colder (-1°C). As gypsum dissolution decreases with decreasing water
temperature, gypsum ballasting by small crystals would have a longer and more pronounced
ballasting potential in the colder Arctic waters.

In contrast, ballasting by large gypsum crystals (> 63 pm) caused a 10-fold increase in sinking
velocities, which lasted until the end of the incubation (after 15 h), presumably due to their
smaller surface to volume ratio which results in a slower dissolution (21). Hence, > 63 pm
sized gypsum crystals have the potential to enhance POC flux to the deep ocean and mediate
POC deposition on the sea floor in both relatively warm Atlantic and cold Arctic waters.
Considering that we added a similar mass of small and large sized gypsum crystals in the
experiments, this implies that the ballasting effect by gypsum is largely dependent on the size
distribution of gypsum crystals, i.e. the dissolution time, and not the quantity of the gypsum
crystals released during sea-ice melt. In contrast to gypsum, the ballasting effect by
terrigenous material is not temporarily limited by dissolution (17) and therefore, the quantity
of released terrigenous material is likely the determining factor of its ballasting potential.
Consequentially, particles that are ballasted by terrigenous material may have a higher
potential to mediate deposition of POC on the seafloor, especially in the warmer Atlantic

waters where sea-ice typically melt.

Phaeocystis spp. export as an indicator for sea-ice mediated ballasting

To further assess potential particle ballasting from the bulk samples of the sediment trap time
series, we used the export flux of the algae Phaeocystis spp. as an indirect indication of
particle ballasting. Phaeocystis spp. forms colonies with large amounts of gelatinous
polysaccharides, which increase buoyancy and therefore lower their sinking velocities to
~10 m day?, with reports of Phaeocystis spp. colonies even rising to the surface (35, 36). As a
result, Phaeocystis spp. is usually considered to be retained within the upper 100 m of the
water column and does not contribute notably to export flux without being ballasted (31- 34).
However, we observed flux of Phaeocystis spp. to 180 — 340 m at the vicinity of the ice edge
(Fig. 2d). This suggests that the Phaeocystis spp. flux must have been ballasted, which
supports previous observations of export of ballasted Phaeocystis spp. (13). While it should
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be noted that vertical mixing (32) and downwelling (12) were suggested to export Phaeocystis
spp. to water layers = 100 m, only an increase in density by ballasting was observed to export
Phaeocystis spp. to greater depths and even deposition on the sea floor in >2000 m (19).

To further verify the possibility of ice mediated ballasting, we analyzed sediment samples
across an east-west transect along the Fram Strait for the deposition of Phaeocystis spp.. We
observed Phaoeocystis spp. across the entire transect, with a notably enhanced deposition in
the more frequently ice associated part of the western Fram Strait (EG stations), despite the
common occurrence of Phaeocystis spp. throughout the entire Fram Strait (fig. 51; 13, 37, 38).
Therefore, we suggest that the efficient export and deposition of Phaeocystis spp. at depths
>2000 m was due to ballasting by cryogenic gypsum and/or ice rafted sediments, which were

released during sea-ice melt in the Fram Strait.

Sea-ice derived ballasting — an overlooked process in the Arctic?

The efficient export of organic matter in ice covered regions has previously been observed as
mass sedimentation events of the cryopelagic algae Melosira arctica (39) and indications
towards high carbon transfer efficiencies from the surface to the seafloor by benthic
remineralization rates (40). The effective transport of M. arctica might have been increased
by additional ballasting through terrigenous material. This was supported by the presence of
campesterol and sitosterol in algae aggregates sampled from sea-ice leads during the same
campaign where the mass sedimentation of M. arctica was observed. In addition, M. arctica
has also been shown to incorporate cryogenic gypsum, when it is released from the sea-ice
during the melting season (21). This suggests that sea-ice mediated particle ballasting may be
a common, but overlooked, driver for efficient carbon export in the Arctic.

The proposed processes of particle ballasting by ice rafted material are summarized in figure
6. Terrigenous material is incorporated during sea-ice formation while cryogenic gypsum may
form in first year ice from ion precipitation in the sea-ice brine. The ice rafted material is
transported along the Arctic Transpolar Drift and released during sea-ice melt at the outflow
gateways of the Arctic Ocean, e.g. Fram Strait. When the released material encounters
organic matter as it sinks through the water column, it may act as a ballasting component,
which increases POC flux and therefore drives a more efficient export of carbon to the deep

ocean.
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Recently it has been shown that primary production in the Fram Strait is linked to the mixed
layer depth (MLD) and the sea-ice edge (10). In direct proximity of the sea-ice edge, meltwater
forms a strong halocline with a narrow MLD which vertically limits primary production while
maintaining the phytoplankton in surface waters, thus delaying carbon export until late
summer (10). In contrast, less sea-ice melt formed a deeper reaching MLD which supported
a higher phytoplankton biomass that was exported earlier in the season (10). The limited
carbon export during the narrow MLD regime matches well with our observations, that
showed that POC export is limited when sea-ice cover is = 15%. However, despite a potentially
limited primary production by a narrow MLD, this does not rule out a more efficient and direct
export closer to the ice edge under less sea-ice cover. Though it should be noted that during
the period of the observations (2017 & 2018), ballasting by terrigenous material was likely
limited since the sea-ice exported through the Fram Strait was not formed on the shallow
shelf and therefore did not incorporate shelf sediment during ice-formation (fig. 5c). In
conclusion we suggest, that the mechanisms that promote primary production and drive
carbon export gradually alter in the marginal ice zone according to the amount of sea-ice
cover. The MLD promotes a gradually increasing primary production from >20%— 0% sea-ice
cover, while the onset of particle ballasting when sea-ice cover drops < 15% leads to a direct

and efficient carbon export.

Implications of global warming on sea-ice mediated ballasting

Rising temperatures in the Laptev Sea and central Arctic Ocean are leading to a reduction of
sea-ice formation in shallow areas and thereby reduced potential for the entrainment of
terrigenous material from shallow shelf regions (Fig. 5c, 22, 23). Coupled to the continuous
reduction of long-range sea-ice transport and a premature release of ice-rafted material in
the Central Arctic (24, 41), we conclude that the continuous decrease of terrigenous marker
fluxes between 2000— 2013 in the Fram Strait (Fig. 5d; 29) resulted in the reduced POC export.
As temperatures in the Arctic continue to rise, we expect that the uptake and transport of
ice-rafted material and thus the effect of terrestrial ballasting to further reduce and ultimately
cease when the transarctic sea-ice transport from the Siberian shelf is disrupted (Fig. 5c).
However, there are substantial uncertainties as to how cryogenic gypsum ballasting might

impact POC flux during the transition period to an ice-free Fram Strait. Increased proportions
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of melting first year sea-ice (42), which contains higher gypsum contents (21), might enhance
POC flux. However, the progressively earlier onset of sea-ice melt may result in a phenological
mismatch between ice melt and bloom formation (43, 44), reducing the potential for gypsum
ballasting. Combined with a projected ice-free Arctic Ocean during summer seasons at the
end of this century or even earlier (44), gypsum ballasting is expected to reduce to negligible

amounts, thus reducing POC export in the Arctic Ocean.
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Material and Methods

Sediment trap fluxes and sea-ice concentrations at station HG-IV

Field samplings were performed at the long-term ecological research (LTER) observatory
HAUSGARTEN located in the eastern Fram Strait (Fig. 1). Flux measurements were obtained
from moored sediment traps at station HG-IV (~ 79° N; 04° E) of the observatory. Here, sinking
particles including marine microorganism from all size classes were sampled by modified
automatic Kiel sediment traps (SMT 230 K/MT), with a sampling area of ~ 0.5 m?, and 20
liquid-tight sampling cups (45- 47). The moored long-term sediment traps were deployed
annually from 2001 - 2013 (not every year and month were fully covered, see Table 51)
between 180 — 340 m depth (except from 20.07.2009 — 15.07.2010 where the deployment
depth was 80 m; see table 51). The collection period of sampling cups lasted for 10-31 days,
respective, with shorter intervals timed during the productive season (table 51).

Details on sample handling and measurements of particulate organic carbon (POC) fluxes can
be obtained from “(10)". Terrigenous marker fluxes included campesterol (24-methylcholest-
5-en-B-ol) and sitosterol (24-ethylcholest-5-en-3B-ol) and were obtained according to “(47)".
To support the concept of these terrigenous markers in association with sea-ice derived biota,
samples of different sea-ice habitats including melt ponds (with and without Melosira
arctica aggregates), collected in the Amundsen Basin (for details see “(48)") were also
analyzed for campesterol and sitosterol.

Data of sea-ice concentration and extent were obtained from NSIDC/NOAA and estimated
according to “(10)”, where the sea-ice edge was defined as areas with 15% sea-ice
concentration. Consequentially, the distance to the ice-edge was defined as the distance from
the area with 15% sea-ice concentration to the station HG-IV in central HAUSGARTEN.
Sediment trap fluxes obtained during periods with an average sea-ice edge distance >150 km
to station HG-IV were not considered for analysis. An overview of sediment trap fluxes and

sea-ice distributions are given in table S1.

eDNA analyses: Sampling and DNA-isolation:
Sediment trap samples for eDNA-analyses, covered the deployment years 2001, 2006 and
2012 as well as peak productive periods between 2000 and 2013 (sample details shown in
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table 51). The samples were split by a wet splitting procedure after removal of zooplankton
(swimmers) > 0.5 mm, which were manually removed under a dissecting microscope at a
magnification of 20 and 50. Subsequent molecular analyses are based on 1/32 splits of the
original sediment trap sample. We collected cells for DNA isolation of DNA by filtration of a
split fraction from the original sample onto a 0.22 pm Sterivex-Filter (Millipore, Schwalbach,
Germany). Filters were washed with sterile North Sea water (~50 ml). Genomic DNA was
isolated from the samples with the PowerWater DNA Isolation Kit (Qiagen, Hilden, Germany)
according to the manufacturers protocol.

Benthic eDNA analyses were based on processing samples from the upper 1 cm of sediment
cores collected with a TV-guided multicorer at 45 stations along an east-west transect
covering 5.6° E and 6° W at ~79° N (table 52) between 2003 — 2016. Tip-less syringes were
used to collect three smaller subsamples from the original core. Subsequent to sampling, the
syringes containing the sediment were stored at -20°C until further processing. For DNA-
isolation, the first top centimeter (0-1 cm) of core in the syringe was cut off using a sterile
scalpel. From each of the three subsamples, ~0.5 g sediment was pooled, while 0.25 g of this
pool was subjected to further processing. Genomic DNA was isolated using the DNeasy
PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. DNA
concentrations of both, sediment trap- and benthic samples, were determined using the
Quantus Fluorometer (Promega, Germany) according to the manufacturer’s protocol for
measuring double stranded DNA. The resulting DNA-extracts were stored at -80 °C until

further analyses.

lllumina-Sequencing 185 rDNA: For lllumina-Sequencing, a fragment of the 185 rDNA
containing the hypervariable V4 region was amplified with the primer set 528iF (5'-
GCGGTAATTCCAGCTCC-3’) (49) and: 938iR (5'-GGCAAATGCTTTCGC-3'). All PCRs (polymerase
chain reaction) had a final volume of 25 pland contained 12.5 pl mastermix (KAPA HiFi
HotStart ReadyMix, KAPABiosystems, Roche), 2.5 pl of each primer (1 pMol) and 2.5 pl
genomic DNA (~ 5 ng/ul). PCR amplification was performed in a thermal cycler (Eppendorf,
Germany) with an initial denaturation (95 °C, 3 min) followed by 25 cycles of denaturation (95
°C, 30 sec), annealing (55 °C, 30 sec), and extension (72 °C, 30 sec) with a single final extension

(72 C, 5 min). The PCR products were purified from an agarose gel 1% [w/v] with the AMPure
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XP PCR purification kit (Beckman Coulter, Ing., USA) according to the manufactuer’s protocol.
Subsequent to purification of the 185 rDNA fragment the DNA concentrations of the samples
were determined using the Quantus Fluorometer (Promega, USA). Indices and sequencing
adapters of the Nextera XT Index Kit (lllumina, USA) were attached via the Index PCR. All PCRs
had a final volume of 50 pl and contained contained 25 pl of KAPA HIFI Mix (Kapa Biosystems,
Roche, Germany), 5 pl of each Nextera XT Index Primer [1 pmol/L], 5 pl DNA-template [~5ng]
and 10 pl PCR grade water. PCR amplification was performed in a thermal cycler (Eppendorf,
Germany) with an initial denaturation (95 °C, 3 min) followed by 8 cycles of denaturation (95
°C, 30sec), annealing (55 °C, 30 sec), and extension (72 °C, 30 sec) with a single final extension
(72 °C, 5 min). Prior to quantification of the PCR products with the Quantus Fluorometer
(Promega, USA) for sequencing with the MiSeqg-Sequencer (lllumina, USA), the final library
was cleaned up using the AMPure XP PCR purification kit (Beckman Coulter, Ing., USA).
Sequencing of the DNA-fragments was carried out with the MiSeq Reagent Kit V3 (2 x 300 bp)
according to the manufacturer’s protocol (lllumina, USA). Raw sequences generated in this
study have been deposited at the European Nucleotide Archive (ENA) with the accession
number xxx (accession number will be provided subsequent to acceptance of the manuscript).
Sequence analyses: Raw reads were quality trimmed with Trimmomatic (50). Thus, reads
were scanned with a 4-base wide sliding window and cut when the average quality dropped
below 15. For merging paired-end reads, the script join-paired-ends within the open-source
bioinformatics pipeline QIIME v.1.8.0 (51) was used with a minimum read overlap of 20 bases.
Further analyses were performed using QIIME v.1.8.0 (51). In short, reads were quality-
filtered according to recommended settings (52). Only sequences that fully matched the
primer sequences at the beginning and end of the sequence, respectively, and which were
between 200 and 500 bp in length were further processed. For chimera detection and
clustering of sequences into OTUs we used the QIIME workflow ‘usearch.gf’, which
incorporates UCHIME (53). Pre-clustered sequences were checked for chimeras (de novo and
with Silva 119 S5U Ref NR). The remaining sequence set was clustered (de novo) into OTUs
with a similarity threshold of 98%. The taxonomy of OTUs were classified using the QIIME
default sequence classifier UCLUST (54) Normalization, analyses and visualization of the
sequence data was carried out in R (R Development Core Team, 2008). The sequence data set

was normalized to the lowest number of OTUs in the study using the rarefy function from the

105



Manuscript lll

Vegan package. 185 sequences of Phaeocystis spp. OTUs are published in Genbank and
sequence abundances in the samples are published in PANGAEA. Accession numbers will be

provided subsequent to acceptance of the manuscript.

Gypsum scavenging experiment

To study the ballasting effect of cryogenic gypsum crystals on particle settling, we used a
modified approach of the “scavenging experiment” from “(18)” where we observed settling
velocities of in-situ marine snow particles which were encountered with gypsum crystals.
Cryogenic gypsum crystals used in the experiments were collected in-situ during research
expedition P5106 1/2 in 2017 (see “(21)" for further details). Experiments were performed
during research expedition PS121 in 2019.

For the experiment, in-situ marine snow aggregates were collected with a marine snow
catcher (MSC). The collection depth was set 10 m below the chlorophyll maximum layer,
which was detected from fluorescence readings and ranged between 40 — 60 m. Captured
marine snow aggregates were let to settle for 8h within the MSC, before the overlying water
was gently drained. Collected aggregates were evenly divided into 6 roller tanks (1.15 | tank-
1) filled with filtered seawater from the MSC, of which one was used as a control while a
gypsum suspension was added to the remaining 5 tanks. A total of 4 experiments were carried
out in a temperature-controlled laboratory set at 2°C, with two utilizing a gypsum suspension
with crystals = 30 pm - < 63 pm (24.32 mg L and 20.06 mg L) and two with crystals = 63 pm
(21.12 mg L and 23.33 mg LY). The gypsum crystals were suspended in 50 ml filtered
seawater from which 10 ml was added to each roller tank respectively. The gypsum treated
roller tanks were designated to one of 5 time points respectively (3h, 5h, 7h, 10h, 15h) and
placed on a roller table set at 3 RPM. For each time point, video recordings of the designated
tank and the control tank were taken (Sony alpha a7Il; Zeiss Loxia 50mm 2.2). Measurements
of particle size and settling velocity were obtained from the captured video recordings
according to “(55)”. Measured settling velocities from roller tank experiments with gypsum
crystals = 30 um-<63 pm and crystals =63 um were grouped respectively for further

analysis.

Sea-Ice tracking
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In order to determine trajectories and origin of sea-ice passing the sediment trap position at
79°N/4.3°E, we applied a Lagrangian approach called ICETrack. The approach traces sea-ice
backward in time using a combination of low-resolution satellite and atmospheric reanalysis
data products. So far, ICETrack has been used in a number of publications to examine sea-ice
sources, pathways, thickness changes and atmospheric processes acting on the ice cover (56-

58).

In summary, IceTrack uses a combination of the following three different ice drift products
for the tracking of sea-ice: (i) motion estimates provided by the Centre for Satellite
Exploitation and Research (CERSAT; 59), (ii) the OSI-405-c motion product from the Ocean
and Sea Ice Satellite Application Facility (OSI SAF; Lavergne, 2016), and (iii) Polar Pathfinder
Daily Motion Vectors (v.4) from the National Snow and Ice Data Center (NSIDC; 60). The
IceTrack algorithm first checks for the availability of CERSAT motion data, since CERSAT
provides the most consistent time series of motion vectors starting from 1991 to present and
has shown reliable performance (61). During the summer months (June—July), when drift
estimates from CERSAT are missing, motion information is bridged with the 0S| SAF product
(2012 to present). Prior to 2012, or if no valid OS5I SAF motion vector is available within the
search range, NSIDC data are applied. Along track, several additional parameters from various
satellite- and reanalysis products are derived. E.g. sea-ice concentration is retrieved from a
CERSAT product (62), while the thermodynamic ice thickness was calculated by means of
NCEP reanalysis 2m-air temperature data (63) following “(64)”. The model was tested and
applied in “(58)".

The reconstruction of sea-ice trajectories works as follows: Sea-ice is traced backward in time
on a monthly basis starting on the 1st of each month (1997 - 2021). Tracking is discontinued
if sea-ice concentration, at a specific location along the trajectory drops below 25%, which
the algorithm defines as the position at which the ice is formed. Since the study of “(65)"
indicated a limited performance of IceTrack in the Fram Strait, tracking performed in this
study is initiated at a position located further north. This position (83°N/11°E) was chosen to
be in the catchment area of the sediment trap, which was determined in a separate tracking

experiment.
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Statistical analysis

Statistical analysis of long-term trends in sediment trap fluxes and environmental data were

performed with a seasonal non-parametric Kendall rank correlation coefficient. The monthly

difference of export fluxes measured in a distance of 0-40 km and 40-80 km from the ice edge

were tested with a Wilcoxon rank sum test. The correlation between POC and terrigenous

marker flux measured with the sediment traps was tested with a spearman rank correlation.

For the gypsum ballasting experiments, settling velocities where Logio transformed to assure

a normal distribution after which a two-way ANOVA and Tukey test were performed to test

for difference in settling velocity between control and gypsum added treatments. All

statistical testing was performed in R (R Core Team 2021).
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Fig. 1. Overview map of the sampling stations located in the long-term ecological research observatory HAUSGARTEM in the

Fram 5Strait. The red cirde indicates station HG-IV where the sediment trap mooring was deployed. Green cdircles indicate the
benthic sediment sample sites.
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Fig. 2. Sediment trap fluxes and sea-ice dynamics measured at the mooring station HG-1V from 2000 — 2013. Panel a shows
sediment trap mooring fluxes of terrigenous marker (orange bars) and Phaeocystis OTUs (green squares). Panel b shows the
average distance of the sea-ice edge (defined as 215% sea-ice cover) to the mooring location. Panel c and d respectively
shows POC flux and sequence abundance of Phaeocystis OTUs at HG-IV, grouped according to the distance of the sea-ice edge
at the time of individual flux measurements. Panel e shows fluxes of POC against terrigenous marker collected at HG-IV
(linear regression, grey area shows the 95% confidence interval). Mo sediment trap was deployed at HG-IV between July 2003
and June 2004 which leads to the missing flux measurements in panel a and b (see table 51 for details). Due to irregular
sampling frequency, the sampling months are stated in panel a. For panel c-e only flux values during the productive season
from March — September were used.
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Fig. 3. Monthly sediment trap fluxes and sea-ice cover measured at the mooring station HG-1V from 2000 — 2013. Panels a
and b depict the monthly POC and terrigenous marker flux. Panel ¢ shows the monthly average sea-ice cover over the
mooring location at HG-IV. Green circles in panel a — ¢ show the sequence abundance of Phaeocystis OTUs in the sediment
trap samples.
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Fig. 4. Measured settling velocities of in-situ particles over time from a ballasting experiment with and without added
gypsum crystals during research expedition PS121. Gypsum crystals were added at Oh for the ballasting treatments (red)
while no gypsum was added in the control treatment (blue). Panel a compares particle settling velocities of a control
treatment with particles ballasted with large gypsum crystals (=63 pm). Panel b compares particle settling velocities of a
control treatment with particles ballasted with small gypsum crystals (230 pm - =63 pm). Settling velocities of the large sized
ballasting treatment (panel a) were significantly higher as the control treatment (ANOVA, p = < 0.05). Settling velocities of
the small sized ballasting treatment (panel b) were not elevated enough to show a significant increase over the control
treatment (ANOVA, p = > 0.05).
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Fig. 5. Characteristics of sea-ice exported through the Fram Strait from 1997 - 2021, derived from a sea-ice backtracking
experiment and terrigenous marker fluxes at HG-IV from 2000 — 2013. Panel a shows the average ice age of exported sea-
ice. Panel b shows the modelled average sea-ice thickness of exported sea-ice. Panel c shows the water depth at the area
where exported sea-ice was formed. Orange bars indicate sea-ice formation in areas with a water depth >100 m, while blue
bars indicate a sea-ice formation depth in shallow regions with < 100 m depth. Panel d shows the terrigenous marker flux
over the sampled period from 2000 — 2013. Note the change of x-axis values between panel d and a-c. Panel e shows the
areal track density of sea-ice that was exported through the Fram Strait from 1997 — 2021. Levels of statistical significance
for a reduction over time in panel a - d were tested with a seasonal non-parametric Kendall rank correlation coefficient and
are indicated by pvalues.
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Fig. 6. Overview schematic of the proposed process of sea-ice mediated ballasting. Newly formed sea-ice incorporates
resuspended sediments over the shallow Siberian shelf and cryogenic gypsum precipitates within the highly saline brine
channels. The sea-ice is transported by the transpolar drift across the Arctic Ocean and is consequentially exported through
the Fram Strait where it melts. During melt, incorporated sediments and cryogenic gypsum are released. When encountered
with organic matter that forms in, under or in the vidinity of the sea-ice, the released ice rafted material may ballast the
organic matter which increases the settling velocity which drives a more efficient drawdown of carbon to the deep ocean
and support prevailing communities with food.
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Discussion

Particle and aggregate settling velocities are a key aspect for the mode and quantity of carbon
export via the biological carbon pump (e.g. lversen et al. 2010, Iversen and Ploug 2010). In
particular, fast particle and aggregate settling velocities through the incorporation of dense
components such as ballast minerals, as well as slow-settling or suspended particles with high
amounts of low-density polysaccharides (e.g. TEP), mark two extremes for particle and
aggregate export. In this dissertation, new insights on the implications of fast- and slow-
settling particles and aggregates for the biological pump are presented. In Manuscript |, a
novel method for the three-dimensional representation of internal and external structures
from aggregates is presented, which improves our understanding of small-scale
hydrodynamics and their implications for particle aggregation. In Manuscript ll, we observed
the contrasting settling behaviour and export contribution of fast- and slow-settling particles
and aggregates from the shallow shelf to the deep ocean in the canary current eastern
boundary upwelling system (CC-EBUS) of Cape Blanc. In Manuscript lll, we identify a new sea-
ice mediated ballasting mechanism which enhances carbon export at the sea-ice edge in the
arctic.

In the following, potential implications and relevant directions for future research for each of
the presented studies are presented separately. Subsequently, | combine the presented
findings to give a broader perspective on particle aggregation and ballasting throughout the
water column and propose the concept of hydrodynamic dependent aggregation potential as

a tool to predict particle encounter probability and thus aggregation in the water column.

Contributions from lateral advection and vertical transport to deep ocean

carbon flux

Surface and subsurface sources for marine particles and aggregates
In a dynamic ocean, the settling of aggregates and particles is a three-dimensional process

that is dependent on the vertical settling and the horizontal movement of water masses,
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forming particle trajectories that follow vectors rather than a vertical line (Wekerle et al.
2018, Manuscript Il). The composition of an aggregate or particle largely determines its
settling velocity and is therefore dependent on its source (Manuscript Il). In the open ocean,
aggregate settling velocities are largely determined by the composition of the prevailing
phytoplankton community. For instance, aggregates that include the haptophyte Phaeocystis
spp. tend to have slower settling velocities and are thus more prone to horizontal advection
by water currents (Manuscript |, Manuscript I, Reigstad & Wassmann 2007), while a large
proportion of calcifiers e.g. diatoms tend to increase settling velocities (lversen & Ploug 2010,
Ploug et al. 2008). In addition, areas with elevated intrusion of ballasting components such as
the release of sea-ice rafted material (Manuscript lll}, aeolian dust deposition or resuspended
sediments (Manuscript 1), tend to form faster settling particles.

A subsurface source to aggregates and particles is the offshore advection of (re)suspended
material from shelf margins, which were shown to contribute to deep ocean carbon export
throughout the global oceans (Kim et al. 2020, Gardner et al. 2018, Karakas et al. 2006,
Manuscript Il). These particles and aggregates can originate from continental shelves, river-
or glacial-discharge (Manuscript Il, Halbach et al. 2020, Mouyen et al. 2018). These
aggregates and particles form large spanning particle clouds (Manuscript Il) which separate
vertically dependent on their density, forming intermediate particle clouds (IPC) with
relatively slow settling velocities and faster settling benthic particle clouds (BPC; Romero et

al. 2020, Fischer et al. 2009, Manuscript Il).
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0.5 05 18 25 35 fem?ed)

Fig. 1. Distributions of particle clouds in the global oceans. {a) Particulate matter concentration averaged
from the bottom 10 m of individual profiles. (b) Map of surface eddie kinetic energy from 2002 — 2006. Figures
obtained and modified from Gardner et al. 2018.

Coastal currents may drive the patchy distribution of particle clouds in the water column

In the case of the CC-EBUS off Cape Blanc, offshore advected shelf particles and aggregates
contributes approx. 80% of deep ocean carbon export (Manuscript Il). Considering the
remaining three major EBUSs exhibit high rates of primary production (Carr 2001), similar
current regimes (Garcia-Reyes et al. 2015, Jacox et al. 2015) and the presence of subsurface
particle clouds (Ransom et al. 1998, Fischer et al. 2009, Inthorn et al. 2006, Lam et al. 2018),
a substantial contribution of shelf production to deep ocean carbon export can be expected

in all EBUSs.
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The particle clouds that are typically observed in the region off Cape Blanc were suggested to
be sourced from benthic resuspension on the shallow shelf (Karakas et al. 2006, Manuscript
ll). In general, shelf systems have dynamic current regimes which lead to the resuspension of
sediments (Kim et al. 2020, Gardner et al. 2018). In the CC-EBUS, offshore directed wind leads
to a stable offshore flow in the surface waters, and a subsurface shoreward flow in deeper
waters above the shelf sediment (Johnson 1976, Aristegui et al. 2009). However, occasionally
the wind direction shifts to a shoreward direction, thus reversing the directions of the current
flow (Johnson 1976). As a result, deeper waters on the shallow shelf are “pushed” offshore
which may carry organic matter that accumulated on the shelf sediment, past the shelf break.
This would lead to occasional pulses of offshore transported organic matter from the shallow
shelf, which may explain the patchy occurrence of slow settling particle clouds rather than a
constant stream of shelf sourced particles (Nowald et al. 2006).

Internal waves have been suggested to form nepheloid layers at continental slopes and thus
are expected to contribute to the formation of lateral advected particle clouds (Puig et al.
2004, Gardner et al. 2018). In the CC-EBUS, internal waves have been observed offshore
(Jackson 2007) and sediment waves on the continental slope off Cape Blanc suggests that
internal waves may from the sediment topography in the region (Sanz et al. 2017). However,
carbon to nitrogen ratios of export fluxes in the deep ocean traps where relatively low,
suggesting the presence of largely undegraded material (Manuscript Il). While this does not
rule out a potential contribution of internal waves to the formation of the intermediate and
benthic particle clouds of Cape Blanc, it indicates that internal waves are likely not the

dominant mechanism driving lateral export of Cape Blanc.

Potential bias of flux measurements by slow sinking and suspended particles

A fundamental issue when measuring carbon fluxes via the biological pump, is that commonly
applied methodologies do not allow for the differentiation between fast settling and slow
settling or suspended particles (Giering et al. 2020). As a result, the amount and therefore
relative importance of slow settling and lateral advected particles cannot be differentiated
from fast vertical settling particles in flux measurements, making it difficult to interpret flux
characteristics such as origin, composition or age. For instance, the mooring location at

station HG-IV in Fram strait which was used to identify sea-ice ballasting in the vicinity of the
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ice edge in Manuscript lll, has a sediment trap mounted at 1250 & 2600 m. However, strong
lateral advection of shelf material leads to high input of lateral advected material (Lalande et
al. 2016). As a result, the measured fluxes from the deep ocean traps could not be
implemented in Manuscript lll, since the contribution and characteristics from vertical
settling particles from the surface ocean could not be differentiated from laterally sourced
particles originating from the shelf.

Recent advances in the detection and classification of particles and their fluxes are more and
more reliant on image-based detection systems which capture vertical particle distribution
profiles, including ship- or glider- based particle camera systems, or moored winch systems
(Trudnowska et al. 2021, Giering et al. 2020). However, particle settling velocities cannot be
obtained from camera images. Therefore, settling velocities are estimated by deriving the
equivalent spherical diameter from the particle area in the image, and calculating the
theoretical settling velocity for a similar sized sphere according to stokes law (e.g. Guidi et al.
2008, McDonnell & Buesseller 2012). Using this approach is problematic for a few reasons: (1)
As outlined in Manuscript |, the use of geometric shapes to derive particle size estimates is
likely biased and may underestimate true particle sizes; (ll) the drag force generated on
particles with heterogenous surface structures is considerably higher as for a model sphere,
resulting in an overestimation when deriving settling velocities with stokes law (Manuscript
1); (1) by applying stokes law, particle settling velocities are dependent on their size and larger
sized particles will settle faster than smaller particles. However, in-situ particles do not show
a relationship between their size and settling velocity when particle shapes are derived from
geometric volume estimates (Manuscript |, Manuscript Il, lversen & Lampitt 2020); (IV) as it
is not possible to differentiate between suspended and sinking particles from camera images,
suspended particles are included into vertical flux estimates. Therefore, the use of camera

images for the estimation particle settling and thus export fluxes bear large uncertainties.

New tools are needed for the determination of settling velocities and lateral particle flux
A newly developed approach by Moradi et al. (in prep.) uses particle size-distributions from

flux measurements (sediment gel-traps) in combination with particle size-distributions from
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particle camera deployments to distinguish between settling and suspended particles in the
water column. Applying this method to the area around the Cap-Verde islands off the coast
of Mauritania, revealed, that the concentration of suspended particles in size classes below
<100 pm is ~10-fold higher as for similar sized sinking particles. An advantage of this method
is, that particle camera systems such as the underwater vision profiler (UVP) and particle size-
distributions from sediment traps equipped with gel-traps are commonly assessed
parameters and already have a relatively large data base of recorded particle size-spectra.
Therefore, areas with long lasting datasets such as the Fram Strait (Manuscript lll} and the
CC-EBUS off the coast of Cape Blanc (Manuscript Il) can be revisited and the contribution of
suspended vs. settling particles assessed.

Algorithms for POC flux estimations are commonly based on the interpolation of sediment
trap fluxes, combined with an estimation for particle and aggregate settling velocities and
their rate of degradation (Lutz et al. 2002). However, as outlined in the previous paragraph, a
common issue with sediment traps is that vertical and lateral sourced flux of aggregates and
particles cannot be differentiated. Therefore, when lateral sourced particles and aggregates
contribute to the flux, the parameterization of the interpolation may overestimate the
amount of vertical flux. In our study (Manuscript ll), we accounted for this methodological
issue by using multiple trap measurements from different depths to verify interpolated fluxes
and quantify the amount of lateral input. As verification for the contribution of lateral flux
input, we used particle camera deployments, satellite chlorophyll estimates and satellite
measurements of aerosol optical depth. In addition, we made a full carbon budget from the
shallow shelf to the open ocean in order to quantify the potential amount of lateral advected
carbon from our direct measurements. Using over two decades of sediment trap fluxes, we
estimated the potential long-term impact from laterally advected particles and aggregates to
the deep ocean carbon flux off Cape Blanc. As a result, we were able to show that lateral
sourced particles and aggregates contributed 80% of deep ocean export off Cape Blanc and
that shallow shelf production directly links to deep ocean carbon export in the region
(Manuscript Il)

New approaches like these are crucial for the accurate determination of POC export in the
ocean and offer valuable information on particle characteristics e.g., fast vs. slow settling

velocities, composition, origin etc.. Lateral particle fluxes are a persistent and wide spread
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feature in the global oceans (Manuscript Il, fig. 1), yet their importance in the marine carbon
cycle is not known and rarely recognized since we lack the tools to assess them. In addition,
suspended particles and aggregates need to be excluded in vertical flux estimates which are
based on gravitational settling, while new approaches for the determination of particle
shapes and composition may improve our capability to parameterize settling velocities
(Manuscript |). The wide-spread implementation of the presented approaches (Manuscript
Il, Moradi in prep.) will therefore help to better understand particle fluxes and enable us to
understand the marine carbon cycle as a three dimensional rather than a strictly vertical

system.

Mineral ballasting of settling aggregates

Aeolian dust deposition as a ballasting source in upwelling regimes

In the CC-EBUS, aeolian deposition of Sahara dust was suggested to incorporate into marine
particles which promotes aggregation and enhances carbon export by particle ballasting
(Nowald et al. 2015, van der Jagt et al. 2018). Overall, aeolian dust deposition is a common
feature in all of the major EBUS (Dansie et al. 2017, Jardine et al. 2021, van der Does et al.
2020). While a direct link between events of dust deposition and deep ocean export fluxes
has not been observed in the CC-EBUS, it was suggested that dust deposits accumulate in the
surface ocean and when encountering with organic matter, form fast-settling aggregates
(Fischer et al. 2009, Fischer et al. 2016). This is supported by measured sediment trap fluxes
from the California EBUS which showed a strong correlation between lithogenic sediments
and POC flux (Thunell et al. 2007). However, this may also suggest that aeolian dust deposition
may contribute to sediment incorporation of marine particles on the shallow shelf in EBUS,
and thus contribute to the formation of BPCs (Manuscript Il). As a result, dust deposition may
lead to an enhanced carbon flux as suggested from trap records (Thunell et al. 2007), but is
temporarily decoupled between deposition events and POC flux measurements (Fischer et al.
2009, Fischer et al. 2016).

Sea-ice mediated ballasting can be expected in Antarctica
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Gypsum crystals with sulphur isotope ratios similar to sea-water sourced sulphate, have been
observed in Antarctic sea-ice (Wellman & Willson 1963), and coastal aerosol samples (Hara
et al. 2012), thus indicating the seasonal formation of cryogenically formed gypsum in sea-ice
brine in the Antarctic. In addition, the majority of seasonally formed Antarctic sea-ice melts
during summer (Eayrs et al. 2019), thus suggesting a more pronounced first-year ice
formation and thus gypsum formation, as in the Arctic (Wollenburg et al. 2020). Therefore, a
seasonal formation and release of cryogenic gypsum into the water column with a ballasting
effect can be expected (Manuscript Ill).

Apart from indications for gypsum formation, the considerable deposition of up to 24,000 kg
aeolian sediment per km? on the Antarctic sea-ice surface has been reported (Atkins & Dunbar
2009). Further, sea floor sediment showed great similarities with aeolian sediments,
indicating that the deposited sediments on the sea-ice were released during ice melt and
settled through the water column (Atkins & Dunbar 2009). It can therefore be expected that
similar to the CC-EBUS off Cape Blanc (Manuscript Il, van der Does et al. 2020) annual aeolian
sediments that accumulated on the sea ice cover are released during sea-ice melt and ballast
organic matter in the water column, thus enhancing particle settling velocities and carbon

export.

Release of calcium ions may enhance the aggregation potential of cryogenic gypsum

As outlined in the introduction, factors for the potential of aggregation according to
coagulation theory are the particle size, concentration, adhesion force i.e. stickiness and
encounter rate (Burd & Jackson 2009). While stickiness is in general empirically provided with
a number from 0-1 (Kigrboe et al. 1994), no clear mechanism for the actual adhesion of a
particle to another is measured and parameterized. Here, concepts of polymer gel theory may
be useful for the parameterization of the term stickiness, since the connection between two
particles is defined by chemical or physical bonds such as covalent bonds, hydrogen bonding
etc. (Verdugo et al. 2004). Under this consideration, the dissolution of cryogenic gypsum may
enhance the adhesion force of TEP and thus its potential for aggregation. Gypsum is a mineral
with the chemical formula CaS0s#H:0, thus releasing calcium ions under dissolution in water
(Wollenburg et al. 2020). Calcium ions have been identified as a crucial element for the

formation of polymer gels by creating Ca-Bonds which stabilize gel networks and increase the
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adhesion force of TEP (Verdugo 2012, Meng & Liu 2016). Therefore, the increased adhesion
force i.e., stickiness, by the dissolution of gypsum in the water column may enhance the
probability for gypsum crystals to aggregate with an encountered marine particle. Further,
the release of free calcium ions from gypsum dissolution may indirectly increase the stickiness
of marine aggregates and thus the formation of larger gel networks such as TEP filaments, or
the aggregation potential with potentially inert particles in the water column such as quartz
i.e., sand grains. Therefore, the release and dissolution of cryogenic gypsum may have two
opposing effects: (1) increased stickiness due to the dissolution of cryogenic gypsum increases
the probability for gypsum to attach to aggregates and therefore enhance their settling
velocity (Manuscript 1ll); (ll); the increased formation of TEP filaments enhances particle
buoyancy (Azetzu-Scott & Passow 2004) and drag (Manuscript 1), which may reduce settling
velocities. As a result, chemical composition and reaction potential of particles and the
surrounding water column are an important factor that needs further consideration for the

understanding of particle aggregation and polymer gel or TEP properties (Verdugo 2012).

The formation of cryogenic minerals other than gypsum may enhance particle ballasting in
the upper water column

During the formation of sea ice, excess ions are secreted as a salty brine, forming pores and
brine channels within the newly formed ice (Underwood et al. 2010). Cryogenic mineral
formation in sea-ice occurs from ion precipitation when the salinity of the brine exceeds its
saturation state (Geilfus et al. 2013). The minerals that consequentially precipitate are
determined by the ambient temperature (Wollenburg et al. 2018). These minerals include
gypsum, ikaite, mirabilite, hydrohalite, sylvite, MgCl. and Antarcticite (Wollenburg et al.
2020). Cryogenic gypsum is considered the most stable among these minerals and once
precipitated from sea-ice brine, it may be released from the sea-ice during melting and can
ballast organic aggregates if it encounters and incorporates into them as it sinks through the
water column (Wollenburg et al. 2018, Manuscript lll).

Brine channels in sea-ice inhabit a wide variety of biota which fill brine channels with
extracellular polymeric substance (EPS, Underwood et al. 2010, Juhl et al. 2011). The presence
of EPS has been shown to affect sea-ice brine morphology and increased bulk salinity by 11-

59%. Therefore, prevailing biota might enhance the potential for cryogenic mineral
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precipitation. Further, it has been suggested that EPS may cover cryogenic minerals and thus
limit their dissolution when released into the water column (Wollenburg, personal
correspondence). Therefore, despite that cryogenic minerals other than gypsum may be less
stable once released in the water column, a “shielding effect” of EPS may delay their
dissolution and make an incorporation into marine aggregates possible. Considering that flux
attenuation is strongest in the upper 100 m of the water column (Jackson & Checkley 2012),
even a short-term ballasting effect of more instable cryogenic minerals within this depth

range may have a notable impact on carbon export.

Implications from aggregate structure on microbial degradation and

aggregation potential

Internal diffusion of aggregates measured by nuclear magnetic resonance

The establishment of NMR spectroscopy for the three-dimensional visualisation of marine
snow aggregates offers a step forward towards understanding sub-aggregate scale processes.
In Manuscript |, the three-dimensional structure of a marine snow aggregate was visualized,
which allowed for detailed analysis of the internal structure, area, volume and hydrodynamic
properties of aggregates when settling through the water column.

While Manuscript | focused on the NMR derived structural representation of marine snow
aggregates, preliminary data collected from NMR measurements show a three-dimensional
representation of the diffusion-coefficients of water within the Aggregate (Fig. 2). These
observations suggest that most of the aggregate structure is not considerably limited in its
diffusion of water and solutes. This is in line with previous studies which showed that
apparent diffusivity within marine snow is nearly similar to the free diffusion coefficients in
seawater (Ploug & Passow 2007). Further, it has been shown that the majority of aggregate
structures are composed of TEP which are suggested to not limit diffusion within aggregates
(Zetsche et al. 2020).

In addition, the three-dimensional visualisation of diffusion coefficients may give indications
to the formation of anoxic micro niches where diffusion is limited and microbial activity may

transition towards anaerobic metabolism (Klawonn et al. 2015). Further, in combination with
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the modelled hydrodynamic properties around the aggregate (Manuscript 1), the influence of
flow and resulting over- and under-pressure above and below a settling aggregate may give
valuable insights on the distribution of solutes e.g. oxygen or respiratory products into and

out of the aggregate.

0.00400
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0.00200
0.00100

Fig. 2. Preliminary NMR measurements of aggregate structure and free diffusion of water across a z-plane within an
embedded aggregate. Panel a shows the structural measurement of the embedded aggregate. The signal intensity is
derived from greyscale values. Panel b shows the free diffusion coefficients of water (mm? st). The aggregate was
embedded in agar and subsequently placed in a reaction tube, filled with water and contrast agent (Manuscript 1). The
black surrounding area is air around the reaction tube. In panel a, yellow areas show surrounding water, pink areas depict
the agar and dark purple/black areas show the structure of the embedded aggregate.

Impact of hydrodynamics for aggregation — a concept for selective aggregation throughout
the water column

The hydrodynamic environment around a settling aggregate may act as a shielding layer
which deflects approaching particles and thus limits the potential for aggregation (Kigrboe et
al. 2002, Secchi et al. 2020). When an aggregate sinks, the water velocity of the surrounding
boundary layer is close or equal to the terminal settling velocity of the aggregate. Therefore,
if the settling aggregate encounters a particle or another aggregate, the surrounding water
may act as a barrier by “pushing away” the approached particle or aggregate and thus
decelerate the collision speed. Thereby, the encountering particles or aggregates’ trajectories
may be redirected by the shear between the boundary layer and the water flow surrounding
the aggregate. As a result, the encountering particle or aggregate is deflected and therefore
prevented from collision and thus aggregation. This implies that the hydrodynamic

environment around a settling aggregate must be overcome in order for colliding particles
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and aggregates to successfully encounter and potentially aggregate. Further, it has been
shown that the attachment efficiency of bacteria onto a pillar in laminar flow conditions
decreased with increasing flow velocity and increasing diameter of the pillar (Secchi et al.
2020). This outlined limitation in aggregation implies two things: (1) the potential for a
particle to overcome the hydrodynamic environment around an aggregate and collide, is
dependent on the relative size difference between the encountering particle and the
aggregate and the settling velocity, i.e. a large and fast-settling aggregate forms a stronger
“hydrodynamic shield” than a small and slow-settling particle. (2) In a setting where the
terminal settling velocity of an aggregate is not reached, this “hydrodynamic shield” is not or
only partly established, thus increasing the potential for aggregation with other particles and
aggregates.

As a consequence, this aggregation behaviour of small sized particles may have a substantial
impact on the way aggregate ballasting occurs in the water column. Considering that a
limitation in the attachment of a non-motile mutant of the bacterium Pseudomonas
aeruginosa (up to 5 pm in length; Diggle & Whitelay 2020) has been shown at a flow speed of
12.5 m day? (Secchi et al. 2020), it may be suggested that fine grained minerals in the silt
(50 — 2 pm sized) or clay (< 2 pm) size fraction are limited in their probability to attach to a
settling aggregate.

A potentially relevant observation for the ballasting behaviour of fine-grained minerals has
been made by van der Jagt et al. (2018). In their study, they conducted experiments to
investigate the ballasting impact of wind collected Saharan dust on the settling velocity of
marine aggregates. Their study showed that if particles are formed in sea water with added
Saharan dust, the average settling velocities of the formed aggregates where significantly
higher (430 + 280 m day?) than for similar non-ballasted aggregates (133 + 108 m day?).
However, if in situ collected aggregates were incubated with Saharan dust, there were no
significant differences in size-specific settling velocities between ballasted and non-ballasted
aggregates (non-ballasted aggregates = 319 + 210 m day; Saharan dust ballasted aggregates
=402 + 280 m dayY), thus implying that only little to none of the suspended dust attached to
the already formed aggregates. In the study, the authors argued that the carrying capacity of
the preformed aggregates was already exploited, which prevented the dust to attach.

However, given that the peak diameter of the dust size distribution was 30 pm (given in
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volume %), an alternative explanation may be that the high settling velocities of the marine
aggregates formed a hydrodynamic environment that deflected the dust particles and
therefore prevented them from encountering and, thus, ballasting the aggregates. On the
other hand, if aggregates were formed within the dust suspension the size and settling
velocity of the organic matter was small and low, thus enabling the encounter with the dust
particles with a consequential ballasting effect on the aggregates that were formed. A
conceptual overview of potential mechanisms for aggregation of small sized particles on

aggregates is shown in fig. 3.

Fig. 3. Conceptual overview of aggregation mechanisms which may allow small sized particles and bacteria to attach
on a settling aggregate at low and high settling velocities. At low settling velocities, non-motile bacteria/ particles may
attach in the front of a settling aggregate. Motile bacteria may attach from behind if their motility velocity exceeds the
speed of the wake flow behind the aggregate. Fast settling particles with near terminal of faster settling velocities may
either attach from behind if their motility velocity exceeds the speed of the wake flow behind the aggregate, or vertically
settle on the aggregate from behind. At high aggregate settling velodities, the only expected mechanism for particle
attachment is that for fast settling particles.

If we consider a size limitation for aggregation by the hydrodynamic environment, this would
imply that particle aggregation and thus ballasting is selective throughout the water column.
In particular water layers with non-laminar fluid conditions such as turbulence that impact
the formation of the boundary layer (Bergkvist et al. 2018), and areas where particle and/or

aggregate settling is decelerated, may be potential “hotspots” for aggregation. This may
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encompass the turbulent ocean surface that is exposed to atmospheric forcing (Richman et
al. 1987), density layers such as haloclines that temporarily slow down settling velocities
(Kindler et al. 2010, Maclntyre et al. 1995), margins of counter current flow such as poleward
undercurrents (Fischer et al. 2020, Kdmpf et al. 2016) and benthic boundary layers that form
above the sea floor (Thomsen & McCave 2000). An example would be the aeolian deposition
of dust off north-west coast of Africa (van der Does et al. 2020), which would enter the upper
mixed layers with high phytoplankton abundances and thus form ballasted aggregates in the
upper water column (van der Jagt et al. 2018).

On the other hand, in areas with limited water movement and a uniform water column
composition, particles and aggregates would reach their terminal settling velocity. Therefore,
hydrodynamic environment would be expected to fully develop in these areas, thus reducing
the potential for aggregation. This may explain why settling particles have limited or no
impact on the distribution of particle clouds (lversen et al. 2010, van der Jagt et al. 2020).
While particle clouds do have a broad particle size-distribution with up to millimetre sized
aggregates (Ransom et al. 1998, Santschi et al. 1998, Puig et al. 2013, Manuscript ll), the
majority of particles are < 30 pm in diameter, thus limiting a potential encounter with vertical
settling aggregates (McCave 1983, Puig et al. 2013, Manuscript ll). Therefore, vertical settling
particles and aggregates may interact with the large size fraction of particles from particle
clouds, however, they are unlikely to collide with small sized particles.

From the suggested impact of the hydrodynamic environment and in particular the boundary
layer on particle encounter probability and thus aggregation, a conceptual overview is given
in fig. 4 to depict the potential role of the hydrodynamic dependent aggregation potential

throughout the water column.
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Fig. 4. Conceptual overview how the hydrodynamic dependent aggregation potential may affect particle
aggregation within the water column. Proposed key areas of potentially higher hydrodynamic aggregation
potential areas with increased turbulence, including the surface mixed layer, counter current flows and the
benthic boundary layer above the seafloor. High particle and aggregate concentrations in particle clouds may
enhance aggregation potential with larger sized particles and aggregates.

A potential case of aggregation despite high settling velocities may occur when the
approached particle has a settling velocity close to the terminal settling velocity of the
aggregate. As previously described, motile-bacteria may attach in the leeward side of an
aggregate if their motility velocity exceeds the wake flow behind the aggregate (Secchi et al.

2020). Similarly, a settling particle with near terminal settling velocity of the aggregate may
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be redirected to the leeward side and accelerated by the reduced drag of the wake flow, thus
allowing to attach from behind (Fig. 3).

A general assumption that has been made in the previous discussion on particle aggregation
is, that larger sized aggregates have a higher settling velocity than small-sized aggregates.
Therefore, large sized aggregates approach the small sized particle via differential settling
which will cause an encounter with the potential for them to stick together and aggregate.
However, recent studies have shown that in-situ marine aggregates do not show a size-to-
settling relationship (Manuscript Il, lversen & Lampitt 2020) and that settling velocities of
ballasting minerals such as cryogenic gypsum or sand grains exceed that of marine particles
when similarly, or even smaller sizes (Wollenburg et al. 2020, Komar 1978). Therefore,
situations where a small sized fast settling particle or aggregate approaches a large sized slow
settling aggregate are likely to occur in situ. Potential examples would be the release of
cryogenic gypsum from sea-ice with common sizes around 1 mm or the aeolian deposition of
large sized sediment grains (Wollenburg et al. 2020, Atkins & Dunbar 2009). As a result, the
hydrodynamic effect of the boundary layer would be much less pronounced since the larger
area and thus friction of the large aggregate would result in a higher inertia, which would
prevent it from being deflected by the fast settling but small particle. In the case of sea-ice
mediated ballasting, including terrigenous material and cryogenic gypsum, we expect this to
be likely the most common mechanism of aggregate ballasting (Manuscript lll). This was
indicated by the deposition of relatively large sized Phaeocystis spp. colonies at the sea-floor

with incorporated cryogenic gypsum minerals (Wollenburg et al. 2018).
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Conclusion

Estimations on the carbon export via the biological pump commonly only consider the surface
ocean as a source for particles and aggregates (e.g. Henson et al. 2012, Boyd et al. 2019,
Buesseler et al. 2020, Maerz et al. 2020) and recent estimates for annual carbon export range
between 5 -17 GT C, implying a large uncertainty in our ability to detect and quantify carbon
export via the biological pump (Boyd et al 2019). As outlined in this thesis, subsurface sourced
aggregates and particles from the continental shelves are an additional source which
contributes to global carbon fluxes. Studies that attempted to differentiate between surface
and lateral sourced export in deep ocean traps suggest lateral sourced export contributes
between 20-80% of collected carbon export (Hwang et al. 2015, Lalande et al. 2016, Fahl &
Nothig 2007, Schulz et al. 2021, Hwang et al. 2017, Conte et al. 2019, Blattmann et al. 2018,
Manuscript 1) and global observations show the consistent presence of coastal formed
particle clouds which expand throughout the global oceans (Gardner et al. 2018). Further,
material exported from the euphotic zone to the shallow sea-floor is incorporated into these
lateral expanding particle clouds, giving already sedimented organic matter a “second
chance” to export at deeper depths and sequester carbon for longer timescales (Boyd et al.
2019, Manuscript Il). Therefore, as long as carbon flux estimates are considered to form
exclusively in the surface ocean and export vertically, we are only considering a “part of the
picture” and thus will not be able to understand the functioning, nor accurately predict the
total amount of carbon export by the biological pump.

In addition, the parameterization of particles and aggregates in currently established
methodologies introduces considerable uncertainties, from the study of small scale sub-
aggregate processes to estimates of carbon fluxes throughout the water column. In particular,
the accurate determination of the internal and external aggregate morphology is a crucial
advancement that has implications for observations on microbial respiration, microbial
colonization, aggregation and ballasting, and estimations of settling velocities and carbon
content (Manuscript |, Manuscript I, Manuscript Ill). Further, new approaches for the
separation between settling and non- settling particles will improve our capability to
accurately determine export fluxes and thus our understanding of the biological pump

(Moradi et al. in press). However, these observations also reveal that as long as we have not

134



Discussion

revised the parameterization of marine particles and aggregates, direct measurements of

carbon export i.e. with sediment traps are crucial as a reference for flux estimations.

Only if we manage to close the gap of current uncertainties on oceanic carbon export, we will
be able to project the response of earth’s climate on increasing atmospheric CO:
concentrations. The new observations outlined in this work provides new insights and may
act as a guideline for relevant directions of future research to improve our attempts to

understand carbon export by the biological pump.
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Fig. 51. NMR derived aggregate volume with manually included (dark blue) and excluded (purple) voxels.

Fig. 52. Camera image of the measured aggregate during respiration measurements in the flow chamber. Set in
relation to the NMR-derived model, the aggregate is fading the direction of the x-axis (Fig. 1 d in the main text).
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Figure S1. Representative particle size distribution as a function of particle count derived from particle camera
profile GeoB23604 01 (blue line shows a polynomial regression, degree = 5, grey area shows 95% confidence
mnterval; Profile shown in Fig 56 & Table 51). The red vertical line mdicates the threshold size of 107 pm as the
minimum size for an accurate representation of particles in the water column. The decreasing slope for smaller
size particles size bins indicates that only a fraction of particles could be observed below a size of 107 um. Axis
are logl0 transformed. Zero values from particle camera images that included no particles from a respective
size class were removed.
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obtained during the process study (January 2019)
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Figure 56. Particle volume flux within each particle size-class determined from the gel traps deployed as part of
the dnfting sediment traps during the process study (January 2019). The top grey panels show the stations of
deployment while the right grey panels show the depth from which the particle volume flux was collected. Blue
points depict manne snow particle volume while red points depict fecal pellet volume.
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Figure 57. Weekly average chlorophyll values dunng January 2019, denived from VIIRS (Visible
Infrared Imaging Radiometer Suite) with a spatial resolution of 4.17 km®. Labels indicate the
sampling area duning the process study (January 2019).
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Figure S8. Monthly average Aerosol Optical Thickness (AOT) during January 2019, derived from
MODIS (Moderate Resolution Imaging Spectroradiometer sensor) with a spatial resolution of 0.1°.
Panel a shows the average AOT across the tropical and subtropical Atlantic. Panel b shows average
AOT m the sampling region of the process study with labels indicating the sampling area.

Figure 59. Large non-sinking gelatinous (possibly transparent cxupolymparticles, TEP)
aggregates obtained from Marine Snow Catcher deployments on the shallow shelf at CBa.
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Table 51. Detailed sampling overview during the process study on research expedition POS531
aboard RV Poseidon in 2019. The table shows the deployment area, station number, time of
deployment, deployed instrument, latitude and longitude of the deployment, total water depth
(bottom depth], wind direction, and wind velocity. For the drifting sediment traps we provide the
parameters at the time of deployment. All traps were recovered ~24 h after deployment.

Bottom .
. Timestamp at ) . . Wind Wind Veloity
Aren Station numiber . . Depioyed device Latitude Longitude dEfm Direction [} [ms1
CEzh GenE2IE0T 15 24042015 11:08 Marine snow cabcher 20-4534F N 017 I0EWW 7 153 71
CEzh GenE23E02 18 24/04/2015 D5:81 Particle camers 0-45335 N 017 10,851°W 62 678 108
CEzh GenE23E0T_ 1T 24/04/2015 D501 oo 045328 N 0P I03TW 2 62 BE
CEzh GenE23E02 08 23/04/2015 15:19 Marine snow cabcher 0-4532FN P I0ETW s 3133 L
CEzh GenE23E0L 06 23042015 18:26 Particle camers W-4E3EN P IDHTW 283 3436 H
CEzh GenE23E0T_O7 23042015 18:93 oo 45325 N 1P I0HEFW 282 3133 63
CEzh GenERIE0T_ 14 24/00//2015 13:30 oo 20-45368F N 017 105w 282 12 1z
CEzh GenE23E0 02 26/04/201 20:13 Particle camers 0-4E3TEN P 1L007W 281 3123 74
CEzh GenE23E0S 01 26/04/2015 15:36 oo 0-4534FN 0P LLETW 283 3423 64
CEzh GenE23E0E 01 26/00/2015 18:42 Particle camers -AEZICN 1P 13,804°W 391 3343 L
CEzh GenE23E0E 02 26/04/2015 18:93 oo 452N 17 13,805°W 381 3364 B2
CEzh GenERIE0T 04 26/04/2019 17:30 oo -4E31FN M- 1534EW 463 3383 B1
CEzh GenERIE0T 02 26/04/2019 1730 Particle camers 045308 N 017 1535FW 463 24 73
CEzh GenE23EL0 31 25042015 04:19 Particle camers W-4ETIEN MW 582 ELTS L
CEzh GenE23EL0 25 25042015 03:92 oo W-AETICN 23367 W 38 ENY 3
CEzh GenE23E10 23 27082015 16:41 Particle camers W-AETIEN 017 2345FW 587 3134 B1
CEzh GenE23E0 23 27082015 20:00 Particle camers W-AEITFN P 2IEEW 583 07 EE
CEzh GenERIE0 26 27082015 21-99 oo W-4EIFN P 2388EW 73 153 EE
CEzh GenERIEL0 18 27082015 13:02 Particle camers -4ETEEN 1P 23306W L} 3z 13
CEzh GenER3EL0 1T 2708201 1281 Marine snow cabcher 0-457BEN 0P 23TFW 582 261 11
CEzh Ge0E23610 21 27082015 16:02 oo W-AETIFN M 23MTW LEF 3123 1z
CBzh GeoE2IEL0 13 2702045 1031 Particle camern -45EIFN P 23TFW 83 476 Bl
CEzh GenE23E10 12 27042015 D5:38 Primarny Production W-AETITN 17 2IEATW 587 453 73
CEzh GenE23E10 12 27042015 D5:38 oo W-AETITN 17 2IEATW 587 453 73
CEzh GenE23E0 04 27042015 0738 oo 20-4562FN 017~ 29EECW LEF 331 73
CEzh GenE23E06 01 26/04/2015 13:36 Particle camers W-4T3ITN P ILTHW 762 338 1z
CEzh GenE23E06 02 26042015 1734 oo W-4T3EFN M ILTIEW 7i8 3273 i3
CEzh GenERIE0 01 26/04/2015 13:36 oo -4TEEFN P ITEEW EEE 3 1z
CEzh GenE23E0 02 26/04/2015 13:99 Particle camers -4TIIFN M ITIETW 34 5.4 14
CBs GenE23E04 02 26/04/2015 12-13 oo 0-4593N M 40TFW 4217 BE
CBs GenER3E04 01 26042019 11-31 Particle camers -AEIZEN D17 403EFW 4283 B0 E7
CBs GenER3EHE 38 26/00,/2015 1034 Marine snow cabcher 0-487IFN 017 4335FW EE73 483 63
CBs GenE23EHE 37 26/04/2015 05:36 Particle camers 20-45,865 N D17 43,640°W 48 BE
CBs GenERIEME M 23032015 21-99 oo -4TEIFN - 43EEW 636 2z B1
CBs GenE23EHE 37 26/04/2015 05:31 Particle camers -A5EFFN M- 43EEW E303 451 64
CBs GenERIEE 15 2303201 20:31 Particle camers 45158 N 17 43,024W ETLT 58 7
CBs GenE23EHE 13 23042015 10000 Primarny Production 452N 17 43.311W e 71 EE
CBs GenE23EHE 13 23042015 10000 oo 452N 17 43.311W e 71 EE
CBs GenER3EHE 31 26/04/2013 D601 Particle camers 0-4529F N H43TTEW 7313 433 B3
CBs GenE23EHE 17 23032019 17:30 Particle camers 20-45EEUN D17 4383w 7287 3351 '
CBs GenE23EME 28 26/04//2015 D4:00 oo W-A51TFN M- 44T0W 7483 403 B3
CBs GenERIE0E 11 23042015 05203 Drifting zeciment trap 20~ 4BA35N  017- 34.T30W 7387 LS E
CBs GenE23EHE 08 23042015 14:02 Particle camers -AE20EN 017 44,607W 01 £8.3 B1
CBs GenER3EHE 12 23042015 16:02 oo -AEEIEN M- 44TTEW 7S 187 i3
Transect GenERIELL 04 25082019 13:21 oo 20-30,047N 018~ 04.TEFW 13189 373 17
Transect GenE23ELL 02 25042015 16:49 Particle camers 20-30,05F N 018- 04, B0W 17703 187 13
Transect GenERIELT M4 25042013 20:28 Particle camers 20-30,805N 018~ 23,201°W 20982 74 123
Transect GenERIELT 02 25/00/2019 2117 oo 20-30,8ZF N 01E-24.TW 20983 72 131
Bau GenE23EL3 02 2904/201 DE:43 oo 0-3097 N D1E-43.215W 2692 373 125
Bau GenER3ELE M4 2904/2013 DE:07 Drifting zeciment trap 20~ 30545 N 018- 34134W 26931 388 13
Bau GenE23E13 03 29042015 10004 Particle camers 20-3L0BE N D1E-43.893W 24 474 12
Bau GenE23EL3 03 2901/201 12:43 Marine snow cabcher 0-3097F N 018~ 44.811°W s 383 E
Bau GenER3ELT 06 2904/2015 13:09 Particle camers 20-30,8985 N D1E-43.B16°W Fr 2] 134 127
Bau GenE23EL3 07 29042015 1404 oo 20-307I0N  O1E- 43047 W s 363 12
Bau GenE23E13 08 2300/2015 16:29 Particle camers 20-30,305°N 018~ 47.850°W 2802 307 125
Bau GenE23EL3 08 29042015 20:30 Particle camers 20-3L1IFN  D1E-4ETEFW 28623 338 14
Bau GenE23EL3 10 29002019 21:24 oo 20-3L260CN  O1E- 4BEICW 28475 413 12
Bau GenER3EL3 11 30/04/2015 0702 Particle camers 20-3073F N 1B BEEW 212 382 12
CEmeso GenE23EH 12 24032015 12-92 Marine snow cabcher M=123EN 020 ILHFW 41483 06 EE)
CEmeso GenE23E0 13 24/04/2015 14:06 Particle camers M=1219FN 020 TRAEW 41435 TE 103
CEmeso GenE23EM_07 24042015 10000 oo 1-123530N 020 TRTFW 41635 £3.4 3
CEmeso GenE23E0 18 24/00/2015 16:01 Primary Production M=1LMCN 020 T2IETW 41921 EES E
CEmeso GenER3E0 18 24002015 16:01 oo M=1LMCN  020-T2IETW 41921 EES E
CEmeso GenE23EM D6 24/04/2013 D5:06 Drifting zeciment trap 2= 1236°N 020~ J249°W 41934 73z 108
CEmeso GenE23EM_02 20042015 18:92 Particle camers M=12608N 020 TRIEW 41341 74 121
CEmeso GenE23EM 03 20/04/2015 18:93 Particle camers 1=12997N 020 TRIEW EILET 188 1z
CEmeso GenE23EM 04 20/04/201 1703 oo M=12EIEN 020 TRBEW 41918 737 3
CEmeso GenE23E0_20 24032019 17:32 Particle camers M=UMEN  020-TRTEW 41911 73 E
CEmeso GenE23E0_43 2303/201 D5:22 Particle camers H=0T03FN 020 BIETW 42247 773 13
CEmeso GenE23E0 24 24032015 20:32 Particle camers -10,09FN 020~ BBAEFW 41933 E8.3 EE
CEmeso GenE23E0_37 22042015 DEDS Particle camers -DE905N 020 BIEW 41485 &7 12
CEmeso GenE23E0 33 2204/2015 D402 oo 21-05,230N 020 BIEEW 41937 E0.2 3
CEmeso GenER3E0 26 24082019 22:00 oo 1-0873CN 020 BAEW 4173 456 103
CEmeso GeoER360 26 24/04/2013 22:06 [=11] 21=DS787 N 020~ TBEEW 41928 182 113
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Table 52. Sediment characteristics and inputs for 02 flux calculation. See Ahmerkamp et al. (2017) for

methodological details. Sampling stations were located on the shallow shelf in the CBsh region.

Parameter Unit GeoB23602_02 GeoB23610_14
Median grain size pm 687.52 183
Water temperature °C 17 16
Water depth m 29 59
02 penetration depth (measured) mm 8.4 0.1
Permeability m® 3.43E-10 2.43E-11
Porosity - 0.4 0.4
Bed form height m 0.02 0.02
Bedform Wavelength m 0.337 0.089
Bottom water velocity, estimated from ADP  m/s 0.2 0.08
Bottom water O2 concentration KM 200 105

Table 53. Carbon specific respiration rates from aggregate associated microbes from this study and
the literature. To avoid measuring biases, listed values exclusively include measurements that were
performed within an upward directed flow and with an oxygen microsensor.

Temperature C specific resp. rate st.dev
Study °r 41 4t
lversen et al. 2010 20 0.13 0.07
lversen & Ploug 2010 15 0.13 0.09
lversen & Ploug 2010 15 0.13 0.13
lversen & Ploug 2010 15 0.12 0.07
lversen et al. 2013 15 0.12 0.03
lversen et al. 2013 4 0.03 0.01
Ploug 1993 17 0.1
Ploug & Grossart 2000 16 0.08 0.03
lversen & Robert 2015 15 0.14 0.06
lversen et al. 2016 3 0.04
Belcher et al. 2016 4 0.01 0.07
This study 21 0.11 0.12
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Table S4. Particulate organic carbon (POC) export fluxes obtained from dnfting sediment trap
deployments between 2012 — 2019 off the coast of Cape Blanc. Cruises indicate the respective research
expedition where fluxes were measured, with “POS™ indicating research vessel Poseidon and “M™
indicating research vessel Meteor. Longitude and Latitude represents the position where a given dnfting
sediment trap was deployed in the water. Dnfting sediment traps consisted of an array of 2 -3
individual traps and the listed depth shows the sampling depth at which individual traps collected POC
fluxes within an array. Trap ID indicates respective drifting trap arrays. Calculated POC fluxes are
denived according to Lutz et al. 2002 and assume the vertical settling of export fluxes measured at the
uppermost trap (100 m - 150 m) to 200 m and 400 m within a respective dnfitrap array. Delta POC flux
15 the measured POC flux. divided by the calculated POC flux.

. Deployment Longitude Latitude Drifting Depth Measured POC flux  Calculated POC flux
Cruise Delta POC flux
date {degrees) [degreas) trap 10 {m} [mg m day ) {mg m* day )
POS425 22/01/2012 -1B.738 20.781 DFO3 100m 3340
POS425 22/01/2012 -1B.738 20.781 DFO3 400m 839 1912 044
POS425 24/01/2012 -1B.715 20,721 DFD4 100m 3759
POS425 24/01/2012 -1B.715 20,721 DFD4 400m 1186 2151 055
POS445 26/01/2013 -1B.72B 20.606 DFOS 100m 133.0
POS445 26/01/2013 -1B.72B 20.606 DFOS 200m 133.0 1096 121
POS445 26/01/2013 -1B.72B 20.606 DFOS 400m 901 76.7 117
POS445 27/01/2013 -1B.741 20.727 DFDG 100m 1236
POS445 27/01/2013 -1B.741 20.727 DFDG 200m 1413 1017 139
POS445 27/01/2013 -1B.741 20.727 DFDG 400m 495 711 0.70
POS464  06/02/2014 -20 832 21.261 DFO7 150m 91.6
POS464 06,/02/2014 -20.832 21.261 DFO7 200m TBO B3.9 091
POS464 06,/02/2014 -20.832 21.261 DFO7 400m 100.3 67.7 148
POS464 08/02/2014 -19.432 20.926 DFOE 100m 1736
POS464 08/02/2014 -19.432 20.926 DFOE 200m 1083 1513 072
POS464 08/02/2014 -19.432 20.926 DFOE 400m 51.7 1176 044
POS464 11/02/2014 -1B.742 20,800 DFOS 100m 156.5
POS464 11/02/2014 -1B.742 20,800 DFOS 200m 1521 1301 148
POS464 11/02/2014 -1B.742 20,800 DFOS 400m a97.6 919 1.06
POS464 14/02/2014 -17.987 20.61B8 DF10 100m 3353
POS464 14/02/2014 -17.987 20.61B8 DF10 200m 362.4 2793 130
POS464 14/02/2014 -17.987 20.61B8 DF10 400m 2245 2001 112
POS481 23/02/2015 -1B.725 20.797 DF11 150m 163.0
POS481 23/02/2015 -1B.725 20.797 DF11 200m 1493 1483 10
POS481 23/02/2015 -1B.725 20.797 DF11 400m B5.8 1046 082
POS481 26/02/2015 -1B.326 20.666 DF12 150m 161.4
POS481 26/02/2015 -1B.326 20.666 DF12 200m 1482 1470 10
POS481 26/02/2015 -1B.326 20.666 DF12 400m 1110 1044 1.06
POS495 22/02/2016 -1B.725 20.888 DF13 100m 107.0
POS495 22/02/2016 -1B.725 20.888 DF13 200m 1211 BER.B 136
POS495 22/02/2016 -1B.725 20.888 DF13 400m 62.7 62.5 1.00
POS495 25/02/2016 -1B.362 20.637 DF14 100m 152.7
POS495 25/02/2016 -1B.362 20.637 DF14 200m 1043 1267 082
POS495 25/02/2016 -1B.362 20.637 DF14 400m 103.5 B9.7 115
POS50E 26/01/2017 -20.B68 21212 DF15 100m 1141
POS50E 26/01/2017 -20.B68 21212 DF15 200m 509 99.7 051
POS50E 26/01/2017 -20.B68 21212 DF15 400m 38.7 775 051
POS50E 29/01/2017 -1B.491 20.835 DF16 100m 96.4
POS50E 29/01/2017 -1B.491 20.835 DF16 200m 1104 BD.1 138
POS50E 29/01/2017 -1B.491 20.835 DF16 400m 130.0 571 228
POS50E 02/02/2017 -1BE.604 20.853 DF17 100m 1453
POS50E 02/02/2017 -1BE.604 20.853 DF17 200m 109.6 1422 077
POS50E 02/02/2017 -1BE.604 20.853 DF17 400m 939 B3.1 110
M140 28/08/2017 -20.833 21.269 DF18 100m 687
M140 28/08/2017 -20.833 21.269 DF18 200m 625 59.6 105
M140 28/08/2017 -20.833 21.269 DF18 400m 339 459 074
M140 31/08/2017 -1B.7E3 20.886 DF1g9 100m 739
M140 31/08/2017 -1B.7E3 20.886 DF1g9 200m 746 61.0 122
M140 31/08/2017 -1B.7E3 20.886 DF1g9 400m 720 429 168
POS531 21/01/2019 -20.875 21.2009 DF20 100m 791
POS531 21/01/2019 -20.875 21.2009 DF20 200m 737 68.7 107
POS531 21/01/2019 -20.875 21.2009 DF20 400m 541 533 102
POS531 25/01/2019 -17.742 20.807 DF21 100m 100.8
POS531 25/01/2019 -17.742 20.807 DF21 200m 1101 B39 131
POS531 25/01/2019 -17.742 20.807 DF21 400m 1240 59.7 208
POS531 29/01/2019 -1B.737 20.849 DF22 100m 773
POS531 29/01/2019 -1B.737 20.849 DF22 200m 901 67.9 133
POS531 29/01/2019 -1B.737 20.849 DF22 400m 98.4 52.9 1.86
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Fig. 51. Sequence abundance of Phaeocystis OTUs collected from sediment samples across an east-west transect in the
Fram Strait. Blue colour indicates the westerly sample stations with regular sea ice cover, while red indicates easterly samples
stations with rare sea ice coverage. Labels above the plot panel indicate the respective sample station.
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Research Mooring location Deployment Sampling POC  Terrige Phaeoc lce lce
expedition depth {m) interval nous ystis edge  concent
marker dista  ration
nce
Latitude Longitude date start date end mg pg mrt oTu km k.
N w m d
dt
31/08/200  15/09/200
P557 73017 04720.86 280 0 0 261 8BS o 1 76
15/05/200  30,/09/200
0 0 121 233 NA 53 o
14/03/200  29/03/200
1 1 51 6.5 o 41 o
29/03/200  14/04/200
1 1 89 14.3 o 24 5
14/04/200  29/04/200
1 1 48 4.6 o 43 o
29/04/200  14/05/200
1 1 &5 33 o 51 o
14/05/200  29/05/200
1 1 34 1.8 o 87 o
29/05/200  14/06/200
1 1 37 6.2 o 50 o
14/06/200  29/06/200
1 1 21 6.9 o 52 1
29/06/200  14/07/200
1 1 33 2.6 0 13 10
14/08/200  31/08/200
P555 7015 047213 260 1 1 177 229 o 33 o
31/08/200  15/09/200
1 1 &1 4.9 o B3 o
15/05/200  30,/09/200
1 1 738 8.3 0 102 0
. 14/08/200  29/08/200
PF562 750104 0413.77 260 2 2 73 15.2 NA 144 o
29/08/200  13,/09/200
2 2 70 13.8 NA 138 o
13/05/200  28/09/200
2 2 86 18.6 NA 102 o
28/05/200  13/10/200
2 2 25 6.6 NA 71 o
12/03/200  27/03/200
3 3 3a 13 NA 54 o
27/03/200  11/04/200
3 3 &8 17 NA 22 7
11/04/200  26/04/200
3 3 75 3.3 NA 16 9
. 26/04/200  11/05/200
PF564 78°53.95 04°27.44 340 3 3 153 109 40 12 10
11/05/200  26/05/200
3 3 73 5.2 NA 13 7
26/05/200  10/06/200
3 3 125 9.0 NA 3 27
15/07/200  22/07/200
PF566 75°00.53 04720.62 280 4 4 19 2.0 NA 52 o
22/07/200  29/07/200
4 4 72 3.7 NA 50 o
29/07/200  05/08/200
4 4 454 &7H 58 105 o
05/08/200  15/08/200
4 4 420 317 30 216 o
15/08/200  31/08/200
4 4 135% 61 NA 7 o
31/08/200  15/09/200
4 4 123 35 NA 246 o
15/05/200  30,/09/200
4 4 &5 3.0 NA 175 o
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28/02/200  31/03/200
5 5 76 35 143 54
31/03/200  15/04/200
5 5 48 26 NA 69
15/04/200  30/04/200
5 5 36 16 NA 35
30/04/200  15/05/200
5 5 31 10 NA 69
15/05/200  31/05/200
5 5 22 10 NA 69
31/05/200  15/06/200
5 5 37 17 NA 43
25/08/200  05/09/200
PS68 7°01.00  04720.62 179 5 5 96 35 NA 84
05/09/200  25/09/200
5 5 159 64 15 61
25/09/200  15/10/200
5 5 81 51 NA 24
28/02/200  30/03/200
6 6 47 16 0 72
30/03/200  14/04/200
6 6 28 07 0 66
14/04/200  29/04/200
6 6 65 20 0 65
29/04/200  14/05/200
6 6 135 459 19 39
14/05/200  29/05/200
6 6 56 2.8 0 78
29/05/200  13/06/200
6 6 114 7.2 11 56
13/06/200  28/06/200
6 6 239 137 0 94
28/06/200  13/07/200
6 6 08 03 0 50
13/07/200  20/07/200
6 6 19 14 0 65
. 26/08/200  01/09/200
MSM2 790082 047205 230 6 & 10 08 0 94
01/09/200  07/09/200
6 6 12 06 0 73
07/09/200  15/09/200
6 6 30 06 0 79
15/09/200  22/09/200
6 6 47 06 16 75
22f03/200  30/09/200
6 6 33 06 0 50
28/02/200  15/03/200
7 7 25 05 NA 43
15/03/200  31/03/200
7 7 166 52 NA 49
31/03/200  15/04/200
7 7 178 30 NA 36
15/04/200  30/04/200
7 7 333 88 22 14
30/04/200  10/05/200
7 7 503 08 NA 24
10/05/200  20/05/200
7 7 71 15 NA 42
20/05/200  06/06/200
7 7 24 04 NA 16
06/06/200  20/06/200
7 7 44 17 NA 26
R 23/07/200  15/08/200
P570 770082 0¥ 2062 190 7 7 63 18 NA 55
15/08/200  31/08/200
7 7 156 77 74 19
31/08/200  10/09/200
7 7 48 07 NA 30
10/09/200  20/09/200
7 7 15 01 NA Y]
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20/09/200  30/09/200
7 7 34 09 NA 71 5
29/02/200  31/03/200
8 8 51 04 NA 53 0
31/03/200  15/04/200
8 8 235 13 103 33 0
15/04/200  30/04/200
8 8 110 02 NA 1 29
30/04/200  10/05/200
8 2 145 00 NA 0 43
10/05/200  20/05/200
8 8 70 13 NA 2
20/05/200  31/05/200
8 8 101 42 NA 0
31/05/200  15/06/200
8 8 83 10 NA 0
15/06/200  30/06/200
2 8 24 06 NA 1 43
R 17/07/200  31/07/200
P572 7°004 04" 20,0 196 8 8 56 07 NA 7 17
31/07/200  10/08/200
8 8 169 28 NA 2 20
10/08/200  20/08/200
8 8 129 58 NA 15 6
20/08/200  31/08/200
8 8 300 396 101 19 4
31/08/200  15/09/200
8 8 85 35 NA 28 0
15/09/200  30/09/200
8 8 53 19 NA ES ] 1
28/02/200  31/03/200
9 9 93 50 NA 52 0
31/03/200  15/04/200
9 9 227 74 84 20 3
15/04/200  30/04/200
9 9 203 212 115 0 31
30/04/200  15/05/200
9 9 121 37 NA 24 4
15/05/200  31/05/200
9 9 a4 16 NA 11 12
31/05/200  15/06/200
9 9 93 47 NA 17 9
15/06/200  30/06/200
9 9 43 10 NA 29 2
30/06/200  15/07/200
9 9 35 18 NA 13 10
15/07/200  22/07/200
9 9 45 NA NA 21 3
. 20/07/200  31/07/200
P574 730043 0472005 80 9 9 251 NA NA a4 0
31/07/200  10/08/200
9 9 4232 NA 46 36 0
10/08/200  20/08/200
9 9 457 NA 230 39 0
20/08/200  31/08/200
9 9 195 NA NA 59 0
31/08/200  15/09/200
9 9 167 NA NA 68 0
15/09/200  30/09/200
9 9 80 NA NA 85 0
28/02/201  15/03/201
0 0 41 NA NA 75 0
15/03f201  31/03/201
0 0 19 NA NA 54 0
31/03/200  15/04/201
0 0 118 NA NA 91 0
15/04f201  30/04/201
0 0 118 NA NA 65 0
30fo4f201  15/05/201
0 0 101 NA NA 67 0
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15/05/201  31/05/201
0 0 260 NA NA 77 0
31/05/201  15/06/201
0 0 224 NA NA 50 0
15/06/201  30/06/201
0 0 293 NA 27 48 0
79° 10/07/201  20/07/201
P576 00.41 04713.50 0 0 182 23 NA 59 0
20/07/201  31/07/201
0 0 110 09 NA 83 0
31/07/201  15/08/201
0 0 77 23 NA 92 0
15/08f201  31/08/201
0 0 82 09 NA 76 0
31/08f201  15/09/201
0 0 87 09 NA a1 0
15/09/201  30/09/201
0 0 60 04 NA 75 0
28/02/201  15/03/201
1 1 35 06 NA 68 0
15/03f201  31/03/201
1 1 78 15 NA ES ] 3
31/03/200  15/04/201
1 1 93 31 NA 17 7
15/04f201  30/04/201
1 1 82 07 NA 53 0
30fo4f201  10/05/201
1 1 100 09 45 a0 0
10/05/201  20/05/201
1 1 93 16 NA ES ] 1
20/05/201  31/05/201
1 1 58 04 NA 58 0
31/05/201  15/06/201
1 1 44 03 NA 5 3
15/06/201  30/06/201
1 1 56 04 NA 11 g
79° 01/08/201  15/08/201
P578 00.42 04°13.50 1 1 139 NA NA 39 1
15/08f201  31/08/201
1 1 115 NA NA 97 0
31/08f201  10/09/201
1 1 174 NA 315 ws 0
10/09/201  30/09/201
1 1 76 NA NA 0E 0
28f02/201  31/03/201
2 2 57 NA 0 82 0
31/03/200  15/04/201
2 2 78 NA 0 66 0
15/04f201  30/04/201
2 2 180 NA 0 45 0
30fo4f201  10/05/201
2 2 2432 NA 8 36 0
10/05/201  20/05/201
2 2 75 NA 0 71 0
20/05/201  31/05/201
2 2 44 NA 0 62 0
31/05/201  10/06/201
2 2 190 NA 0 35 0
10/06/201  20/06/201
2 2 98 NA 0 19 6
20/06/201  30/06/201
2 2 74 NA 0 Y 16
30fosf201  15/07/201
2 2 35 NA 8 58 0
79° 29/07/201  15/08/201
PS80 00.43 04713.78 2 2 59 13 49 30 1
15/08f201  31/08/201
2 2 131 28 151 42 4
31/08f201  10/09/201
2 2 158 19 43 84 0
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10/09/201  20/09/201
2

2 125 88 0 72 0
20/09/201  30/09/201

2 2 99 38 NA 61 0
28f02/201  31/03/201

3 3 21 07 NA a4 0
31/03/200  15/04/201

3 3 73 30 NA 24 3
15/04f201  30/04/201

3 3 206 66 NA 29 1
30fo4f201  10/05/201

3 3 187 108 NA 33 0
10/05/201  20/05/201

3 3 27 03 NA 23 0
20/05/201  31/05/201

3 3 28 06 NA a0 2
31/05/201  10/06/201

3 3 31 10 NA 16
10/06/201  20/06/201

3 3 20 02 NA 0
20/06/201  30/06/201

3 3 30 10 NA 1 26

Table 51. List of particulate organic carbon [POC), terrigenous marker and Phaeocystis operational taxonomic unit (OTU)
fluxes obtained from moored sediment trap deployments at station HG-IV in Fram Strait. Research expeditions indicate
the respective expedition where the mooring was deployed, with “PS” indicating research vessel Polarstern and “MSM™
indicating research vessel Maria 5. Merian. The mooring location is shown by the degrees of latitude and longitude upon
deployment. Sediment traps consist of a rotating carousel of 20 sample cups which individually collected export fluxes for a
designated time period. The start and end of each collection period is listed as the date start and date end respectively.
Values of the distance of the sea ice edge to the mooring location are listed for each individual sampling interval. Values of
sea ice cover above the mooring location are listed for each individual sampling interval.
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Station Year Lmﬁ'ltu:le E&W Latitude N Phoeocystis spp. OTU
EG1 2014 -5.55 79.00 298
EG1 2016 -5.55 79.00 5
EG2 2014 -4.65 79.00 2
EG3 2014 -3.85 79.00 1425
EG3 2016 -3.85 79.00 0
EG4 2014 -2.63 79.00 10
EG4 2015 -2.63 79.00 315
EG4 2016 -2.63 79.00 0
HG3 2003 276 79.14 1
HG3 2004 276 79.14 4
HG3 2015 276 79.14 5
HG7 2004 348 79.06 1082
HG7 2006 348 79.06 8
HG7 2007 348 79.06 15
HG7 2008 348 79.06 5
HG7 2011 348 79.06 22
HG7 2012 348 79.06 2
HG7 2016 348 79.06 1
HG4 2004 418 79.07 1
HG4 2007 418 79.07 20
HG4 2008 418 79.07 9
HG4 2009 418 79.07 1
HG4 2010 418 79.07 1
HG4 2012 418 79.07 4
HG4 2013 418 79.07 1
HG4 2014 418 79.07 4
HG4 2015 418 79.07 0
HG4 2016 418 79.07 0
HG2 2003 4.50 79.13 2
HG2 2005 4.50 79.13 30
HG2 2005 4.50 79.13 14
HG2 2006 4.50 79.13 24
HG2 2008 4.50 79.13 2
HG2 2009 4.50 79.13 10
HG2 2010 4.50 79.13 3
HG2 2011 4.50 79.13 36
HG2 2013 4.50 79.13 1
HG2 2014 4.50 79.13 3
HG2 2015 4.50 79.13 14
HG2 2016 4.50 79.13 54
HG1 2004 6.09 79.13 12
HG1 2015 6.09 79.13 951

Table 52. List of OTUs from Phaeocystis spp. measured in sediment samples derived from an east-west transect across
Fram 5trait. The station name is listed along with the location in decimal degrees longitude and latitude and the year samples
where obtained.
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Gypsum ballasting size Control Ballasted Time
Settling velocity (m day?) n SEI:tIinE velodty (m day?) n

>63 um 18445 9 173+ 185 14 3h
>63 um 22+39 7 131+ 158 11 Sh
>63 um 12429 7 153+ 141 10 7h

>63 um 2127 B 174+ 148 11 10h

>63 um 5+49 B 129+ 106 B 15h
230 um - =63 pm 193 +73 9 274+114 5 3h
230 um - =63 pm 174+ 67 11 234 +117 B Sh
230 um - =63 pm 164 + B0 B 146 + 67 B 7h
230 um - =63 pm 159+ 85 B 146+ 111 5 10h
230 um - =63 pm 202 +B7 [ 152 +93 5] 15h

Table 53. List of measured particle settling velocities from control treatments and gypsum ballasted treatments during a
ballasting experiment. The gypsum ballasting size indicates the size range of gypsum crystals used for the ballasting
experiments. Settling velodties show the average settling velocity and standard deviation measured over the course of the
experiments, while n indicates the number of particles measured.

166



Erkldrung

Erklarung

Versicherung an Eides Statt / Affirmation in lieu of an oath

gem. § 5 Abs. 5 der Promotionsordnung vom 18.06.2018 /
according to § 5 (5) of the Doctoral Degree Rules and Regulations of 18 June, 2018

lehil,

{(Vomame [ First Name, Name [ Name, Anschrift / Address, ggf. Malr Nr. / student ID no., If
applicable)

versichere an Eides Statt durch meine Unterschnft, dass ich die vorliegende
Dissertation selbstindig und ohne fremde Hilfe angefertigt und alle Stellen, die ich
wortich dem Sinne nach aus Verdffentlichungen entnommen habe, als solche
kenntlich gemacht habe, mich auch keiner anderen als der angegebenen Literatur oder
sonstiger Hilfsmittel bedient habe und die zu Prifungszwecken beigelegte
elektronische Version (PDF) der Dissertation mit der abgegebenen gedruckten Version
identisch ist. [ With my signature | affirm in lieu of an oath that | prepared the submitted
dissertation independently and without ilicit assistance from third parties, that |
appropriately referenced any text or content from other sources, that | used only
literature and resources listed in the dissertation, and thaf the electronic (PDF) and
printed versions of the disserfation are identical.

Ich versichere an Eides Statt, dass ich die vorgenannten Angaben nach bestem
Wissen und Gewissen gemacht habe und dass die Angaben der Wahrheit entsprechen
und ich nichts verschwiegen habe. / [ affirm in lieu of an oath that the information
provided herein to the best of my knowledge is frue and complete.

Die Strafbarkeit einer falschen eidesstattlichen Versicherung ist mir bekannt,
namentlich die Strafandrohung gemal § 156 StGB bis zu drei Jahren Freiheitsstrafe
oder Geldstrafe bei vorsitzlicher Begehung der Tat bzw. gemal § 161 Abs. 1 StGB
bis zu einem Jahr Freiheitssirafe oder Geldstrafe bei fahriissiger Begehung. / | am
aware that a false affidavit is a criminal offence which is punishable by law in
accordance with § 156 of the German Criminal Code (S1GEB) with up fo three years
imprisonment or a fine in case of infention, or in accordance with § 167 (1) of the
German Criminal Code with up fo one year imprisonment or a fine in case of

negligence.

Ort/ Place, Datum [ Date Unterschrift / Signature

167





