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Zusammenfassung

Um die globale Erwirmung auf 1,5-2° C zu begrenzen, wie im Pariser Klimaabkommen
zugesagt, wird die Reduzierung der Kohlendioxidemissionen (COy) allein nicht ausreichen.
Um einen Netto-Null-Aussto3 an CO; zu erreichen, werden Technologien bendtigt werden,
die aktiv CO; aus der Atmosphire entfernen. Finige solcher Technologien zielen darauf ab,
die Kohlenstoff-Speicherkapazitit des Ozeans zu erhdhen, indem man die biologische
Kohlenstoffpumpe verstirkt. Diese bewirkt den Transport des in der euphotischen Zone
produzierten organischen Kohlenstoffs in die Tiefsee. Eine Idee, die Effizienz der
biologischen Pumpe zu erhohen, ist es, mithilfe von kunstlichem Auftrieb nihrstoffreiches
Tiefenwasser an die Oberfliche zu pumpen, um die Primirproduktion und damit den
Kohlenstoffexport zu steigern.

Das Hauptziel dieser Doktorarbeit ist es, zu verstehen, wie kiinstlicher Auftrieb die Parameter
beeinflusst, die die Effizienz der biologischen Kohlenstoffpumpe steuern. Dafir wurde
kinstlicher Auftrieb in schwimmenden experimentellen Testanlagen, so genannten
Mesokosmen, simuliert und die 6kologischen und biogeochemischen Reaktionen nattrlicher
Plankton-gemeinschaften iber mehrere Wochen beobachtet. Diese Arbeit umfasst drei
experimentelle Mesokosmenstudien. Zwei davon untersuchten die Auswirkungen von
kiinstlichem Auftrieb auf eine oligotrophe Planktongemeinschaft vor Gran Canaria im
subtropischen Nordatlantik. Die dritte Studie simulierte nattrlichen Auftrieb vor Peru, wo die
dort lebenden Organismen an regelmiBige Impulse von kaltem, nahrstoffreichem

Tiefenwasser gewohnt sind.

Unsere Experimente zeigten, dass der kiinstliche Auftrieb zu erheblichen Verinderungen in
der Zusammensetzung der Phytoplanktongemeinschaft fithrt, die Primarproduktivitit anregt
und folglich den Partikelexport erh6ht. Dartiber hinaus wurde das Kohlenstoff-Stickstoff-
Verhiltnis (C:N) des absinkenden organischen Materials erhoht, was eine Voraussetzung fiir
die Versenkung von atmosphirischem Kohlendioxid durch kunstlichen Auftrieb ist.
Allerdings wurden die exportierten Partikel im Allgemeinen schneller abgebaut und sanken
langsamer als ohne Auftrieb. Kdunstlicher Auftrieb erhoht also den Umfang des
Kohlenstoffflusses, scheint aber gleichzeitig die Effizienz zu verringern, mit der organisches
Material von der Oberfliche ins Innere des Ozeans transportiert wird. Wir fanden heraus, dass
die Stirke dieser gegenliufigen Effekte von der Gesamtmenge der zugefithrten Nihrstoffe,
ihrer elementaren Stochiometrie und davon abhingt, ob der Auftrieb kontinuierlich oder als
einmaliger Puls erfolgt ist. Die Auswirkungen des Auftriebs auf die peruanische
Planktongemeinschaft waren im Vergleich zu denen auf die oligotrophe kanarische
Gemeinschaft weniger stark. Dies lag wahrscheinlich daran, dass die Organismen bereits an
den Auftrieb angepasst waren und zudem die Menge der zugefithrten Nihrstoffe geringer war
als bei den vor Gran Canaria durchgefiihrten Experimenten.

Im letzten Teil dieser Arbeit gehe ich der Frage nach, ob der erthohte Kohlenstofffluss an der
Oberfliche oder die verringerte Transfereffizienz im Hinblick die Kohlenstoffflisse in der
Tiefsee von groBerer Bedeutung ist. Durch Extrapolation der experimentell gemessenen
Kohlenstoff-fliisse in die Tiefe zeige ich, dass Anderungen der Transfereffizienz mit

zunehmender Tiefe wichtiger werden kénnten als Anderungen des Kohlenstoffexports an der



Oberfliche. Da Kohlenstoff relativ tief sinken muss, um langfristig sequestriert zu werden,
deuten meine Ergebnisse darauf hin, dass relativ hohe Transfereffizienzen erforderlich sind,

um eine CO»-Bindung tber lingere Zeitrdume zu erreichen.

Die Ergebnisse dieser Arbeit konnten in kiinftige Modellierungsstudien einflieen, indem der
kiinstliche Auftrieb so parametrisiert wird, dass er sowohl das Verhiltnis von sinkendem
Kohlenstoff zu Nihrstoffen, als auch die Abbauraten des sinkenden Materials erhéht. Zudem
missen die Kohlenstoffflisse in die Tiefsee als Reaktion auf kunstlichen Auftrieb in
Versuchen im offenen Ozean getestet werden, um eine realistische Finschitzung des CO»-

Bindungspotenzials zu ermdglichen.
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Summary

To limit global warming to between 1.5-2° C as committed in the Paris Climate Agreement,
reducing carbon dioxide (CO,) emissions alone will not suffice. Negative emission
technologies, which actively remove CO; from the atmosphere, will be needed to achieve net
zero CO; emissions. Some of these approaches aim at increasing the ocean’s storage capacity
by strengthening the carbon flux from the air-sea-interface to the deep ocean. One component
of this flux is the biological carbon pump, which constitutes the transport of organic carbon
produced in the euphotic zone to the deep ocean. Artificial upwelling seeks to enhance the
efficiency of the biological carbon pump by pumping up nutrient-rich deep ocean water to the
surface layer with the goal of enhancing primary production and hence, carbon export.

The major aim of this doctoral thesis is to get an understanding of how artificial upwelling
affects parameters that control the efficiency of the biological carbon pump. Therefore,
upwelling was simulated inside large pelagic enclosures, so called mesocosms, and the resulting
ecological and biogeochemical responses of the plankton community were monitored over
multiple weeks. This work comprises three experimental mesocosm studies. Two of them
examined the effects of artificial upwelling on an oligotrophic plankton community off of Gran
Canaria in the subtropical North Atlantic. The third simulated natural upwelling in the
Peruvian Upwelling System, where organisms are used to regular pulses of cold, nutrient-rich

deep waters.

Our experiments showed that artificial upwelling causes substantial shifts in the phytoplankton
community composition, stimulates primary productivity and consequently enhances
particulate matter export. In addition, it elevated the carbon to nitrogen (C:N) ratios of sinking
organic matter, which is a prerequisite for carbon dioxide removal through artificial upwelling.
On the other hand, exported particles were generally degraded more quickly and sank slower
than without upwelling. Artificial upwelling hence increases the carbon flux magnitude but
simultaneously seems to decrease the efficiency, with which organic matter is transferred from
the surface to the ocean interior. We found that the strength of these counteracting effects was
dependent on the total amount of supplied nutrients, their elemental stoichiometry and on
whether upwelling was applied continuously or as a one-time fertilization. The impacts of
upwelling on the Peruvian plankton community were less intense compared to the ones on the
oligotrophic Canarian community. This was probably because the organisms were already
adapted to upwelling and the amount of supplied nutrients was lower than in the experiments
conducted off of Gran Canaria.

In the final part of this thesis, I address the question whether the increased surface carbon flux
or the decreased transfer efficiency is more important with respect to deep ocean carbon
fluxes. By extrapolating the experimentally measured carbon fluxes to depth, I show that
changes in transfer efficiency might become more important with depth than changes in
surface carbon export. Since carbon needs to sink relatively deep in order to be sequestered
long-term, my results imply that relatively high transfer efficiencies are needed to achieve CO;
removal over longer time scales.

The findings of this thesis could inform future modelling studies by parameterizing artificial
upwelling to enhance sinking matter carbon to nutrient ratios while at the same time enhancing

il



degradation rates. Finally, carbon fluxes to the deep ocean as a response to artificial upwelling
need to be assessed in open ocean trials in order to enable a realistic assessment of its CO,
removal potential.

iv



1 Introduction



Introduction

1.1  The need for carbon dioxide removal

The need for action to fight the ongoing climate change is nowadays more apparent than ever.
Although decarbonization efforts during the last decade have somewhat slowed down the
increase of yearly greenhouse gas emissions, emissions are still growing and carbon dioxide
concentrations in the atmosphere keep on rising (Friedlingstein et al., 2022). The growing
global energy demand requires further massive reductions of CO, emissions in order to meet
the agreed upon temperature goals of the Paris agreement. However, decarbonization alone
will not suffice to reach net zero emissions. There are future emissions that will be difficult or
impossible to avoid, and that will need to be actively removed from the atmosphere. Such
carbon dioxide removal (CDR) will be required at a scale of hundreds of gigatons during the
21* century in order to limit global warming to 1.5 °C (IPCC, 2018).

Currently, the severity of anthropogenic perturbations of the global carbon cycle is buffered
by the increased carbon uptake of other planetary reservoirs. Of the 9.5 Gt C of yeatly fossil
fuel emissions that were released into the atmosphere during the last decade, roughly 3 Gt C
were taken up by both the land and the ocean sink (Fig. 1.1). The ocean is by far the largest
non-geological carbon reservoir, and stores the additional anthropogenic carbon via two
different pathways. Firstly, carbon is taken up physically via the influx of atmospheric CO; at
the ocean-atmosphere interface and its subsequent vertical transport via sinking water masses
(“solubility pump”, Volk and Hoffert, 2013). Secondly, unicellular primary producers take up
dissolved CO,, which is subsequently transported to the ocean’s interior via different
biologically-mediated pathways (Boyd et al.,, 2019). Strengthening this “biological carbon
pump” is one way to potentially remove additional large amounts of carbon from the
atmosphere and store it in the ocean.

The global carbon cycle
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Figure 1.1. The global carbon cycle for the decade 2011-2020 with emphasis on anthropogenic
perturbations. Fluxes of the active natural carbon cycle are depicted by narrow arrows in the
background, whereas perturbations stemming from globally averaged anthropogenic activities are
displayed by bold arrows. Figure taken from Friedlingstein et al. (2022).
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Introduction

1.2 The biological carbon pump

The basis of the biological carbon pump is photosynthetic primary production. Phytoplankton
in the sunlit surface layer of the pelagic ocean (i.e. euphotic zone) take up CO; and use it to
build their cell structures. By assimilating CO» from the surrounding seawater, they promote
the influx of additional atmospheric CO; at the ocean-atmosphere interface. The carbon
incorporated into the organic matter of the microalgae and photosynthesizing bacteria
(particulate organic carbon, POC) is now part of the pelagic food web. In there, it can turn to
detritus when the phytoplankton cells die from nutrient deprivation or viral lysis.
Phytoplankton cells and small particles collide and form aggregates by means of physical
coagulation (Jackson, 1990), especially when the density of suspended detritus is high (Logan
et al., 1995). As soon as these aggregates become negatively buoyant, either by sheer size or
because their incorporated materials increase their density over that of the surrounding
seawater (i.e. excess density), they start to sink.

The fixed carbon inside the phytoplankton cells can, however, also be channeled to higher
trophic levels, either via direct consumption by zooplankton or via a detour through the
“microbial loop”. In the latter case, dissolved organic matter (DOM) originating from
phytoplankton acts as fuel for microbial growth. The microbes are consumed by predatory
protists, which are in turn preyed upon by larger zooplankton (Azam et al., 1983). Whichever
way the carbon takes, finally it will partly be respired in the consuming organisms, while
another part will be sent on its way to depth in the form of particulate excrements, crustacean
molts (exoskeletons) or zooplankton carcasses (Steinberg and Landry, 2017; Turner, 2002).
Zooplankton fecal pellets are an important, albeit variable component of the biological carbon
pump. They are diverse in size, shape and composition, and most often contribute no more
than ~40 % to the total flux (Turner, 2015). Additionally, zooplankton actively transport
significant amounts of carbon to depth in their diel vertical migrations (Boyd et al., 2019): they
ingest POC in the surface during the night and emit it as respired COs, excreted dissolved
organic carbon (DOC) or egested fecal pellets in the mesopelagic zone, where they reside
during day-time (Turner, 2015).

Marine particles can thus be composed of a variety of different materials, such as organic cell
debris, intact phytoplankton cells, zooplankton excrements and carcasses, microbes,
transparent exopolymer particles (TEP), as well as litho- and biogenic minerals, either
produced by marine organisms or provided via winds from terrestrial sources (see Durkin et
al., 2021 for a selection of different particle types). All of this is incorporated in the term
“particulate matter”. On their way to depth, marine particles become the subject of different
forms of consumption (Fig. 1.2). Possibly, zooplankton will intercept them in the mesopelagic
ocean to feed on them (Steinberg and Landry, 2017). They fragment aggregates to smaller
particles, repackage material into fecal pellets and respire carbon, generally attenuating the
POC flux. Quite certainly, the particles will have passengers travelling with them.
Heterotrophic microbes populate sinking particles and remineralize the organically bound
carbon, thereby respiring CO,. These biological flux attenuation processes are the main reason
for why only a small fraction of sinking particles reaches the deep ocean. There, the sinking
POC is either buried in the sediments of the ocean floor or it is consumed by the local living
fauna. The respired carbon along the way is ‘locked’ inside the water parcel it resides in. It
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becomes a subject of ocean currents, of up- and downwelling, and remains out of touch with
the atmosphere until the respective water parcel is transported back up to the surface.
Depending on where and how deep the carbon was respired, it might remain sequestered (i.e.
stored) in the ocean interior for decades to centuries (DeVries et al., 2012).

Biological
Carbon isump

co,

Phytoplankton Zooplankton

4, carbon uptake ﬁ’:\‘? respiration
@'. a grazing 7\& m’

Figure 1.2. Overview of the biological carbon pump. Figure modified from the U.S. Joint Global
Ocean Flux Study (JGOFS).



Introduction

This biological uptake of carbon and its transport to depth causes a vertical gradient of
dissolved inorganic carbon (DIC, i.e. CO,, carbonate and bicarbonate) in our oceans. DIC is
less abundant at the surface, where it is taken up, and more abundant in the deep ocean, where
it is regenerated (Sarmiento, 1993). Because the ocean biology causes the transport of DIC
against this gradient, it is considered a “pump”. Without it, atmospheric CO, concentrations
would be considerably higher than what they are.

1.2.1 Efficiency of the biological carbon pump

How much carbon the biological carbon pump transports to the deep ocean each year depends
on the strength of the export flux and the efficiency with which carbon is transferred to depth
(DeVries et al.,, 2012). Global estimates are variable and range from 5 to >12 Gt C per year
(Boyd and Trull, 2007; Falkowski, 1998; Henson et al., 2011). One important metric for its
strength is the export production (EP), which is the POC flux at the base of the euphotic zone.
The ratio of export production over primary production (PP) thus describes the export
efficiency of primary produced matter from the sunlit surface ocean, and is termed e- or Ez-
ratio (e.g. Buesseler et al., 2020).

. FZ
Ez — ratio = =2 (1.1)
PP

where F is the POC flux at the base of the euphotic zone (zj). This ratio indicates how much
of the produced organic matter exits the surface ocean and starts its journey to depth. In order
to estimate the POC flux attenuation between the base of the euphotic zone to the deep sea,
Martin et al. (1987) used sediment traps deployed at different depths in the North-East Pacific
Ocean to estimate flux attenuation profiles. They found that their collected data were best
described using a power law function.

F, =Fpp % () (1.2)

where z is the respective depth z and the exponent b defines the strength of the flux
attenuation, which they calculated to be ~0.86 for their data set. Since then, it has become
clear that the factor b strongly varies throughout time and space (e.g. between 0.6 and 2.0,
Berelson, 2001; Francois et al., 2002), and no single universal number can be assumed for
realistic POC flux estimates on larger spatial or temporal scales (Henson et al., 2012; Marsay
et al., 2015). This “Martin Curve” has since likely become the most common approach to
estimate POC fluxes to the deep ocean, and it has been continuously improved over the years
(e.g. Buesseler et al., 2020).

There are a variety of drivers that determine the magnitude of export production and the shape
of the flux attenuation curve (i.e. Martin’s b), and thus the strength and efficiency of the
biological carbon pump. Firstly, export production is controlled by the amount of organic
matter produced by phytoplankton in the euphotic zone, which is in turn bottom-up controlled
by abiotic factors (light, nutrients) and top-down controlled by primary consumers. How much
of the primary produced POC starts to sink depends on aggregation and disaggregation
processes occurring in the euphotic zone. These processes are controlled by physical (e.g.
coagulation or turbulence), biochemical (particle composition, TEP abundance) and biological
(modulation by heterotrophs) factors (Burd and Jackson, 2009; Ki@rboe, 2000; Taucher et al.,
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2018). The plankton community composition has been found to play a particularly important
role in defining the properties of sinking particles, which in turn affect how deep they will sink
before their organically bound carbon is released back to the inorganic carbon pool (Bach et
al., 2019; Henson et al., 2012; Iversen and Ploug, 2010; Legendre and Rivkin, 2002; Turner,
2015).

The efficiency with which POC is exported and transferred to depth depends on how fast it
sinks and the rate at which it is degraded (Marsay et al, 2015). The variability in
remineralization rate and sinking velocity is in turn controlled by a variety of factors. Microbial
remineralization is mainly controlled by temperature, with degradation rates decreasing ~1.5—
3-fold per 10 °C temperature decrease (Laufkotter et al., 2017; Marsay et al., 2015; Matsumoto,
2007). Since temperatures in the open ocean decrease with depth, this is one mechanism that
likely leads to the decrease of flux attenuation with depth (Boyd and Trull, 2007). The oxygen
concentration also seems to play a role, although seemingly a minor one (Boyd and Trull, 2007,
Devol and Hartnett, 2001; Laufkétter et al.,, 2017). Sinking velocity, on the other hand, is
mainly determined by the properties of the sinking particle. Particle size plays a major role
(Alldredge and Gotschalk, 1988; Ploug and Grossart, 2000), as well as porosity, i.e. the fraction
of particle volume occupied by seawater (Laurenceau-Cornec et al., 2020). Particle density is
influenced by a particle’s composition, for which mineral ballasting is key (Armstrong et al.,
2002; Francois et al., 2002; Klaas and Archer, 2002; Laurenceau-Cornec et al., 2020), as well as
the contribution of TEP (De La Rocha and Passow, 2007; Mari et al., 2017; Passow, 2002).
Community structure (Boyd and Newton, 1999), fragmentation (Briggs et al., 2020) and
zooplankton-mediated processes (Steinberg and Landry, 2017) can affect both sinking velocity
and degradation rates. The POC transfer efficiency is generally higher in tropical than in high
latitude ecosystems (Francois et al., 2002; Henson et al., 2012). This is presumably due to
differences in ecosystem structure, with high episodic fluxes in high latitudes consisting of
more labile material than the low amount of recycled material sinking out of regenerative
systems in for instance the subtropical gyres.

It should be noted here that the gravitational sinking of particles is but one of multiple
transportation pathways for organic carbon to the deep ocean. There are other modes of
transport from the epi- to the mesopelagic zone and below, e.g. physical subduction
mechanisms or biologically mediated transport like diurnal or seasonal vertical migration of
zooplankton and fish (Boyd et al., 2019). Nonetheless, the sequestration pathway of sinking
particles is the largest component of the biological gravitational carbon pump (Boyd et al,,
2019; Buesseler et al., 2020). Strengthening this carbon transportation pathway, e.g. via
fertilization with growth-limiting nutrients, is the idea of multiple ocean-based CDR
technologies.

1.3 Artificial upwelling as CO, removal technique

One such technology to remove anthropogenic CO, from the atmosphere is artificial
upwelling (Lovelock and Rapley, 2007). By transporting cold, nutrient- and DIC-rich deep
water to the warm, nutrient-scarce and sunlit surface ocean, phytoplankton growth is
stimulated, which enhances export production and strengthens the biological carbon pump
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(Fig. 1.3). The fertilization of open ocean nutrient-limited regimes should theoretically result
in a community shift from small to large, fast-sinking phytoplankton and hence increase export
efficiency (Karl and Letelier, 2008). By sequestering additional carbon in the deep sea, the
oceanic uptake of atmospheric CO, would be enhanced, leading to net carbon dioxide removal.
Ideally, the sequestered carbon would remain in the deep ocean for centuries before ocean
currents carry it up to the surface, where it is released back to the atmosphere.

Ocean
carbon uptake
increases

@

Nutrient rich water
from the depth
causes growth of
phytoplankton, which
capture carbon

Artificial
Upwelling

Sinking biomass
brings carbon to seafloor

Nutrient rich Some reach depths

d ocean water where carbon may stay
200-400m eep for 100 years or more

Figure 1.3. The concept of artificial upwelling as a carbon removal technique with a wave pump as
upwelling device. Artwork: Rita Erven, OceanNETs, GEOMAR Helmholtz-Centre for Ocean
Research Kiel.

Although the idea of fertilizing the surface ocean with artificial upwelling has been around for
half a century (Roels et al., 1970), our knowledge about its efficiency and applicability is limited.
We know that there are multiple technologies that can lift up water masses in order to achieve
artificial upwelling. Thus far, wave pumps (e.g. White et al., 2010) and electrical pumps (Ouchi
et al., 2005) have been tested, as well as air-lift and air-bubble pumps (Handa et al., 2013; Liang
and Peng, 2005; McClimans et al., 2010) and the perpetual salt fountain (Maruyama et al.,
2011). Wave pumps have the advantage that they operate without external energy sources
(Isaacs et al., 1976). It has also been shown that surface primary production can be stimulated
using artificial upwelling devices (Aure et al., 2007; Casareto et al., 2017; Giraud et al., 20106;
Masuda et al., 2010; McClimans et al., 2010; Strohmeier et al., 2015). However, to our
knowledge no experimental study has thus far assessed the resulting vertical carbon fluxes.
Studies monitoring the fate of the upwelled nutrients and the associated assimilated carbon are

hence an important next step in artificial upwelling research.

Multiple modeling studies have simulated artificial upwelling in the last two decades. They
generally agree that the technique is no efficient tool for large-scale carbon sequestration
(Dutreuil et al., 2009; Keller et al., 2014; Oschlies et al., 2010; Yool et al., 2009), partly because
it would require a massive deployment of pumps in order to sequester carbon on climate-
relevant (Gt) scales (Yool et al., 2009). However, such models are often not able to accurately
capture the complex ecological and biogeochemical responses to oceanic water movements.
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They allow for a relatively low level of ecological and biogeochemical complexity. For example,
variable nutrient stoichiometries and properties of sinking particles can often not be resolved
to a sufficient degree.

What is thus needed for a thorough examination of artificial upwelling as CDR technique are
experimental studies assessing the downward flux of POC and associated nutrients and the
flux attenuation with depth (National Academies of Sciences, Engineering, and Medicine,
2021). These empirical results then need to be incorporated into existing artificial upwelling
models in order to reevaluate previous modeling efforts using a more evidence-based
approach. Also the environmental risks and potential co-benefits need to be studied
experimentally before companies or other stakeholders start to commercially apply this
technique on a grand scale.

1.3.1 CDR efficiency of artificial upwelling

The biogeochemical properties of the upwelled source water have a high impact on the CDR
efficiency of artificial upwelling (see e.g. Karl and Letelier, 2008). Artificially upwelled deep
water contains more DIC than the surface water, which can potentially outgas to the
atmosphere and needs to be compensated for. The difference between the DIC concentration
in the upwelled compared to the surface water (excess DIC) directly affects the CDR efficiency
of artificial upwelling. Hence, to create a net carbon sink, the amount of carbon sequestered
via the biological carbon pump needs to surpass the amount of excess DIC (Pan et al., 2010).
Naturally, also technical emissions occurring during manufacturing, transportation or
operation of the upwelling device would need to be compensated for. Here however, I focus
on emissions resulting from natural mechanisms. In the following, we want to describe some
of the physical, biogeochemical and ecological factors that control both the upwelled excess
DIC and the carbon sequestration.

The amount of DIC in the upwelled water has a direct negative effect on the net CO, removal.
DIC concentrations increase with the “age” of the water, i.e. the time since it has last been in
contact with the atmosphere, and thus vary across ocean regions (Gao et al., 2022; e.g. Thomas
and Ittekkot, 2001). Moreover, the nutrient quantity and composition in the upwelled source
water governs the response of the surface community. The quantities of nitrate and phosphate
determine the upper limit of primary production and affect the phytoplankton community
structure (Villamana et al., 2019). Additionally, primary producers can assimilate carbon at
higher than Redfield stoichiometries (C:N ratio >6.6, Redfield et al., 1963), which further
promotes the carbon sequestration potential. The relative contribution of nitrate, phosphate
and silicic acid in the upwelled water controls the phytoplankton community composition
(Makareviciute-Fichtner et al., 2020; Sommer, 1994; Vrede et al., 2009). In a eutrophic system,
silicic acid (Si) replete conditions will allow diatoms to thrive and become the dominant group,
whereas flagellates are likely to occupy this role under Si scarcity (Sommer, 1994). As stated
earlier, the plankton community composition in turn shapes the properties of sinking particles
and thereby their sequestration depth, as well as the export magnitude and C:N stoichiometry
(Taucher et al., 2021). Consequently, the location at which artificial upwelling is carried out
and the depth from which the upwelled water originates need to be considered, as both
nutrient stoichiometry and DIC content vary with region and depth (Karl and Letelier, 2008).
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The net CO, removal potential also depends on how artificial upwelling is carried out. The
frequency and intensity at which the nutrients are provided affect the responses of the plankton
community composition and succession (Jakobsen et al., 2015; Leibold et al., 1997). The
amount of upwelled water does not only stimulate primary productivity, it also dilutes the
plankton community, thereby thinning out the seed population and prolonging its response
time. Also the mode with which surface communities are fertilized plays a role. Continuous
deep water fertilization results in sustained increased primary productivity (Aure et al., 2007,
Strohmeier et al., 2015) and likely in increased POC flux over long timescales. This promotes
a match-scenario between phyto- and zooplankton, in which surface remineralization is
increased and zooplankton contributes significantly to the export flux. Sporadic upwelling
pulses, on the other hand, resemble spring-bloom like conditions with sudden and rapid
phytoplankton blooms followed by episodic export events (Sanders et al., 2014). Such POC
fluxes are usually not modified by zooplankton and consist mainly of detritus and
phytoplankton cells (Martin et al., 2011).

The effect of different deep water sources and the associated nutrient stoichiometries as well
as different modes and intensities of artificial upwelling need to be tested in order to investigate
under which circumstances this technique could be deployed effectively as negative emission
technology. Thereby, studies need to carefully assess the vertical particle flux in order to
estimate the potential for carbon dioxide removal via the biological pump.

1.4 Linking particle fluxes to plankton communities

To study the effects of artificial upwelling on the efficiency of the biological pump, an enclosed
or semi-enclosed system is advantageous. In the open ocean, sinking matter does not only
move vertically, but also horizontally. This lateral advection makes it difficult to monitor
organic matter fluxes originating from a specific surface community. Additionally, most of the
exported particles are degraded before they reach the sequestration depth, and the respired
nutrients and DIC are recycled in the surface. Hence, the time scales between the upwelling of
new nutrients and their sequestration in the form of sinking matter can be highly variable.
Consequently, screening the fate of upwelled DIC and nutrients in an open ocean with one
temporal plus three spatial dimensions is extremely challenging. This can be facilitated by
working in systems with smaller and fewer dimensions. Semi-enclosed water bodies such as
fjords can facilitate experimental research that involves the movement of water masses and
fluxes of dissolved and particulate matter. For example, studies focusing on the potential of
artificial upwelling for aquacultural applications have been carried out in Norwegian fjords
(Aure et al., 2007; Handa et al., 2013; Strohmeier et al., 2015). Even more experimental control
can be exerted using fully enclosed water bodies inside mesocosm systems (Fig. 1.4).

Pelagic mesocosms are experimental enclosures designed for working with natural plankton
communities. They include all trophic levels up to secondary consumers (small pelagic fish
larvae and jellyfish) and integrate their interactions and ecological responses. They offer the
possibility to characterize and quantify biogeochemical pools, e.g. dissolved and particulate
matter, and allow for the differentiation of suspended and sinking matter (Boxhammer et al.,
2018). Cone-shaped sediment traps at the bottom of some mesocosm designs (e.g. KOSMOS
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mesocosms, Riebesell et al., 2013) collect sinking particles and allow for accurate quantitative
analysis of vertical element fluxes (Boxhammer et al., 2016). Furthermore, regular sampling of
settling particles allows for sinking velocity and degradation rate measurements (Bach et al.,
2019), and sinking particle properties such as size or porosity can be measured 7z and ex situ
using optical measurement devices (Bach et al., 2012; Taucher et al., 2018).

Research in the recent years has shown that the plankton community composition is a key
driver of vertical organic matter fluxes (see Section 1.2.1). Mesocosms have the advantage of
enclosing a community in a defined space and prohibit lateral advection, meaning that the
resulting sinking matter fluxes can directly be linked to the overlaying plankton community.
Both the community and the export relevant parameters can be sampled repeatedly over long
time scales (.e. multiple months, see Bach et al., 2016), making mesocosms an ideal tool for
monitoring temporal developments. They combine the advantages of sediment traps and
controlled experimental setups, making them a useful tool to study the biogeochemical and

ecological responses of a pelagic system to natural or artificial upwelling.

Figure 1.4. Kiel Off-Shore Mesocosm for Ocean Simulation (KOSMOS) and sedimented matter from
a mesocosm sediment trap. Technical artwork modified from Rita Erven, OceanNETs, GEOMAR.
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1.5 Thesis aims and outline

The following chapters of this dissertation include three first-author publications. This section
states the overall aims of this doctoral thesis. It furthermore gives an overview of the research
focus of each publication and provides information on the co-author contributions to the

experimental design, data acquisition and manuscript writing.

1.5.1 Aims of this doctoral thesis

The overall aim of this doctoral thesis was to get an understanding of how artificial upwelling
affects export related parameters and hence the efficiency of the biological carbon pump. Key
variables include the magnitude of the export flux, its elemental composition and the
characteristics of sinking particles, such as their settling velocity and the rate at which they are
degraded. Moreover, some of the mechanisms driving the effects of artificial upwelling are
identified. Particular emphasis thereby laid on the overlaying plankton community. By using
an experimental setup consisting of pelagic mesocosms, links between export responses and
changes in the plankton community composition were examined. As an analogue to artificial
upwelling, natural upwelling was investigated using the same experimental approach. In the
final part of this thesis, the effects of natural and artificial upwelling on the efficiency of the
biological carbon pump are compared. Furthermore, the sequestration potential of artificial
upwelling is discussed in the light of our experimental findings, as well as the most feasible

artificial upwelling conditions for carbon dioxide removal.

1.5.2 Research focus of first-author publications

Publication I:

1) Investigating how the intensity of artificial upwelling (i.e. the mixing ratio of upwelled
and surface water) scales with the buildup and export of particulate organic matter.

2) Comparing the effects of a singular upwelling pulse to a recurring form of upwelling
on the community responses and resulting sinking particle characteristics.

3) Assessing how long an oligotrophic community needs to efficiently channel artificially

upwelled new nutrients into export production.

Publication II:

1) Reporting particle sinking velocities measured in the Peruvian Upwelling System.

2) Identifying the drivers of sinking velocity in a pelagic community experiencing natural
upwelling.

3) Determining the relative importance of the physical particle properties size,

compactness and shape as drivers of sinking velocity.

11



Introduction

Publication III:

1) Testing the effect of the nutrient composition in artificially upwelled water (Si relative
to N) on export production and sinking particle properties.

2) Identifying the key processes controlling the efficiency with which artificially upwelled
nutrients get channeled into export production in differently functioning diatom
communities.

3) Re-evaluating the importance of biogenic silica as ballast or shielding material for
sinking velocities and degradation rates, respectively.

1.5.3 Declaration of contribution

Publication I:
Idea and experimental design: Ulf Riebesell, Jan Taucher, Allanah J. Paul, Lennart T. Bach

Experimental work: Moritz Baumann, Jan Taucher, Allanah J. Paul, Malte Heinemann, Mari
Vanharanta, Lennart T. Bach, Kristian Spilling, Joaquin Ortiz, Javier Arfstegui, Nauzet
Hernandez-Hernindez, Isabel Bafios, Ulf Riebesell

Analysis of data: Moritz Baumann

Preparation of manuscript: Moritz Baumann with comments from co-authors

Publication II:
Idea and experimental design: Ulf Riebesell, Lennart T. Bach, Allanah J. Paul

Experimental work: Paul Stange, Lennart T. Bach, Minutolo Fabrizio, Ulf Riebesell, Allanah J.
Paul

Analysis of data: Moritz Baumann and Silvan Goldenberg

Preparation of manuscript: Moritz Baumann with comments from co-authors

Publication III:
Idea and experimental design: Ulf Riebesell, Jan Taucher, Silvan Goldenberg

Experimental work: Moritz Baumann, Silvan Goldenberg, Jan Taucher, Mar Fernandez-
Méndez, Joaquin Ortiz, Ulf Riebesell

Analysis of data: Moritz Baumann

Preparation of manuscript: Moritz Baumann with comments from co-authors
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List of first-author publications

Publication I:

Baumann, M., Taucher, J., Paul, A. J., Heinemann, M., Vanharanta, M., Bach, L. T., Spilling,
K., Ortiz, J., Aristegui, J., Hernandez-Hernandez, N., Banos, 1., and Riebesell, U.: Effect
of Intensity and Mode of Artificial Upwelling on Particle Flux and Carbon Export,
Frontiers in Marine Science, 8, 742142, 2021.

Publication II:

Baumann, M., Paul, A. J., Taucher, J., Bach, L. T., Goldenberg, S., Stange, P., Minutolo, F.,
Riebesell, U.: Drivers of Particle Sinking Velocities in the Peruvian Upwelling System,

Biogeosciences, submitted.

Publication III:

Baumann, M., Goldenberg, S., Taucher, J., Fernandez-Méndez, M., Ortiz, J., Haussmann, J.,
Riebesell, U.: Counteracting effects of nutrient composition (Si:N) on export flux under

artificial upwelling. In preparation.
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Abstract. Reduction of anthropogenic CO, emissions alone will not sufficiently restrict global
warming and enable the 1.5°C goal of the Paris agreement to be met. To effectively counteract
climate change, measures to actively remove carbon dioxide from the atmosphere are required.
Artificial upwelling has been proposed as one such carbon dioxide removal technique. By
fueling primary productivity in the surface ocean with nutrient-rich deep water, it could
potentially enhance downward fluxes of particulate organic carbon (POC) and carbon
sequestration. In this study we investigated the effect of different intensities of artificial
upwelling combined with two upwelling modes (recurring additions vs. one singular addition)
on POC export, sinking matter stoichiometry and remineralization depth. We carried out a 39
day-long mesocosm experiment in the subtropical North Atlantic, where we fertilized
oligotrophic surface waters with different amounts of deep water. The total nutrient inputs
ranged from 1.6 to 11.0 umol NO;™ L' . We found that on the one hand POC export under
artificial upwelling more than doubled, and the molar C:N ratios of sinking organic matter
increased from values around Redfield (6.6) to ~8—13, which is beneficial for potential carbon
dioxide removal. On the other hand, sinking matter was remineralized at faster rates and
showed lower sinking velocities, which led to shallower remineralization depths. Particle
properties were more favorable for deep carbon export in the recurring upwelling mode, while
in the singular mode the C:N increase of sinking matter was more pronounced. In both
upwelling modes roughly half of the produced organic carbon was retained in the water
column until the end of the experiment. This suggests that the plankton communities were
still in the process of adjustment, possibly due to the different response times of producers
and consumers. There is thus a need for studies with longer experimental durations to quantify
the responses of fully adjusted communities. Finally, our results revealed that artificial
upwelling affects a variety of sinking particle properties, and that the intensity and mode with
which it is applied control the strength of the effects.

Published in: Frontiers in Marine Science. doi: 10.3389/fmars.2021.742142
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Introduction

To limit global warming to between 1.5-2° C as committed in the Paris Climate Agreement,
reducing carbon dioxide (CO») emissions alone will most likely not suffice. Negative emission
technologies, which actively remove CO, from the atmosphere, will be needed to achieve net
zero CO; emissions (IPCC 2018). Many such technologies focus on the ocean (GESAMP
2019), which has the capacity to potentially store large amounts of extra carbon (Sabine et al.
2004). The world ocean has already absorbed roughly a third of cumulated anthropogenic CO,
emissions (Khatiwala et al. 2013), thereby mitigating a substantial part of global warming. The
ocean’s storage capacity might be further enhanced by strengthening the carbon flux from the
air-sea-interface to the deep ocean. One component of this flux is the biological carbon pump,
which mediates the transport of organic carbon produced in the euphotic zone to the deep
ocean. Once the carbon reaches the deep ocean, it remains out of touch with the atmosphere
for decades to centuries (i.e. sequestered, Boyd et al. 2019). Some negative emission
technologies focus on strengthening the biological carbon pump to enhance this natural
carbon sink. In the oligotrophic ocean, increased vertical mixing and resulting nutrient-
upwelling can enhance carbon fluxes to the deep ocean (Pedrosa-Pamies et al. 2019). This
principle is utilized by a negative emission technology called ’artificial upwelling’, an approach
in which nutrient- and CO»-rich deep ocean water is pumped to the surface layer with the goal
of enhancing primary production and hence, carbon export.

The feasibility of artificial upwelling as a CO»-sequestration technique has been disputed by
several modelling studies. Although it has the potential to sequester additional atmospheric
carbon (Pan et al. 2015), Yool et al. (2009) found this potential to be rather small and connected
to very high efforts; i.e. the upwelling of massive amounts of water (117 Sv) from 1000 m
depth would achieve an additional oceanic CO; uptake of 1 Gt C yr''. For comparison, in the
year 2008 the oceans took up ~2.5 Gt of anthropogenic carbon (Khatiwala et al. 2009).
Furthermore, modeling studies have suggested that geophysical ocean-atmosphere feedbacks
might lead to undesirable side-effects, e.g. that stopping artificial upwelling after several
decades of large-scale operation would increase global temperatures to levels higher than if it
had not been applied at all (Keller, Feng, and Oschlies 2014; Kwiatkowski, Ricke, and Caldeira
2015; Oschlies et al. 2010). Beside such geophysical feedbacks, other major unknowns are the
biological and biogeochemical responses of pelagic communities to artificial upwelling.
Basically all our knowledge about potential effects of artificial upwelling is based on models
with a low degree of ecological complexity and simplified biogeochemistry (e.g. constant
stoichiometry and particle properties). So far, there is little empirical research on the effects of
artificial upwelling on the ecology and biogeochemistry of pelagic plankton communities.

The limited number of experimental studies so far have shown that artificial upwelling can
significantly increase phytoplankton biomass in oligotrophic waters (Casareto, Niraula, and
Suzuki 2017; Giraud et al. 2016; 2018; McAndrew et al. 2007; Strohmeier et al. 2015). However,
studies considering its effect on the export production and carbon sequestration processes are
scarce, mostly due to the methodological difficulties of simulating artificial upwelling under
close-to-natural conditions. Svensen et al. (2002) carried out a mesocosm nutrient enrichment
experiment, in which they found that nutrient enrichment increases particulate organic carbon
(POC) sedimentation and that the effect size is dependent on the frequency of nutrient

25



Manuscript I

additions. However, no study so far has examined in detail the properties of sinking particles,
particularly sinking velocity and degradation rates, which together determine the
remineralization depth and thus the potential for deep carbon export.

To create a net carbon sink using artificial upwelling, the export flux needs to overcompensate
for the CO, upwelled with deep water (Pan et al. 2016). The most important export conditions
determining carbon sequestration potential are (i) elemental stoichiometry of sinking particles
and (ii) the remineralization depth of these particles. While artificially upwelled deep water
usually contains more nitrogen and phosphorus than the surface water, it also contains more
dissolved inorganic carbon (DIC), which could potentially outgas to the atmosphere. Hence,
for artificial upwelling to increase the ocean’s function as a net carbon sink, more carbon must
be sequestered than is brought up as excess DIC (excess DIC = deep water DIC - surface
water DIC). Carbon sequestration is thereby promoted by a high C:N ratio of sequestered
particulate material (POC:PON). How much of the exported matter reaches the sequestration
depth (i.e. the depth at which sinking material is regarded as sequestered) is determined by the
remineralization length scale (RLS). It is a proxy for how deep particles can sink before being
remineralized. Both parameters are dependent on the plankton community that develops as a
response to artificial upwelling. Plankton community composition shapes not only the
magnitude and C:N stoichiometry of the mass flux (Taucher et al. 2021), but also the
characteristics of the sinking particles, such as their sinking velocities (SV) and carbon-specific
remineralization rates (Crmin) (e.g. Bach et al. 2019; Henson, Sanders, and Madsen 2012;
Iversen and Ploug 2010; Legendre and Rivkin 2002; Turner 2015). Community composition
and succession are in turn controlled by the amount of added nutrients and the frequency with
which they are supplied (Leibold et al. 1997; Jakobsen et al. 2015). This is why the intensity of
artificial upwelling, as well as the mode of the application (i.e. the frequency of deep water
addition) are important parameters that impact the export of organic matter.

Here, we present results from a mesocosm experiment where we studied the impact of
different intensities and modes of artificial upwelling on arising food web dynamics and
particulate matter export. We addressed the question whether increasing intensity of artificial
upwelling leads to a higher mass flux and increased potential for carbon sequestration.
Additionally, we compared the particle properties and their implications for deep carbon
export of a singular upwelling event with a recurring mode of upwelling. The singular upwelling
mode resembled an application of artificial upwelling that fertilizes each patch of water only
once, e.g. by means of a moored wave pump (see e.g. Fan et al. 2016; Liu et al. 1999). The
recurring mode on the other hand resembled an approach where the upwelling device drifts
within a patch of water and fertilizes it over longer periods of time. Mesocosms are useful to
study effects on whole pelagic communities, since they incorporate the responses of multiple
trophic levels of a food web and allow for the assessment of a variety of ecological and
biogeochemical parameters in an enclosed and well-characterized (eco-)system. Our study is
the first to analyze the combined effects of upwelling intensity and upwelling mode on pelagic

communities.
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Materials and Methods

Experimental setup

The mesocosm experiment was conducted from 5" of November 2018 and lasted for 39 days.
Nine Kiel Off-Shore Mesocoms for Ocean Simulations (KOSMOS, see Riebesell et al. 2013
for technical information) were deployed in Gando Bay off the east coast of Gran Canaria
(27°55.673’ N, 15°21.870’ W). They enabled us to monitor the temporal development of the
enclosed pelagic communities at zz sitn# conditions. The mesocosms contained a 15 m long
water column with a volume of ~38 m’. We simulated artificial upwelling by replacing part of
the oligotrophic mesocosm water with nutrient rich deep water. Our experimental design
comprised one mesocosm as a control (i.e. no deep water addition), while the remaining eight
received deep water additions in different modes and intensities. Four of these mesocosms
were fertilized once with one big addition at the beginning of our study, i.e. the “singular
treatments”. The other four were fertilized eight times throughout the experiment with lower
amounts of deep water per addition, but comparable total amounts of deep water summed up
over the study period, i.e. the “recurring treatments”. Both addition modes had four different
levels of mixing ratio (low, medium, high and extreme), with two respective mesocosms of
different modes receiving similar amounts of deep water in total (Table 1).

We collected deep water for fertilization off the coast of Gran Canaria using a deep water
collectot, an opaque synthetic bag with 100 m® carrying capacity (see Taucher et al. 2017 for
technical details), and moored it at the mesocosm site after each of two collections. The water
was supposed to originate from ~600 m depth, where NOj concentrations are as high as 20-
25 umol L' (Llinas et al. 1994), in order to enhance primary and export production. However,
due to loss of equipment under rough conditions we could not as planned collect water from
that depth. Instead, we collected water from 330 m depth on the 26™ of October 2018
(experimental day -10 = T-10) and from 280 m depth on the 28" of November (T23).
Therefore, to reach the macronutrient concentrations necessary to achieve our planned
experimental fertilization, we added nitrate (NO53), phosphate (PO4”) and silicate (Si(OH)s) to
the deep water prior to the first addition, resulting in concentrations of 25 pumol L7,
1.38 umol ! and 12.1 umol L., respectively. We calculated the amount of new N added to
the mesocosms in the course of the whole experiment (Table 1) by calculating and adding up
the net N inputs of each deep water replacement. For more details on the experimental setup
and mesocosm activities see Sswat et al. (in prep.).

Sampling procedure and maintenance

Sampling for various parameters was generally carried out every second day (see Figure 1). A
higher sampling frequency was pursued at the beginning of the experiment in order to cover
the biological responses to the first two deep water additions in higher temporal resolution.
The samples were either analyzed at our on-shore lab facilities at the Oceanic Platform of the
Canary Islands (PLOCAN), the Marine Science and Technology Park (Parque Cientifico
Tecnolégico Marino, PCTM) or the University of Las Palmas (ULPGC), or transported back
to Kiel for analysis at the GEOMAR Helmholtz Centre for Ocean Research Kiel.
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Table 1: Treatment overview indicating different upwelling modes and intensities, mean net volume
exchange of surface water with nutrient-rich deep water per addition and the total amount of new

nitrogen that was added via the addition of deep water throughout the experiment.

Upwelling mode Control Singular Recurring
Upwelling intensity - Low Medium High Extreme Low Medium High Extreme
° [ [ ] [ ] ° ° [ ] [ ]
Volume exchange per addition (%) 0 6.4 12.0 22.4 39.2 0.8 1.6 3.2 6.4
Total new N added (wmol L~1) 0 1.6 3.1 5.6 9.8 1.6 3.1 6.2 11.0
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Figure 1: Timeline of the experiment depicting the sampling schedule, cleaning activities and
manipulations.

A CTDG60M (Sea & Sun Technology GmbH, Trappenkamp, Germany) was cast to get depth
profiles for temperature, salinity, density, pH, turbidity, oxygen (O,) and photosynthetically
active radiation. Bulk samples from the upper 13 m of the water column (WC) were taken for
the analysis of primary productivity, chlorophyll 2 (Chl @), photosynthetic pigments, phyto-
and microzooplankton analysis, prokaryotic heterotrophic production, and for the analysis of
suspended particulate matter (PMy.). The latter was composed of particulate organic and
inorganic carbon (POC,./PICy.), particulate organic nitrogen (PON,.) and phosphorus
(POP,.), and biogenic silica (BSiy.). Bulk samples were collected with integrated water samplers
(HYDRO-BIOS Apparatebau GmbH, Kiel, Germany), which performed depth-integrated
sampling from the upper 13 m of the water column. On each sampling day, around 40-60 L
of bulk samples (i.e. 8-12 water samplers) were sampled per mesocosm. These were filled into
10 L carboys and stored dark and cool until arrival in the on-shore labs. Dissolved nutrients
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and carbonate chemistry (DIC and total alkalinity) were also sampled from the integrated water

samplers.

Sedimented particulate matter was pumped out of the sediment trap (depth = 15 m) with a
manual vacuum pump, not exceeding 0.3 bar during the process. Sediments were collected in
5 L glass bottles (Schott Scandinavia A /S, Kgs. Lyngby, Denmatk) and stored in darkness until
arrival in the lab, where they were subsampled for various parameters. The bottles were gently
rotated to resuspend the material before homogeneous subsamples were taken. These
subsamples were used for particle sinking velocity measurements and measurements of
carbon-specific remineralization rates. For the latter, seven glass bottles (Schott, 310 mL
volume) were additionally sampled with mesocosm water without headspace. They were used
for incubating the sediment subsamples. The remaining sediment sample was weighed and
analyzed for particulate carbon, nitrogen, phosphorus and biogenic silica content (see
Boxhammer et al. 2016 for details of the method).

To prevent wall growth on the inside walls of the mesocosms, a ring-shaped wiper was pulled
through each mesocosm roughly every ten days (see Figure 1). This counteracted nutrient
consumption by fouling organisms and their alteration of incoming light. For the latter reason,
also the outside walls were cleaned twice during the study by divers equipped with brushes.

The sediment tubes of all mesocosms detached from the sediment traps on T30 due to strong
winds and currents. They were reinforced and refitted on T31, however no sediment samples
could be recovered that day and thus sedimented matter elemental composition, sinking
velocity and remineralization rate could not be measured on T31. The tubes of the singular
medium and high treatments and of the recurring extreme treatment disconnected again and
had to be reattached a second time on T33. We were not able to sample the singular medium
treatment that day, and the singular high and recurring extreme treatments had short
incubation periods of only 18 h between the T33 and T35 samplings. We discarded all sinking
velocity measurements from these days, since they showed systematically higher values than
the measurements of the surrounding days. The mean seawater density inside all mesocosms
between 0.5 and 15 m was slightly higher than in the surrounding water (1025.69 £ 0.11 and
1025.42 kg m™ on T31, respectively), so that we assume no Atlantic water entered the small
opening at the base of the sediment trap (¢ ~1 cm). An outflow of mesocosm water into the
surrounding seems more likely under these circumstances. Nevertheless, we cannot rule out
the possibility that e.g. due to wave and current action some Atlantic water entered the
mesocosms. The surrounding water was however oligotrophic, and had substantially lower
POC concentrations than any of the mesocosms on T33 according to our measurements
(7.9 umol POC L' in the Atlantic water compared to 35.7 * 21.4 umol POC L' in the
mesocosms). This makes an influential contamination with biogenic matetial and/or species
from the outside less probable, even if Atlantic water had entered the mesocosms. At the end
of the experiment the water column in the mesocosms was mixed by pumping compressed air
through the sediment hose. This might have altered the sediment flux and quality of the last
sampling on T39.
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Sample processing and measurement

Sediment trap material

At PLOCAN the sediment trap (ST) material was prepared for elemental analysis of POCsr,
PONisr, and BSisr by first of all separating the particles from the seawater. 3 mol L ferric
chloride (FeCls) were added to each 2.5 L bottle of sediment material to enhance flocculation
and coagulation, followed by 3 mol " NaOH addition to compensate for the decrease in pH
(as described in detail in Boxhammer et al. 2016). After letting the material settle for 1 h, the
supernatant was gently decanted. The remaining flocculated material was then centrifuged for
10 min at ~5200 gin a 6-16KS centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz,
Germany). An additional 10 min centrifugation step at ~5000 g in a 3K12 centrifuge (Sigma)
resulted in compact sediment pellets, which were frozen at -20 °C and transported to Kiel for
further processing. In Kiel, the pellets were freeze-dried to remove any leftover moisture and
then ground in a cell mill (Edmund Buihler GmbH, Bodelshausen, Germany) to a fine
homogeneous powder that was suitable for subsampling and further elemental analysis
(Boxhammer et al. 2016). Subsamples for POC/N wete weighed into tin capsules, acidified
with 1 mol L' HCI, dried over night at 50 °C, and then measured in duplicate on a CN analyzer
(Euro EA-CN, HEKAtech GmbH, Wegberg, Germany) according to Sharp et al. (1974). To
determine BSi concentrations, ~2 mg subsamples of the sediment powder were measured
spectrophotometrically following Hansen and Koroleff (1999).

The sediment powder was stored dark and cool in glass vials. As some samples required
multiple vials due to their high amounts, subsamples from all bottles were measured for each
variable. If they differed among each other in elemental composition, the sample was pooled,
homogenized, split up and remeasured until all bottles yielded the same results.

Water column samples

Water column samples were subsampled for elemental (POCywc/PONwc) and pigment analysis
(Chlorophyll #/Chl a) by collection on pre-combusted glass fiber filters (0.7 pm, Whatman) in
our on-shore labs. POC and PON filters were acidified for ~2 h to remove inorganic carbon,
using 1 mol " HCl, and dried over night at 60 °C in pre-combusted glass petri dishes. Filters
for total particulate carbon (TPC) were dried without prior acidification. All filters were packed
in tin cups (8 x 8 x 15 mm, LabNeed GmbH, Nidderau, Germany) and measured back in Kiel
on a CN analyzer (Euro EA-CN, HEKAtech) as described for sediment C and N content
above. Due to sample handling and/or measurement errors, measured POC,. concentrations
were sometimes higher than those of TPC,.. Whenever the difference was greater than 10 %,
we report the TPC,. instead of the POC,. concentration (i.e. assuming that no PIC was
present). Samples for Chl 2 were stored at -80 °C in cryovials until analysis in Kiel. They were
extracted in acetone (100%) and homogenised with glass beads in a cell mill. After
centrifugation (10 min, 5,200 rpm, 4 °C) they were filtered through 0.2 pm PTFE filters (VWR
International GmbH, Darmstadt, Germany). Phytoplankton pigments, including Chl z in the
supernatant were measured by an HPLC Ultimate 3,000 (Thermo Scientific GmbH, Schwerte,
Germany).
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Primary productivity was measured in the on-shore labs using a modified Nielsen (1952) "C
uptake method described by Cermefio et al. (2012). Four water column subsamples (70 mL)
per mesocosm wete prefiltered and peaked with 2.96-10° Bq of '*C-labeled sodium bicarbonate
solution (NaH"*COs3, PerkinElmer Inc., Waltham, USA). They were subsequently incubated
in vitro for 24 h in a 12 h dark-light cycle. One of the subsamples was thereby covered with an
opaque foil in order to measure the dark carbon uptake. Light intensity and temperature were
set to iz situ conditions based on CTD measurements. Thereafter, size fractions were filtered,
the PIC and DIC fractions removed through acidification and the filters and filtrates were
treated with a scintillation cocktail (Ultima Gold XR). Disintegrations per minute were counted
on a scintillation counter (Beckmann L.S-6500, Beckman Coulter Inc., Brea, USA). From these,
knowing the concentration of added "*C isotope and the measured i sitn DIC concentration
(see paragraph on DIC below), primary productivity rates (umol C L' d™') were calculated. For
a more detailed description of the sampling and measurement procedure, see Ortiz-Cortes et
al. (submitted).

Prokaryotic heterotrophic production (PHP) was estimated from rates of protein synthesis
determined by the incorporation of tritiated leucine ([’H]leucine; Perkin Elmer) using the
centrifugation method (Smith and Azam, 1992). Four subsamples (1 mL) and two
trichloroacetic acid killed blanks were dispensed into screw-cap Eppendorf tubes. They were
spiked with [’H]leucine (final concentration: 20 nmol L., specific activity 123 Ci mmol™) and
incubated at in situ temperature (21 °C) in the dark for 2 to 3 h. After the incubation, 100 pL
of 50 % trichloroacetic acid were added to the subsamples, which were kept with the blanks
at -20 °C until centrifugation at 12 000 rpm for 20 min. The supernatant was carefully removed,
and 1 mL of scintillation cocktail (Ultima Gold XR) was added to the Eppendorf tubes. They
were stored in darkness for 24 h, after which the incorporated radioactivity was determined on
a scintillation counter (Beckmann LS-6500). PHP was calculated using a conservative
theoretical conversion factor of 1.55 kg C mol" Leu assuming no internal isotope dilution
(Kirchman and Ducklow 1993).

Samples for dissolved inorganic nutrients were filtered (0.45 um Sterivex filters, Merck KGaA,
Darmstadt, Germany) upon arrival in the on-shore lab. Nitrate (NOs), nitrite (NOy),
ammonium (NH4"), phosphate (PO;") and silicic acid (Si(OH)s) concentrations were
subsequently measured spectrophotometrically on a five channel continuous flow analyzer
(QuAAtro AutoAnalyzer, SEAL Analytical Inc., Mequon, USA).

Samples for DIC measurements were filtered to remove particulate inorganic carbon (0.7 pum,
Whatman) with an overflow of 1.5 times the volume of the filtrate. Inclusion of air in the
filtration process was carefully avoided. The filtrate was fixed with mercuric chloride (HgCl).
DIC concentrations were measured in triplicate on an AIRICA system (MARIANDA, Kiel,
Germany) in Kiel, using a LI-COR LI-7000 Analyzer (LI-COR Biosciences GmbH, Bad
Homburg, Germany). Certified reference materials (CRM batch 142, supplied by A. Dickson,
Scripps Institution of Oceanography, USA) were used to determine the accuracy of DIC

measurements.

Dissolved otganic carbon (DOC) samples were filtered through pre-combusted GF/F filters
(450 °C, 6 h) into polypropylene copolymer Nalgene™ bottles (Thermo Scientific), and stored
at -20 °C. Prior to analysis, samples were acidified to a pH<2 to remove inorganic carbon.
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Subsequently, DOC concentrations were measured by high temperature catalytic oxidation on
a total organic carbon analyzer (TOC-V, Shimadzu Europa GmbH, Duisburg, Germany). The
instrument was calibrated daily using potassium hydrogen phthalate (99.95-100.05%, p.a.,
Merck), which yielded an analytical precision of = 1 pmol C ™!, The accuracy was determined
using certified reference materials (provided by D. A. Hansell, University of Miami, USA).
Measured CRM concentrations were 43.39 * 0.92 pmol C L' (n = 33), at a reference value of
4245 pmol C L7

Sinking velocity of sediment trap particles

Sinking velocity and remineralization rates of sedimented particulate matter were measured in
a temperature-controlled on-shore lab at PCTM. Sinking velocity was determined by video
microscopy using the method described in Bach et al. (2012). Sediment subsamples were
diluted with filtered seawater according to their particle density (1:25 - 1:100) and injected to a
sinking chamber (a cuvette with the dimensions: 10x10x350 mm), which was mounted
vertically on a FlowCam 8000 (Fluid Imaging Technologies Inc., Scarborough, USA).
Gravitational settling of particles in the cuvette was subsequently monitored for 20 minutes.
Measurements were carried out at in situ temperatures (~21 °C) under ventilation to prevent
a temperature gradient around the sinking chamber. Particles between 25 and 1000 pm were
identified at a frame rate of 15-20 fps. The FlowCam measures more than 60 visually assessed
parameters, which were read into MATLAB (version R2018b) for data analysis. The MATLAB
script described by Bach et al. (2012, see: “Evaluation of sinking velocities”) was adjusted for
the more recent FlowCam version and used for calculation of sinking velocities. By finding
multiple captures of the same particle on a y-position-gradient and applying a linear regression
model against time, sinking velocities were calculated. They were corrected for wall effects of
the sinking chamber according to the equation given by Ristow (1997). Further data analysis
was carried out with the programming software R (R Core Team 2017) using RStudio (version
1.3.959) and the package ‘tidyverse’ (Wickham et al. 2019). An optical proxy for particle
porosity (Pi.) was calculated according to Bach et al. (2019). It is essentially a measure of the
brightness of a particle, scaled with its size.

Analysis of the distribution of sinking particle volume showed that most of the volume was
contained in a small fraction of particles with high equivalent spherical diameter (ESD) in all
measurements (largest 10% accounted for >75% of total particle biovolume). The smaller size
fractions however, constituted the majority of particle counts (~90 % in the 25-200 pm
fraction). To not give the more numerous small particles undue weight, we calculated a
‘weighted SV’. It gives more weight to the high-volume, but underrepresented bigger particles,
which consequently contain more biomass (see Figure S2 for an illustration of weighted SV
calculation). In order to do so, we determined the ESD for which at least 25% of the summed-
up particle volume was contained in the smaller particles and 75% in the bigger ones. For this
‘weighted ESD’ we calculated the corresponding ‘weighted SV’ by fitting a linear model to the
mean sinking velocities as a function of their ESD across different size classes (log-spaced).
We used size class means to — again — not give the numerous small particles undue weight.
This weighted sinking velocity (hereinafter referred to as sinking velocity or SV) is thus the
sinking velocity that corresponds to the ESD which segments the measurement into two
particle volume fractions containing 25% and 75% of the total particle volume. We calculated
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the ‘weighted particle porosity’ in the same way (hereinafter referred to as porosity or Pix). We
used the weighted SV for all following sinking velocity dependent calculations such as the
remineralization length scale (see below).

Remineralization rates of sinking particles

Remineralization rates were determined every four to six days. We therefore took samples
from the sediment trap material, collected in four replicate and three control bottles per
mesocosm ((4 + 3) bottles x 9 mesocosms = 63 bottles in total). They were transported back
to the temperature-controlled lab (set to iz situ temperature based on CTD measurements),
where they acclimatized in a water bath for 2 h. Then, 0.5-3 mL of sediment subsample of the
respective mesocosm were added to the four replicate bottles. The control bottles were left
untreated. To examine the rate at which sedimented POC was remineralized back to DIC, all
bottles were incubated in the dark on a rotating plankton wheel (~1 rpm) and Oxygen
depletion over time was measured. O, measurements were carried out using a handheld optical
measurement device (Fibox4 Trace, PreSens - Precision Sensing GmbH, Regensburg,
Germany), measuring non-invasively on PSt3 optodes (PreSens) mounted inside the bottles.
O, measurements were automatically corrected for temperature (measured in a dummy bottle)
and atmospheric pressure by the Fibox4. We adjusted the optode salinity correction according
to the daily observed salinity measurements of the CTD cast. The second O, measurement
was carried out after the bottles had been mixed propetly, about 2 h after the incubation start,
and were repeated continuously in 2 to 6 h intervals. The incubations lasted between 19 and
43 hours, during which O, measurements were done at least 7 and up to 16 times. Particles in
the incubation bottles were then collected on pre-combusted glass fiber filters (0.7 pm,
Whatman) and analyzed for their POC content the same way as the water column POC filters.

By dividing the O consumption rate (r in pmol O, L' d") of the sedimented matter by its
POC content at the end of the incubation (umol C L"), the carbon-specific remineralization

rate of the sedimented particulate matter (Cremia in d') was calculated according to:

c 3 (r*RQ)
remin = (pOC 4 r * RQ * At)

where RQ is the respiratory quotient (umol C umol O."), which is commonly used as 1-mol
CO; produced:1-mol O, consumed (= 1) (Bach et al. 2019; Iversen and Ploug 2013; Ploug and
Grossart 2000) and At (d) as the time interval from the start of the incubation until the start
of the filtration. In order to distinguish the response of the sedimented matter from any
background seawater oxygen consumption, the Cemin rates of the sediment-containing bottles
were corrected for the mean Ceemin rates in the blank bottles.

Calculation of export flux and remineralization depth

The mass flux to the sediment trap (POCsr, PONGsr, BSisr) was calculated for each element
from the amount measured in the sediment powder. The total content per sample was
calculated and normalized to the volume of the mesocosm and the time between sample
collection (48 h), which yielded the daily mass flux in pmol per liter mesocosm water
(umol L' d™). Ten data points were missing due to the detachment of the sediment trap hoses
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on and around T30 (all mesocosms on T31 and the singular medium mesocosm on T33, see
Section 2.2, "Sampling procedure and maintenance"). To calculate the cumulative POCsr flux
(XPOCsr), daily POCsr fluxes were summed up, whereby the missing data points were
interpolated using the two surrounding data points (T29 and T33, or T29 and T35 for the
singular medium treatment). Cumulative mass fluxes are reported in umol L.

To find out how much of the produced organic carbon had been exported from the water

column until a specific experimental day (Tx), total organic carbon in the water column
(TOCwc) was calculated, subtracted by the initial TOCwc concentration on T01 (= ATOCyc),
and finally compared to the cumulative POCsr flux (XPOCsr).

ATOCwc(Tx)  (POCyc(TX) + DOCyc(Tx)) — (POCy¢(T01) + DOCyc(T01))
YPOCsr(Tx) YPOCsr(Tx)

Finally, the remineralization length scale (RLS, i.e. remineralization depth) was calculated,

which is the quotient of sinking velocity and carbon specific remineralization rate.

RLS =

Cremin

It is the depth (m) by which 63% of the sinking organic particle flux have been remineralized
(Cavan et al. 2017) and thus a proxy for the POC transfer efficiency to depth.

Results

Primary production, export flux and stoichiometry

Primary productivity as well as Chl « and POCwc concentrations increased in all treatment
mesocosms following the first deep water addition on T4. Phytoplankton blooms dominated
by diatoms (Ortiz-Cortes et al., submitted) developed in the singular treatments with intensity
and duration depending on their upwelling intensity. The highest phytoplankton biomass
(measured as Chl & concentration) was observed in the extreme singular treatment
(11.2 ug L' on T9). Recurring upwelling sustained more stable phytoplankton biomass and
productivity compared to singular upwelling. In the high and extreme recurring treatments
primary productivity rates increased until well into the second half of the experiment (Figures
2A,B). Note that in most mesocosms a large fraction of produced organic matter was retained
in the water column as suspended POC,. at the end of the experiment (Figure 2C). This was
particularly evident in the recurring treatments, which received nutrients until T32. In the
extreme recurring treatment, the amount of POCyc at the end of the experiment was higher
than its total cumulative POC mass flux (Figures 2C,E: 102 umol L' POCyc vs 82 umol L'
of cumulative POCsr, on T39).

The treatment differences observed in Chl @ and primary productivity were mirrored in the
POC mass flux. A post-bloom export event occurred in the singular treatments four to ten
days after their bloom peak in the water column, with the time lag being longer at higher
intensities of deep water addition. This is based on visual inspection (comparison of Figures
2B,D, c.g. extreme singular treatment bloom peak on T9, highest POCsr flux between
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T17-T21), since the temporal variation in the POCsr data did not allow a reliable calculation
of time lags as e.g. in Stange et al. (2017). In contrast, the recurring mode led to POCsr maxima
20 to 30 days after initial fertilization (Figure 2D). In both modes, the overall cumulated
POCsr at the end of the experiment correlated positively with the cumulated primary
productivity (Figure 2F). The control mesocosm was excluded from this regression analysis,
because it had unexplainably high export rates, although it did not receive any new N via deep
water addition. When comparing the total amount of dissolved and particulate N at the
beginning and end of the study period in the control, we found that approx. 4.2 pmol L' N
sank out to the sediment trap, which were not accounted for in the initial N pools, according
to our measurements. Apparently, there was an N source (or multiple) in the control, which
we did not capture, e.g. fouling residues on the inside walls of the sediment trap or large
swimmers (zooplankton, small fish), which were initially present but not accounted for. Other
causes for the discrepancy might have been methodology-related, e.g. inaccurate sampling of
patchily distributed PONwc. Regarding the test statistics, removing the control from the
quantitative regression analysis in Figure 2F decreased the p-values (from 0.014 to 0.044 in
the singular and from 0.015 to 0.060 in the recurring upwelling mode) and did not considerably
affect the R-values (from 0.90 to 0.91 in the singular and from 0.89 to 0.88 in the recurring
upwelling mode).
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Figure 2: Chl a concentration (A), primary productivity (B), suspended POC concentration in the
water column (C), POC mass flux to the sediment trap (D) and cumulative mass flux (E) during the
39 day experiment. The vertical lines indicate the deep water additions with the dashed one on the left
representing the one for the singular and recurring treatment, the dotted ones being the following
recurring additions. Panel (F) shows the correlation between the cumulative POC flux and the
cumulative primary productivity on T37. Regression lines are plotted in the color of the corresponding
upwelling mode (singular or recurring) and exclude the control data point. Regression equations are
provided in Supplementary Table 1.

The peaks in POCsr on T7 and T27 (Figure 2D) in all mesocosms likely occurred due to the
preceding cleaning of the inside mesocosm walls on T6 and T25, respectively. It appears that
a carbon-rich biofilm was growing on the walls, which was removed during cleaning and
subsequently sank into the sediment traps. This is also indicated by the high C:N ratios of POC
flux on these days (compare Figures 2D and 3A). On T33 and T39, POCsr was lower than
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expected for most mesocosms, contrasting the time points before and after these days. For
T33, the reason for this was probably a lower than usual accumulation period of material due
to the preceding sediment tube detachments (see Section 2.2, "Sampling procedure and
maintenance"). Many large and heavy particles might have sunk out before the reattachment
of the tubes, leaving a higher proportion of slower sinking particles with lower POC content
for the accumulation period. Regarding T39, the final fish net haul and the mixing of the water
column through the sediment hose on T38 likely caused lower sedimentation rates of organic
matter. The fish net haul by removing large and sticky aggregates, the mixing by resuspending
already settled material.

In all treatment mesocosms except for the recurring low treatment more organic carbon was
retained in the water column as POC and DOC than exported to the sediment trap as POC
(ratio between XPOCsr and ATOCwc <1). The ratios did not substantially differ among the
singular treatments, whereas they decreased with increasing upwelling intensity in the recurring
mode (Table 2).

Upwelling mode Control Singular Recurring

Upwelling intensity - Low Medium High Extreme Low Medium High Extreme
° [ [ J [ ] ° [ [ ] [ ]

ATOCy (wmol L~7) 20.5 29.1 47.0 58.7 85.6 17.0 50.3 83.1 149.3

ZPOCgr (wmol L~1) 30.6 20.4 34.5 53.0 66.5 19.5 42.0 48.3 70.1

ZPOCgt1:ATOCWc (mol:mol) 1.49 0.70 0.73 0.90 0.78 1.15 0.84 0.58 0.47

Table 2: Mean ATOCyc and XPOCgr values, as well as ATOCwc:XPOCsr ratios calculated from T33,
T35 and T39. Data for T37 is missing because POCyc was not measured on that day.

In the singular upwelling treatments, the C:N ratios in the suspended particulate matter pool
generally increased to higher than Redfield ratios on T11, one week after the deep water
addition (Figure 3B). This occurred precisely when the blooming phytoplankton communities
became nutrient limited (see Sswat et al. in prep. for inorganic nutrient concentrations), and
was particularly prominent under high upwelling intensities. In the recurring treatments, the
C:N ratios of POMyc showed a high temporal variation, they however tended to increase
throughout the study period.

The C:N ratio of the mass flux was higher than the canonical Redfield ratio of 6.6 in all
mesocosms throughout the experiment (Figure 3A). Increasing amounts of deep water
addition, however, enhanced the mass flux C:N ratios further. We found a positive correlation
between N addition and the C:N of the mass flux in the singular treatment between T11-T21,
when most of the post-bloom flux occurred (Figure 3C). Furthermore, the Si:C ratio during

this time was higher in the singular treatments compared to the recurring ones and the control
(Figure 3D).
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Figure 3: C:N ratios of the mass flux to the sediment trap (A) and suspended particulate matter C:N
ratios (B) over time. The horizontal line in (B) indicates the C:N Redfield ratio of 6.6. Panel (C) displays
the correlation between the mean C:N ratio of the mass flux and the mean cumulative N addition. It
considers the time frame of the singular bloom export event (T11-T21), from which means over time
were calculated. Regression lines are plotted in the color of the corresponding upwelling mode (singular
or recurring). Regression equations are provided in Supplementary Table 1. Panel (D) shows the mass
flux Si:C ratios over time. The vertical lines are used as described in Figure 2.

Particle properties and remineralization depth

Remineralization rates of sinking particles ranged from 0.09 to 0.12 d" initially, and peaked in
most mesocosms a week after the first deep water addition (T'11). Thereafter, they decreased
in all treatments (Figure 4A). Sinking velocities were generally lower in the singular treatments
than in the recurring ones (Figure 4B). This difference between the two modes was confirmed
by a t-test for mean sinking velocities calculated for days T7 to T15 (two-sample t(6) = -4.019,
p = 0.007). Low sinking velocities in the singular mode were accompanied by high porosities
in particles > 90 um (Figure 4D). The difference in porosity between particles sinking under
different upwelling modes is highlighted by the visual assessment of FlowCam pictures from
T11 (Figure 4E).
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Figure 4: Carbon-specific remineralization rates (A), sinking velocities (B), remineralization length
scale (C) and particle porosities in four different size classes (D) during the 39 days of experiment.
Shaded areas in (A) depict the standard deviation of measurements (n=4). Mind the different y-axis
scales in (D). The vertical lines are used as described in Figure 2. Panel (E) shows a selection of
FlowCam pictures illustrating sinking aggregates from the high singular (three pictures on the left side)
and the extreme recurring treatment (three pictures on the right side) on T11. The scale bar depicts 250
pm.
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Altogether, the singular treatments exported sedimented particulate matter which was carbon-
and biogenic silica-rich and sank slowly during the export event. Particles >100 um were more
porous compared to those in the recurring treatments. In contrast, the recurring treatments
generally produced sinking particles which had lower C:N ratios, sank faster and were less

porous than the ones in the singular treatments throughout the experiment.

We found that upwelling intensity had significant effects on sinking particle properties and on
the remineralization depth during the time we observed increased mass flux (T11-T39,
Figures 5A-C). Particles sampled from the sediment trap sank slowest and were remineralized
most rapidly in mesocosms with high and extreme upwelling intensities. The fast
remineralization rates correlated with high prokaryotic heterotrophic production in the water
column during the same time period (Figure 5D). The RLS, as the quotient of SV and Cremin,
also decreased with increasing deep water fertilization.
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Figure 5: Correlations between mean carbon-specific remineralization rate (A), mean sinking velocity
(B), mean remineralization length scale (C) and mean prokaryotic heterotrophic production (D) against
cumulative N addition. It considers the time frame starting with the singular bloom export event until
the end of the experiment (T11-T39), for which means of each of the parameters shown on y-axes
were calculated. Since the recurring treatments received multiple deep water additions over time, mean
cumulative N additions were calculated for the considered time period. Regression lines are plotted in
the color of the corresponding upwelling mode (singular or recurring) and include the control
treatment. Regression equations are provided in Supplementary Table 1.
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Discussion

Temporal decoupling of biomass production and POC export

We found that increased intensities of artificial upwelling resulted in higher primary
productivity and POC export from the surface. However, upwelling also resulted in a temporal
decoupling between biomass production (ATOCyc) and POC export (cumulative POCsr). We
found that less than half of the produced organic carbon was exported in most of our
upwelling treatments during our experimental duration, while the rest was retained in the water
column (see Table 2). This is consistent with findings by Taucher et al. (2017), who also
fertilized Gran Canarian oligotrophic communities with a single pulse of nutrient-rich deep
water, and found that roughly half of the produced particulate carbon was retained in the water
column for at least 25 days after the fertilization. Seemingly, artificial upwelling in oligotrophic
surface waters does thus not lead to rapid export of most of the produced organic matter in
the time scale of weeks.

Such decoupling between production and export occurs in a variety of oceanic re gions (Cavan
et al. 2015; Henson, Le Moigne, and Giering 2019; Laws and Maiti 2019), including eastern
boundary upwelling systems (e.g. Bach et al. 2020; Kelly et al. 2018). It is thus no peculiarity
of artificial upwelling. In natural upwelling systems reasons for a temporal decoupling can be
e.g. persistent phytoplankton species in the water column (Bach et al. 2020) or weak trophic
links in the planktonic food web (Stukel et al. 2011). A tight coupling of primary production
and zooplankton consumers can generally lead to the export of high amounts of fast sinking
fecal pellets, which can increase the POC export efficiency (Le Moigne et al. 2016; Stukel et al.
2011) and its transfer efficiency to depth (Steinberg and Landry 2017). In our study, the
response of the mesozooplankton community to the deep water fertilization was not very
pronounced. Although a treatment effect on mesozooplankton biomass established towards
the end of the experiment, values mostly stayed on a similar or lower level compared to before
the first fertilization (~20 pg C L or lower, C. Spisla, in prep.). We also rarely observed fecal
pellets in the FlowCam measurements of the sediment subsamples. The low mesozooplankton
biomass and fecal pellet abundances indicate a limited impact of the mesozooplankton
community on the POC flux. This hints at a potential caveat of short-term artificial upwelling
as a tool for enhancing C sequestration: The fauna adapted to oligotrophic systems may not
be able to readily consume great amounts of primary produced biomass and efficiently channel
it into the export pathway. The dilution effect of the deep water addition amplifies the
zooplankton handicap, making it even more difficult for them to catch up with the rapid
phytoplankton reproduction.

Another factor that delayed the sedimentation of primary produced matter was surface
microbial recycling. Henson et al. (2019) and Le Moigne et al. (2016) found high bacterial
abundances to be associated with high primary production and low export efficiency (i.e. only
a small fraction of primary produced biomass is exported). Microbial recycling can channel
particulate organic matter into the dissolved organic matter pool, thereby making it unavailable
for metazoan consumers. Hence the breakdown of POC into DOC reduces the chances for
either direct sinking of particles or incorporation and active transportation by zooplankton
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(Legendre and Le Fevre 1995). We found similar patterns of microbial activity as the above
mentioned studies associated to the decoupling of primary production and export. Microbial
production increased significantly with upwelling intensity in both upwelling modes (Figure
5D), thereby retaining organic matter in the surface microbial loop and making it unavailable
for immediate export.

Due to the retention of organic matter in the water column, we were not able to capture the
whole export response of our fertilized mesocosms, especially of the recurring highly fertilized
ones. We argue that the high amounts of suspended POC (see Figure 2C) in the high and
extreme recurring treatments at the end of the experiment represented a high potential for
POC export, e.g. by particle aggregation and gravitational settling. Nevertheless, the retention
of organic matter in the water column makes a quantitative mass flux comparison between the
two upwelling modes difficult. Laws and Maiti (2019) found that the decoupling between
primary and export production at the ALOHA time-series station disappears when taking into
account data of monthly time intervals. We argue that the same is needed in future artificial
upwelling studies. The experimental duration must be long enough to allow for the quantitative
assessment of export fluxes as well as the long-term response of higher trophic levels to the
enhanced surface primary production.

Upwelling mode shapes sinking particle properties

The export events in the singular treatments were strongly linked to the preceding diatom
blooms, as indicated by the elevated BSi:POC ratios in the sedimented matter (Figure 3D).
They featured relatively porous particles, which sank slower than the ones in the recurring
treatments (Figures 4B,D), and hence resulted in a low RLS (Figure 4C). Multiple studies
have shown that diatom blooms typically result in inefficient particle transfer to depth (e.g.
Guidi et al. 2009; Henson, Lampitt, and Johns 2012; Maiti et al. 2013), potentially due to the
associated high particle porosities (Bach et al. 2019; Lam, Doney, and Bishop 2011; Puigcorbé
et al. 2015). Our data supports these observations, stressing the importance of a particle’s
porosity for its sinking velocity and thus for its potential to be transported to depth.

The influence of transparent exopolymer particles (TEP) may explain the low sinking velocities
and high porosities in the singular treatments. TEP are exuded by microbial cells and facilitate
the formation of aggregates (Passow 2002; Engel et al. 2004). They can lower particle density
and increase porosity, which in turn reduces particle sinking velocity (Azetsu-Scott and Passow
2004; Mari et al. 2017). TEP production is favored by high primary productivity and nutrient
limitation (Obernosterer and Herndl 1995), both of which occurred in the higher singular
treatments on T9 (Figure 2B). Additionally, the POC:PON ratio in the water column
increased by >60 % from T9 to T11 in the three highest singular treatments (mean values: 7.3
on T9 to 12.2 on T11, see Figure 4C), which indicates potentially enhanced TEP exudation.
The same scenario has already been observed in a previous mesocosm experiment off Gran
Canaria (Taucher et al. 2017), in which TEP concentrations were measured. During that
experiment, TEP increased when the blooming phytoplankton community became nutrient
limited (compare Taucher et al. 2017 and 2018). We thus argue that also in our experiment
increased TEP exudation was likely the cause for the reduction of particle sinking velocity in
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the singular upwelling mode, rendering it less efficient regarding the potential for deep POC
export than the recurring mode.

Besides sinking velocity, respiration of sinking matter was another equally important factor
determining the remineralization depth of sinking particles in our experiment. The temporal
changes in Cemin were equally high (about fourfold) as the changes in sinking velocity over
time. We measured the highest remineralization rates during the initial export event on T11,
shortly after phytoplankton communities had shifted to diatom dominance (T7-T9, Ortiz-
Cortes et al., submitted). This is in accordance with earlier studies, which speculated that the
structure of the phytoplankton community affects remineralization rates (e.g. Guidi et al.
2015), and have shown that diatom-dominated systems can lead to the export of sinking
particles which are quickly respired (Bach et al. 2019; Guidi et al. 2015). In our case, the
mechanistic reason for this could be that the particles contained a large fraction of easily
degradable organic matter. We believe that the increasing porosities from T11 onwards
(Figure 4D) support this hypothesis. Although there are, to the best of our knowledge, no
studies which found a direct positive effect of aggregate porosity on degradability, it stands to
reason that higher porosities increase a particle’s surface-to-volume-ratio, thus possibly
enhancing its susceptibility to microbial attachment and respiration. This is in line with a
hypothesis by Francois et al. (2002), who postulate that the settling of loosely packed (i.e. highly
porous) aggregates leads to higher respiration rates in the mesopelagic zone. Respiration of
sinking particles during this time was higher in the singular compared to the recurring
treatments, likely owing to higher porosities and possibly also higher TEP concentrations.
Beside the phytoplankton community structure, the zooplankton community is another factor
that determines particle properties (Cavan et al. 2019). Through the packaging of
phytoplankton cells into dense fecal pellets, zooplankton can make organic matter less
susceptible to respiration (Steinberg and Landry 2017). As discussed above, mesozooplankton
was not abundant in our experiment, and therefore potentially not capable of repackaging the
high amounts of particulate matter in the high upwelling treatments. This left the sinking
biomass loosely packed for the bacterial community to feed on. We suggest that the missing
repackaging of particles and the resulting high lability of sinking organic matter was the reason
for increasing remineralization with increasing upwelling intensity.

The differences in particle properties between our singular and recurring form of artificial
upwelling indicate variability in the efficiency of their POC transfer to depth. Diatom spring
blooms (Martin et al. 2011) and diatom communities in coastal upwelling systems (Abrantes
et al. 2016) have been reported to promote efficient carbon deep export. However, the diatom
blooms in our singular upwelling mode led to the export of porous, slow sinking particles,
which were quickly remineralized by microbial processes. A single pulse of artificial upwelling
thus resulted in a system likely to recycle the vast majority of the freshly produced organic
matter in the surface ocean. Although particles in the recurring upwelling mode were respired
similarly quickly, they were less porous and sank faster, which led to a slightly higher mean
RLS in the recurring upwelling treatment (Figure 5C). This suggests a more efficient transfer
of produced organic matter to depth under recurring upwelling conditions compared to a
singular upwelling pulse.
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Potential of artificial upwelling for carbon sequestration

As discussed above, one of the major factors that influence the potential of artificial upwelling
for net carbon sequestration is how deep particles sink before they are remineralized (RLS).
Another factor is the C:N ratio of the sinking organic matter (POC:PON), or, more generally
speaking, the ratio of C to the limiting nutrient. The influence of both of these factors on
carbon sequestration efficiency will be discussed in the following. We emphasize that the
discussion is based upon a highly simplified 1-dimensional view of the water column, and
neglects 3 dimensional movements of water masses, carbon, and nutrients through the ocean.

We start this discussion with the influence of the ratio of carbon to the limiting nutrient. Since
the latter was nitrogen in our case, as is typical for large parts of the Atlantic (Moore et al.
2013), we will focus on the C:N ratio in the following. Let us assume that over long enough
time scales all upwelled nutrients will be sequestered (i.e. exported to the sequestration depth),
and that the upwelled deep water contains excess DIC (excess DIC = deep water DIC - surface
water DIC) and excess DIN (excess DIN = deep water DIN - surface water DIN) compared
to the surface ocean. In this case, a system will act as a net carbon sink if it sequesters organic
matter with a C:N ratio higher than that of the upwelled excess DIC and nitrogen. In the
Canary Island region, excess DIC and excess DIN between surface and 1000 m depth (here
assumed as sequestration depth) are approximately ~150 and ~20 pmol L, respectively
(Gonzalez-Davila et al. 2010; Llinas et al. 1994). This corresponds to a C:N ratio of 7.5 of
upwelled excess DIC and DIN. Accordingly, for the artificial upwelling approach to generate
a net carbon sink, the C:N of sequestered organic matter would need to exceed 7.5 on average,
until all N added via deep water has been sequestered.

We found that artificial upwelling led to an increase in C:N ratios of sedimented matter to well
above 7.5. There was a trend of increasing POCs:PONGsr ratios over time in all mesocosms
(Figure 3A). The ratios in the singular treatment mesocosms correlated positively with
upwelling intensity in the period of highest export (T11-T21, Figure 3C). It is likely that these
high ratios would have either prevailed with depth or increased even further, owing to
preferential N remineralization by heterotrophic microorganisms (Boyd and Trull 2007).

It should be noted that the control mesocosm also displayed increasing C:N ratios during the
experiment. This suggests that increasing C:N might have at least partly been an enclosure
effect, which also occurred in absence of an artificial upwelling treatment. By enclosing a
planktonic community inside a mesocosm, the vertical mixing is reduced from the depth of
the mixed layer (20-120 m in the Canary Island region, see Troupin, Sangra, and Aristegui
2010) to the depth of the mesocosm (15 m in our setup). This leads e.g. to an increase of
depth- and time-integrated light intensity experienced by the phytoplankton community, which
may affect phytoplankton photophysiology. Moreover, the community gets truncated as large
grazers (>3 mm) are excluded from the food web, thus relieving lower trophic levels like
microzooplankton of grazing pressure. Both effects could have caused changes in lower
trophic level productivity in our mesocosm experiment, which was fueled by leftover nutrients
enclosed at experiment start (see Figure S1), thereby leading to an increase in POCyc and
POCs1:PONGsr ratios (Figures 2C and 3A). Nevertheless, the increase in sedimented matter
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C:N ratios was larger in those mesocosms that received deep water fertilizations, and scaled
almost linearly with high upwelling rates.

Artificial upwelling can consequently enhance C:N ratios of sinking organic matter in the
surface, which would favor potential carbon sequestration. This is especially the case when
fertilization is carried out in single pulses. We cannot assess, however, if these ratios would
have prevailed over longer time scales, i.e. until all added N had been exported with the
remaining suspended particulate organic matter.

A mechanism that might counteract the positive effect of elevated C:N ratios is the observed
decrease in RLS with increasing upwelling intensity in both upwelling modes. Particle sinking
velocities decreased while at the same time respiration of sinking organic material accelerated
with increasing nutrient input via deep water addition. Both effects resulted in a lower RLS
and thus higher flux attenuation with increasing fertilization (Figures 5A-C). Earlier studies
have shown that a higher fraction of export production makes it through the mesopelagic zone
in less productive ecosystems and ends up in the deep ocean (e.g. Henson, Sanders, and
Madsen 2012). Our results match this finding, with less productive mesocosms showing a
higher RLS than the very productive ones. These differences in RLS and thus particle transfer
efficiency to depth, as well as the differences in C:N stoichiometries of sinking matter are
illustrated in Figure 6.

high upwelling low upwelling
Intensity Intensity

high C; low CIN
POC

C PON

Recycling

Figure 6: Scheme depicting the effects that upwelling intensity had on carbon sequestration-relevant
parameters in our high and low upwelling scenarios. It visualizes the strength and C:N ratio of the
export flux (POCst:PONG5r), as well as the arrow size indicating strength of the recycling pathway and
the efficiency of particle transport to depth. Note that we put more emphasis on the difference between
POC:PON ratios than on the quantitative PON difference between high and low upwelling intensities.
It should also be noted, that the effects depicted here only reflect the initial responses to artificial
upwelling in oligotrophic waters. They do not cover the ultimate fate of the upwelled inorganic
nutrients and hence do not represent the long-term potential for carbon sequestration.
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It should be noted that our study could not assess several factors that might play an important
role in determining the potential of artificial upwelling for carbon export and sequestration.
First of all, our study did not account for any active biological or physical processes occurring
further down the water column. Processes such as repackaging and consumption of settling
particles by zooplankton (Stukel et al. 2019; Turner 2015) or the active diel migration of
mesopelagic biota (Boyd et al. 2019 and references therein) play an important role in regulating
particle transfer to depth and thus carbon sequestration (Buesseler et al. 2007; Cavan et al.
2019; Giering et al. 2014; Robinson et al. 2010; Sanders et al. 2016). Due to the limited vertical
dimensions of our mesocosms, we were not able to resolve these complex processes occurring
throughout the water column, and they are thus not incorporated in Figure 6. Secondly, due
to the limited experimental duration and the decoupling between production and export of
organic matter (especially in the high recurring treatments, see Section 4.1), we could not cover
the whole export response period. We were therefore not able to draw quantitative conclusions
for the carbon sequestration potential of artificial upwelling. It is likely that this potential would
have increased, had the plankton communities had more time to adapt. For example, increased
repackaging of suspended biomass into dense, fast-sinking fecal pellets could have favored
POC deep export. Hence, we stress the need for monthly to seasonal experimental durations
to validate the long-term potential of artificial upwelling for enhanced export production and
carbon sequestration.

Conclusion and outlook

Artificial upwelling had opposing effects on carbon export and potential transfer to the deep
ocean. On the one hand, it enhanced the mass flux and C:N ratios of sinking matter. The latter
is a key prerequisite for enhancing ocean carbon sequestration. Biogeochemical modelling
studies examining the feasibility of artificial upwelling in terms of carbon sequestration usually
assume a static stoichiometry of C and N according to the Redfield-ratio (= 6.6). An important
next step would be to re-evaluate the findings of these studies with a higher than Redfield C:N
ratio as we found in our experiment. On the other hand, artificial upwelling resulted in a
shallower remineralization depth and a stronger temporal decoupling between POC
production and its export. The grazer community was not able to capitalize on the enhanced
primary production, and hence could not form the link between biomass production and
vertical flux. Thus, artificial upwelling resulted in the export of relatively porous, slowly sinking
particles, which were susceptible to remineralization and therefore of low potential for deep
export and sequestration. Future work should thus focus on responses of the zooplankton
community and allow it more time to react to phytoplankton growth. We furthermore found
that the mode, with which upwelling is applied, is an important factor for particle properties
and carbon export. We found that the post-bloom export event in the singular mode produced
carbon-rich particles, which were however respired faster and sank slower than under recurring
upwelling conditions. In contrast, particle properties and the resulting RLS in the recurring
mode were more favorable for POC deep export. Additionally, the continuously elevated
primary and export production in the recurring mode might be more advantageous for linking
the primary and export production of a slow reacting oligotrophic food web. Our assessment
thus suggests that a recurring fertilization mode might be more suitable for net CO, removal
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from the atmosphere than a singular upwelling pulse. However, further research will be needed
to verify if either the higher C:N ratios of sinking matter in the singular mode or the more
suitable particle properties in the recurring mode are more critical for carbon dioxide removal.
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Abstract. As one of earth’s most productive marine ecosystems, the Peruvian Upwelling
System transports large amounts of biogenic matter from the surface to the deep ocean. Whilst
particle sinking velocity is a key driver of O,-depletion processes and carbon sequestration, it
has not yet been measured in this system. During a 50-day mesocosm experiment in the surface
waters off the coast of Peru, we measured particle sinking velocities and their biogeochemical
and physical drivers. Sinking velocities varied between size classes and ranged from 12.8 £ 0.7
m d"' (particles 40-100 pm), to 19.4 £ 0.7 m d"' (particles 100250 um), and 34.2 = 1.5 m d"'
(particles 250—1000 pm) (* 95% confidence interval). We found connections between the
phytoplankton community succession and sinking particle properties that were, however, only
weakly reflected by sinking velocities. Surprisingly, we did not find a clear relationship between
opal ballast and sinking velocity, despite a pronounced temporal variability in opal. This
suggest that opal ballast is not a relevant proxy for sinking velocity. Furthermore, we found
faster sinking velocities with increasing particle size, compactness and roundness. Size was by
far the strongest driver among these physical particle properties. Our study provides a detailed
analysis of drivers influencing particle sinking velocity in the Peruvian Upwelling System,
which allows modelers to optimize local particle flux parameterization. This will help to better
project oxygen concentrations and carbon sequestration in a region that is subject to
substantial climate-driven changes.
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Introduction

The Peruvian Upwelling System is one of the most productive marine ecosystems in the world
(Pennington et al., 2006). It is situated along the Peruvian and northern Chilean coasts in the
boundary current system of the Eastern Tropical South Pacific and is one of four major
Eastern Boundary Upwelling Systems (EBUS). It is characterized by strong Ekman-transport-
induced upwelling of nutrient-rich subsurface water along the coast, which results in a shallow
thermocline that confines an optimal phytoplankton habitat. The high primary productivity of
Peru’s “brown waters” sustains a rich ecosystem with abundant fish and other larger organisms
and leads to the vertical transport of large amounts of biogenic matter (Kdmpf and Chapman,
2016). This sinking flux fuels high respiration rates in the subsurface, which in combination
with slow ventilation results in permanently oxygen deficient waters (Chavez and Messié,
2009). These can start at 50 m depth and shallower (Kimpf and Chapman, 2016; Karthduser
et al., 2021a), stretch hundreds of meters of depth (Karstensen et al., 2008) and extend up to
1000 km from the coast. The dimensions and biogeochemical properties of this oxygen
minimum zone (OMZ) are directly affected by the amount and properties of sinking material
(Kalvelage et al., 2013; Karthduser et al., 2021b).

A key metric of sinking biogenic matter is the velocity with which particles settle (e.g. Marsay
et al., 2015). Sinking velocity influences the transfer efficiency of biogenic matter to depth and
hence the export of carbon via the biological pump, which sequesters CO» in the ocean interior
(Khatiwala et al., 2013; McDonnell et al., 2015). In the Peruvian Upwelling System, sinking
velocity additionally determines the length of exposure of a particle to deoxygenated OMZ
waters. Here, the degradation of small sinking particles (<500 pm) might contribute
significantly to the loss of nitrogen via anammox (Karthiuser et al., 2021b) and hence to the
sustained presence of the subsurface OMZ.

Sinking velocity is controlled by a variety of physical characteristics. A particle’s excess density
compared to sea water ultimately determines whether it sinks and how fast. Amongst particles
of the same composition and structure, larger particles sink faster (Riley et al., 2012). Yet, a
small but dense particle can also sink fast (McDonnell and Buesseler, 2010). Although a size-
sinking velocity relationship has not been detected in some observational datasets (Iversen and
Lampitt 2020), a recent meta-analysis resolved a relatively weak but clear relationship (Cael et
al., 2021). Particle size is hence considered relevant, but not the primary factor determining

sinking velocity.

Particle density and size are dependent on biological processes, which influence the structure,
shape and composition of a particle. Diatom blooms can produce large cells with appendages,
that promote aggregation, and can lead to fast sinking matter (Smetacek et al.,, 2012). An
oligotrophic phytoplankton community, on the other hand, consists of smaller cells, which
tend to sink slower (Guidi et al., 2009). Biomineral ballast produced by phyto- and zooplankton
is denser than organic matter (calcium carbonate, opal and organic matter densities: 2.71, 2.1
and ~1.06 g cm”, respectively; Klaas and Archer 2002) and can enhance particle sinking
velocities (Armstrong et al., 2009). Furthermore, the porosity of a particle (i.e. the fraction of
particle volume occupied by seawater) affects its density (Laurenceau-Cornec et al., 2020). If
organic matter is densely packed, e.g. by zooplankton into a fecal pellet, it has a higher excess
density and sinks faster compared to one that is packed more loosely (Steinberg and Landry,
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2017; Bach et al, 2019). The plankton community structure thus influences physical
characteristics of sinking particles (Bach et al., 2019; Turner, 2015; Guidi et al., 2009).

Here, we report sinking velocities and physical particle properties of more than 100.000
individual particles collected during a mesocosm study in the Peruvian Upwelling System (Bach
et al., 2020). We determine relationships between velocity and particle size, shape and porosity.
We further assessed how sinking velocities change with the quantity and stoichiometry of the
overall export flux, as well as with the proportion of biogenic ballast, and try to decipher the
influence of the prevailing phytoplankton community. Our study provides insights into the
controls of particle sinking velocity, a key aspect of carbon sequestration and OMZ shaping

processes.

Materials and Methods

Experimental Setup

Our experimental setup consisted of eight sea-going mesocosms (M1-MS8, see Riebesell et al.,
2013), which were moored in the coastal upwelling area off Callao, Peru (12.06°S, 77.23°W),
on February 23, 2017 (late austral summer). The top and bottom openings were equipped
with screens of 3 mm mesh size to keep larger organisms such as small pelagic fish out of the
mesocosms. The mesocosms were left fully submerged for two days after mooring to ensure
a flow-through of surrounding Pacific water. Afterwards, the two screens of each mesocosm
were removed, the top was pulled above sea level and a cone-shaped sediment trap was
attached to the bottom, thereby enclosing a pelagic community inside the mesocosms. They
contained ~54 m’ of sea water and extended 19 m below the water surface. The closing of the
mesocosms marked the start of the experiment (t0, February 25™), which lasted for 50 days
until April 16™.

To simulate an upwelling event and test the effect of oxygen minimum zone (OMZ)-
influenced water masses on the natural plankton community, we collected two different OMZ-
influenced water batches and added them to the mesocosms. The batches differed from each
other in terms of NOy (nitrate + nitrite) concentrations. One had low and the other very low
NOy concentrations of 4 and 0.3 umol L', respectively, compared to the naturally occurring
waters of the coastal upwelling area. Our OMZ treatment thus had two levels: low NO, and
very low NOx. The upwelling event was simulated on t11 and t12 by replacing 20 m’ of
mesocosm water with OMZ-influenced water in every mesocosm. Mesocosms M1, M4, M5
and M8 received water from station 1 (low NOy), whereas mesocosms M2, M3, M6 and M7
were fertilized with water from station 3 (very low NOy). Figure 2 in Bach et al. (2020) shows
the changes in the dissolved nutrient pools following the additions.

An overview of the basic system parameters, as well as detailed information on the
experimental setup, mesocosm maintenance, sampling procedure and sample analysis is given
in the overview paper by Bach et al. (2020).
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Sampling procedure

Long silicon tubes were connected to the bottom of the sediment traps, through which
sedimented matter was sampled using a manual vacuum pump (< 0.3 bar, see Boxhammer et
al., 20106). The sediments were pumped into 5L glass bottles (Schott, Denmark), which were
stored dark and cool until arrival in the lab. There, the sample bottles were gently rotated and
the mixed sediment suspension was subsampled for particle sinking velocity measurements
using a pipette.

Bulk water column samples were taken at least every second day and were used for a variety
of parameters, among which were chlorophyll # and phytoplankton community composition
(Bach et al., 2020). Depth-integrated water samples were taken using 5 L water samplers
equipped with pressure sensors (Hydro-Bios, Germany). The samples were transferred into 10

L carboys and transported to the on-shore laboratories.

Sample analysis

All samples were processed in on-shore laboratories inside the Club Nautico Del Centro Naval
and the Instituto del Mar del Pera (IMARPE), both located in La Punta (Callao), and were
either measured directly or prepared for transport to the GEOMAR Helmholtz-Centre for
Ocean Research Kiel for later analyses.

Sinking velocity and particle properties

Sinking velocity and optical particle properties were measured via video microscopy using the
method described in Bach et al. (2012) and further developed in previous studies (Bach et al.,
2019; Baumann et al., 2021). The sediment subsamples were transferred to a sinking chamber
(edge length: 1 x 1 cm), which was mounted vertically in a FlowCam device (Fluid Imaging
Technologies, United States). The trajectories of sinking particles were recorded for 20 min at
~7 frames per second and sinking velocities were calculated by fitting a linear model to the
vertical positions and time stamps of multiple captures of the same particle. Besides position
and time, the FlowCam measured proxies for several physical particle properties for each
individual particle. Particle size was estimated as equivalent spherical diameter (ESD), shape
as the aspect ratio (length to width ratio) and porosity as a size-normalized measure for particle
intensity (Pin). To calculate the porosity-proxy, each particle image was transformed to a
greyscale with dark pixels considered optically opaque (low intensity) and bright pixels
translucent (high intensity, pixel intensity ranging from 0 to 255). The underlying assumption
is that a particle looks brighter when it is more porous, compared to a darker-appearing
particle. Since larger particles are generally more porous than smaller ones (Laurenceau-Cornec
et al., 2020), we combined the intensity value with particle size (i.e. ESD) and calculated
porosity (Pin) following Bach et al. (2019).

P;,; = (intensity/255)? * ESD M

Particles out of focus were excluded from the analysis based on their sharpness. Sinking
velocities were corrected for wall effects of the sinking chamber using the equation given in
Ristow (1997). Measurements were carried out in a temperature controlled lab, which was set
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to daily 7z situ temperatures of between 16 and 21 °C. Calculations were done using the
MATLAB script described by Bach et al. (2012), which was adjusted for a broader particle size
spectrum (40-1000 um). Further data analysis was carried out using the R software (R Core
Team, 2021; version 4.1.2), and the package “tidyverse” (Wickham et al., 2019).

The size distribution of the measured particles was heavily right-skewed, i.e. there were far
more small than large particles. Based on the ESD, the sinking velocity data were thus
separated into three size classes, 40—-100 pm, 100-250 um, and 250-1000 um. The increasing
bin widths thereby consider the particle size distribution, resulting in narrower size classes for
small particles and broader ones for larger particles. Due to the relatively low contribution of
large particles in general, for some measurements there were too few particles in the large size
class to be considered for further analysis. We hence removed the 250—1000 um size class of
those measurements that consisted of fewer than 3 particles. This affected the measurements
of M5 and M7 on T32, as well as M5 on T40, and M7 on T48. The right-skewed size
distribution was also the reason why we plotted the median ESD, porosity and aspect ratio in
Fig. 3a, since the mean would have given the few large particles undue weight.

Furthermore, our sinking velocity and ESD measurements of all particles measured across
mesocosms were collated and used to resolve the relationship between sinking velocity and
particle size, following the power function of Cael et al (2021, Eq. 3).

SV(ESD) = a * ESD# )

Here, o and B are scaling factors, whose variability is based on the particle characteristics and
environmental conditions (e.g. composition, porosity, temperature). They were estimated for
our data set using the linearized logarithmic function.

logSV = f *log ESD + loga 3)

In order to not give the numerous small particles in our measurements undue weight, the
sinking velocity and ESD data were binned into log-spaced size classes (40—63, 63—100, 100—
158, 158-251, 251-398, 398—631, 631-1000). Per size class, log(sinking velocity) and log(ESD)
means from all eight mesocosms were calculated for each experimental day. Based on these,
size-sinking relationships were calculated by fitting linear models, in which the slope
represented the scaling factor 3 and the y-intercept log(x). From these daily « and § coefficients
average values (£ SD) over time were calculated, and the corresponding relationships were
plotted in Fig. 4 (Sect. 4.2.3). Since the largest size class (631-1000 um) had too few particle
counts (<500 particles), in order to calculate a meaningful and representative size-sinking
relationship, we only used the size classes between 40 and ~630 um.

Elemental analysis of sediment trap samples

The remaining sediment trap samples were prepared for elemental analysis by removing the
particulate material from the water. For this, the samples were treated with 3 M FeCl; to induce
particle flocculation, coagulation and subsequent sedimentation inside the 5 L bottle and with
3 M NaOH to adjust the pH to 8.1. Subsequently, they went through multiple centrifugation
steps (see Bach et al.,, 2020 for details), after each of which the supernatant was carefully
decanted. The resulting sediment pellets were deep-frozen and transported to Kiel, where they

were freeze-dried to remove the remaining moisture. The dry pellets were ground in a ball mill,
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which produced a fine homogeneous powder (Boxhammer et al., 2016). Representative
subsamples of the sediment powder were analyzed for their contents of particulate organic
carbon and nitrogen (POC/PON), particulate inorganic catbon (PIC, i.e. calcium carbonate),
biogenic silica (BS}, i.e. opal) and total particulate phosphorus (TPP). In contrast to the sinking
velocity measurements, the elemental analysis of sediment samples was not carried out for
single particles, but for the bulk particulate matter flux.

TPP and BSi contents were measured spectrophotometrically after Hansen and Koroleff
(1999) and C and N contents were measured on an elemental analyzer (EuroEA) following
Sharp (1974). While PON samples were measured directly, subsamples for POC were fumed
with 1 mol L' HCl and dried at 50 °C overnight to remove the inorganic carbon fraction prior
to its measurement. PIC was calculated as the difference between the carbon contents of HCI-
untreated and HCl-treated subsamples, i.e. between subsamples containing inorganic carbon
and subsamples not containing any. Total mass fluxes to the sediment trap were obtained by
upscaling the measured contents of each compound to the total sample weight. Mass fluxes
were then normalized to the mesocosm volume and the time between sampling collection
(48 h) to obtain mass flux data in umol L. d.

We further calculated the relative contribution of opal and calcium carbonate to the total
export flux, i.e. their biomineral weight fractions (BSiwr and PICyr), on each sampling day
according to Bach et al. (2016) as

biomineralgr*densitypiomineral (4)
1.06%POCg7+2.1%BSigr+2.7+PICsT

biomineraly =

where ‘biomineral® stands for either BSi or PIC, and POCsr, BSisr and PICsr are the daily mass
fluxes to the sediment trap of the respective compound.

Chlorophyll a and phytoplankton pigments

Samples for chlorophyll # and other phytoplankton pigments were filtered through combusted
(450 °C, 6h) GF/F glass fiber filters (0.7 pm pore size, Whatman) in the on-shore laboratories.
Directly after filtration the filters were flash-frozen in cryo-vials and stored at -80 °C. Back in
Kiel, phytoplankton pigments were extracted from the filters using 100 % acetone as described
by Paul et al. (2015) and then analyzed using reverse-phase high-performance liquid
chromatography (HPLC, Barlow et al., 1997). The output was analyzed using CHEMTAX,
which classifies phytoplankton taxa based on their pigment ratios (Mackey et al., 1996) and
allows to estimate the contribution of different phytoplankton taxa to the total amount of
chlorophyll a. We employed the reference pigment ratios described for the Peruvian Upwelling
System by DiTullio et al. (2005).

Data analysis

Linear mixed effects models were used to investigate the relationship between our predictors
and particle sinking velocity as central response variable. Day (of the experiment) was always
employed as categorical fixed effect and Mesocosn as random effect (n=8, random intercept) to
account for the repeated measures of the mesocosms over time. The models were fitted using
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restricted maximum likelihood. Analysis of variance was used to test for significances of the
fixed effects (type I1I test, Satterthwaite's approximation, a = 0.05).

Firstly, we tested the effect of the upwelling with different oxygen minimum zone water (OMZ,
categorical with 2 levels: very low and low NOy). Average sinking velocity of each size fraction
(40-100, 100-250 and 250-1000 um) was modelled as a function of OMZ, Day and their
interaction (OMZ X Day). We only included data obtained after the application of the treatment
(OMZ water addition on t11/t12). OMZ X Day ot OMZ was cleatly insignificant for all size
classes (all p-values >0.318, see Table Al in the Appendices). For the purpose of parsimony,
we therefore removed the factor OMZ from all our subsequent investigations. The
appropriateness of this exclusion was verified by fitting all following models once with and
once without OMZ, finding it to be highly insignificant in every instance.

Secondly, we explored the influence of biogeochemical properties of the export flux
(continuous predictors), that are, in turn, a result of the current state of the pelagic system. The
average sinking velocity of each size fraction (40-100, 100—250 and 250—-1000 pm) was modelled
as a function of Day and a series of continuous fixed effects including the magnitude of the
export flux (POCsy), its elemental composition (Ns1:Ps7) and the contribution of biominerals
(BSiwr and PICyr).

Thirdly, we modelled the relationship between sinking velocity and physical particle properties.
Sinking velocity was modelled as a function of Day and the continuous fixed effects particle size
(ESD), particle porosity (Pi,) and shape (Aspect ratio, i.e. length to width ratio). Here, we could
use individual particles as the lowest level of replication, as the FlowCam data provided
matching measures of physical properties and sinking velocity for hundreds of particles per
mesocosm and day, resulting in an N > 100,000 particles. In order to account for the
relatedness of particles measured within the same sample, the factor Sample was added as
additional random effect (random intercept) nested within Mesocosz. Since porosity is
dependent on size in Eq. 1, we assured that there was no autocorrelation between size and
porosity (in a tentative model fit without interaction terms).

Statistical analysis was carried out using R (R Core Team, 2021). The packages Ime4 (Bates et
al., 2015) and ImerTest (Kuznetsova et al., 2017), sjstats (Liidecke, n.d.) and performance
(Liadecke et al., 2021) were used to fit and test linear mixed effect models, calculate partial
effect sizes (partial eta squared = 7,°) and check assumptions, respectively. The normality of
residuals and random effects were checked using Q-Q plots and the homogeneity of variance
using residuals versus fitted plots. Data was transformed where necessary. Autocorrelation was
tested for using Durbin-Watson tests. Multicollinearity was assessed by calculating the variance
inflation factor and assessing the correlations between predictors. The fitted models were
checked for influential data points using Cook’s distance and detected outliers removed.
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Results

Particle sinking velocities and phytoplankton community
succession

We observed average sinking velocities of 12.8 = 0.7 m d' (particle size: 40-100 um),
19.4 £ 0.7 m d" (particle size: 100-250 um), and 34.2 + 1.5 m d"' (particle size: 250—-1000 pm)
(* 95% CI, Fig. 1a—c). Sinking velocities increased almost threefold from the smallest to the
largest size class. The variability in sinking velocities of bulk sediment samples across space
and time is indicated by standard deviations of 0.8, 0.9, and 1.8 m d"' from the smallest to the
largest size fraction, respectively. Individual particles were much more variable, however,
ranging from <1 to 267 m d.

The oxygen minimum zone (OMZ) treatment did not affect sinking velocities in any of the
particle size classes over the course of the experiment (Fig. 1 and Table Al). Any potential
signal of the OMZ treatment (red and blue lines) must have been minor compared to the
variability caused by other processes, so that mesocosms appeared to be distributed randomly

around the overall mean (Fig. 1).
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Figure 1. Temporal developments in particle sinking velocities and phytoplankton
community. (a)—(c) Mean daily sinking velocities sampled from the sediment trap in three
particle size classes. Significant fixed effects (OMZ, Day or OMZX Day) are displayed including
p-values (Table Al). (d)—(e) Total chlorophyll « and the contribution of diatoms to total
chlorophyll « in the water column. Here, the shifts in phytoplankton and trophic state are
indicated by text and symbols (Integration and Application Network; ian.umces.edu/media-
library).

In contrast, pronounced temporal trends in sinking velocity were detected in all size classes,
represented by the factor Day (Fig. 1 and Table Al). Depending on the size class, between 42
% and 48 % of the variation in sinking velocity was explained by our models (see R* in
Table Al), primarily via this temporal effect. Generally, sinking velocities started high,
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progressively fell and reached their minimum in the middle of the experiment before rising

again to higher levels towards the end.

We observed a distinct phytoplankton community succession, which is linked to both
suspended and exported particulate matter and ultimately particle sinking velocities. Following
these major biogeochemical developments, we segmented the experiment into three distinct
phases: phase I (t1-t20), phase II (t20-t40) and phase I1I (t40-t50) (for details see Bach et al.
(2020). The conditions inside the mesocosms were initially N-replete and sustained diatom-
dominated communities (Fig. 1e). Although the OMZ water addition on t11/t12 enriched the
dissolved inorganic nutrient pools slightly, these nutrients were readily taken up, and the
systems became N-deplete at around t20 (see Fig. 4 in Bach et al. 2020). The decline in diatom
dominance as nutrients became depleted coincided with a gradual decrease in sinking velocities
of exported particles. The sinking of the smaller, yet most abundant particles slowed down in
particular, with more than 50 % lower sinking velocities on t20 compared to the beginning
when diatoms dominated. The community shifted towards the mixotrophic dinoflagellate
Akashiwo sanguinea, which thrived under the regenerative conditions, and sinking velocities
reached their minimum between t20 and t30. Finally, during the last ten days of the experiment
(t40—t50) seabirds (Inca tern, Larosterna inca) started to use the mesocosm facilities as a resting
place, defecating into the mesocosms and thereby providing new N and P, fueling new
production (Fig. 1d). Simultaneously, sinking velocities reached another maximum towards
t50, this time especially in the medium and large size classes.

Export flux and biomineral ballast

We could not detect an influence of particle sinking velocities on the magnitude and quality of
the export flux in any of the size classes (Fig. 2b and Table A2). In this analysis, mean daily
sinking velocities were neither correlated with the amount of sinking particulate organic carbon
(POC) nor with the composition of the exported material, including the contribution of
biominerals such as biogenic silica and calcium carbonate or the sedimented N:P ratio.

The phytoplankton community succession in the water column was, nevertheless, associated
to clear temporal trends in the magnitude and elemental composition of the export flux
(Fig. 2a—b). The period of diatom-domination (phase I) was characterized by variable daily
fluxes that consisted of almost 30 % biogenic silica. The subsequent shift from diatoms to the
dinoflagellate A. sanguinea (phase 1) was apparent in a five-fold decrease of the opal weight
fraction (BSiwr) between t19 and t30. Intriguingly, this substantial drop in opal ballast was not
reflected by a concomitant decrease in sinking velocities (compare Fig. 2a and 1a—c). During
phase II the mean POCsr flux became temporally more stable while it differed substantially
between mesocosms, as did the sedimented N:P ratios. The ‘orni-eutrophication’ in phase 111
was accompanied by a slight increase in POCgr and a marked increase of TPPsr (see Fig. 7 in
Bach et al. 2020) with consequently decreasing sinking matter N:P ratios. All the while, the
A. sanguinea bloom remained suspended in the water column until the end of the experiment,
and did thus probably not contribute much to the sinking flux (Bach et al., 2020).
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Figure 2. (a) Temporal development of key export parameters including absolute flux, elemental
stoichiometry and mineral ballast (POCsr and Ns1:Psr modified from Bach et al. 2020). (b) Modelled
effects of these parameters on particle sinking velocity (np2 partial effect size).

Physical particle properties

The physical properties of individual particles were clearly linked to their sinking velocities
(Table A3 and Fig. 3b). The most important property was size (ESD), which correlated
positively with sinking velocity (see Fig. B2 in the Appendix). Porosity (Pi), as the second
most influential property, was associated with a decrease in sinking velocity. Particle shape
(aspect ratio) on the other hand, had only a comparably minor effect, which was nevertheless
still detectable. Rounder particles (high aspect ratio) tended to sink slightly faster than
clongated ones. Finally, time (Day) showed the weakest effect here, unlike for the bulk
biogeochemical export flux parameters presented before. Altogether, these physical particle
properties explained a quarter of the variation in the sinking velocity at the level of the
individual particle (R’magina = 0.25, Table A3). Whilst we detected interactions between the
physical particle properties and time, overarching patterns concerning the development of the
relationships over time could not be identified (Fig. B2—4). The variation explained by these
interactions was negligible compared to the main effects (Table A3).

Particle size, shape and porosity were relatively similar between mesocosms and OMZ
treatments (Fig. 3a). M3 and M4 however, slightly stood out from the rest. During phase II,
exported particles in M4 were bigger and more porous compared to the other mesocosms,
especially on t30 and t32. M4 also had the highest sinking velocities on t32 in all size classes
and among the highest on t30 (Fig. 1la—c). Similarly, in M3 bigger, more porous and slightly
more elongated particles sank compared to the other mesocosms. Interestingly, these two
mesocosms also showed a distinct phytoplankton community succession. In M4, the
community shift from diatoms to dinoflagellates did not happen before the very end of the
experiment, while in M3 it occurred ~10 days later than in the other mesocosms (see Fig. 6 in
Bach et al. 2020). This is also apparent in the delayed decrease of diatom chlorophyll « at
around t20 in M3 and M4 (Fig. 1e). The initial diatom communities of M3 and M4 were instead
replaced by cryptophytes, and in M4 those were subsequently succeeded by chlorophytes,
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before A. sanguinea tinally took over. The deviations in physical particle properties in M3 and
M4 might hence be connected to their peculiarities in terms of community succession.
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Figure 3. (a) Temporal development of physical particle properties and (b) their effect on particle
sinking velocity with effect directions indicated by arrows (up = positive, down = negative). The full
statistical result, including interactions between the properties and day, are given in Table A3. Note
that (a) shows daily median particle properties.

Apart from these two deviations, the median particle size remained relatively stable over time
in all mesocosms (Fig. 3a), which implies that the particle size spectrum did not change much
throughout the experiment. In contrast, porosities increased slightly and aspect ratios tended
to decrease from the beginning to the middle of the experiment (around t30). This implies that
particles became less spherical and more porous, which would in theory be associated with
decreased sinking velocities. This was reflected relatively well by our data, with decreasing
sinking velocities until around t25 (Fig. 1la—c).

Discussion

Our mean sinking velocities ranged from 12.8 m d"' in the smallest to 34.2 m d” in the largest
particle size class, which is well in the range of previously published sinking velocities from
around the world (size range 40-1000 pm, McDonnell and Buesseler, 2010; Bach et al., 2016,
2019; Iversen and Lampitt, 2020). In Eastern Boundary Upwelling Systems however, direct
measurements of sinking velocity are scarce. Reports are restricted to the California Current
(Alldredge and Gotschalk, 1988; Ploug et al., 1999) and zooplankton and fish fecal pellets in
the Benguela (Ploug et al., 2008) and the Peruvian Upwelling System (Staresinic et al., 1983),
respectively.

The sinking rates of aggregates sampled in the Southern California Bight by Ploug et al. (1999)
were similar to our largest size fraction (mean * SD: 31 £ 18 m d7), although their covered
particle size range was significantly larger (~ 1.15 to 6 mm). In the same region, Alldredge and
Gotschalk (1988) sampled aggregates that sank more than twice as fast (74 = 39 m d™) but also
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spanned an even larger size range (0.5-25.5 mm). The reported fecal pellets sinking rates were
about an order of magnitude higher than our measured sinking velocities. The copepod and
appendicularian fecal pellets at Cape Blanc, Mauritania sank at rates of 199 £ 92 and
732 + 153 m d”, respectively (Ploug et al., 2008), while the anchovy fecal pellets off the coast
of Peru sank at mean rates of 1100 m d” (691-1987 m d, Staresinic et al., 1983). This is not
very surprising, as densely packed fecal pellets can reach very high sinking velocities (Steinberg
and Landry, 2017). Fischer and Karakas (2009) calculated particle sinking velocities for the
Benguela and Canary Current Upwelling Systems by comparing flux data at two different
sediment trap sampling depths. Their estimates are high compared to ours (~240 + 57 m d"'
in the Canary Upwelling System and 117 m d" in the Benguela Upwelling System). However,
they covered a different particle size range and it is unclear how well their sediment trap-

method compares to our approach.

More comparable to our study are sinking velocity measurements by Cavan et al. (2017) using
the same FlowCam method on particles sampled near the coast of Guatemala in the Eastern
Tropical North Pacific. Although this system is not an EBUS (Kdmpf and Chapman, 2016), it
is also characterized by an extensive subsurface oxygen minimum zone (Cavan et al., 2017).
The authors measured average sinking velocities of 113.6 m d" for particles of 489 + 14 um
size, which is more than three times faster than the 34.2 £ 1.5 m d' of particles in the
250-1000 pm size range in this study (average size: 420 £ 51.4 um). Sinking particles in the
Peruvian system are thus exposed to more prolonged degradation in the subsurface than those
in the Guatemalan region, resulting in increased nitrogen loss through anammox and
denitrification (Karthduser et al., 2021b) and enhanced POC attenuation. It has to be noted,
though, that Cavan et al. (2017) collected their particles at greater depths than we did
(40-350 m compared to 19 m). As sinking velocities increase with depth due to heterotrophic
modifications (Berelson, 2001; Villa-Alfageme et al., 20106), this might be a reason for their
higher estimates. Besides, seasonal dynamics and a different state of plankton community
succession can cause substantial temporal variability in sinking velocities (e.g. Villa-Alfageme
etal.,, 2016; Bach etal., 2019). The comparison of single measurements from different locations
(and depths) should thus be conducted with care. That being said, the sinking velocities of our
largest particles were generally low compared to other studies from EBUSs or similar systems.

Role of phytoplankton community succession and export flux

Due to the time lag between organic matter production and its sinking; it is difficult to analyze
the effects of the water column plankton community on the velocity of sinking particles.
Therefore, instead of comparing sinking velocities with community composition proxies, we
correlated them with export flux parameters, namely the POC flux, sedimented N:P ratio and
biogenic mineral fractions (PIC, BSi). These were assessed from bulk sediment trap samples

and reflected community composition-related changes in the water column well.

The gradual cease of diatoms and the accompanying decrease in BSi export during phase I was
accompanied by decreasing particle sinking velocities in the small and medium size fractions,
while at the same time porosities increased (compare Fig. 1la—c, 2a and 3a). While diatoms
declined, small particles thus became less compact and sank slower. This is somewhat

surprising, as particles originating from diatom communities are often relatively porous, slow
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sinking and inefficient in terms of POC transfer to depth (Lam et al., 2011; Puigcorbé et al.,
2015; Bach et al., 2019; Baumann et al., 2021). On the other hand, this finding stands in line
with Laurencaeu-Cornec et al. (2020), who found that minerals (calcite in their case) can
decrease a particle’s porosity. The mechanism is thereby possibly a decrease in stickiness of
calcite loaded particles, which can lead to the aggregation of more compact particles (Ball et
al., 1987). Perhaps, the same happened here, with non-diatom-derived sinking matter being
less opal-rich and more porous, which resulted in slower sinking velocities (see Section 4.2).

The orni-eutrophication at the end of the experiment and the resulting phytoplankton bloom
likely induced the strong decrease in sedimented N:P ratios and the noticeable increase in POC
export. At the same time, particle porosities decreased and sinking velocities increased in the
medium and large size fractions (Fig. B1). The fertilization of the N-depleted system and the
consequent export-related changes seem to have affected the properties of sinking particles
leading to increased sinking velocities. Interestingly, M4, the mesocosm that differed the most
from the others in terms of community composition and succession, did not show an increase
in phytoplankton biomass (chlorophyll 2) during phase I1I. Yet, the changes in the sedimented
N:P ratio and POC flux were similar to the other mesocosms. The reason for this might be
that the chlorophyll 2 concentration in M4 was lower than in all other mesocosms during
phases II and III. Perhaps, the phytoplankton community was not able to capitalize on the
provided nutrients, as opposed to the communities in the other mesocosms. It is conceivable
that the bird feces partly sank to the sediment trap directly, instead of fully dissolving in the
water column. There, they might have caused the observed shifts in POC and TPP export and
particle properties in all mesocosms, including M4, in addition to fueling the overlaying water
column productivity in most mesocosms.

Another indication for the importance of the community composition dynamics on sinking
particle properties lies in the comparison of M3 and M4 to the other mesocosms. Particle sizes
and porosities in M3 and especially in M4 were higher than in the other mesocosms during
phase II, which was, to a certain degree, reflected by higher sinking velocities. There was a
higher contribution of crypto- and chlorophytes in both mesocosms during that time, while
the others were dominated by .A. sanguinea (see Fig. 6 in Bach et al. 2020). At the same time,
M4 and especially M3 were among the mesocosms with the highest POC export flux during
phase II. This constitutes further evidence for an interaction between the phytoplankton
community composition, the resulting export flux and the properties and sinking velocities of
settling particles.

Influence of opal ballast on sinking velocity

We did not find a correlation between mean particle sinking velocities in any size class and the
opal weight fraction of the export flux in our experiment. We assume this was due to the
relatively small variability in sinking velocity and opal weight fraction between mesocosms on
a specific measurement day. In other words, there were no consistent differences between
mesocosms on the same day, from which correlations could be detected. Most of the variation
occurred over time, which the model attributed to the time effect (factor “Day”). This made
the detection of a potential effect of the opal weight fraction difficult. Nonetheless, we would
have expected the 5-fold drop in the opal fraction between t18 and t30 to be paralleled by a
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substantial decrease in sinking velocities. Although mean sinking velocities did initially decrease
during this time period, the decrease was relatively moderate (from t18 to t20: 24 %, 27 % and
14 % in the small, medium and large size fraction, respectively) compared to the drop in opal

content and sinking velocities remained stable thereafter.

The theoretical effect that a 5-fold drop in the opal weight fraction should have on sinking
velocities is substantial. Using Stokes’ law (Stokes, 1851), we calculated the effect of different
opal ballasting on the sinking velocity of idealized particles. We assumed two spherical particles
with 100 pm diameter to consist of POC and BSi exclusively (densities of 1.06 and 2.1 g cm?,
respectively, Klaas and Archer, 2002). One had an opal contribution of 25 %, the other of
5 %, which represents values from before and after the opal drop during phase II. We
calculated sinking velocities of 137 and 40 m d' for the 25 % and 5 % opal particle,
respectively. According to this calculation, the observed drop in BSi should have theoretically
decreased particle sinking velocities by a factor of 3.4.

One possible explanation could be concurring effects, which changed in parallel with opal
ballasting and had opposing (i.e. positive) effects on sinking velocity. Conceivably, there could
have been an increase in particle size or compactness due to the phytoplankton community
shift or zooplankton repackaging, respectively. However, neither size increased nor porosity
decreased while the opal contribution to the export flux declined. On the contrary, porosity
even increased in the small and medium particle size classes, mirroring the temporal pattern of
the BSi drop (compare Fig. 2a and Fig. B1).

These findings suggest that in a close-to-natural plankton community, the velocities of sinking
particles are either not substantially affected by their opal fraction, or other factors balance out
its potential influence. This stands in contrast to the “ballast hypothesis”, which states that
ballasting minerals (opal, calcium carbonate and lithogenic material) enhance the export of
organic matter, partly via enhancing particle sinking velocities (Francois et al., 2002; Klaas and
Archer, 2002; Armstrong et al., 2002). Although opal is considered a weaker driver of sinking
velocity than calcium carbonate, a higher proportion of it should theoretically nonetheless
increase sinking velocity (Francois et al., 2002; Klaas and Archer, 2002; Lee et al., 2009; Iversen
and Ploug, 2010). Apparently, the idealized opal-sinking velocity relationship does not
necessarily hold true in a plankton community in the surface ocean. The reason for this is likely
the complexity of pelagic systems, in which numerous physical and biological drivers affect
particle sinking velocities, such as size and porosity, particle type (McDonnell and Buesseler,
2010; Durkin et al., 2021), phytoplankton community composition via porosity and ballasting
disentangle this multitude of mechanisms, targeted laboratory studies are needed. Thus far
however, most such studies have compared sinking velocities of aggregates formed by different
algae species (e.g. Iversen and Ploug, 2010) without gaining much insight into the mechanistic
relationships between sinking velocity and its individual drivers. In order to better resolve the
relationship between sinking velocity and opal ballasting, a study similar to the one by
Laurenceau-Cornec et al. (2020) is needed, who designed an experiment specifically to examine
effects of calcite ballasting on particle sinking velocities.
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Size, porosity and shape as drivers of sinking velocity

We found that among our tested physical particle properties, size had the strongest correlation
with sinking velocity. This stands in contrast to a recent study, which did not detect a
relationship between size and sinking velocity (Iversen and Lampitt, 2020). One reason for this
might be that the effect size is small, thus requiring a large test power to detect it. While our
study found a rather small effect size (partial effect size: n,” = 0.16, Table A3) encompassing
measurements of more than a hundred thousand particles, Iversen and Lampitt (2020)
measured a total of 1060 particles, which was perhaps insufficient to detect a correlation.
Another reason might be that they measured their particles 7z situ, in contrast to our ex situ
measurement method. Williams and Giering (2022) recently argued that sampling marine
particles can modify, damage and disaggregate them, which might cause the particle pool to
become more homogeneous than in the natural environment and strengthen the relationship
between particle size and sinking velocity. Finally, the size-sinking relationship is subject to
large temporal and spatial variability, which is why the importance for location-specific
estimates for it has often been highlighted (Laurenceau-Cornec et al., 2015; Giering et al., 2020;
Cael et al., 2021). We estimated such a relationship for our data set in order to provide the first
empirical size-sinking-relationship for particles from the Peruvian Upwelling System (Fig. 4).
Our average estimates for the scaling factors a and 3 were well in range of Cael et al.’s estimates
(2021, see their Figures 3 and 4) and might thus help modelers to optimize local particle flux
parameterizations for the Peruvian Upwelling System.

Relationship between particle size (ESD)
and sinking velocity (SV)
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Figure 4. Size-sinking relationship of particles sampled from the sediment trap. Shown are the scaling

factors o« and B * SD, as well as the mean regression model formula according to Eq. 3. This
relationship was calculated in the 40—-630 um size range (see Sect. 2.3.1).

Particle porosity was the second most important driver of sinking velocity. Surprisingly, the
correlation between sinking velocity and porosity was three times weaker than the one with
size. So although porosity has repeatedly been reported as an important driver of sinking
velocity (Alldredge and Crocker, 1995; Giering et al., 2020; Laurenceau-Cornec et al., 2020), it
seems that in the size range of 40—1000 um particle size is the more influential property. Our
study is, to the best of our knowledge, the first to directly compare the size-sinking and
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porosity-sinking relationships in a marine particle dataset, providing insight into the relative
importance of these two drivers on sinking velocity.

The third assessed particle property, shape, was inconsequential compared to the former two,
both in comparison and in absolute terms. Although rounder particles tended to sink faster
than elongated ones, the aspect ratio was not overly important in driving sinking velocities.
Although particle shape has been found to influence the sinking behavior (e.g. Laurenceau-
Cornec et al., 2015, 2020), it is not considered as important a driver as particle size or
compactness. Our results concur with this, indicating that although the aspect ratio of a particle
matters, it is not a major driver of sinking velocity. Multiple times more important seem to be
porosity and size, with size being the predominant driver.

Conclusions

We provide the first empirical data on particle sinking velocities in the small to medium size
range (40—1000 um) in the coastal Peruvian Upwelling System. Our data fit relatively well into
the range of previously published estimates of equally-sized particles from around the world.
However, particles in our largest size fraction (~0.4 mm diameter) sank slower than those in
some other EBUSs and comparable systems.

We found indications that sinking velocities were connected to the phytoplankton community
composition and succession and to the nutritional system status. Which species make up the
base of the food web in the Peruvian Upwelling System seems to influence how fast particles
sink and hence how much POC is remineralized in the subsurface OMZ. Our results further
show that when a system shifts away from a diatom-based community, opal ballast does not
seem to be a major driver of sinking velocity in the surface ocean. In order to disentangle the
mechanisms driving particle sinking velocity under such a community shift, laboratory studies
are needed that can isolate the effects of the potential drivers such as opal ballast, particle size

and compactness.

Our results suggest that sinking velocity parameterizations in numerical models should include
particle size and porosity as physical particle properties, with size as the more influential driver.
The provided metrics of a size-sinking relationship could help to further optimize local particle
flux parameterizations. Since sinking velocity determines for how long particles are exposed
to degradation processes on their way to depth, it is a crucial parameter for assessing carbon
sequestration and changes in subsurface oxygen concentrations. This is especially important
for a region that is highly susceptible to climate-driven changes. Our study might thus help to
better estimate the strength and efficiency of the biological carbon pump in the Peruvian

Upwelling System and hence project the expansion of the local oxygen-deficient waters.
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Appendix A: Tables

Source of

Response variable variation df MS F-value R’uugina p-value

a) Sinking velocity

40-100pm OMZ 1 0.065 0.02 0.42 0.904
Day 18 20.172 4.93 <0.0001
OMZ X Day 18  4.702 1.15 0.318

b) log10(sinking

velocity 100—

250pm) OMZ 1 0.006 0.67 0.42 0.416
Day 18 0.040 4.74 <0.0001
OMZ X Day 18  0.008 1.00 0.465

¢) log10(sinking

velocity 250—

1000pum) OMZ 1 0.004 0.34 0.48 0.559
Day 18 0.070 6.07 <0.0001
OMZ xDay 18 0.012 1.08 0.383

Table Al. Linear mixed models for the effects of oxygen minimum zone (OMZ) treatment across time
on averaged sinking velocity per size class. Shown are the ANOVA output (df: degrees of freedom,
MS: mean squares), R2 of fixed effects (R2%margina) and partial effect sizes (np2). Measurement days before
the OMZ water addition (sampling days t2—t10) were excluded. Model diagnostics: Raw data of a) met
the assumptions for normality and homogeneity. For b) and c) the response variable was log10-
transformed to meet the assumptions for normality and homogeneity.
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Source of

Response variable  variation df MS F-value N> Rlmagina  p-value

a) Sinking velocity

40-100 um Day 23 29971 5.27 0.436 0.50 <0.0001
BSiwr 1 1.730 0.30  0.001 0.582
PICwr 1 0.412 0.07  0.000 0.788
POCsr 1 7.624 1.34 0.005 0.249
Nsr:Psr 1 0.279 0.05 0.000 0.825

b) log10(sinking

velocity 100-250

pum) Day 23 0.020 2.29 0.246 0.39 0.002
BSiwr 1 0.014 1.64 0.008 0.202
PICwr 1 0.000 0.03  0.000 0.866
POCsr 1 0.007 0.84 0.004 0.361
Nsr:Psr 1 0.000 0.03  0.000 0.871

¢) log10(sinking

velocity 250—1000

pum) Day 23 0.036 2.88 0.300 0.41 <0.0001
BSiwr 1 0.000 0.02 0.000 0.884
PICwr 1 0.002 0.17 0.001 0.682
POCsr 1 0.043 343 0.015 0.066
Nsr:Psr 1 0.001 0.06  0.000 0.811

Table A2. Linear mixed models for the relationships between averaged sinking velocities per size class

and biogeochemical particle properties and time. Shown are the ANOVA output (df: degrees of
freedom, MS: mean squares), R? of fixed effects (R%marginal) and partial effect sizes (np2). Model
diagnostics: Raw data of a) met the assumptions for normality and homogeneity. For b) and c) the

response variable was log10-transformed to meet the assumptions for normality and homogeneity.
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Response Source of

variable variation df MS  F-value N> Rlmagina  p-value

log10(sinking

velocity) log10(ESD) 1 127495 1950045  0.160 025 <0.0001
10g10(Piny) 1 36841 563481  0.052 <0.0001
Aspect Ratio 1 28.05 429.10 0.004 <0.0001
Day 23 0.51 7.77 0.002 <0.0001
log1O(ESD) %
Day 23 0.51 7.83 0.002 <0.0001
log10(Piny) X
Day 23 0.52 7.99 0.002 <0.0001
Aspect Ratio
X Day 23 1.25 19.06 0.004 <0.0001

Table A3. Linear mixed models for the relationships between sinking velocity and physical particle
properties (size, porosity and shape) across time. Shown are the ANOVA output (df: degrees of
freedom, MS: mean squares), R? of fixed effects (R2margina) and partial effect sizes (7,2). The analysis is
based on N > 100,000 particles. Model diagnostics: The right-skewed sinking velocity, ESD and Pin
data were logl0-transformed, after which only slight deviations from normality remained. Particles
within one measurement were correlated with each other. The reason might be that fast sinking particles
were generally measured at the beginning of a measurement, while more slow particles were measured
towards the end. We nevertheless argue that our model results are interpretable due to the high
significance of our correlations (all p-values < 10-24).
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Appendix B: Figures

Sinking velocity

Porosity (P
40-100 ym
I

Shape (aspect ratio)
40-100 ym

» 2251 :
2y Q< :
‘.'_c '5 20.0 :
£ Ayl & 175 2 3
R £ : 4
: R : : ;
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
50 sal
m
401 & 45-
- s
5 30- S 40
£ ! 8 354
~ 20- £
Z 301
104 ’ ; ; .
0 10 20 30 40 50
#1254
= 2 © 1 sALA
© 51001 {5 ““” i
£ 2 R e
~— v .\ \
£ 75 3
=
50
low NOx —#—M1 —e—M4 —&— M5 ——M8 ——mean |
very low NOx —#— M2 —e— M3 —&— M6 —— M7 !! deep water 111 phases
I addition

Figure B1. Temporal developments of particle sinking velocities, porosities and shapes per size class.

Note that sinking velocities are also shown in Fig. 1, but are replicated here to facilitate the comparison

with other particle properties.
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Figure B2. Correlations between sinking velocity and particle size over time. Each panel shows data
of all mesocosms for one experimental day, including a linear regression with test statistics and model
formula, and each black dot corresponds to one particle. Related model output: Table A3 and Fig. 3b.
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Figure B3. Correlations between sinking velocity and particle porosity over time. Each panel shows
data of all mesocosms for one experimental day, including a linear regression with test statistics and
model formula. Related model output: Table A3 and Fig. 3b.
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formula. Related model output: Table A3 and Fig. 3b.
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Abstract. In order to keep global warming below 1.5 °C, technologies removing carbon from
the atmosphere will be needed. Artificial upwelling of nutrient-rich water stimulates primary
productivity and could enhance the vertical carbon flux to the deep sea, thus increasing the
oceanic uptake of atmospheric carbon. The efficiency of this CO, removal technique is
affected by the nutrient composition of the upwelled water, which determines the resulting
phytoplankton community and thus the carbon sequestration potential. We tested the effect
of nutrient composition (Si relative to N) in artificially upwelled waters on export flux
parameters in a mesocosm experiment. We enclosed an oligotrophic plankton community in
the subtropical North Atlantic for 35 days and constantly fertilized it with nutrient-rich deep
water composed of different Si:N ratios (gradient from 0.07-1.33 mol:mol). Artificial
upwelling led to a doubling of exported particulate matter (1.0 to 2.2 pmol POC L' d") with
increased C:N ratios (9.5 to 11.1 mol:mol). Elevated Si:N ratios additionally enhanced POC
export (effect size: 1.5 umol POC L' d per 1 mol:mol Si:N) and associated C:N ratios (effect
size: 1.8 mol:mol per 1 mol:mol Si:N), however, the over-consumed carbon was only partly
channeled into the export flux. The BSi fraction of the export flux increased more than 3.5-
fold over the gradient of the Si:N nutrient composition (0.10 to 0.36). However, heavier
ballasted particles were not respired less or sank faster. On the contrary, sinking velocity
significantly decreased under high Si:N, most likely due to decreased particle size. Respiration
rates remained similar across all treatments, thus not indicating any protection of Si content
against degradation. The nutrient composition under artificial upwelling thus led to
counteracting effects on the carbon sequestration potential. On the one hand, it increased the
magnitude of carbon export and associated C:N ratios, on the other, it retained parts of the
overconsumed carbon in the surface and decreased the efficiency with which carbon is
transported to depth.

In preparation. To be submitted to: Frontiers in Marine Science
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Introduction

In order to keep global warming below 1.5 °C, a massive reduction of anthropogenic CO»
emissions is inevitable. In addition however, carbon dioxide removal (CDR) on a grand scale
will be required in order to compensate unavoidable future emissions (IPCC, 2018). The
oceanic realm constitutes the biggest non-geological carbon reservoir of our planet, and it
offers vast space for carbon dioxide removal techniques to be deployed. Artificial upwelling is
one such technology, which aims to enhance biological productivity in the surface ocean by
transporting nutrient-rich water from deeper layers to the oligotrophic surface (Pan et al,,
2016). The increase in primary productivity should theoretically cause an enhanced vertical
export flux of sinking particulate organic matter, which transports organically bound carbon
to depth. Once the carbon reaches the deep ocean (generally 1,000 m), it is regarded as
sequestered on the time scale of up to centuries (Siegel et al., 2021). This natural process is
called the “biological carbon pump”, whose strength might be enhanced using artificial
upwelling.

The carbon sequestration potential of artificial upwelling via the biological carbon pump is
mainly determined by (a) how much material starts to sink out of the surface ocean and (b) the
efficiency with which it is transferred to depth, i.e. the vertical attenuation of carbon flux
(Henson et al., 2012a). The latter is controlled by the rate with which the exported material
sinks and the rate at which it is remineralized back to the dissolved inorganic carbon (DIC)
pool (McDonnell et al., 2015). Additionally, the amount of carbon relative to the limiting
nutrient (usually nitrate or phosphate) plays a role. The carbon to nutrient ratio of sequestered
particulate matter needs to be higher than that of the upwelled inorganic nutrients for artificial
upwelling to sequester carbon efficiently (Baumann et al., 2021).

The nutrient composition of the upwelled water also determines the structure and composition
of the phytoplankton community. By shaping the base of the food web, it thus affects the
whole food web structure and ultimately the resulting ecosystem services, such as carbon
export. The amount of dissolved silicate (orthosilicic acid, Si(OH)4) is perhaps the most
important characteristic when it comes to defining the phytoplankton community structure
under meso- or eutrophic conditions. Under abundant silicate, diatoms (Bacillariophyceae) thrive,
whereas under Si scarcity phyto-flagellates usually dominate (Sommer, 1994).

Diatoms are important players in the ocean carbon cycle (Field et al., 1998), contributing
40 % to the global particulate organic carbon (POC) export (Jin et al., 2006). They are chain-
forming organisms, which constitute the yearly spring blooms at high latitudes and seasonal
blooms in coastal upwelling regions (Smetacek, 1985, 1999). When the limiting nutrient is
exhausted (usually nitrate or silicic acid), they form aggregates and export large amounts of
biogenic carbon from the euphotic zone to the deep sea (Honjo and Manganini, 1993). Diatom
blooms are short-lived, but can be sustained by recurring silicic acid fertilization and the
associated carbon sequestration upheld on time scales of weeks to months (Dugdale and
Wilkerson, 1998; Allen et al., 2005). They incorporate the silicic acid into their cell walls as
biogenic silica (BSi), a biomineral two times heavier than particulate organic carbon (Klaas and
Archer, 2002). As biogenic ballast material, it is considered to increase particle sinking
velocities (Armstrong et al., 2009), and it might as well act as a protective barrier against
microbial remineralization (Armstrong et al., 2002; Klaas and Archer, 2002). Furthermore,
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aggregation processes can be facilitated by the exudation of transparent exopolymer particles
(TEP), which are often exuded at the termination of a bloom (Obernosterer and Herndl, 1995)
and promote the formation of larger marine snow particles.

However, diatoms do not necessarily promote efficient carbon export. In fact, their blooms
can result in relatively inefficient transfer of particulate organic matter from the surface ocean
to depth (Guidi et al., 2009; Henson et al., 2012b; Maiti et al., 2013). Exuded TEP itself are
positively buoyant and can thus decrease the density of particulate matter in aggregates, thereby
leading to its retention in the surface (Mari et al., 2017). Furthermore, diatom-originated
aggregates are usually relatively porous, which can reduce sinking velocities and facilitate
bacterial remineralization rates (Lam et al., 2011; Puigcorbé et al., 2015; Bach et al., 2019Db).
The diatom type and its physiological traits influence how much a population contributes to
carbon export (Tréguer et al, 2018). It is thus important to characterize the plankton
community and its structure in concert with the resulting carbon export and carbon
sequestration potential.

We here tested the effect of nutrient composition (Si relative to N) in artificially upwelled
waters on the quantity and stoichiometry of sinking matter, as well as on particle sinking
velocities and remineralization rates. We enclosed a natural oligotrophic plankton community
in the subtropical North Atlantic inside a mesocosm facility for 35 days. The mesocosms were
fertilized every second day with nutrient-rich deep water composed of different Si:N ratios
(gradient from 0.07-1.33 mol:mol). We anticipated that artificial upwelling would increase the
export flux and remineralization rates of the relatively fresh exported matter (Baumann et al.,
2021). We further expected the silicification of diatom cells to increase with Si:N ratios,
resulting in a higher BSi export flux and enhanced biogenic ballasting of exported matter,
potentially enhancing particle sinking velocities.

Materials and Methods

Experimental setup

The mesocosm experiment was carried out in autumn 2019 in the subtropical North Atlantic.
We used eight 7z situ mesocosms, which are the shorter equivalents of the KOSMOS
mesocosm design (Riebesell et al., 2013) and have already successfully been deployed (Bach et
al., 2019a). They are 2 m in diameter, 4 m long and possess a bag made of transparent
polyurethane. At the bottom, the bag tapers off into a conical sediment trap, from which
sinking material can regularly be sampled. They were filled simultaneously with ~8 m’ of
oligotrophic water from outside the harbor on the 6™ of September (experimental day 0).
During the filling, a 3 mm mesh at the water inlet kept larger organisms from entering the

mesocosms.

During the 35 day-long experiment, the enclosed plankton communities were subjected to
recurring additions of nutrient-rich deep water. The water was collected west of Gran Canaria
at ~120-160 m depth. Before the addition of deep water to the mesocosms, inorganic nutrients
were added to reach our desired nutrient levels. Thereby, C, N and P were supplied at Redfield
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ratios (C:N:P = 106:16:1), reaching nitrate concentrations of 30 umol L' with corresponding
1.9 umol L' of phosphate and 199 umol L' of dissolved inotrganic carbon. Nitrate thereby
served as the reference for the Si:N treatment. Silicic acid (Si(OH)4) was added in different
amounts (between 2 and 40 umol L., Fig. 1a) to achieve the specific treatment levels. These
were chosen to mimic the different stoichiometries of potential source waters from different
locations (Sarmiento et al., 2004; Griffiths et al., 2013) and depths (Sarmiento et al., 2007,
Llinas et al., 1994). The first upwelling treatment was carried out on day 6, and was repeated
every other day until day 32 (Fig. 1b).

Midway through the experiment, two more manipulations were carried out in order to assess
the trophic transfer. On day 15, small pelagic fish were introduced to the mesocosms and on
day 16 an isotopic tracer (°C) was added. This allowed us to trace the path of matter through
the pelagic food web up to the trophic level of small pelagic fish. In order to maintain the
pelagic quality of the enclosed ecosystems, the mesocosm bags were regularly cleaned to
prevent the attachment of fouling organisms. Therefore, the inside and outside walls were
cleaned regularly using a ring-shaped wiper or by divers equipped with brushes, respectively
(Fig. 1b). For more information on the experimental setup, the mesocosm maintenance and
the deep water collection see Goldenberg et al. (to be submitted).
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Figure 1. Experimental timeline with sampling, cleaning and manipulation schedule.

Sampling procedure

Water column and sediment trap samples were taken every to every second experimental day
for the analysis of various biogeochemical and ecological parameters. The samples were
analyzed in the nearby laboratory facilities of the Platatorma Oceénica de Canarias (PLOCAN)
and the University of Las Palmas de Gran Canaria (ULPGC). Integrated water column samples
were taken using submersible, 2 m long plastic tubes. They were transferred to 10 L carboys
and stored dark and cold until arrival in the laboratory. There, they were subsampled for the
analysis of phytoplankton abundances, composition and biomass and concentrations of
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particulate biogenic matter. Sedimented material was sampled every second day through the
hose attached to the sediment traps by means of a manual vacuum pump (<0.3 bar). It was
collected in 5 L glass bottles (Schott Scandinavia, Denmark) and stored dark until further
processing. In the lab, the sediment bottles were gently rotated to homogenize the material,
and subsequently subsampled for measurements of sinking velocity and remineralization rates.
The remainder of the material was prepared for the analysis of particulate biogenic matter,
including particulate organic carbon, nitrogen and phosphorus (POC, PON, POP) and
biogenic silica (BSi).

Sample processing and measurement

Sediment trap material

After the subsampling the settled biogenic matter first had to be separated from sea water (see
Boxhammer et al., 2016). 3 mol L of ferric chloride (FeCLs) were added to the sediment
bottles to make the material flocculate, followed by 3 mol L of NaOH as a pH buffer, after
which the bottles were left alone for 1 h to let the material settle. Subsequently, the supernatant
sea water was carefully decanted. The sediment suspension was then centrifuged at ~5,200 g
for 10 min in a 6-16KS centrifuge (Sigma Laborzentrifugen, Germany), and then again at
~5,000 g for 10 min in a 3K12 centrifuge (Sigma). This yielded sediment pellets, which were
frozen at —20 °C and transported to Kiel, where their elemental composition was analyzed. In
Kiel, the pellets were freed of any leftover moisture by freeze-drying and ground in a cell mill
(Edmund Bihler, Germany), to obtain fine and homogeneous sediment powder. This powder
was weighed and then then subsampled for POC, PON, BSi and POP measurements.
Particulate organic carbon and nitrogen subsamples were transferred into tin cups and their
contents measured after Sharp (1974) in duplicates on a Euro EA-CN analyzer (HEKAtech,
Germany). POC subsamples were additionally fumed with 1 mol L' HCl and dried at 50 °C
overnight before the measurement to remove the particulate inorganic carbon fraction, while
PON was measured directly. Biogenic silica and particulate organic phosphorus concentrations
were measured spectrophotometrically following Hansen and Koroleff (1999). The mass
fluxes to the sediment trap were calculated by upscaling the measured C, N, Si and P
concentrations in the subsamples to the total sample weight. The mass fluxes were then
normalized to the time between sample collection (48 h) and to the mesocosm volume to
obtain daily mass fluxes in umol L' d". The relative contribution of BSi to the total export
flux as a proxy for BSi ballasting was calculated according to Bach et al. (2016).

2.1*BSi

BSi fraction = - 1)
1.06xPOC+2.1¥BSi+2.7«PIC

where the daily export fluxes of BSi, POC and PIC are multiplied with their respective densities
(Klaas and Archer, 2002).

Water column samples

The integrated water samples were analyzed for their POC, PON and total particulate carbon
(TPC) concentrations. Therefore, subsamples were taken in our on-shore labs and the
suspended particulate material was collected on pre-combusted glass fiber filters (0.7 um,
Whatman). Filters for POC and PON analyses were acidified for ~2 h with 1 mol L." HCl to
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remove the inorganic carbon fraction. Filters for POC/N and TPC were then dried for 24 h
at 60 °C in pre-combusted glass petri dishes. They were packed into tin cups (8 X 8 X 15 mm,
LabNeed, Germany) and transported back to Kiel, where their carbon and nitrogen contents
were measured on a CN analyzer, as described for sedimented matter above. The particulate
inorganic carbon content was estimated as the difference between TPC and POC. Since we
did not find consistent evidence for the presence of particulate inorganic carbon (Goldenberg
et al,, to be submitted), we pooled the TPC and POC/N filters to obtain POC and PON
duplicates.

Diatom biovolume was estimated using the Utermohl method (Edler and Elbrichter, 2010).
Water samples were fixed with Lugol’s iodine (final concentration of 1 %) and stored inside
250 mL brown glass bottles. Subsamples were transferred to settling chambers (2050 mL),
from which cells were counted after 24 h using inverse light microscopy. A minimum of
500 phytoplankton cells per taxa were counted and identified to the lowest possible taxonomic
level. Due to the high phytoplankton abundances, not all cells per subsample were counted,
but a minimum of 500 cells across all taxa. The dimensions of the dominant taxa were regularly
measured, and, based on average sizes, their specific biovolumes were calculated (Olenina et
al., 2000). Total diatom biovolume was calculated from cell abundances and per capita

biovolume.

Sinking velocity of sediment trap particles

In order to assess the potential transfer efficiency of sinking particles, we measured sinking
velocities (SV) of particles in the 40—1000 um size spectrum. We therefore used a video
microscopy method, which was developed by Bach et al. (2012) and further reworked by Bach
et al. (2019b) and Baumann et al. (2021). Diluted sediment subsamples were transferred to a
sinking chamber (1 x 1 cm edge length), which was vertically mounted on a FlowCam device
(Fluid Imaging Technologies, United States). Settling particles were therein recorded for
20 min at ~7 fps. Particle sinking velocities were calculated by fitting a linear model to the
y-positions of multiple captures of the same particle and their respective time stamps. The
calculations were carried out using the MATLAB software (version R2018b). Particles out of
focus were excluded from the analysis based on the blurriness of their contour lines. Wall
effects of the sinking chamber were corrected for using the equation in Ristow et al. (1997).
Because of the temperature-dependence of sinking velocity measurements (Bach et al., 2012),
our laboratory was temperature-controlled and set to 22-23 °C, depending on the daily i situ
mesocosm temperatures.

Alongside sinking velocity, particle size as equivalent spherical diameter (ESD) and porosity
(i.e. compactness) as a size-normalized measure for particle intensity (Pin;) were measured. The
underlying assumption of our porosity-proxy was that porous particles appear brighter
(translucent) whereas more compact ones appear darker (opaque). High intensity values (i.e.
brighter images) thus resulted in high porosities and vice versa. As large particles are generally
more porous than small ones (Laurenceau-Cornec et al., 2020), our porosity-proxy is size-
dependent, and was calculated following Bach et al. (2019b):
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P;,; = (intensity/255)? * ESD )

We analyzed sinking velocity and particle properties in four different particle classes: small
(40—-100 um), medium (100—250 um) and large particles (250—1000 pm), as well as the fastest
10 % of sinking particles across the three size fractions. As fast sinking particles are particularly
important for carbon sequestration processes (see Section 4.1) and since we detected the
strongest treatment effects in this particle class, we mainly focus on the fast sinking particle
class in our later analysis.

Remineralization rates of sinking particles

The other factor that determines the transfer efficiency of particulate matter exported via the
biological carbon pump is its remineralization rate. The higher it is, the lower the efficiency of
carbon transfer to depth. Here, we measured the carbon-specific remineralization rate of
sedimented material every 4 days via the oxygen depletion rate in dark-incubated sediment.
Therefore, seven 330 mL glass bottles (Schott) were sampled headspace-free from the water
column of each mesocosm. Four of these were used as replicates and three as controls
(4 + 3) bottles X 8 mesocosms = 56 bottles in total). They were transported dark and cool to
the temperature-controlled lab (daily 7z situ temperature), where they acclimatized for 2h in a
water bath. There, between 0.5-3 mL of sediment suspension from sediment subsamples of
the respective mesocosm was carefully added to the replicate bottles, while the controls were
left untreated. A plastic pipette with a widened tip was used for the sediment addition to keep
aggregates intact. All bottles were then incubated in darkness on a rotating plankton wheel
(~1 rpm), and oxygen depletion over time was measured. O, measurements were carried out
non-invasively on PSt3 optodes (PreSens Precision Sensing, Germany) mounted inside the
bottles using a handheld optical measurement device (Fibox4 Trace, PreSens). They were
automatically corrected for temperature, which was measured in a dummy bottle, and for
atmospheric pressure measured by the Fibox4. Salinity was corrected for using the respective
mesocosm salinity, measured by CTD casts on the respective day. The eight incubations lasted
on average ~27 h, during which 5-8 O, measurement were carried out in intervals of 2—6 h.
After the incubations the particulate matter inside the bottles was collected on pre-combusted
glass fiber filters (0.7 um, Whatman) and their POC contents analyzed similarly as for the water
column filters.

Carbon-specific remineralization rates (Cremin, d') were calculated by dividing the O, depletion
rate (r in pmol O, L' d™) of the sediment material by its measured POC content (umol C L)
at the end of the incubation:
r*R
Cremin = W (3)

Thereby, RQ is the respiratory quotient (umol C umol O,"), commonly regarded as 1, i.e.
1 mol CO; produced : 1 mol O, consumed (Ploug and Grossart, 2000; Iversen and Ploug,
2013; Bach et al., 2019b), and the time interval between the start of the incubation and the
filtration start is factored in as At (d). C-specific remineralization rates were calculated for both
sediment-containing bottles and blank bottles with only mesocosm water. The
remineralization rates of the sedimented particulate matter were calculated by correcting the
rates of the sediment-containing bottles for the rates in the blank bottles.
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Finally, we calculated the remineralization length scale (RLS, m) as the quotient of sinking
velocity (SV, m d") and carbon-specific remineralization rates (Ceemin, d”). It resembles the
vertical distance over which 63 % of the sinking POC flux are being remineralized back to
inorganic carbon (Cavan et al., 2017).

RLS = ¥

)

Cremin
Data analysis

The eight mesocosms constituted individual replicates along the established Si:N artificial
upwelling gradient, and were sampled repetitively throughout the experiment. Linear mixed
effects models with random intercept were used to detect effects of the upwelled Si:N ratio
and its change over time on export parameters. Si:N was employed as continuous explanatory
variable, experimental day as categorical fixed effect and mesocosm as categorical random
effect. In order to assess the effect of silicon-associated export mechanisms (e.g. BSi ballasting)
more directly, the exported Si:N ratio (i.e. exported BSi to exported PON, Fig. S1) was
established as continuous explanatory variable for some parameters. The models were fit using
restricted maximum likelithood and a type I1I test with Satterthwaite’s approximation. All data
analyses were carried out with the R software (version 4.1.2, R Core Team, 2021; RStudio
Team, 2022). For data exploration and visualization the “tidyverse” package was used
(Wickham et al., 2019). Statistical testing was performed using “lme4” (Bates et al., 2015) and
“ImerTest” (Kuznetsova et al., 2017), always employing a significance level of « = 0.05. The
package “performance” (Lidecke et al., 2021) was used to check assumptions. Normality of
residuals and random effects were checked with Q-Q plots, homogeneity of variance with
residuals versus fitted plots. Data was transformed where necessary. In addition, the temporal
development of the Si:N effect was examined. Therefore, linear regressions for each sampling
day were computed and their slopes £ 95 % confidence intervals were plotted over time.

Based on the daily export fluxes and stoichiometric ratios (see Fig. 2b—e and Fig. S1), we
segmented the experiment into three phases to be able to discuss our results more
comprehensively: oligotrophic baseline (days 3-9), initial response (days 11-21) and longer
term response (days 23-35).

Results

Diatom community and particulate matter export

Artificial upwelling fueled diatom blooms in all mesocosms. High Si fertilization additionally
accelerated bloom development during the initial growth phase (Goldenberg et al., to be
submitted). The diatom blooms consisted mainly of the chain-forming I eptocy/indrus and the
pennate Pseudo-nitgschia genera (Ortiz et al, to be submitted). Throughout the treatment
application, diatom biovolume was higher under Si-rich upwelling than under Si scarcity
(Fig. 2a), indicating that abundant Si promoted plenty of material for building cell structures.
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In all mesocosms the diatom blooms resulted in increased export fluxes of freshly produced
particulate matter to the sediment trap (Fig. 2b). This material was characterized by elevated
C:N ratios compared to pre-upwelling conditions (Fig. 2c). The Si:N ratio further enhanced
both particulate organic carbon export and exported C:N ratios during the initial treatment
response phase (days 11-21). Actively managing silicon to nutrient ratios thus enhanced the
export of organically bound carbon during the system’s adjustment to artificial upwelling.

Diatom community Particulate matter export
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Figure 2. Suspended diatoms and particulate matter export under varying Si:N of artificially upwelled
water. Daily Si:N effects are shown in red.

Increased export fluxes as a response to upwelling and to high Si:N ratios were primarily
observed for carbon, nitrogen and silicon pools (see Fig. 2b,d and Fig. S1). Particulate organic
carbon and nitrogen export increased on average 3- and 2.5-fold from the pre-treatment (days
3-9) to the initial response phase (days 11-21), respectively, while biogenic silica export
increased 1.7-fold. In contrast, the export of total particulate phosphorus did not increase
(Fig. S1). The peak in the export flux parameters on day 19 was likely a consequence of the
cleaning of the inside mesocosm walls and the sediment traps on day 17 (compare Fig. 1 and
Fig. 2b—e). The Si:N treatment was mirrored most clearly in the biogenic silica flux, the BSi
fraction of the total flux (Fig. 2d—e) and the exported Si:N ratio (Fig. S1). Si-rich upwelling
did thus not only cause a higher BSi flux, but also increased the BSi ballasting of sinking
particles (Table S1). Both effects persisted throughout the initial and long-term response
phases. In contrast, the positive Si:N effect on POC export and exported C:N ratios

disappeared during the longer-term response phase.
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Sinking particle characteristics

The nutrient composition in the upwelled water affected the properties of sinking particles.
Surprisingly, high Si:N in upwelled waters temporarily decreased sinking velocity and size of
the fastest sinking particles (Fig. 3b—c). The effect was similar, although slightly weaker, for
sinking velocities classified by particle size (Fig. S2 and Table S2). The relationship between
the Si:N ratio of exported matter and sinking velocity (/patticle size) yielded similar results
(Fig. 3d,h, Table S2f—i). This shows that a high proportion of biogenic silica ballast correlated
with smaller sizes and lower sinking speeds of fast sinking particles. Moreover, the reduced
sinking speeds in the high Si:N treatments were not only associated with smaller sizes, but also
with lower particle porosities (Fig. 3g).

The remineralization rates of sinking particulate matter increased when freshly produced
material sank to the sediment traps at the onset of the upwelling treatment and subsequently
decreased again towards the end of the experiment. In contrast to sinking velocities,
remineralization rates were however not affected by the upwelled Si:N ratio (Table S2), except
for day 15, on which there was a small positive effect (Fig. 3a).
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Figure 3. Sinking particle characteristics and daily Si:N effect sizes. Particle sinking velocities, sizes and
porosities in (b—h) are means of the fastest 10 % of sinking particles. (d=h) give further evidence on
potential drivers of the negative Si:N effect on sinking velocities (/patticle sizes), and include mean
data from days 17 to 25.

The Si:N ratio of upwelled water and resulting differences in diatom occurrence led to distinct
biogeochemical responses in export-related parameters. We found increased sinking velocities
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of fast sinking particles only under low to moderate diatom presence (Fig. 4a). In the Si-rich
upwelling treatments, in which diatoms occurred aplenty (Fig. 2a), particle sinking velocities
were rather low. It thus seems like high diatom abundances did not allow for fast sinking
particles. Likewise, fast sinking particles and high C:N ratios did not occur simultaneously
during the times of a positive Si:N effect on exported C:N ratios (Fig. 3e and Fig. 4b). The
exported particles in between days 17 and 25 were either fast sinking, or carbon-rich, but not
both. Finally, only a part of the over-consumed carbon under high Si:N upwelling was exported
(Fig. 4c). Under low Si:N, C:N ratios in the water column were relatively low
(~5-12 mol:mol), and exported matter was carbon-enriched compared to the suspended
material (retention of N in the water column, Fig. 4¢). In contrast, under high Si:N, the C:N
ratios in the water column were much higher (~10-17.5 mol:mol), however, the exported
matter was carbon-depleted relative to the suspended material (indicating retention of C in the
water column). This indicates that the additionally taken-up carbon under high Si:N was partly
retained as POC (i.e. non-sinking particles) in the water column instead of being channeled
into export production. The amount of silicon relative to nitrogen in artificially upwelled water
thus affected export-related parameters in counteracting ways.

Counteracting effects of Si:N on carbon export
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Figure 4. Summary figure displaying the counteracting effects of Si:N on export related parameters.
Note that (b) excludes the data point M3 on day 17 (exported C:N ratio: 7.8 mol:mol, sinking velocity
of fastest 10%: 33.4 m d1).

Discussion

Counteracting effects of Si:N upwelling

POC export and associated C:N ratios increased after the onset of artificial upwelling. This
finding is similar to an earlier artificial upwelling mesocosm study (Baumann et al., 2021). The
Si:N composition in the artificially upwelled water had positive effects on the quantity and
stoichiometry of the export flux. Si-rich upwelling led to a temporarily enhanced particulate
organic carbon flux with elevated C:N ratios, both of which is beneficial for potential carbon
sequestration. The reason for this is that during the adjustment phase diatom abundances and

C:N ratios of suspended particulate matter were higher under Si-rich compared to Si-scarce
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upwelling (Goldenberg et al. to be submitted). This enhanced biomass production and the
elevated C:N ratios were in time reflected by the export flux. Furthermore, the Si:N ratio had
a lasting positive effect on biogenic silica export and hence on the relative contribution of BSi
ballast to sedimented matter. High Si:N ratios in upwelled water thus promoted the carbon
sequestration potential in several ways.

Curiously though, the more than 3-fold increase in BSi ballast under Si-rich upwelling did not
result in higher particle sinking velocities. On the contrary, sinking velocities temporarily
decreased under enhanced ballasting. The reason for this was most likely that particles under
Si-replete conditions were ~100 um smaller than the ones experiencing Si-scarce upwelling.
Apparently, the decreased particle size outweighed the positive effect of enhanced BSi ballast.
Although we found this negative Si:N effect on sinking velocities for almost all considered
particle size classes, it was most prominent for those particles that sank fastest (Table S2).
These fast sinking particles can be considered the most important contributor to the biological
pump as they reach the sequestration depth most rapidly and spend the least amount of time
in the mesopelagic zone, where the majority of remineralization occurs (Mayor et al., 2014;
Garcia-Martin et al., 2021). Furthermore, as sinking velocity is positively affected by particle
size (Cael et al., 2021), fast sinking particles are often large and hence incorporate high amounts
of organic carbon. The speed with which the fastest particles sink is thus an important
predictor for carbon sequestration processes (Riley et al., 2012). Another counterintuitive
finding was the positive correlation between sinking velocity and particle porosity at the end
of the adjustment phase. Theoretically, porosity should negatively affect a particle’s sinking
velocity by lowering its density (Laurenceau-Cornec et al., 2020). Here, however, the opposite
was observed. The reason for this is that the fast sinking, porous particles were also large, and
porosity is size-dependent (Laurenceau-Cornec et al., 2020). Additionally, the correlation
between sinking velocity and size was a lot stronger than the one with porosity (compare
Fig. 3f and g), suggesting that particle size — again — overruled the negative effect of porosity.
This is in line with a recent study, in which we observed the same particle size spectrum as
here and found particle size to be a stronger predictor for sinking velocity than porosity
(Baumann et al., submitted). Consequently, it seems that the large sizes of fast sinking particles
increased their sinking velocities over the combined negative effects of lower BSi ballast and
higher porosities.

The remaining question is, what the reason for the decreased particle sizes and sinking
velocities under Si-rich upwelling was. To try and answer it, a look at the sediments from the
time period in question (end of the adjustment phase) is helpful. Figure 5 shows pictures of a
subsample of sedimented material from day 21 of each mesocosm, aligned along the Si:N
upwelling gradient. There are apparent differences between the high and low Si:N treatments:
under Si scarcity particles were relatively large, distinct, and contrasted strongly with the
background, whereas under abundant Si, single particles were smaller and hardly
distinguishable. In fact, in the two highest treatments it seems like tiny specks were loosely
connected to each other in some sort of matrix. We argue that the reason for this impression,
and hence the underlaying mechanism in question, were transparent exopolymer particles
(TEP), which were increasingly exuded under Si-rich upwelling.
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Although we did not measure TEP in this experiment, the enhanced C:N ratios both in
suspended and exported particulate matter indicate its occurrence. TEP are exuded primarily
under nutrient limitation (Mari et al., 2017; Obernosterer and Herndl, 1995). In our experiment
the added nitrate was always fully taken up after each deep water addition (Goldenberg et al.,
to be submitted). There was thus recurring nutrient limitation, which could have promoted
TEP production. Since diatoms were more dominant in the high Si:N treatments, one would
expect higher TEP formation in there (as suggested by Fig. 5). TEP can act as “biological
glue” and promote aggregation, but it can also retain suspended matter in the surface layer due
to its positive buoyancy (Mari et al., 2017). Aggregates that are composed of a high fraction of
TEP have a high C:N ratio and elevated buoyancy. They only start sinking once they
incorporate enough dense, non-TEP particles, which decreases their buoyancy and their C:N
ratio (Azetsu-Scott and Passow, 2004). This might be the reason for why high C:N ratios of
sinking matter and high sinking velocities were mutually exclusive in our experiment (Fig. 4b).
It could also explain why the high particulate matter C:N ratios were retained in the water
column and the over-consumed carbon under abundant Si only partly reached the sediment
trap (Fig. 4c). This stands in line with an earlier mesocosm experiment, during which TEP
concentration increased sharply following a simulated artificial upwelling event, and was
highlighted as the reason for the decrease of sinking velocities (Bach et al., 2019b).

M6 A M2 m M8

increasing Si:N upwelling

Figure 5. Material sampled from the sediment trap of each mesocosm on day 21. Pictures were taken
on a stereo microscope (Stemi 305, ZEISS) using a 10X magnification.

Summing up, enhancing the proportion of Si in artificially upwelled water increased BSi
ballasting of sinking particles but also decreased their sizes and ultimately resulted in lower
sinking velocities. Furthermore, sediment remineralization did not change with upwelled Si:N
ratio, hence opal did not seem to shield organic matter from respiration (Boyd and Trull, 2007).
A high contribution of opal did thus not go hand in hand with particle properties that are
beneficial for transfer efficiency. When considering the correlations between BSi and POC
fluxes in the deep ocean (Klaas and Archer, 2002), our findings suggest that in the surface
ocean the positive effects of opal ballasting on POC fluxes are superimposed by other drivers.
For example, the enhanced formation of positively buoyant TEP could exert a negative control
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on sinking velocities (Azetsu-Scott and Passow, 2004) and retain carbon-rich material in the
surface (Mari et al., 2017). As particles sink through the epi- and mesopelagic zones, the
preferential remineralization of organic material, including TEP, might leave a higher fraction
of opal behind and could thus be the reason for the observed correlations between POC and
BSi fluxes (Sanders et al., 2010).

Implications for artificial upwelling as negative emission
technology

The various Si:N effects on export parameters in our study were of counteracting nature. Some
imply an increased potential for carbon sequestration and thus carbon removal from the
atmosphere, others are unfavorable in that aspect (Table 1). In the following, we will discuss

the relative importance of our findings in respect to the carbon removal potential of artificial

upwelling.
export Si:N effect implication for
response variable shortterm longterm C sequestration
Quantity:
POC export N — @ higher export production
relative difference J J © retention of carbon
C:N export / C:N water column in the water column

Quality:

exported C:N ratio @ balances upwelled DIC:NO,

BSi ballast 4 @ increases sinking velocity
remineralization rate - —_ ® no effect on transfer efficiency
particle size 3 — (@ decreases sinking velocity
sinking velocity J — (@ decreases transfer efficiency

@ /@ /©&: positive / negative / no effect on carbon sequestration potential

Table 1. Summary of Si:N effects under artificial upwelling on export-related parameters and their
implications for the carbon sequestration potential. Short term (initial response phase) and long term
(longer term response phase) effects are displayed.

The key Si:N effects concerning the carbon sequestration potential are the positive effects on
daily POC fluxes, exported matter C:N ratios and BSi ballasting on the one side, and the
negative effects on sinking velocities and the relative difference between suspended and
exported C:N ratios on the other (Table 1). Si-replete conditions temporarily caused more
material to be exported from the surface and positively affected the C:N ratio of exported
matter, both of which strengthens the biological carbon pump. However, the C:N effect was
buffered by the retention of parts of the over-consumed carbon in the water column, and
additionally, sinking velocities decreased, which hampered the potential for efficient organic
carbon transfer to depth.

The question is whether the increased POC flux and elevated C:N ratios, or the decreased
sinking velocities would have had a larger impact on the realized carbon deep export. The
remineralization length scale (RLS), a proxy for the POC transfer efficiency, helps to get an
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understanding of the relative importance of flux quantity versus quality. Figure 6 shows the
RLS, surface POC fluxes and theoretical attenuated POC fluxes at the respective RLS depth
for the lowest and highest Si:N treatments on day 21. On this day, there were pronounced and
rather linear Si:N effects, making this comparison representative of the range of Si:N ratios
tested here. Due to the 2.5-fold higher particle sinking velocities under low Si:N, the transfer
of organic carbon to depth would have very likely been more efficient in the lowest compared
to the highest treatment (RLS depth more than 2-fold deeper). Nonetheless, the 6-fold higher
POC flux under the highest Si availability would have probably led to more POC sinking out
of the euphotic zone (50—100 m depth) in this treatment. We can, however, not say whether
the enhanced flux attenuation under high Si:N would ultimately lead to less POC reaching the
deep ocean than under Si-scarcity. For this, a sophisticated flux attenuation model would be
needed, which is beyond the scope of this study. We hence emphasize the importance of
incorporating our experimental findings into biogeochemical models. This would help to
resolve the relative importance of counteracting effects of artificial upwelling as a carbon

removal technique.
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Figure 6. Remineralization length scale (RLS) and resulting flux attenuation for highest and lowest
St:N treatment on day 21. RLSs were calculated from sinking velocities (SV) of the fastest sinking
particles on day 21 and remineralization rates averaged across mesocosms from day 23.

When discussing the implications of these results, it is important to differentiate between short
and long term effects. The observed short term Si:N effects carry more weight for stationary
artificial upwelling applications, which result in one-time fertilization of water patches, e.g. a
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moored wave pump (Liu et al.,, 1999; Fan, 2016). Also the remineralization rates, which
increased after the onset of artificial upwelling, subsequently decreased again towards the end
of the experiment, and thus only temporarily hampered the efficiency of particle transfer. The
longer term effects are more important regarding the application of drifting artificial upwelling
devices, which fertilize the same patch of water over longer time periods. Concerning recurring
upwelling, most of the Si:N effects are thus not crucial, and instead the benefit of increased
POC fluxes and enhanced sinking matter C:N ratios would come into play. Those elevated
carbon to nutrient ratios would, however, be buffered under Si-rich upwelling by the retention
of over-consumed carbon in the water column.

In summary, artificial upwelling enhanced POC fluxes and associated C:N ratios, and did so
on the time scale of multiple weeks. Additionally, the upwelled Si:N ratio temporarily enhanced
carbon assimilation and consequently the POC flux and exported matter C:N ratios. However,
the over-consumed carbon was partly retained in the water column, possibly due to the
enhanced formation of positively buoyant TEP under high diatom abundances. Furthermore,
although Si-rich upwelling enhanced BSi ballasting manifold, changes in particle properties led
to temporarily decreased sinking velocities and hence less efficient particle export. In a next
step, modelling approaches could help to resolve the relative importance of these findings by
incorporating them into POC flux attenuation simulations.
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Response variable Fixed effect MS dfnum  dfben F-value p-value  RZqacginal

a) Particulate organic

catbon flux (POC) Si:N 3.676 1 6 3.6 0.1064 0.43
Day 4.041 12 72 3.96 0.0001
Si:N X Day  3.254 12 72 3.19 0.0011

b) Particulate organic

nitrogen flux (PON) Si:N 0.026 1 6 2.83 0.1434 0.375
Day 0.026 12 72 2.9 0.0025
Si:N X Day  0.019 12 72 2.11 0.0269

¢) Biogenic silica flux

(BS)) Si:N 1.933 1 6 69.67 0.0002 0.692
Day 0.043 12 72 1.54 0.1291
Si:N X Day  0.055 12 72 1.99 0.0373

d) Particulate organic

phosphorus flux (POP) Si:N 0 1 6 2.15 0.1932 0.483
Day 12 72 4.74 <0.0001
Si:N X Day 12 72 2.08 0.0288

e) Particulate inorganic

catbon flux (PIC) Si:N 0.015 1 6 4.35 0.0821 0.693
Day 0.022 12 72 6.59 <0.0001
St:N X Day 0.006 12 72 1.82 0.0609

f) Exported Si:N ratio Si:N 25.263 1 6 155.12 <0.0001 0.801
Day 0.471 12 72 2.89 0.0026
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Si:N X Day  0.39 12 72 2.39 0.0115

g) Exported C:N ratio Si:N 12.027 1 78 30.49 <0.0001 0.663
Day 3.12 12 78 7.91 <0.0001
Si:N X Day  2.472 12 78 6.27 <0.0001

h) Exported Si:C ratio Si:N 0.161 1 6 150.41 <0.0001 0.814
Day 0.006 12 72 5.62 <0.0001
Si:N X Day  0.004 12 72 3.59 0.0003

i) Exported N:P ratio Si:N 4.803 1 6 0.49 0.5106 0.229
Day 10.832 12 72 1.1 0.3715
Si:N X Day 7.555 12 72 0.77 0.6795

j) Exported PIC:POC

(rain) ratio Si:N 0 1 6 0.92 0.3747 0.692
Day 0.003 12 72 4.97 <0.0001
Si:N X Day 0 12 72 0.62 0.8176

k) BSi fraction of total

flux Si:N 0.138 1 6 131.31 <0.0001 0.846
Day 0.006 12 72 8.5 <0.0001
Si:N X Day  0.009 12 72 5.46 <0.0001

MS: mean squates; dfxum and dfpea: numerator and denominator degrees of freedom;
R2marginal: proportion of variation explained by all fixed effects

Table S1. Linear mixed models showing the effects of artificial upwelling on particulate matter flux

and stoichiometries. Si:N, Day (day 11-33) and Si:N X Day were deployed as fixed effects and
Mesocosm as random effect. Significant fixed effects to be interpreted are displayed in bold.
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Response variable Fixed effect MS dfnum  dfpen F-value p-value  RZqacginal

a) Sinking velocity

(fastest 10 % of particles) Si:N 2011613 1 69 45.03 <0.0001 0.628
Day 215.873 11 69 4.83 <0.0001
Si:N X Day 64.594 11 69 1.45 0.1728

b) Sinking velocity

(40-100 pm size fraction) Si:N 72.263 1 6 12.25 0.0131 0.392
Day 11.177 11 63 1.9 0.0567
Si:N X Day 3.406 11 63 0.58 0.8399

c) Sinking velocity

(100-250 pm size fraction)  Si:N 101.653 1 69 11.68 0.0011 0.398
Day 12.206 11 69 1.4 0.1919
Si:N X Day 4.066 11 69 0.47 0.9173

d) Sinking velocity

(250-1000 pm size fraction) — Si:N 222.494 1 6 5.61 0.0534  0.301
Day 20.888 11 63 0.53 0.8781
Si:N X Day 27.532 11 63 0.69 0.7391

e) Carbon-specific

remineralization rate Si:N 0.008 1 36 1.37 0.249 0.447
Day 0.011 5 36 1.87 0.1242
Si:N X Day 0.001 5 36 0.24 0.9424

f) Sinking velocity exported Si:N

(fastest 10 % of particles) ratio 1437.807 1 9 339 0.0002  0.633
Day 223.136 11 65 5.26 <0.0001
exported Si:N
ratio X Day 80.847 11 65 1.91 0.0547

g) Sinking velocity exported Si:N

(40-100 pm size fraction) ratio 112.339 1 69 20.43 <0.0001 0.435
Day 14.105 11 69 2.57 0.0087
exported Si:N
ratio X Day 4.821 11 69 0.88 0.5664

h) Sinking velocity exported Si:N

(100-250 pm size fraction)  ratio 146.11 1 69 18.35 <0.0001 0.442
Day 16.789 11 69 2.11 0.0309
exported Si:N
ratio X Day 6.395 11 69 0.8 0.6367
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i) Sinking velocity exported Si:N

(250-1000 pm size fraction)  ratio 116.466 1 10 3.32 0.0976  0.349
Day 29.585 11 64 0.84 0.5989
exported Si:N
ratio X Day 49.29 11 64 1.4 0.1931

MS: mean squates; dfxum and dfpea: numerator and denominator degrees of freedom;
R2marginal: proportion of variation explained by all fixed effects

Table S2. (a)—(e): Linear mixed models showing the effects of artificial upwelling on sinking velocities
and carbon-specific remineralization rate. (f)—(i): Linear mixed models showing the relationship
between sinking velocities and the Si:N ratio of the particulate export flux (BSi:PON). Si:N (or exported
Si:N ratio for (f)—(i)), Day (day 11-33) and Si:N X Day were deployed as fixed effects and Mesocosm
as random effect. Significant fixed effects to be interpreted are displayed in bold.
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5.1 Carbon export under natural and artificial upwelling

This doctoral thesis compiles data of the effects of both natural (Chapter 3) and artificial
(Chapters 2 and 4) upwelling on the efficiency of the biological carbon pump. In this section
I describe some of the theoretical similarities and differences between the two systems and
compare the export data collected in the natural Peruvian upwelling system with the results
from the artificial upwelling studies carried out in the Canaries.

Artificial upwelling mimics the mechanism that drives primary productivity in natural
upwelling systems. Nutrients in the upwelled deep water stimulate phytoplankton growth when
they reach the euphotic zone. Artificial upwelling offers the possibility to control the amount
of upwelled water and the mode with which it is translocated — within the given technical
restrictions. In wind-driven coastal upwelling systems, the wind stress along the shore controls
the amount of upwelled deep water and thus the input of new nutrients to the surface layer
(Kdmpf and Chapman, 2016). Temporal variability in wind stress on the time scales of days to
seasons causes relatively variable upwelling conditions. Intermediate wind speeds, which cause
enough upwelling but not too much turbulence, maximize primary production rates (Ware and
Thomson, 1991). The upwelling conditions in natural upwelling systems are thus a lot less
stable than they could potentially be under artificial upwelling. The increase in primary
productivity during our Gran Canaria 2018 study was comparable to maximum primary
production rates in Eastern Boundary Upwelling Systems (EBUS). Kimpf and Chapman
report theoretical maximum primary production rates in EBUS of more than 3 ¢ C m” d’!
(2016). Under recurring upwelling, we measured maximum primary production rates of more
than 2 ¢ C m” d"' and more than 4.5 ¢ C m” d" under singular upwelling (Ortiz et al., 2022).
The resulting potential for export production under artificial upwelling is thus comparable to
the major natural upwelling systems.

Our measured export fluxes under natural upwelling (Chapter 3) were substantially lower than
the fluxes in our artificial upwelling studies (Chapters 2 and 4). This is somewhat surprising,
as the chlorophyll # concentrations were comparable for most of the experimental duration.
Additionally, in contrast to natural upwelling, artificial upwelling led to enhanced C:N ratios
of exported particulate matter. To understand what the causes for these differences might have
been, one needs to look at the different phytoplankton community successions. In Peru, the
community was already upwelling-adapted and in the phase of shifting from diatom- to
dinoflagellate-dominance. The relatively small pulse of upwelled nutrients did nothing but stall
this succession for a few days. While dinoflagellates dominated, suspended matter C:N ratios
increased. However, they remained suspended in the water column until the end of the
experiment, which is why neither the stoichiometry shift nor their captured carbon was
transferred to the sediment trap (Bach et al., 2020). In the oligotrophic Canary Island system
on the other hand, upwelling led to a shift from picophytoplankton adapted to nutrient
limitation and high light intensities to diatom-dominated micro- and nanophytoplankton
specialized on capitalizing on new nutrients and high growth rates (Ortiz et al., 2022). The
initial conditions in the subtropical waters off of Gran Canaria were very different from the
conditions under the upwelling treatment. In contrast, the disturbance in the Peruvian system
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was not that large and the adjustments to the new conditions were not that severe.
Consequently, the grazing community was perhaps more capable of keeping the
phytoplankton community in check in Peru, whereas the zooplankton under artificial
upwelling did not have enough time to catch up with the much faster phytoplankton growth.
Both the mismatch scenario in the Canary Island region as well as the persistence of
dinoflagellates in the water column of the Peruvian system might have resulted in higher export
rates under artificial compared to natural upwelling.

Although the stimulation mechanism of artificial and natural coastal upwelling is the same,
they differ from each other when it comes to carbon export. When applying artificial upwelling
for the sake of carbon dioxide removal (CDR), a location in the open ocean is favorable, where
exported carbon can be sequestered in the deep ocean interior. Eastern Boundary Upwelling
Systems (EBUS) are located along coasts, often above comparably shallow shelfs, which is not
ideal for carbon sequestration. Additionally, in these systems POC is often exported to water
layers, which are soon to be upwelled. Hence, the remineralized DIC may end up at the surface
again rather soon. However, the vertical off-shore transport of coastal water masses can cause
suspended POC to sink to the deep ocean at the shelf break (Hales et al., 2000). Furthermore,
high amounts of exported biomass in the sub-surface, together with slow ventilation create
oxygen-depleted sub-surface waters in EBUS (Karthduser et al, 2021). These hamper
remineralization and thus make particle export more efficient (Weber and Bianchi, 2020). This
feature of subsurface oxygen minimum zones would likely not occur when applying artificial
upwelling in the open ocean, because of less constricted ventilation of sub-surface waters.
Artificial and natural upwelling systems are thus only to some extent comparable in terms of
carbon sequestration.

5.2 Artificial upwelling and the biological carbon pump

The main scope of this doctoral thesis was to assess the effects that artificial upwelling has on
the functioning of the biological carbon pump. In Chapter 2 I described the effects that the
upwelling intensity and mode had on export related parameters during the Gran Canaria 2018
mesocosm campaign. In Chapter 4 I presented results from the Gran Canaria 2019 experiment,
in which the effect of different Si:N ratios were tested. Overall, artificial upwelling increased
the surface carbon flux while it negatively affected the efficiency with which organic matter is
transferred from the surface to the ocean interior (Table 5.2).

We found that the absolute amount of N added as upwelled deep water caused an increase in
suspended and exported C:N ratios. Average POC fluxes in response to artificial upwelling
increased 3—4-fold compared to pre-upwelling conditions. At the same time, upwelling
intensity increased sinking matter degradation rates and decreased particle sinking velocities.
As a result, the remineralization length scale (RLS) as a proxy for POC flux attenuation
decreased more than 2-fold. The temporal mode of upwelling also had counteracting effects
on export related parameters. A singular pulse of upwelling increased the C:N ratio of exported
matter while it simultaneously enhanced particle porosities and thereby decreased sinking
velocities compared to the control treatment. Under recurring upwelling we observed no such
changes. The S:N ratio of artificially upwelled water had similar effects on particle export as
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upwelling intensity. Across the Si:N gradient, the POC flux increased 3-fold while the RLS
decreased more than 2-fold. However, these effects lasted only while the community adjusted
to the upwelling treatment and faded over time.

Artificial upwelling

Intensity Mode Si:N ratio
(recurring, high intensity)
o singular recurring short term long term
£
o C flux + + ° + °
S magnitude higher higher higher POC
2 POC export exported export and
S and exported C:N ratios exported
(&) C:N ratios C:N ratios
©
L
D  transfer - — ©° — 1]
° efficiency  faster degradation lower lower increased
— of sinking matter sinking sinkin BSi ballast,
o and lower velocities velo citigs unaltered
sinking velocities sinking
velocities

+ /— /0o : positive / negative / no effect on strength/efficiency of biological carbon pump

Table 5.2. Effects of artificial upwelling intensity, upwelling mode and upwelled Si:N ratio on export-
related parameters. The first column (Intensity) shows insights from the Gran Canaria 2018 and 2019
experiments (comparison of pre-treatment with treatment conditions).

The increasing POC fluxes and changes in particle characteristics were mainly associated with
changes in the phytoplankton community. The grazer communities were not able to catch up
with the phytoplankton growth in either experiment and hence likely had a limited influence
on sinking particle characteristics. Generally, upwelling stimulated primary productivity and
induced a shift from the oligotrophic baseline community to diatom-based communities. The
upwelled Si relative to N thereby controlled the relative amount of silicon and carbon that the
diatoms incorporated into organic matter per mol of nitrogen. The enhanced productivity was
mainly controlled by upwelling intensity and led to stronger fluxes of organic matter to the
sediment traps. When diatoms ran into nutrient limitation, they produced more carbon-rich
organic matter (and likely TEP), leading to increased C:N ratios of suspended and exported
particles. At the same time, the exported material was relatively fresh and porous, which was
probably the reason for its quick degradation and slow sinking.

5.2.1 The importance of sinking matter elemental ratios

The fact that artificial upwelling led to enhanced C:N ratios of produced and sinking organic
matter is crucial. In fact, a high ratio of carbon to limiting nutrient in the exported material is
a prerequisite for artificial upwelling to achieve net CDR via the biological carbon pump.
Upwelled deep water transports dissolved inorganic carbon (DIC) and associated nutrients
(nitrate, phosphate and silicic acid) from a certain upwelling depth to the surface. This
upwelling depth needs to be deeper than the maximum mixed layer depth at the given location,
to bring up nutrients that would otherwise be locked away in the deep ocean. When
transferring this water to the surface, the difference between the DIC and nutrient
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concentrations in the surface compared to the upwelled deep water are defined as excess DIC
and nutrients. This excess DIC would lead to increasing seawater pCO; and thus a loss of
carbon via air-sea gas exchange. Thus, in order to achieve CDR, the uptake of carbon and its
subsequent export to the upwelling depth needs to exceed the upwelled excess DIC. The
upwelled nutrients are new nutrients and thus fuel new production. Usually, the surface ocean
is N-depleted and hence, excess nitrate equals the total new nitrate. Assuming that new
production equals export production (as proposed by Eppley and Peterson, 1979), the
upwelled nutrients will completely be exported from the surface ocean. They might be cycled
for days, weeks or even months above the permanent pycnocline, but will eventually be
exported. If nitrogen constitutes the limiting nutrient in the surface, the C:N ratio of the
exported particulate matter at the depth of upwelling needs to surpass the C:N ratio of excess
nutrients in the upwelled water in order for net C sequestration to occur. In this case, more
carbon is associated to the sequestered compared to the upwelled nitrogen, resulting in
atmospheric CO; influx to the ocean (see Fig. 5.2.1).

all upwelled N
is incorporated into
high C:N
biomass organic

excess high
nutrients Al
sinking
(¢9.66) matter
excess C:N ratio

(e.g. 10)

NO,

upwelling depth

C:N C:N
N/

net C sink

for atmospheric carbon

Figure 5.2.1. Importance of C:N ratios for net carbon sequestration. In this upwelling scenario, the
exported organic matter C:N ratio is higher than the upwelled excess C:N ratio, which causes a net
carbon sink.

The C:N ratio of sinking matter becomes a less determining factor when the upwelled water
contains so called “preformed nutrients”. These are nutrients that were biologically not
utilized, but instead transported from the surface to the ocean interior through deep water
formation (Marinov et al., 20006). Since they were not incorporated into organic matter, they
do not have a biotic carbon counterpart. Hence, the incorporation of preformed nutrients into
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sinking biomass would increase the biological carbon pump without the need to
overcompensate for upwelled excess DIC. Preformed nutrients are mainly distributed via the
formation of deep and intermediate waters in the Southern Ocean. Since the North Atlantic
deep water formation supplies relatively little amounts of preformed nutrients, the upper
1000 m in the subtropical North Atlantic are scarce in preformed nutrients (Primeau et al.,
2013). In the region of the Canary Islands, in which we carried out our artificial upwelling
experiments, they do thus not play a major role. The enhanced sinking matter C:N ratios under
artificial upwelling are hence especially important when the upwelled nutrients are not
preformed but remineralized. In this case, elevated ratios are necessary to allow for net carbon
drawdown — if the C:N ratio of exported matter at the upwelling depth is still high enough (i.e.
exceeding the excess DIC:NOs  ratio of upwelled water).

By increasing exported matter C:N ratios, artificial upwelling thus fulfilled the prerequisite that
is required for net carbon drawdown via the biological pump. In addition, it strengthened the
vertical POC flux from the surface. However, it simultaneously hampered the POC transfer
efficiency through less favorable particle characteristics, meaning that potentially most of the
organic carbon might be recycled in the surface ocean. The question arises, what these
counteracting effects imply for the long-term carbon sequestration potential of artificial
upwelling. Would the exported organic matter with its elevated C:N ratios make it to the deep
sea, or would it be degraded before it reaches a meaningful sequestration depth?

5.3 Carbon sequestration potential of artificial upwelling

5.3.1 POC flux magnitude and C:N composition versus transfer
efficiency

In order to answer the question which is more important for long-term carbon sequestration
potential, the magnitude and stoichiometry of the initial sinking flux or the transfer efficiency,
I calculated POC fluxes to depth under different surface export and flux attenuation scenarios.
A simplistic one-dimensional water column model described in detail by Bach et al. (2016) was
used to calculate POC flux profiles to up to 1000 m depth.

POC, = POC,_, — (Pocz_1 x model (7 (7 — 1))) (5.1)

SVmodel

POC, is the POC flux (umol L' d") at depth z (m), Cumosa the temperature-dependent
remineralization rate (d") and SVimeaa the depth-dependent sinking velocity (m d™). Cioaa and
SVimede parameterizations were adapted from the University of Victoria model by Schmittner
et al. (2008). Crode Was parameterized to decrease with depth due to decreasing temperatures

according to

C
Crnodel = (0.0639+AT) 5.2
where C is the carbon-specific remineralization rate (d"') and AT the temperature difference (°
C) between our measurements and the 7z situ temperature at depth z. The exponential function
of the scaling factor 0.0639 corresponds to a Schmittner’s by, scaling factor of 1.066 (2008)
and corresponds to a Q10 value of ~2. The temperature profile originates from a CTD cast
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north of Gran Canaria at the European Station for Time-Series in the Ocean (ESTOC,
29.17 N; -15.50 W) during an R Posezdon cruise in March 2019 (POS 533, Quack, 2019). Since
the relatively light organic fraction of sinking particles is assumed to be preferably degraded
with depth (Berelson, 2001) and the average size of particles usually tends to increase with
depth, sinking velocity was parameterized to slightly increase with depth.

SV odel = 0.04 % z + SV (5.3)

Crodel and SVimode were estimated using sinking velocities and remineralization rates measured
during the Gran Canaria 2018 and 2019 mesocosm campaigns reported in Chapters 2 and 4.

I carried out two sensitivity analyses for the synthesis of this doctoral thesis, in each of which
I modeled POC fluxes to up to 1000 m depth under different scenarios for export flux from
the surface. Essentially, the influence of the flux magnitude from the surface, the C:N ratio of
the flux, and the transfer efficiency (given as RLS) were tested as drivers for POC fluxes to
different depth horizons (representing different timescales of carbon sequestration).

Magnitude of export flux vs. RLS

For the first sensitivity analysis, I compared how the magnitude of export flux from the surface
and RLS control POC fluxes at different depths. As pointed out earlier, artificial upwelling
increased the surface POC flux, while it simultaneously decreased the transfer efficiency, i.c.
the RLS, compared to the control scenario (see Section 5.2). The POC fluxes to 100, 500 and
1000 m depth are shown for different export conditions in Fig. 5.3.1 a—c. The contour lines
were computed with the one-dimensional flux model for a range of RLS and POC fluxes from
the surface layer, and calculating the remaining POC flux for the given depths. The data points
in the graph depict the export observations during the Gran Canaria 2018 and 2019 mesocosm
campaigns. Shown are the mean (+ SD) values of the pooled singular and recurring upwelling
treatments (red and blue, four mesocosms each), the experimental control from 2018 (grey,
i.e. no upwelling) and the gradient of Si:N upwelling treatments (turquoise to dark blue: low
to high Si:N).

The higher POC surface flux under artificial upwelling causes substantially higher POC fluxes
at 100 m depth compared to the control, especially in the high Si:N treatments (Fig. 5.3.1a).
At this depth, the surface POC flux is the more important factor compared to RLS, which is
illustrated by the horizontal orientation of the contour lines. With depth, RLS becomes
gradually more important and the orientation of the contour lines shifts. At 500 m depth, most
of the Gran Canaria 2019 Si:N treatments result in lower POC fluxes than the control scenatrio,
while the singular and especially the recurring upwelling treatments export considerably more
carbon to depth than the control (Fig. 5.3.1b). At 1000 m depth the observed trends amplify.
Transfer efficiency becomes more influential while the surface POC flux further loses
significance. The singular and recurring upwelling modes transport the highest amounts of
POC to this depth, followed by the control scenario. The 2019 Si:N treatments export the least
amount of carbon to the deep ocean (Fig. 5.3.1c).

The low transfer efficiency in the Si:N treatments is driven by high degradation rates and low
sinking velocities in response to artificial upwelling. For comparison: the average degradation
and sinking rates across the Gran Canaria 2018 upwelling treatments were 0.119 + 0.041 d"!
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and 53.5 * 14.4 m d" (days 11 to 29), respectively, while they were 0.228 + 0.094 d" and
32.8 £ 10.4 md" (mean + SD, days 11 to 35) across all Si:N treatments for Gran Canaria 2019.
Sinking matter in the 2019 Si:N treatments was thus degraded ~1.9-fold faster and sank
~0.6-fold slower than in the 2018 upwelling treatments. One reason for this might be
differences in the realized upwelling intensity. While the Si:N treatments exclusively
experienced extreme upwelling intensities, the 2018 singular and recurring upwelling modes
incorporate a gradient of low to extreme intensities. Since RLS decreases with upwelling
intensity (see Section 5.2), the consistently extreme upwelling intensities in 2019 could explain
the lower RLS. However, sinking and degradation rates already differed between the two
experiments before the upwelling treatments started to affect export production, albeit less
strongly (~1.5-fold higher degradation rates and ~0.9-fold lower sinking velocities in the Si:N
treatments). An explanation for this could be that the 2019 mesocosms enclosed a shallower
and thus much smaller water parcel than the ones used in 2018. Therefore, the exported matter
in 2019 might have been generally fresher and easier degradable than in 2018.

C:N composition of export flux vs. RLS

Artificial upwelling also resulted in carbon-enriched sinking matter, which should theoretically
be beneficial for increasing the carbon sequestration potential. The relative influence of
artificial upwelling effects on the C:N ratio and RLS was assessed by comparing computed
one-dimensional vertical carbon flux profiles with different RLS and surface C:N to a baseline
scenario (C:N and RLS of the control scenario). For the baseline, the assumption is that a given
amount of N input is completely taken up and converted to export flux from the surface, with
the baseline C:N and RLS corresponding to that of control conditions. Contour lines for Fig.
5.3.1 d—f were computed with the one-dimensional flux model for a range of RLS and C:N
ratios of flux from the surface layer (for a fixed amount of N input), and calculating the
remaining POC flux for the given depths. The C:N ratios in our control scenario (8.56 £ 0.65)
were well in range of reported suspended matter C:N ratios from the Eastern North Atlantic
(~9, Martiny et al., 2013), while organic matter was more carbon-rich in all upwelling
treatments. Accordingly, these higher C:N ratios of the exported POM result in a higher
magnitude of carbon export. For the present sensitivity analysis, I assumed RLS to be identical
for C and N (i.e. no change in C:N with depth).

The analysis shows that deep POC fluxes become less dependent on exported C:N ratios with
increasing depth, while the importance of RLS increases (Fig. 5.3.1e—f). Notably, the transfer
efficiency plays a much more important role than the C:N ratio. Already at 100 m depth, the
control (with lowest C:N) exports more POC than most Si:N treatments, and no upwelling
scenario with high C:N transports more POC to 1000 m depth than the control. This is because
the range of C:N ratios was narrower than the range of POC surface fluxes in the previous
analysis, while the RLS range remained the same (C:N: 8.5-11.5, i.e. ~1.4-fold; surface POC
flux: 1-3 umol L" d7, i.e. 3-fold). Elevated C:N ratios do thus not necessarily lead to higher
POC deep export, if flux attenuation increases simultaneously.
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Figure 5.3.1. Sensitivity of POC fluxes at 100, 500 and 1000 m depth to surface flux magnitude and
transfer efficiency. Shown are a range of combinations of remineralization length scales (RLS) with
surface POC fluxes (a)—(c) and surface flux C:N ratios (d)—(f). The contour lines in (d)—(f) depict the
relative POC flux compared to the control scenario (grey, baseline C:N and RLS). The data points in
the graph depict the export observations during the Gran Canaria 2018 and 2019 mesocosm campaigns.
Shown are the mean (+ SD) values of the pooled singular and recutring upwelling treatments (red and
blue, four mesocosms each), the experimental control from 2018 (grey, i.e. no upwelling) and the
gradient of Si:N upwelling treatments (turquoise to dark blue: low to high Si:N). The point ranges
depict mean values across time (and mesocosms, in respect of the singular and recurring scenarios)
+ standard deviation (SD).

Implications for artificial upwelling as a negative emission technology

In summary, the results of the sensitivity analyses indicate that the decreased transfer efficiency
under artificial upwelling counteracts the positive effect of surface flux magnitude and
increased C:N ratios. Which of the drivers dominates (POC surface flux, C:N composition or
RLS), depends on the depth. While flux magnitude and C:N are more important in the surface
ocean, flux attenuation becomes increasingly important towards the deep ocean. The
importance of RLS might be further amplified by the increase of sub-surface temperatures as
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a response to upwelling. When applied in global models, artificial upwelling causes temperature
increases in the sub-surface waters below 100 m (Oschlies et al., 2010). This might increase
the sub-surface remineralization and thus further enhance the importance of RLS.

The fact that the POC flux to the deep ocean might ultimately be equal or higher in the control
scenario compared to some of the artificial upwelling scenarios (Fig. 5.3.1) does not mean,
that in those cases artificial upwelling would not be able to achieve CDR. Instead, it shows
that most of the additional exported matter would be recycled in the surface ocean. We do not
know, when or in which form this biomass (built-up from upwelled nutrients) would finally
reach the upwelling depth. But if this biomass contained more carbon than the amount of
initially upwelled excess DIC, this carbon would be stored somewhere between the surface
layer and the upwelling depth. Hence, artificial upwelling would temporarily still act as a net
carbon sink.

The flux attenuation models suggest that high upwelling intensities might be useful in areas
where the sequestration depth does not need to be very deep in order to sequester carbon on
meaningful time scales. Low upwelling intensities leading to lower flux attenuation might be
more beneficial in areas where the organic matter needs to be exported rather deep in order to
achieve sufficient sequestration times. This trade-off between enhancing the carbon flux
magnitude and altering its sinking particle properties needs to be considered for the application
of artificial upwelling. Changing the nutrient stoichiometry in artificially upwelled water seems
to lead to a similar trade-off. Si:N ratios temporarily correlated positively with POC export and
C:N ratios and negatively with sinking velocities. This mutual exclusiveness of increased flux
magnitude and efficient transfer to depth seemed to cease after the initial adjustment phase. It
might thus not be of great importance when applying artificial upwelling in a recurring manner
by fertilizing the same water patch over time scales of weeks to months. A recurring form of
upwelling seems to be generally more useful for sequestering carbon in the deep ocean than a
singular upwelling pulse. Although singular upwelling causes considerably higher sinking
matter C:N ratios, recurring upwelling transported slightly more carbon to depth due to its
more efficient POC transfer.

5.3.2 The role of sequestration times

The CDR permanence of artificial upwelling depends on the sequestration time of the
exported carbon, i.e. the time the carbon remains locked inside in the oceans’ interior. Ocean
circulation and mixing of water masses transports exported carbon back to the surface, where
it re-equilibrates with the atmosphere and leaks out as CO, (Orzr et al., 2001). Sequestration
times can vary between a few years or decades to up to a millennium and mainly depend on
the injection depth and the location of POC export (Siegel et al., 2021).

The injection depth, i.e. the depth, at which exported POC gets remineralized, has a strong
influence on the sequestration time. Generally, sequestration times for organic matter exported
to 500 m depth and shallower are quite short, i.e. <50 years (Siegel et al., 2021). This indicates
that the RLS might be more important than the surface POC flux for permanent carbon
sequestration. The injection depth is, however, location-specific. Siegel et al. (2021) tested two
contrasting locations, one in the sub-Arctic North Pacific and the station BATS in the
subtropical North Atlantic. A POC injection depth of 1000 m led to sequestration times of
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~400 years at the Pacific site compared to ~30 years at BATS. At an injection depth of
1500 m, sequestration times increased to multi-centennial scales at both sites. Consequently,
the upwelling location needs to be chosen carefully, as efficient carbon sequestration to
1000 m depth does not guarantee long-term CO, sequestration. The problem of CO; leakage
could be mitigated by directly sinking the organic biomass. This would circumvent the
biological carbon pump as relatively inefficient transport pathway. The combined approach of
artificial upwelling and cultivation of macroalgae with direct sinking is one such approach (Wu
et al., 2022), which could lead to sequestration times in the order of millennia.

Optimizing the carbon sequestration potential

How can one maximize the carbon sequestration potential of artificial upwelling? What is the
ideal upwelling strategy for achieving the maximum CO; sequestration? This thesis has
provided some insight into the mechanisms that play a role when answering these questions.
By extrapolating the experimentally measured POC fluxes to depth, I was able to show that
changes occurring in the relimeranization length scale become more important with depth than
changes in surface POC fluxes. The need for high transfer efficiencies in order to achieve
efficient CDR is highlighted by the short sequestration times at shallow POC injection depths
(<500 m). This suggests that forms of upwelling, which imply relatively efficient carbon
transfer, are needed to achieve the maximum net carbon sequestration. Our empirical data
suggests that, in order to achieve the highest possible transfer efficiency (i.e. RLS), a recurring
mode of upwelling, low to medium upwelling intensities and deep water Si:N ratios not above
1:1 are favorable. Furthermore, locations characterized by long sequestration times at relatively
shallow injection depths are useful to achieve longer CDR permanence. Tropical regions offer
such conditions, especially in the Eastern Pacific and Indian Ocean. In the eastern tropical
Pacific, for example, sequestration times of carbon exported to 500 m depth lie within
100-150 years (Siegel et al., 2021). Such sequestration times could help to mitigate climate
change by buying more time to reduce anthropogenic emissions and actively sequester

atmospheric carbon in long-term reservoirs.

5.4 Difficulties assessing artificial upwelling CDR

When trying to assess the carbon dioxide removal of artificial upwelling in an open ocean
scenario, the vast temporal and spatial scales, in which the biological carbon pump operates,
become a problem. As pointed out above, one important requirement to accurately assess the
net CDR of artificial upwelling would be monitoring the sinking matter carbon to nutrient
ratios at the depth from which deep water was originally upwelled. The difficulty is following
that particle flux in the open ocean. First of all, the produced organic matter might not readily
sink out, but instead be trapped in the surface mixed layer for time scales of multiple weeks
(see Chapter 2) or even months. Secondly, by the time the produced particles sink, they might
have laterally moved away from the area where the nutrients were artificially upwelled, making
them harder to follow and to relate them to the artificial upwelling site. They might also have
been dispersed through mixing with surrounding water masses, further enlarging the area that
needs to be observed. Finally, subsurface ocean currents will cause horizontal drifting of
sinking matter, potentially moving it further away from the upwelling site. On top of that,
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organic matter can not only reach depth via gravitational sinking, but also via other “particle
injection pumps” (Boyd et al., 2019). These come with their own difficulties and add to the
complexity of following the organic matter flux originating from a fertilized water parcel in the
surface ocean. Precisely assessing, how much CDR is achieved with artificial upwelling, thus
requires rigorous observational effort.

In order to cope with the problem of monitoring our oceans in four dimensions — three in
space and one in time —, one has to follow the organic matter flux into the ocean interior. This
could be achieved by combining multiple oceanographic observational tools, such as
biogeochemical ARGO floats or gliders, moorings equipped with sensors and/or neutrally
buoyant sediment traps. This, however, would be costly, require lots of manpower and would
thus be ineffective to do on a regular basis, e.g. while employing upwelling devices as means
of generating negative carbon emissions on the time scale of years and decades. The
impracticability of following carbon fluxes to the deep ocean thus represents a major problem
for CDR crediting (National Academies of Sciences, Engineering, and Medicine, 2021), as it
will not be feasible for companies to regularly and reliably assess the accurate carbon
sequestration achieved by their artificial upwelling devices. This problem could be tackled by
carrying out sophisticated open-ocean experiments, which accurately assess POC fluxes and
flux attenuation with depth resulting from artificial upwelling. These case studies could act as
a guideline. They could inform about the CDR potential of artificial upwelling under certain
circumstances (oceanic region, upwelling intensity, mode, depth, etc.) and enable a better
evaluation of case-specific artificial upwelling scenarios, e.g. by later on feeding the collected
data into models for CDR crediting.

5.5 Next steps in artificial upwelling research

The findings of this doctoral thesis suggest three important next steps of future research
concerning the carbon dioxide removal potential of artificial upwelling. First of all, longer
experimental durations are needed in order to study long-term adjustments of plankton
communities to artificial upwelling. Secondly, open ocean trials are needed that incorporate
close monitoring of the changes related to the biological carbon pump. Thirdly, modeling
approaches need to incorporate experimental findings into global ocean models in order to
test their relevance and to extrapolate the resulting changes to the earth system.

5.5.1 Long-term studies

There were indications that the upwelling durations of 5—6 weeks in our experiments described
in Chapters 2 and 4 were not long enough to allow for match conditions between predator
and prey. The zooplankton was not able to catch up with the enhanced phytoplankton growth
and large amounts of produced organic matter were retained in the water column as suspended
matter in both experiments. Apparently, shifting an oligotrophic to a meso- or eutrophic
system requires more than a month to allow for the food web and particle export to properly
adapt to the altered conditions, especially if the community is diluted with deep water. Seasonal
experimental durations (3—6 months) seem to be necessary to study the long-term adaptions
of the surface community to artificial upwelling and to reliably assess the resulting export
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efficiency (export production over primary production). This would also allow for a more
accurate modeling of POC fluxes and could answer the question if enhanced sinking matter
C:N ratios would remain elevated in the long-term, or if this is a temporarily occurring effect.

5.5.2 Open ocean trials

This thesis incorporates findings of the effects of artificial upwelling on the POC export flux
and other export-related parameters. However, our experiments were restricted to the very
surface ocean. In order to assess the CO; sequestration potential of artificial upwelling more
realistically, open ocean trials are needed. These would allow for measurements of the export
flux at the depths necessary for a proper CDR assessment. They would also diminish
experimental artifacts, such as the lack of migrating zooplankton, the exclusion of large pelagic
organisms and restricted vertical mixing of water masses.

Open ocean trials will require sophisticated POC flux monitoring in order to assess the CO,
removal potential via the biological carbon pump (National Academies of Sciences,
Engineering, and Medicine, 2021). First of all, one would need to track the water masses on
which upwelled waters had an imprint. Tracers could be mixed into the upwelled water, which
allow for the pursue of upwelled nutrients. Other than that, one could try to contain the
upwelled water in a relatively confined horizontal space, e.g. by placing an upwelling device
inside an eddy that forms a secluded water parcel in the open ocean (see e.g. Lovecchio et al.,
2022). Following and characterizing the community responses in the surface layer would
require ship-based operations including water sampling and CTD-casts with high temporal and
spatial resolution. Much like the iron fertilization experiments carried out in the 90s and early
2000s (de Baar et al., 2005). Ship-based observations alone would, however, be insufficient to
monitor the sinking particle flux. In order to cover a wide and deep section of the water column
underneath the fertilized water patch (i.e. hundreds of meters deep and kilometers wide),
automatically operating gliders equipped with optical particle flux measurement devices (e.g.
biogeochemically equipped ARGO floats) would be inevitable. In addition, neutrally buoyant,
free-drifting sediment traps could follow sinking particles within the sub-surface ocean
currents and assess the sinking matter C:N ratio (McDonnell et al., 2015), which is needed to
assess the net carbon sequestration. Ideally, multiple such experiments would be carried out,
covering multiple seasons and oceanographic provinces. The results of such studies could help
to inform society and stakeholders about the real potential of artificial upwelling as negative
emission technology.

5.5.3 Refining modeling approaches

One of the main findings of this doctoral thesis is that artificial upwelling changes export
characteristics in counteracting ways. It enhances the magnitude and C:N ratios of sinking
matter and weakens the potential transfer efficiency (via altered sinking velocity and respiration
rates). We analyzed the sensitivity of the POC flux to changes in exported matter C:N ratio
and changes in RLS in Section 5.3 using a simplistic one-dimensional model. While this
exercise provides interesting insights into the relative importance of different controlling
factors for carbon flux to the deep ocean, more sophisticated modeling approaches are needed
to quantitatively assess the impacts of these findings under different artificial upwelling
scenarios. So far, global models testing artificial upwelling have assumed (a) constant
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stoichiometries, meaning that only upwelled preformed nutrients can lead to carbon
sequestration via the biological pump, and (b) no changes in sinking velocities or particle
degradation rates. Future modeling approaches should thus parameterize artificial upwelling
to enhance sinking matter carbon to nutrient ratios while at the same time enhancing
degradation rates. Implementing such changes of the biological carbon pump in earth system
models will likely alter the outcome of previously estimated CDR rates and result in distinct
effects on the global carbon cycle and climate-related changes. The consequences of applying
artificial upwelling regionally or globally need to be re-assessed in order to refine our
knowledge about potential environmental risks and benefits.

In summary, the next steps in artificial upwelling research are thus open ocean trials, ideally
with long experimental durations, and refined modelling approaches incorporating current and
future insights from empirical studies. This will create a more thorough understanding of how
artificial upwelling affects the biological carbon pump and enable a realistic assessment of its
CDR potential.
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