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Introduction - Eastern Boundary Upwelling Systems

1 Eastern Boundary Upwelling Systems & Eddy Dynamics

1.1 Eastern Boundary Upwelling Systems

The most productive ecosystems in the global oceans are coastal upwelling regions,
especially the four Eastern Boundary Upwelling Systems (EBUS) associated with their
respective cold currents. In the Atlantic Ocean, the Canary Current runs along North Africa and
the Benguela Current along the South African coast. In the Pacific Ocean, the California Current
streams along the coast of North America and the Humboldt Current passes South America
(Figure 1). Although they cover less than 1% of the global ocean area, they support up to 7%
of global primary production and more than 20% of the global marine fish harvest (Chavez and
Messié, 2009; Cushing, 1971; Pauly and Christensen, 1995; Ryther, 1969). Despite the small
area EBUS occupies, a tremendous yield is caused by the upwelled nutrient-rich water
transported by the equatorward cold currents. Not only does the astonishingly high productivity
provide the basis of life for 80 million people, but it also has resulted in numerous scientific
endeavors for understanding these regimes over the last decades (Abrahams et al., 2021; Bakun
and Nelson, 1991; Bonino et al., 2019; Brady et al., 2019; Chavez and Messié, 2009; Garcia-
Reyes et al., 2015; Gruber et al., 2011; Messié and Chavez, 2015; Pegliasco et al., 2015; Varela
etal., 2021).
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Figure 1. Location of the four EBUS (white boxes). Mean chlorophyll concentrations in mg/m? by
Sea-Wide Field-of-view Sensor (SeaWiFS) data are colored. Modified from Messié and Chavez 2015.
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The coastal upwelling process of waters from deeper layers is regulated by Ekman
dynamics (Ekman, 1905). This ocean circulation is mainly driven by the interaction of winds
and the Coriolis force (Price et al., 1987). Due to equatorward alongshore winds (northerly
winds in the northern hemisphere and southerly winds in the southern hemisphere), surface
waters are exposed to wind friction and are thus shifted. The forced movement of the upper
layer leads to the friction of water in the deeper layers. Thus, the cold nutrient-rich deep water
is drawn to the photic zone following the principle of mass conservation. However, the
movement is deflected to the right in the northern hemisphere and to the left in the southern
hemisphere resulting in a westward water motion due to the Coriolis force. With increasing
water depth, the layers are slowed down due to the water drag. The direction of movement is
deviating progressively from the wind direction, a phenomenon known as the Ekman Spiral
(Figure 2a; Cushman-Roisin and Beckers, 2011). This condition results in a net water
movement at an angle of 90° to the equatorward alongshore winds, inducing an offshore Ekman
transport of upwelled water masses and their associated carbon and nutrient contents.
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Figure 2. Upwelling dynamics. a) Ekman spiral. Schematic movements of water layers due to wind
stress and the water drag, resulting in a drifting net water movement at an angle of 90° to the
upwelling-favorable winds. Adapted from Cushman-Roisin et al. (2011). b) Schematic view of the
nutrient upwelled waters and the mesoscale eddy-induced reduction of nutrients at the nearshore.
Adapted from Gruber et al. (2011).

This export of water masses and resources for primary production is further reinforced
by meso- and submesoscale physical processes such as eddies (Figure 2b; Gruber et al., 2011).
The eddy-induced reduction of primary production by depriving resources at the nearshore (100
km) leads to an increased nutrient regime in the oligotrophic open oceans (Gruber et al., 2011;
Mahadevan, 2014; Pinardi et al., 2015; Stramma et al., 2013). Thereby, eddies regulate the

structure and diversity of ambient plankton communities (Bibby et al., 2008; Brown et al., 2008;
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Jagadeesan et al., 2019; Landry et al., 2008; Lévy et al., 2014; Liu et al., 2018; Tilman et al.,
1982).

1.2 Eddy Dynamics

Mesoscale eddies are omnipresent circular currents of water masses in the global ocean,
which can span from 10 — 200 km in diameter (Chelton et al., 2007; Condie and Condie, 2016;
Shih et al., 2020). They can reach a life span of several weeks to more than one year before
dissipating (Chen and Han, 2019). Eddies are mainly generated from baroclinic instabilities
(Kurian et al., 2011). Their formation is influenced by shear forces from opposing currents,
seabed topology, upwelling filaments, wind forcing, shoreline irregularities or a combination
thereof (Batten et al., 2004; Dilmahamod et al., 2021; McGillicuddy, 2016). In the Canary
Current System (CanCS) the cause of eddy formation is likely induced by the current shear and
by the effect of the slope topography (Mittelstaedt, 1991). In EBUS, eddies can enclose the
freshly upwelled water masses and export them into the oligotrophic ocean (Gruber et al., 2011;
Mahadevan, 2014; Stramma et al., 2013). The high rotational velocity of the eddy field, which
is often multiple orders of magnitude higher than the mean flow field, results in entrapped water
bodies, where the exchange with the surrounding waters is reduced significantly or ceased
entirely (McGillicuddy, 2016).

Three mesoscale eddy types with varying properties have been described so far (Figure
3): cyclonic (CE), anticyclonic (ACE) and anticyclonic mode water eddies (ACME; also intra-
thermocline eddy; Angel and Fasham, 1983; D’Asaro, 1988; Kostianoy and Belkin, 1989;
McGillicuddy and Robinson, 1997; McWilliams, 1985; Thomas, 2008). Identification of eddy
types was primarily carried out using satellite data to validate the following properties (Cesar-
Ribeiro et al., 2020; Sun et al., 2017; Wu and Chiang, 2007). CEs are mainly characterized by
a depression of the sea level and a reduced sea surface temperature within the core. ACEs, in
contrast, are associated with an increased temperature and an elevation in the eddy core.
However, a considerable number of ACEs have reduced temperatures and only a weak elevation
of isopycnals, the so-called ACMEs. Additionally, regarding the vertical stratification,
depressed isopycnals are located beneath the eddy core of ACMEs (McGillicuddy, 2016;
Schiitte et al., 2016).
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Cyclone Mode-water eddy Anticyclone

Upwelling Upwelling Downwelllng

Figure 3. Depression and elevation of the three eddy types associated with the isopycnal
displacements. In cyclones and mode-water eddies, isopycnal elevation causes upwelling and in
anticyclones downwelling due to isopycnal depression. Adapted from McGillicuddy et al. (2016).

As the names imply, eddies differ in the direction of rotation leading to contrasting
processes that drive nutrient dispersal dynamics. CEs rotate counterclockwise while ACEs
rotate clockwise in the northern hemisphere resulting in a slow upwelling or a downwelling
inside the eddy core, respectively. ACMEs are a special case where a combination of elevated
and depressed isopycnals stack. In this ‘chimera eddy’ upwelling also occurs due to eddy—wind
interactions (Karstensen et al., 2017). These upwelling regimes can frequently provide new
nutrients to further modulate their biotic communities until they dissipate and merge with the
surrounding waters. Protistan plankton can undergo successional changes in their structure after
being entrapped in eddies at the nearshore while propagating westward (Brown et al., 2008;
Cesar-Ribeiro et al., 2020; Owen, 1980). However, knowledge on succession patterns and how
the diversity of protistan plankton communities is shaped due to mesoscale features is scarce.
Even more, the functional aspects of these changes, and their impacts on aquatic food webs and

the entire ecosystem have been rarely investigated (Ramond et al., 2021).

1.3 Importance of EBUS & Eddies for Planktonic Food Webs & the Biological
Carbon Pump

Planktonic organisms, including eukaryotes (i.e., phytoplankton and zooplankton) and
prokaryotes (i.e., Bacteria and Archaea), are essential within aquatic trophic networks (Cotner
and Biddanda, 2002). They fulfill numerous roles to sustain life in its contemporary form like
the primary production of oxygen and biomass (Field et al., 1998), maintaining biogeochemical
cycles and nutrient recycling (Caron, 1994; Caron et al., 1988) as well as the degradation of
dead cell material (Hollibaugh and Azam, 1983). Food web dynamics are of particular interest
(Figure 4) to the scientific community as they play a crucial role in regulating ecosystem
structure, stability and function (Thompson et al., 2012). Food webs have complex trophic

5
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interactions, including predation and herbivory, competition, mutualism, commensalism and
parasitism, which are regulated by bottom-up, top-down or wasp-waist controls (Brett and
Goldman, 1997; Cury et al., 2000; Dolan et al., 2002; Lynam et al., 2017; Simek et al., 1999;
Strom, 2000). These can even alter the microbial community composition (Calbet and Landry,
1999; Chow et al., 2014; Genitsaris et al., 2015; Paterson et al., 2007; Walters and Moriarty,
1993). In the mid-1970s, microorganisms received special recognition with the discovery of the
microbial loop, which is composed of phytoplankton, phagotrophic protists, bacteria and
organic carbon (Azam et al., 1983; Beers and Stewart, 1971; Berk et al., 1977; Landry and
Hassett, 1982; Pomeroy, 1974). It should be noted that the ‘loop’ concept is a highly simplified
version of the actual microbial food web. Trophic interactions between protistan plankton
together with different modes of energy acquisition (e.g., predation, mixotrophy, symbiosis)
elaborate these networks, thereby demonstrating the necessity to systematically unravel the
complexity of the pivotal functions microorganisms exert in marine ecosystems (Andersson et
al., 2017; Fenchel, 2008; Pomeroy et al., 2007).
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Figure 4. The simplified pelagic food web. Trophic interactions (energy flux) are separated into two
parts: The microbial loop components (base) and the classical food web (black triangle). Energy fluxes
are marked by arrows. Figure modified after Andersson et al. (2017).
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The standing stock of marine phytoplankton accounts for <1% of the global plant biomass
(Bar-On et al., 2018; Sigman and Hain, 2012), while they are responsible for approximately
half of the global net primary production and contribute to ~40% the total fixed carbon on Earth
(Falkowski, 1994). Especially diatoms occupy a crucial role in contributing up to ~40% of the
primary production in the ocean (Falkowski et al., 1998) and the particulate organic carbon
export (Jin et al., 2006). Already theorized by Margalef’s mandala, diatoms can best develop
in nutrient- rich, turbulent photic zones. In EBUS, these conditions can be met and diatoms
have been reported to dominate the protistan plankton community and can cause harmful
blooms (Margalef, 1978; Pitcher et al., 2017; Wyatt, 2014). Carbon is efficiently transmitted in
the food chain by herbivorous protists (i.e., heterotrophic or mixotrophic dinoflagellates and
ciliates) which can consume the entire daily phytoplankton production (Sherr and Sherr, 1994).
Furthermore, bacterivorous protists like heterotrophic and mixotrophic nanoflagellates and
small ciliates graze the bacterial biomass, which may account for 30 times the bacterial standing
stock (Kisand and Zingel, 2000; Sherr and Sherr, 1994). Energy and carbon sources of
heterotrophic bacteria consist of dissolved organic matter (DOM) and particulate organic matter
(POM; Barber, 2007). DOM and POM deposition is mainly replenished autochthonously via
primary production by phytoplankton and through excretion by protists (Barber, 2007;
Kritzberg et al., 2004). Additionally, allochthonous sources like atmospheric aerosols, e.g.,
Saharan dust, are gaining an increasingly prominent role (Ventura et al., 2021). These
interactions enable the transfer of organic carbon to higher trophic levels via the linkage
between the microbial loop and the classical metazoan food web (Barber, 2007). Multicellular
zooplankton (e.g., copepods, crustaceans, invertebrates, larval fish) consume larger
phytoplankton, followed by predators (e.g., large fish, octopus, sharks), which actively hunt or
ambush the primary and secondary consumers. This dependency of multicellular organisms on
all single-celled components of the food web demonstrates that hotspots of high protistan
plankton abundances are targets for species of higher trophic levels. Hence, the diversity of
primary consumers and predators is influenced by protistan plankton diversity (Garcia-Comas
et al., 2016; Singer et al., 2021).

The impacts of phytoplankton hotspots on the fishing industry cannot be neglected. In the
CanCS and the Humboldt Current System (HCS), forage fish, like Pacific/European sardines
(Sardina pilchardus/ Sardinops sagax) and the Peruvian/European anchovy (Engraulis ringens/
E. encrasicolus), are highly dependent on protistan plankton and provide the prevailing fishery
revenue (Aristegui et al., 2004; Peck et al., 2021; Salvatteci et al., 2018).
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Besides the high carbon transfer efficiency of protistan plankton communities, their
contribution to the carbon export in meso- or bathypelagic layers through sinking organisms,
particles, aggregates or fecal pellets is essential for the biological carbon pump (Buesseler et
al., 2020; Tréguer et al., 2018). However, energy flux and export carbon efficiency are
determined by certain species (Degerman et al., 2018; Martin and Tortell, 2008; San Martin et
al., 2006) and are therefore strongly affected by protistan plankton community composition
(Brown et al., 2008; Legendre and Michaud, 1998; Michaels and Silver, 1988). Changes in
physical and biogeochemical factors, e.g. temperature, light, oxygen concentration and nutrient
availability, can severely impact protistan plankton (Atkinson et al., 2021, 2003; Madoni and
Bassanini, 1999; Rose and Caron, 2007), altering the microbial and multicellular community
composition, trophic interactions and thus the biological carbon pump (Arndt and Nomdedeu,
2016; Beardall and Raven, 2004; Doney et al., 2012; Irwin and Finkel, 2008; Petchey et al.,
1999; Sarmiento et al., 2004). Therefore, understanding the consequences of mesoscale features
and upwelling effects in EBUS for predicting the influences of global warming and climate

change on structures and function of protistan plankton communities is of compelling necessity.

1.4 Influence of Climate Change on the Global Ocean

The certainty that the immediate climate change and global warming are triggered by the
increasing concentration of greenhouse gases has a major consensus with at least 99% of peer-
reviewed literature (Lynas et al., 2021). Fossil fuel combustion, as the root determinant, has
surged the atmospheric carbon dioxide (CO2) concentration to 410 ppm. Compared to
preindustrial concentration, this represents an increase by nearly 50%, a rapid growth rate that
has never been experienced by humankind before (Doney et al., 2020; Gingerich, 2019; Heinze
etal., 2021). Fortunately, the ocean acts as a major carbon sink with a CO> uptake of 22 million
metric tons per day, thus decelerating the temperature increase (Feely et al., 2008). However,
reducing the anthropogenic CO2 emissions into the atmosphere by roughly one-quarter creates
additional impediments like ocean acidification (Heinze et al., 2015). Multiple impacts on the
global ocean via cascading effects due to human greenhouse emissions have already been
verified as follows: an increase of up to 1.1°C of global air and sea surface temperatures in the
last century (Lee et al., 2023); sea level rising by ~0.2 m sine 1900 (Lee et al., 2023; Rahmstorf
et al., 2007); ocean acidification with a decrease of the pH in surface waters by 0.1 (~30%
hydrogen ion concentration increase) since preindustrial times (Doney et al., 2020); and

intensification of atmospheric pressure gradients magnifying alongshore winds (Harley et al.,
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2006; Sydeman et al., 2013; Figure 5). Pessimistic assessments (Representative Concentration
Pathways, RCP 8.5), assuming a constant increase of human greenhouse gas emission, predict
arise in sea level of 52-98 cm (Horton et al., 2014), ocean acidification of surface waters by an
increase of 0.4 pH and an increase in water temperature by 4°C by the end of this century (Lee
et al., 2023; Sampaio et al., 2021). The expected consequences on EBUS, mesoscale features
and their associated biocenosis are highly diverse and, to a limited extent hard to predict and
may be subject to uncertainties (Garcia-Reyes et al., 2015). Thus, numerous scientists have
been engaged in modeling the fate of EBUS in recent decades (Bakun, 2017, 1990; Bakun et
al., 2015, 2010; Garcia-Reyes et al., 2015; Rykaczewski et al., 2015; Xiu et al., 2018).

Human activities Increased greenhouse Pl
gas concentrations \ HE
Increased

Increased air

temperature ——_,  Intensified atmospheric
pressure gradients

/

Increased storm
frequency Sea level
rise

Increased /
Intensified CO2 Increased water
upwelling (?) \ temperature

Decreased pH

Figure 5. Anthropogenic climate change impacts on the global ocean. Fossil fuel combustion, as the
main driver of enhanced greenhouse gas concentrations, is responsible for several abiotic changes in
the global ocean. Figure adapted from Allison et al. (2011; original version from Harley et al., 2006).

A major consensus among the results of numerical simulations is the increased vertical
stratification of the water column due to increased temperature (Bakun et al., 2015; Winton et
al., 2013). This may lead to an accumulation of nutrients and marginal oxygen concentrations
as a consequence of reduced ventilation and higher respiration rates (Keeling et al., 2010;
Rykaczewski and Dunne, 2010). The decrease in oxygen may cause an increase in hypoxia
events, such as dead zones or noxious gas emissions (Sampaio et al., 2021). On the other hand,
the previously mentioned magnification of alongshore winds will probably enhance the

upwelling intensity and the offshore Ekman transport (i.e., the ‘Bakun hypothesis’; Figure 6;
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Bakun, 1990). Thus, a buffer effect could partially counteract the rise in temperature due to an
enhanced pumping of cold nutrient-rich water (Bakun et al., 2015). Moreover, a hypothesis
proposed by Rykaczewski et al. (2015) states the poleward (equatorward) intensification
(reduction) of upwelling-favorable winds due to the poleward shift of the Hadley cell (Grise
and Davis, 2020; Studholme and Gulev, 2018). Thus, a decrease (increase) of upwelling
intensity in the equatorward (poleward) boundary and the relocation of the complete EBUS in
poleward regions can be assumed (Rykaczewski et al., 2015). Another influence of the
intensified winds is related to the mesoscale features. Predictions estimate an enhancement of
eddy activity in EBUS, which is mostly neglected in modeling approaches, accelerating the
offshore transport of upwelled waters (Xiu et al., 2018).

b) Future

Figure 6. Predicted changes of EBUS due to climate change. a) Contemporary schema of coastal
upwelling. b) Future schema of coastal upwelling. H is oceanic high; L is continental thermal low.
Intensification of wind and currents are represented by the arrow’s thickness. Figure adapted from
Bakun et al. (2015).

The above-introduced physical and biogeochemical changes could have severe
consequences on the biocenosis of EBUS. The increased nutrient concentrations caused by
upwelled water within the poleward boundaries of EBUS may lead to an intensification of
primary production (Doney et al., 2012; Xiu et al., 2018), even generating harmful algal blooms
in extreme cases (Hallegraeff, 2010; Smayda, 2000), potentially followed by oxygen
deprivation due to accompanying respiratory microorganisms (Chan et al., 2008; Deutsch et al.,
2005; Keeling et al., 2010). These oxyclines can act as a major barrier for migration of
organisms and possibly compress favorable habitats (Bakun et al., 2015; Grantham et al., 2004;
Orsi et al., 2012; Stramma et al., 2012, 2010). Contradictorily, the enhanced wind stress may
decrease phytoplankton production as a consequence of deepening the oceanic mixed layer,
which results in light limitation (Bakun et al., 2015; Oyarzin and Brierley, 2019). The decrease
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in upwelling on the equatorward region of EBUS may lead to reduced primary production and
trophic transfer efficiency as a result of nutrient limitation, which may have dramatic
consequences for higher trophic levels (Behrenfeld et al., 2006; Roemmich and McGowan,
1995).

Influences caused by global warming and ocean acidification reach from altering species
interactions to shifting local communities and food web structures (Gibert et al., 2019; Petchey
etal., 1999; Sanford, 1999; Spisla et al., 2021). Food webs with highly efficient energy transfer
rates achieved by few trophic interactions can experience dramatic changes if only one
component is temperature sensitive (Arndt and Nomdedeu, 2016; Hofer, 2018; Ullah et al.,
2018). Furthermore, relocation of species to preferential habitats in higher latitudes due to the
temperature rise is a contemporary reality and no longer just in the realm of possibility (Barton
et al., 2016; Brussard, 1992; Poloczanska et al., 2013; Richardson and Schoeman, 2004;
Thomas et al., 2012; Thomas and Gillingham, 2015).

All induced abiotic changes can affect zoo- and, phytoplankton, as well as fish physiology
(e.g., generation times, swimming abilities, ontogeny, etc.), resulting in a phenological
mismatch (Bakun and Weeks, 2004; Ji et al., 2010; Little et al., 2020) and a spatial or temporal
disruption between prey and predator (‘match-mismatch hypothesis’; Cushing, 1990). This
leads to the facilitation of primary production, thereby causing its offshore transport, reduced
fish population and ultimately fishing incursions (Bakun et al., 2015; Mills et al., 2013). The
biological impacts of climate change entail multiple threats, which may also influence the whole
fishing industry and numerous self-employed fishermen, who are dependent on their daily
catches at the coastline. For instance, the sardine population in Moroccan fishery zones
diminished, leading to the collapse of the fishery in the 1990s, presumably due to reduced
upwelling (Belveze and Erzini, 1983). A contemporary case is the delayed upwelling in the
California current with a cascading effect from primary producers to zooplankton and finally
to fish (Barth et al., 2007; Mackas et al., 2006; Thomas and Brickley, 2006). The ensuing
occurrence of hypoxic events, the temperature increase and the ocean acidification, may result
in a restructuring of the predominant organisms, thus altering ecosystem structure, stability, and

function.

Intensification of upwelling-friendly winds, followed by an increased mesoscale eddy
activity have been identified as important factors in future variations of EBUS. Consequently,
nutrient availability increases in coastal and offshore local areas (Xiu et al., 2018). The

repercussion of the spatial distortion of EBUS and the intensified eddy dynamics, both of which
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amplify the upwelling intensity locally, are dependent on the enhancement of nutrient
concentration. The ‘optimal environmental window hypothesis’ states a maximum primary
production in case of moderate upwelling. Weak upwelling constrains primary production by
nutrient limitation and strong upwelling affects primary production by turbulence and offshore
transport (Cury and Roy, 1989). The actual consequences of mesoscale features and changes in
upwelling intensity on protistan plankton communities are, however, unresolved. Obstacles
entail the linkage between physical and ecological models, the knowledge gap in nonlinear
response of food web structures to biogeochemical changes, and the data shortage regarding
biogeochemical and biological inventories (Bach et al., 2020; Garcia-Reyes et al., 2015; Hewitt
et al., 2020, 2017).

On the other hand, EBUS is known as resilient and robust in their response to natural
variability, whereas a fast recovery and maintenance of ecosystem function was documented
during short-term climate extremes (Bakun et al., 2015; Garcia-Reyes et al., 2015). This
resilience and robustness could be allocated to the concept of the ‘functional redundancy
hypothesis’ where the loss of an individual species is replaced by other species with similar
function (Biggs et al., 2020; Naeem, 1998; Walker, 1992). This was observed in the decadal
shifts between sardine and anchovy populations in the Pacific Ocean attributed to atmospheric
or oceanic variation (Chavez et al., 2003). However, the impending climate change may cross
the scope of the recorded variabilities in EBUS (Bakun et al., 2015; Sydeman et al., 2013).

1.5 State of the Art in Protistan Plankton Assessment in Eastern Boundary
Upwelling Systems & Eddies

Light and nutrient limitations are well-known as severe factors impeding or altering
phytoplankton growth, community structure, biochemical composition and biomass
(Domingues et al., 2017; Falkowski, 1984; Harrison et al., 1990; Moal et al., 1987; Thoral et
al.,, 2023). Furthermore, distinct light intensities can affect the photoacclimation of
phytoplankton leading to the generation of additional or larger light-harvesting pigments under
poor light conditions (Falkowski and Owens, 1980; Halsey and Jones, 2015) or the
accumulation of more carbohydrates with increasing light intensity (Chapman and Craigie,
1978; Vitova et al., 2015). Nutrient limitation is ubiquitous in the oligotrophic open ocean and
gets attenuated by autochthonous or allochthonous nutrient input to a certain extent (Eppley
and Peterson, 1979; Hecky and Kilham, 1988; Moore et al., 2013). In the open ocean, mesoscale

features like eddy dynamics or Saharan dust input by atmospheric deposition are major
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mechanisms for nutrient supply (Baker et al., 2003; McGillicuddy and Robinson, 1997; Shih et
al., 2020; van der Jagt et al., 2018). Phytoplankton in coastal waters are less afflicted by the
availability of macronutrients and micronutrients due to the supply via upwelling or by human
activities (Chavez and Messié, 2009; Duce et al., 2008; Gruber and Galloway, 2008; Seitzinger
et al., 2010). The latter can even lead to an oversupply of nutrients causing harmful algae
blooms in individual cases (Nwankwegu et al., 2019; Paerl et al., 2016). However, nutrients are
still restricting plankton dynamics in coastal ecosystems and EBUS. Analyzing the Redfield
ratio of macronutrients (106 Carbon:16 Nitrogen: 1Phosphoros) is an applicable indication to
identify the limiting factors obstructing phytoplankton dynamics (Redfield, 1958). Nitrogen
was assumed to be the most important factor limiting phytoplankton growth (Hopkinson, 1985),
but phosphorus was also found to be a limiting factor in some parts of the ocean (Wu et al.,
2000). However, as research has progressed, more and more limiting substances have come to
light. Besides the elements of the Redfield ratio, silicic acid concentrations, which are crucial
resources for diatoms to construct their shells, can have a limiting effect (Krause et al., 2019).
The accessibility of metals as micronutrients is assumed to be influencing marine protistan
plankton (Brand et al., 1983). In particular, iron deficiency may play a crucial role in the
peculiar displacement between nitrogen supply and phytoplankton generation in the HCS
(Messié and Chavez, 2015). In the two North Atlantic eddies, analyses revealed that iron, which
catalyzes electron transfer reactions in photosynthetic and respiratory pathways, exhibited a
pivotal contribution to the bottom-up control of phytoplankton productivity (Browning et al.,
2021; Morel et al., 1991).

Our understanding on how the diversity and energy fluxes (e.g., carbon transfer from
prokaryotes to protists) of protistan plankton are coupled to eddy dynamics remains insufficient
due to the difficulty of locating and sampling these highly dynamic hydrographic features
(Ramond et al., 2021). Furthermore, previous studies investigating eddy biocenosis while
committed to protistan plankton community composition relied on microscopic (Hernandez-
Hernandez et al., 2020) or chemotaxonomic methods like CHEMTAX for identification
(Barlow et al., 2017; Carvalho et al., 2019). Although these studies have provided valuable
insights, chemotaxonomic methods have a low taxonomic resolution and may be inaccurate due
to several abiotic and biotic factors (e.g., irradiance, spectral distribution of light, growth phase)
(Higgins et al., 2011). In microscopic identification only a minor proportion of plankton taxa
can be resolved (Abad et al., 2016; Eiler et al., 2013; Garcia-Gomez et al., 2020; Visco et al.,
2015). With the advent of advanced molecular methods (polymerase chain reaction (PCR),

Sanger sequencing) the hidden black box of uncultivatable or unnoticed taxa began to unravel

13



Introduction - State of the Art in Protistan Plankton Assessment in Eastern Boundary
Upwelling Systems & Eddies

(Diez et al., 2001; Lépez-Garcia et al., 2001; Moon-van der Staay et al., 2001). Next-generation
high-throughput sequencing (HTS; e.g., lllumina, Pyrosequencing) of specific barcodes using
environmental DNA (eDNA metabarcoding) elevated the molecular approaches in assessing
microbial communities even further (de Vargas et al., 2015; Dunthorn et al., 2014; Pernice et
al., 2016; Stoeck et al., 2010). Metabarcodes are specific marker genes with a variable region
beyond species level (optimal case) confined by conserved taxon-specific sections in the DNA.
The conserved DNA regions are ubiquitous throughout all target organisms and are used for
taxon-specific primer annealing. The variable region is the amplification target by PCR and
HTS (Taberlet et al., 2018). Through high-resolution algorithms, like Divisive Amplicon
Denoising Algorithm (DADAZ2), the sequencing bias can be reduced to obtain high-quality
sequences which can then be clustered into amplicon sequence variants (ASVs; Amir et al.,
2017; Callahan et al., 2016; Edgar, 2016). The precision and accuracy with respect to ecological
surveys for the approach of ASVs have displayed at least as good results as previous DNA-
based methods (Callahan et al., 2017; Eren et al., 2015, 2013; Needham et al., 2017). After the
ASVs have been created, the underlying sequence can be taxonomically assigned using
sequence-databases (e.g., PR? reference data-base for SSU rRNA gene sequences), which
allows detailed insight into the targeted microbial community (Guillou et al., 2013). Also,
compared to traditional methods, the analysis of eDNA using taxonomic molecular barcodes,
in conjunction with HTS and computational tools for bulk sequence data processing, provides
a more in-depth comprehension of protistan plankton communities (Burki et al., 2021; de
Vargas et al., 2015; Garcia-Gomez et al., 2020; Stoeck et al., 2010).

Quantifying the grazing pressure protists inflict on prokaryotes is of major concern in
better understanding the role of protistan plankton with respect to the biological carbon pump.
Therefore, multiple methods estimating protistan bacterivory have been developed, which can
be classified into three principal categories (direct inference, tracer technique and manipulation
technique), each with distinct benefits and shortcomings (Gasol and Kirchman, 2018). The
direct inference technique quantifies the active enzymes involved in the digestion of bacterial
cell walls or determines the ingested prey organisms in protistan food vacuoles (Gonzalez et
al., 1993; Jezbera et al., 2005; Vrba et al., 1993). Although the accuracy may be highest when
using the direct inference technique, it is the least commonly used. The primary reason for this
is the need for reliable conversion factors for digestion rate and enzyme activities, which have
low accuracy (Dolan and Simek, 1998; Sherr and Sherr, 1999). Calculating phagotrophy by
measuring the growth rate of prey and predators in incubations where grazing is suppressed via

dilution, size-fractionation or metabolic inhibitors belongs to the category of manipulation
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techniques (Landry and Hassett, 1982; Taylor and Pace, 1987; Wright and Coffin, 1984). The
separation between pray and predator has methodological drawbacks where a complete
isolation can practically not be achieved (Gasol and Kirchman, 2018). Problems in the selection
of inhibitor concentration arise from overdosing and affecting nontarget organisms, or from
inadequate dispensing, which does not sufficiently suppress bacterivory (Tremaine and Mills,
1987). In dilution experiments, with time scales of at least 12-24 h, changes in microbial
community composition and thus food web interactions can influence the output of growth rates
and the calculated phagotrophy estimations (Agis et al., 2007). The category of tracer
techniques aims at monitoring the disappearance or incorporation into food vacuoles of
fluorescently labeled bacteria (FLB) or fluorescent polycarbonate microspheres (MS) as
bacterial analogues (Hammer et al., 2001; Marraseé et al., 1992; Sherr et al., 1987; Smalley et
al., 1999). The approach of measuring the disappearance of tracers is also conducted in long-
term incubations (12 — 24 h), leading to the identical issue as dilution experiments. In addition,
rejection of FLB or MS through chemosensory prey recognition by protists can prevent
determining the natural rate of bacterivory (Sakaguchi et al., 2001; Wootton et al., 2007).
Although the tracer technique may underestimate the actual grazing pressure, the lowest

boundaries can be determined to compare carbon transfer efficiencies.

One study associated with carbon transfer analyzes connected with mesoscale eddies in
the CanCS was conducted by Boras et al. (2010). Boras and colleagues investigated “the effect
of oceanic eddies on microbial processes, with emphasis on bacterial losses due to protists and
phages [...]”. They observed higher grazing pressure on bacteria by protists in ACE and the
lowest bacterial mortality due to protists in CE, which was overshadowed by viral losses (Boras
et al., 2010). Even though this study established fundamental knowledge on the control
mechanisms for bacterial production in this region, no information on the generation time or
place of origin of the mesoscale features was emphasized. Thus, indications or inferences
related to the ‘life stage’ of the eddies are omitted entirely, which, however, can be a decisive

factor regarding the function and community structure of marine plankton.

In general, scientific knowledge and data regarding protistan plankton community
composition and carbon fluxes are poorly represented for the CanCS and even the tropical
Atlantic (Schmoker et al., 2013; Wickham et al., 2022). Or in the words of Wickham et al.
(2022): “[...] there is still much to unravel in both the functional diversity of microzooplankton
communities and the trophic interactions within the microbial food web.” This confirms the
enormous gap in understanding the present variations of eddy dynamics, let alone predicting

the consequences of climate change.
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For the first time, in this study, eDNA metabarcoding was applied to investigate marine
plankton community structures in three cyclonic eddies of varying ages in the CanCS.
Additionally, short-term incubation experiments were conducted, estimating bacterivory by
phagotrophic protists to gain an insight into the carbon transfer between two trophic levels.
Specifically, the influence of cyclonic eddies on the regional diversity and function (carbon
flux) of protistan plankton communities was investigated. For this purpose, samples were
analyzed from the deep-chlorophyll maximum (DCM), directly below the DCM (sub-DCM)
and the oxygen minimum zone (OMZ). The DCM plays a pivotal role in nutrient cycling,
biological carbon pumping and energy flux (Cullen, 2015) and the OMZ is associated to operate
as a trap or sieve for the carbon export from eddies to meso- and bathypelagic waters (Chavez
and Messié, 2009). This part of my PhD study was conducted in the framework of the
coordinated project REEBUS (Role of Eddies in the Carbon Pump of Eastern Boundary

Upwelling Systems — Demonstration Case Canary Current System).

The comprehension of the mechanistic processes in controlling the protistan plankton
communities, as well as the associated energy fluxes and organic matter export is still in the
early stages. In spite of the fact that multiple scientists have investigated the variations in coastal
upwelling, no major endeavors were conducted to mimic the implications on biocenosis of
shifts in upwelling intensities coupled with and without light limitations as proposed as viable
consequences for EBUS (Bakun et al., 2015; Garcia-Reyes et al., 2015). First comprehensive
research was conducted during the ‘KOSMOS mesocosm study 2017’ in the coastal upwelling
system off Peru with emphasis on the influence of upwelling events (Bach et al., 2020; Min et
al., 2023; Sswat et al., 2019). Peer-reviewed research articles referring to the obtained insights
are partially published but currently (June 2023) still under development and unavailable. An
associated recent publication by Min et al. (2023) addressed monitoring community changes
(bacteria, phytoplankton, invertebrates, and vertebrates) in one upwelling-treated mesocosm in
relation to the unenclosed ocean using multi-marker eDNA metabarcoding. They detected
mesocosm-specific communities dominated by dinoflagellates, presumably a consequence of
“[...] salinity-driven stratified conditions in the mesocosm and the warm conditions brought
about by the coastal El Nifio [...]”. However, the influence induced by distinct light intensities
as an independent factor and in combination with the effects of varying upwelling scenarios
was disregarded. Therefore, a follow-up project was initiated using an in-situ mesocosm
experimental set-up to improve our understanding of the biological and biogeochemical
processes triggered by varying light and nutrient conditions in the HCS at the Peruvian coast.

Employing mesocosm setups as imitations of natural systems has been proven as a valuable
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technique in assessing potential changes induced by abiotic variables in protistan plankton
communities (Alvarez-Fernandez et al., 2018; Bach et al., 2020; Escaravage et al., 1999;
Herndndez-Hernandez et al., 2018; Spisla et al., 2021; Stibor et al., 2019). Analogous to the
eddy investigation, eDNA metabarcoding was applied to obtain a detailed insight on the
structural changes of protistan plankton communities and grazing experiments were performed
to determine the bacterivory by protistan plankton. This component of my doctoral thesis was
conducted within the collaborative project CUSCO (Coastal Upwelling System in a Changing

Ocean).

Both REEBUS and CUSCO campaigns belong to the multidisciplinary consortium under
the subject ‘Importance of climate change in coastal upwelling areas’ funded by the Federal
Ministry of Education and Research. These field studies provide an unprecedented
comprehension of vital processes in plankton dynamics and valuable information for linking

physical and ecological models to predict future consequences for EBUS.

1.6 Goal of this Study

In this thesis, the influences of mesoscale eddy dynamics and the effects of light and
nutrient availability on the structure and function of protistan plankton community composition
in EBUS were analyzed. Advancing our perception of these relationships is essential in light of
climate change and the postulated alteration of these ecosystems. This work is therefore

subdivided into the following topics:

Subject I: Mesoscale cyclonic eddy dynamics shape structure and function of

protistan plankton communities in the Canary Current System

Subject | is part of the multidisciplinary project REEBUS associated to the work package
WP5. Here, three cyclonic eddies of varying ages and distances in offshore migration from the
place of origin in the CanCS were investigated. The following objectives with the

corresponding hypothesis (H) were addressed:
1) The goal is to reveal the structural response of protistan plankton communities to
differently aged eddy features in DCM, sub-DCM and OMZ using eDNA

metabarcoding and determining the environmental factors shaping these communities.
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2)

3)

18

This part of my thesis is based on the submitted manuscript to Deep-Sea Research Part
Il:

Katzenmeier, S. N., Nothof, M., Breiner, H.-W., Fischer, T., and Stoeck, T.: Mesoscale
cyclonic eddies born in an Eastern Boundary Upwelling System enhance microbial
eukaryote diversity in oligotrophic offshore waters.

Hel.1l: Alpha diversity is higher in non-eddy influenced waters and is enhanced by
merging of the eddies and surrounding waters as no nutrient input can favor the
dominance of specific taxa to the detriment of others.

Hel.2: Protistan plankton communities in a specific eddy are more congruent compared
to other eddies and the surrounding waters due to the succession pattern following the
entrapment of water and westward propagation after eddy generation. The vertical
layers between different eddies and non-eddy impacted sites share similarities due to
the stratification of the water column.

This section aims to assess the functional diversity and ecological strategies (ES)
implementing an innovative approach adapted from Ramond et al. (2021) in assigning
functional traits to taxonomically assigned eDNA sequences.

He2.1: Functional diversity in young eddies is lower in contrast to aged eddies as well
as the surrounding waters due to the fact that freshly trapped nearshore water masses
support the dominance of rapidly adaptable phytoplankton species.

He2.2: Protistan plankton in eddy-entrapped waters exercise specific ES compared to
the background waters due to the selective hydrographic dynamics in these mesoscale

features.

Ship-board grazing experiments were conducted to assess the abundance and the carbon
transfer from prokaryotes to protists as a major component of the microbial food web
and to determine the abiotic factors that alter these.

He3.1: Abundances of bacteria and protists, as well as the quantity of carbon transmitted
between these trophic levels are highest in recently generated eddies due to the weak

but continuous upwelling and freshly entrapped upwelled nutrient-rich waters.
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Subject 1I: Effect of light and upwelling intensity on the protistan plankton

community structure and function in the Humboldt Current System

Analysis corresponding to subject Il were done in the framework of the ‘AQUACOSM’
grant ‘The trophic role of bacterivorous protistan plankton in a changing coastal upwelling
system (BacPro)’ integrated within the project CUSCO. In this experimental design, effects of
nutrient availability on the protistan plankton community were investigated by mimicking
varying upwelling intensities in the HCS. Additionally, the influence of light intensity on
protistan plankton was assessed via shading the mesocosm bags. The subsequent research topics

with their respective hypothesis were pursued:

1) The objective is to reveal the functional and structural response of protistan plankton
communities to light as well as upwelling intensity using eDNA metabarcoding.

e Hcl.1: Protistan plankton communities develop uniquely according to varying light
exposures due to light limitation for photosynthetic pathways in experimental set-ups
with shaded irradiance.

e Hcl.2: Protistan plankton communities progress distinctively in compliance to ‘low’ or

‘high’ upwelling owing to nutrient limitation for primary production.

2) The purpose of this segment is to analyze the abundances and quantify the carbon
transfer from prokaryotes to protists using short-term grazing in different light and
upwelling conditions.

e Hc2.1: The highest upwelling intensity promotes higher bacterial abundances as well as
higher abundances of phototrophic protists due to the reduced top-down and bottom-up
control, respectively.

e Hc2.2: Bacterial and protistan abundances and the carbon transfer efficiency between
these trophic levels are highest in bright light, as mixotrophic protists benefit in high

light and drastically contribute to the grazing pressure on prokaryotes.

Conclusively, a synthesis is presented that identifies the similarities and disparities between
the two systems under study. The main findings are further more highlighted in a conceptual
overview. In addition, the fundamental question of how the emerging impacts of climate change

might affect the protistan plankton structure and function in EBUS is shortly recapitulated.
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Subject I. Material & Methods - Eddy Characterization & Description

2 Material & Methods

2.1 Eddy Characterization & Description

Field campaigns to investigate the eddy perturbation were performed on the RV Meteor
(RV research vessel) during two separate cruises, the M156 (July 3™ to August 1% 2019) and
M160 (23 November to 20" December 2019) in the eastern tropical North Atlantic (Figure 7).
Eddies were identified prior to the expeditions via sea surface height satellite imaging using
Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO) or Copernicus
Marine Environment Monitoring Service (CMEMS) data and targeted during the cruises. While
traversing the eddy field, the actual dimensions of the features and the direction of rotation were
classified precisely using velocity data by the Acoustic Doppler Current Profiler (ADCP;
Huang et al., 2023). The eddy boundaries, i.e., the assumed ‘trapping-radius’ of water masses,
were classified due to zero vorticity measured by ADCP. The generation time of the eddies was
determined utilizing the Angular Momentum Eddy Detection and Tracking Algorithm
(AMEDA; Le Vu et al., 2018). Additionally, far-field stations outside the eddy influence were
analyzed as references (i.e., Cap Blanc, CB; Cape Verde Ocean Observatory, CVOO). Eddies
were named according to their rotational character, the year of the expedition, as well as the

latitude and longitude of the rotational center at the time of sampling.
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Figure 7. Map of the study area in the Canary Current System. Bathymetry data from the r package
ggOceanMaps v1.2.6 (Vitakari, 2022) are grayscale colored. The sampling locations are marked by
symbols and the blank circles represent the eddy circumference.

Eddy 1: CE_2019_19N_18W

The first eddy (CE_2019 19N_18W) was explored during the M156 cruise on July 22"
2019. ADCP data identified a cyclonic eddy with a center of rotation situated at the coordinates
18.73 °N, 18.03 °W and a zero-vorticity diameter of about 70 km. The life-span of this cyclone

was approximately six weeks and the place of origin was approximately 18°N, 17°W.
Eddy 2: CE_2019_18N_20W

The second eddy (CE_2019 18N_20W) was analyzed between November 30" and
December 3 2019 on the M160 research voyage. The rotation was determined as
counterclockwise, which characterized this eddy as cyclonic. The coordinates of the center of
rotation were at 17.73 °N, 20.43 °W with a diameter of about 75 km. The generation time of

the eddy was approximately 12 weeks prior to sampling and originated from 18°N, 18°W.
Eddy 3: CE_2019_14N_25W

The dimensions of the third eddy (CE_2019 14N 25W) were assessed between
November 23 and November 25™ 2019 on the M160 expedition. This cyclonic eddy had the
center of rotation at the coordinates 14.50 °N, 25.03 °W with 65 km in diameter. The precise

sampling procedure and data acquisition were conducted between December 13" and 15" 2019.
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However, the CE_2019_14N_25W was presumably already in decay at this time. The eddy
converted from the typical vortex-shape to an ellipsoid, which impaired its accurate localization
and dimensioning due to the lack of accurate ADCP velocity data. This eddy was several

months old and developed from the coast of Senegal at 13°N, 17°W.

All three eddies were categorized as cyclones due to the counterclockwise rotation of
water masses. Eddy 1 was the youngest and Eddy 3 was the oldest or an already disintegrated
vortex. The distance to the coastline (Eddy 1, ~230 km; Eddy 2, ~470 km; Eddy 3, ~1040 km
with 18 °N, 16 °W defined as shore) as a proxy for the life-span of the three mesoscale features
likewise advocates the differentiated ages determined by AMEDA. ADCP analysis and
AMEDA tracking were performed by the institute ‘GEOMAR Helmholtz-Zentrum fir

Ozeanforschung Kiel’.

2.2 Sampling Stations & Water Column Layers

The selection of sampling stations inside the eddies was based on the presumed
dimensions estimated via pre-screening of AVISO and CMEMS satellite images (Cesar-Ribeiro
et al., 2020; Moutzouris-Sidiris and Topouzelis, 2021; Wu and Chiang, 2007). Referring to
these satellite data, samplings were arranged along east-west and north-south transects through
the preliminary eddy centers CE_2019 18N 20W and CE_2019 14N _25W. For the
CE_2019 19N_18W vortex only an east-west transect was analyzed. Three sampling locations
were selected for each transect: one in the central core, one approximately midway to the
boundary, and one in the outer edge of the eddy (i.e., five sites for CE_2019_18N_20W and
CE_2019 14N_25Wi, three sites for CE_2019 19N_18W). Based on the evaluated ADCP data,
the exact vortex dimensions were refined (unpublished data by Tim Fischer), and the sampling
points were aligned correspondingly (Table 1). This entailed the post hoc exclusion of two
sampling sites from both CE_2019_18N_20W and CE_2019_19N_18W and one sampling site
from CE_2019 14N _25W. These initial stations were located outside the zero-vorticity
boundary and were potentially exposed to water mass exchange with surrounding oligotrophic
background waters. Furthermore, one reference site with no evidence of direct eddy
perturbation in the vicinity was sampled during both M156 (Reference_ CB) and M160
(Reference_CVOO).
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Table 1. Sampling overview. Location and sampling date of stations in the zero-velocity boundary of
the eddies and the reference stations sampled during the M156 and M160 cruise.

Sampling station Latitude Longitude Location Date Cruise
CE_2019 19N_18W 18.58 -18.08 Eddy 1 07/22/2019  M156
CE_2019_18N_20W(1) 17.61 -20.60 11/30/2019  M160
CE_2019 18N _20W(2)  17.81 -20.80 12/02/2019  M160
CE_2019_18N_20W(3) 17.82 -20.60 Fady 2 12/03/2019  M160
CE_2019 18N _20W(4)  17.81 -20.41 12/03/2019  M160
CE_2019 14N _25W(1)  14.44 -25.25 12/13/2019  M160
CE 2019 14N 25W(2)  14.62 -25.07 Eddy3  12/13/2019 M160
CE_2019 14N_25W(3)  14.72 -25.49 12/15/2019  M160
Reference_CB 21.17 -20.92 07/12/2019  M156
Reference
Reference_CVOO 17.59 -24.28 12/09/2019 M160

For each station, three samples in the water column (DCM, sub-DCM, OMZ) were
determined according to the fluorescence and oxygen concentration during CTD (conductivity,
temperature, density) casts. The DCM was characterized by the highest concentration of
chlorophyll, the sub-DCM by the chlorophyll minimum right beneath the DCM and the OMZ
by the minimal oxygen concentrations. For measuring these parameters, a Seabird 911 plus
CTD system installed with temperature-conductivity-oxygen sensors, as well as turbidity and
chlorophyll photometers, was used to identify the layers during the veering procedure of the
CTD cast (Figure 8; Supplementary File 1). The heaving process was utilized to collect water
samples at the appropriate layers with 10 L Niskin bottles assembled to a CTD-Rosette.
Approximately 20 L of water was collected for each layer, with 3 L used for grazing
experiments and 15 L used for eDNA-metabarcoding. The corresponding water depths for
DCM and sub-DCM were in the epipelagic (0 - 200 m) and for the OMZ in the mesopelagic
(200 — 1000 m) zone (Supplementary File 2).
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Figure 8. Exemplary CTD-profile. Exemplary CTD-profile during the M160 cruise for the station
Reference_CVOO. Chlorophyll concentration in pg/L (green) and oxygen concentration in pmol/kg
(blue) were decisive parameters for determining the sample layers (DCM, sub-DCM, OMZ).
Additionally, temperature in °C (red) is shown and the complete graphics of all CTD-profiles are
presented in Supplementary File 1. DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.

2.2.1 Nutrients & Physical Parameters

Measurements of physicochemical data (i.e., temperature, oxygen, salinity, fluorescence,

turbidity, and density) were obtained from the CTD system. A volumetric titration using the

Winkler method was used to determine the precise dissolved oxygen concentration (Strickland

and Parsons, 1968). The nutrient concentrations (i.e., phosphate, POa; nitrate, NOs; orthosilicic

acid, Si(OH)4) of each layer were measured photometrically with an AutoAnalyzer (QuAAtro;

Seal Analytical) using continuous flow analysis onboard from duplicate samples of unfiltered

seawater (Grasshoff et al., 1999). Nutrient and oxygen measurements were performed by the
‘GEOMAR Helmholtz-Zentrum fur Ozeanforschung Kiel’.

2.3 Protistan Plankton Assessment in the Canary Current System

2.3.1 DNA-Filter Preparation

Protistan plankton community composition was analyzed using eDNA. Therefore,

water samples were filtered onto 0.65 um pore-sized Durapore® membrane filters (diameter

47mm, Merck KGaA, Darmstadt, Germany) using a rotarus® peristaltic pump (Hirschmann
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Laborgerate GmbH & Co. KG, Eberstadt, Germany). Three replicates were taken with roughly
5 L of water per eddy and reference sample. The filters were placed into cryogenic vials
(Cryogenic vials True North™, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and
preserved using LifeGuard Soil Preservation Solution (MoBio, Laboratories Inc., QIAGEN
Company, Dusseldorf, Germany). Until further processing in the laboratory of the Rheinland-
Pféalzischen Technischen Universitat Kaiserslautern-Landau (RPTU) samples were stored on

site at -20 °C in a freezer and subsequently shipped off to Germany by a reefer container.

2.3.2 DNA Extraction & Amplification

DNA was extracted from each individual replicate using the DNeasy PowerWater Kit
(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s protocol. The
hypervariable V9 region of the small subunit ribosomal ribonucleic acid (SSU rRNA) gene was
amplified from the extracted DNA following a standard protocol (Stoeck et al., 2010). Briefly,
the 1391F as forward primer and the EukB as reverse primer were utilized to target the V9 18S
rDNA as a molecular taxonomic barcode during PCR (Table 2). Primers had specific barcode
identifiers attached for the construction of libraries containing up to 10 samples in the

subsequent preparations.

Table 2. Primer sequences. Nucleotide sequences of the forward and reverse primers used to amplify
the V9 18S rDNA.

Name Sequence Reference

V9 Forward 1391F
(Position 1629-1644)
V9 Reverse EukB
(Position 1774-1797)

5*-GTACACACCGCCCGTC-3¢ Stoeck et al., 2010

5-TGATCCTTCTGCAGGTTCACCTAC-3* Stoeck et al., 2010

The PCR protocol consisted of an initial denaturation step at 98°C for 30 s, followed by
30 cycles of denaturation (10 s at 98°C), annealing (20 s at 61°C), elongation (25 s at 72°C)
and a final five-minute extension at 72°C. The reaction mix contained the eDNA, GC-buffer,
bovine serum albumin (BSA), deoxynucleoside triphosphates (ANTP’s), Phusion high fidelity
DNA polymerase and the primer-pairs adjusted to a final volume of 50 pL with double-distilled
water (ddH.O; Table 3). PCR products were validated regarding fragment length using gel-

electrophoresis and were subsequently frozen at -20 °C until preparation for HTS.
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Table 3. Components for polymerase chain reaction. Reaction mixture for polymerase chain reaction
to amplify the V9 18S rDNA.

Components Volume in pL Concentration
DNA-Template 05-1 -
GC-Buffer! 10 5x
BSA! 2 20 mg/ml
dNTP’s1 1 10mM/ nucleotide
Phusion High Fidelity DNA Polymerase! 0.5 1 unit/pl
Primer 1391F (Position 1629-1644)? 0.5 100 mM
Primer Euk B (Position 1774-1797)? 0.5 100 mM
ddH20 34.5-35 -

1 NEB; 2 Biomers

2.3.3 Sequencing, Quality Control, Clustering & Taxonomic Assignment

PCR products were thawed and pooled into libraries consisting of up to 10 samples with
individual barcodes. Paired-end Illumina MiSeq sequencing was conducted by SeqlT GmbH &
Co. KG (Kaiserslautern, Germany). The resulting sequence data files are deposited at the
Sequence Read Archive of the National Center for Biotechnology Information under project
number PRINA795916. Illumina libraries were demultiplexed based on the specific barcodes
of each sample and primers were removed from sequences using CUTADAPT v1.18 (Martin,
2011). The FASTX toolkit (RRID: SCR_05534) was then used to sort the sequences in the
same read direction. Afterwards, the sequences were processed with the DADAZ2 algorithm
(Callahan et al., 2016) using the DADA2 package v1.8 in RStudio v4.0.5 as described for
hypervariable taxonomic marker genes from metabarcoding studies (Forster et al., 2019). Here,
the V9 sequences were filtered using filterAndTrim with truncLen=80 and maxEE=1, where
the truncation length was determined based on quality scores following Ewing and Green
(1998). The most stringent maxEE was chosen to ensure maximum quality of the datasets.
Readl and Read2 sequences were merged using DADAZ2’s mergePairs function utilizing a
minimum overlap of 20 nucleotides and an allowed mismatch of two. The uchime-denovo
algorithm in VSEARCH was used to eliminate potential chimeras from the sequences (Edgar
et al., 2011). Taxonomic assignment was conducted using the PR? reference database for
eukaryotic SSU rDNA sequences (Guillou et al., 2013), with the last common ancestor (LCA)
as a decision criterion and a syntax cut-off of 0.8 (Edgar, 2016). Replicates were then pooled

to reduce PCR and HTS bias. Finally, unassigned eukaryotes, streptophytes and metazoan
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sequences together with singletons were removed to reduce ecologically uninformative noise
and to focus on the single-celled protistan plankton sequences. The resulting ASV-to-sample

matrix was then used for all statistical analyses.

2.3.4 Statistical Analyses

The data analysis was performed using the program RStudio v4.0.5 (R Core Team, 2021)
and the packages vegan v2.6-2 (Oksanen et al., 2022) and stats v4.3.0 (R Core Team, 2021).
Graphical visualizations were conducted with ggplot2 (Wickham, 2016) and base R. In the first
step, the similarity of sampling sites based on their physicochemical properties was quantified
and illustrated by a principal component analysis (PCA) using the rda function. Therefore,
physicochemical parameters were scaled to a 0-1 value range using the rescale function of the
scale v1.1.1 package (Wickham and Seidel, 2020) to ensure equal weighting in the PCA
calculations. Correlations of the abiotic parameters with ordination axes were derived from the
PCA output. Rarefaction analysis was performed to visually verify the degree of sample
saturation and sufficient sequencing depth. The number of sequences per sample was
standardized to the smallest sequence size with the rrarefy function to 131,108 sequences for
the complete dataset. The Shannon-Wiener Index H" and the ASV richness were then calculated
as a measure of alpha diversity. Furthermore, the significant disparities between sampling
stations were calculated using a Kruskal-Wallis test with the kruskal.test function from base R
and a post-hoc pairwise Wilcoxon test (pairwise.wilcox.test function) with Bonferroni corrected

p-values.

Beta diversity measures were calculated using the Bray-Curtis Index (BC) and the
metaMDS function, which transformed the computed BC similarity values to a distance matrix
for non-metric multidimensional scaling (NMDS). Physicochemical parameters were then
fitted into the ordination analysis using the envfit function of the vegan package. The squared
correlation coefficient (R?) and the significance of fitted vectors was assessed with a Monte
Carlo analysis of 1000 permutations. Permutational multivariate analysis of variance
(PERMANOVA, with 9999 permutations) determined the significant differences between
groups for the generated distance matrix using the adonis2 function. Supplementary to the
complete beta-diversity analysis, the dissimilarities within each individual sampling depth
(DCM, sub-DCM and OMZ) were investigated. Therefore, the normalization using rrarefy was
performed for each individual depth layer (214,045 for the DCM dataset, 131,108 for the sub-
DCM dataset and 237,637 for the OMZ dataset), thus, enabling the extraction of the utmost
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information of each individual dataset. The calculated BC-dissimilarities were then visualized

in distance dendrograms.

Taxonomic composition was analyzed on the phylum level to identify the most dominant
phyla in the proportional distribution of assigned sequence reads. These dominant phyla were
then investigated on the family level for a higher taxonomic resolution. The proportion of
assignable ASVs on species or genus level was deemed insufficient, hence a higher taxonomic

resolution was not applied.

2.4 Functional Traits Derived from Taxonomical Assignment

2.4.1 Ecological Strategies & Functional Richness

Functional groups or ES were deduced from the ASV-to-sample matrix applying a novel
concept which was just recently used by Ramond et al. (2019, 2021) for phytoplankton
communities in tidal fronts. The assignment of functional groups using functional traits for the
taxonomically assigned ASVs followed the authors” protocol based on the systematic approach
by Maire et al. (2015). In the first step, the publicly available functional trait database
(https://www.seanoe.org/data/00405/51662/, accessed on 22" Sept. 2022; Ramond et al., 2018)

for taxonomic references was used to annotate the following categories with certain traits to the

ASV table: cell size, cover, shape, ingestion mode, motility, presence and acquisition of
chloroplast, colony style, body symmetry, polarity, presence/absence of spicules and symbiotic
life style. As a result, a sub-dataset was generated where all traits could be assigned. This sub-
dataset included 4,542 taxonomic references out of 28,180 total taxonomically assigned ASVs.

ES were then generated from the sub-dataset which was transformed into a Gower
distance matrix using K-means partition comparisons with the simple structure index (SSI)
criterion to reveal clusters of ASVs with analogous trait associations (Ramond et al., 2019) via
the cascadeKM function. Subsequently, the relative distribution of these functional groups
across all samples was analyzed. The authenticity of the sub-dataset with respect to the
distribution of the trait-annotated ASVs of the sampling stations was validated. Therefore, the
proportion of shared ASVs was calculated and illustrated using Venn diagrams for the complete
ASV table and the reduced dataset with annotated functions utilizing the ggvenn function from
the ggvenn v0.1.9 package (Yan, 2021). Additionally, BC similarities were calculated and an
NMDS was computed from the trait-based ASV table for each sampling station.
PERMANOVA (with 9999 permutations) assessed the significant variations between groups

for the created distance matrix using the adonis2 function.
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Furthermore, functional richness, which is defined as “the amount of niche space
occupied by the species within a community” (Mason et al., 2005), was calculated. Therefore,
the reduced ASV table was transformed into a presence-absence table with the annotated trait
data, and therefrom the functional richness was computed across all stations using the FD
package in R. The resulting functional richness was then correlated to the ASV richness and
the Shannon index from the complete dataset to verify the reliability of the presence-absence
transformed sub-dataset using the Spearman method and evaluation was done following Chan
(2003).

Significant differences were analyzed using Kruskal-Wallis test with the R base function
kruskal.test, followed by a pairwise comparison applying the Wilcoxon test with Bonferroni

adjusted p-values from the stats package utilizing the pairwise.wilcox.test function.

2.5 Microbial Abundances & Carbon Flow Assessment
in the Canary Current System

2.5.1 Incubation Setup

To investigate the trophic transfer efficiency from prokaryotes to phagotrophic protists,
short-term grazing experiments were conducted using the class | tracer technique (Gasol and
Kirchman, 2018; Strom, 2000). Therefore, triplicate incubations of one liter sampling water
were performed in ethylene-vinyl acetate-bags (EVA-bags) following the time-series of 0, 20
and 45 minutes (Oikonomou et al., 2015). Fluorescently labeled polymer microspheres with 0.5
pum in diameter (MS, Fluoresbrite® Plain YG Microspheres, Polyscience, Hirschberg an der
Bergstralie, Germany) were used as bacterial analogs. They ought to reflect a concentration
between 10-20% of the bacterial standing stock in the incubations (Gast et al., 2018; Sherr et
al., 1987). The size of MS and the added concentration to the incubations were determined prior
to the experimental procedures via DAPI-staining (4°,6-diamidino-2-phenylindole) and
epifluorescence microscopy (Porter and Feig, 1980). The injection of the MS followed by
gently rotating the EVA-bags for homogenization, signified the start of the grazing experiment.
Directly after addition of the MS, subsamples (50 mL) were taken (timepoint 0 minutes) and
preserved with formaldehyde to a final concentration of 3.0% to enumerate bacterial analogs,
as well as protistan and bacterial abundances. At timepoints 20 and 45 minutes further samples
(100 mL each) were taken from the incubations for an estimation of the actual grazing rates of
phagotrophic protists. These subsamples were preserved using the Lugol’s formalin technique

(final concentration of 0.5% alkaline Lugol solution; 3.0% borate buffered formalin),
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preventing further grazing and egestion of MS by flagellates (Kemp et al., 1993). Fixed
subsamples were stored at ambient temperature for at least 1 hour until further processing.
The preserved subsamples were then drawn onto Isopore membrane filters with a specific
pore size depending on the objective of the subsequent enumeration (filter diameter 25 mm,
Merck KGaA, Darmstadt, Germany). Subsamples of timepoint 0 minutes were split into 2-3
mL water filtered on 0.2 pm pore-sized membranes for investigating the bacterial and MS
abundance. Protistan abundance was calculated from 0.6 pum pore-sized filters with 25 mL
sample water. Timepoints 20 and 45 minutes were utilized to investigate the grazing rate from
2.0 and 5.0 um pore-sized filters with 25 and 30 mL water volume, whereas the 5.0 um filter
represents a retention sample. Prepared membrane filters were stored at -20 °C and transported

to the home laboratory by refrigerated shipping containers for further processing.

2.5.2 Epifluorescence Microscopy

Prior to epifluorescence microscopy, three small sections (~1/6 filter piece each) were
excised from the complete membranes and individually stained with the dye 4°,6-diamidino-2-
phenylindole (DAPI). DAPI is a prevalent DNA-specific fluorescent stain with a high affinity
of binding in the minor groove of adenine-thymine rich DNA sequences (Kapuscinski, 1995).
This dye is excited by a wavelength of about 365 nm and emits light at > 397 nm and is widely
applied to determine microbial cell abundances (Karner et al., 2001; Martinez-Varela et al.,
2021; Porter and Feig, 1980; Schmitz et al., 2011). The complete staining process was
conducted in the dark. Therefore, 50 pL DAPI (1 ug mL™1) were pipetted on each filter piece
and allowed to react for ~ 4.5 minutes. The fragments were then cleansed in distilled water for
~30 seconds to remove extant DAPI and rinsed in 80% ethanol to accelerate the drying process.
Subsequently, dyed filter pieces were put on glass slides and mounted with one drop of
Vectashield Antifade Mounting Media (Biozol, Eching, Germany), impeding the bleaching of
the dye. Stained filters were stored at 4 °C for a maximum of 5 days before enumeration via
microscopy.

Abundances of microbial cells and ingested particles were enumerated using the Zeiss
Axiostar plus (Carl Zeiss Microimaging, Gottingen, Germany) equipped with a monochromatic
camera (QICam B, Intas Science Imaging Instruments, Gottingen, Germany) and a W-PL
10x/23 eye piece with an integrated measurement grid (Equation 1). Cell abundances were
counted with the filter set Zeiss 02 (excitation: G 365 nm, beam splitter: FT 395, emission: LP
420) due to the emission spectra of DAPI. MS with an excitation maximum of 441 nm and an

emission maximum of 485 nm were analyzed using a Zeiss 09 filter set (excitation: BP 450-
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490 nm, beam splitter: FT 510, emission: LP 515). MS and prokaryotic concentrations were
determined using a 100-x magnification oil immersion plan achromatic objective with a
numerical aperture of 1.25. Protistan abundances were investigated with a 63-x magnification
oil immersion plan apochromatic objective with a numerical aperture of 1.4. For representative
purposes, ten grids were counted for each filter fragment to record cell abundances, and 100
protists were randomly screened to enumerate ingested MS.

cell abundance [mL™?] = n *A*A ¢ V1

Equation 1. Calculation of cell and microsphere abundance. Particle and organism abundances were
calculated per milliliter. n is the mean value of counted cells in 10 grids. A represents the filter area
and A the grid area in um?2. V is the volume of subsamples drawn on each filter in mL.

2.5.3 Phagotrophy Estimators

The average number of incorporated MS in 100 protists was plotted against the
incubation time (timepoint 20 and 45 minutes) in order to determine the ingestion rate of tracer
particles. Regression analyses were used to determine the trend line of the uptake curve
(Supplementary File 3). The slope of the linear portion of the regression line indicates the MS
ingestion rate (Unrein et al., 2007). By multiplying the ingestion rate of MS with the ratio of
natural prokaryotic abundance and microsphere abundance, the average grazing rate of one
individual protist was determined (Equation 2.1). The ecologically relevant grazing effect is the
concentration of prokaryotes which are consumed by all phagotrophic protists in a specific time.
It is determined by multiplying the grazer abundance by the grazing rate (Equation 2.11).
Furthermore, the carbon transfer efficiency can be estimated by the grazing effect utilizing the
average carbon content of a single bacterium with 20 fg as proposed by Lee and Fuhrman
(1987).

I. grazing rate (prokaryotes grazer X h 1) = ir * Cprokaryotes * Cms™
1. grazing effect (prokaryotes mL "1 h 1) = gr  Cgrazer

Equation 2. Calculation of grazing rate (I) and grazing effect (I1). The ingestion rate (ir) of food
particles in MS grazer "t h - is multiplied by the concentrations of bacteria (Cprokaryotes) and divided by
the MS concentration (cms) in cellss/mL. The grazing rate (gr) is the number of prokaryotes
grazer "t h "t and cgrazer is the concentration of phagotrophic protists in cells/mL. MS: microspheres.
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2.5.4 Statistical Analyses

The statistical analyses were performed using the program RStudio v4.0.5 and the
packages ggpubr v0.4.0 (Kassambara, 2020), olsrr v0.5.3 (Hebbali, 2020), stats v4.3.0 (R Core
Team, 2021), relaimpo v2.2-6 (Gromping, 2006) and ggplot2 v3.3.6 (Wickham, 2016) for
graphical visualization. To assess the variability of the abundances and grazing effect in each
eddy/reference station and depth layer, boxplots were generated and examined for significant
differences. Analyses were performed using Kruskal-Wallis test with the R base function
kruskal.test. The post-hoc pairwise comparison was conducted with the Wilcoxon test and
Bonferroni adjusted p-values from the stats package utilizing the pairwise.wilcox.test function.

Correlation analyses were used to investigate the extent to which environmental factors
influence the microbial parameters studied. Spearman rank test was applied to identify
significant correlations between the physicochemical parameters and the prokaryotic and
protistan abundances as well as the grazing effect. Additionally, the impact of the microbial

variables amongst each other was calculated.

Predictions of microbial cell abundance and grazing effect with abiotic parameters using
multiple linear regression were executed using the Im function of base R for each depth layer
(DCM, sub-DCM, OMZ), separately. Therefore, the triplicate samples were used to increase
sample size. The first model was built using the environmental factors i.e. salinity, turbidity,
temperature, nitrate, silicate, phosphate, oxygen concentration, and microbial cell abundance.
In the second step, a forward and backward stepwise selection of the physicochemical
parameters was applied to identify the most parsimonious model according to the Akaike’s
information criterion (AIC; Arnold, 2010). The variance inflation factors (VIFs) were then
inspected to reduce multicollinearity. Those environmental parameters were removed in
descending order of VIF values until VIF<10 was acquired (GroR, 2003). The next model-step
was an introduction of interaction terms for the remaining environmental factors, followed by
a repetition of the stepwise selection in regards to parsimony. This final model was then
examined for normal distribution of residuals with the ols_test_normality command of the olsrr
package. Subsequently, using the boot.relimp and booteval.relimp function from the relaimpo
package the relative importance accounted for by each explanatory variable of the model’s
coefficient of determination was investigated. Supplementary, regression analysis and Lin"s
concordance correlation coefficient (CCC) were used to determine the consistency between the
measured and predicted values (Lin, 1989) and evaluated following the stringent assessment
system of McBride (2005).
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3 Results

3.1 Protistan Plankton Assessment in the Canary Current System

3.1.1 Physicochemical Structures of the Eddies and References Samples

Physicochemical data for the eddy and reference stations were analyzed in a principal
component analysis (PCA; Figure 9). The three depth layers (DCM, sub-DCM and OMZ)
followed a gradient along the PCA axis 1 that explained 93.2% of the observed variation in the
abiotic parameters. The three eddies and the reference sites were distinctly stronger associated
with the PCA axis 2, which accounted for a variation of 3.5%. In general, orthosilicic acid and
macronutrient concentrations increased from DCM to sub-DCM and OMZ. Salinity,
fluorescence, temperature, and dissolved oxygen decreased in the water column for each
station. The distinction of sampling stations was notably more pronounced in the DCM layer
along both axes. In the sub-DCM and even more so in the OMZ, the environmental parameters
were quite similar, resulting in clusters of samples, where even the reference sites and the eddy
stations were located in close proximity to each other. The environmental parameters which
separated the stations along the PCA axis 2 could not be identified. Noteworthy, the
characteristics of the youngest eddy comprised the lowest temperature and the highest nitrate
concentration of the DCM layer, as well as the most pronounced oxygen minimum zone. The
middle-aged eddy, on the other hand, had the lowest orthosilicic acid concentrations.
Furthermore, the fluorescence was notably higher in this eddy compared to the other DCM

stations.
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Figure 9. Principle component analysis based on the physicochemical parameters. Eddy samples are
connected forming segments for the specific depth layers (colored) and sampling sites are indicated
by symbols. DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone; OA: orthosilicic acid,;
DO: dissolved oxygen.

3.1.2 Sequence Data Overview

After removing uninformative sequences from the taxonomically assigned ASV table,
between 131,108 (min) and 1,261,983 (max) high quality (HQ) sequences were retained
(Supplementary File 4). The subsequent normalization of read counts to the minimum sequence
number of the smallest sample size resulted in 131,108 reads per sample. Furthermore, the
standardization to the smallest sequence size was applied to each depth layer, yielding 214,045
(DCM), 131,108 (sub-DCM) and 237,637 (OMZ) reads per sample. Rarefaction curves
indicated that all samples with rarefied read counts were sequenced to the point of near
saturation (Supplementary File 5).

35



Subject I: Results - Protistan Plankton Assessment in the Canary Current System

3.1.3 Alpha Diversity of Protistan Plankton Communities in the Canary Current System

The alpha diversity measures, ASV richness as well as the Shannon Index (H"), were
mostly congruent for all samples of the individual eddy or reference sites in the respective depth
layer (Supplementary File 6). The overall highest ASV richness was obtained from the sample
of the oldest eddy CE_2019 14N_25W (sample 1) with 4454 ASVs in the sub-DCM and the
highest H” (sample 3) with a value of 6.53 in the OMZ. The lowest alpha diversity measures
were found in the OMZ layer of the middle-aged eddy CE_2019 18N_20W (sample 4) with an
ASV richness of 1037 and an H™ of 3.27. In the DCM, the ASV richness and H" of protistan
plankton community at the reference sites notably exceeded those in the eddies (Figure 10).
However, the plankton communities in the decaying eddy stood out as the most diverse (H")
and ASV-rich samples in the OMZ (except H" for CE_2019 14N _25W sample 1 compared to
Reference_CVOO). In the sub-DCM, it was apparent that the youngest and the middle-aged
vortex had the lowest H™ and richness of ASVs. The middle-aged eddy also stood out with the
smallest alpha diversity measures in the OMZ. The concatenated sites, where the average
diversity measure for each eddy and both reference sites was calculated, showed significant
differences between the stations (Kruskal-Wallis p < 0.01) for both ASV richness and H’
(Supplementary File 7). Especially, the middle-aged eddy CE_2019 18N_20W had the overall
lowest H™ (4.62) and ASV richness (1660), thus featured the protistan plankton community with
the lowest alpha diversity across all layers (Figure 10). This eddy was also the only vortex with
significant differences between the reference stations for both alpha diversity measures
(Wilcoxon test with Bonferroni corrected p < 0.01). Furthermore, the same eddy had
significantly lower H” compared to the oldest eddy (Wilcoxon with Bonferroni corrected p <

0.01; Supplementary File 7).
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Figure 10. Boxplots visualizing alpha diversity measures. a) Rarefied ASV richness for concatenated
eddy and reference samples over the depth layers. Pairwise Wilcoxon test revealed significant
differences with p < 0.01 for two group comparisons highlighted by as asterisks. b) Shannon Index H
for concatenated eddy and reference samples over the depth layers. Pairwise Wilcoxon test revealed
significant differences with p < 0.01 for one group comparison highlighted by asterisks. The boxplot
horizontal line represents the median value, whiskers represent the minimum and maximum values.
Outliers are indicated as filled circles. KW: Kruskal Wallis; n: number of samples.

In a second step, it was investigated to which degree the three different eddies elevated
the regional diversity of protistan plankton within the background waters (reference samples;
Figure 11), due to the eddy-induced transport of entrapped protistan communities into offshore
regions. All eddies increased the regional diversity considerably in terms of ASV richness. The
decaying eddy had the highest increase in diversity (220% for Reference_CB and 171% for
Reference_CVOO) and the youngest eddy showed the least effect (178% for Reference_CB
and 146% for Reference_CVOO) on protistan ASV richness for the samples integrated over all
depth layers. In general, the regional ASV richness increased more in deeper waters (sub-DCM,
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OMZ) compared to the shallow DCM. The Shannon Index H” did not reflect the pattern and
trend of the ASV richness. H™ slightly increased or decreased with the introduction of an eddy
entrapped community into the background waters (references). Especially the middle-aged
eddy showed a decrease in diversity (H") in the sub-DCM and the OMZ when merged with the

reference sites.
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Figure 11. Bar plot showing changes in alpha diversity measures. a) Relative changes in Rarefied
ASV richness after merging eddy and reference samples for the concatenated depth strata and for
DCM, sub-DCM, and OMZ. b) Relative changes in Shannon Index H™ after merging eddy and
reference samples separately for the concatenated depth strata and for DCM, sub-DCM, and OMZ.
100% corresponds to no change and is indicated by the dotted line. DCM: deep-chlorophyll-
maximum; OMZ: oxygen minimum zone.

38



Subject I. Results - Protistan Plankton Assessment in the Canary Current System

3.1.4 Dissimilarities between Eddy Specific Protistan Plankton Communities

The BC dissimilarities of all samples were visualized in an NMDS (stress: 0.121; Figure
12) and tested for significant differences using PERMANOVA for the depth layers (DCM, sub-
DCM, OMZ) and the individual sampling stations (References, Eddy 1, Eddy 2, and Eddy 3),
as well as a combination thereof (Supplementary File 8). The protistan plankton communities
displayed a distinct pattern along the NMDS axis 1, where the different depth strata (for eddies
and references) were distributed. A significant gradient in the water column from the DCM
towards the OMZ reaching from low to high axis 1 values was revealed (PERMANOVA, p <
0.001, F=7.02). The individual eddies and reference sites were mostly divided along the NMDS
axis 2, with protistan communities from the stable 3-month-old eddy in the upper axis 2 value
range (PERMANOVA, p < 0.001, F=3.00). The interaction term, which depicts the group
differences within the depth strata between the distinct eddies and references revealed
significant associations (PERMANOVA, p < 0.001, F=2.00). The young CE_2019 19N_18W
eddy was associated with low axis 2 values and the decaying vortex was arranged as an
intermediate. The samples of the two reference stations were as distinct as the samples of two
different eddies. It should be noted that the plankton community structure of one sample from
the oldest eddy (sample 1) differed severely from the two other samples of this eddy in the
OMZ. Multiple physicochemical parameters were significantly correlated with the protistan
plankton community structures (p < 0.001; Table 4). The depth gradient along the NMDS axis
1 from the sunlit DCM to the mesopelagic OMZ was positively correlated and fitted with a high
correlation coefficient (> 0.87) to macronutrients (nitrate, phosphate, silicate). Fluorescence,
temperature, salinity, and dissolved oxygen had significant negative correlations (p < 0.001; R?
> 0.68) with the distribution from the DCM towards the OMZ strata. Neither of the
environmental parameters surveyed had a pronounced association with the NMDS axis 2.
Therefore, the abiotic factors responsible for the variation of the protistan plankton community
structure within the individual eddy depth layers remained substantially concealed.
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Figure 12. NMDS of protistan plankton community structures based on Bray-Curtis distances. The
specific depth layers are colored and sampling sites are differentiated by symbols. DCM: deep-
chlorophyll-maximum; OMZ: oxygen minimum zone.

Table 4. Correlation of the environmental parameters to the NMDS ordination. Envfit results of the
physicochemical parameters. R%: coefficient of determination.

Parameter NMDS1 NMDS2 R? p-value
Nitrate 0.85 -0.41 0.90  0.0001
Phosphate 0.84 -0.43 0.88 0.0001
Orthosilicic acid 0.85 -0.40 0.87  0.0001
Temperature -0.84 0.48 0.93 0.0001
Salinity -0.76 0.45 0.77 0.0001
Dissolved oxygen -0.66 0.49 0.68  0.0001
Density 0.81 -0.47 0.88 0.0001
Fluorescence -0.86 0.33 0.84  0.0001
Turbidity -0.78 -0.12 0.62  0.0002
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The construction of BC-based dendrograms provided a detailed insight of the protistan
plankton community structure for the sampling stations in the three individual depth layers
(Figure 13). The reference stations and all three eddies were divided into separate clusters in
the DCM. Here, the community structure of the youngest eddy was most similar to the reference
sites, followed by the decaying one. In the sub-DCM, the trapped protistan community of the
oldest eddy samples formed a cluster with the references, suggesting a relatively high similarity
between the decaying eddy and the non-eddy-influenced open ocean. The other two eddies
(CE_2019 19N _18W and CE_2019 18N _20W) remained as distinct clusters. In the
mesopelagic OMZ, all samples, except for the middle-aged eddy, converged into the same

cluster.
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Figure 13. Beta-diversity dendrogram of protistan plankton community structures based on Bray-
Curtis dissimilarities. a) DCM; b) sub-DCM; ¢) OMZ depth layers for all samples. Only the individual
clusters of specific eddy samples or references are colored. DCM: deep-chlorophyll-maximum; OMZ:
oxygen minimum zone.
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3.1.5 Taxonomic Composition of Protistan Plankton Communities

The most abundant sequences, in terms of relative abundance of reads on the phylum
level, were assigned to dinoflagellates in the DCM (Figure 14). They were in general followed
by Radiolaria, Discoba and Haptophyta. Discrepancies of this rule were the higher proportion
of sequences attributed to chlorophytes and a lower proportion of Discoba assigned sequences
in the youngest eddy compared to all other samples. Similar patterns were observed in the sub-
DCM and OMZ, which were dominated by dinoflagellates, radiolarians, Discoba and
haptophytes. Below follows the description of the taxonomic inventory of these four most
frequently encountered taxon groups at a higher taxonomic resolution (family level). Therefore,
the taxonomic assignment of sequence reads for the eddy sampling station and depth layers
were averaged, which enabled a streamlined description of the variation among the eddies,
reference stations and the respective depth strata. As a rule, the differences between the
taxonomic inventories were notably smaller among individual eddies and depth layers

compared to the inter-sample comparison (Supplementary File 9).
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Figure 14. Taxonomic inventories of protistan plankton ASVs. The bars represent the relative
abundance of ASVs assigned to each of the different taxon groups at the phylum-level. Only the top
ten most abundant taxa are shown individually and the remaining taxa are grouped under other protists.
DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.
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Haptophyta (Figure 15): In the DCM, Chrysochromulinaceae and Phaeocystaceae were the
most dominant families of haptophytes in all samples. The youngest eddy was characterized by
a relative read abundance of nearly 90% of Chrysochromulinaceae. Vice versa, Phaeocystaceae
were accordingly less abundant in the DCM compared to all other mesoscale features and the
reference background waters in the DCM. This also applied to unassigned Prymnesiophyceae,
accounting for roughly 25% of the non-disturbed-eddy samples and for 10% and 20% in eddies
CE_2019 18N_20W and CE_2019 14N_25W, respectively. Interestingly, the HAP-clade-2
assigned sequences were marginal in all eddy DCM samples but represented 5% and 14% in
Reference_CB and Reference_CVOO. The fraction of the HAP-clade-4 increased strikingly for
the deeper sub-DCM waters. Especially in the background waters and the decaying eddy, but
also, to a lesser extent, in the remaining eddies this taxon showed an increase in relative
abundance. Chrysochromulinaceae declined substantially from DCM to sub-DCM in the young
eddy CE 2019 19N _18W and was superseded by the HAP-clade-5 which dominated the
sequence reads with a relative abundance of 43%. In the three months aged eddy
CE_2019 18N_20W, Phaeocystaceae accounted for the majority of haptophyte assigned
sequences with 81% in the sub-DCM.
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Figure 15. Taxonomic inventories of haptophyte-assigned ASVs. The bars represent the relative
abundance of ASVs assigned to Haptophyta at the family-level. Only the top ten most abundant taxa
are shown individually and the remaining taxa are grouped under other Haptophyta. DCM: deep-
chlorophyll-maximum; OMZ: oxygen minimum zone.
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Radiolaria (Figure 16): The most abundant radiolarians, regarding the relative sequence reads,
were Spumellarida (unassigned and Spumellarida Group 1) in all samples. A remarkable
increase in Spumellarida Group | from the DCM to the sub-DCM and the OMZ was observed
in all samples. Arthracanthida-Symphyacanthida-unassigned and Collospheridae-assigned
sequences had the highest proportion and together accounted for 63% of all radiolarian
sequences in the DCM of the youngest eddy. The stable eddy CE_2019 18N_20W was
characterized by its relatively high proportions of acantharean and RAD-B group in the DCM.
Polycystinea (including Collodaria and Nasselaria) assigned sequences were negligible in most
DCM samples but accounted for 21% and 16% in the collapsing eddy CE_2019 14N_25W as
well as the CVOO background waters, respectively.

Figure 16. Taxonomic inventories of radiolarian-assigned ASVs. The bars represent the relative
abundance of ASVs assigned to Radiolaria at the family-level. Only the top ten most abundant taxa
are shown individually and the remaining taxa are grouped under other Radiolaria. DCM: deep-
chlorophyll-maximum; OMZ: oxygen minimum zone.
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Discoba (Figure 17): The predominant proportion of Discoba-assigned sequences, with up to
98% in the Reference_CB, were accounted to unassigned Diplonema, which could not be
further classified. Noticeable deviations were found in the DCM and sub-DCM samples of the
recently generated vortex CE_2019 19N _18W as well as the OMZ samples of the collapsing
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eddy CE_2019 14N_25W, which distinguished themselves from the other samples by

containing proportionately high abundances of deep-sea pelagic diplonemids (DSPD) group 1.
Figure 17. Taxonomic inventories of Discoba-assigned ASVs. The bars represent the relative
abundance of ASVs assigned to Discoba at the family-level. Only the top ten most abundant taxa are

shown individually and the remaining taxa are grouped under other Discoba. DCM: deep-chlorophy!ll-
maximum; OMZ: oxygen minimum zone.
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Dinoflagellata (Figure 18): The dinoflagellate community composition was relatively
consistent in all eddies, reference waters and across all vertical water layers. They were
generally dominated by the two taxonomic clades Dino-Group I and Dino-Group 1l (also termed
Marine Alveolates Group | and Il or Syndiniales Group | and II). In distinction to the other
samples, the youngest eddy had prevalent sequence reads of the Dino-Group-I11, particularly in
the sub-DCM. The relatively high fraction of unassigned Dinophyceae, which includes
numerous ecologically distinct orders, decreased from DCM to sub-DCM and OMZ. The
increase of unassigned dinoflagellates, that also escaped further taxonomic classification, from
DCM to sub-DCM and OMZ in all samples is also notable. However, both taxa, unidentified
Dinophyceae and dinoflagellates, accounted for up to 43% (DCM of Reference_CB) of all
dinoflagellate sequences in the region under study.
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Figure 18. Taxonomic inventories of dinoflagellate-assigned ASVs. The bars represent the relative
abundance of ASVs assigned to Dinoflagellata at the family-level. Only the top ten most abundant
taxa are shown individually and the remaining taxa are grouped under other Dinoflagellata. DCM:
deep-chlorophyll-maximum; OMZ: oxygen minimum zone.
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3.2 Functional Annotation of Protistan Plankton Communities

3.2.1 Validation of Functional Trait Approach

The public trait database was aligned to the taxonomically assigned ASV table resulting
in a reduced dataset that covered approximately 15% of the sequences and about 16% of the
targeted ASVs. In the first step, the authenticity of the condensed ASV dataset was inspected
by comparing the distribution of shared ASVs of the complete and the downscaled ASV-to-
sample matrix for individual eddies and the non-eddy-disturbed reference sites (Figure 19). The
proportion of shared ASVs (between the investigated groups) never exceeded 1% and the
average variation remained below 0.3%.
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Figure 19. Venn diagrams for the distribution of the shared and unique ASVs. a) Unique and common
ASV distribution in the three eddies and reference sites calculated for the original ASV-to-sample
matrix. b) Unique and common ASV distribution in the three eddies and reference sites calculated for
the reduced ASV-to-sample matrix after alignment to the trait-database.
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A second verification step was performed using the BC dissimilarities of the
downscaled protistan plankton community (Figure 20) to determine whether analogous patterns
to those in the initial dataset could be observed (see Figure 12). Samples from the three depth
layers DCM, sub-DCM and OMZ (including the reference samples) were still distributed
predominantly along NMDS axis 1. The protistan community structures for the individual
stations still followed a gradient along axis 2. The stable eddy CE_2019_18N_20W remained
in the upper axis 2 co-domain and the decaying eddy CE_2019 14N_25W continued its
occupation as the intermediate position between the other two eddies. Sample 2 in the DCM of
the collapsing vortex lied outside the intermediate position, as well as sample 1 in the OMZ of
the same eddy was invariably different compared to the other two OMZ samples. However, a
notable alteration was the convergence of the youngest eddy CE_2019 19N_18W from the
lower axis 2 value range to a more medial localization. The plankton structure of the two
reference sites within each individual depth layer was still as dissimilar to each other as the
samples of two discrete eddies. Albeit the exact pattern shifted to some extent, the
PERMANOVA analysis still confirmed significant effects of the depth layers (p < 0.001,
F=5.39) and the sampling sites (p < 0.001, F=2.33), as well as a combination thereof (p < 0.001,

F=1.65), on the protistan plankton community structure (Supplementary File 10).
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Figure 20. NMDS of downscaled protistan plankton community structures based on Bray-Curtis
distances. The specific depth layers are colored and sampling sites are differentiated by symbols.
DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.

3.2.2 Functional Richness of Protistan Plankton Communities

Functional diversity was determined by the proxy functional richness, an index ranging
between 0 and 1. The values were generally high reaching up to 0.81 (maximum in the sub-
DCM Sample 1 of eddy CE_2019 14N _25W) and with the lowest functional richness of 0.64
(minimum in the sub-DCM Sample 2 of the eddy CE_2019 18N_20W). After integrating the
samples of the distinct eddy and reference sites, the peak functional richness was observed for
the non-eddy-disturbed background waters (0.74 + 0.04), followed by the disintegrating eddy
(0.73 £ 0.04) and the youngest vortex (0.70 + 0.02; Figure 21). The species of the protistan
plankton community in the three-month-old eddy CE_2019 18N_20W (0.69 + 0.06) occupied
the least niche space. Subsequent statistics using Kruskal-Wallis (p < 0.05) and the post hoc
Wilcoxon test revealed significant differences between the background waters and the robust
eddy CE_2019 18N_20W (p < 0.05; Supplementary File 11 a).
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There were no considerable differences in functional richness between the DCM, sub-DCM
and OMZ of the individual sampling sites (Supplementary File 11 b). The average values for
functional richness were 0.71 £ 0.03 for the DCM, 0.7 + 0.05 for the sub-DCM and 0.73 = 0.04
for the OMZ.
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Figure 21. Boxplot visualizing functional richness derived from the functional traits. Functional
richness calculated for eddy and reference samples merged over the depth layers. Pairwise Wilcoxon
test revealed significant differences with p < 0.05 for one group comparison highlighted by an asterisk.
The boxplot horizontal line represents the median value, whiskers represent the minimum and
maximum values. Outliers are indicated as filled circles. KW: Kruskal Wallis; n: number of samples.

Correlations between the functional richness and the alpha diversity determinants (ASV
richness and Shannon Index H") substantiated the results computed for the functional diversity
index (Table 5). The Spearman correlation coefficient was applied to qualitatively diagnose the
consensus between the used functional diversity index and the alpha diversity measurements.
The coherence was investigated for all sampling stations and the individual depth layers. All
analyses were significant (p < 0.05) and revealed a ‘moderate’ or ‘very strong’ correlation
degree (p > 0.63) except for the OMZ samples. Despite not being significant (p > 0.05), the
coherency of these mesopelagic waters was ‘fair’ between functional richness and the alpha

diversity measurements (p = 0.48 for Shannon Index H"; p = 0.5 for ASV richness).
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Table 5. Statistics for Spearman correlation between functional richness and the alpha diversity
measurements. Grading of p was done following Chan et al. (2003). FR: functional richness; H":
Shannon Index; p: Spearman correlation coefficient.

FR vs. H’ FR vs. ASV richness

Samples
p p-value Grading p  p-value  Grading

All samples  0.63  <0.001 Moderate  0.74 <0.001  Moderate
DCM 0.77 0.014  Verystrong 0.84 0.004 Very strong

Sub-DCM  0.77 0.014  Verystrong 0.79 0.010 Very strong
oMz 048  0.204 Fair 0.50 0.143 Fair

3.2.3 Functional Strategies of Protistan Plankton Communities

Ecological strategies or functional groups were generated using partition clustering with

the K-means algorithm and the SSlI-criterion on the trait-assigned ASV matrix. The grouping

results identified ten distinct clusters (Supplementary File 12) with a unique combination of

annotated traits (Supplementary File 13). In some ES, categories were represented by multiple

characteristics, yet some were dominated by certain traits (Table 6).

Table 6. Dominant features of ecological strategies (ES). Main traits of the ten ES and examples
derived from taxonomic composition at the family and phylum levels.

ES Dominant traits Examples; Family (Phyla)
Ingestion: extern;
Motility: attached; Porosporidae (Apicomplexa);

1 Polarity: heteropolar; Blastodiniaceae (Dinoflagellata);
Symbiosis: parasitic Cephaloidophoridae (Apicomplexa)
Symmetry: bilateral
Chloroplast:
endosymbiotic;

Cover: siliceous;
Ingestion: intern;
Motility: floater;
Polarity: heteropolar;
Shape: amoeboid;
Symmetry: radial

Acanthodesmoidea (Radiolaria);
Plagiacanthoidea (Radiolaria);
Eurcyrtidioidea (Radiolaria)
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Table 6 (continued).

Motility: swimmer;
3 Shape: round;
Polarity: heteropolar

Pelagomonadaceae (Ochrophyta);
Kareniaceae (Dinoflagellata);
Suessiaceae (Dinoflagellata)

Cover: naked;
Ingestion: intern;
Motility: gliding;

Paramoebidae (Lobosa);

4 Shape: amoeboid: Monosigidae (Choa.noﬂagellida);
Filoreta (Cercozoa);

Symmetry:

asymmetrical

Chloroplast:

constitutive;

Cover: organic; Phaeocystaceae (Haptophyta);
5 Motility: swimmer; Mamiellaceae (Chlorophyta);

Polarity: heteropolar; Prymnesiaceae (Haptophyta)

Shape: round;

Symmetry: bilateral

Chloroplast:

endosymbiotic;

Cover: strontium sulfate; Gigartaconidae (Radiolaria);
6 Ingestion: intern; Sticholonchidae (Radiolaria);

Motility: floater;
Polarity: isopolar;
Shape: amoeboid

Class Acantharea (Radiolaria)

Ingestion: intern;
7 Motility: swimmer;
Polarity: heteropolar

Massiteriidae (Cercozoa);
Colepidae (Ciliophora);
Gonyaulacaceae (Dinoflagellata);

Chloroplast:
endosymbiotic;
Colony: elongated;
Cover: siliceous;
Ingestion: intern;
Motility: floater;
Shape: round;
Symmetry: spherical

Sphaerozoidae (Radiolaria);
Collophidiidae (Radiolaria);
Polar-centric-Mediophyceae
(Ochrophyta)

Ingestion: intern;
9 Polarity: heteropolar;
Shape: elongated

Stephanoecidae (Choanoflagellida);
Tintinnidae (Ciliophora);
Radial-centric-basal-
Coscinodiscophyceae (Ochrophyta)

Cover: organic
10 Ingestion: osmotrophic;
Shape: round

Labyrinthulaceae (Sagenista);
Pseudoperkinsidae (Mesomycetozoa);
Chytriodiniaceae (Dinoflagellata)
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The proportional contribution of these functional groups was calculated for the eddies and
reference sites in all three depth layers (Figure 22). All ten ecological strategies (ES 1-10) were
represented in each of the samples. The high abundance of ES 6 was prominent, especially in
the DCM layer of Reference_CB (38%) and the youngest eddy (32%). The functional properties
of ES 6 were best described by the following traits: endosymbiotic chloroplast, mostly
strontium-sulfate cell cover, internal ingestion, floater, isopolar, amoeboid body shape, macro
size class, with spicules. All ASVs assigned to this group were radiolarians with the top five
most abundant ASVs assigned to Arthracanthida-Symphyacanthida, Acantharea-Group-I,
Gigartacon muelleri, Acantharea-Group-11, Sticholonche. Another prevalent group was ES 5 in
reaching more than half of the relative abundance of the stable eddy in the sub-DCM. ES 5 was
characterized by having constitutive chloroplasts, a round body shape with typically organic
cell cover and predominantly by a free-swimming motion type. The top five ASVs contributing
most to the relative abundance of ES 5 belonged to Phaeocystis (haptophyte), Pterosperma
cristatum (chlorophyte), Prymnesiophyceae (haptophyte), Mamiellaceae (chlorophyte) and
Chrysochromulina scutellum (haptophyte). A noticeable abundance peak was observed for the
ES 9 of Reference_CVOO, wich accounted for the majority of relative abundance with a value
of 42%. The unique combination of attributes of ES 9 predominantly included: chloroplast-free,
with a siliceous or organic cell cover, an internal ingestion, mostly attached or occasionally
swimmers, heteropolar, with an elongated body shape, macro-sized and with spicules. The top
five most abundant ASVs in ES 9 were taxonomically assigned to Tintinnidae and Dictyocysta
(both ciliates), Stephanoecidae Group H and Group | (both choanoflagellates) and the diatom
Actinocyclus (ochrophyte). The only functional group characterized by a parasitic lifestyle was
ES 1, which had the highest contribution in the three-month-old stable eddy with up to 35% in
relative abundance (DCM). The most frequent ASVs were Porosporidae (Apicomplexa),
Blastodinium mangini and Hematodinium (both dinoflagellates) and Cephaloidophora
(Apicomplexa). The relatively high proportions of ES 7 in the deeper water layers (sub-DCM
with 17% and OMZ with 18%) of the youngest eddy and the OMZ of the Reference_CVVOO
were noteworthy. Distinguishing features of ES 7 were best described by the following trait
combinations: mostly chloroplast-free, mostly naked with occasional organic cell cover,
internal ingestion, swimmer, heteropolar, round to elongated body shape, nano to macro size
class, and no spicules. The top five most abundant ASVs that were typical for ES 7 were
taxonomically assigned to Cryothecomonas (cercozoan), Pelagostrobilidium (ciliate),
Ciliophrys (ochrophyte), Gonyaulax (dinoflagellate) and Planomonadidae Group-1
(Hilomonadea).

53



Subject I: Results - Functional Annotation of Protistan Plankton Communities

100
- L

| ]
]
Ecological
.- strategy
O I 1
2
II I I I |

Figure 22. Ecological strategies distribution for sampling sites and depth layers. The bars represent
the relative abundance of ASVs assigned to individual ecological strategies. DCM: deep-chlorophyll-
maximum; OMZ: oxygen minimum zone.
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Subsequent statistical analysis (Kruskal-Wallis and post hoc Wilcoxon test) revealed
significant variations between the combined depth strata for the stable eddy with each sampling
site (Table 7). The aged eddy had significantly lower relative abundances in three ES groups
(ES 7, ES 9 and ES 10) compared to the non-eddy-impacted references. Likewise, the three-
month-aged eddy had significantly lower relative abundances of ASVs assigned to the ES 10
compared to the other two eddies and reference sites and in ES 7 compared to the youngest
vortex. No significant differences in ES groups were found between the disintegrating and the
freshly generated eddy. Furthermore, no significant deviations were detected between those two
eddies compared to the non-eddy-impacted references.
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Table 7. Significant differences between ecological strategies (ES) of the sampling stations. Kruskal
Wallis test (KW), followed by pairwise Wilcoxon test was used to calculate significant differences.

ES Group 1 Group 2 p (KW) Adjusted p-value
10 CE_2019 18N _20W CE_2019 14N_25W  0.0006 0.004
10 Reference CE_2019 18N_20W 0.001
7  CE_2019 18N_20W CE_2019 19N _18W  0.0003 0.026
7  CE_2019 18N_20W CE_2019 14N_25W 0.034
7 Reference CE_2019 18N_20W 0.001
9 Reference CE_2019 18N_20wW  0.0079 0.019

Only two ES showed significant differences across depth strata (Table 8). These
disparities were only observed between the DCM and the other two depth strata and no
significant differences between OMZ and sub-DCM were detected. The ES 6 was more
frequently represented in the DCM compared to both the OMZ and the sub-DCM. In the OMZ,

ES8 was also found to be significantly less abundant compared to the DCM.

Table 8. Significant differences between Ecological strategies (ES) of the depth layers Kruskal Wallis
test (KW), followed by pairwise Wilcoxon test was used to calculate significant differences. DCM:
deep-chlorophyll-maximum; OMZ: oxygen minimum zone.

ES Groupl Group?2 p (KW) Adjusted p-value
6 DCM sub-DCM 0.0024 0.0006
6 DCM oMz 0.0345
8 DCM oMZ 0.0011 0.0002

3.3 Microbial Abundances & Carbon Flow in the Canary Current System

3.3.1 Prokaryotic & Protistan Abundances

Abundances of both prokaryotic and protistan cells, declined severely with depth from
the photic DCM layer (maximum in the youngest eddy with 18.85 + 1.86 x 10° prokaryotes
mL? and 1734 + 562 protists mL™) to the mesopelagic OMZ layer (minimum in the
Reference_CVOO with 3.86 + 0.86 x 10* prokaryotes mL™? and 497 + 40 protists mL™;
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Supplementary File 14). This decline occurred within all individual sampling sites in varying
degrees, nevertheless, considerable fluctuations existed between the stations and depth strata
(Figure 23). In the DCM bacterial concentrations decreased from the youngest eddy (18.85 +
1.86 x 10° cells mL™) to the stable eddy (14.98 + 1.26 x 10° cells mL™), to the reference sites
(3.05 £ 1.11 x 10° cells mLY) and finally to the collapsing eddy (2.34 + 0.55 x 10° cells mL™).
Identical patterns were observed in the sub-DCM and the OMZ, albeit with an average
reduction in concentrations of approximately 71 £ 16% and 78 + 12% compared to the photic
DCM, respectively. Protistan abundance patterns varied between the shallow depth layer and
the deeper waters. In the DCM, the mean number of cells decreased in the following order of
precedence: youngest eddy (1734 + 562 x 10° cells mL™), stable eddy (1460 + 341 x 10° cells
mL1), collapsing eddy (1392 + 267 cells mL™) and reference sites (775 + 234 cells mL™). The
succession for the deeper waters was, in descending order of cell concentration, collapsing
eddy, to stable eddy, to youngest eddy and finally the non-eddy-disturbed background waters.
The decline in concentrations of protists with increasing depth was less drastic compared to the
prokaryotic reduction and reached about 35 £ 17% and 44 + 12% on average for the sub-DCM
and the OMZ compared to the shallow DCM, accordingly. Statistical analyses are presented in

Supplementary File 15 and significant differences (p < 0.05) are emphasized in Figure 23.
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Figure 23. Boxplots visualizing abundances of prokaryotes (a, ¢, €) and protists (b, d, f). The
concentrations for the individual depth layers are represented in a, b for DCM,; ¢, d for sub-DCM,; e, f
for OMZ. The boxplot horizontal line represents the median value, whiskers represent the minimum
and maximum values. Outliers are indicated as filled circles. Significant variations were first identified
using Kruskal-Wallis (KW) test with ad hoc pairwise Wilcoxon test and are highlighted by asterisks
(*: p <0.05; **: p < 0.01; ***;: p < 0.001). abund.: abundance; DCM: deep-chlorophyll-maximum;
OMZ: oxygen minimum zone; n: number of samples.

3.3.2 Grazing Effect & Carbon Flow

A decline in phagocytosed prokaryotes and carbon transfer efficiency with depth was
determined for all discrete eddies (Figure 24). The carbon flow is omitted from the description
because it displayed precisely the same behavior as the grazing effect but can be viewed in
detail in Supplementary File 14 or in Figure 24. The general pattern of decreasing grazing effect

was ranked from the youngest to oldest eddy. The magnitude of ingested bacteria varied greatly
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within each depth layer. In the shallow DCM, 7784 + 2194 cells mL™ h™* were devoured by all
protists in the 3-week-old eddy, 2543 + 746 cells mL™ h't in the stable 3-month-old eddy and
only 453 + 194 cells mL™* h' in the disintegrating eddy. This accounted for prokaryotic turnover
rates of 10%, 4%, and 5% d, respectively. A remarkable decrease in the grazing effect was
observed in the second oldest vortex with about 90% (269 + 85 cells mL™ h%) in the sub-DCM,
albeit with minor changes in the turnover rate with ~3% d*. The ingested bacteria diminished
moderately to 6192 + 1784 cells mL™* h™ and to 148 + 62 cells mL™ h* for the youngest and
collapsing eddy, correspondingly. A minuscule grazing effect compared to the freshly
generated eddy (3126 + 868 cells mL? h™) was observed for the two aged eddies with
approximately 90 + 38 cells mL* h'. Deviations from the generic reduction with depth occurred
in the integrated reference sites and demonstrated a peculiar trend. The sub-DCM (1162 + 1225
cells mL™? h') had the highest grazing effect followed by a slight decrease in the deeper OMZ
(1103 + 1249 cells mL* h't) and with the lowest value in the DCM (959 + 864 cells mL™ hl).
The tremendously large standard deviations occurred on account of the fact that both reference
sites exhibited quite differing results (Supplementary File 14). Reference_ CVOO followed the
general decline of grazing effect within deeper waters and had marginal amounts of
phagocytosed prokaryotes (DCM: 190 * 39 cells mL™? hl; sub-DCM 48 + 4 cells mL? h;
OMZ: 18 + 4 cells mL™ h1). On the other hand, Reference_CB, with the atypical pattern, had
more than 100-fold of magnitude higher grazing effects. In the epipelagic DCM and sub-DCM,
the increase in the number of bacteria ingested was less severe compared to the mesopelagic
OMZ, but still reached an approximately 10- and 50-fold higher value, respectively. Statistical
analyses are provided in Supplementary File 15 and significant differences (p < 0.05) are

indicated in Figure 24.
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Figure 24. Boxplot visualizing grazing effect and carbon flow. The results for the individual depth
layers are represented in a for DCM; b for sub-DCM; ¢ for OMZ. The boxplot horizontal line
represents the median value, whiskers represent the minimum and maximum values. Outliers are
indicated as filled circles. Significant variations were first identified using Kruskal-Wallis test (DCM:
p = 0.0003; sub-DCM: p = 0.0091; OMZ: p = 0.0741) with ad hoc pairwise Wilcoxon test and are
highlighted by asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001). GE: grazing effect; ing.: ingested,
C: carbon; DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone; n: number of samples.

3.3.3 Correlation Analysis

Correlation analysis was applied using the Spearman rank test to identify significant
correlations between the physicochemical parameters and the prokaryotic and protistan
abundances as well as the grazing effect (Figure 25). Nutrients (phosphate, nitrate, orthosilicic
acid) correlated negatively with the microbial abundances and the determined grazing effect
(Spearman p <-0.57; p <0.01). Temperature, salinity, and turbidity were positively correlated
with the microbial parameters (Spearman p > 0.6, p > 0.48, p > 0.52 respectively; p < 0.05).
Likewise, fluorescence had a strong significant association to the protistan abundance

(Spearman p = 0.81; p < 0.001) and a moderate linkage to the bacterial abundance and the
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grazing effect (Spearman p = 0.61, p = 0.45, respectively, p < 0.05). Dissolved oxygen had no
significant correlation with the respective microbial parameters (p > 0.05). The microbial
measurements were interconnected and the correlation analysis revealed a strong association
between the grazing effect and the prokaryotic abundance (Spearman p = 0.86; p <0.001). Less
pronounced coefficients were calculated for the correlation between the protistan abundance
and the grazing effect (Spearman p =0.48; p <0.05), and similarly for the protistan and bacterial
abundances (Spearman p = 0.52; p <0.01).

*
Fluorescence 0.45
*
Salinity =~ 0.48

Prokaryotes NA
* Spearman’s p
Grazingeffect 0.48 NA g.g
-0.5
* -1.0

DO 042 032 0.28

Protists

Phosphate

Nitrate

Orthosilicic acid

Figure 25. Correlation of physicochemical parameters, grazing effect, prokaryotic and protistan
abundances. Color scale represents Spearman's p; and not applicable (NA). Significant correlations
are highlighted by asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001). DO: dissolved oxygen; NA:
not applicable.

60



Subject I. Results - Microbial Abundances & Carbon Flow in the Canary Current System

3.3.4 Multiple Linear Regression

Multiple linear regression was used for comprehending the influence and the interaction
of physicochemical parameters as well as the possibility of predicting the microbial
measurements. To reduce collinearity, models were built for each depth layer, separately. The
most parsimonious models to explain microbial cell abundance (prokaryotes and protists) and
grazing effect with the prerequisite of residual normal distribution and marginal
multicollinearity were selected (Table 9). For most investigated dependent variables in
combination with the individual depth layers, models could be generated. The only exceptions
were the models of the sub-DCM layer, where protistan cell abundance and grazing effect as
dependent variable did not satisfy the requirements (parsimony and residual normal
distribution). The coefficient of determination (R?) varied greatly for the individual regressions
and reached from 0.27 to 0.94 for the OMZ with protistan abundance as dependent variable and
the DCM with prokaryotic cell counts as dependent variable, respectively. Overall, the model
for prokaryotic concentrations had the highest coefficient of determination (RZ DCM, 0.94;
sub-DCM 0.64; OMZ, 0.85), followed by the grazing effect (R2: DCM, 0.90; OMZ, 0.74). The
least explanations were found in the DCM and the OMZ for the protistan cell abundances with
a coefficient of determination of 0.60 and 0.27, accordingly.

Table 9. Multiple linear regression model statistics. The respective models were investigated for
normal distribution of residuals with the Kolmogorov-Smirnov test (KS). R2, coefficient of
determination. NA: not applicable; DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum

Zone.
Model p(KS) F-statistics Adjusted R?  p-value

DCM bacteria 0.81 74.15 0.94 Fokk
Sub-DCM bacteria 0.18 16.18 0.64 folakel
OMZ bacteria 0.97 31.62 0.85 faleled
DCM protist 0.51 20.54 0.60 *xx
Sub-DCM nprotist NA

OMZ protist 0.99 5.80 0.27 *k
DCM grazing 0.11 48.41 0.90 —
Sub-DCM grazing NA

OMZ grazing 0.75 38.51 0.74 Hokk

(*: p<0.05; **: p<0.01;, **: p<0.001)
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The environmental parameters were highly collinear, and many (up to 6) explanatory
variables had to be removed to acquire acceptable VIFs. The remaining physicochemical
drivers in their most parsimonious combination were unique for each depth strata and
explanatory variable (Table 10). Prokaryotic abundance in the DCM were best explained by
salinity (~42% of R?), silicate (~42% of R?), nitrate concentration (~11%) and three interaction
terms (salinity X nitrate; silicate x nitrate; salinity x silicate), together accounting for only ~5%
of R2. In the sub-DCM, only two factors (turbidity and fluorescence) and a combination thereof
remained in explaining the bacterial concentration. For the same dependent variable in the
OMZ, nitrate (~30% of R?), oxygen concentration (~28% of R?), turbidity (~20% of R?) and an
interaction between turbidity and oxygen (~16% of R?) were the most influential parameters.
For the protistan cell abundance and the grazing effect regression analysis in the mesopelagic
OMZ, only two factors (salinity and bacterial abundance; turbidity and salinity, accordingly)
remained in each case and no interaction terms improved the AIC value. Likewise, for the
model in the photic DCM describing protistan cell concentrations two independent variables
remained (turbidity and temperature). For the same shallow depth layer, turbidity, salinity,
temperature, silicate, and nitrate concentrations explained the grazing effect in the best modality

following the parsimony principle.

Table 10. Physicochemical parameters and the interaction terms of the respective models based on
parsimony generation. Variance inflation factors (VIF) were only inspected before adding interactions
to the model. SE: standard error; RZ: coefficient of determination; NA: not applicable; DCM: deep-
chlorophyll-maximum; OMZ: oxygen minimum zone.

Relative
Model Drivers Estimate (+ SE) p-value VIF importance
of R?in %
DCM bacteria Intercept 1824.5 (+260.8) Fkk / /
Salinity (Sal) -49.5 (£7.1) Fxk 1.69 42.2
Orthosilicic acid *
(OA) -1481.3 (£600.7) 2.56 41.6
Nitrate (Nit) 245.7 (£116.8) * 2.99 11.4
Sal:Nit -6.8 (£3.2) * / 1.9
OA:Nit 1.3 (x0.4) *x / 1.8
Sal:OA 40.4 (£16.5) * / 1.2
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Table 10 (continued).

Sub-DCM

bacteria Intercept -36.8 (£12.7) *x / /
Turbidity (T) -36.8 (+12.7) 112 67.4
Fluorescence (F) 516.4 (£168.5) ** 1.12 22.7
T:F -6481.7 (£2951.4) * / 9.9

OMZ bacteria Intercept 63.9 (£8.7) Fxx / /
Nitrate -0.4 (£0.05) il 541 30.1
Oxygen (Oxy) -0.9 (x0.2) faleied 3.69 28.2
Turbidity (T) -551.0 (+ 100.1) *x%x 385 19.8
Protistan conc. 0.8 (£0.3) ** 1.14 5.8
T:Oxy 10.0 (£2.2) ikl / 16.2

DCM protist Intercept -3093.8 (£945.0) x* / /
Turbidity 11088.4 (£1747.6) e 1.26 82.5
Temperature 143.77 (£39.0) *x 1.26 175

Sub-DCM protist NA

OMZ protist Intercept 68910.4 (+21258.6) ** / /
Salinity -1935.1 (£602.7) ** 1.63 58.5
Bacteria conc. 187.7 (£65.0) ** 1.63 41.5

DCM grazing Intercept 2.2 X 10° (5.9 x10% *x / /
Turbidity 1.7 x 10* (£1.0 x10% 0.090 5.58 38.0
Salinity -5632.5 (+1566.1) e 6.22 24.0
Temperature -664.9 (+166.1) *rKE 3.06 15.0
Orthosilicic acid -2099.6 (£367.5) falalad 4.75 15.0
Nitrate 118.6 (+89.8) 0.200 5.84 8.8

Sub-DCM grazing NA

OMZ grazing Intercept -1.7 x 10° (£7.6 x10%) * / /
Turbidity 1.4Xx105(#27x10%  **=* 178 64.1
Salinity 4377 (+2182) 0056 1.78 35.9

(*: p<0.05; **: p<0.01;, **: p<0.001)
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3.3.5 Model Validation

The accuracies of the models for predicting the measured microbial parameters
fluctuated considerably depending on the variable and the depth layers. The regression analysis
for the bacterial abundance yielded a high coefficient of determination (R* > 0.72; p < 0.006)
and were evaluated with a substantial accordance (CCC = 0.97) between measured and
predicted values (Table 11, Figure 26.a). The precisions of the models to predict protistan
concentrations (Figure 26.b) had a moderate strength of agreement with a CCC of 0.92. The
computed regression coefficients were likewise moderate for both depth layers (DCM, Rz >
0.51, p=0.037; OMZ, R2> 0.59, p = 0.021).

Table 11. Regression analysis of measured and predicted values. Coefficient of determination (R2)
and significance of regression analysis for the predicted parameters in each depth layer if applicable.
DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.

Regression R2 p-value
DCM bacteria 0.87 <0.001
Sub-DCM bacteria 0.87 <0.001
OMZ bacteria 0.72 0.006
DCM protist 0.51 0.037
OMZ protist 0.59 0.021
DCM grazing 0.84 0.001
OMZ grazing 0.59 0.021
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Figure 26. Predicted versus measured prokaryote abundance (a) and protistan abundance (b) using the
multiple linear regression models for the respective depth layers. CCC with 95% CI are added. The
dotted line indicates a perfect prediction, the black line and the grey area the depth integrated
regression line and 95% confidence intervals, respectively. CCC: concordance correlation coefficient;
ClI: confidence interval; DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.

The validation of the grazing effect models produced the most unprecise predictions
(CCC=0.58; Figure 27). Especially in the OMZ, the correlations between prediction and
measured values were poor (R? > 0.59; p = 0.021). On the other hand, the DCM model had a
high correlation between measured and predicted grazing effects (R?2 > 0.84; p = 0.001). After

the removal of two outliers (>3 times standard deviation for the respective depth layer) the
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evaluation of McBride’s strength-of agreement criteria changed from poor (CCC = 0.58) to a
substantial accordance (CCC = 0.97).
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Figure 27. Predicted versus measured grazing effect with (a) and without outliers (b) using the multiple
linear regression models for the respective depth layers. CCC with 95% Cl are added. The dotted line
indicates a perfect prediction, the black line and the grey area the depth integrated regression line and
95% confidence intervals, respectively. CCC: concordance correlation coefficient; Cl: confidence
interval; DCM: deep-chlorophyll-maximum; OMZ: oxygen minimum zone.
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4 Discussion

4.1 Effect of Eddies on the Protistan Plankton Community

4.1.1 Eddy Dispersal Enhances Regional Protistan Plankton Diversity

Theories elucidating the irregularities in the overall trend of increasing diversity from
poleward to equatorward regions are numerous (lbarbalz et al., 2019). Most of them have their
eligibility, but cannot fully account for all variability (Pianka, 1966). First theories like the
‘productivity hypothesis’ and the ‘climatic stability hypothesis’ were predominantly declined
due to ‘the paradox of enrichment’ (Connell and Orias, 1964; Klopfer, 1959; Riebesell, 1974;
Tubay et al., 2013). EBUS provides clear examples for this paradox with their negative
correlation between productivity and diversity in coastal compared to offshore regions.
However, this enigma can be explained seemingly plausible. EBUS with variable nutrient input
via upwelling promotes the growth of rapidly growing species, which can lead to the dominance
of individual species or even phytoplankton blooms and thereby exhibit a low diversity (Barton
etal., 2010; James et al., 2022; Pitcher et al., 2018, 2017; Vallina et al., 2014). This corresponds
well with this thesis’ findings of an analogous relationship between diversity (ASV richness)
and generation time of the eddies as well as the higher diversity determined in the background
waters as hypothesized in Hel.l. Furthermore, this study coincides with the ‘intermediate
disturbance/dispersal hypothesis’ which states that the highest diversity occurs in an ecosystem
with a certain level of disruption/dispersal (Connell, 1978; Mouquet and Loreau, 2003). The
results showed that through dispersal of the entrapped water masses in an eddy (disruption), the

regional diversity of the subtropical oceanic offshore region was enhanced.

Dispersal mechanisms, responsible for structuring community composition and altering
diversity patterns, are postulated in ecological theory and emphasized as crucial factors
(Cadotte, 2006; Grainger and Gilbert, 2016; Yamaguchi, 2022). Mouquet and Loreau (2003)
theorized that until a certain tipping-point, an increasing rate of dispersal corresponds to an
increase in alpha-diversity, while regional beta-diversity declines. Model-based estimations
associate highly diverse ocean regions with ocean circulations due to the divergence from
steady-state conditions to subtle variability by providing niche space and refuges
(‘environmental heterogeneity hypothesis’; Barton et al., 2010; Huisman, 2010; Stein et al.,
2014). Extending approaches in numerical simulations, with respect to mesoscale eddy activity,
predicted western boundary currents as locally driven plankton diversity hotspot in contrast to

EBUS as dispersal-driven diversity hotspots (Clayton et al., 2013). However, the authors
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assumed that eddy dynamics contribute not only to the dispersal of immigrant plankton types
but also harbor the role of niche segregation for both the immigrant and local plankton
communities (Chust et al., 2013; Clayton et al., 2013). Using the ecosystem model framework
DARWIN to determine the effect of eddy advection on local and regional phytoplankton
diversity likewise confirmed Mouquet’s and Loreau”s hypothesis (Lévy et al., 2014). This thesis
provides the first circumstantial evidence for the dispersal-driven mechanism on the protistan

plankton diversity structure in the CanCS.

The detection of an increase in protistan plankton diversity was simulated by combining
protistan communities from reference samples with the protistan communities introduced to the
oligotrophic offshore regions by eddy dynamics. Through this mirrored eddy dispersal, an
increase in the ASV richness could be determined for all water layers. However, the Shannon
Index H’ demonstrated minor changes in comparison to the ASV richness and even decreased
for the combination of the aged eddy CE_2019 18N_20W and the reference samples. This
peculiar finding is possibly explained by the parameters contributing to the calculation of the
Shannon Index H’, which lays emphasis not only on the richness but also on the evenness of
the community (Spellerberg and Fedor, 2003; Shannon and Weaver, 1949). Thus, a protistan
plankton community with high species (ASV) richness and low evenness was prevalent after
merging of the stations, which might be related to the progressive changes in aging eddies.
Another viable scenario is that the eddy was in the process of disintegrating, a possibility
indicated by the ellipsoidal shape and the lack of accurate ADCP data of the oldest eddy.
Therefore, the oldest eddy may have already mingled with background water, exhibiting similar
dominant species (ASVs) as the reference sites leading to the decrease in H’.
CE_2019 18N_20W was also the only eddy which originated from the coast of Senegal
potentially harboring a variety of rare immigrant plankton species resulting in the raised ASV

richness.

The DCM exhibited the most pronounced variations in the protistan plankton
communities between the eddies. With increasing depth (sub-DCM and OMZ), the community
structure gradually converged, which is congruent with the abiotic parameters of the sampled
sites as hypothesized in Hel.2. The physicochemical parameters also corroborated well with
the general characteristics of young cold core eddies with generally lower temperatures, salinity
and pronounced fluorescence (Belkin et al., 2022; Dilmahamod et al., 2021). The sub-
mesoscale and fine-scale structure of especially young eddy cores can include multiple water
masses with distinct abiotic properties which, of course, could impact biotic aspects like

protistan community structure and trophic interactions. The distinctive characteristics of eddies
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are mostly retained while propagating westward to the open ocean due to the stratification and
velocities of the water masses (Dilmahamod et al., 2021; Leach and Strass, 2019). Albeit
leakage or intrusion between eddy and background water, seasonal and hydrographic effects,
as well as split, merge and linking events from or into two eddies may occur (Hall and
Lutjeharms, 2011; Lamont and Barlow, 2017; Liu et al., 2019). These supplementary
perturbations could further alter protistan plankton community structures emphasizing the need
to monitor sub-mesoscale eddies on a high temporal and spatial scale from its generation until

the inevitable disintegration of the eddy.

4.1.2 Specific Protistan Plankton Communities in Different Aged Eddies

All three eddies harbored distinctive protistan plankton communities and thus played
diverse roles for the biological carbon pump in the open ocean. The young eddy
CE_2019 19N_18W was characterized by a relatively high abundance of Chlorophyceae,
which favors colder and low salinity habitats. This photosynthetic class of green algae is thus
preferentially encountered in coastal areas and it has been shown that they assimilate large
amounts of CO» (Kaladharan et al., 2009; Tragin and Vaulot, 2018). Further taxa associated
with the shallow layer of the young eddy were the Arthracanthida-Symphyacanthida clades,
which are generally assumed to decrease in their abundance in accordance with deeper water
layers, as found in this study (Mars Brisbin et al., 2020). They were detected in a variety of
ecosystems (Gutierrez-Rodriguez et al., 2019; Hu et al., 2018) and play a pivotal role for the
primary production and in the biological carbon pump (Decelle et al., 2013). They are able to
host the haptophyte Phaeocystis as photosymbionts which exhibit enhanced photosynthetic
efficiency after integration compared to their free living form (Decelle et al., 2019).
Furthermore, it has been shown that these radiolarians can contribute up to one-quarter of the
particulate organic matter (POC) flux to the deep sea due to their dense skeletons (Belcher et
al., 2018; Decelle et al., 2013). The reduced relative abundance in the DCM of all other samples
may result from depleted strontium that acantharians require to produce one of the most dense
skeletons (Decelle et al., 2013). Iron deficiency in aged eddies could likewise serve as a crucial
limitation in the ability of the host-symbiont relationship to maintain elevated photosynthetic
activity resulting in a decreased competitiveness (Decelle et al., 2019; Geider and La Roche,
1994; Moore et al., 2013). The family Chrysochromulinaceae is another taxon that had the
highest relative abundance in the DCM of the youngest eddy. The genus Chrysochromulina

(family Chrysochromulinaceae) thrives under low salinity and nutrient-rich conditions, which
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is characteristic for freshly upwelled waters entrapped by mesoscale eddies (Dahl et al., 2005;
Dilmahamod et al., 2021). The main mode of energy acquisition for these haptophytes is a
mixotrophic life style (especially the genera Prymnesium, Haptolina and Chrysochromulina;
John et al., 2022). Massive contributions of haptophytes to the total bacterivory in marine
systems were reported, but also the phagotrophic consumption of organic matter and other
protists was described (Estep and Macintyre, 1989; Frias-Lopez et al., 2009; Unrein et al.,
2014). Furthermore, species belonging to the family Chrysochromulinaceae caused harmful
algae blooms that resulted in massive slumps of fish stocks, albeit this has not been reported
for the CanCS (Aalto et al., 2023; Hallegraeff et al., 2021; John et al., 2022).

The haptophyte assigned sequence reads in the shallow layer of the four-months aged
eddy CE_2019 18N_20W were dominated by Phaeocystaceae where Phaeocystis is one of the
only described genera (Adl et al., 2019). Phaeocystis is an ubiquitously distributed algae
capable of bloom formation, and responsible for affecting food-web structure by evading
grazing due to their colony forming ability (Nejstgaard et al., 2007; Schoemann et al., 2005;
Smith Jr et al., 1991). Researchers are especially interested in these haptophytes for their
capability in producing dimethyl sulfide as cloud forming nuclei. Thus, Phaeocystis harbors the
potential for climate regulation (Charlson et al., 1987; Stefels et al., 1995). The low nitrogen
concentration in the DCM of eddy CE_2019 18N_20W may be attributed to this genus as
studies reported the efficient removal of nitrate by Phaeocystis (Arrigo et al., 2000; Smith Jr et
al., 1998). As previously described, Phaeocystis is one of the major endosymbionts of
Arthracanthida-Symphyacanthida. The four-month-old eddy had less sequence reads assigned
to Arthracanthida-Symphyacanthida compared to the young eddy. However, the paramount
taxon of acantharians was most dominant compared to all other samples which also conceals
the possibility of symbiotic relationships with increased photosynthetic efficiencies (Decelle et
al., 2019). The radiolarian clade RAD-B, also called Taxopodida, was predominant in the DCM
of CE_2019 18N_20W and could be encountered in all depth layers of all samples. Even
though a cosmopolitan and vertical distribution through the complete water column was
reported, the lack of knowledge in regards to trophic strategy and possible symbionts does not

allow interpretation from an ecological perspective (Biard, 2022).

The oldest eddy CE_2019 14N_25W, in addition to its peculiar shape, gave the
impression of being in a disintegrating state, as the taxonomic signatures resembled the
protistan plankton communities of the reference and eddy sites. The loss of velocity of the water
circulation accompanied by the irregular shape of this eddy indicated the possibility of

intensified intrusion and leakage events (Cesar-Ribeiro et al., 2020; Liu et al., 2019). These
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have presumably been responsible for the formation of a hybrid protistan plankton community
between the entrapped eddy waters and the surrounding background waters.

The Discoba assigned sequence reads were prevalently characterized by the class
Diplonemea in all sampling sites throughout all water layers. This highly diverse group of
planktonic eukaryotes, especially in the deep ocean, demonstrates the lack of current knowledge
in regards to their ecology and function in the oceanic ecosystem (Flegontova et al., 2016).
Even though studies recommended the exclusion from phototrophic and mixotrophic life styles
and suggested symbiotic, parasitic or phagotrophic modes of energy acquisition, few studies
narrowed down the possibilities (Flegontova et al., 2016; Lukes et al., 2015; Valach et al.,
2023). The role of diplonemids in the oceanic food web is mostly unknown but they could play
a crucial role in the trophic carbon transfer between multiple trophic levels as suggested by
Vallach and colleagues (2023). However, this remains to be validated in further studies for
several taxa within Diplonemea, as subspecific groups could occupy diverse ecological

functions.

Dinoflagellates were the most dominant phylum in regards to relative sequence reads
but had no noticeable changes in their relative read abundance throughout the samples. The
only evident taxonomic signature within the phylum was the Dino-group IlI in the DCM and
especially in the sub-DCM of the youngest eddy, potentially due to parasite-host dynamics, as
this group belongs to the parasitic taxon of Syndiniales. However, scarce knowledge in respect
to possible host exists for group I11. A contemporary study revealed Bathycoccus, Dictophyceae
and Katablepharidophyta as potential hosts by applying network analysis (Nagarkar and
Palenik, 2023). However, they emphasize the potential of metazoans as targets, which remains
to be investigated in future research. Young eddies or coastal areas of the CanCS could be
considered to further elucidate the ecology of Syndiniales group Ill. Dino group I and Il were
the other prevalent dinoflagellates assigned to the parasitoid order of Syndiniales. They
dominated all sampling sites throughout each depth layer. The Syndiniales groups parasitize
predominantly other dinoflagellates, acanthareans, bacillariophyta as well as other radiolarians
and Cercozoa, but also metazoans (Guillou et al., 2008; Kase et al., 2021; Nagarkar and Palenik,
2023; Siano et al., 2011). Syndiniales species inevitably kill their host and have even been
referred to as ‘serial parasitic killers” (Chambouvet et al., 2008; Guillou et al., 2008). Thus, they
may have an essential role in the top-down control of protistan plankton communities and the

particulate carbon flux to abyssal depths (Anderson et al., 2023).
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The deeper water layers were characterized by substantially dissimilar protistan
plankton communities compared to the DCM. The plankton structure of the youngest and oldest
eddy became increasingly more similar to the taxonomic signatures of the reference sites with
increasing depth. An exception was the apparently robust four-month-old eddy, which still
contained distinctive taxonomic inventories in the sub-DCM and OMZ. Especially the
Haptophyta and Radiolaria assigned sequence reads revealed noticeable changes. The relative
abundance of the Haptophyta-Clade-HAP-4 increased in the sub-DCM of the reference sites,
the old eddy and, to a lesser extent, in the youngest eddy. Additionally, a remarkable rise in the
proportion of Haptophyta-Clade-HAP-5 was detected in the youngest, to a lower degree in the
stable eddy and even less pronounced in the reference and old eddy samples. Ecological
functions and the contribution to the oceanic carbon pump of HAP-4 and HAP-5 clades are
unknown due to the fact that they were described exclusively based on environmental
RNA/cDNA sequences (Egge et al., 2015). Studies suggested a vertical distribution in the water
column for these taxa, advising for further efforts in elucidating the biogeographical distribution
and environmental preferences for these haptophytes (Bittner et al., 2013; Gran-Stadniczefiko
et al., 2017). The observation that both haptophyte clades were numerically marginal
throughout the OMZ in all samples suggests sensitivity to oxygen deficiency. A steady increase
in the radiolarian community was detected in the relative abundance of Spumellarida in
accordance with deeper strata. This study corroborates well with previous findings where
Spumellarida were associated with deeper and oxygen-depleted waters (More et al., 2018).
Furthermore, it was suggested that they are potential hosts for Syndiniales species (Suter et al.,
2022) and contribute substantially to the carbon sequestration via particulate carbon flux to the
deep ocean (Preston et al., 2020). The exceptionally high proportion of Spumellarida in the
robust eddy system indicates that this taxon group outcompetes other radiolarians and thrives

in eddy-entrained deep-water masses, especially under oxygen-deprived conditions.
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4.2 Functional Annotation of Protistan Plankton Communities

4.2.1 Eddy Dispersal Enhances Regional Protistan Plankton Functional Diversity

Solutions to the ‘paradox of the plankton’ try to unravel the coexistence of multiple
different plankton species despite their competitive behavior for limited resources (Hutchinson,
1961). The combination of various mechanisms like external forcing dynamics (spatial
heterogeneity, environmental fluctuations, etc.), temporal and spatiotemporal effects as well as
biotic behavior and trophic interactions appear as convincing theories (Roy and Chattopadhyay,
2007). In numerical approaches, scientists tried to simulate this paradox by applying varying
niche space and neutrality as stabilizing and equalizing factors, respectively, or incorporating
intraspecific variations into their models (Cesar-Ribeiro et al., 2020; Chesson, 2000; Haegeman
and Loreau, 2011; Menden-Deuer and Rowlett, 2014; Segura et al., 2011; Vergnon et al., 2012).
These stabilizing and equalizing factors are leading to the exertion of distinct ecological
functions across different taxon groups and size classes. However, model simulations and
experimental procedures tend to not grasp the full complexity of nature, generating a wide range
of niche space in a confined area with a variety of protistan plankton species (Kléparski et al.,
2022). To dwell deeper into the eddy-induced perturbations (external forcing dynamics) on the
protistan plankton functions a trait-approach was applied to determine the functional richness

and ES associated with these mesoscale features.

The assignment of the biological traits to the ASV matrix resulted only in a limited yield
of ~15% of the original dataset. Therefore, a quantitative and qualitative procedure was applied
to validate the reduced output. The percentage of overlap between the two datasets was
compared for all sampling sites and revealed only negligible variation. Hence, no eddy or
reference station was disproportionately represented. The qualitative approach was to determine
changes in the dissimilarities between the samples which yielded noticeable variations
compared to the complete dataset. Due to the slight convergence of the youngest eddy to the
reference sites and the stable to the old eddy, elements of the uniqueness have been deprived
and the results should be interpreted with caution. However, the variations induced by

mesoscale eddies would probably be more severe with an extended dataset.

Functional richness represents the amount of functional trait space occupied by the
species (ASVSs) in the protistan plankton community (Mason et al., 2005). The calculated
functional richness of the samples was in general relatively high, indicating a diverse
community with pronounced niche complementarity (Cesar-Ribeiro et al., 2020; Mason and de

Bello, 2013). An identical pattern to the alpha diversity measures (ASV richness and Shannon
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Index H’) was observed for functional richness, which verified the robustness of the applied
method by showing a positive correlation. The reference sites and the oldest eddy demonstrated
the highest functional richness and the stable and youngest eddies had the lowest values on
average as hypothesized in Heg2.1. This is exactly the opposite finding compared to a previous
study that examined anticyclonic eddies from the Agulha current (Cesar-Ribeiro et al., 2020).
However, even though southern hemisphere anticyclones could be comparable to northern
hemisphere cyclones in regards to upwelling dynamics, the ages of the eddies were far older
(7-24 months) compared to this current study. Furthermore, the Aguhla current is a western
boundary system which, as previously mentioned, is considered a locally-driven plankton
hotspots, leading to lower alpha and functional diversity in maturing eddies as opposed to

eddies emanating from EBUS.

The results in this thesis suggest a more severe competitive exclusion in younger eddies,
and a more profound co-existence of protistan plankton species in aged eddies and the
surrounding background waters in eastern boundary systems. Competitive exclusion could be
derived from the enhanced fitness of the dominant species under the prevailing conditions
(Behrenfeld et al., 2022). In the youngest eddy, exhibiting the highest nutrient concentrations,
fast-growing species could outcompete other species at the expense of functional richness
(James et al., 2022; Vallina et al., 2014). This confirms model approaches in which species with
slower division rate are extinguished until species with similar fitness remain. This logical
predicament is however only applicable to random mortality rates across the whole community
(Behrenfeld et al., 2021). In the stable eddy, which exhibited ultra-oligotrophic conditions,
resilient and species adapted to nutrient deficiencies could thrive selectively constraining
protistan plankton favoring nutrient-rich waters (Sharoni and Halevy, 2020). This is in contrast
to the oldest eddy where more frequent mixing events, by leakage and intrusion of background
water, lead to an elevated functional richness by amalgamating both plankton communities (Liu
et al., 2019; Moisan et al., 2017). Thus, the coupling of neutrality in regards to physiological
processes and stabilization concerning the occupation of niche space seem as fundamental
components structuring the coexisting and exclusion patterns in protistan plankton
communities. However, the relatively high functional richness coupled with its low range is an
indication that the competitive exclusion is not quite as extensive, possibly due to major

mechanisms like selective predation pressure and resource partitioning (Sooria et al., 2022).
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4.2.2 Resilience & Robustness of Eastern Boundary Upwelling Systems

No ES was unique throughout a distinct eddy or reference site, even though competitive
exclusion likely occurred and the relative proportion of the taxonomic structure revealed
noticeable differences. This indicates pervasive functional redundancy over distinct plankton
groups and the hypothesis He2.2 has to be rejected. The fact that all strategies consisted of
paraphyletic taxa affiliated to multiple phyla, except for ES 2 and ES 6 consisting exclusively
of radiolarians, further supports the assumption of functional redundancy. However, functional
redundancy is not necessarily a demerit, as it is recognized to correlate with resilience and
robustness of an ecosystem by providing a degree of buffering capacity in the face of
biodiversity loss (Bell et al., 2005; Biggs et al., 2020). Concentrated efforts in examining
functional redundancy in the open ocean are not frequently attenuated due to the complexity
and the lack of knowledge in regards to biodiversity, function and trophic interactions of
protistan plankton (Daam et al., 2019; Wickham et al., 2022). However, recent field studies
investigating the roles of marine plankton communities likewise revealed a redundancy in the
exerted ES in and between the North Atlantic Ocean and a tidal front (Ramond et al., 2023,
2021, 2019). In a numerical model approach, this concept of functional redundancy in marine
protistan plankton was also confirmed (Dutkiewicz et al., 2021). Dutkiewicz and colleagues
(2021) demonstrated in their computational simulation a certain degree of redundancy across
divergent species and emphasized ‘the multifunctionality context of biodiversity’ (Gamfeldt et
al., 2008). They describe this concept as a negative connection between the functional
redundancy and the ecosystem functions: as the range of performed ecosystem functions
expand, a decline in redundancy should be observed if it is not maintained by an increase in
biodiversity. This hypothesis could also explain the lack of a unique ES in the dataset of this
thesis due to the relatively high and congruent functional diversity. However, an eddy specific
ES could still be concealed in the trait-unassigned ASV inventories which emphasizes the
knowledge gap about protistan diversity and their ecology in marine systems (Daam et al., 2019;
Wickham et al., 2022).

Although no unique strategy was determined, the relative proportions of ES associated
to the mesoscale eddies and the reference sites differed. The ES consisted of ecological key
functions related to top-down control through parasites, carbon fixation through free-living
microalgae, phototrophic endosymbionts, or phagotrophic lifestyles. However, by examining
the relative abundance and the associated taxa for the ES limitations in the trait approach
became obvious. The minuscule contribution of ES 1, consisting of single-celled eukaryotes
with a parasitic lifestyle, in the youngest eddy illustrated the insufficiency in assigning traits to
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individual ASVs. Through comparison with the relative contribution of Syndiniales assigned
sequence reads in the taxonomic composition, a far larger proportion of ES 1 was to be
expected. Likewise, the dominant presence of ES 9 (in DCM) and ES 4 (in OMZ) in the CVOO
reference station did not reflect the taxonomic composition as they were composed exclusively
of rare taxa. Of course, rare taxon groups may also be subject to ecological drift due to
environmental shaping, but they play a minor role in the contemporary function of an ecosystem
(Caron and Countway, 2009; Dlugosch et al., 2022). The rare protistan microbiome can have a
reinforcing effect on the ecosystem function, but is mainly recognized as a seed community
that could substitute the prevalent taxa after severe environmental stress (Caron and Countway,
2009; Ramond et al., 2023). Furthermore, the scarce protistan assemblage could play a pivotal
role during succession patterns of the community structure in eddies as they mature and drift

westward.

The deficiencies of the trait approach could be mitigated by further efforts to extend the
trait database to include a larger pool of protistan plankton species. In combination with an
elevated sequencing depth, an increased resolution in the compilation of the ecosystem
functions would be possible. Integrating additional factors (e.g., nutrient dynamics,
acclimatization, prey/predator interactions) could elaborate the biogeographic distribution of
protistan plankton and explain the determined patterns in the context of the functional role they
exhibit. Nevertheless, the results in this thesis could demonstrate functional richness patterns
induced by eddy perturbations and provide circumstantial evidence for the robustness and
resilience of EBUS.
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4.3 Impact of Mesoscale Eddies on Microbial Abundances & Carbon Flow

4.3.1 Mesoscale Eddies Habor Elevated Microbial Abundances

Research on food web dynamics in the Atlantic open ocean is largely unattenuated,
especially with respect to mesoscale eddy perturbations and the deeper ocean (Long et al., 2021;
Wickham et al., 2022). The bacterial mortality by protistan-mediated top-down control has
several implications. On the one hand, protistan bacterivory ensures carbon transfer from
prokaryotes to higher trophic levels and makes the dissolved and particulate organic matter
indirectly available to the classical food web (Andersson et al., 2017; Gasol et al., 2009). On
the other hand, grazing of prokaryotes influences biogeochemical cycles and impedes carbon
export to the deep ocean (lversen, 2023; Le Quéré et al., 2016). Therefore, the determination
and the understanding of microbial abundances and the trophic linkage between prokaryotes
and microbial eukaryotes is of great importance. The results in this thesis are consistent with
most previous studies investigating prokaryotic and protistan abundances in marine systems
and partially support the assessments by Boras and colleagues (2010) exploring grazing
pressure on bacteria with emphasis on eddy activity. The determined findings obtained in this
dissertation suggest elevated abundances and grazing effect in younger cyclonic eddies despite
potential seasonal fluctuations.

The infamous azoic hypothesis by Forbes, postulated in the mid-19" century, assumed no
life in the deepest part of the ocean (>550 m) due to observations of decreasing number of
species coupled with the immense pressure, darkness, and the severe coldness with increasing
depth (Anderson and Rice, 2006). Even though his theory has since been invalidated, Forbes
was to be proven right about the general decline in the species abundance as we descend in the
water column. However, there are of course exceptions in the case of special environmental
features (e.g., black and white smokers, cold springs, eddies) due to deviating physicochemical
conditions (Belkin et al., 2022; Boras et al., 2010; Georgieva et al., 2021). A large-scale
campaign across the Atlantic, Indian, and Pacific oceans revealed a decline in the abundance of
prokaryotes and heterotrophic microbial eukaryotes with increasing depth (Pernice et al., 2015).
This agrees well with the findings of this study. Peaks of abundances measured in the DCM are
likewise consistent to previous reports of the tropical Atlantic Ocean (Boras et al., 2010;
Wickham et al., 2022; Winter et al., 2008).

The high values of bacteria in the DCM of the young and the stable eddy (~1.5 - 2.5 x 10°
cells mL™) resemble the data by Winter et al. (2008; ~2.1 x 108 cells mL™) and could result

from eddy driven upwelling of nutrients. This conclusion is reinforced by two of the main
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factors shaping the prokaryotic abundance in the DCM revealed by the multiple linear
regression model. Here, low salinity and high nutrient (nitrate) concentration best described the
bacterial density and were mainly associated with young and robust eddies (Dilmahamod et al.,
2021). The oldest eddy and reference sites harbored approximately an order of magnitude fewer
bacteria in the DCM, which is comparable to the findings of Boras et al. (2010) and some
stations investigated by Winter and colleagues (2008). The sub-DCM and OMZ bacterial
abundances did not deviate severely from literature values with a relatively wide range of ~0.3
— 7.7 x 10° cells mL™* in similar depths (Boras et al., 2010; Pernice et al., 2015; Winter et al.,
2008). Primary drivers relating to the number of prokaryotes in the sub-DCM and the OMZ
were fluorescence and oxygen, respectively. Elevated fluorescence signals due to higher
pigment concentrations and intensification of the OMZ (oxygen reduction) are cyclonic eddy
characteristics, indicating the pivotal role of these features in influencing microbial abundances
(Abdala et al., 2022; Sarma et al., 2018). Furthermore, the remarkable finding that the stable
eddy exhibited a comparable bacterial cell count in the sub-DCM to that in the DCM of the
reference sites suggests an eddy-induced influence on the vertical distribution of prokaryotes.
This assumption is further supported by the elevated (similar) abundance of the sub-DCM

(OMZ) in the youngest eddy in comparison to the reference DCMs.

The reported abundances of unicellular eukaryotes in the eastern tropical Atlantic Ocean
focused mostly on specific groups (dinoflagellates, ciliates, and heterotrophic nanoflagellates;
Boras et al., 2010; Pernice et al., 2015; Wickham et al., 2022). Therefore, it is problematic to
compare the data directly. However, by combining the literature values to approach whole
community abundances, up to 1700 cells mL™? in the shallow layers and by an order of
magnitude lower in deeper waters (Boras et al., 2010; Pernice et al., 2015), with similar counts
in the western Atlantic Ocean (Rocke et al., 2015) were reported. In comparison, the results
obtained during this study had higher values (~30-50%) and resembled whole community
datasets as obtained in the Indian Ocean (Not et al., 2008). Pernice and colleagues (2015)
acquired these group-specific low counts likewise for the Indian Ocean during their expedition
(Atlantic, Indian, and Pacific oceans), which corroborates the accuracy of the result in this
thesis. The highest microbial eukaryote counts in the DCM were measured in the youngest
eddy, followed by the stable and oldest eddy and the reference sites. Furthermore, the reference
stations had the lowest abundance in all water layers. Belkin et al. (2022) and Boras et al. (2010)
revealed analogous results by comparing cyclonic eddies with anticyclone and background
stations in the southeastern Mediterranean Sea and the eastern tropical Atlantic Ocean,

respectively. The identification of key physicochemical parameters in predicting protistan
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abundances associated with eddy dynamics in multiple linear regression models yielded no
satisfactory results for the DCM (sub-DCM: parsimonious model conditions could not be
realized). A higher temperature as a primary driver for the DCM is counterintuitive to eddy
characteristics as eddies should entrap cold and nutrient-rich coastal waters (Belkin et al., 2022;
Dilmahamod et al., 2021). Indeed, the eddy sample obtained during the M156 cruise exhibited
the lowest temperature with the highest protistan abundance but only accounted for a minor
fraction of the model input. The stable and oldest eddy, however, had up to 2°C higher
temperatures compared to the reference sites. Possible explanations are seasonal or diurnal
variations as well as intrusion of warm water in the eddy core due to split, merge or linking
events while westward propagation (Hall and Lutjeharms, 2011; Kettle et al., 2009; Lamont
and Barlow, 2017; Liu et al., 2017, 2019). The second main factor in the DCM describing
protistan abundances was turbidity which had been previously associated to cyclonic eddy
activity (Stramma et al., 2013). In the OMZ, lower salinity values and high bacterial
concentration corresponded to an elevated count of microbial eukaryotes, which was previously
reported (Belkin et al., 2022; Boras et al., 2010; Dilmahamod et al., 2021). This furthermore
supports the idea that mesoscale cyclonic eddies are “productive oases in the marine desert”

(Belkin et al., 2022) of the open Atlantic Ocean.

4.3.2 Eddies Enhance Microzooplankton Grazing of Prokaryotes

The protist mediated top-down control of prokaryotes was comparable to bacterial
mortality rates described by Boras et al. (2020) in cyclonic eddies (~0.8-40% d) and
background waters (~0.0-43% d!) in the open Atlantic Ocean. However, the actual grazing
effects were up to seven times higher in the youngest eddy due to the pronounced bacterial
abundances and thus, an elevated encounter rate. In comparison to nearshore prokaryotic
turnover rates (~65-101% d*) of the CanCS the acquired data are at best at the lower end of the
spectrum (Wickham et al., 2022). The wide range of prokaryotic turnover rates could hint to
further control mechanisms like viral lysis as reported for the Atlantic Ocean (Boras et al., 2010;
Mojica and Brussaard, 2020). In addition, higher trophic levels may be another factor that exerts
further top-down control which can lead to changes in the protistan plankton community
structure and thus, alter carbon transfer efficiency (Vanni and Findlay, 1990; Vargas and
Gonzélez, 2004). The highest grazing effects were determined in the DCM for the youngest and
the stable eddy which emphasizes the role of cyclones for trophic interactions. Furthermore, the

model approach could clearly identify main factors associated to eddy characteristics as higher
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turbidity and nitrate concentrations, while lower salinity and temperature values corresponded
to elevated bacterial top-down control (Belkin et al., 2022; Boras et al., 2010; Dilmahamod et
al., 2021; Stramma et al., 2010). This result hints to the theory that cyclonic eddies with their
hydrographic features support carbon transfer to higher trophic levels and thus, support
ecosystem services. However, the overall pattern rather suggests a subordinate eddy influence
in deeper waters as the highest grazing effects were associated to the M156 cruise with the
Reference_CB and the youngest eddy. The other two eddies and the Reference_ CVOO
exhibited far less bacterial ingestion rates in the sub-DCM and the OMZ, albeit always with
higher rates in eddy-sites during their respective expedition. These variations between cruises
as well as individual stations in determining grazing effects could result from methodological,

physiological, and temporal reasons.

Methodological drawbacks could result from the application of bacterial analogs.
Skewed grazing rates due to chemosensory prey recognition paired with non-preferential
ingestion of microspheres by protistan plankton could be consequences of this approach (Pace
and Bailiff, 1987; Sherr et al., 1987; Wootton et al., 2007). Seasonal variations in the eastern
tropical Atlantic Ocean are well known (Yu et al., 2006). One example is the seasonal nutrient
input by Saharan dust deposition associated with increased bacterial mortality by phagotrophic
protists (Tsiola et al., 2017). It was reported that allochthonous Saharan dust precipitation into
the tropical Atlantic Ocean peaks around July, which corroborates well with the M156 cruise
(Engelstaedter et al., 2006; van der Does et al., 2020). Indeed, enhanced aerosol concentrations
were recorded during the M156 cruise compared to the M160 expedition, which reinforces this
assumption (Devresse et al., 2023). Another potential influence was related to the fact that time
constraints on the research vessel led to variable sampling times. As a result, diurnal variations
in bacterial feeding capacity could not be excluded (Marrasé et al., 1992). Furthermore, intra-
and interspecific variability of unicellular eukaryotes has been shown to influence the top-down
control of bacteria. These include individual fitness, stage in cell cycle, nutritional mode, and
size classes of the grazers (Boenigk, 2002; Cleven and Weisse, 2001; Unrein et al., 2007). The
biotic differences are ubiquitous in all samples, hence, the contemporary grazing effect with all
its natural variations could be surveyed. The preferential exclusion of diurnal and seasonal
effects, however, could only be achieved by multiple continuous sampling procedures focused
on microbial carbon transfer experiments. Despite these limitations, the results provided
evidence for elevated microbial abundances in cyclonic eddies as well as a higher efficiency in

carbon transfer between trophic levels which corroborates well with hypothesis He3.1.
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5 Summary & Conclusion

Mesoscale cyclonic eddies, which emerge in the CanCS, are predominantly confined
ecosystems that contain unique protistan plankton structures. While these mesoscale features
propagate westward into the oligotrophic open ocean, the enclosed plankton communities
evolve and influence the biological carbon pump and food web dynamics disparately. The
results could identify eddies as mechanisms responsible for dispersal-driven diversity hotspots,
which may alter the ecosystem function in the offshore region of the Atlantic Ocean.
Furthermore, eddies function as a residence harboring elevated abundances of microbial

organisms in the oligotrophic open ocean.

The distinctive plankton communities associated to each individual eddy are
presumably a consequence of the different development stages, and the place and time of origin
of these mesoscale features. Younger eddies revealed a more pronounced competitive exclusion
and co-existence of protistan plankton communities as aged eddies as well as the background
waters. These differences are assumably due to the coupling of neutrality in regard to
physiological processes and stabilization mechanisms concerning the occupation of niche
space. An overlap of ES in the rare taxa community of all sampling sites, hence a functional
redundancy of protistan plankton species, provided circumstantial evidence for the robustness

and resilience of EBUS.

Seasonal effects and the location of the eddy generation could affect the initial seed
community in the entrapped waters and may contribute to the dissimilarities and the subsequent
evolution of the community. Hence, further research should focus on analyzing these mesoscale
features with high temporal and spatial scale from the creation to the decay across all seasons
and differing places of origin. The lifespan of eddies could furthermore influence the ecosystem
in vastly different ways as the results indicate a divergent pace of development in the water
layers. The shallow layers appear to evolve more rapidly in contrast to the deeper water layers
as the youngest eddy revealed a distinct plankton community in the DCM but resembled the
background waters in the OMZ. The taxonomic inventories demonstrate that eddies promote
ecological key taxa such as phototrophs, parasites, endosymbionts, phagotrophic and climate

regulating protistan plankton.

Ecologically valuable mechanisms such as the top-down control of different organisms
and associated particulate carbon fluxes to the deep sea are thereby facilitated. Combined with

enhanced photosynthetic activity and thus carbon fixation, and with the potential to produce

81



Subject I: Summary & Conclusion

increased concentrations of cloud condensation nuclei in cyclonic eddies, these mesoscale
features could mitigate the impending climate change. Especially considering recent estimates
predicting that eddy activity will intensify in future climate change scenarios on a global scale.
Younger cyclonic eddies, however, could counteract the carbon sequestration to abyssal depths
by an elevated microbial abundance and trophic transfer of carbon. Thus, eddies promote food
web efficiency which simultaneously impede sinking of dissolved and particulate organic

matter.

Future research should focus on the quantification between mechanisms promoting
carbon sequestration and the carbon flow within the food web to determine the prevalent effect
of cyclonic eddies on the oceanic carbon pump. The findings in this dissertation could show an
eddy-induced influence on the vertical distribution of unicellular organisms which, however,
did not invalidate the general decline of prokaryotes and microbial eukaryotes with deeper
water layers within the boundaries of an eddy. The trophic linkage with organisms of higher
trophic levels poses another future research question in eddies as the interactions of
multicellular organisms with protistan plankton could further alter the biological carbon pump
as well as food web dynamics. Furthermore, the impact of ACEs and ACMEs on protistan
plankton dynamics and the carbon pump should be analyzed, as their frequency of generation
iIs likewise expected to intensify in response to climate change. Nevertheless, the data obtained
in this study increased the current knowledge on the effect of mesoscale cyclonic eddies in
offshore waters off Northwest Africa and could play a pivotal role in future model approaches

assessing the fate of EBUS.
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6 Material & Methods

6.1 Study Site, Mesocosm Assembly & Manipulation

An examination of the influence of upwelling intensity and light limitation on protistan
plankton communities was conducted in the southeast Pacific. The experimental setup was
assembled 6 km from the coastline of La Punta (Callao, Peru) at the northeastern part of the Isle
of San Lorenzo (12.06 °S, 77.24 °W; Figure 28) during the austral summer 2020 (28" February
to 3 April 2020). Eight Kiel Off-Shore Mesocosms for future Ocean Simulations (KOSMOS
M1-M8, (Riebesell et al., 2013) were deployed and moored on February 19" 2020 by the
research vessels BIC Humboldt and IMARPE VI. The mesocosm consisted of underwater bags
(12 min length and 2 m in diameter) made of polyurethane foil secured to flotation frames. The
frames were additionally equipped with a cover and attached spikes to obstruct birds from
perching and defecating into the experiment. The bags were kept underwater with nets of 3 mm
mesh size mounted on the top and bottom openings to exclude larger organisms from entering

but still enable water exchange with the open Pacific.

The start of the experiment was marked by the enclosure of the bags on February 28"
2020 (day 0). Therefore, the bottom nets were replaced by sediment traps and the bags were
lifted ~1.5 m above sea surface preventing mixing with the surrounding waters. Finally, all
remaining larger organisms (i.e., jellyfish, larvae, fish) were removed by a 1 mm mesh sized

net.

Biofouling of the mesocosms was impeded by regularly cleaning the outer walls of the
bags by divers and by cleaning the inside walls with a specifically designed ring-shaped double-
bladed wiper (Bach et al., 2016; Riebesell et al., 2013).
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Figure 28. Experimental design and study location. a) Dimensions of one mesocosm with an
underwater bag. Please note the size ratio for the underwater bag is not to scale. b) Large-scale map
of the study site in the Humboldt Current System. c) Detailed map of the study area and the mesocosm
arrangement for the light and upwelling manipulation. The star marks the location where the collection
of the deep-water (DW) occurred. The percentages indicate the volume of water exchanged with DW
for each mesocosm. This corresponds to the darkening of the color. The high light (HL), as no
manipulation, and low light (LL) to simulate austral winter are colored green and gray, respectively.
Modified from Bach et al. (2020).

6.1.1 Light & Upwelling Manipulation

Light limitation was achieved by shading the enclosure bags of four KOSMOS (M2,
M4, M6, M8) with opaque polyurethane foil, which are called low light (LL) mesocosms
hereafter. The high light (HL) KOSMOS (M1, M3, M5, M7) had transparent bags and represent
the unmanipulated or natural light intensities during austral summer. In the HL mesocosm, the
averaged photosynthetically active radiation (PAR), measured by CTD (CTD167M, Sea and
Sun Technologies), in the water column was 173 umol photons m? s, The shaded bags reduced
the intensity of light by ~50% resulting in a mean PAR of 86 pmol photons m2 s,
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Upwelling simulations were achieved by replacing enclosed mesocosm water with
nutrient rich deep-water (DW). Therefore, three upwelling intensities (15%, 30%, 45%), where
the particular percentages can be comprehended as the volume of water exchanged, and one
reference (0%) with no DW addition were selected. However, to mimic varying upwelling
intensities in the KOSMOS, multiple necessary procedures had to be addressed beforehand.
The first step was determining the volumes of the contained water masses for each mesocosm
to enumerate the amount of water exchanged with DW. For this purpose, a calibrated NaCl
(sodium chloride) solution was evenly dispersed in the water column to increase the salinity by
a small margin. Through CTD measurements before and after the brine addition, the changes
in salinity were documented. This enabled the calculation of the enclosed water volumes
through the changes in salinity and the sea water densities for each mesocosm via the volumes
of NaCl solution added (Supplementary File 16; Czerny et al., 2013). The DW was collected
according to Bach et al. (2020) and Taucher et al. (2017). Briefly, on March 6™ 2020, nutrient
rich DW was gathered using a 100 m® deep-water collector at 40 m depth based on the IMARPE
time-series transect (Graco et al., 2017). The water exchange took place on March 11" (day 13)
for the LL and on March 12" (day 14) for the HL mesocosms using a submersible pump
(Grundfos SP 17-5R, pump rate ~18m3 h1). The thereby obtained nutrient concentrations in the
treated mesocosms mirrored concentrations in natural upwelling areas (Table 12; Hauschildt et
al., 2021; lgarza et al., 2019; Messié et al., 2009). An additional manipulation was the
introduction of fish larvae (120 Engraulis ringens and 70 Anisotremus scapularis) on March
17" in each KOSMOS. The implementation of a new trophic level in the enclosures may have
further effects on the protistan plankton communities.
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Table 12. Nutrient concentrations of the mesocosms. Nutrient concentrations of each KOSMOS after
deep-water (DW) addition on day 15 and the 100% DW. It should be noted that the nutrient
concentrations do not reflect the concentration directly after DW injection due to the time delay in the
process and water sampling. HL.: high light; LL: low light; M: mesocosm.

KOSMOS  Light Upwelling NOs- PO4* Si(OH)4

[%0] [umol/L] [umol/L]  [pumol/L]
M1 HL 0 0.00 0.87 7.90
M2 LL 45 11.3 1.83 15.40
M3 HL 30 111 1.48 12.60
M4 LL 30 8.10 1.48 14.10
M5 HL 45 13.30 1.69 12.90
M6 LL 15 3.60 1.22 14.50
M7 HL 15 4.60 1.17 11.10
M8 LL 0 11.30 1.83 15.40
DW - 100 30.60 2.45 15.90

6.2 Water Sampling at the Peruvian Coast

Small rigid-hulled inflatable boats stationed at the harbor of La Punta were used to
conduct sampling at the mesocosm site. They were moored to the flotation frames to maintain
a stable base while sampling. A hose (10 m length, 0.05 m diameter) was used to collect
mesocosm water from the complete water column. Approximately 12 L of water was taken
from each mesocosm and filled into plastic containers. The samples were transported to the
laboratory facilities in tubs filled with seawater to reduce heating and covered with opaque
polyurethane foil to prevent sun exposure. Due to logistic reasons and the experimental efforts,
only four mesocosms could be processed per sampling day. The exact sequence of sampling
proceeded according to the subsequent Table 13. It should be mentioned that briefly before day
21, COVID-19 regulations were so severe as to raise anxiety about abandoning the experiment.
Whereupon the schedule was changed on short notice for day 21 and day 23, accordingly. In
preparation for the abortion of the experiment, the mesocosms were selected to still allow a
light and upwelling comparison even if day 21 would have been the final sampling. However,
official authorization from the Peruvian government allowed the continuation of the project,

and as of day 27, the previous scheme could be reinstated.
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Table 13. Sampling scheme of mesocosms. The sampling sequence has changed (day 21/23) during
the field campaign due to the possibility of experiment termination due to COVID-19 regulations. HL.:
high light; LL: low light; M: mesocosm.

Date Experimental day Mesocosm
02/28/2020 1 HLO; HL15; HL30; HL45
03/01/2020 3 LLO; LL15; LL30; LL45
03/05/2020 7 HLO; HL15; HL30; HL45
03/07/2020 9 LLO; LL15; LL30; LL45
03/13/2020 15 LLO; LL15; LL30; LL45
03/15/2020 17 HLO; HL15; HL30; HL45
03/19/2020 21 HLO; HL45; LLO; LL45
03/21/2020 23 HL15; HL30; LL15; LL30
03/25/2020 27 HLO; HL15; HL30; HL45
03/27/2020 29 LLO; LL15; LL30; LL45
03/31/2020 33 HLO; HL15; HL30; HL45
04/02/2020 36 LLO; LL15; LL30; LL45

6.2.1 Nutrients & Physical Parameters

Temperature, oxygen, pH, salinity, chlorophyll a (Chl-a) and PAR were measured by
the CTD sensor system. The data were subsequently averaged for the complete water column.
Samples for nutrient measurement were taken by 5 L “integrating water samplers’ (Hydro-Bios,
Kiel) over a depth of 0 - 10 m. Triplicate samples were filtered (0.45 um pore size, Sterivex,
Merck, Darmstadt, DE) and analyzed by a QuAAtro AutoAnalyzer (SEAL Analytical with an
XY-2 Sampler, Mequon, US) to colorimetrically measure PO4%, Si(OH)s, NOs", NO2 (Morris
and Riley, 1963; Mullin and Riley, 1955; Murphy and Riley, 1962). All physicochemical
parameters were determined by the CUSCO 2020 consortium.
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6.3 Protistan Plankton Assessment in the Humboldt Current System

6.3.1 DNA-Filter Preparation

To investigate the changes in protistan plankton community composition eDNA-
metabarcoding was utilized. In order to collect the DNA, the procedure followed Chapter 2.3.1
using the same equipment and materials. Briefly, water samples were filtered onto 0.65 pm
pore-sized Durapore® membrane filters using the rotarus® peristaltic pump. Three replicates
were taken per mesocosm, each with roughly 3 L of water. The filters were placed into
cryogenic vials and preserved using LifeGuard Soil Preservation Solution. Samples were stored
at -20°C until further processing in the laboratory of the RPTU.

6.3.2 DNA Extraction & Amplification

The DNA extraction and amplification via PCR were performed exactly as described in
Chapter 2.3.2. In short, the DNeasy PowerWater Kit was used to extract the DNA according to
the manufacturer”s protocol. Following Stoeck et al. (2010) the hypervariable V9 region of the
18S rDNA gene was amplified using the 1391F as forward primer and the EukB as reverse
primer (see Table 2 for details). The PCR reaction mix contained the eDNA, GC-buffer, BSA
dNTP’s, Phusion high fidelity DNA polymerase and the primer-pairs with a final volume of 50
pL filled with ddH20 (see Table 3 for details). The sequential order of the PCR comprised an
initial denaturation step (98°C for 30 s), followed by 30 cycles of denaturation (10 s at 98°C),
annealing (20 s at 61°C), elongation (25 s at 72°C) and a final five-minute extension at 72°C.
The expected fragment length of approximately 150 base pairs was verified using gel-
electrophoresis and PCR products were subsequently frozen at -20 °C until preparation for
HTS.

6.3.3 Sequencing, Quality Control, Clustering & Taxonomic Assignment

The procedures for sequencing, quality control, clustering and the taxonomic
assignment was likewise conducted as described in Chapter 2.3.3. To briefly recapitulate, the
company SeglT GmbH & Co. KG performed the paired-end lllumina MiSeq sequencing. The
raw data files are attached as Supplementary File 17. With CUTADAPT v1.18 (Martin, 2011)
primers were removed and the FASTX toolkit (RRID: SCR_05534) sorted the sequences in the
same read direction. The DADAZ algorithm was applied (Callahan et al., 2016) using the exact
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same settings of the functions as described before (truncLen=80; maxEE=1, minOverlap= 20).
Afterwards, chimeras were removed with the uchime-denovo algorithm in VSEARCH (Edgar
et al., 2011). The remaining sequences were then taxonomically assigned using the PR?
database (Guillou et al., 2013) with the LCA (syntax cut-off of 0.8; Edgar, 2016). HTS and
PCR bias were reduced by pooling the replicates. Finally, the ASV table was cleared from
singletons, unassigned eukaryotes, streptophyta and metazoan sequences to reduce
uninformative reads. The resulting ASV-to-sample matrix was then used for all statistical

analyses (supplementary File 18).

6.3.4 Statistical Analysis

The data analysis was performed using the program RStudio v4.0.5 and the packages
vegan v2.6-2 (Oksanen et al., 2022), stats v4.3.0 (R Core Team, 2021), car v3.0-11 (Fox and
Weisberg, 2019), relaimpo v2.2-6 (Grodmping, 2006) and rstatix v0.7.0 (Kassambara, 2021).
Graphics were performed using ggplot2 (Wickham, 2016) and base R. In the first step, the
development of nutrient dynamics and physicochemical parameters during the course of the
experiment were visualized. These were examined for variations induced by the light or
upwelling treatments. Rarefaction curves were generated using the rarecurve function in vegan
to evaluate the degree of sample saturation. Subsequently, alpha diversity parameters (Shannon-
Wiener Index H", Simpson Index D, ASV richness and evenness) were analyzed using the
rarefied dataset as a standardization to the smallest sequence size of all samples. Alpha diversity
measures were studied for the HL and the LL mesocosms concatenated over time and in their
development during the experiment for each upwelling treatment. Analysis of covariance
(ANCOVA) was used to determine significant effect of light and upwelling treatment.
Therefore, model building was performed with the Im function of the stats package. The
residuals were tested for normality and the homogeneity of variance with the shapiro_test
function and the levene_test function of the rstatix package, respectively. After confirmation of
normality and variance homogeneity of residuals, the ANCOVA was conducted with the aov

function and the Anova function of the stats and car packages, respectively.

Beta diversity analysis was investigated using the BC dissimilarity on the Hellinger
transformed data set and visualized in an NMDS (Legendre and Gallagher, 2001; Rao, 1995).
With the adonis2 function, PERMANOVA (9999 permutations) calculated significant
differences induced by the mesocosm manipulations between the protistan plankton. A

consecutive correlation between the physicochemical parameters and biological parameters to
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the ordination analysis was performed using the envfit function in vegan. The biotic parameters
were depicted from the functional trait data base (https://www.seanoe.org/data/00405/51662/,

accessed on September 22" 2022: Ramond et al., 2018). To focus only on direct functional
aspects, only ingestion modes (osmotrophic, saprotrophic, intern, extern) and the symbiotic
lifestyles (parasite, commensalistic, mutualistic photosynthesis) were the target of interest,
while shape, cover, spicules, etc. were disregarded.

In order to obtain an insight into the taxonomic variations induced by the treatments, the
protistan plankton community composition was analyzed on phylum level. Significant effects
of light and upwelling treatment for the top abundant phyla (cumulative read abundance >10%)
were investigated using ANCOVA as described above. The most abundant family for each

phylum affected by light or upwelling was likewise tested for treatment effects by ANCOVA.

6.4 Microbial Abundances & Carbon Flow in the Humboldt Current System

6.4.1 Incubation Setup

The fundamental approach to perform the incubations was identical to the detailed
description in Chapter 2.5.1. Specifications in the realization of the CUSCO grazing
experiments in contrast to the shipboard grazing experiment during REEBUS were made due
to logistical constraints on board. Since sufficient time and equipment were available prior to
the experiment, the following arrangements could be implemented to perform the experiments
more accurately. Self-mounted LED lights were dimmed for the LL mesocosm incubations (LL
~80%) and were illuminated at full intensity for the HL mesocosms (HL 100%). The EVA-bags
were stored between sampling procedures in water-filled intermediate bulk containers with
constant water circulation to ensure exposure to uniform light conditions. Furthermore, the
experiments were carried out in a temperature-controlled container at ~18 °C, which reflected
the average in-situ temperature of the sea.

The epifluorescence microscopy and the determination of protistan and bacterial
abundances as well as the phagotrophy estimators were performed according to the previously

mentioned descriptions (for details see Chapter 2.5.2 & Chapter 2.5.3).

91


https://www.seanoe.org/data/00405/51662/

Subject 11: Material & Methods - Microbial Abundances & Carbon Flow in the Humboldt Current System

6.4.2 Statistical Analysis

The statistical analysis was performed using the program RStudio v. 4.0.5 and the
packages car v3.0-11 (Fox and Weisberg, 2019), stats v4.3.0 (R Core Team, 2021), and rstatix
v0.7.2 (Kassambara, 2021) for statistical analysis and ggplot2 v3.3.6 (Wickham, 2016) for
graphical visualization. ANCOVA was used to determine significant effect of light and
upwelling treatment as described in Chapter 6.3.4. Additionally, the temporal development of

abundances and phagotrophy estimators was investigated.

Spearman rank test was applied to identify significant correlations between the
physicochemical parameters and the prokaryotic and protistan abundances as well as the

grazing effect and prokaryotic turnover rate.
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7 Results

7.1 Protistan Plankton Assessment in the Humboldt Current System

7.1.1 Physicochemical Properties of the Mesocosms

Chemical and physical parameters of the mesocosms exhibited changes during the
course of the experiment and between treatments (Supplementary File 19). The pH (Figure
29.a) was influenced by the light treatment and was always higher in the HL mesocosms (pH =
8.2 £ 0.1) compared to the LL mesocosms (pH = 8.0 + 0.1). The effect of the DW treatment on
the pH was observed on the sampling day (LL: day 15; HL: day 17) directly after addition. The
pH declined depending on the simulated upwelling intensity and increased steadily thereafter
until the end of the experiment. Oxygen concentrations (Figure 29.b) followed a similar trend
being affected primarily by the light treatment (HL: O2 = 6.3 £ 0.6 mg/L; LL: O> =55+ 0.4
mg/L), especially in the first 20 days of the experiment. The pattern on day 15 (LL) and day 17
(HL) after DW addition was reversed for dissolved oxygen as opposed to pH. High upwelling
intensities exhibited in general higher oxygen concentrations (except HL30 and HL45). The
concentration declined continuously for the HL treatment but slightly increased or remained
constant for the LL mesocosms. Temperature (Figure 29.c) did not follow a specific rule and
remained fairly constant (17.9 + 0.3 °C) with no substantial differences between the light
treatments (HL: 17.9 £ 0.4 °C; LL: 17.9 £ 0.3 °C).

Nutrient dynamics were clearly shaped by light and the artificial upwelling intensities.
In general, concentrations of nitrate, silicate and phosphate were higher in LL treated
mesocosms, but all were subject to severe changes over the duration of the campaign. Nitrate
(Figure 30.a) was depleted before DW addition to the mesocosms and increased proportionally
to the administered upwelling intensities. After the peak in nitrate content, its concentration
decreased steadily. Remarkably, in the HLO and LLO setups nitrate levels increased slightly to
day 20, whereupon the concentrations dropped to marginal levels. Phosphate (Figure 30.b) and
silicate (Figure 30.c) concentrations were never depleted before DW dosing. While phosphate
dropped substantially to day 7/9, silicate remained constant in the pre-DW phase. Silicate
concentration constantly decreased in the post-DW phase, especially for the HL45 and LL45
with a steep decline between day 13/15 and day 21. Phosphate content peaked right after
simulating the upwelling intensities of 30 and 45% and declined thereafter. Peculiarly, the

phosphate concentration increased for the 0 and 15% mesocosms up to day 29 (LLO).
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Figure 29. pH (a), dissolved oxygen (b) and temperature (c) development in the mesocosms. Deep-
water addition is highlighted by the red dashed line. Light treatment is colored in green for high light
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7.1.2 Sequence Data Overview

After removing singletons, unassigned sequences, and non-target ASVs (Metazoa,
Streptophyta) from the taxonomical assignment, between 111,796 (min) and 1,168,080 (max)
high-quality sequences were obtained (Supplementary File 20). The subsequent normalization
of read counts for alpha diversity comparison to the minimum sequence number of the smallest
sample size resulted in 111,796 reads per sample. The point of saturation was reached for most

of the samples, as indicated by the rarefaction curves (Supplementary File 21 a-d).

7.1.3 Alpha Diversity of Protistan Plankton Communities in the Humboldt Current
System

The alpha diversity measures (evenness and ASV richness) as well as Shannon (H") and
Simpson (D) indices were the most diverse in HL (0.59 + 0.07, 1581 + 376, 4.33 + 0.54 and
0.94 + 0.05, respectively) compared to the LL (0.56 + 0.06, 1433 £ 435, 4.04 = 0.46 and 0.94
* 0.03 respectively) mesocosms (raw data in Supplementary File 22). The treatments of the
artificially induced upwelling had corresponding effects in both HL and LL (Figure 31 and
Figure 32). The values increased in accordance with the upwelling intensity for the evenness
(R?=0.91 for HL; R =0.99 for LL) from 0.57 + 0.06 (HLO) to 0.62 + 0.10 (HL45) and 0.52 +
0.07 (LLO) to 0.59 £ 0.07 (LL45). Analogous behavior was determined in the H” following the
pattern of lower diversities in 0% upwelling (HL: 4.18 + 0.47; LL: 3.67 = 0.53) and higher
diversities in 45% upwelling (HL: 4.62 £ 0.84; LL: 4.31 £ 0.47). Albeit minor changes in the
D index can represent a considerable deviation, no substantial variation in the HL treatments
(R?=0.07; HLO: 0.94 + 0.03; HL45: 0.94 + 0.09) were determined. However, D responded in
an identical way as H™ and evenness for the LL mesocosms to the DW addition (LLO: 0.90 +
0.05; LL45: 0.95 + 0.03). The ASV richness exhibited a noteworthy pattern for both HL and
LL mesocosms, where the 30% and not the 45% upwelling intensity exhibited the highest ASV
richness (HL30: 1768 + 279; LL30: 1607 £ 416) within their light treatment.
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Figure 31. ASV richness (a) and evenness (b) dependent on upwelling intensity and light manipulation
derived from integrating all time points. The evenness and ASV richness were calculated for the
rarefied data set. The light treatments are colored. Linear trendlines and coefficient of determination
(R?) for each light treatment were calculated using linear regression analysis.
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Figure 32. Shannon Index (a) and Simpson Index (b) dependent on upwelling intensity and light
manipulation derived from integrating all time points. The Shannon and Simpson index were
calculated for the rarefied data set. The light treatments are colored. Linear trendlines and coefficient
of determination (R?) for each light treatment were calculated using linear regression analysis.

The requirements for ANCOVA analysis, normal distribution, and homogeneity of
variances for the residuals, were fulfilled (Table 14). Significant effect of upwelling intensity
for all alpha diversity measurements were calculated (ANCOVA, p < 0.05; Table 15). The
calculated percentage of variance explained using the sum of squares (SS) revealed the highest
explanation reaching up to 61.3% (evenness). The Simpson Index D had the least variation
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explained by upwelling intensity with 42.1%, since the HL treatment showed no severe
changes. The light treatment was responsible for around one-third of the explained variation for
the evenness and the Shannon Index H (ANCOVA, p < 0.05) but had no significant effect on
the ASV richness and the Simpson Index D.

Table 14. Shapiro Wilk and Levene’s test results for each alpha diversity measurement. Verification
of the normal distribution and variance homogeneity for ASV richness, evenness, Shannon and
Simpson Index.

Model Test Statistics  p-value
ASV richness Shapiro Wilk 0.952 0.730
Levene 0.483 0.513
Evenness Shapiro Wilk 0.910 0.351
Levene 0.297 0.606
Shannon Index H*  Shapiro Wilk 0.916 0.398
Levene 0.278 0.617
Simpson Index D Shapiro Wilk 0.853 0.101
Levene 0.052 0.827

Table 15. Analysis of covariance (ANCOVA) for each alpha diversity measurement. ANCOVA test
results for the mesocosm manipulations, their interactions, and the residuals for each alpha diversity
measurement. DF: degrees of freedom; SS: sum of squares.

Alpha diversity ANCOVA DF SS F p-value
ASV richness Light treatment 1 43758 2.59 0.1830
Upwelling intensity 1 131256 7.76 0.0495
Interaction 1 1174 0.07 0.8052

Residual 4 67653
Evenness Light treatment 1 0.0021 56.33 0.0017
Upwelling intensity 1 0.0038 101.4 0.0005
Interaction 1 0.0001 3.27 0.1450

Residual 4 0.0002
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Table 15 (continued).

Shannon Index H’ Light treatment 1 0.17 19.78 0.0112
Upwelling intensity 1 0.35 41.12 0.0030
Interaction 1 0.01 1.28 0.3210
Residual 4 0.03

Simpson Index D Light treatment 1 0.0002 2.67 0.1778
Upwelling intensity 1 0.0008 10.80 0.0303
Interaction 1 0.0006 8.53 0.0432

Residual 4 0.0003

7.1.4 Dissimilarities between Mesocosm Specific Protistan Plankton Communities

In an NMDS (stress: 0.089) the beta diversity which was calculated using the BC
dissimilarities for all samples was illustrated (Figure 33). Significant variations between the
samples induced by the diverse treatments (light and upwelling) were tested using
PERMANOVA (Supplementary File 23). Light treatments revealed significant differences on
the protistan plankton communities (PERMANOVA, F = 3.66, p < 0.001). In the pre upwelling
phase, the mesocosm communities distinguished themselves along the NMDS axis 1, where
HL protistan communities were encircled by the LL samples. After the upwelling simulation,
the HL samples were partitioned along the NMDS axis 2 from the LL samples, with HL
communities in the upper and LL communities in the lower axis range. Pre upwelling samples
were clustered in the lower NMDS axis 1 values whereas post upwelling samples were further
separated in the higher axis values. It should be emphasized that the HLO and LLO mesocosms
followed this pattern even though they were never exposed to nutrient rich DW and therefore,
have not been subjected to any upwelling treatment. Furthermore, the individual upwelling
intensities had no obvious pattern albeit having a significant effect on the protistan plankton
communities in the post-upwelling phase (PERMANOVA, HL: F = 1.87, p < 0.01; LL: F =
1.33, p<0.01).

The envfit function was used to determine significant correlations between the protistan
plankton community structures and the physicochemical parameters (Figure 33 and
Supplementary File 24). Temperature and silicate concentration had a significant correlation
along the NMDS axis 1 and were linked to the pre upwelling samples (R?: 0.26, 0.52
respectively; p<0.01). In contrast, high salinity and density values corresponded to the post
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upwelling communities (R? 0.42; p=0.0001). The high light and low light separation along
NMDS axis 2 were associated with phosphate and dissolved oxygen concentration as well as
pH. Maximum phosphate concentrations were linked to the LL samples (R?: 0.53; p=0.0001),
while high pH and oxygen values were significantly correlated to the HL protistan communities
(R2: 0.4, 0.42, respectively; p<0.001).

In a subsequent step, the relative abundance of annotated functions for the different
forms of symbiosis and the phagotrophic modes of ingestion from the trait database were
analyzed for significant correlations to the NMDS structure (Figure 34 and Supplementary File
25). The ASVs without assigned symbiosis traits and the internal and external phagotrophic
modes showed significant associations to the NMDS axis 1 (R?: 0.25, 0.72, 0.48, respectively;
p<0.01). They were most prominent in the initial protistan communities prior to DW addition.
Likewise, saprotrophic and commensalistic relationships significantly correlated with the pre
to post upwelling gradient but were eminent in the post DW addition communities (R2: 0.16,
0.2, respectively; p<0.05). Furthermore, the saprotrophs were more associated to the HL
samples and the relative abundance of commensalistic ASVs were higher in the LL mesocosms.
Mutualistic photosynthetic relationships were correlated with NMDS axis 2 (R% 0.25
respectively; p=0.0013) and leading in relative ASV abundance for the HL protistan plankton
communities. Parasitic and osmotrophic protistan plankton were associated to the LL samples
after DW addition and correlated significantly with the NMDS axis 2 (R% 0.15, 0.6,
respectively; p<0.05).
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Figure 33. NMDS of protistan plankton community structures based on Bray Curtis distances. The
light treatments are colored and the upwelling intensities are highlighted by symbols. Black circles
are the 95% confidence intervals of samples pre and post upwelling. The black dashed line separates
the samples without and with fish larvae addition. The blue dashed line separates the samples before
and after deep-water treatment. DO: dissolved oxygen.
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Figure 34. NMDS of protistan plankton community structures based on Bray-Curtis distances with
significantly correlated biotic functions. The light treatments are colored and the upwelling intensities
are highlighted by symbols. Intern: internal ingestion; Extern: external ingestion; Mutualist.:
mutualistic.

7.1.5 Taxonomic Composition of Protistan Plankton Communities

The dominant phylum over all samples was Dinoflagellata with 24.6 + 8.5% in relative
abundance of reads. The second most abundant sequences were assigned to ochrophytes (16.6
+ 5.5%) followed by haptophytes (15.0 £ 5.9%) and chlorophytes (11.6 + 5.2%). Less frequent
reads in descending order belonged to the phyla Cercozoa, Mesomycetozoa, Radiolaria and
Ciliophora, each with proportions below 10% but still above 1%. However, the succession and
proportions in read abundances varied depending on the light treatment (Figure 35 and Table
16). In the HL mesocosms, dinoflagellate sequences accounted for 29.1 + 7.3%, while they
represented 20.1 £+ 7.3% in the LL mesocosms. The samples of the LL treatments followed the
pattern where Ochrophyta (18.8 £ 5.9%), Haptophyta (15.2 + 6.1%) and Chlorophyta (14.4 +
5.7%) succeeded in this sequential order in terms of read abundance. On the other hand, in the
HL mesocosms, the haptophytes (14.8 + 6.0%) superseded as the second most abundant,
followed by ochrophytes (14.3 + 4.2%) and chlorophytes (8.8 £ 2.6%). One should mention
that the relative abundances of haptophytes were not particularly different between the light

treatments. The relative abundance of chlorophyte assigned sequence reads, however, had been
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reduced by almost half in HL compared to LL samples. Regarding the less prevalent sequence
reads, Cercozoa (6.3 + 4.3%) succeeded ciliates (3.1 £ 1.3%) and radiolarians (3.0 £ 1.4%),
followed by Mesomycetozoa (2.6 £ 4.2%) in the HL mesocosms. The Mesomycetozoa (5.3 +
6.0%) assigned sequences accounted for more than double the proportion in LL samples
compared to the HL protistan communities. Cercozoans (4.9 £ 1.9%), radiolarians (2.7 + 2.0%)
and ciliates (2.6 + 2.0%) represented the rear of noteworthy taxa mentioned for the LL
treatment. The residual frequency of around 18% and 16% was composed of the remaining 24
taxon groups for the HL and LL samples, respectively (Supplementary File 18). The protistan
plankton community composition was relatively consistent across the upwelling intensity
treatments for both light treatments. Discrepancies of this rule were the relative decline of
ciliates in the HLO compared to the other treatments were Ciliophora had fairly steady
abundances. Another noticeable deviation was the Mesomycetozoa in the HL15 sample on day
33. They were up to a magnitude higher in relative read abundances compared to all other HL
samples on day 33. Likewise, the striking disparity between the LL45 sample on day 29 and
the other LL samples revealed up to 3 times higher sequence reads for ochrophytes and less

than half the proportion of haptophytes.

Table 16. Dominant protistan plankton groups associated to the specific treatments. Chlorophyta,
Dinoflagellata, Haptophyta and diatoms arranged in decreasing order of relative abundance for the
specific treatment.

Low Low Low High High Low High High
Light | Nutrients | Light Nutrients| Light {Nutrients| Light :Nutrients
§ Chlorophyta Diatoms Dinoflagellata Dinoflagellata
o
§ g Dinoflagellata Haptophyta Haptophyta Haptophyta
§ § Haptophyta Chlorophyta Diatoms Diatoms
g v Diatoms Dinoflagellata Chlorophyta Chlorophyta
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Figure 35. Taxonomic inventories of protistan plankton ASVs reads for (a) HL mesocosm and (b) LL
mesocosms. The bars represent the relative abundance of ASVs assigned to each of the different taxon

groups at the phylum level.
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Treatment effects were analyzed in more detail by ANCOVA for the most abundant
phyla: chlorophytes, dinoflagellates, haptophytes, Mesomycetozoa and ochrophytes. Normal
distribution of residuals and homogeneity of variance were verified (Table 17), thus ANCOVA

analysis could be conducted without data transformation.

Table 17. Shapiro Wilk and Levene’s test results for the relative abundance of the most dominant
plankton groups. Verification of the normal distribution and variance homogeneity for Chlorophyta,
Dinoflagellata, Haptophyta, Mesomycetozoa and Ochrophyta.

Model Test statistics p-value
Chlorophyta Shapiro-Wilk 0.929 0.503
Levene 0.00032 0.986
Dinoflagellata ~ Shapiro-Wilk 0.937 0.578
Levene 0.496 0.508
Haptophyta Shapiro-Wilk 0.831 0.061
Levene 0.367 0.567
Mesomycetozoa Shapiro-Wilk 0.862 0.125
Levene 0.736 0.424
Ochrophyta Shapiro-Wilk 0.948 0.694
Levene 0.093 0.771

Noteworthy patterns could be identified by visualizing the changes in relative
abundance for the light manipulation integrated over the upwelling intensities (Figure 36) and
statistically tested by ANCOA (Table 18). Chlorophyta were significantly influenced by the
light and upwelling manipulation, as well as their interaction (p < 0.05). Especially, the light
treatment explained 84% of the variance (sum of squares). Although significant, the upwelling
intensity and the interaction term only explained 6.3% and 5.4% of the total variation.
Remarkable was the steady decrease of chlorophyte assigned sequence reads with increasing
upwelling intensity. The light manipulation was likewise the main effect for the changes in
relative abundance of dinoflagellates with 80.6% and ochrophytes with 75.3% of the total sum
of squares (p < 0.01). The upwelling intensity, however, was not significant, even though

ochrophytes increased in their relative abundance and decreased for dinoflagellates with rising
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upwelling intensity in LL samples could be observed. Mesomycetozoa were not significantly

influenced by either tested parameter albeit an obvious difference in light treatment with up to

four times higher relative abundance for LL samples. The light manipulation also had the

highest explanatory power of the variation with 54.8%, albeit it was not significant (p = 0.0795).

Haptophyta had no significant main effect at all and the majority of the variation remained

unexplained with 94.0% of the sum of squares allocated to the residuals.
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Figure 36. Changes in relative read abundance of the five most abundant phyla in relation to upwelling
intensities derived from integrating all time points. The light treatments are colored and a respective
trend line is added.
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Table 18. Analysis of covariance (ANCOVA) for the most dominant plankton groups. ANCOVA test
results for the mesocosm manipulations, their interactions, and the residuals for Chlorophyta,
Dinoflagellata, Haptophyta, Mesomycetozoa and Ochrophyta. DF: degrees of freedom; SS: sum of

squares.

Model ANCOVA DF SS F p-value

Chlorophyta Upwelling intensity 1 9.84 9.31 0.0379
Light treatment 1 133.32 126.11  0.0004
Interaction 1 8.40 7.94 0.0479
Residual 4 4.23

Dinoflagellata Upwelling intensity 1 4.53 0.27 0.6283
Light treatment 1 399.82 24.20 0.0079
Interaction 1 25.95 1.57 0.2783
Residual 4 66.08

Haptophyta Upwelling intensity 1 0.20 0.01 0.9173
Light treatment 1 1.10 0.07 0.8079
Interaction 1 2.87 0.18 0.6966
Residual 4 65.35

Mesomycetozoa Upwelling intensity 1 2.03 0.33 0.5943
Light treatment 1 33.25 5.47 0.0795
Interaction 1 1.04 0.17 0.7001
Residual 4 24.33

Ochrophyta Upwelling intensity 1 6.87 1.49 0.2896
Light treatment 1 103.95 22.50 0.0090
Interaction 1 8.69 1.88 0.2422
Residual 4 18.48

The dominant families of the top five phyla were investigated to determine if the same
main effects still prevailed and the same patterns occurred in regards to their relative read
abundance (Figure 37). The first step was validating the variance homogeneity and the normal
distribution of residuals by Levene’s test and the Shapiro-Wilk test, respectively (Table 19).
Since the testing hypothesis could be rejected (p > 0.05), a variance homogeneity and a normal
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distribution of residuals were accepted and ANCOVA could be applied for each taxon group
(Table 20).

Table 19. Shapiro Wilk and Levene’s test results for the relative abundance of the dominant families
within the most abundant phyla. Verification of the normal distribution and variance homogeneity for
Abeoformidae Group MAIP 2, Dino-Group-1-Clade-4, Polar-centric-Mediophyceae, Suessiaceae,
unassigned Chlorellales and unassigned Dinophyceae.

Model Test Statistics  p-value
Abeoformidae Group MAIP 2 Shapiro-Wilk 0.934 0.55
Levene 0.133 0.728

Dino-Group-1-Clade-4 Shapiro-Wilk 0.976 0.941
Levene 0.026 0.878

Polar-centric-Mediophyceae Shapiro-Wilk 0.968 0.879
Levene 0.153 0.709

Suessiaceae Shapiro-Wilk 0.859 0.119
Levene 3.3 0.119

unassigned Chlorellales Shapiro-Wilk 0.879 0.184
Levene 0.255 0.632

unassigned Dinophyceae Shapiro-Wilk 0.932 0.539
Levene 0.650 0.451

Abeoformidae Group MAIP 2 (MAIP: Marine Ichthyosporea) dominated the
Mesomycetozoa and exhibited the same trend with up to four times higher read abundances in
LL samples compared to HL samples. ANCOVA calculated a significant light influence with
an explanatory power of 57.9% of total sum of squares (p < 0.05). The most prevailing family
in the phylum Ochrophyta was Polar-centric-Mediophyceae. The HL samples did not fluctuate
heavily along the distinct upwelling intensities opposed to the LL samples which correlated
positively with the upwelling intensity. The responsible main effect for the changes in the
relative abundance was also the light manipulation (ANCOVA, p < 0.05; 69.3% of total sum of
squares). The dominant member in Chlorophyta was the order Chlorellales, which could not be
further classified. Similar patterns to the Polar-centric-Mediophyceae were observed for
Chlorellales in HL samples. In LL mesocosms exactly the opposite trend was perceived: with

higher upwelling intensities lower relative read abundances were measured. The main effect
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was once again light, with a calculated explanatory value of 80% (ANCOVA, p < 0.001).
Multiple groups contributed to the overall dominance of dinoflagellates wherefore three highly
dominant dinoflagellate taxa were examined: Suessiaceae, Dino-Group-I-Clade-4 and
unassigned Dinophyceae. Suessiaceae had no significant effects tested by ANCOVA (p > 0.05),
nevertheless, this family showed a negative trend in relative read abundance with higher
upwelling intensities for both light treatments. Similar patterns were observed for the Dino-
Group-I-Clade-4, which was confirmed via ANCOVA (p < 0.05). In this case, the upwelling
intensity even explained 55.4% of the variance. The interaction term and the light manipulation
yielded further explanatory power with 20.6% (ANCOVA, p < 0.05) and 13.5% (ANCOVA, p
= 0.086), respectively. The unassigned Dinophyceae had a steady relative abundance of
approximately 2% in the HL samples and doubled for the LL samples between 0% and 45%
upwelling intensity. However, the major effect responsible for changes in relative abundance
was again contributed to the light treatment (ANCOVA, p < 0.05; 55.7% of total sum of
squares). Haptophyta were disregarded in this examination due to the unexplained variance of

the previous statistical analysis (see Table 18).
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are colored and a respective trend line is added.
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Table 20. Analysis of covariance (ANCOVA) for the relative abundance of the dominant families
within the most abundant phyla. ANCOVA test results for the mesocosm manipulations, their
interactions, and the residuals Abeoformidae Group MAIP 2, Dino-Group-1-Clade-4, Polar-
centric-Mediophyceae, Suessiaceae, unassigned Chlorellales and unassigned Dinophyceae. DF:
degrees of freedom; SS: sum of squares.

Model ANCOVA DF SS F p-value
I\Aﬂtj:fgozr midae Group 1 elling intensity 1 057 051 05141
Light treatment 1 8.89 8.85  0.0409
Interaction 1 1.42 1.27  0.3230

Residual 4 4.47
Dino-Group-1-Clade-4 Upwelling intensity 1 2372 2099 0.0101
Light treatment 1 5.78 512  0.0864
Interaction 1 8.82 7.81  0.0490

Residual 4 4.52
Fh’/cl’;g:o%eh”;:ecae Upwelling intensity 1 437 179 02524
Light treatment 1 4220 17.26  0.0142
Interaction 1 4.53 185 0.2451

Residual 4 9.78
Suessiaceae Upwelling intensity 1 4.28 3.06 0.1549
Light treatment 1 4.53 3.25 0.1459
Interaction 1 0.29 0.21 0.6700

Residual 4 5.58
unassigned Chlorellales  Upwelling intensity 1 4.64 5.20 0.0848
Light treatment I 59.61 6680 0.0012
Interaction 1 4.76 5.33  0.0821

Residual 4 3.57
unassigned Dinophyceae Upwelling intensity 1 8.80 3.75 0.1248
Light treatment I 3210 13.69 0.0208
Interaction 1 7.35 3.13  0.1514

Residual 4 9.38
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7.2 Microbial Abundances & Carbon Flow in the Humboldt Current System

7.2.1 Prokaryotic & Protistan Abundances

Bacterial abundances for HL mesocosms were in general lower (4.6 x 10° + 1.7 x 10°
mL1) compared to LL mesocosms (5.3 x 108 + 2.0 x 10® mL%, raw data in Supplementary File
26). In contrast, more protistan cells were present in the HL samples (3.5 x 10* + 2.6 x 10*mL"
1y than in the LL samples (2.7 x 10* + 1.8 x 10* mL™Y). However, after verifying the normality
of residuals and homogeneity of residual variances, no significant effect could be determined
by means of ANCOVA (p > 0.05). The same applied to the upwelling simulation, which did
not yield a significant explanatory value (p > 0.05), but patterns could still be observed.
Prokaryotic abundance decreased in relation to the upwelling intensity for LL samples (R? =
0.43) but did not exhibit any correlation to the DW addition for HL samples (R? = 0.032; Figure

38). Peculiar were the relatively low bacterial counts at the 30% upwelling intensity.
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treatment
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Upwelling intensity (%)

Figure 38. Prokaryotic abundance for upwelling intensities derived from integrating all time points.
The light treatments are colored. Linear trendlines and coefficient of determination (R?) for each light
treatment were calculated using linear regression analysis.
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Protistan abundance tendencies showed a reversed pattern. The number of protistan cells
in LL mesocosms revealed no correlation with the upwelling intensities (R? = 0.081). The HL

samples, on the other hand, displayed an increased protistan abundance with higher upwelling
intensity (R? = 0.59; Figure 39).

Light
treatment

¢ ® High
Low

Protist abundance (x10* mL™")
B

0 10 20 30 40
Upwelling intensity (%)

Figure 39. Protistan abundance for upwelling intensities derived from integrating all time points. The
light treatments are colored. Linear trendlines and coefficient of determination (R?) for each light
treatment were calculated using linear regression analysis.

Temporal changes in abundance showed strong fluctuations. The bacteria increased in
abundance for the first phase of the experimental setup and started declining right after the DW
addition into the mesocosms (Figure 40.a). It has to be noted, that the same phenomenon
occurred in the 0% mesocosms even though no nutrient-rich DW was exchanged. Only one
sample was available for the 30% mesocosms in the pre-upwelling phase, however the decline

in prokaryotic abundance could also be observed in the later days of the post-upwelling stage.

A decline of protistan cell abundance in the early days of the experiment could be
detected in the mesocosms (Figure 40.b). After DW addition, a sharp increase of single-celled
eukaryotes was observed for the 15% and 45% mesocosms. This peak declined steadily
thereafter, except for the HL45 mesocosm where the upward trend remained. However, no
sample >30 days was accessible for HL45. The 0% upwelling samples had fairly constant
protistan abundances but they declined overall between the first and last sampling procedure.

The same behavior was observed in the 30% mesocosms with no peak in protistan cell
abundance after DW addition.
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Figure 40. Development of prokaryote (a) and protistan (b) abundance in the mesocosms. Deep-water

addition is highlighted by the red dashed line. Light treatment is colored in green for high light (HL)
and blue for low light (LL).

7.2.2 Grazing Effect & Prokaryotic Turnover Rate

The Shapiro-Wilk test and Levene’s test were not significant for the linear models of
the phagotrophy estimators, therefore, normal distribution of residuals and homogeneity of
residual variances could be assumed. This allowed the further approach of analyzing the impact
of light and upwelling manipulation by ANCOVA. No significant effect of the treatments could
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be determined for either the grazing effect nor the prokaryotic turnover rate. Nevertheless,
tendencies could be observed (Figure 41 and Figure 42). In the LL treatment, no correlation of
grazing effect with the upwelling intensity was measured (R? = 0.046). By contrast, the grazing
effect in the HL mesocosms had a moderate positive correlation (R? = 0.49). Like the bacterial
abundances, a low grazing effect was determined in the 30% samples. The grazing effect was
higher in HL mesocosms (4.0 x 10° + 8.1 x 10° cells mL* h™!) compared to LL mesocosms (2.9
X 10° + 4.7 x 10° cells mL* h'1), albeit having an immense standard deviation (raw data in
Supplementary File 26). The same applied to the bacterial turnover rate with 206 + 505% of the
bacterial standing stock per day in HL samples and 117 + 169% of the prokaryotic standing
stock per day in LL mesocosms. Apparently, the exceedingly large standard deviations resulted

from the substantial temporal and mesocosm specific variations (Figure 43).

Light
treatment

) ® High
Low

Grazing effect (x10° ingested bacteria mL* h?)

0 10 20 30 40
Upwelling intensity (%)
Figure 41. Grazing effect for upwelling intensities derived from integrating all time points. The light

treatments are colored. Linear trendlines and coefficient of determination (R?) for each light treatment
were calculated using linear regression analysis.
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Figure 42. Prokaryaotic turnover rate for upwelling intensities derived from integrating all time points.
The light treatments are colored. Linear trendlines and coefficient of determination (R?) for each light
treatment were calculated using linear regression analysis.

In the pre-upwelling phase, tremendous grazing effects could be calculated with up to
2.4 x 108 cellsmL ht (HL15) and 1.7 x 10° cellsmL™ ht (LLO). This corresponded to a ~15
times and ~6 times bacterial turnover rate of the standing stock per day in HL15 and LLO,
respectively. The remaining samples had lower values and did not exceed a grazing effect of
1.0 x 10° cells mL* h' or a 5 times prokaryotic turnover rate per day. Especially the 30%
samples had the lowest values again. In all mesocosms that had been subjected to an addition
of DW (except the HL15) an enhancement of grazing effect and prokaryotic turnover rate was
registered after treatment. No increase in the grazing effect and turnover rate in the mesocosms
HLO and LLO could be recorded. During the post-upwelling phase, a general decrease in grazing
effect was calculated between day 15 and 17 (3.3 x 10° + 3.4 x 10° cells mL™! h') and the last
days (27 — 36; 1.0 x 10° + 1.5 x 10° cellsmL™* h) of the experiment. The prokaryotic turnover
rate mirrored the grazing effect exactly and declined from 118 + 120 to 63 + 92% of the bacterial
standing stock per day in this time frame. However, individual deviations from this pattern

could be detected, as for example the increase between day 29 and day 36 of LL15.
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Figure 43. Development of grazing effect (a) and prokaryotic turnover rate (b) in the mesocosms.
Deep-water addition is highlighted by the red dashed line. Light treatment is colored in green for high
light (HL) and blue for low light (LL).

7.2.3 Correlation Analysis

To determine significant relationships between the physicochemical parameters and the
abundance of prokaryotes and protists, as well as the phagotrophy estimators, correlation
analysis was performed using the Spearman rank test (Figure 44).
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Figure 44. Correlation of physicochemical parameters, grazing effect, prokaryotic and protistan
abundances and prokaryotic turnover rate. Color scale represents Spearman's p; and not applicable
(NA). Significant correlations are highlighted by asterisks (*: p < 0.05; **: p < 0.01; ***: p < 0.001).
DO: dissolved oxygen: Chl: Chlorophyll.
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The microbial abundances and the phagotrophy estimators were highly associated with
each other. Especially the interconnection between grazing effect, bacterial turnover rate and
protistan abundance had highly significant positive correlations (Spearman p > 0.81; p <0.001).
The prokaryotic abundance was moderately and positively (Spearman p = 0.43; p < 0.05)
correlated to the bacterial turnover rate and had a strong positive correlation with the protistan
abundance and the grazing effect (Spearman p > 0.6; p < 0.001). The silicate concentration was
the only physicochemical parameter with significant results connected to all four microbial
measurements (p < 0.05). They were moderately associated with Spearman p values between
0.44 and 0.55. Chlorophyll-a had weak to moderate significant relations with the grazing effect,
bacterial turnover rate and the protistan abundance (Spearman p =0.38, 0.35, 0.52, respectively;
p < 0.05). Temperature, nitrite, and nitrate were positively correlated with the prokaryotic cell
number (Spearman p = 0.36, 0.42, 0.38, respectively; p < 0.05). The only significant negative
correlation results were determined for salinity and density. Both had negative associations with
the protistan abundance (Spearman p = -0.52, -0.44, respectively; p < 0.05).
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8 Discussion

8.1 Protistan Plankton Dynamics in the Humboldt Current System

8.1.1 Effect of Light & Upwelling Scenarios on Regional Protistan Plankton Diversity

Future consequences of the anthropogenic climate change are alterations in the coastal
light regimes and upwelling dynamics, which are proposed to have a major impact on the EBUS
in Peru (Bakun et al., 2015; Messié and Chavez, 2015). Therefore, it is of utmost relevance to
improve our understanding of protistan plankton communities to these alternating factors. The
distinct light intensities coupled with multiple upwelling scenarios revealed significant effects
on the diversity and the community composition of protistan plankton with pronounced effects
on their trophic interactions. The findings provided in this study may foreshadow future
scenarios of how unicellular eukaryote dynamics in EBUS will evolve in the context of climate

change.

Immigrant Plankton Types Enhance Protistan Plankton Diversity by Simulated Upwelling

The upwelling simulations induced a significant increase in alpha diversity, which
contradicts the paradox of enrichment due to competitive interactions where the promotion of
fast-growing species (r-strategists, ‘opportunists’) to the detriment of others (k-strategists,
‘gleaners’) consequently results in a loss of diversity (Grover, 1990; Papanikolopoulou et al.,
2018; Tubay et al., 2013). A reduction in diversity by inducing a pronounced artificial plankton
bloom could most likely not be recorded due to the applied upwelling mode. A single upwelling
pulse, as conducted in this experiment, has diminished effects which may not force less adapted
species to extinction as opposed to the mode of continuous upwelling seen in natural systems
(Ortiz et al., 2022a; Papanikolopoulou et al., 2018). The results are more congruent to
microcosm experiments analyzing the diversity changes with varying levels of nutrient supply
(Anderson et al., 2022; Dittrich et al., 2023). Dittrich and colleagues (2023) reported a positive
correlation between species richness and nutrient concentrations and assumed that these
treatments not obligatorily eliminate less adapted species. In the experimental design by
Anderson et al. (2022) the incubations with limited nutrient concentrations exhibited the lowest
evenness, which corroborates well with the findings in this thesis. Contrary to the mechanism
underlying the paradox of enrichment, the inevitable nutrient depletion in the mesocosms (faster
in low upwelling treatments) might favor the dominance of k-strategists acclimated to nutrient

deficiency leading to a reduced alpha diversity (Grover, 1990; Margalef, 1978;
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Papanikolopoulou et al., 2018). The logical premise that no immigrant plankton types (ai)
within the DW were supplied to the local plankton community (aie) in the 0% mesocosms
explains this result by the ‘dispersal driven diversity theory’ (Cadotte, 2006; Clayton et al.,
2013). Hence, no increase in diversity by merging (ai + aio) occurred in the non-treated
mesocosm as opposed to the 15-45% upwelling simulations. Furthermore, the findings are
consistent with the consept of the ‘intermediate disturbance hypothesis’, as well as a recent field
study in the California Current System which emphasized that ‘moderate intermittent
upwelling’ conditions yield the highest diversity (Connell, 1978; Harvey et al., 2021).
Admittedly, defining an intermediate disturbance in regards to upwelling intensity has to be
investigated in further research, as the classification of intensities is not easily applicable

without measuring the implication of the whole spectrum (Huston, 1979).

Seasonal Fluctuations of Phytoplankton Diversity Induced by Distinct Light Intensities

The assumed seasonal variations induced by the light treatment likewise revealed
significant alterations in alpha diversity (Shannon Index H’ and evenness), which can
dramatically affect ecosystem functions (Brose and Hillebrand, 2016). The natural austral
summer, reflected by HL conditions, had a generally higher alpha diversity as recorded in the
austral winter simulation, instigated by LL treatment, which is in agreement with previous
aquatic studies throughout prokaryotes, phytoplankton and zooplankton (Gong et al., 2023;
Suleiman et al., 2022; Wang et al., 2023). However, contrary findings were also reported,
showing a negative relationship between phytoplankton diversity and light intensity (Floder et
al., 2002; Rodrigues et al., 2015). This predicament could result from physiological
characteristics related to distinct light dependencies of individual plankton species for optimal
photosynthetic activity (Huisman et al., 1999; Yang et al., 2020). Since the mid-1970s, light
intensity was already theorized as a crucial factor responsible for niche separation, thus
structuring coexistence and exclusion in communities (Fléder et al., 2002; Litchman, 1998; van
Gemerden, 1974). Through monoculture experiments, Huisman and colleagues (1999)
validated theorized model predictions for species specific ‘critical light intensities’. The critical
light intensity is the minimum light availability at which a species still exhibits a steady state
of abundance. Thus, the species that requires the lowest critical light intensity will dominate
the community at the expense of other species when light is deprived, leading to a lower alpha
diversity. Consequently, the effects of light on diversity should be highly dependent on the local

plankton community. This competition for light as a limiting factor resembles the exclusion
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principle for nutrient dynamics and corresponds well to the findings in this study (Floder et al.,
2002; Hardin, 1960; Huisman et al., 1999). The results in this thesis indicate that most of the
resident plankton communities on the Peruvian coast are adapted to natural light conditions and
subject to immediate light limitation. However, individual plankton species seem well suited to

thrive in austral winter with reduced light intensities compared to austral summer.

Effect of Distinct Upwelling Intensities on Protistan Plankton Structure in a Mimicked Austral

Winter Situation

In the initial phase of the austral winter simulation, a reduction in the relative abundance
of diatoms was determined, which links well to the high silicic acid concentrations, as diatoms
process this inorganic compound for building frustules consisting of silica (Lopez et al., 2005).
It is well known that the silica accumulation by diatoms is light-dependent (Blank and Sullivan,
1979). The incorporation of silicic acid is reduced under low light intensities, which explains
the elevated concentrations compared to the values measured in the austral summer mesocosms
(Azam and Chisholm, 1976; Taylor, 1985). The relative decrease of diatoms was likewise
mirrored in a reduction of dissolved oxygen, which clearly showed a severe collapse of their
photosynthetic activity which was assumably caused by the rapid light reduction to mimic
austral winter conditions (Alderkamp et al., 2019; Sekerci and Petrovskii, 2018).

The DW addition yielded nutrient concentrations that mirrored concentrations in natural
upwelling system, albeit for a short time frame (Hauschildt et al., 2021; lgarza et al., 2019;
Messié et al., 2009). This new input of macro- and micronutrients into the system created a
permanent change in the community composition, validating hypotheses Hc1.1 and Hcl1.2. The
initial decline in the proportion of diatoms reversed, leading to the dominance of ASVs assigned
to diatoms after DW addition and thereby indicating that nutrients are a strong selection factor
for these algae. This further signifies that diatoms in the Peruvian coast have an accelerated
response to nutrient availability at the expense of other species. The fast nutrient uptake, as well
as rapid growth rates of diatoms, were previously reported for the subtropical North Pacific and
the eastern equatorial Pacific, which validates their role as r-strategists or opportunists (Brown
et al.,, 2008; Landry et al.,, 2000; Van Dam, 1982). A steep decline in the silicic acid
concentration, reasonably caused by the biomineralization of diatoms, clearly supports this
finding. The most important contributor to this phylum was the family Polar-centric-
Mediophyceae (Thalassiosira spp., Minidiscus spp. and Skeletonema spp.), which are

ubiquitous in the world’s oceans and play a pivotal role as primary producers in the HCS
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(Gonzélez et al., 2007; Montero et al., 2007). Thriving under low light conditions allows the
assumption of pronounced photoadaptation of these plankton species, which is widely observed
in marine waters and responsible for the global scale chlorophyll patterns (Geider et al., 1996;
Masuda et al., 2021; Talmy et al., 2013). Furthermore, diatoms are known as major contributors
to the biological carbon pump in the HCS, especially during austral winter (Gonzalez et al.,
2009; Messié and Chavez, 2015).

Under nutrient deficiency, Chlorophyta were prevalent and primarily contributed to the
osmotrophic foraging strategy in the trait approach. This corresponds well to the results in this
thesis as osmotrophs are generally smaller and thrive under low nutrient concentrations
compared to non-limiting conditions where larger cells are generally present (Vage et al., 2013).
This divergent size class distribution induced by distinct upwelling scenarios can have major
impacts on the food web structure and could alter ecosystem services (Stibor et al., 2019).
Chlorophyta are in general less abundant in these waters but can bloom under low nutrient
conditions induced by El Nifio events in the HCS (Arntz et al., 2006; DiTullio et al., 2005;
Mogollén and Calil, 2017). Bach et al. (2020) likewise reported chlorophytes in the mesocosms
in the earlier Peru study. This could furthermore indicate a suppression of chlorophytes in
turbulent waters due to niche segregation, despite the fact that mesocosms are designed to
transmit turbulence from the ocean, a reduction is still to be expected (Bach et al., 2020;
Margalef, 1978; Sharma et al., 2021). These green algae are likewise known for their
photoacclimation mechanisms and yield an efficient photosynthetic activity under low light
conditions (Fisher et al., 1989; Masojidek et al., 1999; Parsons et al., 2013). The optimal light
intensity for chlorophytes is lower compared to diatoms, yet they were outcompeted in the
mesocosms treated with DW (Figure 45; Parsons et al., 2013). This supports the classification

of the local chlorophytes in the HCS as k-strategists (Dutkiewicz et al., 2009).
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Figure 45. Relative photosynthetic activity in relation to light intensity for three plankton groups.
Curve progression for Dinoflagellates, diatoms, and green algae are colored. Adapted from Parson et
al. (2013).
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Abeoformidae-Group-MAIP-2 accounted for most of the annotated Mesomycetozoa
and was one of the predominant parasitic taxon groups in the austral winter simulation.
Knowledge about their ecology and parasite-host dynamics are scarce, but hosts of
Ichthyosporea described to date include diatoms and fish (Kése et al., 2021; Marshall and
Berbee, 2011; Rowley et al., 2013). This corroborates well with the results in this thesis as the
proportion of diatoms as well as the introduction of fish in the mesocosms coincided with the
relative abundance and occurrence of Ichthyosporea, respectively. Furthermore, Abeoformidae
(Group MAIP) are associated to enhanced carbon flux across the global oceans and thus could

play an important role in the biological carbon pump (Guidi et al., 2016).

Effect of Distinct Upwelling Intensities on Protistan Plankton Structure During Austral Summer

Dinoflagellates dominated the relative sequence reads during austral summer, which is
consistent with previous studies in the HCS where dinoflagellates prevailed the protistan
plankton community (Min et al., 2023). Furthermore, it was shown that dinoflagellates
substantially accounted for the carbon flux into deep layers during austral summer (Gonzalez
et al., 2009). Exhibiting an elevated photosynthetic activity under high light conditions
compared to diatoms and green algae explains a reduced proportion of ~50% in chlorophytes
and diatoms compared to the austral winter simulation (Figure 45; Parsons et al., 2013). Thus,
dinoflagellates acquire a competitive advantage under high light intensities (Huisman et al.,
1999; Parsons et al., 2013). Diatoms, however, were previously reported to contribute majorly
to the community composition in the Peruvian HCS during austral summer (Min et al., 2023).
Combined with the premise that in mesocosms an intensified stratification and reduced
turbulences deviate from the optimal environment promoting diatom growth, dinoflagellates
could maintain a competitive advantage even under nutrient-rich conditions (Margalef, 1978).
They could further gain a benefit in competing for nutrients due to their ability to acquire
potentially more resources by vertical migration (Heaney and Eppley, 1981; Peacock and
Kudela, 2014). The prevalent occurrence of dinoflagellates under all upwelling treatments
indicates nutrients as a subsidiary selection factor for this taxon. As dinoflagellates exhibit a
variety of life styles (parasites, symbionts, heterotrophs, mixotrophs and phototrophs), these
dynamic features could mitigate limitations by nutrient deficiency (Hansen, 2011; Santi et al.,
2019; Stoecker, 1999). However, a structural change within this phylum could be assumed, as
many dinoflagellate species are still dependent on dissolved nutrient availability (Wu et al.,

2020). Indeed, with an increase in ASVs assigned to Syndiniales (Dino Group-I-Clade-4), a
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shift within dinoflagellates exhibiting a heterotrophic or mixotrophic (external and internal)
mode to a parasitic lifestyle under nutrient deficiency, which demonstrated the functional
diversity of dinoflagellates (Santi et al., 2019). This trophic shift was likewise mirrored by the
fitted traits on the NMDS analysis and could impede the trophic transfer efficiency (Ward and
Follows, 2016).

Syndiniales, as an exclusively parasitic taxon, were previously documented in these
waters, but their parasite-host dynamics are diverse as they infect other dinoflagellates,
acanthareans, diatoms, radiolarians, Cercozoa, but also metazoans (Guillou et al., 2008; Kése
etal., 2021; Min et al., 2023; Nagarkar and Palenik, 2023; Siano et al., 2011). Thus, Syndiniales
could play a major role in the top-down control of protistan plankton as well as zooplankton
communities and contribute to the particulate carbon flux to deeper waters (Anderson et al.,
2023). Evidence of competition within the Dinoflagellata was also provided by the divergent
relative abundances of specific Dinoyphyceae (e.g., Suessiaceae and Prorocentraceae).
Suessiaceae exhibit, however, a variety of potential ES that include free-living, symbiotic, and
parasitic forms (Hehenberger et al., 2018; Montresor et al., 1999; Siano et al., 2010). Since their
relative abundance followed the pattern of the Syndiniales assigned sequence reads, it is
reasonable to assume that most Suessiaceae likewise occupied a parasitic lifestyle or are
potential hosts for the Syndiniales lineage. Despite the acceptance of Dinophyceae as hosts of
Syndiniales, there is no evidence of parasite-host relationships with Syndiniales and

Suessiaceae in the literature (Guillou et al., 2008; Nagarkar and Palenik, 2023).

Haptophyta, with Phaeocystaceae as the prevalent family, represented a further
dominant protistan plankton group in the mesocosms (austral summer as well as austral winter
simulation). They play a pivotal role in ocean carbon cycling and harbor the potential for
climate regulation due to the ability of Phaeocystis species in producing dimethyl sulfide as
cloud forming nuclei (Charlson et al., 1987; Schoemann et al., 2005; Smith Jr et al., 1991;
Stefels et al., 1995). This high ecological relevance emphasizes the importance of these algae
in view of the impending climate change. These unicellular eukaryotes were distributed
relatively uniformly across the contrasting treatments, which suggests a sufficient ability for
photoadaptation of the Phaeocystaceae in the HCS. Indeed, many reports confirm the flexibility
of Phaeocystis spp. to a wide variety of light intensities (Peperzak et al., 2000; Schoemann et
al., 2005; van Hilst and Smith Jr, 2002). Phaeocystis species evolve in nutrient, especially
nitrogen rich waters but no significant association to the higher upwelling intensities could be
determined (Schoemann et al., 2005; Smith Jr et al., 1991). The highest contribution to the

relative sequence reads was found under nutrient depleted conditions, which suggests a
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competitive disadvantage of these algae compared to the local diatom and dinoflagellate

community under intensified upwelling.

The observed changes in community composition coupled with the shifts in size class
distribution led to altered trophic interactions and carbon cycling dynamics. These changes have
far-reaching implications for the ecosystem and its services. A decrease of trophic transfer
efficiency by favoring small cells coupled with the loss of mixotrophic organisms under
reduced upwelling could lengthen the food web and impede fisheries (Mehner et al., 2018;
Stibor et al., 2019; Ward and Follows, 2016). Low nutrient concentrations were likewise linked
to intensified parasitism, corresponding to an increased top-down control of phytoplankton
which could result in reduced rates of carbon fixation (Frenken et al., 2016; Klawonn et al.,
2023; Worden et al., 2015). On the other hand, parasitic interactions were reported to reinforce
particulate carbon fluxes to deeper layers (Anderson et al., 2023). The impact on the ocean
carbon cycle of these opposing mechanisms needs to be evaluated and quantified in future
research. Considering the effects of climate change with the potential displacement of EBUS
leading to equatorward (poleward) reductions (increases) in upwelling, and the intensification
of El Nifio—Southern Oscillation events, the results of this study provide circumstantial
evidence of how protistan plankton communities may evolve and influence the HCS in the
future (Rykaczewski et al., 2015; Wang et al., 2017).

8.2 Microzooplankton Bacterivory in the Humboldt Current System

8.2.1 Impact of Light & Upwelling Scenarios on Microbial Abundances & Carbon Flow

The HCS off the coast of Peru is one of the most productive fishing grounds in the world
(Cushing, 1971; Messié et al., 2009). The exceptionally high fish population in this region,
despite the small area, is presumably attributed to a very efficient and short food chain
(Guénette et al., 2008; Massing et al., 2022). However, the microbial loop is mostly
unattenuated in field studies and not considered in trophic models due to the lack of data or
dismissed as unimportant (Ayon et al., 2008; Guénette et al., 2008; Moloney et al., 1991; Taylor
etal., 2008). This is one of the first studies examining the trophic link between prokaryotes and
unicellular eukaryotes in the HCS off Peru. The results provide circumstantial evidence that
previous studies underrate the importance of the microbial loop and phagotrophic protistan
plankton in the carbon cycle as well as sustaining the high productivity in the HCS.
Furthermore, the data suggest a switch from pronounced top-down control by bacterivory under

immediate nutrient limitation to other mechanisms regulating the bacterial standing stock.
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The microbial abundances were in general relatively high for marine waters (Isao et al.,
1990; Veldhuis and Kraay, 2000). Bacterial cell numbers of ~5.0 x 10% + 1.9 x 10 mL* are not
uncommon in surface waters of the HCS off Peru with a previous study reporting concentrations
up to ~8.0 x 10 mL"* (Engel and Galgani, 2016; Spinrad et al., 1989). Protistan abundances are
also in agreement with data from natural surface waters along the coast off Peru. The measured
abundances, with an average count of ~3.1 x 10* + 2.2 x 10* mL™, fall accurately within the
range of published data, which vary from ~0.5 x 10*mL"* to ~5.0 x 10*mL"* (Engel and Galgani,
2016). The high microbial abundances determined during this study suggest a pronounced
primary production and carbon assimilation at the sampling site, which could play an important
role in the biological carbon pump and the trophic pathways to pelagic fish (Vargas et al., 2007).
Surveys in the southern part of the HCS off the Chilean coast documented lower bacterial as
well as protistan plankton abundances (Cuevas et al., 2004; Cuevas and Morales, 2006;
Troncoso et al., 2003). These variations within the Peru-Chile Current System (or HCS) could
result from divergent wind strength coupled with upwelling intensities influencing turbulence,
nutrient availability, and light exposure, which are well known to alter microbial dynamics
(Engel and Galgani, 2016; Falkowski, 1984; Harrison et al., 1990; Hormazabal et al., 2001;
lllig et al., 2014; Margalef, 1978; Vazquez-Cuervo et al., 2017). In this study, however, no
significant effect caused by the light treatment and the DW addition could be determined.
Albeit, trends for elevated bacterial and reduced protistan abundances in LL samples could be
determined, which are in agreement with previous studies comparing the influence of different
light intensities on microbial dynamics (Calbet et al., 2012; Ptacnik et al., 2016). This result
could be attributed to increased top-down control by mixotrophic eukaryotes under high light
conditions paired with light limitation impeding their photosynthetic activity and thus growth
in the darkened mesocosms (Hansen and Hjorth, 2002; Ptacnik et al., 2016). Although no
significant association with the upwelling treatment could be calculated, a significant positive
correlation between nitrite and nitrate were determined for the protistan abundances, which
demonstrates the bottom-up regulation of protistan plankton. This result furthermore supports
the proposed nitrogen limitation in the HCS for primary production (Messié and Chavez, 2015;
Thiel et al., 2007).

The overall patterns observed by linking the changes of the microbial dynamics during
the experiment are remarkable and integrate oligotrophic and eutrophic conditions of the
extended ‘plankton ecology group model’ (Figure 46; Sommer et al., 2012). In the initial stage
prior to the upwelling treatment, an inverse relationship between unicellular eukaryotes and

bacterial abundances was determined, which is reminiscent of the classical ’Lotka-Volterra
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population model’. Albeit, the time delay could not be detected presumably due to the long
sampling intervals (Bacaér, 2011; Varon and Zeigler, 1978). The dynamics of the
microorganisms, thus, indicate a pronounced top-down control of bacterial abundances. These
predator-prey interactions were, however, not observed in the subsequent stage after DW
addition, suggesting that other mechanisms controlled the bacterial abundance. Here, the
prokaryotic and the protistan cell counts decreased steadily after a short initial increase.
Although, nutrient availability clearly explained the protistan plankton concentrations, this was
not observed for the bacterial trend. Other control mechanisms, like virus mediated mortality,
could have prevailed (Proctor and Fuhrman, 1990). A strong dependency of prokaryotes on the
produced organic carbon by protistan plankton (secretion or decease) should not be disregarded.
The limiting factor of organic matter for bacterial production in upwelling regions was
previously reported, which indicates a bottom-up control initiated by the lack of primary
production of protistan plankton under prolonged nutrient deficiency (Montecino and Lange,
2009; Vargas et al., 2007).
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Figure 46. Conceptual summary of the microbial dynamics with the mechanisms controlling the
standing stock of prokaryotes and protistan plankton as well as the measured bacterivory. Nitrate
concentration is included to underpin nutrient development. Data were averaged for each sampling
day and rescaled between 0-1 for better comparison. N: nitrogen; C: carbon.
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The measured bacterivory was exceptionally high in the initial stage of the experiment
but diminished analogous to the protistan abundances, which supports the established concept
(Figure 46). This seems logical since a reduction of grazers is accompanied by a decline of the
constituted grazing pressure on bacteria. VValues reaching prokaryotic turnover rates of up to 15
times the standing stock per day were the highest rates reported in the HCS. Previous studies
reached maximal turnover rates of up to 180% of the standing stock per day (Cuevas and
Morales, 2006; Vargas et al., 2007). However, the microbial abundances were likewise a
magnitude higher in this study, which could explain the elevated carbon transfer by higher
encounter rates (Sanders et al., 1990). Whether these high grazing rates are also recorded under
natural conditions or only in mesocosms remains to be discovered in future research. However,
these data support the findings of previous studies, which showed high variability in microbial
dynamics in the HCS off the Peruvian coast (Echevin et al., 2014; Engel and Galgani, 2016).

The DW addition did induce a slight increase of the grazing effect, albeit a less
pronounced elevation was determined compared to the rise in unicellular eukaryotes. This
supports the results of the DNA-metabarcoding coupled with the trait-based approach,
revealing a trophic shift from phagotrophic (external and internal) to osmotrophic, saprotrophic
foraging modes and parasitic lifestyles. If this change in energy acquisition was triggered by
nutrient deficiency, copepod or fish mediated grazing pressure, or maybe all at once, requires
further investigation by compiling all the data of the CUSCO-consortium. Deciphering these
interactions could further advance the extended ‘plankton ecology group model’ (Sommer et
al., 2012). In addition, the incubation effect should not be neglected. Even if the mesocosms
employed are intended to mimic natural conditions as accurately as possible, an alteration of
the protistan plankton structure and function induced by containment could be possible
(Countway et al., 2005; Riebesell et al., 2013; Sharma et al., 2021). The grazing effect, however,
was not marginal in the post-upwelling phase. Prokaryotic turnover rates in the range of ~63 to
~120% of the standing stock per day were determined, which is congruent to the spectrum
reported in the HCS off Chile (Cuevas and Morales, 2006; Vargas et al., 2007). This suggests
protistan mediated mortality as one of the main factors controlling bacterial production.
Furthermore, the results indicate the significance of the microbial food web, as a major fraction
of the bacterial production passes through the microbial food web and is subsequently
accessible for higher trophic levels.

The upwelling treatment revealed no significant alteration of the grazing effect.
However, in most upwelling-treated mesocosms a rise in bacterivory was determined. The

evaluation advocates an influence of the DW addition, which partly approves the hypothesis
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Hc2.1. This is consistent with the literature, reporting that coastal regions subjected to
upwelling have higher grazing rates compared to the open ocean (Schmoker et al., 2013;
Wickham et al., 2022). These enhanced grazing rates were not a consequence of higher
encounter rates due to high abundances, as LLO peaked in bacterial cell counts and did not
exhibit the lowest number of unicellular eukaryotes. Thus, the assumption that the trophic shift
accelerated more rapidly in the untreated mesocosms is reasonable. The fact that no clear
relation of the bacterivory to distinct upwelling intensities was observed may be due to potential
methodological and experimental limitations. Methodological disadvantages in the application
of bacterial analogs are related to chemosensory detection of prey which would result in non-
preferential uptake of microspheres by protistan plankton and reduced grazing rates (Pace and
Bailiff, 1987; Sherr et al., 1987; Wootton et al., 2007). A single upwelling stimulus, as
performed in this experiment, has attenuated effects. By applying continuous or recurrent
injections of DW into the system, which seems much more natural, more pronounced
differences could be triggered (Ortiz et al., 2022a, 2022b).

Significant associations between the light treatments could likewise not be determined
for the measured bacterivory. Analog trends to the protistan abundances were identified with
an elevated grazing effect of ~30% in the austral summer compared to the mimicked austral
winter situation which supports hypothesis Hc2.2. This result is consistent with previous studies
reporting higher carbon fluxes with up to ~50% through microzooplankton in illuminated
compared to darkened conditions (Calbet et al., 2012; Ptacnik et al., 2016). This light-induced
promotion of the microbial food web could be attributed to the stimulation of mixotrophic
activity as well as the higher encounter rate due to raised microbial abundances (Ptacnik et al.,
2016; Sanders et al., 1990). In addition, by examining the protistan plankton community
composition, it is noticeable that the relative ciliate abundance - these organisms can contribute
massively to the grazing effect - peaked in the austral summer mesocosms (Boras et al., 2010;
Kisand and Zingel, 2000; Sherr and Sherr, 2002, 1994; Wickham et al., 2022). Applied to the
ecosystem under study, the result allows the conclusion that the microbial loop plays a more
prominent role in the food web structure of austral summer in the HCS. In combination with
the findings deduced in the DNA-metabarcoding survey, the food web structure during austral
winter is, therefore, more dependent on diatom utilization. This hypothesis was likewise
proposed in a previous study that evaluated isotopic signatures to investigate carbon fluxes in
the northern HCS off Chile (Castro et al., 2020).

131



Subject 11: Summary & Conclusion

9 Subject Il: Summary & Conclusion

The HCS, which hosts one of the largest marine fisheries in the world, is expected to be
severely impacted by anthropogenic climate change, leading to potentially severe socio-
economic repercussions. Therefore, understanding the consequence of predicted alterations
(light impediment; shift of upwelling) on protistan plankton structure and function is of major
importance. The findings in this study could identify specific plankton taxa associated with
distinct light and nutrient regimes. In addition, the data suggest that the microbial food web
plays a substantial role in the biological carbon pump but may exhibit significant seasonal

variation.

DW injection not only served as a nutrient input promoting phytoplankton growth, but
also introduced immigrant plankton types, which generated diversity hotspots in the “highly’
upwelled mesocosms. The impediment of light resulted in a reduced alpha diversity, potentially
due to the loss of organisms that demand a high critical light intensity. The loss of diversity
under low upwelling scenarios, especially in combination with the darkened conditions, could
lead to alterations of biochemical cycles, trophic interactions, and ecosystem services.

Specific protistan plankton taxa dominated the individual mesocosms due to niche
differentiation induced by altered environmental conditions. Diatoms thrived under mimicked
austral winter conditions with high nutrient availability demonstrating the characteristic
properties of opportunists and r-strategists. The antagonist during the austral winter simulation
were small-celled chlorophytes, which prevailed under nutrient deficiency and thus, exhibited
gleaner and k-strategic traits. In austral summer, Dinoflagellata dominated due to their elevated
photosynthetic activity under high light conditions compared to diatoms and green algae. They
contributed the most to the relative read abundance under nutrient availability and deficiency
assumably because of their substantial trophic diversity and versatile lifestyles. The dynamic
occurrence of dinoflagellate species was revealed by the trophic shift from phagotrophic to
parasitic energy acquisition when nutrients were limited. This could result in reduced rates of

carbon fixation by elevated top-down control of phytoplankton by parasitism.

These transitions had direct effects on the carbon flux from bacteria to phagotrophic
protistan plankton and could be detected by the grazing experiments. The initially tremendous
grazing effect decreased due to the change in energy acquisition of the plankton community. In
addition, C-limitation or potential viral lysis resulted in low prokaryotic abundances and thus,

lower encounter rates. Nevertheless, a high carbon flux, even under nutrient limitation, suggests
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that protistan-mediated mortality is one of the main factors controlling bacterial production in
the HCS. This indicates the importance of the microbial food web, as a large fraction of bacterial
production passes through it, which is subsequently accessible to higher trophic levels. Trends
could also be inferred that the microbial loop plays a more prominent factor in the structure of
the food web in austral summer and is more concentrated on diatom uptake during austral winter
in the HCS off Peru.

Combining the decrease of trophic transfer efficiency by favoring small cells or parasitic
organisms and obstructing phagotrophic species under reduced upwelling and light impediment
could lead to severe consequences. These would entail reduced primary production as well as
lengthening the food web structure and ultimately impeding fisheries. Particularly, in light of
the implications posed by climate change, with the potential relocation of EBUS and
intensification of El Nifio-Southern Oscillation events, this study contributes circumstantial

evidence for how protist plankton structure and function may develop in the HCS.
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Synthesis

The physical analogies of the eddy characteristics (enclosed water masses and cyclonic
eddy stirring) and the experimental design of the mesocosm approach (enclosed water masses
and upwelling simulation) enable a comparison of the results from both subjects, which
illustrates several elements with similarities and discrepancies (Figure 47 and Figure 48). All
three mesoscale eddies as well as the individual mesocosms harbored distinct protistan plankton

communities with varying structure and function due to diverse physicochemical drivers.

The results could substantiate that cyclonic eddies serve as transport mechanisms that
enhance diversity in the open ocean. In the mesocosm experiment, on the other hand, diversity
was enhanced by introducing new plankton assemblages into the enclosed system by DW
addition. Therefore, the injection of DW into the mesocosms could be equivalent to the
disintegration of an eddy where local and immigrant plankton types mingle and thus, enhance

the regional protistan plankton community of the open ocean.

The comparison of the protistan plankton communities demonstrates that even the
youngest eddy under study resembled mesocosms under nutrient-poor conditions. The highest
correspondence was observed between the youngest eddy and the mesocosms under nutrient
deficiency in the austral summer situation with its high proportion of parasitic dinoflagellates.
Parallels between the eddy communities and the simulated austral winter situation in the
mesocosms with the prevalent abundances of diatoms could not be observed, even though, it is
likely that diatoms contribute substantially to the primary production in the CanCS (Romero
and Fischer, 2017; Romero and Ramondenc, 2022). However, this was most likely not observed
in the eddies due to their level of maturity. It is assumed that the trapped plankton communities
within an eddy consume most of the upwelled nutrients within a short timeframe (days) after
formation (Peterson et al., 2011). New nutrient input into offshore eddy systems occurs through
cyclonic eddy stirring or aerosol deposition, therefore, the mesocosm approach seems to
represent the initial stage after eddy formation (Baker et al., 2003; McGillicuddy et al., 1998).
Although a higher relative abundance of green algae could be detected in the youngest eddy,
they did not dominate the community as it was seen in the nutrient-poor mesocosms in the
austral winter simulation, which could be attributed to succession patterns or prolonged nutrient

deficiency in the mesoscale ocean feature.

The trophic role of the phagotrophic protists revealed similar findings in the HCS and
CanCS. Seasonal fluctuations in microbial dynamics were observed in both systems, which,

however, could be attributed to different mechanisms. In the HCS enhanced Saharan dust
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deposition could be the cause of higher microbial abundances and higher microbial loop activity
between the two ‘eddy hunts’. In the CanCS, the variations were attributed to the severe shift
in plankton community composition due to light impediment in the mimicked austral winter.
The microbial abundances and protistan-mediated mortality, which were reduced in more
mature eddies and with progressive nutrient depletion in the mesocosm approach, are likewise
in agreement. Reasonable assumptions, as a consequence of nutrient deficiency, are the possible
shift from bacterivory to virus-mediated control of bacterial production and the limitation of
carbon content due to reduced primary production in both study areas. The latter, in
combination with the reduced abundance of organisms, would reasonably lead to reduced
deposition of marine snow into the deep sea.
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Figure 47. Conceptual overview of the findings in the different aged cyclonic mesoscale eddies in the
Canary Current System. Distinct protistan plankton communities are represented by the proportion of
selected taxa (green algae, haptophytes, radiolarians, and parasitic protists). The most pronounced
differences in protistan plankton communities were detected in the deep-chlorophyll maximum
(DCM) and relatively similar communities in the oxygen-minimum zone (OMZ). The abundances of
protists and prokaryotes are represented by the frequency of occurrence (low: old eddy
CE_2019 14N_25W,; intermediate: stable eddy CE_2019 18N_20W; high: young eddy
CE_2019N_18W;). The quantity of measured and derived carbon flow is highlighted by straight
arrows (carbon fixation by phototrophs/mixotrophs), curved arrows (measured bacterivory by
phagotrophic protists) and dashed arrows (carbon sink of particulate organic matter). Dashed sheath
line of the eddy CE_2019 14N_25W represents the potential disintegrating state.
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Figure 48. Conceptual overview of the findings for the main treatments in the mesocosms in the
Humboldt Current System. Distinct protistan plankton communities are represented by the proportion
of selected taxa (diatoms, dinoflagellates, green algae, and parasitic protists in low light conditions
with low nutrient concentrations; diatoms in low light conditions with high nutrient concentrations;
dinoflagellates and parasitic protists in high light conditions with low nutrient concentrations;
dinoflagellates in high light conditions with high nutrient concentrations). The abundances of protists
and prokaryotes are represented by the frequency of occurrence. The quantity of measured and derived
carbon flow is highlighted by straight arrows (carbon fixation by phototrophs/mixotrophs), curved
arrows (measured bacterivory by phagotrophic protists) and dashed arrows (carbon sink of particulate
organic matter). Quantity of protistan alpha diversity is represented by frequency of the symbol.
Dashed line separates low and high nutrient concentrations.

It stands to reason that further research is imperative to comprehend the entire scope of
how eddies influence protistan plankton structures and functions, not to mention how future
communities will evolve in the face of climate change. Eddies function like mesocosms by
entrapping coastal waters which vary greatly from the surroundings in terms of
physicochemical properties and thus, protistan plankton community composition. Vice versa,
mesocosms represent enclosed water masses which appear very suitable to investigate eddy
perturbations. Especially factors influencing eddy dynamics, in particular time and place of
eddy origin as well as age of the mesoscale feature, could be simulated in mesocosm

experimental set-ups. Thereby, the effect of distinct seed communities, the succession patterns
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of protistan plankton communities and ultradian rhythms could be further unraveled without
shipboard restrictions. Eddy characteristics like intrusion, merge and split events could likewise
be mirrored by introducing open ocean and eddy waters into the experimental enclosure.
However, accurate predictions on how microbial communities evolve, even without abiotic
variability and only through biotic interactions (‘paradox of chaos’), is by no means an
effortless endeavor (Beninca et al., 2008; Telesh et al., 2019). Unraveling the ‘paradox of chaos’
paired with environmental changes still requires a considerable dedication from future

researchers.

In light of climate change, increased eddy activity in EBUS, based on the findings in this
thesis, would enhance the biological carbon pump and potentially counteract climate change.
In contrast, eddies diminish the nutrient concentrations at the nearshore, and consequently, the
primary production, which could impede small-scaled fisheries through cascading effects. The
displacement of EBUS with the poleward intensification or equatorward reduction of upwelling
intensity would relocate key primary production areas which could have dramatic
consequences. Especially the enhanced stratification, reduced nutrient input and increasing
temperatures could lead to the absence of primary production hotspots and would interfere with

the whole food chain and biological carbon pump.
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Abstract

Climate change will have severe consequences on Eastern Boundary Upwelling
Systems (EBUS). They host the largest fisheries in the world supporting the life of millions of
people due to their tremendous primary production. Therefore, it is of utmost importance to
better understand predicted impacts like alternating upwelling intensities and light impediment
on the structure and the trophic role of protistan plankton communities as they form the basis
of the food web. Numerical models estimate the intensification of the frequency in eddy
formation. These ocean features are of particular importance due to their influence on the
distribution and diversity of plankton communities and the access to resources, which are still
not well understood even to the present day. My PhD thesis entails two subjects conducted
during large-scaled cooperation projects REEBUS (Role of Eddies in Eastern Boundary

Upwelling Systems) and CUSCO (Coastal Upwelling System in a Changing Ocean).

Subject I of my study was conducted within the multidisciplinary framework REEBUS
to investigate the influence of eddies on the biological carbon pump in the Canary Current
System (CanCS). More specifically, the aim was to find out how mesoscale cyclonic eddies
affect the regional diversity, structure, and trophic role of protistan plankton communities in a

subtropical oligotrophic oceanic offshore region.

Samples were taken during the M156 and M160 cruises in the Atlantic Ocean around
Cape Verde during July and December 2019, respectively. Three eddies with varying ages of
emergence and three water layers (deep chlorophyll maximum DCM, right beneath the DCM
and oxygen minimum zone OMZ) were sampled. Additional stations without eddy perturbation
were analyzed as references. The effect of oceanic mesoscale cyclonic eddies on protistan
plankton communities was analyzed by implementing three approaches. (i) V9 18S rRNA gene
amplicons were examined to analyze the diversity and structure of the plankton communities
and to infer their role in the biological carbon pump. (ii) By assigning functional traits to
taxonomically assigned eDNA sequences, functional richness and ecological strategies (ES)
were determined. (iii) Grazing experiments were conducted to assess abundance and carbon

transfer from prokaryotes to phagotrophic protists.

All three eddies examined in this study differed in their ASV abundance, diversity, and
taxonomic composition with the most pronounced differences in the DCM. Dinoflagellates
were the most abundant taxa in all three depth layers. Other dominating taxa were radiolarians,
Discoba and haptophytes. The trait-approach could only assign ~15% of all ASVs and revealed

in general a relatively high functional richness. But no unique ES was determined within a
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specific eddy. This indicates pronounced functional redundancy, which is recognized to be
correlated with ecosystem resilience and robustness by providing a degree of buffering capacity
in the face of biodiversity loss. Elevated microbial abundances as well as bacterivory were
clearly associated to mesoscale eddy features, albeit with remarkable seasonal fluctuations.
Since eddy activity is expected to increase on a global scale in future climate change scenarios,
cyclonic eddies could counteract climate change by enhancing carbon sequestration to abyssal
depths. The findings demonstrate that cyclonic eddies are unique, heterogeneous, and abundant
ecosystems with trapped water masses in which characteristic protistan plankton develop as the
eddies age and migrate westward into subtropical oligotrophic offshore waters. Therefore,
eddies influence regional protistan plankton diversity qualitatively and quantitatively.

Subject Il of my PhD project contributed to the CUSCO field campaign to identify the
influence of varying upwelling intensities in combination with distinct light treatments on the
whole food web structure and carbon pump in the Humboldt Current System (HCS) off Peru.
To accomplish such a task, eight offshore-mesocosms were deployed and two light scenarios
(low light, LL; high light, HL) were created by darkening half of the mesocosms. Upwelling
was simulated by injecting distinct proportions (0%, 15%, 30% and 45%) of collected deep-
water (DW) into each of the moored mesocosms. My aim was to examine the changes in
diversity, structure, and trophic role of protistan plankton communities for the induced
manipulations by analyzing the V9 18S rRNA gene amplicons and performing short-term

grazing experiments.

The upwelling simulations induced a significant increase in alpha diversity under both light
conditions. In austral summer, reflected by HL conditions, a generally higher alpha diversity
was recorded compared to the austral winter simulation, instigated by LL treatment. Significant
alterations of the protistan plankton community structure could likewise be observed. Diatoms
were associated to increased levels of DW addition in the mimicked austral winter situation.
Under nutrient depletion, chlorophytes exhibited high relative abundances in the simulated
austral winter scenario. Dinoflagellates dominated the austral summer condition in all
upwelling simulations. Tendencies of reduced unicellular eukaryotes and increased prokaryotic
abundances were determined under light impediment. Protistan-mediated mortality of

prokaryotes also decreased by ~30% in the mimicked austral winter scenario.

The findings indicate that the microbial loop is a more relevant factor in the structure of
the food web in austral summer and is more focused on the utilization of diatoms in austral

winter in the HCS off Peru. It was evident that distinct light intensities coupled with multiple
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upwelling scenarios could lead to alterations in biochemical cycles, trophic interactions, and
ecosystem services. Considering the threat of climate change, the predicted relocation of EBUS
could limit primary production and lengthen the food web structure with severe socio-economic

consequences.
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Zusammenfassung

Der Klimawandel wird schwerwiegende Folgen fur die ostlichen Auftriebssysteme
(Eastern Boundary Upwelling Systems — EBUS) haben. Sie beherbergen die groRten
Fischereigrinde der Welt, die aufgrund ihrer enormen Primérproduktion das Leben von
Millionen von Menschen sichern. Daher ist es dufllerst wichtig, die vorhergesagten
Auswirkungen von Anderungen in Auftriebsintensitaten sowie Lichtverhéltnissen auf die
Struktur und trophische Rolle von Protisten-Planktongemeinschaften besser zu verstehen, da
sie die Grundlage des Nahrungsnetzes bilden. Numerische Modelle sagen die Intensivierung
der Haufigkeit von Wirbelbildung in EBUS voraus. Diese sogenannten Eddies sind aufgrund
ihres Einflusses auf die Verteilung und Vielfalt von Planktongemeinschaften und den Zugang
zu Ressourcen von besonderer Bedeutung, die auch heute noch nicht gut verstanden sind. Meine
Doktorarbeit umfasst zwei Themen, die im Rahmen der groR angelegten Kooperationsprojekte
REEBUS (Role of Eddies in Eastern Boundary Upwelling Systems) und CUSCO (Coastal
Upwelling System in a Changing Ocean) durchgefihrt wurden.

Thema | meiner Studie wurde im Rahmen des multidisziplinaren VVorhabens REEBUS
durchgefuhrt, um den Einfluss von Meereswirbeln auf die biologische Kohlenstoffpumpe im
Kanarenstromsystem (CanCS) zu untersuchen. Genauer gesagt, wie mesoskalige zyklonale
Eddies die regionale Vielfalt, Struktur und trophische Rolle von Protisten-
Planktongemeinschaften in einer subtropischen oligotrophen ozeanischen Offshore-Region

beeinflussen.

Die Proben wurden wéhrend der Ausfahrten M156 und M160 im Atlantik um Kap Verde
im Juli bzw. Dezember 2019 genommen. Es wurden drei Eddies mit unterschiedlichem
Entstehungsalter und drei Wasserschichten (tiefes Chlorophyllmaximum DCM, direkt unter
dem DCM und Sauerstoffminimumzone OMZ) beprobt. Zusatzliche Stationen ohne
Wirbelstérung wurden als Referenz analysiert. Zur Analyse der Auswirkungen ozeanischer
mesoskaliger zyklonaler Wirbel auf Protisten-Planktongemeinschaften wurden drei Ansatze
verfolgt: (i) V9 18S rRNA-Genamplikons wurden untersucht, um die Vielfalt und Struktur der
Planktongemeinschaften zu analysieren und Rickschlisse auf ihre Rolle in der biologischen
Kohlenstoffpumpe zu ziehen. (ii) Durch den Abgleich von funktionellen Merkmalen zu
taxonomisch zugeordneten eDNA-Sequenzen wurden funktioneller Reichtum und 6kologische
Strategien (ES) bestimmt. (iii) FraBexperimente wurden durchgefuhrt, um die Abundanz und

den Kohlenstofftransfer von Prokaryoten zu phagotrophen Protisten zu bewerten.

143



Abstract / Zusammenfassung

Alle drei in dieser Studie untersuchten Eddies unterschieden sich in ihrer ASV-Haufigkeit,
Diversitdt und taxonomischen Zusammensetzung, wobei die Unterschiede zwischen den
Stationen am deutlichsten in der DCM waren. Dinoflagellaten waren in allen drei Tiefen die
haufigsten Taxa. Andere dominierende Taxa waren Radiolarien, Discoba und Haptophyten. Der
Abgleich mit den funktionellen Merkmalen konnte nur ca. 15 % aller ASVs zuordnen und ergab
im Allgemeinen einen relativ hohen funktionalen Reichtum, aber es wurde keine einzigartige
ES innerhalb eines bestimmten Eddies ermittelt. Dies deutet auf eine ausgepragte funktionelle
Redundanz hin, die anerkanntermalRen mit der Widerstandsfahigkeit und Robustheit von
Okosystemen korreliert, da sie eine gewisse Pufferkapazitat angesichts des Verlusts der
biologischen Vielfalt bietet. Erhéhte mikrobielle Abundanzen sowie Bakterivorie wurden
eindeutig mit mesoskaligen Wirbelmerkmalen in Verbindung gebracht, wenn auch mit

bemerkenswerten saisonalen Schwankungen.

Da erwartet wird, dass die Wirbelaktivitdt in zukinftigen Klimawandelszenarien auf
globaler Ebene zunehmen wird, kdnnten zyklonale Eddies dem Klimawandel entgegenwirken,
indem sie die Kohlenstoffspeicherung in tiefe Meeresschichten verstarken. Die Ergebnisse
zeigen, dass zyklonale Wirbel einzigartige, heterogene und diverse Okosysteme mit
eingeschlossenen Wassermassen sind, in denen sich charakteristisches Protistenplankton
entwickelt, wéhrend die Wirbel altern und nach Westen in subtropische oligotrophe kiistennahe

Gewasser abwandern und den Ozean qualitativ und quantitativ beeinflussen.

Thema Il meines Promotionsprojekts trug zur CUSCO-Feldkampagne bei, um den Einfluss
unterschiedlicher Auftriebsintensititen in Kombination mit verschiedenen Lichtbehandlungen
auf die gesamte Nahrungsnetzstruktur und die Kohlenstoffpumpe im Humboldt-Stromsystem
(HCS) vor Peru zu ermitteln. Um diese Aufgabe zu bewaéltigen, wurden acht Offshore-
Mesokosmen aufgestellt und zwei Lichtszenarien (niedriges Licht, LL; starkes Licht, HL) durch
Abdunkeln der Hélfte der Mesokosmen geschaffen. Auftriebsvariationen wurden simuliert,
indem unterschiedliche Anteile (0 %, 15 %, 30 % und 45 %) des gesammelten Tiefenwassers
in die verankerten Mesokosmen eingeleitet wurden. Mein Ziel war es, die Veradnderungen in
der Diversitat, der Struktur und der trophischen Rolle von Protisten-Plankton-Gemeinschaften
fur die induzierten Manipulationen zu untersuchen, indem V9 18S rRNA-Gen-Amplikons

analysiert und Kurzzeit-Weideexperimente durchgeftihrt wurden.

Die Auftriebssimulationen fuihrten unter beiden Lichtverhéltnissen zu einem signifikanten
Anstieg der Alpha-Diversitat. Im Sommer, der sich in den HL-Bedingungen widerspiegelt,

wurde eine allgemein hohere Alpha-Diversitat festgestellt als in der Wintersimulation, die
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durch die LL-Behandlung simuliert wurde. Signifikante VVeranderungen in der Struktur der
Protisten-Plankton-Gemeinschaft konnten ebenfalls beobachtet werden. Kieselalgen wurden
mit einer hohen Zugabe von Tiefenwasser wahrend der Wintersimulation in Verbindung
gebracht. Unter Né&hrstoffverarmung dominierten Chlorophyten die relative Haufigkeit im
nachgeahmten Winterszenario. Dinoflagellaten dominierten im Sommer in allen
Auftriebssimulationen. Bei Lichtreduzierung wurden tendenziell weniger einzellige
Eukaryoten und mehr Prokaryoten festgestellt. Die durch Protisten vermittelte Sterblichkeit von

Prokaryoten ging im simulierten Winterszenario ebenfalls um ca. 30 % zuriick.

Die Ergebnisse deuten darauf hin, dass der mikrobielle Kreislauf im Sommer ein relevanter
Faktor fur die Struktur des Nahrungsnetzes ist und sich im Winter im HCS vor Peru mehr auf
die Nutzung von Kieselalgen konzentriert. Es wurde deutlich, dass unterschiedliche
Lichtintensitdten in Verbindung mit verschiedenen Auftriebsszenarien zu Verénderungen der
biochemischen Zyklen, der trophischen Interaktionen und der Okosystemleistungen fiihren
kdnnen. In Anbetracht der Bedrohung durch den Klimawandel kdnnte die vorhergesagte
Verlagerung der EBUS die Primarproduktion einschranken und die Struktur des

Nahrungsnetzes verlangern, was schwerwiegende sozio6konomische Folgen hétte.
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Figure 24. Boxplot visualizing grazing effect and carbon flow. The results for the individual depth layers are
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linear regression models for the respective depth layers. CCC with 95% CI are added. The dotted
line indicates a perfect prediction, the black line and the grey area the depth integrated regression
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Please note the size ratio for the underwater bag is not to scale. b) Large-scale map of the study site
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line of the eddy CE_2019_14N_25W represents the potential disintegrating state............c.cccc..... 136



Appendix - List of Figures

Figure 48. Conceptual overview of the findings for the main treatments in the mesocosms in the Humboldt

190

Current System. Distinct protistan plankton communities are represented by the proportion of
selected taxa (diatoms, dinoflagellates, green algae, and parasitic protists in low light conditions
with low nutrient concentrations; diatoms in low light conditions with high nutrient concentrations;
dinoflagellates and parasitic protists in high light conditions with low nutrient concentrations;
dinoflagellates in high light conditions with high nutrient concentrations). The abundances of
protists and prokaryotes are represented by the frequency of occurrence. The quantity of measured
and derived carbon flow is highlighted by straight arrows (carbon fixation by
phototrophs/mixotrophs), curved arrows (measured bacterivory by phagotrophic protists) and
dashed arrows (carbon sink of particulate organic matter). Quantity of protistan alpha diversity is
represented by frequency of the symbol. Dashed line separates low and high nutrient concentrations.
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Supplementary Files / Contents of enclosed USB stick

Supplementary File 1. CTD-profiles of the sampling stations. Chlorophyll concentration in pg/L (green) and
oxygen concentration in pmol/kg (blue) were decisive parameters for determining the sample layers
(DCM, sub-DCM, OMZ). Additionally, temperature in °C (red) is shown and the complete graphics
of all CTD-profiles are presented in supplementary S. DCM: deep-chlorophyll-maximum; OMZ:
oxygen minimum zone.

On the USB stick under the file name “Supplementary _file 1.png”.

Supplementary File 2. Physicochemical and nutrient data for each sampling station with the respective depth
layer. OA: orthosilicic acid; DO: dissolved oxygen; u.d. = under detection limit.

On the USB stick under the file name “Supplementary_file 2.docx”.

Supplementary File 3. Raw data of the microscopic counts to calculate protistan and prokaryotic abundances
as well as the phagotrophic estimators for Subject I (2) and Subject Il (b).

On the USB stick wunder the file name “Supplementary file 3_a.zip” and
“Supplementary file 3_b.zip”.

Supplementary File 4. a) Sequence data overview from raw sequence files to high-quality sequences used in
downstream analyses for all sampling stations of the three eddies (CE_2019_19N_18W,
CE_2019 18N_20W CE_2019_14N_25W) under study and the two reference stations (CVOO, Cape
Blanc). b) ASV-to-sample matrix with assigned taxonomy for all samples of the three eddies and the
two reference stations.

On the USB stick wunder the file name  “Supplementary file 4 a.csv” and
“Supplementary_file 4 b.csv”.

Supplementary File 5. Rarefaction profiles for all sampling stations of the three eddies (CE_2019 19 N_18W,
CE_2019_18N_20W, CE 2019_14N_25W) under study and the two reference stations (CVOO, Cape
Blanc) for DCM (a), sub-DCM (b) and OMZ (c). Profiles show (near-)sample saturation for all
samples. Cut-off for the smallest sequence size is represented by the black vertical line.

On the USB stick under the file name “Supplementary_file 5.jpg”.

Supplementary File 6. ASV richness and Shannon Index H” for all sampling stations of the three eddies
(CE_2019_19 N_18W, CE_2019 18N_20W, CE 2019 14N_25W) under study and the two
reference stations (CVOO, Cape Blanc) for DCM, sub-DCM and OMZ.

On the USB stick under the file name “Supplementary file 6.png”.
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Supplementary File 7. Output of the Kruskal-Wallis test (KW; chi-square = 14.455, DF = 3) and the post-hoc

pairwise Wilcoxon test (W) with Bonferroni corrected p-values of the comparison of the sampling

sites for the Shannon Index and the ASV richness. DF: degrees of freedom.

Comparison Shannon Index ASV richness
Station 1 Station 2 p (KW) p (W) p (KW) p (W)
CE_2019 18N_20W  CE_2019 14N _25W 0.008 0.088
CE_2019 19N_18W  CE_2019 14N_25W 1 0.6
References CE_2019_14N_25W 1 1
0.002 0.006
CE 2019 19N_18W  CE_2019 18N_20W 1 1
References CE_2019_18N_20W 0.005 0.003
References CE_2019_19N_18W 1 0.57

Supplementary File 8. PERMANOVA analysis on Bray-Curtis distances. PERMANOVA was performed to
test significance for the depth strata and the sampling sites (Reference samples were merged). DF:
degree of freedom; SS: sum of squares; F: F-statistic.

PERMANOVA DF SS F R? p-value
Layer 2 291 7.02 0.27 0.0001
Site 3 1.87 3.00 0.17 0.0001
Layer x Site 6 2.49 2.00 0.23 0.0002

Supplementary File 9. Proportions of all phyla (a), haptophyte (b), radiolarian (c), Discoba (d) and
dinoflagellate (e) taxa estimated by relative sequence read proportions in the DCM, sub-DCM and
OMZ of each individual sample of the three eddies under study (CE_2019 19N_18W,
CE_2019_18N_20W, CE_2019_14N_25W) and the two background waters (CVOO and CB). Based

on these data, the averaged taxonomic plots of figures 14-18 were generated.

On the USB stick under the file name “Supplementary file 9 a-e.pdf”.
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Supplementary File 10. PERMANOVA statistics on BC distances of the reduced ASV-to-sample matrix.
PERMANOVA was performed to test significance for the depth strata and the sampling sites
(Reference samples were merged). DF: degree of freedom; SS: sum of squares; F: F-statistic.

PERMANOVA DF SS F R? p-value
Layer 2 2.52 5.39 0.23 0.0001

Site 3 2.18 2.33 0.20 0.0001
Layer x Site 6 2.32 1.65 0.21 0.0002

Supplementary File 11. a) Output of the Kruskal-Wallis test (KW; chi-square = 9.6075, DF = 3) and the post-
hoc pairwise Wilcoxon test (W) with Bonferroni corrected p-values of the comparison of the sampling

sites for the functional richness. DF: degrees of freedom. b) Raw data of the calculated functional

richness.
a Comparison Functional Richness
Station 1 Station 2 p (KW) p (W)
CE_2019 18N_20W  CE_2019 14N _25W 0.245
CE_2019 19N_18W  CE_2019 14N _25W 0.873
References CE_2019_14N_25W | ., 1
CE_2019 19N_18W  CE_2019 18N _20W 1
References CE_2019_18N_20W 0.041
References CE_2019 19N_18W 0.571
b . .
Sampling station DCM Sub-DCM oMz
CE_2019_19N_18W 0.69 0.68 0.72
CE_2019 18N_20W(1) 0.74 0.69 0.74
CE_2019_18N_20W(2) 0.67 0.64 0.75
CE_2019 18N_20W(3) 0.70 0.68 0.67
CE_2019_18N_20W(4) 0.69 0.66 0.65
CE_2019_14N_25W(1) 0.70 0.81 0.73
CE_2019_14N_25W(2) 0.73 0.73 0.71
CE_2019 _14N_25W(3) 0.68 0.74 0.77
Reference_CB 0.75 0.69 0.74
Reference_CVOO 0.75 0.71 0.80
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Supplementary File 12. Partition clustering with the K-means algorithm and the SSI-criterion on the trait-
assigned ASV matrix to infer the number of ecological strategies.
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Supplementary File 13. Relative distribution of the eleven functional traits and their respective characteristics
for the ten ecological strategies.

On the USB stick under the file name “Supplementary file 13.png”.

Supplementary File 14. Calculated protistan and prokaryotic abundances as well as grazing effect and
prokaryotic turnover rate for each sample and replicate.

On the USB stick under the file name “Supplementary file 14.csv”.

Supplementary File 15. Output of the Kruskal-Wallis test and the post-hoc pairwise Wilcoxon test (W) with
Bonferroni corrected p-values of the comparison of the sampling sites for the bacterial and protistan
abundances, as well as the grazing effect and the bacterial turnover rate.

On the USB stick under the file name “Supplementary file 15.xlsx”.
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Supplementary File 16. Mesocosm volume determined through salt addition.

Mesocosm Volume in L Uncertainty in L

M1 36.440 2.064
M2 35.195 2.167
M3 35.984 2.242
M4 30.743 2.166
M5 32.786 454

M6 34.116 963

M7 33.242 1.507
M8 35.097 1.713

Supplementary File 17. a) Raw data for the V9 SSU rDNA sequence files. Sequencing was performed by SeqlT

GmbH & Co. KG using the paired-end Illumina MiSeq technique. b) Overview of the multiplexed
libraries to assign the samples correctly.

On the USB stick wunder the file name “Supplementary file 17 atar” and
“Supplementary file 17 b.csv”.

Supplementary File 18. ASV-to-sample matrix with assigned taxonomy for the samples of the eight

mesocosms.

On the USB stick under the file name “Supplementary file 18.csv”.

Supplementary File 19. Physicochemical and nutrient data for each sample.

On the USB stick under the file name “Supplementary file 19.csv”.

Supplementary File 20. Sequence data overview from raw sequence files to high-quality sequences used in

downstream analyses for all samples of the eight mesocosms under study.

On the USB stick under the file name “Supplementary_file 20.csv”.

Supplementary File 21. Rarefaction profiles for all samples of the eight mesocosms under study for 0% (a),

15% (b), 30% (c) and 45% (d) upwelling intensity. Profiles show (near-)sample saturation for all
samples.

On the USB stick  under the file name  “Supplementary file 21 a.pdf”,
“Supplementary file 21 b.pdf”, “Supplementary file 21 c.pdf” and
“Supplementary file 21 d.pdf”.

Supplementary File 22. ASV richness, evenness, Shannon Index and Simpson Index for each sample.
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Supplementary File 23. PERMANOVA analysis on Bray-Curtis distances. PERMANOVA was performed to
test significant effects for mesocosm manipulations. DF: degree of freedom; SS: sum of squares; F:

F-statistic.

PERMANOVA DF SS F R? p-value
DW addition 1 2.40 12.90 0.19 0.0001
Light treatment 1 0.91 491 0.07 0.0002
Fish introduction 1 0.83 4.48 0.07 0.0001
Upwelling intensity 3 0.31 1.64 0.02 0.0560

Supplementary File 24. Correlation of the environmental parameters to the NMDS ordination. Envfit
results of the physicochemical parameters. R2 coefficient of determination; PAR:
photosynthetically active radiation.

Parameter NMDS1 NMDS2 R? p-value
Temperature -0.49 -0.13 0.26 0.001
Salinity 0.62 0.18 0.41 0.0001
Density 0.63 0.17 0.42 0.0001
pH -0.17 0.62 0.42 0.0001
Dissolved oxygen -0.45 0.44 0.40 0.0001
Chlorophyll a -0.77 0.18 0.62 0.0001
PAR -0.03 0.22 0.05 0.3265
Nitrate 0.07 -0.09 0.01 0.7704
Nitrite 0.02 -0.27 0.07 0.1862
Phosphate 0.22 -0.70 0.54 0.0001
Orthosilicic acid -0.64 -0.33 0.52 0.0001
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Supplementary File 25. Correlation of the relative abundance of the biotic traits to the NMDS
ordination. Envfit results of the physicochemical parameters. R?: coefficient of determination.

Parameter NMDS1 NMDS2 R? p-value
Extern -0.68 -0.13 0.48 0.0001

Intern -0.83 0.15 0.72 0.0001

No Ingestion 0.23 -0.15 0.07 0.1726
Osmotrophic 0.33 -0.70 0.60 0.0001
Saprotrophic 0.32 0.23 0.16 0.0227
Unknown Ingestion 0.09 0.64 0.42 0.0001
Commensalist 0.44 -0.06 0.20 0.0055
Mutualist Photosynthetic -0.12 0.49 0.25 0.0013
No Symbiosis -0.50 0.08 0.25 0.0015
Parasite 0.09 -0.38 0.15 0.0252
Unknown Symbiosis 0.46 -0.44 0.41 0.0001

Supplementary File 26. Calculated protistan and prokaryotic abundances as well as grazing effect and
prokaryotic turnover rate for each sample and replicate. Sample name consists of mesocosm, replicate
and the date (day, month) the sample was taken.

On the USB stick under the file name “Supplementary file 26.csv”.

Supplementary File 27. Dissertation in digital version.

On the USB stick under the file name “Dissertation_Katzenmeier.pdf”.
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Acronyms

ACE
ACME
ADCP
AIC
ANCOVA
ASV
AT
AVISO
BP

BC

BS
BSA

CanCS
CB

CCC

CE

Chl
CMEMS
CO2
CTD
CuSCoO
CVOO

DCM
DF
dNTP
DO
DOM
ddH>O

anticyclonic eddy

anticyclonic mode water eddy

Acoustic Doppler Current Profiler

Akaike’s information criterion

analysis of covariance

amplicon sequence variants

adenine - thymine

Archiving, Validation and Interpretation of Satellite Oceanographic
band pass

Bray-Curtis

beam splitter

bovine serum albumin

carbon

Canary Current System

Cap Blanc

concordance correlation coefficient

cyclonic eddy

chlorophyll

Copernicus Marine Environment Monitoring Service
carbon dioxid

conductivity, temperature, density

Coastal Upwelling System in a Changing Ocean
Cape Verde Ocean Observatory

Simpson Index

deep-chlorophyll maximum

degrees of freedom

deoxynucleoside triphosphate

dissolved oxygen

dissolved organic matter

double-distilled water
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DSPD
DW
EBUS
eDNA
ES
EVA
FLB
FT
GC

HCS
HL
HQ
HTS
KS
KW

LCA
LL
LP
MAIP
MS

NA
NaCl
NMDS
NO7
NOs
0))
oMZ
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deep-sea pelagic diplonemids

deep water

Eastern Boundary Upwelling Systems
environmental desoxyribonucleic acid
ecological strategies

ethylene-vinyl acetate

fluorescently labeled bacteria
thin-film filter

guanin-cytosin

oceanic high

Shannon Index

Humboldt Current System

high light

high quality

high throughput sequencing
Kolmogorov-Smirnov

Kruskal Wallis

continental thermal low

last common ancestor

low light

long pass

Marine Ichthyosporea

fluorescent polycarbonate microspheres
nitrogen

not applicable

sodium chloride

non-metric multidimensional scaling
nitrite

nitrate

oxygen

oxygen minimum zone
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PAR

PCA

PCR
PERMONVA
POg4

POM

RCP
REEBUS

RPTU
rRNA
SeaWiFS
SI(OH)4
SS

SSI

SSU

uv

VIF

photosynthetically active radiation

principal component analysis

polymerase chain reaction

Permutational multivariate analysis of variance
phosphate

particulate organic matter

Representative Concentration Pathways

Role of Eddies in the Carbon Pump of Eastern Boundary Upwelling Systems
— Demonstration Case Canary Current System

Rheinland-Pfalzischen Technischen Universitat Kaiserslautern-Landau
ribosomal ribonucleic acid

Sea-Wide Field-of-view Sensor

orthosilisic acid

sum of squares

simple structure index

small subunit

ultraviolet

variation inflation factor

Spearman correlation coefficient
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Chemicals

e Calcium chloride dihydrate, Carl-Roth GmbH, Karlsruhe, Germany

e DAPI (4 ,6-diamidino-2-phenylindole), Sigma-Aldrich Chemie GmbH, Steinheim,
Germany

o Dinatriumtetraborat-Decahydrat, Carl-Roth GmbH, Karlsruhe, Germany

e Dipotassium hydrogen phosphate trihydrate, Carl-Roth GmbH, Karlsruhe, Germany

e Ethanol absolute >99.9%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany

e Fluoresbrite® YG Microspheres 0.5 um, Polyscience, Hirschberg an der Bergstralie,
Germany

e Formaldehyde (37%), Sigma-Aldrich Chemie GmbH, Steinheim, Germany

e Lugol solution, Carl-Roth GmbH, Karlsruhe, Germany

e Magnesium sulfate heptahydrate, Carl-Roth GmbH, Karlsruhe, Germany

e Potassium chloride, Carl-Roth GmbH, Karlsruhe, Germany

e Vectashield antifade mounting media, Biozol, Eching, Germany

e LifeGuard Soil Preservation Solution, MoBio, Laboratories Inc., QIAGEN Company,

Dusseldorf, Germany
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