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Summary

The base of the marine ecosystem is built by planktonic organisms. Under climate chareyed
anthropogenic pressures changeswithin the plankton community including the increase of harmful
algal bloom forming species,and spatiotemporal shifts have taken place Over the last decades,
blooms of the heterotrophic dinoflagellate Noctiluca scintillans have occurred more frequently and
intensively in many regions. This harmful algal bloom forming species can alter food webs, reduce
ecosystemproductivity, and lead to economic losses while causing lower aquacultural yieldsnd
affecting tourism. Despite these recent trends and thaignificant ecological impact ofN. scintillans
many knowledge gapsaddressed in this thesisremain, including: (i) challenges in determining its
spatiotemporal trends; (ii) limited knowledge about drivers triggering and ending blooms and (iii)
scarce information about feeding, reproduction, and interactioin situ.

With an extensive literature review (1857z2023), | described the potential global expansion of N.
scintillansas well as the associated environmental factors. The analysis suggebsthat N. scintillans
increased over time in severalcoastal regions and particularly inAustralia, Chira, and Europe
including the North Sea Eutrophication, oceanwarming, and deoxygenation were proposed as
possiblekey-drivers of these intensifications.

To validate these findings,| analysedtwo long-term, high-resolution time series. Therefore, data
from the Helgoland Roads time series an@€ontinuous Plankton Recorder survey were analysetb
identify drivers and spatiotemporal hotspots ofN. scintillansin the rapidly warming North Sea.New
knowledge about N. scintillan$ bloom dynamics was obtained through the identification of
environmental drivers of the different bloom phases. gnificant correlations were found between
bloom initiation , nutrients and light availability since these factors lead to increased prey availability.
Highest abundances oN. scintillanswere associated withreduced wind speed causing dense surface
accumulations.Elevated ®lar radiation was identified as a main driver for postbloom conditions as
it deteriorates the cells and lead to the decreaseof N. scintillans The analysis further revealed that
after the 1990s, N. scintillansabundances significantly increased, and that a prolongation of the
bloom window took place off the island of Helgoland, Germany. In the southern North Seé¥,
scintillans occurrences intensified and spread since the 1980s with hotspots identified as the coastal
waters adjacent to the estuaries of the Elbe and Rhine rivers.

After the identification of spatiotemporal hotspots ofN. scintillansin the North Seathrough the time
series analysis three sampling campaigns were carried ouin summer 2022 around Helgolandto
resolve an entire N. scintillansbloom. Traditional methods including nets and water samplers, as well
as imaging devicessuch asthe Continuous Plankton Imaging andClassification Sensorand the
FlowCam were deployed Unusually high ammonium and phosphate concentrationsvere measured
within dense N. scintillanssurface patches, suggesting thadhis organismacts & an essential nutrient

recycler. Images fromthe optical deviceswere analysed with applied machine learning techniques,
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and allowed to resolve phytoplankton community composition, prey types, and intraspecific
interactions. The frequently observed ingestion of diatomsby N. scintillansfollowed by an increase of
phosphate- and/or ammonium-affine dinoflagellates suggests a potentially important role of N.
scintillanswithin plankton communities.

This thesis provides valuable new insights into the bloom dynamics, ecological role, and
spatiotemporal distribution of N. scintillansin the North SeaThis was achieved with the combination
of various data sources including literature, longerm time series and sampled data. The thorough
literature review uncovered major knowledge gaps emerging from limitations in sampling
methodologies. To fill these gaps, the analysis of two time series recognized for their unique
resolution, quality, and duration was carried out. For the first time, two of the longest plankton time
series were analysed to obtain novel information about spatial and temporal distribution ofN.
scintillansin the North Sea.This highlights the importance of longterm time series in identifying
past, recent, and potential future trendsof N. scintillans bloom dynamicsin the North Sea and
possibly in rapidly changing ecosystemsat global level The delineation of spatiotemporal hotspots
enabled the targeted sampling of arN. scintillansbloom from initiation until decay. This unique
dataset provided valuable novel information about drivers involved in differentN. scintillansbloom
phases and about th@otential impact of N. scintillanson coastalphytoplankton communities.

Lastly, this thesis underscores the potential of innovative methodologies including underwater
imaging devices, which allow the visualization ofn situ behaviour of N. scintillansthroughout the
water column at unprecedented resolution, significantly advancing the current knowledge of this
organism. This new information together with the holistic methodological framework proposed
here,will undoubtedly improve the predictability of this organism on the rise in many coastal regions
worldwide. Given the significant economic and societal importance of coastal areas, this new
knowledge could help mitigate future economic losses associated b scintillans such as impacts on

aquaculture, disruptions in food chains reducing fisheries, or adverse effects on tourism.



Zusammenfassung

Plankton bildet die Grundlage des marinen Okosystems. Klimawandehd anthropogene Einfliisse
haben zu Veréanderungen innerhalb der Planktongemeinschafgefihrt, darunter die Zunahme von
schadlichen Algenarten sowie rdumliche und zeitlicheVerdnderungen In den letzten Jahrzehnten
sind Bliten desheterotrophen Dinoflagellaten Noctiluca scintillansin mehreren Regionen haufiger
und intensiver aufgetreten. Diese schadliche Wenat kann Nahrungsnetz verandern,
Okosystempoduktivitat verringern und zu wirtschaftlichen Verlusten fiihren, da sie Aquakulturund
Tourismus negativ beeinflussen kann Trotz dieser jingsten Entwicklung und der signifikanten
Okologischen Auswirkungen vonN. scintillansgibt es noch viele Wissensliicken,welche in dieser
Arbeit adressiert werden (i) Herausforderungen bei der Bestimmungder raumlich-zeitlichen
Entwicklung von N. scintillans (ii) begrenztes Wissen tberUmweltfaktoren, welche Bliten auslosen
und beenden und (iii) wenige Informationen Gber Erndhrung, Fortpflanzung und Interaktionin situ.
Mit einer umfassenden Literaturrecherche (von 1857 bis 2023), konnte ich die potenzielle globale
Ausbreitung vonN. scintillansund die damit verbundenen Umweltfaktorenbeschreiben Die Analyse
zeigte, dassN. scintillansAbundanzenim Laufe der Zeit in Kiistenregionen Australies, China und
Europas, anstiegen Eutrophierung, Erwarmung und Sauerstoffmangel wurden als mdgliche
Ursachenerkannt.
Um diese Ergebnisse zuwbestatigen habe ich Daten aus den zwei hochaufgeldste Zeitserien
Helgoland Roads und Continuous Plankton Recordesurvey analysiert, um Treiber und raum-
zeitliche Hotspots vonN. scintillansin einer sich schnellerwdrmenden Umgebung wie die Nordsee,
zu identifizieren. Neue Erkenntnisse Uber die Blutedynamik von N. scintilanswurden durch die
Identifizierung von Umweltfaktoren, welche die verschiedenen BlUteaphasenantreiben, gewonnen.
Sgnifikante Korrelationen wurden zwischen dem Blutestart und Nahrstoffen sowie der
Lichtintensitat festgestellt, da diese Faktorerdie Nahrungswerflugbarkeit erhéhen. Die hdchsteN.
scintillans Abundanz wurde mit reduzierter Windgeschwindigkeit assoziiert, was zu dichten
Oberflachenansammlungen filhte. Erhhte SonneneinstrahlungheschadigtN. scintillansZellenund
wurde daher als HauptursachedesBlutenendesidentifiziert . Die Analyse ergalzusétzlich, dassdie N.
scintillans Abundanzen vor Helgolandnach den 1990er Jahren deutliczugenommen hdenund dass
sich das Blutezeitfenster verlangert hat. In der sidlichen Nordsee hat sich da®N. scintillans
Vorkommen seit den 1980er Jahren intensiviert und ausgebreitetDie Kiistengewasser in der Nahe
der Miindungen von Elbe und Rheimvurden als Hotspotsidentifiziert.
Nach der Identifizierung der rdumlich-zeitlichen Hotspots vonN. scintillansin der Nordsee wurden
im Sommer 2022drei Kampagnen um Helgoland durchgefiihftum eine gesamteN. scintillansBlite
zu erfassen Dabei wurden sowohl traditionelle Methoden wie Netze und Wasserprobenmehmer als
auch optische Gerate wie der Continuous Plankton Imaging and Classification Sensond die
FlowCam eingesetzt. In dichtenN. scintillansOberflachenaassammlungen wurden ungewdéhnlich
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hohe Ammonium und Phosphatkonzentrationen gemessen, was darauf hindeutet, dals scintillans
als \ahrstoffrecyclerOfungiert. Die Bilder der optischen Gerate wurden mitMachine-Learning-
Techniken analysiert und ermdglichten einzigartige Einsichten in die Zusammensetzung der
Planktongemeinschaft, N. scintillan®Fressverhaltenund intraspezifische Interaktionen. Die haufig
beobachtete Aufnahme vonDiatomeen durch N. scintillans gefolgt von einer Blite Phosphat
und/oder Ammoniumaffiner Dinoflagellaten, deutet auf eine potenziell wichtige Rollevon N.
scintillansinnerhalb der Planktongemeinschatft hin.

Diese Arbeit liefert wertvolle neue Erkenntnisse Uber die Blutendynamikdgie 6kologische Rolle und
die raumlich-zeitliche Verteilung von N. scintillans in der Nordsee. Dies wurde durch die
Kombination verschiedener Datenquellererreicht, darunter Literatur, Zeitreihen und Probendaten.
Die Literaturrecherche decktebedeutende Wissensliickerauf, die sich aus den Einschrankungedter
unterschiedlichen Beprobungsmethodenergeben. Um diese Licken zu schlieRen, wurden zwei
Zeitreihen analysiert, die sich durch ihre einzigartige Auflosung, Qualitat und Dauer auszeichnen.
Zum ersten Mal wurden zwei der langsten PlanktoiZeitreihen analysiert, um neue Informationen
Uber die raumliche und zeitliche Verteilung vonN. scintillansin der Nordsee zu erhalten. Dies
unterstreicht die Bedeutung langfristiger Zeitreihen fur die Identifizierung vergangener, aktueller
und potenzieller zukinftiger Trends der N. scintillansBlitendynamik in der Nordsee und
moglicherweise in sich schnell verandernden Okosystemen auf globaler Ebene. Die Abgrenzung von
raum-zeitlichen Hotspots ermdglichte die gezielte Beprobung einemN. scintillansBlite vom
Blutenstart bis zum Absterben der Zellen Dieser einzigartige Datensatz lieferte wertvolle neue
Informationen Uber die Faktoren, die an den verschiedeneN. scintillansBlitenphasenbeteiligt sind,
und Uber die potenziellen Auswirkungen vonN. scintillansauf die Phytoplanktongemeinschaftenin
Kistengewassern Schlie3lich unterstreicht diese Arbeit das Potenzial innovativer Methoden,
einschlieBlich Unterwassekameras die die Visualisierung desn situ-Verhaltens vonN. scintillansin
der gesamten Wassersaule mit einer noch nie dagewesenen Auflésung ermdglichten, wodurch das
derzeitige Wissen uber diesen Organismus erheblich erweitert wurde. Diese neuen Informationen
werden zweifellos die Vorhersagbarkeit dieses Organismus verbessern, der in vielen Klistenregionen
weltweit zunimmt. In Anbetracht der groRen wirtschaftlichen und gesellschaftlichen Bedeutung von
Kistengebieten kénnten diese neuen Erkenntnisse dazu beitragen, kiinftige wirtschaftliche Verluste
im Zusammenhang mit N. scintillans zu mindern, z. B. Auswirkungen auf die Aquakultur,
Unterbrechungen der Nahrungsketten, die die Fischerei einschranken, oder nachteilige

Auswirkungen auf den Tourismus.
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Figure 4.7:  Seasonal predictions oN. scintillansabundance (cellstt) by the bestfitted GAM
for the Continuous Plankton Recorder surveyn the North Sea (19852017)8 8 8 8 8 8 8 8..808

Figure 4.8:  Temporal variation in abundances oN. scintillansand diatoms.(A.) corresponds
to abundances measured in station B.) in station 2, and(C.) to abundances measured within
dense N. scintillanssurface slicks at stations 1 and 3Error bars represent the standard error
fromthemearB 8 8 8888888888888888888888888888888RBR8888

Figure 4.9:  Contour plots representing the vertical distribution and major axis length of the
two main taxa observed during the sampling campaigns in summer 2022 with th€PICS.
Highest occurrences are indicated by the darkestshae8 8 8 8 8 8 8 8888888888888 8 x

Figure 4.10: Temporal variation in daily mean abundances of the main phytoplankton taxa
recorded with the FlowCam.(A.) corresponds to abundances measured in station 1, an@.) in
station 2. Error bar srepresent the standard errorfrom the mean.8 88 8 8 8 8 8 8 8 8 8 874 8 8

Figure 4.11: Principal coordinates analysis (PCoA) of environmental parameters and main
phytoplankton taxa identified during cruises #2 and #3 in thestudy area with the FlowCam. The

axes labels indicate the percentage of variability explained by each axis. Samples (dots) and
variables (lines) are plotted against the firsttwoaxe8 8 8 8 8 88888888888 88® 8 88 8 x
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Figure 4.12: Temporal variation of the pigment composition of the water samples collecteth
June and August 20221 the study area * indicates samples collected within dens#l. scintillans
surface occurrence8 8 8 8888 88888888888888888888888888888888

Figure 4.13: Daily means of the environmental conditionsat surfaceincluding (A.) SST and
(B.) SSS duringcruises #1-#3. The boxes extend from the 25th to the 75th percentile where the
solid line indicates the median. Observations are indicated by ddis8 8 8 8 8 8 8 8 8 8 8 8718 8 8 8 8 X

Figure 4.14: Temporal variation in abundances ofN. scintillansingesting diatoms versus

diatoms in the water column Error bars represent the standard error from the mea® 8 8 8 .88

Figure 4.15: Principal coordinates analysis (PCoA) otnvironmental parameters and main
phytoplankton taxa identified during cruises #1, #2, and #3 in the study area with the CPICS.

The axes labels indicate the percentage of variability explained by each axis. Samples (dots) and
variables (lines) are plotted against the firsttwoaxe8 8 8 8 8 8 8888 8888888888888y

Figure 4.16: Effect plots of the besffitted GAM for cruises(A.) #1, (B.) #2, and(C.) #3. Dashed

lines represent two standard errors above and below the estimate of the smooth curve
represented by the solid line. Yaxes are on the scale of the predictor variable, i.Bl. scintillans

abundance (cellst)8 8 8 8 888888888888888888888888888888888888

Figure 4.17: Temporal variation of Si and N@concentrations during cruises #1- #3 at the
different stations (1-3) in the study area. * indicates samples collected within deng. scintillans
surface occurrence8 8 8 8888 88888888888888888888888888888888

Figure 4.18: Temporal variation of PQ and NH; concentrations during cruises #1- #3 at the
different stations (1-3) in the study area. * indicates samples collected within deng¢. scintillans
surface occurrence8 8 8 8888 88888888888888888888888888888888.

Figure 5.1:  Yearly variations of mean seasonal abundance Nt scintillansat Helgoland Roads
for the period 1962-2020.88 8 8 8 888 8888888888888888888888888888

Figure 5.2:  Monthly means for all variables included in the GAMs for the Helgoland Roads

time seriesrepresented as boxplots for the period 1962020. The boxes extend from the 25th

to the 75th percentile where the solid line indicates the median. Observations are indicated by
dots.88888888888888888888888888888888888888818888888

Figure 5.3:  Schematic representation of the environmental preferences oN. scintillans
during different bloom phases (including prebloom, bloom, and postbloom). Suitable pre
bloom conditions for the growth of N. scintillansinclude high DIN and light availability, leading

to phytoplankton growth and, thus, to high prey availability forN. scintillans.The bloom phase
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with peak abundances occurs in Junduly, once calm conditions (including low wind speed and
stratification) prevail, leading to nutrient depleted surface waters, thus, low prey availability.

With no prey encounter, N. scintillanscells accumulate at the surface. Postloom conditions

correspond to high solar radiation, damaging the cells accumulated at the surface, hence,

inducing the bloom collapse88 8 8 8 8 8 8888 88888888888888888888888838

Figure 5.4:  Schematic summary of the potential role ofN. scintillanswithin the coastal
phytoplankton community of the southern North Se8 8 8 8 8 8888888888 888888888 w

Figure 5.5: Number of field-based studies focusing orN. scintillansand use of methods for
data collection between 1857 and 2023. Traditional methods include sampling performed with

various types of zooplankton and phytoplankton nets, bottles, and buckéds8 8 8 8 8 8 8.8

Figure 5.6:  Overview of the information type obtained with the main sampling techniques
applied in N. scintillansfocused researcls 8 8 8 8 88 88888 8888888888.8@888888

Figure 5.7:  N. scintillans blooms at different scales.(A. and B.) Pictures taken from the

research vessel Ludwig Prandtl in June 2022, Helgoland, Germany; g) detail of a satellite

image of anD500 km long N. scintillansbloom along the Danish North Sea coast acquired by
Sentinel2MSIon29June 2022 8 8 8 8 8 8888888888888888888888888888E¢E

Figure 5.8:  N. scintillans (A.zD.) feeding, and (E. and F.) asexually and (G.) sexually
reproducing. Recorded with aCPICSn June 2022, Helgoland, Germany. The images represent:
(A.) agglomerated N. scintillanscells feeding on marine snow(B.) A single cell ingesting a
diatom chain and marine snow.(C.) The phagotrophic ingestion of a diatom chain(D.) The
ingestion of N. scintillansby a Ctenophore.(E.) A single N. scintillanscell undergoing binary
fission with cytoplasmic mass forming at the centre(F.) The final stage of binary fission with the
trophont dividing into two identical daughter cells. (G.) The final stage of the gametogenesis

with progametes aggregating on one side of the parentcel8 8 8 8 8 8 8 8 8 8 8 8 8 81838

Figure 6.1:  Sketch of aN. scintillansbloom and environmental conditions in a coastal area of
the northern hemisphere, and timeline of the proposed sampling scheme for field campaigns
aiming to resolve N. scintillansbloom dynamics and associated impacts carried out over one

year. Details regarding the sampling strategies are provided in Tab&18 8 8 8 8 8 8 8 814.®
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1. General introduction

1.1. The importance of plankton in the marine environment

Accounting for approximatively 50% of the global primary production and building the base of
the aquatic food webs(Fig. 1.1) phytoplankton plays a fundamental role inboth marine and
freshwater ecosystems (Field et al, 1998). These drifting, plant-like organisms encompass
several thousands ofpeciesin the marine environment and exhibit a great diversity of sizes and
shapes(Sournia, 1995; Righettiet al, 2019; Dutkiewiczet al, 2020). By harnessingnutrients and
sunlight, phytoplankton performs photosynthesis and is thereforea major contributor to the
oxygen on Earth accounting for nearly half of the oxygen in tie biosphere (Field et al, 1998).
Additionally, phytoplankton plays a pivotal role in major biogeochemical cyclesincluding
nitrogen, phosphate, andcarbon cycles(Arrigo, 2005). Therefore, phytoplankton importantly
contributesO1T OEA 1 A Adqledt@tiofaAddldxi ekportvia the biological carbon pump
(Reid et al, 2009; Siegekt al,, 2014).

The organic material produced by phytoplankton is consumed by zooplankton, serving as a
crucial food sourcefor higher trophic levels and influencing the occurrence and abundance of
commercially important species, therebyaffecting fishery yields (Chassotet al,, 2010). Copepods
are often highlighted as main link between primary producers and higher trophic levels of the
food webs (Turner, 2014). Nevertheless, several studiealso identified microzooplankton like
protists, ciliates and heterotrophic dinoflagellates asimportant grazers of phytoplankton,
attributing their significance to their rapid and dense proliferations as well as their diverse
feeding strategies(Lessard, 1991; Strom, 2001; Landry and Calbet, 2004)

19



¢ <=
VA < @G
Phytoplankton ‘,(Q / il l/ﬂ c em
Y R

Q
AL E 507 T ¢
St / Zooplankton
Bacteria & =
microbes . L. k

J, Carbon '
v burial |

Figure 1.1: Infographic summarizing the fundamental role of phytoplankton within marine ecosystems
and specifically within the food webs and carbon export.

Planktonic organisms react rapidly to changes in regional or global environmental conditions
and act as ecosystem health indicators Therefore, the gathering of knowledge about the
assemblage composition, distribution patterns, and phenology of plankton as well as the
identification of main environmental drivers, are fundamentally important. In fact, plankton
biomass and diversity are consideredEssential Ocean &tiables (EOVs)and Essential Climate
Variables (ECVs)by the Global Ocean Observing Systeand the Global Climate Observing
System, respectivelyMiloslavich, Bax.et al, 2018; Baxet al,, 2019).

Understanding the changes in phytoplankton biodiversity and spatiotemporal distribution is of
outmost importance, particularly in the context of climate changeChanges in wind forcing and
precipitation events, together with the global increase ofwater temperature influencing
stratification as well as the metabolism of planktor{Lewandowskaet al, 2014), were linked to
shifts in phytoplankton bloom dynamics This includes major alterations of the plankton
community, migration of species and shifts in bloom sizénitiation and duration (Arrigo et al,
2008; Moore et al, 2008; Hallegraeff, 2010; Gonzalez Taboada and Anadoén, 2014; Friedlad
al., 2018; Ardyna and Arrigo, 2020) The increase of anthropogenic activities in the coastal areas
such as industrialization and intensification of agriculture caused higher nutrientoadings over

time, andalso contributed to major alterations of phytoplankton productivity and community
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composition (Anderson et al, 2002; Davidsonet al, 2014; Van Meerssche and Pinckney, 2019)

1.2. Harmful algal bloom forming species

As some harmful algal bloom forming species (HABs) benefit from land runoff, the

anthropogenic nutrient enrichment in coastal waters, and particularly of nitrogen and
phosphate was proposed as main factor leading to theegional increase in frequency and
spatiotemporal extent of HABs (Hodgkiss and Ho, 1997; Imakt al, 2006; Heisleret al, 2008).

Nevertheless, other factors such as temperature, stratification, light, ocean acidificatioand

grazing, werealso identified as important drivers of HABs(Wells et al,, 2015). The alterations of

these factorsunder climate change andparticularly increased water stratification, decreased

light availability, andexpectedtemperature rise, may significantly influence the fate of HABs in
the coming decadegFragaet al,, 1989; Andersonet al,, 2005; Lewituset al, 2012; Hanssoret al,

2013). Especially their geographical occurrenceand their bloom window length have been
predicted to change(Wells et al, 2015).

Harmful algal bloomshave increased in many regionsver the past decadegHallegraeff, 1995;
Berdalet et al, 2016; Gobleret al, 2017). This trendrises concernas HABs carcausemucilage
formation (Smayda, 2006) disease and parasitism in animals including commerciapecies
(Anderson et al, 2019), and can cause significant oxygen depletidiBlack, 2001), thusleading to

economic lossesn tourism and fisheries aquaculture. Harmful algae can furthermoredirectly

impact human health while producing a variety of potent biotoxingAnderson et al, 2002). The

monitoring of HABs and the identification of environmental conditions initiating HABsneed to
be enhanced to increase predictive capabilitiesind to better seize the potential future impact of
HABs In that aspect, longerm time series recording plankton abundance combined with
hydrological and meteorological conditions,are exceptionally valuable. In combination with
species distribution models (SDM), predictions in time and space can be obtain@dradjo and

Rahbek, 2006; Elith and Leathwick, 2009knd the role of environmental variablesfor the

distribution and abundance of different plankton species can be assessé®arton et al, 2016;

Jenseret al, 2017; MatusHernandezet al, 2019).

1.3. Sampling strategies applied for plankton research

Over the past centuries agreat variety of sampling methodologies has beemsed to resolve

plankton diversity, function, geographical distribution, and how these are linked tovarious
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environmental factors (Wiebe and Benfield, 2003) This includes methods such asets, bottle
samplers, sediment trapsand more recently remote sensing and underwater imaging devices.
Nevertheless, sampling plankton is challengingdrirst, due tothe vast range of scales at which the
information about the distribution of these organisms is obtained, ranging from a few
centimetres to thousands of meters Scond, the immenseadiversity and size spectrum at which
they occur (Fig. 1.2) Additionally, the temporal scale at which plankton develops, behaves, and
blooms is also highly variable.This calls for methodologies that allow to resolve plankton

dynamicsat a great variety ofspatiotemporal scales.

20 — 200 cm j@ Megaplankton

2-20cm ’/L%J Macroplankton

0.2-2cm - @ \ Mesoplankton

20 - 200 ym “ﬁ N Microplankton

220 um v @ \ — Nanoplankton

&
0.2-2pum I\ » Picoplankton

. — &
0.002-0.2 ym Femtoplankton

Figure 1.2: Infographic illustrating the variety of plankton size classes (adapted fronColombetet al.,
2020).

In 1828, plankton research started with the deployment of nets allowing the physical collection
of samples(Fraser, 1968). Rapidly, a great variety of plankton nets and water samplers emerged
(Fig. 1.3)and provided fundamental knowledge about plankton.These simple and unexpensive
methods allowed the estimations of plankton abundances and community composition and are,
until today, the most frequently used methods to sample planktonPlankton nets of various
mesh sizes (from < 50 um to > 200 um) can be towed eitheertically, horizontally, or obliquely
through the water column, whereasbuckets and bottlescan be usedor water sampling at the
surface and at different depths Traditional sampling methods allow the collection of plankton

samples at high taxonomic resolutionproviding information about life stages, diversity, and
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abundance Nevertheless, these methodare spatiotemporally limited, sincethe sample taken in
awater parcel isconsidered to berepresentative of the area around the stationThis can lead to
wrong estimates of abundance and hinder the resolution ofine-scale distribution patterns of
plankton (Wiebe and Benfield, 2003) Indeed, nany oceanic planktonic forms aggregate at
various depths causingpotential underestimations at distinct depths(Hardy, 1955). Limitations
also exist when samples of fragile gelatinous or colonforming organisms are collected by nets
as they can easily be destroyefOmori and Hamner, 1982; Albaina and Irigoien, 20075ampling
with bottles preserves the structure of delicate organisms and allows insights into the plankton
community composition at higher vertical resolution (Uhlig and Sahling, 1995; DekLruz et al,
2008). Nevertheless, sce traditional sampling methods require timeconsuming and expensive
microscopic analysis, over the past decades, novel techniques such as underwater cameras
benchtop imaging devices have been developed to overcome many of these limitations
including the reduced temporal, vertical and horizontal resolution, the preservation of

organisms, and the timeconsuming analysis.

v v
Apstein WP2 Nansen

net D net closing net

Bongo net

D —D_ Multinet

Ruttner Integrating Niskin
water sampler bottle

Figure 1.3: Example of several traditional plankton sampling methods including nets and water samplers.
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While optical methods are generally considered aecent innovation in plankton research, the
first attempts at optical plankton quantification date back tothe 1950s (Wiebe and Benfield,
2003). Initially used in combination with plankton nets(Ortner et al, 1981), optical methods
have seenrapid development, particularly since the 1990s(Foote, 2000). Nowadays a variety of
camera systemtypes are available(Fig. 1.4) Benchtop imaging devices such ashe ZooScan
(Grosjeanet al, 2004), the FlowCam (Sieracki et al,, 1998) or the PlanktoScope(Pollina et al,
2022) digitalize plankton samples which significantly reduces sample processing time through
the utilization of specialized software with trained classifiers.In situ camera systemsoffer
additional benefits by resolving vertical patterns and visualizing behaviour such as feeding,
reproduction, and interaction of plankton in their natural environment thanks to norintrusive
and nondisruptive data collection. Moreover, data are of high spatiotemporal resolutionin
combination with machine learning approachesand artificial intelligence (Al) these devices can
deliver near real-time information about diversity, abundance, size, and distribution of
planktonic organisms, while significantly reducing cost and need of taxonomic exper{®8enfield
et al, 2007).

For example, the Video Plankton Recorder (VPR)(Davis et al, 1992) or the In Situ
Ichthyoplankton Imaging System (ISIISYCowen and Guigand, 2008¢an be towed through the
water column to resolve mesoplankton diversity and abundance on scales ranging from
millimetres to kilometres. Cther in situ monitoring devices such as the Underwater Vision
Profiler (UVP) (Picheral et al, 2022), the Imaging Flow Cytobot (IFCBjOlson and Sosik, 2007)
or the Continuous Particle Imaging Classification system (CPIC8}pallager, 2016) can be
installed at autonomous cabled platforms, thereby providing continuous data of plankton
throughout the water column (Fischer et al, 2020). However, while underwater cameras offer
numerous advantagesmany devices are stillcostly. Moreover, taxonomic resolution is limited,
as organisms can rarely be identified until species leveNevertheless, this type of data can
resolve plankton dynamics at unprecedent scale and facilitate the scalability of plankton
observations from local to regional levels (Miloslavich, Pearlman,et al, 2018). Therefore, an
increased application of optical devices in the field of plankton research promises operational
efficiency and potential global consistency and might therefore facilitate the development of
standardized outputs in the future(Lombard et al,, 2019).
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Figure 1.4: Example of several optical and imaging methods for plankton includinigp situ cameras such as
the Continuous Particle Imaging Classification system (CPIC&e Video Plankton Recorder (VPR), thie
Situlchthyoplankton Imaging System (ISIIS)the Imaging Flow Cytobot (IFCBand the Underwater Vision
Profiler (UVP), as well avench-top imaging systems such as the FlowCam and the ZooScan. Target ranges
are indicated in italic. The light source is indicated by the yellow lines. The camera is represented by the
black shape facing the light source.

1.4. Rationale

Harmful algal blooms are intensifying, spreading, and occurring more frequently in many
regions around the world and potentially at global level(Gobler et al, 2017; Gobler, 2020)
These recent changes have been linked to environmental alterations such as climate change
induced temperature increases or rising nutrient inputs from anthropogenic sourcegimai et al,
2006; Wells et al, 2015). Harmful species often benefit from competitive advantages including
fast proliferation, diverse feeding strategies, and tolerance towards rapidly changing
environmental conditions, leading to plankton communities being increasingly dominated by
HABs (Wells et al, 2020). Among these species, the heterotrophic dinoflagellat®&octiluca
scintillans was identified as one of the most common HAB forming organisrat global level
(Wang et al, 2023). The blooms ofN. scintillansare regularly occurring in coastal waters of

Australia, Europe, Asia, Africa, and Amerid&larrison et al, 2011). In several of these regiong\.
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scintillans blooms have recently occurred more frequently, intensiely, and over wider areas
(Hallegraeffet al,, 2019; Qiet al, 2019; Ollevieret al, 2021).

These recent trendsare concerning as intense blooms of this dinoflagellate have been associated
with various negative effects on coastal ecosystesrincluding modified water quality, altered
phytoplankton communities, and impaced zooplankton populations, with repercussions on
higher trophic levels up to fish. Noctiluca scintillansis equipped with an array of competitive
strategies ranging from various effective reproductive strategieg¢Sathish et al, 2021) to non-
selective phagotrophic feedingKigrboe and Titelman, 1998) This can lead to the outcompeting
and replacement of lesscompetitive species, and to plankton communities dominated bw.
scintillans (Oguz and Velikova, 2010; Xiangt al, 2019). Furthermore, the decay of denseN.
scintillansblooms can alter water quality through the release of ammonium and phosphatéra

et al, 2013; Zhanget al, 2021), as well as the decrease of oxygd@evenboomet al, 1991),
further influencing plankton community composition. Lastly,N. scintillanshas a low nutritional
value (Okaichi and Nishio, 1976; Kigrboe and Titelman, 1998nd is, therefore, rarely preyed
Obpi 18 4EEO EAO 1 AA O OEA AATTIETAOEIT 1 4& OEEO

A E O O O(bHlg a@dbSahling, 1990; Daret al., 2006).

Understanding the factorsthat have caused the recent increase dfl. scintillansis crucial to
predict the further development of these blooms at global leveHowever, samplingN. scintillans
with traditional methods is challenging asthese techniques cannot resolve the smaficale
vertical and horizontal distribution patterns of plankton (Picheral et al, 2022). This isespecially
problematic for a gelatinous organism likeN. scintilansOEAO A AT  AixAIA @n@iEAAAET ¢
and Hamner, 1982)and vertically migrate through the water column while accumulating at the
surface in thin patches of only a few meters widtl{Astorecaet al, 2005). Moreover, due to the
rapidity of the proliferations and the sampling often occurring too late (e.g. once visible blooms
appear at surface), the drivers leading to the different bloom phases bf. scintillansare still not
fully understood, which represents a significant limitation for predicting the occurrences of this
harmful organism. To improve the understanding about thebloom dynamics, reproduction,
feeding, interactions, and ultimately the impact of this dinoflagellate, aampling approach

including in situimaging devices that allow to visualize and quantify these processes is needed.

The North Sea is a particularlicompelling study areato investigate, sincethe water temperature
in this coastal shelf sea has increased significantly faster than at global le&Viltshire et al,
2008). Since 1962, global ocean temperatures have risen by ~ 0.7°C in 57 years, while average
temperatures in the North Sea have increased by ~ 1.3°C over the same per{@inorim et al,

2023). Available climate projections imply that the region will be subject to a variety of climate
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change impacts in the future, including further warming, sea level rise, and altered precipitation.
River discharge of large rivers such as the Elbe or Rhine, and the nutrient loads they carry to the
coast, contribute to anthropogenic eutrophication, which is another factor that influences the
coastal ecosystems of the southern North Sea and is affected by climate chaf@eante and
Colijn, 2016; Voynoveet al, 2017). As important nutrient inputs enhance plankton growth(Grof3

et al, 2022), it can be expected that the plankton communities of the North Sea will exhibit
substantial alterations over the coming decades. These changes haheady led to major shifts

in plankton diversity and abundance(Hinder et al, 2012), and more precisely to the decrease of
mixotrophic and autotrophic dinoflagellatesin the North Sea(Di Paneet al, 2022). In contrast,
the heterotrophic N. scintillanshas recently followed an increasing trend immbundance inparts

of the North Sea(Ollevier et al, 2021). Since the North Sea is of high importance for
anthropogenic activities including fisheries, wind farms, oil platforms, shippingand tourism
(Quante and Colijn, 2016)there is a critical need to improve the understanding of past, present,
and future bloom dynamics of a potentially important organism such a§. scintillans.With
several unique datasets monitoring plankton diversity and abundance over several decades
including the Helgoland Roads time series (HRWiltshire and Manly, 2004) and the Continuous
Plankton Recorder survey (CPRJRichardson et al, 2006), longterm and recent trends ofN.

scintillansin the North Sea can be investigatedt appropriate scales

In consideration of current and projected climate change scenarios for the North Sea, it can be
expected that. 8 O A EHlobnk frequénicyOduration, and intensity may further increase in the
future. Given the significant impact ofN. scintillans on coastal ecosystems across multiple
trophic levels, a potential increase in abundance may considerably influence the composition of
local plankton communities in the North Sea and as a result, alter the associated food webs.
Better understanding. 8 O A EhloOrk& tyhafics) &nd itslong-term and recent changes, is
required to improve the predictive capacities for this species within the North Sea and

potentially in changing coastal ecosystems on a global scale.

1.5. General objectives

Improving the understanding of an organism such a8l. scintillans which affectsthe ecosystem
at various levels andthat is on the rise in many coastal regions around the glohés of great
importance. Therefore, the main objective of this thesis is to increase thmowledge regarding
the bloom dynamics and the ecological role dfl. scintillanswithin the plankton communities of

the North Sea a rapidly warming water body Specifically, this thesis aims to: (i) identify long
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term trends and spatiotemporal hotspots ofN. scintillansin the North Sea, (ii) to assess the
impact of aN. scintillansbloom on the coastal ecosystem of the North Sea, and finally (iii) to
propose a methodological framework providing novel insights into behaviour, spatiotemporal

distribution, and impact of N. scintillans.These different objectives are addressed in three main

sections outlined below.

1.6. Thesis structure

The structure of this thesis is visually represented in Fig. 3.

The first section of this thesis is based on the analysis of literature focusing dh scintillans
aiming to identify the main gaps in the knowledge regarding\N. scintillans, as well as the

spatiotemporal distribution and involved drivers of N. scintillansat global level.

The second part represents the analysisf two long-term time series (Helgoland Roads time
series and Continuous Plankton Recorder survey). The main objectives here were to identify
long-term trends of N. scintillans to determine environmental factors driving distinct bloom
phases ofN. scintillansand finally to delineate spatiotemporal hotspots of this organismin the
North Sea

In the third part of this thesis, data from three sampling campaigns carried out around
Helgoland were analysed. The spatiotemporal hotspots identified in the time series analysis
enabled the targeted sampling of an entire bloom dfl. scintillansfrom initiation until decay and
the collection of a unique dataset revealingn situ feeding behaviour, prey selection, and
interaction of N. scintillansat unprecedented resolution. These data provided new insights in
how N. scintillansshapes coastal ecosystems and more specifically phytoplankton community

composition and water quality.

Lastly, the results of the previous section highlighted the potential of combining traditional
sampling techniques and optical methods for improving the understanding of 8 OAET OEIl 1 A
ecological role. Nevertheless, as some limitationswere still experienced a holistic
methodological framework was proposed to overcome methodological limitations and to

ultimately close the remaining knowledge gaps.

28



/ Literature \

review

Knowledge gap (i)
Spatiotemporal
trends

| Glo;:;al |

A

[ Limitations

A A

y

[ Holistic sampling ]

framework

Figure 1.5: Flowchart representing the general structure of the thesis.
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2. Background of focus species Noctiluca scintillans
2.1. General description

Noctiluca scintillans (Macartney) is a large cosmopolitan dinoflagellate with a cell diameter
between 100 and 1000 pmyreaching up to 2000 pum (Elbréachter and Qi, 1998)(Fig. 2.1A, C).
#1171 171710 ETICOA OMGADIAEA a bioluminescent organism (Fig2.1B) using
this ability to visually repel potential predators (Buskey, 1995) At daylight,and particularly
during the final bloom stages, proliferationsof N. scintillansare visible as redsurface patches
(Fig. 2.1D). This discoloration is a result of the carotenoids contained irme cells ofN. scintillans
(Balch and Haxo, 1984; Astorecat al.,, 2005).

Various temperature ecotypes ofN. scintillansexist, allowing this organism to proliferate at
temperatures ranging from 0°C(Elbrachter and Qi, 1998)}to over 30°C(Qi et al,, 2004). Noctiluca
scintillans also tolerates wide ranges of salinitieqKang, 2010; Hallegraeffet al, 2019). This
tolerance explains the cosmopolitan occurrence oN. scintillansin fact, there is a consensus that
it is an important species of the global coastal ecosystems, being the most prominent +ide
forming species in ChinaHuang and Qi, 1997; Qet al, 2004; Songet al, 2020) and Australia
(Hallegraeff et al, 2019), and seasonally dominating the plankton community in the North Sea
(Astorecaet al, 2005), the Black Sea ! UOAT AT A odkth®©do@Erm Bay of Bigcdy
(Cabalet al.,, 2008).

Although N. scintillansis classified as dinoflagellate, severadf its characteristics challeng its

classification within phytoplankton. Consequently, N. scintillans is commonly listed as

component ofthe zooplankton community in literature. It is mainly its size, feedirg behaviour,

and reproductive strategiesthat complicate its definite classification. In fact, 8 OAElargeE1 1 AT O
diameter, its non-discriminate phagotrophic feeding, diploid vegetative cellsand the vast

amount of gametes produced during sexual reproductiofElbrachter and Qi, 1998; Fukuda and

Endoh, 2006)are atypical characteristics for dinoflagellates andence position N. scintillansat

the intersection between phytoplankton and zooplankton.

Two forms of N. scintillansexist, namely the mixotrophic green and the exclusively heterotrophic
red form. The green form harbours a photosynthetic symbiont (e.g?edinomonasoctilucae)
ensuring survival with or without external food supply. Its occurrence is restrictedto the
tropical waters around the Asian continent The red form occurs globally in all temperate,
subtropical and tropical waters (Harrison et al, 2011). Both forms spread and intensiied over
the past decades. A drastic increase of the green form was observed in the Arabian &@mes

et al, 2014), whereas blooms of the red form have intensified, expanded and increased in
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frequency and duration in many regions around the globéDela-Cruz et al,, 2003; McLeodet al,
2012; Hallegraeffet al,, 2019; Qiet al, 2019; Ollevieret al, 2021; Wanget al,, 2023). In the study
area of this thesis, the North Sea only the red form of N. scintillansis present Moreover, the
global dimension at which recently increasing trends of redN. scintillanstook place makesthis

form particularly noteworthy. Consequently, this thesis focusses exclusively on the red form of

N. scintillans.

600 pm ~ 50cm

Figure 2.1: Different aspects ofN. scintillans.(A.) Multiple N. scintillanscells under the microscope,(B.j
bioluminescence at night (C.) two N. scintillanscells feeding on marine snow, image recorded with a
CPICS, an¢D.) a N. scintillanssurface patch. A pictures were taken in June 2022n Helgoland Germany.

2.2. Geographicaldistribution of Noctiluca scintillans

Noctiluca scintillans blooms have increased over time in frequency and intensity in several
regions worldwide (Dela-Cruz et al, 2003; Hallegraeffet al, 2019; Qiet al, 2019; Ollevieret al,
2021; Wang et al, 2023). To describe its spatiotemporal distribution, global records ofN.
scintillans occurrences documented in the literature between 1857 and 2020vere compiled
(Appendix 1), as well as the environmental conditions associated with these occurrences

(Appendix 2). To reduce observational biases as much as possible, the focus was put on regions
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where extensive sampling of plankton has been carried out over several years or decades,

thereby enhancing the robustness of the conclusions.

Before 1900, only three reports observingN. scintillanswere found, namely in eastern Australia,
Russia, and Japan (Fig2.2A). From 1900 to 1950, N. scintillans occurrences recorded in
literature increased, with 29 records mostly observed in eastern China and southern India (Fig.
2.2B). Within the following 50 years, over 750 occurrences were documented globally, witN.
scintillans being witnessed along large parts of the Chinese, eastern Australian, noghstern,

and south-western American coasts, as well as in the Red Sea, the Arabian Sea and in all
European Seas except the Baltic Sea (FB2C). A strong increase in number of reportedN.
scintillans proliferations can be noticed especially between the 1970s and 1990s (Fig.2E).
Since 2000, over 400 occurrences were documented around the globe (Rg2D), particularly in

Asian countries, where 75% of the total observations were made (Fig.2E).

A. before 1900 B. 1900 - 1949
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Figure 2.2: (A.-D.) Geographical distribution of documented occurrences (dots) ofN. scintillans
mentioned in literature between 1857 and 2023 and(E) changesin documented occurrences ofN.
scintillansby decade by continent (see Appendit for more details).
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Many publications lack information regarding initiation and frequency of reported monitoring
programs, rendering statistical analysis unfeasibleand preventing definitive conclusions It is
therefore difficult to assess ifN. scintillansappeared in an area or if it was already present and
simply sampled for the first time. To reduce this observational bias and verify potential trends,

the focus was brought to areas where regular sampling has taken place.

In Australian waters, for example, reports covering 16 decades indicate a significant increase in
biomass and spatial expansion oN. scintillans(Davies et al, 2016). Since 1800, sampling was
carried out irregularly by several independent ships exploring Australia(Dakin and Colefax,
1940). After the establishment of the Australian museum in 1827 and the foundation of the
University of Sydney in 1850, samples wereccasionallybut regularly collected around Sydney.
Noctiluca scintillanswas first sampled in the Sydney Harbor in 186@Bennett, 1860). Between
1929 and 1938, samples were collected every 14 days at Port Jackson, Sydney, whére
scintillans was regularly recorded in samples, but at low abundancesfence N. scintillanswas
considered as a minor component of the local phytoplankton communityDakin and Colefax,
1940). Between 1950 and 1989, extensive sampling was carried out around Austrafla. Ajaniet
al., 2001; Davieset al, 2016). In this timeframe, N. scintillanswas detected in two more
locations, but it was still considered as a rare and ephemeral species until the late 1980s
(Hallegraeff et al, 2020). The first visible bloom occurred in 1982 in New South Wales
(Hallegraeff, 1995) Since 2008, first occurrences were also recorded in Northern and Western
Australia (Hallegraeff et al, 2008). Nowadays,N. scintillansis found at all IMOS National
Reference Stations(Hallegraeff et al, 2020), where monthly samples are collected around
Australia since 2009 (Davies, 2023) and it is considered to be the most prominent red tide

causing organism in many areagHallegraeffet al, 2019).

In Tasmania, samples are collected since 1944, with sampling frequencies varying from weekly
to quarterly collections (Thompson et al, 2008). Nevertheless, it was only in thed990s that N.
scintillans expanded southward and was observed for the first time in 1994 off Tasmania
(Hallegraeffet al, 2008), becoming a dominant species in the area since the 2000$hompson et

al., 2008). Moreover, the seasonal bloom window dN. scintillansblooms increaseal in duration.
For example, highest abundances in Tasmania were previously recorded in sumn{&hompson

et al, 2008), while lately, populations thriving in winter can be witnessed as wel{Hallegraeff et
al., 2019). Similarly, in southeastern Australia whereN. scintillansused to only bloom in the
spring, proliferations were detected during all seasons since the late 199(0®ela-Cruz et al,
2002).
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Along the Chinese coastd\. scintillanswas documented for the first time in 1933 in the East
China Sea(Fei, 1952). Defining how N. scintillans developed over the following 20 years is
challenging, since plankton studies in China started in the 1950s and were carried out on regular
basis only since the 1980¢4Songet al,, 2016). Ecological investigations around China related to
or focusing onN. scintillansbetween 1959 and 2019 varied from monthly to seasonal sampling
and revealed a gradual increase in density and frequency Nf scintillansoccurrences(Xiaodong

et al, 2023). Within this period, N. scintillansestablished itself as a major component of the
Pl ATEOIT AiTi1 61T EOUR AAOOCET C 1 OAO omb 1@anAll OAJ
2017). From 1981 to 1988 N. scintillanswas even responsible for 80% of the red tides reported
in the Yangtze estuary(Tian, 2017). Wanget al, 2023 showed that, between 1981 and 2020N.
scintillans blooms were observed to become more frequent during spring and summer, to

increase in duration and to spread northwards along the eastern Chinese coast.

In Hong Kong, plankton studies were initiated in the 1970s after frequent HABs affected the area
(Lee and Chen, 2001)Before 1970, plankton research around Hong Kong was uncommon, as the
only documented plankton monitoring in the area was carried out between 1954 and 1959 by
the University of Hong Kong and on yearly basis between 1968 and 1969 by Chiu and TGhiu
and Tse, 1978) Weekly sampling was carried out between 1969 and 1971 in Tolo Harbor, Hong
Kong (Fung and Trott, 1973) yet theN. scintillansbloom documented in 1971 was considered as
AT OOT1T AT 1 1 T(Nlortod énd TTWeltyman, 1971) In the 1980s, several monitoring
programs, such as the Red tide Reporting Network, documenting visible discolorations around
Hong Kong (Agriculture Fisheries and Conservation department, 2023)or the monitoring
program from the Environmental Protection Department collecting monthly samples around
Hong Kong(Environmental Protection Department, 2022)were established. Several cruises of
varying sampling frequencies were carried out over the last decades around Hong Kong
(Appendix 3), establishing N. scintillansas most common HAB species in the are@hang,
Harrison, et al,, 2017).

In Europe, the Adriatic Sea is another example wherhl. scintillans blooms intensified and
expanded geographically over time.Noctiluca scintillans was first sighted in the northern
Adriatic in 1902 (Steuer, 1903) Between 1972 and 2003, biweekly to monthly samples collected
in the Gulf of Trieste (483t M8 @ &t.¢h8 ppid % E INA seiAtila@shdcam® B AlGom
forming species in 1977(Fonda Umaniet al, 1983) and is regularly blooming in the area since.
Noctiluca scintillansseems to have spread throughout the Adriatic Sea, being detected for the

first time in the southern parts in 2009; " A O& &.(PHIQ). An intensification ofN. scintillans

blooms was also observed in recent years in the Belgian part of the North Sea where data,
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collected on a monthly basis between 2014 and 2018, showed that abundances nearly tripled

over a period of 5 yearqOllevier et al,, 2021).

The reviewed literature suggested thatN. scintillans underwent significant changes in several
coastal regions around the globe over the last decadddore specifically, aregional increase of
N. scintillanswas observed indicating a local rangeexpansion and potential intensification.This
suggests that this organism is becoming more important at regional leveSince ©iangesin
regional or global environmental conditiors importantly influence the distribution and
abundance of plankton, the recent trends ofN. scintillansare likely driven by climatic or
anthropogenicalterations. Indeed, many environmental factors have been described as potential
drivers of N. scintillansblooms (Table 2.1).

The northwards spread ofN. scintillansobserved along the eastern Chinese coast for example,
was linked to changes in the water temperaturg(Wang et al, 2023). Temperature is often
mentioned in literature as one of the main driversof N. scintillans with highest growth rates
measured for temperatures between 19 and 25°QJhlig et al,, 1995; Harrisonet al, 2011). As
dinoflagellates are generally associated with warmer conditions, climatenduced warming of
surface water temperatures could explain the local increase of dinoflagellate occurrences
(Baretta-Bekker et al, 2009) and can, thus, potentially fuel the increase of. scintillans For
instance, with the strengthening of the East Australian current increasing the transport of warm
core eddies southwardN. scintillanshas undergone a polewvard shift since 2010(McLeodet al,
2012), further expanding southward since 2013 Hallegraeff et al, 2020). Under climate change
conditions, temperatures have been predicted to increase even faster at high latitud@$CC,
2021). This suggests that the polevard shift of N. scintillans might have been driven by
increasing temperatures, providing favourable conditions for the development of this species.
Similarly, the bloom window elongation observed in several regions may be connected to
suitable environmental conditions for N. scintillanswhich are maintained over longer periods.
Nevertheless, adN. scintillansbenefits from numerous temperature ecotypesit is especially its
tolerance towards rapidly changing temperatures that is often mentioned as real competitive
advantage. In fact, wideranges of both temperature and salinity (Table2.1) have been
associated withN. scintillans(Huang and Qi, 1997; Hallegraefét al, 2019) suggesting that this

organism is able to thrive in various environments.

However, N. scintillansblooms cannot solely be driven by favourable temperatures since the
literature -based analysis indicates that warm conditions do not automatically lead to high cell

concentrations (Appendix 2). High abundances of. scintillans(> 100 000 cellsl!) were also
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recorded at temperatures around 10°QTurkoglu, 2013). This implies that other factors might
contribute to the described changes imN. scintillansbloom dynamics.
Table 2.1: Environmental conditions associated withN. scintillansoccurrences in literature; included are

drivers that are favourable for the development ofN. scintillansin laboratory-based studies and in the
field (see Appendix2 for more details).

o Continents
Main drivers America Asia Europe Oceania
SST (°C) 12-23 10.2-30.6 5-25 10-25
Salinity 23-35.4 17-40 10-38.8 20-36.5
pH - 6.87-8.42 8.2 -
Nutrient concentration - High High High
Calm/present MLD Yes Yes Yes Yes
Wind Low Low Low -
Light intensity Low/High High Moderate/High -
Precipitation High Low Low High
Prey availability High High High High

The geographical spread oN. scintillansblooms was associated to local nutrient enrichment of
the water masses in the Adriatic Sep " A Od&f &,2618) and along the southeastern Australian
coast (Hallegraeff et al, 2020), suggesting thatN. scintillansmight benefit from high nutrient
concentrations. This is supported by the geographical occurrence ™. scintillans generally
restricted to coasts, where this dinoflagellate is often associated with nutrieatich waters and
even acts as an indicator of eutrophication in many aregs$ AOE AT T Oh eta018). " AOE OC
For instance, the most widespreadN. scintillans blooms documented in the Adriatic Sea
correlated with the highest river discharge of phosphorus in the early 1980§~onda Umaniet al,
2004). Commonly, phosphorus is positively correlated with N. scintillans. Like other
dinoflagellates,N. scintillanshas a high DNAcontent with high phosphorus requirements(Rizzo,
2003). Accordingly, reducing phosphorus input has been effective in limitindN. scintillans
proliferations in several areas(Fonda Umaniet al, 2004; Oguz and Velikova, 2010)Nutrients,
however, cannot directly be assimilated by heterotrophidN. scintillansand play an important but

indirect role for the proliferation of this organism while increasing prey availability.

Prey availability is a significant driver for N.scintillans, and intense blooms can only develop
with abundant prey. Therefore, abundances generally peak in temperate seas from late spring
until summer, following the diatom spring bloom (Dela-Cruz et al, 2002; Kigrboe, 2003)
Altered environmental conditions have induced changes in plankton diversity such as in the

Atlantic Ocean and North Sea, where abundances of diatoms recentigreased (Hinder et al,
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2012). Since diatoms are the preferred prey type dfl. scintillans such changes could also have

contributed to the potential spread on this organism

Another factor which is influencing nutrient concentrations and thereby prey availability is
stratification. Some dinoflagellates includingN. scintillansare able tovertically migrate through
the water column and benefit from these conditiongFragaet al, 1989).In the Huon estuary in
Tasmania, increased stratification was previously identified as a possible factor initiating
dinoflagellate blooms (Thompson et al., 2008Particularly the phagotrophy of N. scintillansis a
real asset in warmstratified and nutrient-poor environments. Since stratification is increasing
around the globe and is predicted to follow this trend under future climate change scenarios
(Sallée et al, 2021), it can be inferred that this factor could haveurther contributed to the

expansion ofN. scintillans.

Being a heterotrophic organism, dense surface agglomerations ®&f. scintillans have been
associated with low oxygen concentrationgZevenboom et al, 1991; Hallegraeffet al, 2019).
Hypoxia is commonly associated withN. scintillansand specifically with the decay of high cell
densities, but it is unclear if it also contributes to the bloom formation of N. scintillans
Nevertheless, in some regions which have experienced a decrease in oxygen, the Black Sea, for
example (Reid et al, 2009), N. scintillans dominates the plankton community (Oguz and
Velikova, 2010) It can be speculated that, under low oxygen concentrations, which is normally
detrimental for other plankton species(Wong et al, 2023), more adapted organisms such aj.

scintillansmight thrive.

It was shown here thatN. scintilland OT 1 AOAT AA O OAPEAI U AEATCEI
temperatures, high nutrient concentrations and prey availability, as well as low oxygen levels,
can potentially provide favourable conditions for the spatiotemporal changes df. scintillans
identified above. Alterations in coastal phytoplankton community composition have further
contributed to these changes. Other factors such as ship ballast water might have accelerated the
spread of N. scintillans (Hallegraeff et al, 2020). It was postulated that with uncontrolled
nutrient input, and the foreseen climate change conditiond. scintillansmight potentially widen

its geographical spread in the next decades, which could have a strong impact on coastal
ecosystems at global level. This, however, still requires a deeper investigation into the factors,
which have led to the geographical expansion of this dinoflagellate. Since many of the reviewed
field-based studies olN. scintillanswere carried out once blooms were already visible, i.e. during
bloom peak or towards the end of a bloom, crucial information about bloom initiation and

associated drivers is still missingTo address these limitations, the analysis of the twiong-term
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time series, namely the Helgoland Roads time series and the Continuous Plankton Recorder

survey, was carried out. These results are discussed in the following sections.

2.3. Ecological importanceof Noctiluca scintillansin coastal ecosystems
2.3.1. Role in the food webs

Defining the role of N. scintillansin coastal ecosystems is complex, since this organism can
simultaneously influence food webs, nutrients, and water consistency, both positively and
negatively (Fig.2.3). This dinoflagellate can affect food webs at several trophic levels from
phytoplankton to zooplankton and even up to fish in various waysNoctiluca scintillanscan

outcompete organisms through fast development, effective feeding strategies and through the

ability to thrive and effectively reproduce in various environments.
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Figure 2.3: Overview of the influence ofN. scintillanson coastal ecosystems(1) rapidly proliferating
through (A.) asexual and(B.) sexual reproduction. (2) Outcompeting and/or grazing down plankton
populations and inhibiting their growth, leading to reduced food availability for zooplankton and fish(3)
Non-selective feeding occurring(A.) individually or (B.) agglomerated in feeding webs, intercepting prey
of various size classes(C) including harmful species.(4) Increasing water viscosity and reducing food
uptake of copepods, but increasing it for jellyfishes(5) indirectly fuelling jellification. Altering water
quality, while (6) depleting the oxygenin the water and (7) releasing ammonium, as well ag8)
maintaining high prey availability through phosphate and nitrogen release(9) Directly participating at
carbon export through bloom decay and indirectly through the fassinking faecal pellets of jellyfishes.
(10) Asphyxiating benthic organisms by gill clogging or sinking of dense bloomg&l1) Ingesting harmful
algae and transfer of toxins to higher trophic levels.See Appendix for more details.)

Noctiluca scintillans benefits from two distinct reproductive strategies (Fig.2.3, 1). It reproduces

asexually Fig.2.3A), through longitudinal binary fission (Uhlig and Sahling, 1990)and sexually
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(Fig. 2.3B) through formation of flagellate zoospores(Fukuda and Endoh, 2006) While the

asexual reproduction has been observed mainly during initial and exponential growth phases
(Sathishet al, 2021), sexual reproduction occurs mainly during bloom peak&ingmark, 1970).

&1 ACAT 1 AOGA UI 1T OPT OAO 1O OOxAOI AO AMiyajuthéetah OA EAU
2008) and can maintain binary fission when encountering stimulate vegetative cells, leading to
exponential growth in areas of high cell densityMiyaguchi et al, 2006). Moreover, zoospores

allow N. scintillansto bloom yearround once suitable environmental conditions are reached

(Miyaguchi et al, 2008). In conjunction with its fast growth and dense accumulations of cells

with various effective feeding strategiesN. scintillansis able to graze down or inhibit the growth

of entire plankton populations (Fig.2.3, 2)(S. Kitatsujiet al,, 2019).

Noctiluca scintillans-specific feeding has been shown to occur in numerous ways. An essential
component for feeding is buoyancyNoctiluca scintillans is positively buoyant through active

regulation of the ion composition of its cell saplUhlig and Sahling, 1985) with intracellular
accumulation of NH (Okaichi and Nishio, 1976; Montanget al, 1998), or with increased cell size

(Kigrboe and Titelman, 1998) While ascending, starved cells passively intercept prey. The food

vacuoles of ascending cells that did not intercept prey remain empty and prevent cells from

sinking again, leading to surface accumulation@Jhlig and Sahling, 1990) if not resuspended in

the water column by turbulent mixing. The feedindbehaviour varies from solitary cells secreting

viscous substancesKig. 2.3, 34) (Fukuda and Endoh, 20060 aggregate feeding, where several

AAT 1 O POl AGAA 1 OAOO OOOEiy. 23 BYFOMD Bnid BamBeEABHET ¢ x A
This latter has the advantage of increasing both the ascent rate and probability of interception

(Uhlig and Sahling, 1990) enabling N. scintillansto effectively clear the water from suspended

matter or organisms (Kigrboe and Titelman, 1998) Through phagotrophy,N. scintillansis able

Oi EHAAA 11 DPOAU T &£ OAOET OO OEUA Amhbe0dolth® AT CET C
optimal prey size has been previously defined as p m  {(Nakamura, 1998b) This might

explain its wide spectrum of prey, including phytoplankton(Prasad, 1958; Stauffeet al, 2017),

bacteria (Lucas, 1982; Dharaniet al,, 2004), faecalpellets, detritus (Kigrboe, 2003; Nikishinaet

al., 2011), fish egggdEnomoto, 1956; Changjianget al, 1997) and zooplankton (Dodgson, 1922;

Zhang, Harrisongt al,, 2017).
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Table 2.2: Prey of N. scintillansidentified in laboratory -based studies, where listed prey was fed td\l.
scintillans and ensured high growth rates and field-based studies, where the mentioned prey were found
inside dissectedN. scintillansfood vacuoles or directly observed with underwater cameras, d: diameter, I:

length (See Appendixs for detalils).

Prey Size range

Bacteria 0.5 pm(d); 1.25 pm (1)
Chlorophytes 0.2z 20 um ()
Coccolithophores 2275 um (d)

Copepod eggs

1507 300 pm (1)

2 Diatoms 207500 pm (d)

g Dinoflagellates 10z70 um (I)

g Marine Snow/Detritus > 2000 um (1)

- Prymnesiophytes 329 um (d)
Rapidophytes 10z 80 pm (d)
Zooplankton 700z 1800 pum (1)
Zooplankton larvae 1102z 300 pm (1)
Chaetognathes > 2000 um (1)
Coccolithophores 2275 um (d)
Copepod eggs 7027200 pum (d)
Copepods (adults, larvae) 700z 1800 um (1)
Crustacean eggs 160 um (d)

3 Diatoms 207500 pm (d)

- Dinoflagellates 10z 70 um (1)
Fish eggs 500z 1300 pum (d)
Marine Snow/Detritus > 2000 um (1)
Prymnesiophytes 329 um (d)
Zooplankton larvae 1102z 300 pm (1)

Among N. scintilland | AT U DOAU OUPAOh UT T PI ATEOTT AAI1

since it is affected both directly through consumption of eggéQuevedoet al, 1999; Daroet al,
2006) and larvae (Dodgson, 1922; Prasad, 1958; Yilmaet al, 2005) and indirectly through

competition for food (Fonda Umaniet al, 2004; Yilmazet al, 2005). Noctiluca scintillans has

been observed to ingest up to 60% of daily copepod egg production, ending the growth of

copepod populations (Daan, 1987) Furthermore, zooplankton andN. scintillansboth feed on

nano- and picoplankton (Fonda Umaniet al, 2004). This type of prey is effectively ingested by

denseN. scintillanspopulations; hence, prey availability for zooplankton significantly decreases.

Zooplankton is also regularly outcompeted byN. scintillans through its dense and rapidly

proliferating blooms (Buskey, 1995) On the other hand,N. scintillansis too big for most

mesozooplankton to be grazed(Gomes et al, 2014). Lastly, with the secretion of viscous

substances, denseN. scintillansblooms can locally increase water viscosityKig. 2.3, 4). This

affects mobile zooplankton such as copepods, impeding their movements and food uptake
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(Schaumannet al,, 1988), while enhancing jellyfish proliferations due to an increased probability

of prey encounter {ig.2.3, 5) (Fraser, 1969)

Noctiluca scintillansd most common prey type, phytoplankton is also impacted significantly

when N. scintillansblooms intensively. Especially less mobile centric diatoms, that are easily
entangled in its mucus threadgSuzuki et al,, 2014), are heavily grazedDela-Cruzet al,, 2002; S.
Kitatsuji et al, 2019). Diatoms cannot escape the mucus threads due to their reduced mobility,
whereas flagellates have been observed to do ¢Kigrboe and Titelman, 1998) Other diatoms
OAAOAOA 1 OAOOh ET AOADetnR, 11990) &nd feading t© he Hringtien oh O O 6
aggregates that can effectively be colonized by. scintillans(Tiselius and Kigrboe, 1998) Since

N. scintillansis an indiscriminate predator, it can outcompete other nutrientlimited organisms

such as diatoms that strongly rely on silicate availabilityXiang et al, 2019). The high density

and feeding speed oN. scintillanscells can lead to dowrgrazed diatom populations Fig.2.3, 2)

(Prasad, 1958)and, hence, disrupt diatomsustainedfood webs(Harrison et al, 2017).

Moreover, N. scintillansblooms indirectly affect marine organisms through changing the local
nutrient and oxygen concentrations. It has been shown that the decay of dense proliferations of
the heterotrophic N. scintillansreduces oxygen availability (Fig. 2.3, 6) and lead to increased
ammonium concentration or even toxicity §ig.2.3, 7). This negatively influences pelagic and
benthic communities (Hallegraeff et al, 2019). On the other handN. scintillansis considered to
be an efficient nitrogen and phosphate recycle(Mohanty et al, 2007; Zhanget al, 2021).
Through active feeding, the cells accumulate R@nd NH; (Montani et al, 1998). These nutrients
are subsequently excreted at high rate€Zhang, Liu, Glibertet al,, 2017) through direct catabolic
release, food vacuole egestion or mucus productio(Schaumannet al, 1988) and are then
mineralized in the water column (Vasaset al, 2007). This local nutrient increase has been
observed to enhance the development of phytoplanktonHg. 2.3, 8) (Drits et al, 2013;
Genitsariset al, 2019). The enhanced phytoplankton availability supports the development of
higher trophic levels, including zooplankton and fishVasaset al, 2007), and represents a direct

benefit for N. scintillansas it increases bloom duration(Schaumannet al,, 1988).

With its non-selective feeding, effective reproductionits euryhaline and eurythermal properties,
N. scintillans can develop fast, while maintaining its populations in a great variety of
environments. The combination of these properties might giveN. scintillans significant
competitive advantages over the plankton community.These advantages havecertainly
contributed to the expansion and intensification of this organisndescribed above Nevertheless,

with most of the analyzed literature based on laboratorstudies, it is probable that essential
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information about behavior, including reproduction feeding, as well asintra- and interspecific

interaction in the natural environment, is missing.

2.3.2. Potential role in the carbon cycle

Noctiluca scintillans might substantially contribute to the biological carbon pump, i.e. the flux of
organic carbon throughout the water columnNoctiluca scintillans mainly contributes indirectly
to the export of carbon asthe main carbon export occursthrough jellyfishes or salps feeding on
N. scintillans(Table 2.3) and releasing large and rapidly sinkingiaecal pellets (Henschkeet al,
2013; Smith et al, 2014). In a different way, N. scintillansmight contribute to the export of
carbon through the important ingestion of marine snow and copepodaecal pellets (Kigrboe,
2003), which are effectively transported to the seafloor upon ingestion and sinking of cell&if.
2.3, 9). Similarly, the feeding webs thaN. scintillansbuilds entrap detritus, plankton and debris,
increasing their weight and pulling them downward (Omori and Hamner, 1982) Gelatinous
zooplankton can effectively act as vectors for particulate organic matter and contribute to the
carbon export, causing seA Al 1 A AEAD @Eddiatb @t al, 2012). When considering the
gelatinous constitution of N. scintillansand the density of its blooms, jellyfalls are expected
upon bloom decay. Moreover, ahl. scintillansblooms cancollapse within a few hours, this might

1 AAA O ODbOI OA O dTherefare, A Béritill@rGobuld sidnfficadtl dodribute to the
export of carbon. Neverthelessthe contribution of N. scintillansto carbon export might be
limited, particularly when compared toother species, such as coccolithophores, accounting for >

80% ofthe organic carbon flux(Zondervanet al, 2001),.
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Table 2.3: Possible predators ofN. scintillansidentified in literature .

Phylum Species References
Calanus sp. (Murray and Suthers, 1999)
Arthropoda .
Cancer sp. (Sulkin et al,, 1998)
Chaetognatha Sagitta sp (Oguz and Velikova, 2010)
Ammodytidae sp. (Nakamura, 1998a)
Chordata I A = A A
Unspedfied i " AOd 8.Qe18)
Ciliophora Strombidium sp. (Zhang, Chanet al,, 2016)
Unspedied (Baliarsingh et al, 2016)
Aurelia sp. (Kirchner et al, 1996; Piontkovskiet al., 2021)
Cyanea sp. (Nakamura, 1998a)
o Catostylus sp. (Pitt et al, 2007)
Cnidaria —
Lizzia sp. (Fock and Greve, 2002)
Obelia sp. (Johnson andShanks, 2003)
Pelagia sp. (Malej, 1982)
Phialidium sp. (Piontkovski et al, 2021)
Ctenophora Mnemiopsis sp. (Kamburskaet al, 2003)

Only few studies focused on thempact of N. scintillans blooms on the carbon cycle and
oppositely measured high(Tada et al,, 2000) and low (Menden-Deuer and Lessard, 2000}atios

of carbon per cell volume.Nakamura (1998a) found that the production of N. scintillansis
comparable to that of calanoid copepods and plays an important role in the carbon cycle of
Japan. In the Yellow Sea, carbon biomass Nf scintillanswas found to even exceed that of
phytoplankton and copepods(Wang et al, 2018). Nevertheless the carbon content of cultured
cells was found to be nearly two orders of magnitude lower when compared to other
dinoflagellates (Kigrboe and Titelman, 1998) Those different results might be linked to the type
of ingested prey, influencing the concentration of intracellular carbon. Large diatom species such
as Coscinodiscus wailesiifor example, enhanced the carbon content ®. scintillans whereas

starved cells contained low carbor(Tadaet al,, 2000).

With climate change, plankton communities are expected to be increasingly dominated by
smaller picoplankton with lower export efficiency (Buesseleret al, 2007). Hence, the delivery of
particulate organic carbon reaching the seafloor is foreseen to decrease in the futuf@mith et
al., 2008). Reduced exportimplies low food availability for the benthos and inhibited carbon
sequestration of the oceans(Smith et al, 2008). Therefore, the biomass of gelatinous
zooplankton, generally benefitting from climatewarming, will become increasingly important
and might alleviate some of the planktonic carbon lossggebrato et al, 2012). In consideration
of the previously describedregional intensification of N. scintillansand its potentially important
role within the coastal carbon cycle, completing the knowledge about the carbon expdsy this
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gelatinous plankton species igritical .

2.4. Economic and societal relevance
2.4.1. Aquaculture and fisheries

As described above, the decay of dend¢ scintillansproliferations reduces oxygen availability
and can cause ammonium toxicity. Intense blooms can modify water consistency and have
occasionally been associated with reduced fishing and aquacultural yields. Fish avoid the blooms
mainly because of competition for resourcegOgawa and Nakahara, 1979bgince N. scintillans
feeds on the same prey as planktivorous fisfiVasaset al., 2007). Noctiluca scintillans can also
directly impact fish populations through the occasional consumption of their eggéEnomoto,
1956). Benthic communities can suffer from asphyxiation Kig. 2.3, 10) by abrupt bloom
collapses and rapid sinking of large amounts of dead cells forming muclike layers (Genitsaris

et al, 2019). Due to nonselective feeding, toxic bacterigXia et al, 2020), or paralytic shellfish
toxin and diarrheic shellfish toxinproducing microalgae (Escalera et al, 2007) might be
ingested (Fig. 2.3, 3C) and transferred to fish when toxins are released in the water after cell
lysis (Fig. 2.3, 11). Moreover, the shortening of food webs or jellificatior(i.e. the significant
increase in biomass of gelatinous organismsjan significantly reduce the productivity of an area
and hence the food availability for fishesKig. 2.3, 2). In the Black Sea, lower fish catches were
linked to the reduced zooplankton biomass following a regime shift in whiciN. scintillansand
jellyfishes became dominant and led to lower ecosystem productivitfOguz and Velikova, 201Q)
Due to its suitable sizeN. scintillansis a potential prey for planktivorous fish. It is, however,
considered as a poor food source due to its low carbgiKigrboe and Titelman, 1998)and high
NH, (Okaichi and Nishio, 1976)content, and is not commonly preyed upon. Salps and jellyfishes

are the most common of its rare predators (Tabl&.3).

For aquaculture and fish farms, the impacts on water quality represent a far greater problem
than for the commercial openwater fisheries, as theanimals cannot avoid the affected areas.
Farmed fishes suffer not only from direct but also from indirect ammonium intoxication, since
harmful algal species such assymnodinium catenatumhave a high affinity for ammonium
(Yamamotoet al,, 2004). Acting as a vector for the harmfuDinophysis spN. scintillansinduced

high cultured shellfish mortality in Greece(Escaleraet al, 2007). In eastern China, abalone,
scallop and mussel farms suffered from high mortality rates whem. scintillans proliferated
nearby (Yan et al, 2002). Due to the persistence of some blooms, vast aquacultural areas
suffered important economic losses, such as in the Yellow Sea in 2008 or in the East China Sea in

2009, leading to economic losses of $32.6 thousand and $1.14 million, respectivéBuo et al,
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2014). Between 1933 and 2019, the cumulative financial losses associated with scintillans

blooms along Chinese coasts exceedi$6.9 million (Xiaodonget al., 2023).

2.4.2. Tourism

Several observations oiN. scintillansblooms negatively affecting tourism can be found in non
scientific reports or local newspapersFrequently mentioned are the red discoloration and the
modified water consistency as reported in the Andaman SeéDharani et al, 2004) or in
southeast India, where thecolour AT A QOGEEY Ai 1 OEOOAT AU 1T £ OEA
(Nayar et al, 2001; Padmakumar, Cicilyet al, 2016). A review about the global diversity of HABs
reported that N. scintillansblooms led to mucilage problems and repellenbdours (Zingone and
Enevoldsen, 2000) The indirect influence ofN. scintillanson jellification causeda demographic
explosion of jellyfishes in the Adriatic Seaaffecting tourism and requiring the installation of
protective nets along the beache¢Salamanca, 2001) In other parts of the Mediterranean, the
main impact on tourism is caused by mucilage problemssin Greece(Genitsaris et al, 2019)
and the DardanelleqTurkoglu, 2013). Themain positive effectthat N. scintillansblooms have on
tourism is the bioluminescence, attracting tourists for nocturnal waterbased activities(Finlay et
al., 2015; Gershwinet al,, 2015; Suet al, 2021; Ramyani, 2023)

2.5. Knowledge gaps

Despite the ecological importance and recefy increasing trends of N. scintillans the reviewed
literature revealed major knowledge gaps These include: (i)the determination of N. scintillan$
spatiotemporal trends, particularly at global level (i) limited knowledge about drivers
triggering and ending blooms; (iii) scarce information about feeding, reproduction, and
interaction in situ, and (iv) uncertainty regarding its contribution to carbon export. These gaps
are partly dueto the rapidity at which N. scintillansblooms develop and collapse Point sampling
with traditional methods often miss blooms or sample them too latepnce surface slicks are
visible. This hampers the precise identification of spatiotemporal bloom patterns and drivers
inducing bloom initiation, peak, and decaySince mostliterature focusing on the behaviour oiN.
scintillans is restricted to laboratory-based investigations, dudies aiming to assess feeding,
reproduction, and interaction of N. scintillans in situare scarce This significantly limits the
available information regarding N. scintillansin situ behaviour. This thesis aims to close some of
these major knowledge gaps. The focus here has been brought to knowledge gaps({i), and
(iii).
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3. Material and Methods

3.1. Time series analysi®f Noctiluca scintillansin the North Sea
3.1.1. Study area

The North Sea is @emi-enclosed shallow shelf sea reaching a maximum water depth of 750 m in
the Skagerrak(De Haaset al,, 1997), but most of the North Sea has depths shallower than 100 m.
The deeper north is subject to North Atlantic water inflow and is stratified during the warmer
months (Artioli et al, 2012), whereas water masses in the shallow south are generally well
mixed by winds and tides, with occasional stratified periodg¢van Leeuwenet al, 2015) and are
significantly influenced by continental runoff (Bozecet al, 2005). Water masses are transported
by an anticlockwise residual current system induced by the tidal motion and the dominantly
westerly winds and influenced by the shape of the North Sea basjipe Haaset al,, 1997). The
North Sea is highly productive and intensively used for fishing, wind farms, oil platforms, and

shipping (Quante and Colijn, 2016)

Helgoland is a North Sea Island located in the German Bight about 60 km off the German coast.

The waters surrounding the island are influenced by the Elbe River, as nutrient loads from the

estuary plume can extend in the coastal region as far as HelgolafMboynova et al, 2017). The

maximum water depth around the islandis 60 m (Michaelis et al, 2019). Since 1962, the

Helgoland Roads (HR) time seriefias monitored physicochemical and biological parameters

including plankton on a daily basiswork-days)AO ( A1 CT 1 AT A | v (WiltghpeS8et 8 . h X J
al., 2008) and is one of the longest marine datasets worldwide. In the North Sea and North

Atlantic, the Continuous Plankton Recorder CPR, a mechanical plankton sampler, has been

deployed to collect plankton samples since 193(Colebrook, 1960)(Fig. 3.1). The CPR survey is

the most extended multidecadal plankton monitoring program in the world.
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Figure 3.1: Study area in the North Sea. The sampling effort of the Helgoland Roads (HR) and Continuous
Plankton Recorder (CPR}ime series are indicated by dots. Main rivers estuaries are indicated in italic,
RMSd corresponds to the Rhindeuse Scheldt delta.

Since N. scintillansblooms exhibit exponential growth and sudden collaps€Dela-Cruz et al,
2002; Sathishet al, 2021), continuous monitoring at high temporal resolutionis neededto
accurately elucidate the bloom dynamics of this organism. The HR time series has a uniquely
high temporal resolution (work-daily sampling) but is restricted to one specific location
(Wiltshire et al,, 2008), and hence lacks a reliable spatial coverage. To adequately determive
OA E1 Odedgiaphicabhitspots and a potential spatial spread of this organism, additional data
with good horizontal coverage are required. The CPR survey has a lower temporal resolution
(monthly sampling), but covers vast areagRichardsonet al, 2006) and therefore complements
data from HR. The different spatiotemporal resolution as well as the distinct sampling and
plankton quantification methods that were applied for the HR and CPR time series, result in
great differences particularly in terms of absolute abundancessenerally, abundance estimates
from the CPR data are semguantitative and are most useful for assessing interannual or
seasonal patterns rather than changes in absolute abundancdRichardson et al, 2006).
Therefore, the two datasets were analysed separately to study distinct spatial and temporal

patterns. This was done to assess the potential temporal increase Nf scintillansby using the
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HR data and its spatial increase with the CPR data. A summary of the different methodological

approaches applied in this study can be found in Fig.2.

Long-term changes of N. scintillans bloom
dynamics (duration, intensity and spread)

Figure 3.2: Flowchart representing the methodological approach used in thithesis.

3.1.2. Helgoland Roads time series
3.1.2.1. Noctiluca scintillansabundance data

For HR,surface water samples were collected on a worHaily basis from 1962 to 2020 with
AOAEAOO 11T xAOAA EOI I A OAOCAAOAE OAOOGAI 8 30AO0AI PI
solution (final concentration 0.1% Lugol) for plankton analysis(Dummermuth et al, 2023).

Enumeration and identification to species level when possible, werecarried out in the

laboratory with the Uterméhl method and an inverted microscope(Schliter et al, 2008;

Wiltshire et al, 2008).
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3.1.2.2. Environmental data

Simultaneously, chemical, and physical parameters were also recorded wedaily along with

the plankton samples since 1962. Surface water temperature was measuridsitu, whereas for

salinity and nutrient measurements, surface water samples were collected and analysed in the
laboratory. For nutrients, subsamples were analysed by standard colorimetric methods
(Grasshoff, 1976, whereas salinity was measured using a salinometdiltshire et al, 2010).

The data underlying thisstudy are available in the Data Publisher for Earth & Environmental

Science PANGAEA or will be made available on requeBtaily means ofwind speed and
precipitation, as well as solar radiationaveraged over 24 hourswere downloaded from the

meteoblue websitefor the period 1962-2020 near ( A1 CT 1 AT A j vu.THeceledtiorhof Y J 116 %(
variables was based on their mention in the literature as potentially important drivers

influencing the dynamics ofN. scintillansblooms (See section 1.4.2.)Specifically, sea surface
temperature (SST), sea surface salinity (SSS), dissolved inorganic nitrogen (DIN), solar radiation,

wind speed and precipitation were used.Dissolved inorganic nitrogenplays a major role in

promoting the growth of a variety of phytoplankton species (Zhang et al, 2024), so this

parameter was used rather thanincluding the biomass of specific organisms due to the
uncertainty of their importance for N. scintillans A time lag of 30 days was used f@IN based

on the temporal shift between the peak of DIN and the staxf the exponential growth of N.

scintillans from May to June (Fig3.3), to account forN. scintiland ET AEOAAO OAODPI 1 OA
in chemicalvariables because of its heterotrophy
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Figure 3.3: Sketch illustrating the timelag between dissolved inorganic nitrogen (DIN) and the
abundance ofN. scintillans (black line). The time-lag (black dashed lines) corresponds to the temporal
window between peak concentration of DIN (purple line) and thestart of the exponential increase ofN.
scintillans.

3.1.2.3.  Statistical analyses

To assess the potential changes iN. scintillansdensities over time, differences inN. scintillans
abundances between different decades werassessed byising a generalized linear model (GLM)
(Nelder et al, 1972). SinceN. scintillansis most abundant from June to August, only abundances
during these months were included in the GLM. The model was fitted with a Poisson
distribution, given the integer nature of the data. This expresses the abundancelf scintillansx
as:

Dox 0EQIT €

where t represents the daily mean. The relationship between logf) and the predictor is

modelled as a linear function. Here,
@ii¢c 1 10
where [ o represents the intercept term, and 1 the coefficients for the factor Decadé®.

To assessdifferences in the length of theN. scintillansbloom window over time, a oneway

analysis of variances (ANOVA) was used. This method was chosen for its statistical power,
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robustness and group mean estimations when compared with neparametric tests which are
based on ranks andthus, limit interpretations. This expresses the length of the bloom windowy

as.:
@3) ¢x "0G6 i [ BOE

wheret represents the mean and &he variance. The relationship betweeru and the predictor

is modelled as a linear function. Here,
4" 1 IO

where [ o represents the intercept term, andr 1 the coefficients for the factor Decad®. A bloom

xAO AAZET AA AO A AAU 1T 0 OAOAOAI AiiTOdhddEOA AAUC

was suggested as warning threshold foN. scintillansblooms in the Yellow SedXue et al, 2020).
Additionally, surface patches were observed at concentrations around 500 celfsduring the
cruises, as described in the following sections (see section 4.2.17he bloom window

corresponds to the entire period during whichN. scintillansblooms, i.e.all the daysfrom the first

unti the 1 AOO 1T AAOGOOAIT AT OO 1 L Anarérdrél AailyAdata was inspemted A AT 1 O,

and the length of the bloom window was calculated for each year.

To describe the effect of environmental variables on the abundance Nf scintillans generalized
AAAEOEOA 1T TAAT O j'1!-0Qq xAOAinRMBIICR01O)CAehelizéd E A
additive models are semiparametric extensions of GLMs describing complex relationships and
allowing non-linear regressions to be fitted to the data(Wood, 2008). Here, the response
variable was the daily abundance oN. scintillans(cellsL-t) and the predictor variables are the

environmental factors listed in Table3.1.

Table 3.1: Environmental data used in the GAMs for the ¢lgoland Roads and the @ntinuous Plankton
Recordertime series.

Range

Variable Units (min. z Average Source/method Tempo_ral Temporal
resolution range
max.)
SST °C -1.6720.5 10.5 In situ
SSS - 22.8736.1 322 Laborator Work-daily
, DIN umolL™  0.07143.9 18.2 Y
T Solar Wm2 2473358 128.7 1962-2020
radiation meteoblue.com  Dail
Wind speed ms? 1.2z718.1 7.7 ’ Y
Precipitation mm 0.0743.5 2.2
SST °C 4.1718.5 10.5 1985-1994
1995-2004
od -
E-) SSS 29.67353 341 noaa.com Seasonal 2005-2017
1981-2010
MLD m 527814 238 20112017
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47 EAAT OEAU EECEI U AT OOAI AOGAA POAAEAOT O OAOEAAI |
correlation coefficients (Pearson, 1920)were estimated for all predictors (Table3.2, Table3.3,
and Table3.4). Variables with coefficients higher than 0.6 or lower thar0.6 were considered
collinear (Dormann et al, 2013). Here, no collinearity was found,thus, all variables were
included in the model.Since the response variable is integer and positive, the Poisson family of
error distribution and logarithm as link function was used for the GAMs. The general model can
be expressed as follows:

GYIT T & "QVYYYQYYYQO0) QOQMI Qb & &

Q0T QOQN QOG6VEE] QQM "YE AIDd Q' QDO QE &

where z is the daily abundance oN. scintillansa s the intercept andf, are the smooth functions

(thin plate regression splines). A backward stepwise procedure was used to select the minimal

adequate model (bestfit model). This consisted of building a full model \ith all predictor

variables), then removing a single variable, and evaluating the significance of its removal for the

TAx [ 1TAAl xEOE | EAEEAGO (JakarmitoRt ahh 09BE). 1If the DE GFAOET T |
model was lowerby at least by 2 unitsthan the previous model, then this model was retained as

the bestfit one (Sakamotoet al, 1986). The bestfit GAM was used to describe the effects of the
environmental variables on the estimated abundance d{. scintillansby the effect plots.

Table 3.2: Correlation matrices for the predictor variables for Helgoland Roadme series. On the lower

AEACI T Al AOA O0AAOOI T80 AT OOAIT A OEp-valueh. i* RHELS dghitkanOON 1T 1  «
p-values (<0.05).

SST sss DIN  Precipitation Wind speed 501"

radiation
SST _ * * * * *
Sss 0.12 ) * * * *
DIN 0.41 -0.23 ; * * *
Precipitation 0.09 0.07 -0.09 - * *
Wind speed -0.15 0.16 -0.06 0.31 - *
Solar 0.40 -0.32 011 -0.23 -0.36 -
radiation

Table 3.3: Corrglation matrix for the pregictorAvariabIes for the pre-bloom condjtions of N. scintillansin A
(AT Ccl1 ATA 21T AAOG8 /1 OEA 11 xAO AEACIT Al AOA 0AAOOITG60
p-values. * indicates significant p-values (< 0.05).

SST SSS DIN Precipitation ~ Wind speed Solar radiation

SST - 0.49 * * * 0.12
SSS 0.03 - * 0.17 * 0.13
DIN -0.5 -0.31 - * * 0.09
Precipitation 0.12 0.06 -0.10 - * *
Wind speed -0.09 0.21 -0.12 0.21 - *
Solar radiation 0.07 -0.07 -0.07 -0.41 -0.26 -
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Tablge 3.4: Qo[rglation matri?< for’the preQictorAva}riable§ for the postblopn] condjtiqn:s ofN. §cintil|ansin o )
(AT CiTATA 21 AAG8 /1 OEA 11 xAO AEACITAl AOA 0AAOOI T80
p-values. * indicates significant p-values (< 0.05).

SST SSS DIN Precipitation ~ Wind speed Solar radiation

SST - * * 0.27 * *
SSS 0.09 - * * * 0.18
DIN -0.54 -0.25 - * 0.28 *
Precipitation 0.05 0.08 -0.15 - * *
Wind speed -0.17 0.12 -0.04 0.29 - *
Solar radiation 0.11 -0.05 -0.12 -0.34 -0.29 -

The high temporal resolution of the HR data allowed not onlyhe identification of suitable
drivers leading to abundance peaks of. scintillans(i.e. bloom conditions), but also the drivers

of different N. scintillans bloom phases Therefore, the daily HR data were additionally
subdivided into pre-bloom and postbloom phases (Fig3.4). Considering the fast development
and break-down of N. scintillansblooms, the prebloom phase represents the two weeks before
AT AAOT AAT AA 1 whs measureditanditéel pbsblgom phase represents the two
weeks afteranAA OT AAT AA | Awds mensured TAeAd phades can occur several times
per year. These time frames were chosen followingathishet al. (2021), who observeddistinct
reproductive strategies in those specific time frames and established these guidelines as
indicators for the different N. scintillansbloom phases Generalized additive models were built

for both pre- and postbloom phases (Appendixg).

N. scintillans

— N. scintillans
. bloom
= - - Threshold
A |
% 7,
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Figure 3.4: Sketch representing the different stages of &l. scintillansbloom in the North Sea. Theeyan

dashed line represents the selected threshold of 500 cellsl. corresponding to the bloom condition forN.
scintillans.
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3.1.3. Continuous Plankton Recorder
3.1.3.1. Noctiluca scintillansabundance data

Samples were collectedcontinuously by using the CPR, a filtering mechanism housed in an
external body, towed repeatedlyin the year by shipsof-opportunity on regular routes (Fig.3.1)

at an average speed 08.7 knots and at a fixed depth of 7.0 m (Warner and Hays, 1994)
Planktonic organisms were continuously filtered upon a silk band moving in the housing at a
rate of approximately 10 cm per 10 nautical miles, and preserved in 4% formaldehyd&/arner
and Hays, 1994) One sample represents approximately 3 m3 of seawater taken over 10 nautical
miles. After each tow, samples were analysed in the laboratory, for identification and counting of
organisms (counts 3m-3) following the methodology described inBatten et al. (2003). Noctiluca
scintillansis usually identified by its striated ventral tentaclein the CPR sample§Richardson et
al., 2006; Kraberget al, 2010). In this study, N. scintillansabundancesthat were collected with
the CPR for nearlyfour decades (198t¢ mp yq ET OEA v OBOE -pBAAMEREIp J 1 6
used(Johns, 2020)

3.1.3.2. Environmental data

For the CPR data, environmental variables were downloaded from the World Ocean Atlas 2018
Seasonal means (winter = Januafiarch, spring = AprikJune, summer = JuhBeptember,
autumn = OctoberDecember) of SST, SSS, and mixed layer depth (MLD) were obtained (Table
3.1). For modelling, environmental variables and abundance data weraggregatedby season

and decade over an area of 0.25°.

3.1.3.3.  Statistical analyses

For the CPR data, collinearity was checked (Tab&5) before building GAMs to describe the
effects of the environmental (SST, MLD, and SSS), spatial (longitude and latitude as interaction
term), and temporal (season and decade) variables (predictor variables) on the abundanceMof
scintillans (response variable) Because the response variable was continuous, positive, and had
large overdispersion, the negative binomial family of distribution and logarithm as a link
function was used in the GAMs. Thgeneral equation can be written as follows:

@1TTE€ & QYYYQYYYQOIOI0 Q0£& Q0D OOV CWOWQAGI & &

MNOQOHQQ

with z as the abundance oN. scintillansa as the intercept andf, as the smooth functions.
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The minimal adequate model was selected as described above. The H#sGAM was used to
describe the effects of the environmental variables on the estimated abundance f scintillans
using the effect plots, whereas the spatiotemporal variability oN. scintillanswas described with
the predicted maps by decade and by season. All data analyses were realized using the R

programming software version 4.2.1(R Core Team, 2023)

'[able 3.5: Correlation matrices fo[the predictor variables for (DntiAnuous Plgnkton Recorde[survey. On B
OEA 11T xAO AEACITAl AOA 0AAOOI 180 Al O@AdluasOtrditatsA i A ££E A
significant p-values (<0.05).

SST SSS MLD

SST - * *
SSS -0.04 - *
MLD -0.16  -0.54 -
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3.2. High frequency in situ sampling of Noctiluca scintillansin the North
Sea

3.2.1. Study areaand sampling

Samples werecollected around theNorth Sea kland Helgoland during three cruises carried out
with research vessel Ludwig Prandtl (Fig3.5). To capture the entire bloom period of study
speciesN. scintillansfrom onset until decay, the cruises took place in June 2022rgise #1:
08.06.202212.06.2022 and cruise #2: 21.06.20228.06.2022) and August 2022 ¢ruise #3:
01.08.2022-12.08.2022). Daily samples were collected at two stations: one in the deep trough
(maximum depth 60 m) in the south of the island étation 1, 54°14MN-7°9&), and one in the
shallower (maximum depth 20 m)north of the island (station 2, 54°20N-7°86{). In the event of
visible N. scintillans surface accumulations, additional sampling was carried outsation 3,
54°14N-7°85&).

54 .25+
54.20-
i, S
Helgoland

% 54.15- ® o Stations
] @ Station 1
= Station 2
=1 54,101 North Sea ® Station 3

54.05-

54.00 1

7.80 7.85 7.90 7.95 8.00
Longitude

Figure 3.5: Map of the study area in the southeastern North Sea. Sampling stations are indicated by dots.

3.2.2. Environmental data

At each sampling station, vertical profiles ofSSTand SSSwere measured using a calibrated

conductivity, temperature, and depth profiler CTD (CTD313Sea & Sun Technology)Surface
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conditions were continuously measured with an orboard flow-through membrane pump or
FerryBox with a resolution of one data point per minutgPetersenet al, 2011). At each station, 6

L of seawater per depth were collected below and above the thermocline, and within the
chlorophyll-a (Chla) maximum, resulting in threereference depthsper station.

For nutrients, seawater from each reference depth was immediately filtered through pre
combusted (450°C for 1 h) 47 mm Whatman GF/F filters. Of the filtered water aliquots, 50 mL

x AOA OOAT OEAOOAA EiI bDPi AOOEA EAOO AT A POAOAOOAA

analysedfor phosphate (PQ), silicate (Si), nitrate (NOs), and ammonium (NH) concentrations
using an automated continuous flow system (AA500 autanalyser, Seal Analytical) and standard

colorimetric technigues (Hansen and Koroleff, 1999)All variables are listed in Table3.6.

Table 3.6: Environmental data collected during the cruises #1, #2, and #3Nutrient data were vertically
averaged.

Variable Units Rapge Mean Source/ Temporal
(min. zmax.) method range
SST °C 12.1716.8 13.0 CTD
o SSS - 30.0232.3 320
H*
g NG 2.075.1 3.7 08'092022
S NH4 4, 1.0z44 2.6 Water
O Si umolL 0.0z5.5 2.0 samples 12.06.2022
PO, 0.0z0.2 0.1
SST °C 13.4-18.7 154 CTD
N SSS - 30.9z32.7 32.0
3+
s NG 00723 10 21.06.2022
S NHa 4 057421 2.5 Water
G Si umolL® =56 7 4 15 samples ~ 2506.2022
PO 0.076.3 0.3
SST °C 16.3-20.4 17.3 cTD
@ SSS - 30.4z732.7 321 01.08.2022
o NGs 0.0z1.3 0.4 _
S si 2.9710.0 7.0 samples
PO 0.1z05 0.2

3.2.3. Phytoplankton data
3.2.3.1. Pigment data

For pigments, the method applied is a modified version described iGarrido et al. (2003).
Seawater from each reference depth was immediately filtered through preombusted (450°C
for 1 h) 47 mm Whatman GF/F filters. The filtered volume of seawater varied between 200 mL
and 3000 mL, depending on plankton and particulate matter density. The filters were then
placed in 2 mL vials, immediately frozen, and stored aR0°C until analysis. For analysis, the

pigments were extraced with 2 mL of 100% acetone for 24 h at20°C using 6 mL plastic
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scintillation vials. The extract was cleared by filtration through a 0.2 um syringe filter (Spartan
13). Measurement of the pigment concentration in the extract was done using a HPLC system
(Shimadzu Prominencei) and the concentration of the pigment (in pgtt) was calculated while
taking the filtration, extraction, and injecting volume into account. For the HPLC system
calibration, pigment standards from DHI and Sigm&ldrich were used. The true concentrations
of the standards were determined by spectrophotometric measurement using the specific

extinction coefficient for each pigment as provided irRoyet al.(2011).

3.2.3.2.  Benchtop imaging

To analyseorganisms and particles ranging from 2um O1  p v (Gierind et al, 2020), water
samples were analysed using a Flow Cytometer and Microscope FlowCAlgeries VS4(Fluid
Imaging, USA During cruises#2 and #3, 200 mL of water from each reference deptvas sieved
through a 150 um mesh to avoid obstructions of the flow cell and transferred into a pnénsed
glass bottle. After gentle stirring, 20 mL of the water aliquots were immediately processed with
the FlowCAM set up with a 4x objective and a corresponding flow cell. Images were later
analysed using the VisualSpreadsheet software of FlowCAM (Version 3.4). Based on prior
scanning of the image data, common taxa were identified and libraries for each taxon were

established. Cell concentrations (cellst) and sizes (um) were determined for each dataset

3.2.3.3. Insituimaging

For high-resolution in situ imaging of particles and planktonic organisms betweer60 um and
10000 pm (Lombard et al, 2019), the automated underwater camera system CPIQEoastal
Vision Inc., USAyas deployed at each station at the reference depths for 30 minutger depth.
During cruise #3, the CPICS was additionally deployestationary for 24h with the vertical
profiler WireWalker at station 2(DMO Inc, USAJRainville and Pinkel, 2001) The CPICS is aim
situ particle and plankton imaging microscope with an open flow design thereby providing
images of fragile organisns in their natural environment (Lombard et al, 2019). The 6MP CPICS
is equipped with a Point Grey Grasshopper3 camera,-talecentric lens 0.9x magnificationand
synchronized strobe light in a waterproof housing. Fullframe volume and sampling rate were

calculated as:

(7) ®°Q0 & & Qi @HEDz 0¢ "0
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Where V is the volume, W the width, H the height and DoF the depth of field of a fullframe.

Sampling rate (volume sampled byhe setup per unit time) was calculated as:
(8) "Ywd n Gi @0 "Q6 a & "Qiz g Q
where Fpsis the number of frames per second acquired.

With thesesettings, the CPICS images @ 8L of water per full frame at an average of 13 frames
per second, hence sampling at a rate of ~ 10.7&@Lst. The CPICS is equipped with a RBR
concerto CTD (RBR Ltd) to simultaneously collect environmental data. Each CPfalEframe
(2736 x 2192 pixels) wasanalysedin real-time to detect and save 'Regions of Interest (ROIs)'
exceeding an area threshold of 200 adjacent pixelSize estimations of the main taxa imaged
with the CPICS were performed on ROIs armhlculated with the number of pixels forming the
organism/particle in the ROI (um).

The images wereanalysed with semi-supervised machine learning techniguegVaswani and
Moller, 2022). For the unsupervised step improving the classification accuracg,convolutional
neural network (CNN)with a ResNet50 feature extractoSchanzet al, 2023) was used for pre
training on ~700000 unlabelled ROIs.For the supervisedfine-tuning step, a random subset (~
3000 ROIg was manually annotated for type, class, or species. These lalbell images were used
to train the CNNin the supervised training step.The accuracyof the CNNon withheld labels was
evaluated and predictions on the full dataset were inferredTo each ROl the CNN assigred
probabilities for each of the annotatedclasses.The classwith the maximum probability (max_p
resulted in the predicted label. These predictions were used to extract classes with high
conditional accuracy (nax_p> 0.75) including images ofN. scintillans which were labelled to
generate trait annotations captuing information about morphological and behavioural
characteristics of the imaged organismsThis allowed the identification and quantification of the
most frequently consumed prey types (Fig.3.6), therefore providing valuable additional
information that was not available in the previously analysed time seriedor instance (see

section3.1.). A flowchart with the different steps of the analysis is provided in Appendix 7.
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Figure 3.6: Example of segmented images witiN. scintillans(A.zZE.) feeding. Recorded with aCPICSn
June 2022, Helgoland, Germany. The images represgft.) two N. scintillanscells feeding on marine snow
and diatom chains(B.-E.) single cells ingesting different diatom chains.

3.2.4. Statistical analyses

Differences inN. scintillansand diatoms abundances wer@assessedamong cruises, stations, and
bloom conditions (e.g. surface slick) usingraANOVA. Pairwise comparisons were performed
using the Bonferroni adjustment. To determine if physical variables (temperature and salinity)
or biological factors (abundance of diatoms) influenced the abundance &f. scintillans GAMs
were built for each cruise. The model was limited to three smoothing knots, thereby increasing
the comparability and reliability of the model outputs. In the models, the abundance afl.
scintillans was the response variable, whereas physical and biological factors were predictor

variables. The general formula of the model can be expressed as followed:
QT Td & "QYYYQYYYQOQHOEWM &€ QNE 0Q
With b as the abundance oN. scintillans a the intercept and f, are the smooth functions (thin

plate regression splines). Analyses including GAMs and ANOVA were performed with the R
software (R Core Team, 2023)

The phytoplankton community structure was analysed with non-parametric multivariate
methods using the software PRIMER (7.0.23). The data were forthot transformed to even out

the contribution of rare and/or abundant taxa prior to the analysis. A BrayCurtis similarity
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matrix reflecting changes in abundance and taxonomic composition was used and visualized
with a principal coordinates analysis (PCoA). Taassessthe differences among cruises, a
Permutational multivariate analysis of variance (PERMANOVA) with 9 999 permutations was
applied (Anderson, 2001). A stepwise distancébased linear model (DistLM) was applied to
investigate relationships betweenthe abundance of phytoplankton taxa andhe environmental
variables among cruises. Thetepwise selection was based oAIC.A DistLM was chosen here as

it offers several advantagesin ecological and environmental researchThis model effectively
handles multivariate response dataand, while using permutation tests for significance
assessmentit is robust against nonnormal data. Complex relationships can be modelled with

DistLM as ts flexibility allows the inclusion of various predictor types
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4. Results

4.1. Spatiotemporal long-term trends of Noctiluca scintillansin the North
Sea
4.1.1. Main drivers of Noctiluca scintillansin the North Sea

The bestfit model obtaining the highest explained deviance (55.54%) and lowest AIC for the HR
time series included all the predictor variables (Tablet.1). The results of the GAMs revealed that
SST and wind speed are most influential for peak abundances Nf scintillans (Appendix 6).

Variables contributing least were precipitation, DIN concentrations, and SSS.

Table 4.1: Statistical summary of the bestffit GAMs forthe Helgoland Roadsand the @ntinuous Plankton
Recordertime series.

Explained Adjusted

Time series Model Deviance R?

HR y =a + &(SST) + £(SSS) +ADIN) + fa(Year) + §(Month) + 55.54% 0.16
fs(Precipitation) + f7(Wind speed) + g(Solar radiation)

CPR y =a + t(SST) + £(SSS) +AMLD) + f(Longitude, Laiftude) + 29.45% 0.05

fs(Season)

The model results for the HR time series(Fig. 4.1), showed that maximum abundances ofN.
scintillansare most likely to occur at water temperaturesbetween 15 and 20°C (Fig.4.1A) and at
salinities around 30 (Fig.4.1B). Moreover, highest densities are expected in waters with DIN
concentrations around 30 umolL! (Fig. 4.1C). Favourable conditions for abundani. scintillans
also includedaily solar radiation below 75 Wm?2 (Fig. 4.1D), local precipitation around 7.5 mm
(Fig. 4.1E), and wind speed below 6 ns! (Fig. 4.1F). Years in which conditions foMN. scintillans
were most suitable were between 19801990, and after 2010 (Fig4.1G). The months in with
highest cell densities are expected to be June and July (MglH). The results of the GAMs
showed that the most influential drivers for the prebloom phase were SST, SSS, and DIN (Fig.
4.2A, Appendix6), whereasduring the post-bloom phase SST, solar radiation and DIN are most
relevant factors for N. scintillans(Fig. 4.2B, Appendix6). The environmental factors at which the

different bloom phases ofN. scintillansare most likely to occur are summarized in Tabld.2.
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Figure 4.1: Effect plots of the bestfitted GAM for the Helgoland Roadstime series. Dashed lines represent
two standard errors above and below the estimate of the smooth curve represented by the solid line. Y
axes are on the scale of the predictor variable, i.Bl. scintillansabundance (cellst!). The rug plots at the
bottom of the xaxes indicate observations of the predictor variable.
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Table 4.2: Summary of drivers associated with different bloom phasesf N. scintillansat Helgoland Roads
(see Fig4.1, Fig.4.2, and Appendix6 for more details).

Pre-bloom Bloom Post-bloom
SST°C >12 15-20 12-16
SSS >34 29-31 ~30.5
DIN pumolL! 20-30 ~ 30 ~ 45
SRWm=2 ~ 175 <75 > 200
Prec mm >5 ~7.5 ~75
WSm st ~6 <6 <10

For the CPR data, the highest deviance explained (29.45%) and lowest AIC was obtained for the
model including all factors except decade (Tablé.1). The results of the GAMs applied to the CPR
time series, indicated that position (longitude and latitude), MLD, and Season were most
important for N. scintillansin the North Sea. Variables contributing least were SSS and SST
(Appendix 8). Highest densities ofN. scintillansin the North Sea can be expected to occur in
waters with a MLD of < 20 m (Fig4.3A), salinity > 34 (Fig.4.3B) and temperature above 11°C
(Fig. 4.3C). High abundances oN. scintillansare more likely to occur in coastal environments
and particularly near river outflows such as the Elbe Estuary. Densities . scintillansare
expected to decrease with distance from the coast and lowest abundances are expected to occur

in the open sea (Fig4.3D). Highest abundances are more likely to occur in summer (Fig¢.3E).
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plots at the bottom of the xaxes indicate observations of the predictor variable.

4.1.2. Temporal trendsof Noctiluca scintillansin the North Sea

The analysis of the IR time series revealed thatN. scintillanswas present in over 2600 from
nearly 13000 samples collected between 1962 and 2020, with yearly maximum abundances
ranging from 80 to 22500 cellsl! (in 1965 and 1984, respectively). Over time, occurrences, and
blooms of N. scintillanshave been increasing, particularly after the 1990s (Tablet.3). In
comparison with the 1990s, the organism was encounteredhore often in the samples in the
2020s (14% and 34%, respectively). Similarly, the number of blooms sampled in this period

showed a positive trend between the 1990s and the 2020s (1.5% and 2.0%, respectively).

65



Table 4.3: Summary of the decadal sampling efforin Helgoland including number and percentage of
qnalysed samples containingN. scintillans as well as number and percentage of sampled. scintillans
AT T T 1500 cglisL2).

Total Samples with N. N. scintillans Sa_mpled N. N. scintillans
Decades o scintillans
samples scintillans occurrence (%) blooms (%)
blooms

1960s 1111 178 16.0 24 2.2
1970s 1914 340 17.7 48 2.5
1980s 2445 464 19.0 60 2.5
1990s 2393 331 13.8 37 1.5
2000s 2442 566 23.2 42 1.7
2010s 2373 670 28.2 43 1.8
2020s 250 84 33.6 5 2.0

Abundances ofN. scintillans displayed a strong seasonal patternin Helgoland with lowest
abundances measured in winter, increasing in spring, reaching a peak in summer, and
decreasing again in autumn (Figd 4). Since the 2010s, an increase iN. scintillansabundances in

spring and autumn was foundHighestseasonal mearof N. scintillanswas recorded in the 1970s

in summer with 280.8 cellsl:. Results from the GLM indicated thall. scintiland OO I AO 1 AA1
abundances decreased significantly between the 1970s and the 1990s by nearly a factor gp 2 (

0.05). Whereas, after the 1990s, aignificant 1.65-fold increase in N. scintillansabundance

occurred (p < 0.05) (Table4 4).
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Figure 4.4: Decadal variationsin mean seasonal abundance dfl. scintillansat Helgoland Roads for the
period 1962-2020. Error bars represent the standard error from the mean.
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Table 4.4: Summary table of decadal mean abundances Nf scintillans(cellsLt) in the summer for the
Helgoland Roadstime series, confidence limits (CL) at 95%, and GLM with Poisson distribution model
outputs. *indicatesp-values < 0.05.

Decades N.(sglllg tll_”_?)n s Std. error Lower -upper CL p-value
1960s 138.69 38.94 113.38-140.02 < 2el6*
1970s 280.80 48.68 277.76-283.84 < 2el6*
1980s 255.08 47.34 252.08-257.82 < 2el6*
1990s 150.06 47.30 150.06-151.78 < 2el6*
2000s 178.70 47.30 178.70-180.70 < 2el6*
2010s 214.39 47.37 214.39-216.74 < 2el6*
2020s 247.58 92.45 247.58-252.08 < 2el6*

After the 1990s, a positive trend was found for the length of th&l. scintillansbloom window at
HR, increasing 3.6old between the 1990s and 2020s (Fig4.5). The shortest bloom window
occurred in the 1960s with 19.7 days, whereas the longest bloom window was recordéad the
2020s with 98 days (Fig.4.5, Table 45). The analysis of variances showed a significant
elongation of the N. scintillansbloom window between the 1970s and 1980s, and between the
2010s and 2020s p < 0.05).Nevertheless,the difference in the bloom window length between
the 1970s and 1980sbecame insignificant after the removal of an extreme value (i.e.N.

scintillansbloom recorded January 1989)(Table 4.6).
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Figure 4.5: Variations of the N. scintillansbloom window length at Helgoland Roads shown as boxplots for
the period 1962-2020. The bloom window corresponds to the yearly timeframe between the first and last
measurement ofN. scintilansA A O1 AAT AAO -1 The haxes Axfehdl fldm the 25th to the 75th
percentile where the solid line indicates the median. Observations are indicated by dots.
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Table 4.5: Summary table ofN. scintillansbloom window duration (BWD) for the Helgoland Roadgime
series, confidence limits (CL) at 95%, and ong&vay ANOVA outputs. tndicatesp-values < 0.05.

Decades BWD (days) Std. error Lower -upper CL p-value
1960s 19.7 10.6 -1.7z41.1 0.07
1970s 25.9 9.4 7.1z44.7 0.66
1980s 54 8.9 36.1z771.9 0.02*
1990s 27.5 8.9 9.6z745.4 0.58
2000s 34.3 9.4 15.5753.2 0.31
2010s 39.6 9.4 20.7758.4 0.17
2020s 98 28.1 41.57154.5 0.01*

Table 4.6: Summary table ofN. scintillansbloom window duration (BWD) for the Helgoland Roaddime
serieswithout the unusual N. scintillansbloom event in 1989, confidence limits (CL) at 95%, and oreay
ANOVA outputs. Tndicatesp-values < 0.05.

Decades BWD (days) Std. error Lower -upper CL p-value
1960s 19.7 8.4 3.3736.2 0.02*
1970s 25.9 11.2 47281 0.58
1980s 40.5 10.9 5.6742.2 0.06
1990s 27.5 10.9 27729.2 0.48
2000s 34.3 11.2 0.5736.5 0.20
2010s 39.6 11.2 12.6741.8 0.08
2020s 98 23.7 71471445 0.00*

Abundances ofN. scintillansalso displayed a strong seasonal pattern in the entire North Sea with
lowest abundance in autumn and winter, increasing in spring, and peaking in summer (F46).
Highest abundances were observed in summer between 2008nd 2017. Over time, an
increasing trend in N. scintillansabundance was observed mainly for summer, but a positive
trend was also present during winter and spring. Densities in autumn remained rather constant

over time.

68



2.5+ :
207 i °
q—l-l ; ;'
[ i
§ 154 Decades
& Bl 1985-1994
% : BE 1995-2004
T 1.0 .- B3 2005-2017
= $
o] .
< . 1

0.5+

. -

Wirl1ter Sp;ing Surr;mer Autlljmn
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4.1.3. Spatial trends ofNoctiluca scintillansin the North Sea

The spatiotemporal predictions ofN. scintillansin the North Sea are represented in Figh.7. In
general, the distribution of this dinoflagellate ismore common inthe coastal regions of the
southern North Sea and highest values are predicted to occur during summer. Over time, the
distribution of N. scintillansunderwent a geographical spread and an intensification especially in
areas near outflows from major estuaries. Between 1985 and 1994, abundances were very low
in winter (Fig. 4.7A) and in autumn (Fig4.7D), with highest densities (0.60.7 cellsl:) predicted

to occur off the coast of Zeeland, Netherlands. Abundances in spring (HgB) were highest in
the RhineMeuseScheldt delta (22 cellsL:1). In summer, highest concentrations oN. scintillans
(2-5 cellsL:t) are expected to occur near the main river plumes (Meuse, Rhine, Ems, Weser, Elbe)
(Fig. 4.7C). Between 1995 and 2004, the distribution oN. scintillansfollowed a similar pattern
during winter (Fig. 4.7E), spring (Fig.4.7F) and autumn (Fig.4.7H) compared to previous
decades. During summer, the region with highelN. scintillans concentrations (25 cellsL:?)
spread from the Elbe Estuary to the East Frisian Islands and northwards along the Danish coast
(Fig. 4.7G). From 2005 to 2017, the predicted maps suggested a slight widening of the area of
occurrence of low densities (0.20.3 cellslt) of N. scintillansin winter when compared to
previous decades (Fig4.71). The distribution of N. scintillansin spring follows a similar pattern

than in previous decades, with a slight intensification at regional level such as the southern
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Danish coast (Fig4.7J). In summer, abundances are predicted to increase in the Rhikeuse
Scheldt delta, reaching maximum abundances of-B) cellsl:!, corresponding to more than
double the abundances measured in the previous periods {2 cellsL:! between 1995-2004) (Fig.
4.7K). The area in which low abundances (0-2.3 cellsL) of N. scintillansare expected to occur

in autumn widened when compared to the previous decade, extending from the Ems to the Elbe
estuary and up to the Danish coast (Fid.7L).
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Figure 4.7: Seasonal predictions ofN. scintillans abundance (cellst?) by the bestfitted GAM for the
Continuous Plankton Recorder surveyn the North Sea (19852017).
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4.2.

4.2.1. Phytoplankton

The role of Noctiluca scintillans in the phytoplankton community

composition of the southern North Sea

scintillansbloom phases

community composition during different Noctiluca

Throughout the cruises carried out near Helgoland,N. scintillans abundances varied.

Abundancespeaked during the second cruise(Fig. 4.8), with highest mean abundances of 877

cellsL?, followed by 268.8 cellsL:! during cruise #3 and 176.5 cellsLk:! during cruise #1 (Table

4.7). MaximumN. scintillansabundances of 9673 cellstt were sampled during cruise #2 within

N. scintillanssurface slicks.Diatoms on the other hand, were significantly more abundant during

cruise #1 (highest mean abundance reaching 418 cells) and drastically decreased by a factor

35 during cruise #2 with a mean abundance of 11.8 cellsi(Table.4.7).

Table 4.7: Taxonomic composition of phytoplankton imaged throughout the cruises ##3 with the CPICS
and thg FJovyCAM. Valyes~ are means per cruise of abundance (celshnd size (um) of the different taxa
EAAT OBOAEEA Aiind@dbik data.

CPICS FlowCam
Taxa Mean Mean major axis Mean Mean equivalent
abundance length abundance spherical diameter
(std. error) (std. error) (std. error) (std. error)
Diatoms 418 1538.4 i i

4 (88.3) (6.1)

ﬁ N. scintillans 176.5 849.4 - -

o (29.5) (7.4)

5 .

5 Cg_ratlum - - - -
Ciliates - - - -
Prorocentrum - - - -
Diatoms 11.8 1235.7 242.7 45.6

(2.2) (30.6) (22.2) (1.9
N. scintillans 8ri 667.0 - i

& (189.3) (1.1)

) . 0.4 39.7

g Ceratium (0.1) (0.5)

© Ciliates - - 3.4 38.4

(0.8) (0.8
Prorocentrum - - 0.3 32.7
(0.0) (0.6)
Diatoms 59 660.6 141 31.3
(38.8) (6.6) (2.3 (1.3

N. scintillans 268.8 650.9 - -

? (158) (3.2)

o) . 38.9 44.3

% Ceratium - - (18.1) (1.6)

© Ciliates - - 3.4 31.7

(0.5) (1.0
Prorocentrum - - 6.7 29.3
(0.7) (0.2
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Figure 4.8: Temporal variation in abundances ofN. scintillans and diatoms. (A.) corresponds to
abundances measured in station 1(B.) in station 2, and(C.) to abundances measured within denséN.
scintillans surface slicks atstations 1 and 3 Error bars represent the standard error from the mean.

The analysis of the cruise data revealed significant changesNf scintillansabundances between
June and August. Moreover, the GLM showed a significant difference in abundancesNof
scintillans between the stations and bloom conditions § < 0.05) (Table4.8). Similarly, diatom
abundances also varied significantly among the cruise, station, and bloom conditions< 0.05)

(Table 4.9 and Fig.4.8).

Table 4.8: Results for Bonferroni pairwise comparisons from the ANOVA testing differences iN.
scintillansabundances among cruises, stations, and bloom condition (e.g. surface slick).

Comparison t-ratio p-value
Cruises

Cruise #17 Cruise #2 268.4 <0.05
Cruise #17 Cruise #3 -17.0 <0.05
Cruise #27 Cruise #3 -412.7 <0.05
Stations

Station 1z Station 2 -264.9 <0.05
Station 1z Station 3 1139 <0.05
Station 3z Station 2 183.3 <0.05
Surface slick

Yes- No 2484 <0.05
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Table 4.9: Results for Bonferroni pairwise comparisons from the ANOVA testing differences in diatom
abundances among cruises, stations, and bloom condition (e.g. surface slick).

Comparison t-ratio p-value
Cruise #1z Cruise #2 -355.0 <0.05
Cruise #1z Cruise #3 -356.9 <0.05
Cruise #2z Cruise #3 112 <0.05
Stations

Station 1z Station 2 -124.2 <0.05
Station 1z Station 3 -39.3 <0.05
Station 3z Station 2 -7.5 <0.05
Surface slick

Yes- No -37.4 <0.05

The mean major axis length oN. scintillanswas highest over the course of the first cruise with
849.4 um. During the second and last cruiseéN. scintillanscells were smaller with a mean major
axis length of 667.0 um and 650.9 um, respectively. The size of the potential preyNofscintillans
(e.g. diatoms, dinoflagellates, and ciliates) recorded with the FlowCam ranged from 29.3 to 45.6
um, whereas the major axis length of the diatoms recorded with the CPICS ranged from 660.9 to
1538.4 um (Table4.7). Throughout the sampling campaigns, largeN. scintillanscells with a
major axis length up to 1500 um were exclusively observed in the first 10 m. With depth, the size
of the N. scintillanscells decreased. Generally, the highest amount Nf scintillanswas recorded

in surface waters. Diatoms were mostly observed at a water depth of 20 m, where the major axis
length of most cells ranged from 500 to 2000 um. In surface waters, mostly smalked diatoms

were recorded (Fig.4.9).

Taxa [ N. scintilans [ Diatoms
o pu—
2 =
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Major axis length (um)
Figure 4.9: Contour plotsrepresenting the vertical distribution and major axis length of the two main taxa
observed during the sampling campaigns in summer 2022 with the CPICS. Highest occurrences are
indicated by the darkest shade.
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Results from the FlowCam showd that the mean abundance of diatomgnassively declined
between cruise #2 and #3, from 242.7 cellsLto 14.1 cellsL:1 (Fig. 4.10, Table 4.7). On the other
hand, the densities of dinoflagellates such arorocentrum sp.and particularly of Ceratium sp.
increased between cruise #2 and #3. Abundances @eratium sp.increased by a factor 100
between June and August (0.4 cellsLto 38.9 cellskt), while Prorocentrum sp.densities

increasedfrom 0.3 cellsl:1 to 6.7 cellsl! (Fig.4.10, Table4.7).
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Figure 4.10: Temporal variation in daily meanabundances éthe main phytoplankton taxa recorded with
the FlowCam.(A.) corresponds to abundances measured in station Bnd (B.) in station 2. Error bars
represent the standard errorfrom the mean.

Results from the PERMANOVA indicated significant differences in the abundance of
phytoplanktonic taxa among the cruises #2 and #3 (Pseudb = 128.84p < 0.06). The bestfitted
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model obtained from the stepwise procedure included temperature, salinity, fluorescence, DO,
Si, and turbidity. The model explained 79% of the variation (AIC = 285.02, Rz = 0.788).
Temperature alone explained 54% of the total variation in the DistLM g < 005) (Table 4.10).

Table 4.10: DistLM model output for FlowCam data during cruise#2 and #3.

Variable AlC p-value Proportion Residual degrees of
freedom
SST 321.7 <0.05 0.54 58
SSS 305.5 <0.05 0.12 57
Fluorescence 293.9 <0.05 0.07 56
DO 290.4 <0.05 0.02 55
Si 287.7 <0.05 0.02 54
Turbidity 285.0 <0.05 0.02 53

The PColexplained 74.4% of the total variation. The PCoA showed a clear separation between
diatoms and dinoflagellates abundancesQeratium sp.and Prorocentrum sp) among cruises #2
and #3. Diatoms were negatively correlated with temperature and silicate, and positively
correlated with NOs. Dinoflagellates were negatively correlated with N@ PQ and NH; (Fig.
4.11).
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Figure 4.11: Principal coordinates analysis (PCoA) of environmental parameters and main phytoplankton
taxa identified during cruises #2 and #3 in the study areavith the FlowCam The axes labels indicate the
percentage of variability explained by each axis. Sampleddts) and variables (lines) are plotted against

the first two axes.

Results from the pigment analysis showed similar trends. Higher concentrations of fucoxanthin
were measured during the two first cruises (cruise #1 0.37+£0.06 and #2 0.55%£0.3 pd). in
comparison to cruise #3 (0.2+0.07 ugit). Concentrations of peridinin were significantly higher
during cruise #3 (0.32+0.15 ugk!) when compared with the two first cruises (0.01+0.01 pgit
during cruise #1 and 0.05+0.05 pgtt during cruise #2) (Fig.4.12).
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4.2.2. Drivers of Noctiluca scintillans abundancesthr oughout a bloom

Throughout the three cruises carried out around Helgoland in summer 2022temperatures
followed anincreasing trend. The lowest mean SST was measured during cruise #1 in early June
(13.0°C). In August, the mean SST was high€4¥.3°C) (Fig. 4.13A). Salinity varied between 30
and 33 over the course of the cruiseswith lowest salinities recorded during cruise #1, and

highest values during cruise #2Fig.4.13B).
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Figure 4.13: Daily means of the environmental conditions at surface including (A.) SST and(B.) SSS
during cruises #1-#3. The boxes extend from the 25th to the 75th percentile where thsolid line indicates
the median. Observations are indicated by dots.
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The images recorded with the CPICS revealed numerols scintillansfeeding on diatom chains
(Fig. 3.6). The highest number ofN. scintillanscells ingesting diatoms was observed during
cruises #1 and #2, with mean abundances of 361 and 356 cellsLrespectively. In August, the
amount of N. scintillansfeeding on diatoms was significantly lower than during the previous
cruises (204 cellskt, p < 0.05). On June 25 and 26h, highest predation of N. scintillanson

diatoms wasobservedwith abundances ofN. scintillansingesting diatoms reaching 583 and 569
cellsL?, respectively. The mean abundances ®f. scintillansphagocytizing diatoms significantly

exceeded those of diatoms in the water column on these days (Fgl4).
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Figure 4.14: Temporal variation in abundances ofN. scintillansingesting diatoms versus diatoms in the
water column. Error bars represent the standard error from the mean.

With a total explained variation 0f83.4%, the PCoAor the CPICS datahowed a clear separation
between diatoms and N. scintillans among cruises #1 and #2. Diatoms were negatively
correlated with SST fluorescence,and SSS and positively correlated with NQ and depth

Noctiluca scintillanswas positively correlated with PQ and NH,, and negatively correlated with

depth (Fig.4.15).
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The bestfitted GAMs showing the drivers oN. scintillansabundances are listed in Tabld.11. All
predictor variables used had a significant effect on the abundances Nf scintillans(p < 0.05).
During cruise #1, the abundance of diatoms was the most significant predictor. The most

significant variable in the model for cruise #2 and #3 wa$ST(Table 4.11).
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Table 4.11: Output of stepwise selecti,onA oj GAMs for,theruise:s #1-#3 carried out arou,nq Helgolapd in A o
summer 2022.* indicates the best FEEOOET ¢ 11T AAI 8 1 )#d ! EAEEAGO )1 & Oi A
correspond to the mostinfluential variable.

. , Deviance . )

Family Variable explained (%) Adjusted R AIC

Cruise #1

Gaussian Full 4.41 0.04 98611.59

Poisson Full 8.13 0.05 53153975

Non-binomial * Full 8.67 0.04 76455.65
-SSS 8.41 0.04 76568.79
-SST 8.07 0.04 77329.41
-Diatoms 0 0 80859.6

Cruise #2

Gaussian* Full 24.22 0.24 417590.8
-Diatoms 21.82 0.22 422723.3
-SST 20.79 0.05 454062.2
-SSS 0 0 540614.5

Poisson Full 21.18 0.25 351133.8

Non-binomial Full 21.18 0.25 380492.4

Cruise #3

Gaussian Full 11.59 0.12 251023

Poisson Full 22.34 0.12 144909.5

Non-binomial Full 24.28 0.11 163380.2
-Diatoms 23.93 0.11 163773.1
-SSS 23.19 0.12 164591.8
-SST 0 0 219844.6

During the first cruise, highest abundances ofN. scintillans were associated with high
abundances of diatoms, temperaturebetween 12 and 14C and salinities below 32 (Figd.16A).
During cruise #2, the results of the GAM revealed that highest abundance Nf scintillans
occurred at temperatures above 16°C, salinities above 32 and very low diatom abundances (Fig.
4.16B). In August,N. scintilanswas most abundant at temperaturesbetween 18 and 20C, at

salinities around 31.5 and with low diatom densitiegFig.4.16C).
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Figure 4.16: Effect plots of the besffitted GAM for cruises(A.) #1, (B.) #2, and (C.) #3. Dashed lines
represent two standard errors above and below the estimate of the smooth curve represented by the solid
line. Y-axes are on the scale of the predictor variable, i.H. scintillansabundance (cellst?).

4.2.3. Changes in ambient nutrient concentrations

The concentrations of the various nutrients measured throughout the sampling campaigns are
summarized in Table 4.12. Foriicates, concentrationswere low during the two first cruises and
increased during cruise #3 (Fig.4.17). During cruises #1 and #2, respectively, mean
concentrations of 2.0 umolL-1 and 1.5 pmoll! were measured. During the third cruise, mean
concentrations of 70 umolL! were measured Highest concentrations of silicates were measured
during the cruise #2 within the denseN. scintillanssurface patches at stations 1 and 3, with

concentrations reaching 7.4 and 12.3 pmolt, respectively.
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Table 4.12: Summary table of mearconcentrations of the nutrients measured throughout the cruises #1,
#2, and #3(umolL-1) and standard error from the mean.

NGs Si POs NHa
Cruises Mean Std. error Mean Std. error  Mean Std. error Mean  Std. error
Cruise #1 3.7 0.2 2.0 0.4 0.1 0.0 2.6 0.3
Cruise #2 1.0 0.1 1.5 0.3 0.3 0.2 2.5 1.3
Cruise #3 0.4 0.1 7.0 0.3 0.2 0.0 1.0 0.1

In contrast, highest nitrate concentrations were measured during cruise #1, wheredhe lowest
concentration was measured duing cruise #3 (Table 4.12,Fig. 4.17). During the first cruise,
nitrate reached a mean concentration of 3. umolL-l. Mean nitrate concentrations dropped

during cruise #2 to 1.0 umolL-tand even further to 0.4 umolL! in august at both stations.
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Figure 4.17: Temporal variation of Si and NQ@concentrations during cruises #1 - #3 at the different
stations (1-3) in the study area. * indicate samples collected within denseN. scintillans surface
occurrences.

Concentrations of ammonium and phosphate remained constant over the sampling period with
mean concentrations of 1.9 umolit and 0.2 pmoll?, respectively (Table 4.12,Fig. 4.18). Within
N. scintillanssurface patches the highest concentrations reached 42.9 pumdllfor ammonium
and 6.28 pmoll! for phosphate. When compared to the mean concentrations, this represents a

30-fold increase for ammonium, and a 48old increase for phosphate.
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Figure 4.18: Temporal variation of POy and NH; concentrations during cruises #1 - #3 at the different
stations (1-3) in the study area. * indicats samples collected within denseN. scintillans surface
occurrences.
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5. General discussion

5.1. Past, present andpotential future spatiotemporal distribution of
Noctiluca scintillansin the North Sea
5.1.1. Temporalincrease ofNoctiluca scintillansin the North Sea

The literature review on documented global occurrences ofN. scintillansindicated a potential
geographical expansion and increase &. scintillanssince the 1970s To validate these apparent
trends, attention wasfocused onregions with consistent and longterm sampling records. This
compilation revealed a significant increase in the abundance, a spatial spread, and an elongation
of the bloom window of N. scintillansin several coastal regions including Australia, China, and
Europe (see section2.2.). The analysisof two distinct long-term time series showed that N.
scintillansfollowed similar increasing trends in the North Sea over the last decadeSbundances

of this organism continuously increased after the 1990s. Furthermore, a significant elongation of
the bloom window in Helgoland was observed, with a 3:80ld increase between the 1990s and
2020s.

While the literature review suggested that temperature cannot be the only environmental factor
driving N. scintillans(see section 2.2), the results of the GAMspplied to the longterm time
series datasuggested that SST is one of threost important factors for N. scintillansin the North
Sea Temperature is being widely acknowledged as important environmental factor shaping
marine ecosystems, and particularly the abundance and community composition of
phytoplankton (Richardson, 2008) In fact, ocean warming affects plankton indirectly through
increased stratification limiting the nutrient supply and directly through increased plankton
metabolic rates (Lewandowska et al, 2014). In the North Sea,temperatures increased
significantly faster than the global average (~ 1.3°C/57 yearsersus ~ 0.7°C/57 years). The
waters around Helgoland are experiencing an even more accelerated warming, evidenced by an
increase of 1.86°C/57 yeargAmorim et al, 2023). Considering thatN. scintillansreaches highest
densities in warm waters, it can be deduced that the warming trend observed in the North Sea
results in more frequent conditions that are favourable for population growth and for longer
bloom periods. In Helgoland, the occurrence of warm months with water temperatures between
17-18°C shifted from 2.3% to 12.4% since 1991, whereas the cold months with temperatures
below 2-3°C have significantly decreasedAmorim et al,, 2023). SinceN. scintillanscan engage
cell division at low water temperature (Uhlig and Sahling, 1990) it can be speculated that the
temperatures around Helgoland fall within the suitable range forN. scintillansnearly year-
round. In fact, small populations are maintained throughout the yearas evidenced by the
increase of N. scintillansabundance inspring and autumn in Helgoland since the 2010s(see
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section 1.4.2.). Additionally, the regional occurrences olN. scintillansin the southern North Sea
in winter and autumn also suggestthat suitable temperatures occur even during the colder
months. A significant correlation betweenN. scintillansabundance and winter SST has been
previously established for waters around Helgoland, indicating that when higher SST occurs in
winter, higher abundances ofN. scintillanscan be expectedn the following summer (Heyen et
al.,, 1999). This not onlypatrtially explains the increasing trend inN. scintillansabundances, but
also accounts for the elongation of the bloom window. Climatehange has also caused a
significant increase of marine heatwavegOliver et al, 2018). As observed during the heatwave
in the German Bight in 2018, rapid changes in temperatures can significantlgcrease water
column stratification and reduce nutrient loads to coastal watergKaiser et al, 2023). This might
affect the timing of blooms as well as the phytoplankton community composition, shifting from
less resilient species towards more tolerant and rapidly developing specidRemy et al, 2017),

such asN. scintillans.

The alterations in the bloom timing of different phytoplankton groups were previously
associated with the warming of the North Sea. Diatoms reached their peak abundance 22 days
earlier in the early 2000s than in the late 1950s, whereas dinoflagellates peaked 23 days earlier
(Richardson, 2008) Noctiluca scintillansis known to effectively feed on a variety of prey types,
including diatoms and dinoflagellates (Fonda Umaniet al, 2004; Zhanget al, 2015). Since
heterotrophic N. scintillansrequires high prey availability to bloom, the earlier blooms of its
most common prey types have certainly contributed to the earlier start oN. scintillansblooms

evidenced here.

The analysis in this thesissuggess that N. scintillansdid not follow a constant increase between
the 1960s and 2020s in Helgoland. The abundances rather fluctuated with a significant decrease
of . 8 OA E sumknér | meanOdbundance between the 1970s and the 1990s and an
intensification after the 1990s. The southern North Sea is affected by eutrophication, driven by
anthropogenic nutrient inputs from the outflow of several major rivers. For Helgoland, the Elbe
River Estuaryplays an important role, sincenutrients from the river are carried until the island
(Voynova et al, 2017). First measures to reduce nutrient inputs in the North Sea were
implemented in the second half of the20th century, achieving a reduction of 50% in nutrient
loads by the late 2000s(Howarth and Paerl, 2008; Rewrieet al, 2023). This trend was
confirmed by the analysis of abiotic factors between 1962 and 2001 in the waters around
Helgoland, observing a major decrease in phosphorus since the ni@70s (Wiltshire et al,
2008). The high DNAcontent of dinoflagellates implies a high demand for phosphorugRizzo,
2003). This link has been established in earlier investigations observing deng¢. scintillans

blooms when phosphorus concentrations were high(Ollevier et al, 2021; Zhanget al, 2021).
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Since reductions of phosphorus inputs have been proven effective in limitingyl. scintillans
proliferations (Fonda Umaniet al,, 2004; Oguz and Velikova, 2010jt can be hypothesized that
the steep decline in abundance that was observed between the 1970s and 1990s may be linked
to the decreasing concentrations of phosphorus during this period. Additionally, diatoms seem
to have followed a decreasing trend between the 1960s and 1990s in the North Sgaterme et

al., 2006). Since diatoms are a common prey ™. scintillans(Dela-Cruz et al, 2002), this could
provide another explanation for the observed decrease iMN. scintilansabundances after the
1970s. Similar results were obtained in mesocosm experiments, where the abundance Nf
scintillans significantly decreased with lower proportions of diatoms within the phytoplankton

community (Moreno et al, 2022).

The decrease in abundance between the 1970s and 1990s coincidsih a significant increase
in the bloom window length. This can be attributedo the unusual occurrence of a. scintillans
bloom in January 1989, which substantially elongated the bloom window for that yearand
influenced the bloom window length for the 1980s. Another possiblexplanation is the increase
ET 000011 ¢ xETA AOAdtyGe 1980s (Siédisdund dndSrhrum3 2061)
Findings revealedthat the daily mean wind speed during the 1980s more frequently surpassed
10 m st during the N. scintillansbloom windows compared toother decades Table 5.1). This
could have affected abundances,sacells could be more easily resuspended in the water and
were less likely to accumulatedensely at the surface. Additionally, as welhixed conditions
benefit the development of N. scintillans more windy days might causefavourable bloom

conditions over longer periods, thereby increasinghe bloom window length.

Table 5.1:. O AAO T £ AAUO xEOE OOOOI 1 0. seirfillansblodnOwinddv® @e. x EOEE 1
daily mean wind speed > 10 m$ (Siegismund and Schrum, 200))by decade

Decade .01 AAO T £ AAUO xEOE O
1960s 57
1970s 158
1980s 359
1990s 340
2000s 330
2010s 279
2020s 33

The intensification of N. scintillansafter the 1990s could partly be related to the increase in
oceanic water inflow into the North Sea during the late 1980€Drinkwater et al, 2003), leading
to warmer water temperatures. Moreover, diatom abundances have been increasing in the

North Sea since the 1990s, due to increased wind speed in summer, stimulating vertical mixing
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(Hinder et al, 2012). The increased prey availability, and particularly of diatoms, might have

positively influenced N. scintillansin the North Sea and contributed to the observed increase.

The trends identified here, differ from the 3year interval oscillationsin N. scintillansabundance
observed byUhlig and Sahling(1990) in the German Bight. Maximum abundances every third
year could notbe clearly identified, as abundances remained high over several consecutixears
(Fig.5.1). Similarly, results from a time series analysisarried out between 2014 and 2018 in the
Belgian Part of the NorthSea, revealed an increase ®f. scintillansover time rather than 3-year

oscillations (Ollevier et al., 2021).
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Figure 5.1: Yearly variations of mean seasonal abundance &f. scintillansat Helgoland Roads for the
period 1962-2020. See AppendiX for more details.

It is important to note that while the data for the 2020s exhibited comparable patterns to the
increasing trends observed in the preceding decades, this decade is represented solely by data
from the year 2020.This was reflected by the standard error fom the mean abundanceand
from the mean bloom window duration in the 2020s which were considerably higher for the
2020s than for precedent decades (see section 4.1.2r) fact, with fewer samples, the confidence

in the average decreases, leading to a higher standard errdrherefore, these resultsmight

solely be considered as indicators of potential recent trends
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5.1.2. Spatialspread ofNoctiluca scintillansin the North Sea

Results from the models applied in this thesis, suggestedthat the highest abundances of\.
scintillanscan be expected during summer in coastal waters and especially close to the outflow
of rivers mouths and estuaries. Similarly, Tasmanian coastal waters showed elevated
concentrations of N. scintillans whereas lower concentrations were observed offshore
(Hallegraeff et al,, 2019). Interestingly, in autumn and winter N. scintillansexclusively occurred

in estuaries in the North Sea. Overwintering populations oN. scintillanswere also found in
estuaries near Sydney, where conditions for stable but low standing stocks of the dinoflagellate
(e.g. warm waters and highutrients) are maintained throughout the colder seasorn(Dela-Cruz

et al, 2003). The ability ofN. scintillansto survive in estuarine environments can undoubtedly be
attributed to its euryhaline characteristics.Hallegraeffet al.(2019) found that the tolerance ofN.
scintillans to a wide range of salinities is a fundamental asset during transport and range
extension. Additionally, N. scintillansbenefits from several temperature ecotypes, allowing it to
grow at temperatures from near 0°C(Elbrachter and Qi, 1998)up to 30°C(Qi et al., 2004,

another asset in the coastal environment where conditions can rapidly change.

Over time, the geographical distribution ofN. scintillansexpanded, initially concentrating near
the main estuaries in the late 1980s and spreading along the coasts of the southern North Sea
until 2017 (See section 4.1.3.) The main bloom intensification of this dinoflagellate was
observed in summer between 2005and 2017 within the river plume of the Rhine, where
abundances increased from 5 cellsL:t in the late 1990s/early 2000s to 510 cellsL:t in the late
2000s/2010s. Supporting these results, geographical hotspots fdX. scintillanswere identified

at the East Frisian islands in the late 19808Jhlig and Sahling, 1990) Together with estuaries,
these shallow, wellmixed and nutrient-rich areas offer ideal conditions for the initiation ofN.
scintillans population growth and were identified as main reproduction areas for this organism
in the southern North Sea(Uhlig and Sahling, 1995) Since the midl1990s, the area in whichN.
scintillans occurred at abundances between -5 cellsl:! spread northwards up to the central
Danish coast, and westwards up to the West Frisian Islands in summer. Within the North Sea,
the German Bight showed the highest warming trend in recent decades and particularly since
the 1980s (Wiltshire et al, 2008). Thehigh nutrient input through the main rivers and the rising
SST have certainly played an important role in the observed spatial spread Nf scintillansover
time. Additionally, throughout the 21st century, occurrences of westerly windsincreasedin the
North Sea(Gaslikovaet al, 2013). Given thatN. scintillanshotspots are located around the West

and East Frisian Islands, and that populations commonly drift from coastal to more offshore
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environments (Uhlig and Sahling, 1990) these changes in wind direction could have further

contributed to the spread of this dinoflagellate along the coasts of the southern North Sea.

Overall, N. scintillans has bloomed more intensively, frequently and longer in various regions
worldwide over the last decades(see section2.2.). The geographical expansion, the rising
abundance and elongation of the bloom duration identified here show thalN. scintillans
underwent similar changes within the North Sea. When considering the many competitive
advantages ofN. scintillansincluding its tolerance to changing environmental conditions, and the
foreseen climate change scenarios predicting further increasing SST, decreasing salinities,
increased stratification, and potentially increasing river nutrient loads caused by increased
runoff in the North Sea(Quante and Colijn, 2016)it can be expected that the identified trends
might follow similar patterns in the future. DenseN. scintillansblooms are associated with many
negative impacts on coastal ecosystems and food welsee section 2.3) Further increases and
broader areas of occurrence ofN. scintillanscould have major repercussions on ecosystem
productivity and can lead to substantial economic losses. Therefore, the monitoring of this

species needs to be further improved to minimize ecological and economic damage.
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5.2. Drivers throughout a Noctiluca scintillans bloom

Based on the abundances dN. scintillansmeasured throughout the three cruises, the main
bloom phases were identified including thepre-bloom phase during cruise #1, the bloom peak
with a nearly 5-fold increase in mean abundances, several consecutive days with abundances
above 500 cellsL:t, and apparent surface slicks in cruise #2, followed by theost-bloom phase
during cruise #3. In line with these findings, Uhlig and Sahling (1990)observed that between
March and midJune in Helgoland,N. scintillanspopulations started growing and generally
collapsed at the end of July or beginning of August. Results from the time sermlysis agreed
as well and showed thatN. scintillansblooms develop from April to May, whereas highest

abundances can be expected in June and/or July and the bloom decay in late summer.

5.2.1. Pre-bloom

The results from the Helgoland Roads time series analysisshowed that pre-bloom conditions,
leading to the initiation of N. scintillansblooms, included DIN concentrations and solar radiation
above average (2630 umolL! and ~ 175 Wm?2, respectively). As phytoplankton relies on
nutrients and light to grow, it can be expected thaN. scintillanscan start developing when light
and nutrients are available, and hence,prey is abundant. These findings align with earlier
investigations, identifying prey availability as the main requirement for the growth ofN.
scintillans (Kigrboe and Titelman, 1998; Kopuzet al, 2014; W. Zhanget al, 2020). Prebloom
conditions were associated with temperatures above 12°C. Together with DIN concentration
(Fig. 5.2D) and solar radiation (Fig. 5.21), the SST associated with the fil@eom phase
corresponds to the environmental conditions between April and May (Fig. 5.2A), during the
temporal range of the annual spring bloomNoctiluca scintillans usually follows the diatom
spring bloom (Dela-Cruz et al,, 2002; Kigrboe, 2003) The analysis of the cruise dataalidated
these findings while revealing that diring the initial bloom phase,N. scintillansabundances were
mainly influenced by increased prey availability (i.e. diatom abundance). Accordingly, highest
abundances of diatoms have been measured during the first cruise. Diatoms have been
previously identified as main factors driving the initiation of N. scintillansblooms, with several
studies observing highest growth rates ofN. scintilanswhen fed with non-motile diatoms
including Thalassiosira spor Chaetoceros sgZhang, Liu,et al, 2016; Hallegraeffet al., 2019).
Nevertheless, Uhlig and Sahling (1990 observed first N. scintillanscells already dividing in

March at SST between 5 and 6°CThis observation suggests thatN. scintillansinitiates its
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development in early spring but attains prebloom conditions only in April-May due to

insufficient prey.
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Figure 5.2: Monthly means for all variables included in the GAMs for the Helgoland Roatime series
represented as boxplots for the period 1962020. The boxes extend from the 25th to the 75th percentile
where the solid line indicates the median. Observations are indicated by dots.

5.2.2. Bloom peak

From the time series analysis, itwas determined that denseN. scintillansoccurrences are
influenced by several factors combined, including warm waters and low wind speed, as well as
averagelight intensity below 75 W2, The cruise data additionally revealed thenfluence of
prey abundance for peak densities oN. scintillans.The bestfit models for both analysed time
series and cruise dataincluded multiple predictor variables and exhibited suitable predictive
capabilities, underscoring the effectiveness of GAMs in evaluating the impact of diverse

variables, including chemical and physical factors, dN. scintillansabundance.

Temperature was identified as main factors driving N. scintillansabundancesaround Helgoland
as evidenced by the results of the GAMs for both time series and cruise dathe results of the

time series analysispredicted peak densities ofN. scintillansfor waters between 15 and 20°C.
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This corresponds to the highest range of temperatures measured around Helgola(iig. 5.2A)
and coincides with results obtained with culturedN. scintillans reporting highest growth rates
at water temperatures between 19 and 25°QUhlig et al, 1995; Harrisonet al, 2011). During the
cruises, highest abundances df. scintillanswere expected to occur at temperatures above 167C
thereby aligning with the findings of the time series analysisit was demonstrated that cell
division activity of N. scintillansincreased together with increasing temperatures between
spring and summer in the southern North SedUhlig and Sahling, 1990) Noctiluca scintillans
densities have indeedsignificantly increased between the two first cruises. This abrupt increase
between initial bloom phase and bloom peak might be explained by the reproductive strategies
of N. scintillans since his dinoflagellate can maintain binary fission in areas of high cell density,

which leads to exponential growth(Miyaguchi et al,, 2006).

Calm wind conditions (wind speed < 6 m-8) have been identified asanother significant factor
contributing to high concentrations of N. scintillansaround Helgoland, as reported in various
studies (Uhlig and Sahling, 1990; Nakamura, 1998a; Zharg al, 2021). This is consistent with
the buoyant nature ofN. scintillans leading to the formation of dense surface patches when wind
or tidal mixing fails to resuspend the cells in the water columnEnhanced stratification often
results in nutrient-depleted environments, and, hence, to lower phytoplankton biomass
(Lewandowskaet al, 2014). Accordingly, results of the GAMs revealed that peak abundances of
N. scintillansare expected at low diatom abundancesBetween cruises #1 and #2, the abundance
of diatoms drastically decreased. This could be a result of the increased feeding pressureNof
scintillans on diatoms (Saho Kitatsuji et al, 2019), evidenced by thehigh abundancesof N.
scintillans phagotrophically ingesting diatoms duringcruise #2 (see section 4.2.2.)As cells feed
while rising in the water column, limited food availability prevents the cells from intercepting
prey and leads to dense accumulations at the surfadg@hlig and Sahling, 1990) This was
corroborated by the vertical distribution data from the campaigns, which showed highest
abundances ofN. scintillansnear the surface. The peak densities observed in the surface slicks
during cruise #2 likely contributed to this result (see section 4.2.1.)Nevertheless,changing
environmental conditions such as reduced silicate availability or higher temperatures,
conditions that are usually detrimental for diatoms (Xiao et al, 2018), could have further

contributed to the observed decline in diatoms.

Peak abundances olN. scintillanshave been predicted to occur at SSS between 27 and &0HR
and above 32 during cruise #2 encompassing nearly the entire range of salinities recorded
within the study area (Fig. 5.2B) This underscores the tolerance di. scintillansto a wide range
of salinities, as evidenced by earlier investigationgHallegraeff et al, 2019; Wanget al, 2023).

Furthermore, the results showed that high abundances of this organism are expected latv
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solar radiation. High light intensity has the potential to damageN. scintillanscells, and with peak
abundances often associated with surface accumulation, high light intensity would be

detrimental and could lead to a bloom collapséUhlig and Sahling, 1990)

Results from the CPR analysis showed that highebt scintillansabundance in the North Sea
were associated with water temperaturesabove 11°C, significantly different from the results
obtained near Helgoland. This difference could imply either that the optimal temperature range
for N. scintillansvaries with the study area, indicating potential adaptability of this dinoflagellate

to its local environment, or that SST only partially drived. scintillans.

The CPR analysisadditionally showed that a deep mixedayer depth (< 20 m) positively
influenced N. scintillans contradicting the findings in Helgoland, wherecalm conditionsand low
prey availability promoted peak densities Asthe sampling depth of the CPk usually between 7
and 10 m, dense surface patches are likely to be missed. If surface accumulations are not
accounted for, it is logical that a deep MLD corresponding to watixed waters, was found to
favour high N. scintillansabundance. In fact, highesN. scintillansabundances within the water
column have been associated with welnixed, nutrient-rich waters, benefitting the growth of
phytoplankton (Dela-Cruz et al, 2008). In the eastern Atlantic, stronger spring blooms occurred
when a deep MLD and strong winds occurre(Martinez et al,, 2011). Furthermore, a deep MLD
may limit light availability which has been previously associated with shifts from autotrophic to

heterotrophic organisms(Monier et al, 2015), thereby potentially benefitting N. scintillans.

5.2.3. Postbloom

Results from the time series analysis showed thatgst-bloom conditions were characterized by
SSTbhetween 12 and 16C, DIN concentration around 45 umolt, as well assolar radiation above
average and peak values up to 800Wm-2. The temperatures associated with the posbloom
phase fall within the suitable temperature range forN. scintillansand the DIN concentration is
above average Therefore, itcan be deduced that the bloom termination is most likely attributed
to the limited prey availability and intense solar radiation. Accordingly, the GAMs applied to the
cruise data revealed that in the posbloom phase,N. scintillansis correlated to low diatom
abundances During denseN. scintillansblooms, cells heavily graze omliatoms and can causea
bloom collapse (Saho Kitatsuji et al, 2019). It can therefore be expected that after the bloom
peak ofN. scintillans prey availability drastically drops due to intense predation, which would in
turn contribute to the accumulation of cells at the surface. SincH. scintillanscells in surface
waters which areexposed to elevated light suffer from irreversible deterioration, elevated solar
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radiation could accelerate the bloom decay. Moreover, thelevated DIN concentrations
associated with the postbloom phase might be partially influenced by the excretion of NHby N.
scintillans upon cell lysis (Ara et al, 2013; Zhanget al, 2021). Highest concentrations of Nh
were measured in late summer in Helgoland (Figs.2F), following the decline ofN. scintillans

abundances.

Interestingly, the temperature range associated with postbloom conditions was higher in the
cruise data (1820°C).This could be caused by the anomalously high temperatures recorded in
summer 2022 and particularly in August in the North Sedlbebuchi and Abu, 2023) The rapid
warming induced by the heatwaves in 2022 could have contributed to the diatom bloom
termination and fuelled the development of dinoflagellates such asCeratium sp.and
Prorocentrum sp, usually thriving under higher temperatures(Xiao et al, 2018). This aligns with
results from the DistLM (section 4.2.1) suggesting that temperature was the main driver of the
changes between cruises #2 and #3. Furthermore, this might explain why abundances Nf
scintillans declined betweenthe two last cruises, since the availability of its main prey rapidly
decreased and got replaced by prey that can be consumed Ny scintillansbut leads to lower
growth rates.. AOAOOEAT AOOR AET T &£ ACAIl 1N <iltianspopilatiofsOD DT OO
but at lower scale than diatoms(Zhang et al., 2021) This aligns with the findings regarding the
cell size of N. scintillans,being lowest in August.Smaller cells generally implya good health
status, with cells capable of population growth(Dela-Cruz et al, 2003). Therefore, a second but
less intenseN. scintillanspeak can be expectedafter cruise #3, fuelled by the availability of

dinoflagellates.

In accordance with observations from the literature review, ke findings emerging from the
analyses of the time seriesand the cruise datademonstrated that the abundance oN. scintillans

is not solely driven by individual variables but rather by several factors acting together (Fig.
5.3). In fact, the models indicated thaat HR,OEA OAI BT O AbnthdwApardcldrh O
important for N. scintillansblooms, accounting for a combination of environmental conditions.
High temperatures, low wind speed,low prey availability, and moderate light intensity
collectively contributed to favourable conditions for denseN. scintillansblooms during June and

July.
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Figure 5.3: Schematic representation of the environmental preferences dfl. scintillansduring different
bloom phases (including prebloom, bloom, and postbloom). Suitable prebloom conditions for the
growth of N. scintillansinclude high DIN and light availability, leading to phytoplankton growth and, thus,
to high prey availability for N. scintillans.The bloom phase with peak abundances occurs in Judaly, once
calm conditions (including low wind speed and stratification) prevail, leading to nutrient depleted surface
waters, thus, low prey availability. With no prey encounterN. scintillanscells accumulate at the surface.
Postbloom conditions correspond to high solar radiation, damaging the cells accumulated at the surface,
hence, inducing the bloom collapse.

95



5.3. NoctilucaO A ET Oiffluehcd bn@dastal ecosystems

During the three cruises carried outoff Helgoland in summer 2022, he phytoplankton
community composition significantly varied, being dominated by diatoms during cruise #1, bi.
scintillans during cruise #2 and finally by dinoflagellates including Ceratium sp. and
Prorocentrum spduring cruise #3. This bloom succession was also reflected in the results of the
pigment analysis. With fucoxanthin and peridinin being recognized as the diagnostic pigments of
diatoms and dinoflagellates, respectively(Canuti, 2023), the results suggested a shift from
diatom-dominated waters in June towards dinoflagellatedlominated waters in August.
Temperature was identified as @e of the most important drivers of these changesin fact,
diatoms were negatively correlated to temperature, which was reflected in the observationas
diatoms were more abundant in June when temperatures were lowedsee section 4.2.2.)
Furthermore, a negative correlation was found between diatoms and silicate, reflecting their
high demand for this nutrient to build their siliceous frustules (Spillane, 2016) Diatoms are
generally associated with colder, nutrientrich waters (Lewandowska et al., 2014), benefitting
from several competitive advantages over dinoflagellates under these conditions, including

rapid nitrogen uptake and storagg(Xiao et al,, 2018).

In August, under warm, nutrientdepleted surface waters, dinoflagellates Ceratium sp.
Prorocentrum sp) replaced the diatoms. While higher temperatures can inhibit the growth of
diatoms, particularly under nutrient-depleted conditions, they can be outcompeted by
dinoflagellates, benefitting from several growth strategies, vertical migration capabilities, and
mixotrophy (Smayda and Reynolds, 2003; Xiaet al, 2018). Accordingly, the highestCeratium
sp.abundance (582 cellstt) was measured on the ® of August at 40 m depth This was also
reflected by the high standard error for this species on that day (see section 4.2,1lagextreme
values can significantly increase the variability in the data, leading to inflated standard errors
when calculating mean abundance On the 2d of August, the water temperature in depth was
particularly high (17.3°C) and the water column was stratified with depleted nutrients in
surface, increasing with depth These factors might have contributed to the high abundances of
Ceratium spmeasured in depth.Moreover, dinoflagellates are not limited by silicatesgiving
them an additional competitive advantage over diatomswhich were limited by the low silicate
concentration. The negative correlation between dinoflagellates and RQreflects their high
demand in phosphorus due to their high DNA celtontent (Spector, 1984; Rizzo, 2003; Berdalet
et al, 2016).

Throughout the three cruises, the ambientnutrient concentration significantly varied, with

higher concentrations of NQat the beginning of June, decreasingnd reaching a minimum in
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August. Silicates followed the opposite trend, witHower concentrations in Juneincreasing in
August. Thiscould also reflect changes in the phytoplankton community composition with
silicates utilized by diatoms in June, and nitrates by dinoflagellates in August. Moreover, Si
concentrations were particularly high within dense N. scintillanssurface patches. Thiscould
reflect the important diatom consumption byN. scintillans as the cells decaying and lysing at the
surface release considerable amounts of digested prey (i.e. diatoms), thus, silicat&scordingly,

the smallest diatoms were generally observed at the surface during the sampling campaigns.

Concentrations of NH and PQ followed an interesting trend, remaining constant over the
sampling period and drastically increasing within denseN. scintillanssurface slicks.This was
also reflected in the elevated standard errors foNHs and PQ during cruise #2 when compared
with the other cruises (see section 4.2.3.)The high variability introduced by these extreme
valuesof NH; and PQ, significantly increased the standard error, indicating greater uncertainty
in the average nutrient concentrations within N. scintillanssurface slicks. In contrast, the
concentrations during the other cruises remained consistently lower and more uniform,

resulting in lower variability and narrower standard errors.

Abrupt increases in ammonium and phosphate iN. scintillanspatches have previously been
observed (Okaichi and Nishio, 1976; Montaniet al, 1998). As efficient nitrogen and phosphate
recycler (Mohanty et al, 2007; Zhanget al,, 2021), N. scintillansis able to excrete high amounts
of intracellularly accumulated NH; and PQduring cell lysis (Ara et al, 2013; Zhanget al, 2021).
Therefore, the positive correlation between N. scintillans, NH; and PQ, is likely a result of the
dinoflagellate's regenerative capabilities. In factbecause of its high ammonium contentN.
scintillansacts as one of the most important contributors to nitrogen cycles in temperate coastal
waters (Okaichi and Nishio, 1976; Montangt al, 1998; Tadaet al., 2000). These nutrient pulses,
originating from decaying N. scintillansblooms might considerably contribute to the nutrient
availability, especially in warm, stratified and nutrientdepleted waters of the southern North
Sea in late summer. Under these conditions, plankton biomass is primarily driven by nutrient
supply to the photic zone(Lewandowskaet al, 2014), which N. scintillansprovides. Through the
increased nutrient availability, N. scintillanscan fuel bottomup processes and significantly
contribute to phytoplankton production. This was observed in different areas including the
Black SegDrits et al, 2013), the North SegSchoemannet al, 1998), and the Mediterranean Sea
(Genitsariset al, 2019). In Japan, the excretion of P@&nd NH; by N. scintillanseven supplied up
to 135% of the phosphorus and 85% of the nitrogen needed for primary productioAra et al,
2013). This process can be considered aelf-helpd since it provides N. scintillanswith food

allowing it to thrive longer in an otherwise inhospitable environment(Schaumannet al,, 1988).
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The bloom succession of diatoms followed bM. scintillansand ultimately by dinoflagellates such
as Prorocentrum spand Ceratium sp.hints a potential contribution of N. scintillansbecause ofts
central position. Diatoms are . 8 OA E mGsE tomdnOdiey type (Kigrboe, 2003).
Particularly, large, norrmotile or chain-forming diatoms resulted in higher ingestion (Kigrboe
and Titelman, 1998) and growth rates (Zhang et al, 2016). Noctiluca scintillanshas been
previously identified as active grazer of diatomgDela-Cruzet al, 2002). Along the Belgian coast
in summer, N. scintillansgrazed 15% of diatoms, suggesting a strong impact on the diatoms
occurring in the late spring and summer(Daro et al, 2006). In JapanN. scintillanswas even
responsible fora diatom bloom collapse(Saho Kitatsujiet al, 2019). Themany N. scintillanscells
ingesting diatom chains during cruise#2, followed by a drastic decrease in diatom abundances,
support the possibility that N. scintillanscontributed to the end of the diatom bloom After the N.
scintillans bloom, an increase of dinoflagellatesoccurred. In consideration of the high affinity
that dinoflagellates have for phosphate (Huang et al, 2005), the anomalously high
concentrations of PQ released by decaying\. scintillansblooms, might have contributed to the
development of the dinoflagellate bloom in August. Additionally, dinoflagellates including
Prorocentrum sp.are able to use various nitrogen sourceqOu et al, 2014) but favour
ammonium (Fan et al, 2003). This could have further contributed to the increase of
dinoflagellates after theN. scintillansbloom (Glibert, 2017). Dnoflagellates were not identified
as superior prey type forN. scintillans(Zhang et al., 2015)s they can escape the mucus threads
of N. scintillans. AOAOOEAT AOOh OEAU A AN. sciotiffebdDridé Gonddignd OOA OE
where diatoms are not available (Zhang et al., 2021) Cultured N. scintillans exhibited
comparablegrowth rates when fed with the small motile flagellates than when fed with diatoms
(Hallegraeffet al, 2019).

In summary, the findings indicate thatN. scintillanscanimportantly influence the phytoplankton
community composition in the southern North Sea Under suitable conditions including
temperatures around 13°C and prey availabilityN. scintillansrapidly develops. The high feeding
pressure ofN. scintillanson diatoms, nutrient depletion andwarm waters are likely to induce the
end of the diatom bloom, causingN. scintillansto accumulate at the surface. Upon cell lysis,
nutrients are released, which might contribute to the development of a dinoflagellate bloom.
This specific bloom succession was previously observed in the Seto Inland S&mkamura,
1998a) or the South China SeéElbrachter and Qi, 1998)(Fig.5.4).
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Figure 5.4: Schematic summary of the potential role oN. scintillanswithin the coastal phytoplankton
community of the southern North Sea.

5.4. Uncertainties of the methodological approachused for assessing
Noctiluca scintillans
5.4.1. Traditional sampling methods

The findings presented in the previous sections provided valuable new insights into the long
term trends, bloom dynamics, and the ecological role ofN. scintillansParticularly the combined
use of traditional methods as well asbenchtop and in situ imaging devices provided novel
information about the ecological role olN. scintillansat unprecedented resolution. Nevertheless,
several uncertainties were identified throughout the literature review, and the analyses of time
series and sampled data. Most of theseéncertainties emerged from traditional sampling
techniques commonly utilized for the assessment oN. scintillans For instance, no definite
conclusions could l# made regarding the potential global spread ofN. scintillans.This was partly
due to unavailable information about sampling frequency, duration, and location in the various
studies. Another factor contributing to this inconclusiveness, is thanearly 90% of all fieldbased
studies focusing onN. scintillansused traditional sampling methods, including bottles, nets, and
buckets (Fig.5.5).
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Figure 5.5: Number of field-based studies focusing ofN. scintillansand use of methods for data collection
between 1857 and 2023. Traditional methods include sampling performed with various types of
zooplankton and phytoplankton nets, bottlesand buckets.

Net samplescan provide valuable information about N. scintillansabundances, food vacuole
content, size, and status of individual cell§Fig. 5.6) Nevertheless,the highly variable size of N.
scintillans cells (Elbrachter and Qi, 1998)implies that the chosen mesh size of sampling nets can
importantly influence detection rates. Additionally, the gelatinous constitution of N. scintillans
and fragility of its agglomerations can lead to deteriorated cells and disrupted colonies when
sampled with traditional methods such as netdOmori and Hamner, 1982) This can lead to

significant underestimations of abundance.

Water samples with bottles or buckets are generally better suited for sampling delicate
organisms (Uhlig and Sahling, 1995; DelLruz et al, 2008). Microscopic analysesof these
samples permit the identification and quantification of individual and agglomerated fragile
plankton taxa at high resolution as well as food vacuole content analysis, cell status, abundance,
and size estimations of singleN. scintillans cells and agglomerates. Bottle samples can
additionally provide an insight into the vertical distribution of N. scintillanssince the samples
can be collected at different depths(Fig. 5.6) Nevertheless, the vertical distribution ofN.
scintillans varies greatly among bloom stages and feeding conditiondbundance peaks were
recorded at the surface(Changjianget al, 1996; Turkoglu, 2013) subsurface (Furuya et al,
2006; Isinibilir et al, 2011) and near the lower limit of the photic layer(Nikishina et al,, 2011).
Cther studies observed a homogenous distribution of cells throughout the upper mixed layer of
the water column (Fonda Umaniet al, 2004). This can lead to underor overestimations of N.

scintillans populations. At HR, thisis not an issue since the samplingoccurs in shallow and
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generally well-mixed waters, where surface samples are representative of the entire water
column (Wiltshire and Manly, 2004). Neverthelessjn regions with greater depths and/or that
are subject to stratification, resolving the vertical distribution of N. scintillanswith traditional

methodsis limited and requires other methodologies such as continuous situ observations.
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Figure 5.6: Overview of the information type obtained with the main sampling techniques applied iN.
scintillans-focused research.

Noctiluca scintillansgrows exponentially (Sathish et al, 2021) and forms structurally complex
blooms. These occur in filamentous surface patches of variable size, extending over several
meters (Astorecaet al, 2005) (Fig.5.7A and B) up to hundreds of kilometres (Fig5.7C), and can
rapidly break down (Dela-Cruz et al, 2002). AssessingN. scintillansis therefore challenging,
particularly when using sporadic discrete sampling techniques, as the probability to miss a
bloom is high This highlights the necessity of data at high temporal resolution to effectively
monitor and understand these blooms. In fact, docal range expansion and potential
intensification of N. scintillans could be defined while focusingon regularly sampled regiors
(see section 2.2)However, thereis still a lack of information needed to fully understand the past

and recent dynamics of this organismat large geographical scale. Therefore, to verify these
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findings and hypotheses, there is a highlighted need for methods that allow continuous

monitoring of N. scintillansat high spatialresolution.
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Figure 5.7: N. scintillansblooms at different scales(A. and B.) pictures taken from the research vessel
Ludwig Prandtl in June 2022, Helgoland, Germany; ar{€C) detail of a satellite image of arb500 km long
N. scintillansbloom along the Danish North Sea coast acquired by Senti¥r@SI on 29 June 2022.

5.4.2. Methodologieswith higher spatial coverage

Time series such as the CPR survey, provide information about plankton diversdy high spatial
resolution. It was shown here that forN. scintillansreliable estimates of longterm trends over
large spatial scales can be madehen using time series such as the CPR survdyespite the
numerous modifications applied to the original sampling mechanism over timgBatten et al,
2003), data from the CPR are robust, providing muHilecadal information of marine plankton
dynamics at high horizontal resolution(Richardsonet al, 2006). The main constraint associated

with the CPR survey, particularly for coastal species likH. scintillans is that samping typically
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begins approximatively 10 km offshore. This limits the accurate identification of hotspots near
the immediate coastline. When comparing the densities dN. scintillansbetween the two time
series, abundances measured with the CPRere substantially lower. Similarly, a comparison
between the CPR andthe Longhurst-Hardy Plankton Recorder revealedthat the CPR
underestimated abundances bya factor of 40 (Richardson et al., 2004). This underestimation
has been linked to the clogging othe CPR mesh biN. scintillans reducing the filtering efficiency
of the CPR(McLeod et al, 2012). Physical damage to the organisms leading tihe deterioration
of morphological key features €.g. N. scintillan®striated flagellum), canfurther impact counts.
Additionally, the sampling depthof 7-10 m, may contribute to inaccurate abundance estimates,
as thevertical distribution of N. scintillansis highly variable and blooms can be missed(Omori
and Hamner, 1982)

Despite the high horizontal resolution of the CPR, the patchiness Nf scintillansproliferations
alsoincreases thelikelihood of missing blooms. Moreover, the CPR data used in this thesis were
averaged over wide spatial (i.e. 0.25°) and temporal scales (seasonal means), resulting in lower
abundanceswhen compared tothe HR data collected atlaily resolution. In consequencethe
abundance threshold for bloomsat HRFh A A £ET AA A Qid hot appiyro the KPR data.
This does not imply that no N. scintillans blooms were sampled Instead, blooms may be
represented by significantly lower values (510 cellsL:t), which could be visually confirmed
using satellite imagery for example. These abundance underestimations limit the precise
determination of spatial distribution patterns when using CPR survey data. Therefore, data with
higher spatial resolution, such as remote sensing, are needebhis was also reflected by the
difference in the spread of the upper and lower standard errors in the effect plots for H{Fig.
4.1 and 4.2)and CPR Fig. 4.3. The HR time series, exhibits lower variability due to the
consistency in sampling frequency andgampling location. This consistency reduces the overall
variance and, consequently, results in narrower confidence intervals around the model
predictions. In contrast, the CPR surveyencompasses greater variability due to thelower
spatiotemporal resolution of the data The less frequent sampling, coupled with the diverse
environmental conditions across different locations, introduces higher variability into the
model. This increased variability is reflected in the wider spread of the standard errors in the
effect plot, indicating greater uncertainty in the model's predictions(deviances explained of
55.54% for HR versus 29.45% for the CPR survey)

Optical remote sensing of phytoplankton blooms is a useful tool to obtain near retine
information about the horizontal aspect of proliferations and more specifically about the spatial
extent, drift, timing, and duration of blooms (Fig.5.6). Remote sensing of ocean colour can

provide information about water constituents and phytoplankton communities, 8ice the
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accumulated pigments in the cells determine the spectral absorption and in turn the remote
sensing reflectance Rs). Based on ocean colour information with sufficient spectral resolution,
some phytoplankton groups can be differentiated during algal blooms when algatganismsare
dominating (H. Xiet al, 2015; Xiet al, 2017). Due to their rapid growth and heavy predation
rate, visible N. scintillansblooms at the surface are often monospecifi¢Detoni et al, 2023;

Gernezet al, 2023), facilitating their remote detection.

The cells of N. scintillansare almost completely deprived ofchl-a but contain carotenoids,

originating from de novosynthetization, that causethe red discoloration of cells (Balch and

Haxo, 1984) In accordance, a peak of carotenoid absorption at 488 nm weecorded in pure N.

scintillanscultures (Astorecaet al, 2005). A high and flatRs spectrum was also measured within

N. scintillanssurface blooms in the field, indicating elevated pixel brightness and that chl-a and

the associated absorptionare less significant for N. scintillansthan for other phytoplankton

species(Gernezet al, 2023). This unique spectral shapenables the identification of blooms or

at least the discrimination of N. scintillansfrom other species with remote sensing. Similar
spectral properties were measured along the Spanish coa¢betoni et al, 2023) and in the

southeastern Arabian Se&Shajuet al,, 2018). In temperate waters N. scintillansblooms typically

appear in redorange slicks at the surface (Figs.7A and B) and in golden bright structures in

true and falsecolour composites (Fig.5.7Q. This means that standard reekdge algorithms are
not suited for the detection of N. scintillans blooms (Gernez et al, 2023). Instead, the
development of specificchl-a-independent algorithms is needed(Qi et al, 2019). Also, further

research regarding bicoptical properties of N. scintillansis necessary The nature of the

carotenoid causingthe absorption peak at 488 nm is still uncleaDetoni et al, 2023) and the

inherent optical properties of N. scintillanscan vary with the type of ingested prey which can

impede the optical detection of this dinoflagellatgVan Mol et al,, 2007). Lastly, the detection of
N. scintillansis challenging for atmospheric correction algorithms since dense surfacélooms

increase thesignal in the near infraredRs, which can lead to great uncertainties and incorrect
estimates of chl-a concentration or aerosol properties (Ruddick et al, 2000; Hieronymi et al,

2023).

Currents, Langmuir circulation or frontal structures can cause high concentrations of buoyar.
scintillanscells to accumulate in thin surfaceslicks (Fig.5.7C) (Schaumannet al, 1988)of D10 m
width (Astoreca et al, 2005). Therefore, the detection and assessment oN. scintillansblooms
with remote sensing is possiblenot only through optical properties but also with the unique
spatial properties of N. scintillansblooms. The high resolution of satellites such as Landsat (30
m) or Sentinel2 (10, 20 and 60 m, depending on the spectral bands3llows the detection of thin

N. scintillans bloom structures. Even with Sentinel-3 OLCI (300 m resolution), which is
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operationally used to estimatechl-a, such blooms are visibleNevertheless the fine structures
causehigh subpixel variability, which weakens the overall signal, limiting the detection of syial
N. scintillans features. Methodologies combining both spatial and optical signatures might

effectively improve detectionof this dinoflagellatefrom space.

Remote sensing presents many advantages for the largeale detection ofN. scintillansand can
be considered as the key tool to gain knowledge about the global distribution of this organism.
Nevertheless, @ean colour represents an integrated signal over the upper water layer with a
depth depending on water turbidity. For example, the depth of penetration for scum forming
blooms corresponds toonly a few tens of centimetregKutser, 2004), thereby solelydetecting
proliferations near the surface. This is problematic folN. scintillans since cell agglomerations
can occurin depth (Drits et al, 2013; Xueet al,, 2020). Furthermore, to overcome issues related
to cloud coverage, sun glint or satellite overpass, and to obtain continuous data allowing the
monitoring of brief N. scintillansblooms, the remote detection resorts to combining data from
different satellites. The low spatial resolution of satellites such as MODI&qua (250, 500 and
1000 m depending on the spectral band) ishowever, not adapted for N. scintillans since they
are likely to miss fine structures and blooms inturbid nearshore waters. Algorithms able to
detect even low concentrations ofN. scintillansare needed to overcome thigQi et al, 2022).
Other possibilities for the remote monitoring ofN. scintillansare dronesor airplanes. Depending
on flight altitude, airplanes can deliver data at high resolution up to 1 mVander Woudeet al,
2019), while still covering vast areas. They do, however, represent a higher financial impact than
drones. Drones are indeed less expensive, and the data are of very high resolution, but the
geographical coverage is limited to a radius of 500 fRuiz-Villarreal et al, 2022). Nevertheless,
the high resolution of the data can helpo rapidly detect small visible surface patches, which are
undetectable via satellite. Moreover, as these instruments can fly in nearshore regions and under

clouds, they can help fill thespatial gaps in satellite data(Vander Woudeet al.,, 2019).

5.4.3. In situ observations

The analysis of two technically different time series has been proven effective in defining the
main drivers, as well as identifying longterm temporal and spatial dynamics ofN. scintillansin
the North Sea. Nevertheless, it must be mentioned that due to the heterotrophic nature M&f
scintillans, the modelsfor HR might have performed better, if prey abundances would have been
included as potential drivers.In fact, the GAMs applied to the cruise data demonstrated that

diatom abundance is an important driver ofN. scintillans Therefore, technical setups allowing
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continuous in situ observations of the phytoplankton community composition and thus, of N.
OA ET Ogbteritiah préySsuch as cabled underwater observatoriegFischer et al, 2020), are
crucial for improving predictions of the bloom dynamics of this speciedn fact, underwater
imaging can provide valuable insights ofN. scintiland AAEAOET OO0 E1 EQEg 1T AOOOA
5.6). The size and transparency of the cells allow for a direct identification and quantification of
prey within its food vacuoles (Drits et al, 2013; Mikaelyanet al, 2014) and can hence provide
essentialin situ information on the ingestion, digestion and egestion habits df. scintillans(Fig.
5.8AzC). Observations with in situ imagery are nonintrusive and non-destructive, thus,
intraspecific interactions such as aggregation mechanisms and the formation of feeding webs
can be visualized and quantified (Figs.8A). Moreover, the vertical distribution of N. scintillans
cells can be resolved(Fig. 4.9), providing valuable new insightsinto the vertical migration
throughout different bloom phases and behaviouf N. scintillansat various depths, as well as
the impact of N. scintillanson the biological carbon pumpA certain autonomy of the different
devices (Fischer et al, 2020; Gieringet al, 2020) presents a great advantage for continuous
observations, crucial for ephemeral N. scintillans blooms. Through longterm monitoring
strategies, blooms can be sampled from initiation until decaygnhancingthe knowledge about
environmental factors driving the different N. scintillans bloom phases The deployment of
autonomous devices ensures continuous data collection, necessary for the monitoring of blooms
in areas where conditions are harsh and prevent shipased sampling(Fischer et al, 2020). In
combination with machine learning algorithms for image analysis, time&onsuming procedures
such as enumeration, identification, and cell size measurements can be significantly accelerated,
thereby continuously providing near-real time in situ data. Artificial intelligence also enables
large-scale analyses of aquatidn situ data, which would be inconceivable with human
annotators (Bochinski et al, 2019). Stationary underwater observatories are, however, also
subject to undersampling. While at the cost of temporal resolution at one location, towed camera
systems, such as the VPR, have greater geographical coverage, which can enhance the chance to
encounter N. scintillansblooms. This calls for the use of differenin situ imaging devices in
combination with remote sensing for the sampling of this dinoflagellate, as it would increase the

temporal, spatial, and verticalcoverage.

Lastly, one main goal of this thesis was to identify the environmental factors driving the different
bloom phases ofN. scintillansin the southern North Sea. Three possibilities to identify bloom
phases exist and include abundances, cell diameter or reproductive stages. Here, forahalysis
of both time seriesand cruise data, the determination was based oN. scintillansabundance For

the time series analysis, the threshold was set based on previously reported abundances
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associated with bloom conditions(i.e.l v 1t 1t V)Aué dt 8,, 2020). For the cruise dataN.
scintillansabundances variedhroughout the cruises, suggesting an increadaetween cruises #1
and #2, several days with mean abundanceabove 500 cellsL:! during cruise #2, followed by a
decline of abundances in cruise #3. Nevertheless, due to the structural complexity and rapidity
of N. scintillans bloom formation and decay, this approach is limited since under or
overestimations of abundances can easily occur.

It is also possible to define bloom phases based on cdiameter. Thresholds were defined with
cells below 525 pum capable of population growth, hence corresponding to bloom initiation and
peak, and cellsabove 600 um associated to senescent cellsherefore corresponding to the
bloom decay(Dela-Cruzet al, 2002). Cell size can effectivelyand continuouslybe measuredwith

in situ imaging devices thereby providing essential information about the cel® Gbndition and
health status (Uhlig and Sahling, 1990; DelLruz et al, 2003). It also supplies indirect
information about the ambient nutrient availability, as smaltsized cells are generally found in
nutrient -rich environments (Murray and Suthers, 1999) Lastly, small cells are spatiotemporal
indicators of recent proliferations (Dela-Cruzet al, 2002) and can help determiing the cell drift
during a bloom (Huang and Qi, 1997)For the cruise datathe smallestN. scintillanscells were
recorded in August suggestingthat cells werestill capable of growth. Nevertheless, this was not
reflected in the measured abundances, clearlshowing a decline in AugustThis was most likely
due to the lower prey quality and availability.

The most promising approach to precisely determine bloom phases is based on the observation
and quantification of cells undergoing distinct reproductive stagesNoctiluca scintillanscells
undergo binary fission mainly during bloom initiation and peak, and rely mostly on sexual
reproduction during bloom peak and decaySathish et al, 2021). This also requires in situ data
at high temporal resolution covering at least an entire year and thereby an entir&l. scintillans
bloom window. Underwater cameras are highly adapted for the in situ observations of
reproductive behaviour since both the sexual and asexual reproductioof N. scintillanscan be
visualized (Fig. 58EzG).

107



Figure 5.8: N. scintillans (AzD.) feeding, and (E. and F.) asexually and (G) sexually reproducing.
Recorded with aCPICSn June 2022, Helgoland, Germany. The images represe(®.) agglomeratedN.
scintillans cells feeding on marine snow(B.) a single cell ingesting a diatom chain and marine snowC)
the phagotrophic ingestion of a diatom chain(D.) the ingestion ofN. scintillansby a Ctenophore(E) a
single N. scintillanscell undergoing binary fission with cytoplasmic mass forming at theentre. (F.) the
final stage of binary fission with the trophont dividing into two identical daughter cells(G) the final stage
of the gametogenesis with progametes aggregating on one side of the parent cell.

108



6. Future directions

6.1. Proposed sampling scheme for field campaigns to resolve bloom
dynamics and impacts ofNoctiluca scintillans

Thus far, traditional sampling strategies used in the assessment ®f. scintillans delivered

Ei DT OOAT O ET &£ Oi AGETT AAT OO OEEO OPAAEAOSE AEOOC
major knowledge gaps regardingN. scintillansremain and emerge from limitations in these

methods. Consequently, a critical need exists to refine the current methodological sampling

protocols to address the remaining knowledge gaps, and to provide a holistic understanding of

the bloom dynamics of this and other plankton species. The different methodologies applied to

sample N. scintillanssupply distinct information: from individual cells to blooms, and of either

high taxonomic resolution or high spatiotemporal resolution (Fig.5.6). For example, since net

samples provide detailed information about the plankton community composition during a

bloom, they can be used to assess the influenceMfscintillanson plankton diversity locally and

at a precise moment in time. To quantify the influence of the bloom on the ecosystem, further

ETTx1 AACA AAT OO OEA Al 11180 EIT OEUIT OAl AT A OAOOI
cannot be obtained solely from point sampling but requires aerial measurements, as well s

situ data from underwater cameras.Additionally, to ensure a holistic understanding ofN.

scintillans bloom dynamics and associated impacts, methodologies covering the following

aspects are required: the temporal aspect of the blooms, including the identification of drivers

initiating and terminating a bloom; the biological aspect, including cell size and reproduction;

and the spatial aspect resolving bloom extent, surface slick formation and the vertical

distribution of cells. Therefore, there is a need for an integrative approach combining traditional

measurements and novel technologies (Fi§.6).

In a first step, ana priori analysis of timeseries based on remote sensing data for example is
required to identify the regional hotspots and time frames in which the likelihood to encounter
N. scintillansis highest. Remote sensing is a caesffective method available at a global level with
year-round data and can, thus, inform about the inteannual variations and help toregionally
narrow down the sites ofN. scintillansoccurrences as well as their typical temporatrends and
spatial extent(Qi et al, 2019, 2022) This is necessary to determine the position of the sampling
station(s) for the in situ long-term monitoring and the high-frequency sampling during the

bloom period (Fig.6.9).
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Figure 6.1: Sketch of aN. scintillansbloom and environmental conditions in a coastal area of the northern
hemisphere, and timeline of the proposed sampling scheme for field campaigns aiming to resolMe
scintillans bloom dynamics and associated impacts carried out over one year. Details regarding the
sampling strategies are provided in Tablé.1.

For the longterm assessment olN. scintillans the regular monitoring of environmental drivers,
such as temperature, salinity, and nutrients, abundance of plankton, including. scintillans and
the behaviour ofN. scintillans particularly its reproduction, is needed. Temperature and salinity
can be measured automatically via a conductivity temperature and depth (CTD) profiler
attached to the vertically profiling underwater camera system, or via an autonomous surface
water quality monitoring system such as the FerryBox. Nutrients can be measured either
through the collection of water samples at the station(s) analysed in the laboratory or through
nutrient analysers integrated in a FerryBox(Petersen et al, 2018). The regular monitoring of
environmental drivers is crucial for identifying suitable conditions that lead to the initiation and
decay of N. scintillans blooms. The monitoring of plankton abundance andN. scintillans
behaviour by means of stationary cabled (to overcome high power demands) underwater
camera(s) with reattime data transfer, continuously collecting data throughout the photic layer,
is required. The use of opticaln situ instruments with different target ranges is useful to obtain
a complete size spectrum of the plankton community occurring before, during and afte.
scintillans blooms (Giering et al, 2020). In combination with Al, data from the stationary
observatories provide near reattime information about the bloom onset through the
identification of intense reproduction and specifically of binary fission, bloom peak and decay.
The monitoring of plankton diversity and abundance is critical to identify suitable conditions for

N. scintillans as blooms can develop only if prey availability (e.g. diatoms) is high (Fx9).
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