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Preface

In 2006/07 I was doing a student exchange year at the University of Tromse (UiT). At the
time when I had to choose my courses to study there, the UNIS course catalogue was still
included in the one from UiT, but I was not aware of that. I was so exited to see all these
amazing courses about Arctic ecology, Arctic fauna and flora...and basically chose just
UNIS courses. The student administrator wrote disappointingly back to me that I actually
had to go to Svalbard, not Tromsg, if [ wanted to take these courses. So I did, one year
later; first on a cruise in 2007, then for a course in 2008 and for fieldwork in 2010. At
that point, I never would have imagined that I would soon move to Svalbard to do a 4-

year-PhD study there...

People say once you have fallen for the Arctic - you always return.

This is one of my return stories.

For this PhD thesis roughly 2.500.000 millilitres

(or more...) of seawater were filtered
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Abstract

Microbial eukaryotes are critically important for the functioning of marine ecosystems. In
Arctic waters, where marine planktonic cyanobacteria are infrequent, microbial
eukaryotes are the predominant primary producers. The ongoing changes in the Arctic
reflected by sea-ice retreat, freshening of the ocean and increased stratification may
favour smaller protists in the future and that will potentially alter production and
downward flux. In spite of their importance, our knowledge of the diversity, seasonality
and fate of pico- and nanosized eukaryotic plankton is still limited in the polar regions,
especially during the polar night period. High-Arctic regions are characterized by
extreme seasonality in light conditions, with 24 hours of sunlight in summer giving way

to several months of complete darkness in winter.

Molecular tools are now available for identifying even the smallest protist species. To
investigate microbial eukaryotes in Svalbard waters two sampling approaches were
applied: (1) Spatial sampling at multiple locations around West Spitsbergen to study the
distribution of two small key-phototrophs (Micromonas pusilla and Phaeocystis
pouchetii) during the polar night. PCR screening with specific primers was used to
overcome the difficulty of identifying these small flagellates in low-biomass winter
samples. (2) High-resolution temporal sampling (December 2011 to December 2012) at
the Isfjorden-Adventfjorden time series station (IsA, West Spitsbergen) was conducted to
investigate the succession and diversity of small protists and to determine their
contribution to the vertical carbon flux. The community composition of suspended
microbial eukaryotes (two size fractions: 0.45 — 10 um and > 10 um) from four different
depths (5, 15, 25 and 60 m) was determined using 454 sequencing of the 18S V4 region
amplified from both DNA and RNA. Additionally, microbial eukaryotes (> 0.45 pm)
were sampled from short-time sediment traps (20, 30, 40 and 60 m) to study their
contribution to the vertical flux. Hydrographical profiles and in situ environmental

conditions were recorded at all stations.

Strong seasonal shifts of the community composition, species richness and

photosynthetic biomass were observed in Adventfjorden. The winter and early-spring



communities were more diverse than the spring and summer/autumn communities. Small
Gyrodinium species were predominant in both DNA and RNA libraries of the suspended
material throughout the year, and in the trap material. The Arctic Micromonas ecotype
was most abundant in the early bloom and fall periods at IsA, but was widely distributed
and active at almost all locations and depths around Svalbard. Also Phaeocystis pouchetii
was widespread during the polar night, and blooming from mid to end of May at the [sA
station. Heterotrophs such as Marine Stramenopiles (MASTSs), Picozoa and the parasitic
Marine Alveolates (MALVs) displayed higher relative abundances in winter than in other
seasons in Adventfjorden. Strategies such as kleptoplasty and parasitism might have
helped certain species (e.g. Strombidium sp. and MALVs, respectively) to cope with
unfavourable conditions at certain times of the year. Smaller cells (< 10 pm) contributed
more to the vertical flux during autumn and winter, possibly due to increased flocculation
and ballasting. In contrast, larger and more typical spring bloom taxa (e.g. diatoms)
dominated both the water column and the sedimented material in spring. In March an
advective event, which replaced cold and less saline Local Water with warm and saline
Transformed Atlantic Water was potentially responsible for a change in the [sA

community composition.

The combined use of RNA and DNA data was of large benefit when opening the “’black
box” of the polar night, revealing that the Arctic winter protist communities are active
and more diverse than expected. Molecular tools not only revealed novel taxa
contributing to the vertical export, but also suggested new mechanisms for vertical export
demonstrated by parasite-host induced transport. Together, these results emphasize the
extreme seasonality of Arctic microbial communities driven by the environment (e.g.
light regime, nutrient availability), but also point to the necessity of a thorough

knowledge of hydrography to fully understand their succession, variability and fate.
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1. Introduction

Microbial eukaryotes can be defined as any microscopic organism with a complex cell
(or cells), in which the genetic material is organized into a membrane-bound nucleus (or
nuclei) (Caron et al. 2012 and references within), and include microalgae as well as non-
autotrophic protists (Poulin et al. 2011). These tiny organisms can be found anywhere on
the planet (terrestrial, aquatic, atmospheric), inhabit niches of diverse forms and sizes
(Fenchel 1987) and are often found in high cell numbers (e.g. 2.8 x 10°cells L' of the
haptophyte Phaeocystis pouchetii in the Fram Strait, Lasternas and Agusti 2010).
Microbial eukaryotes are of critical importance for the functioning of the earth
ecosystems. Focusing on the marine ecosystem, microbial eukaryotes have diverse and
important roles: (1) As primary producers: global annual net production of approx. 50
petagrams carbon (Chavez et al. 2011); (2) As consumers/predators, e.g. heterotrophic
dinoflagellates/ciliates controlling bloom dynamics (Sherr and Sherr 2007, Seuthe et al.
2011); (3) As maintainers of biogeochemical cycles (microbial loop — Azam et al. 1983):
several protists are able to transform carbon-, nitrogen-, sulfur- and phosphate-containing
compounds to make them available for biological production (Strom 2008, Richardson
and Jackson 2007, Worden et al. 2015). Until recently, the biodiversity of marine
microbial eukaryotes was mainly studied by microscopy and morphological identification
techniques. These techniques largely limited our knowledge of the diversity and role of
pico- (0.2-2 um) and nano-sized (2-20 pm) cells. However, the last decades’ rapid
developments in sequencing techniques and molecular genomics have finally given us the
tools to charter the true and immense biodiversity of microbial life as well as discovering
new taxonomic relationships (e.g. Lopez-Garcia et al. 2001, Moon-Van Der Staay et al.
2001, Moreira and Lopez-Garcia 2002, Dinsdale et al. 2008). Yet, seasonal studies of
pico- and nanoflagellates are still limited in the world’s oceans (e.g. Romari and Vaulot
2004, Piwosz and Pernthaler 2009, Terrado et al. 2008 and 2009, Gilbert et al. 2009 and
2012, Serensen et al. 2012), especially during the polar night period in the Arctic marine

systems.

The marine Arctic is a highly seasonally pronounced environment and known to be

tremendously productive at certain times of the year (e.g. in situ primary production in
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spring: 107.87 mg C m™ d' and winter: 13.91 mg C m™ d”', in Arctic Ocean surface
waters from 1954 — 2007, Matrai et al. 2013). Seasonal variability in e.g. solar radiation,
temperature, sea-ice cover and nutrient availability (Walsh 2008, Thomas and Dieckmann
2010) as well as large spatial variations (e.g. different surface types such as open ocean,
landmasses and sea ice — Walsh 2008) characterize the habitat and determine the life in

this remote and extreme environment.

The ongoing rapid changes in the northern hemisphere, reflected by increasing air
temperatures, stronger stratification and a decreasing sea ice cover, will strongly impact
the Arctic marine ecosystems (Cottier et al. 2007, Moline et al. 2008, Hoegh-Guldberg
and Bruno 2010, Stroeve et al. 2012) and the question arises of how this will affect the
annual carbon budget and primary production in the future (Hill et al. 2013, Arrigo and
van Dijken 2011). In the northern latitude regions, where marine planktonic
cyanobacteria are infrequent, marine microbial eukaryotes are the predominant primary
producers (Li 1998, Vincent 2000, Li et al. 2009). Recent studies suggest that changes in
the vertical structure of the water column (i.e. stronger stratification) will lead to a shift in
the microbial communities, favouring smaller picoplankton cells (Daufresne et al. 2009,
Li et al. 2009, Tremblay et al. 2009, Worden et al. 2015) and potentially altering the
carbon flux (Li et al. 2009).

Few seasonal studies exist from the Pacific sector / Canadian Arctic, describing the
succession of microbial eukaryotes in a limited time period based on molecular analysis
(e.g. Terrado et al. 2008: December to May, 2009: November to July, and 2011: March to
May, Comeau et al. 2013: March to May, Hassett et al. 2016: January to August). On the
Atlantic side, such studies are even rarer (Serensen et al. 2012: January to June, Piquet et
al. 2013: April to June, Metfies et al. 2016: June to August). As the Atlantic influenced
Arctic differs from the Canadian Arctic with respect to freshwater supply, stratification
gradients and surface nutrients (Bluhm et al. 2015), a different community and
successional pattern may exist. This study represent a full years coverage of the microbial
eukaryote succession in an Atlantic influenced, but high Arctic fjord, with additional
focus on two specific species and on the potential contribution of these small sized

organisms to the vertical export.

11



2. Objectives

The overall aim of this thesis was to investigate the community composition, diversity,
seasonality and fate of marine microbial eukaryotes in Svalbard waters. To retrieve a
high-resolution year-round dataset from a high-Arctic fjord system, the main focus was

on the IsA station during the year 2011 — 2012. The main objectives were:

D To describe the seasonal variation in community composition and diversity of
marine microbial eukaryotes (0.45 — 10 um) in a high-latitude fjord system

over the course of a year (Paper I, I1I).

(I)  To identify the most abundant taxa (size: >10pum, <10pm), more specifically
OTUs (Operational Taxonomic Units), at the IsA station and determine the
relationship between the taxa/OTUs and their environment. Special focus was

set on advection and sedimentation in the system (Paper I, III).

(III)  To compare the presence (who is there?) and activity (are they viable?) of two
arctic key-phototrophs, Micromonas sp. and Phaeocystis sp., in Svalbard

waters, especially during the polar night (Paper I, II, III).
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3. Background
3.1. Svalbard Arctic archipelago: seasons and processes

The Svalbard Arctic archipelago is located between 74° and 81° North and is
characterized by its extreme light regime ranging from four months of darkness in winter
(no sunrise from November to February) to a period of 24 hours of light during the
midnight sun period (no sunset from April to August). The light regime gradually
decreases northwards towards the pole; the polar night is not ‘just dark’ but in fact quite
heterogeneous (Fig. 1). The polar night has generally been considered as a period of
limited biologic activity. However, recent studies show that several species of plankton
are active and even feeding during this period in Svalbard waters (Berge et al. 2009,

Kraft et al. 2013, Berge et al. 2015).

Figure 1: The polar night light regime in the Arctic: Civil twilight between the 66°N (polar
circle) and 72°N, civil polar night between 72°N and 78°N, and nautical polar night at
latitudes above 78°N (illustration from Berge et al. 2015).

13



Sea ice is another important character of the Arctic, as it plays a crucial role for the
ecosystem and the climate (e.g. Sereide et al. 2006, Walsh 2008, Arndt et al. 2009,
Thomas and Dieckmann 2010). The extent and thickness of the sea ice has declined
dramatically during the last decades (Hoegh-Guldberg and Bruno 2010, Stroeve et al.
2012, Dobricic et al. 2016). This is also affecting the Svalbard archipelago as several
fjords on the west coast of Svalbard showed large fluctuations in their seasonal ice-cover

(Onarheim et al. 2014, Muckenhuber et al. 2016, Nilsen et al. 2016).

Arctic species and ecosystems are, by nature, finely tuned to the timing of seasonal
events and biomass production is characterized by large fluctuations over the year.

In the Arctic, the pelagic spring bloom commonly takes place between April and June at
latitudes 70 - 80° N (Leu et al. 2011). At this time the production can be several orders of
magnitude higher than during low production periods (Sakshaug et al. 2009). The onset
and timing of the Arctic spring bloom depends on several factors including light,
turbidity, nutrients, trace metals, sea ice break-up and stratification (Smetacek and Nicol
2005, Sakshaug et al. 2009, Hodal et al. 2012). Of these especially light limits the growth
of arctic phytoplankton (Sherr et al. 2003, Sakshaug et al. 2009, Hodal et al. 2012). It is
proposed that the retreat of sea ice, with delayed freezing and earlier melting and change
in snow cover, will have large impact on the timing of ice algal and pelagic blooms
(Ardyna et al. 2014, Katlein et 1. 2015, Arrigo and van Dijken 2015). Typically the Arctic
spring bloom is dominated by diatom species such as Thalassiosira antarctica var.
borealis, Chaetoceros socialis and Fragilariopsis cylindrus (von Quillfeldt 2000, Hodal
et al. 2012) or the haptophyte Phaeocystis pouchetii (Wassmann et al. 1999, Olli et al.
2002, Sherr et al. 2003, Hodal et al. 2012). Outside bloom periods, during winter,
summer (mid June to August) and autumn (September and October), ciliates,
dinoflagellates and smaller nanoflagellates often dominate the water column in Svalbard

and adjacent waters (Seuthe et al. 2011, Kubizyn et al. 2014).

The vertical particle flux plays a major role in the global carbon cycle by removing
carbon from the upper ocean/atmosphere where it was originally sequestered by
photosynthetic organisms (biological pump — Volk and Hoffert 1985). Globally more

than 10 billion tons of carbon are removed per year by this process (Buesseler and Boyd,
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2009). The vertical particle transport (or flux) increases and decreases according to the
amount of organic matter produced in the euphotic zone, and also depends on other
factors and processes in the water column such as grazing, community composition and
depth (Wassmann et al. 2003, Turner 2015). In this context, the fate of the production
very much depends on the secondary producer match/mismatch situation (Cushing 1990,
Reigstad et al. 2000), since primary producers can either be grazed and recycled in the
surface layers or contribute to sedimentation processes (vertical flux) (Wassmann 1998,
Turner 2015). Both grazing and sinking are important but competing processes when it
comes to the fate of particles and algal cells. The vertical particle flux is often very high
at the time when production in the euphotic zone is largest, usually during spring (or ice-
edge) bloom occasions (Dore et al. 2008, Thompson et al. 2008, Michels et al. 2008,
Lalande et al. 2011, Martin et al. 2011, Rynearson et al. 2013). Diatoms are important
contributors to the vertical flux and are frequently observed in sediment traps (Smetacek
1980, Riebesell et al. 1995, Olli et al. 2002, Reigstad et al. 2008). Phaeocystis is known
for its massive blooms composed of gelatinous colonies. These can also sink out and
contribute to the flux (e.g. as part of fecal pellets, Hamm et al. 2001), albeit their
contribution to the deep water layers is usually low compared to diatoms (Beaulieu 2002,
Reigstad and Wassman 2007). Very little is known regarding the contribution of smaller
protist cells (< 10 um) to the downward flux (Richardson and Jackson 2007). However,
aggregates formed by flocculation of dissolved organic carbon, and marine snow (sticky
matter of marine organisms) are important for vertical particle transport, and may
increase the contribution of smaller plankton cells (Richardson and Jackson 2007,

Worden et al. 2015).

3.2. Marine microbial eukaryotes in the Arctic — an overview of major groups

Phylogenetics (the study of the evolutionary relationship among groups of organisms)
and the methodical identification and classification of organisms (i.e. taxonomy) are
research fields of perpetual change and open gaps (Adl et al. 2012, Burki 2014). The
eukaryotic tree of life is continuously growing (Figure 2) and during the last decades 18S
rRNA gene surveys (18S rDNA, see 4.2) have unveiled many new lineages and

relationships (Adl et al. 2012, Terrado et al. 2009, Monier et al. 2013, Burki 2014). In the
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following paragraph some members of the eukaryotic tree with high relevance to the
Arctic marine environment are briefly described. The taxonomy used in this study

follows Adl et al. (2005 and 2012) with some deviations indicated by references.

Cryptophytes Glaucophytes
Katablep?:a (% o

) 1 Cyanidiophytes
Picozoa i
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Blastocystis o A P ;
ooPa“mtd ° i~ < - 57 Retortamonads
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Phaeophytes [l § “\ca"odicwm
Dictyochophytes jli* Zygomycetes

Ancyromonads
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o bAI'P?gi"idS
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Mycetozoa Vannelids Leptomyxids

Dactylopodids Acanthomyxids

Figure 2: Eukaryotic tree of life based on phylogenetics (illustration taken from Burki 2014).

Dotted lines: uncertain relationships.

Stramenopiles, Alveolata and Rhizaria are combined under the supergroup ‘SAR’ (Burki
et al. 2007), which is strictly phylogenetically defined (Burki 2014). Stramenopiles
(earlier Heterokontophyta, Baldauf 2000) are distinguished by their “heterokont” (two
different shaped) flagella. They include a large variety of multi- (e.g. Phacophyceae —
brown algae) and unicellular algae with a phototrophic lifestyle (e.g. class

Bacillariophyceae — diatoms). The class Bacillariophyceae is quite well studied and has a
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crucial rule in the arctic spring bloom production (von Quillfeldt 2000, Sakshaug et al.
2009, Hodal et al. 2012) as well as the sea-ice habitat (Horner 1980, Gosselin et al. 1997,
Werner et al. 2007, Arrigo et al. 2010). Several (potential) mixotrophic taxa are also
found among Stramenopiles and have been reported from Arctic environments:
Chrysophyceae (Lovejoy et al. 2002, Rézanska et al. 2008), Dictyophyceae,
Pelagophyceae and Raphidophyceae (Poulin et al. 2008). Mixotrophy, the ability to use
both phototrophy and heterotrophy to gain energy and nutrients, can be an advantageous
strategy during the long polar night or in times of unfavourable conditions (Nygaard and
Tobiesen 1993, Jones 1994, Moorthi et al 2009, Bachy et al. 2011, Flynn et al. 2013). A
very common and phylogenetically diverse group of purely heterotrophic flagellates
within the Stramenopiles is the novel eukaryotic lineages of Marine Stramenopiles
(MASTS, Massana et al. 2004 and 2006). MASTSs are important picoplankton grazers
(Massana et al. 2004 and 2006). Several MAST clades have been identified (Massana et
al. 2004 and 2006, Massana and Pedros-Alio 2008) with clades 1, 2, 3, 7 and 8 being
frequently found in arctic water and sea ice (Lovejoy et al. 2006, Comeau et al. 2011 and

2013, Thaler and Lovejoy 2014).

Alveolata contain a range of morphologically diverse heterotroph or mixotroph groups
such as Dinoflagellata (including Dinophyceae and Marine Alveolates - MALV),
Ciliophora and Ampicomplexa. An Alveolata-specific characteristic is the presence of
cortical alveoli; a system of vesicles supporting the membrane (Cavalier-Smith 1991).
Alveolata play important roles as grazers and parasites in the marine system (Levinsen
and Nielsen 2002, Seuthe et al. 2011, Chambouvet et al. 2008, Skovgaard et al. 2009,
Gomez et al. 2009), but also have many phototrophic representatives. Alveolata have
high rDNA copy numbers compared to other superphyla, and therefore often dominate
18S gene surveys (Zhu et al. 2005, Medinger et al. 2010, Gong et al. 2013). Large Arctic
Dinophyceae have been thoroughly investigated by microscope studies (e.g. Okolodkov
and Dodge 1996, Levinsen and Nielsen 2002, Seuthe et al. 2011) however small naked
genera such as Gymnodinium and Gyrodinium are often difficult to identify to species
level, while they are very frequently detected and identified in 18S rRNA studies
(Comeau et al. 2011). Uncultivated groups of Marine Alveolates (MALVs, Lopez-Garcia
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et al. 2001, Guillou et al. 2008) play an important role as parasites in the sea (Skovgaard
et al. 2009, Chambouvet et al. 2008, Noguchi et al. 2013). In the Arctic mostly the
MALV Group I and II clades are recovered in genes surveys (Lovejoy et al. 2006,
Terrado et al. 2009). Ciliophora are of relevance in the marine food web as both grazers
and prey (Levinsen and Nielsen 2002, Levinsen et al. 2000, Turner et al. 2001, Sherr and
Sherr 2007, Seuthe et al. 2011). They can vary greatly in size (from 10 pm to 4 mm,
Denis 2008) and are diverse in both water (Sherr et al. 1997, Levinsen and Nielsen 2002,
Seuthe et al. 2001) and sea ice (Agatha et al. 1993, Bachy et al.2011). Strombidiidae-type
ciliates have been reported to dominate 18S surveys in the Arctic (Lovejoy and Potvin
2011). Some Ciliophora possess the ability of kleptoplasty (see below), as found in for
instance Strombidium spp. (Stoecker and Silver 1990), Mesodinium rubrum and Loboea
stobila (reported in Lovejoy et al. 2002 and 2006, Comeau et al. 2011). Kleptoplasty
(Rumpho et al. 2006) enables the protist to use ingested chloroplasts to perform
photosynthesis, allowing the host cell to switch between different trophic modes (i.e.
mixotrophy) and thus retain activity under both light and dark conditions. Kleptoplasty is
also known from several Dinophyceae species (e.g. Dinophysis spp. — Minnhagen et al.

2008, and Gymnodinium spp. — Skovgaard 1998).

Rhizaria primarily contain heterotrophic groups (Burki 2014) and are considered to be
important Arctic predators of phytoplankton (Lovejoy et al. 2014). Rhizaria includes
three main groups; Cercozoa, Foraminifera and Radiolaria (Moreira et al. 2007); which
are based on molecular characteristics (e.g., Keeling 2001, Archibald et al. 2003,
Nikolaev et al. 2004, Bass et al. 2005, Burki and Pawlowski 2006, Burki et al. 2010,
Brown et al. 2012, Sierra et al. 2013). Rhizaria vary in form but a large part of them are
naked and testate amoeboid with filose or reticulose pseudopods (Burki 2014).
Radiolaria, such as the classes Polycystinea and Acantharia as well as phylum Cercozoa,
are often found in Arctic 18S libraries (Lovejoy et al. 2014). Cryothecomonads from the
Cercozoa group are frequently found in Arctic waters (Thaler and Lovejoy 2012 and
2014). Recent discoveries indicate that they may play an essential ecological role in the

sea ice habitat (Comeau et al. 2013).

Opisthokonta are mainly heterotrophs characterized by a uniflagellated (zoo)spore phase.
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The kingdoms of fungi and animals belong to this group as do the bacterivorous
choanoflagellates. Parasitic/saprophytic Chytridiomycota have been found to dominate
marine fungal communities in the Arctic (Terrado et al. 2008, Hassett et al. 2016) and
have recently been discovered to also infect sea ice algae (Hassett et al. 2016).
Knowledge on choanoflagellates in the Arctic is still limited, but they have been

suggested to be diverse on a pan-arctic scale (Lovejoy 2014).

Archaeplastida include red and green algae, as well as land plants, and the unicellular
group of Glaucophytes. The class Chlorophyceae includes the globally distributed small
(ca. 2 um) green algae Micromonas pusilla with several strains identified (Slapeta et al.
2006). One strain (strain CCMP2099, Micromonas Arctic) has only been isolated from
Arctic waters (Lovejoy et al. 2007) and is capable of phagotrophy (McKie-Krisberg and
Sanders 2014).

The phyla Crypto- and Haptophyta together form the potentially monophyletic group
Hacrobia (Sakaguchi et al. 2009, Okamoto et al. 2009), with cells typically having two
unequal flagella. Both phyla include mainly plastid-bearing phototrophs, but also some
hetero- and mixo-trophic species. Several algal species belonging to Haptophyta have
ecological importance as they can form large (toxic) blooms and have significant impact
on the biogeochemical cycles (e.g. Wassmann et al. 1990, Verity and Smetacek 1996,
Reigstad and Wassmann 2007, Schoemann et al. 2005, and refs. therein). The single-cell
or colony-living Phaeocystis pouchetii, for instance, can dominate microbial eukaryote
communities in the Arctic (Olli et al. 2002, Sherr et al. 2003, Olli et al. 2007, Lovejoy et
al. 2007).

Hacrobia also include heterotrophic flagellates belonging to Telonemia, Picozoa
(previously named picobiliphytes, Not et al. 2007 and Seenivasan et al. 2013) and
Katablepharidae, although their true phylogenetic relationship is so far poorly understood
(Burki et al. 2009, Zhao et al. 2012). These flagellates are found in low to high
abundance in arctic marine 18S surveys (Monier et al. 2013, Thaler and Lovejoy 2015).
The phylum Telonemia has a cosmopolitan distribution, is often found in surface waters

in the Arctic (Shalchian-Tabrizi et al. 2006 and 2007, Monier et al. 2013) and has also
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previously been found in Svalbard waters (Shalchian-Tabrizi et al. 2007, Brate et al.
2010). It has been suggested that Telonemia, due to its frequent occurrence in both
marine and brackish water, may play an important ecological role (Vers 1992, Lee and
Patterson 1998, Shalchian-Tabrizi et al. 2007). Picoplankton-sized (< 3 pm) Picozoa have
been measured in high abundance in certain oceanic regions (up to 30% in tropical eddy-
influenced surface waters; Seenivasan et al 2013). Picozoa comprise (at least) three
subclades with Arctic representatives (Lovejoy 2014). It is hypothesized that Picozoa,
based on their ultra-structure (Seenivasan et al. 2013), may feed on TEP (transparent
exopolymers; Riedel et al. 2006) in the Arctic, making them potentially important in

sedimentation processes.
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4. Approach

4.1. Study area and sampling program

Study area

The Svalbard Arctic archipelago is surrounded by the Arctic Ocean to the north, the Fram
Strait to the west and the Barents Sea to the east and south. Spitsbergen, the largest island
of the Archipelago, is a unique area to study the Arctic marine ecosystem, as it is easily
accessible thanks to the infrastructure in Longyearbyen, the islands main town. The
archipelago is influenced by different watermasses transported by the West Spitsbergen
Current (WSC) and the East Spitsbergen Current (ESC) (Ingvaldsen and Loeng 2009,
Fig. 3). The WSC is an extension of the Gulf Stream system that transports warm and
saline Atlantic water (AW) on the western coast of Spitsbergen, while the eastern coast is
influenced by colder and less saline water (Arctic Water - ArW) from the Arctic Ocean
which is transported with the ESC (Ingvaldsen and Loeng 2009). Due to the warm WSC,
the climate on Spitsbergen is relatively mild compared to similar latitudes in other

regions of the Arctic (Cottier et al. 2005).

The west coast of Spitsbergen is characterized by several fjordsystems which are
potentially good indicators for environmental changes due to the alternating inflow of
different watermasses and changing conditions (i.e. Atlantic, Arctic, brine- and fresh-
water inputs) (Nilsen et al. 2008). Isfjorden, the largest fjordsystem on the west coast, is
directly influenced by warm WSC water as it is open to the shelf and its mouth does not
have a sill (Nilsen et al. 2008). Isfjorden is a very shallow system with more than half of
the area having a depth less than 100 m (Nilsen et al. 2008). The Isfjorden system
includes several smaller fjords and fjord systems including Billefjorden in the north east
and Tempelfjorden and Adventfjorden on the southern side. Earlier efforts to study the
biological processes in the Isfjord system have mostly been concentrated on the sill fjord
Billefjorden (e.g. Arnkven et al. 2005, Serensen et al. 2012, Grigor et al. 2014).
However, Adventfjorden is much more easily accessible from Longyearbyen (Fig. 3) and

this proximity makes high resolution temporal sampling possible.

Adventfjorden is a ~7 km long and ~5 km wide fjord with depths of < 100 m, and does
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not have a sill. ArW formed locally or advected with the coastal current originating from
the ESC normally occupies Adventfjorden, but seasonal (late summer and fall) and
occasional (winter) inflow of warm and saline AW from the WSC to Isfjorden influences
the area (Nilsen et al. 2008, Cottier et al. 2007). Adventfjorden has mostly been free of
sea ice since 2007 (www.met.no; ice-free: 2006 — 2007, 2010, 2012 — 2014). During
summer and autumn glacial run-off (Advent River, Longyear River, Fig. 3) affect the

fjord by substantial input of sediment-loaded freshwater (Westawski et al., 1999).

Sampling program

The temporal sampling for Paper I and III was centered around the Adventfjorden time
series station (IsA) established during autumn 2011 in Isfjorden, at the mouth of
Adventfjorden close to Longyearbyen (N 78°15.6, E 15° 31.8), while spatial sampling for
Paper II took place at multiple locations around Svalbard (Fig. 3). A moored observatory
located at IsA, which included two CTDs, light sensors, temperature loggers and an
ADCP, provided us with a unique opportunity to continuously monitor the marine
environment. The IsA station was sampled bi-/weekly from December 2011 to June
2012, and biweekly to monthly from July to December 2012 (Paper I, I1I). Spatial
sampling (fjords and open deep water) took place between December 2008 and January

2013 (Paper II).
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Figure 3: Sampling area. Left The Svalbard Archipelago with the location of the sampling
stations for Paper I1. The West Spitsbergen Current (WSC) and the East Spitsbergen Current
(ESC) are indicated. R3: Rijpfjorden; BAB: Billefjorden Adolfbukta. Right: Detailed map of
Adventfjorden showing the position of the IsA time series station. Glacial run-off into the
fjord from Longyear and Advent Rivers indicated with lines. The bathymetric data are from
the International Bathymetric Chart of the Arctic Ocean (IBCAO version 3, Jacobsen et al.
2012).

The Adventfjorden sampling and analyses were done in collaboration with other marine
scientists from UNIS, UiT — The Arctic University of Norway, University of Bergen
(UiB) and Institute of Oceanology Polish Academy of Science (IOPAS, Poland),
providing a better understanding of the system as a whole. The sampling campaign was
part of the UNIS MicroFun project (http://www.mare-

incognitum.no/index.php/microfun).
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At each sampling date additional environmental data from a vertical CTD profiler was
obtained and light measurements were performed. Seawater was collected with a Niskin
bottle from four standard depths (5 m, 15 m, 25 m, 60 m) at [sA, and a combination of
other depths at the other stations (5, 15, 35, 60, 75, 150, 500 and 2290 m; see Paper II).
The standard depths for IsA were decided based on the placement of the mooring CTDs
(25 and 65 m). Additionally short-term sediment traps were deployed (20, 30, 40, 60 m)
at seven time-points during 2011 — 2012 (Paper III).

Collected seawater was used to analyze the community composition, amplified from
DNA, and the active community, amplified from RNA, of microbial eukaryotes (0.45 —
10 um, > 10 um). Additional water samples were used to determine particulate carbon
and nitrogen (POC/PON), nutrients (N, P, Si) and fractionated Chl a biomass (> 0.7 um
or > 10 um) according to standard protocols. Short-term sediment traps were used to
investigate the potential contribution of the microbial eukaryote community to the
vertical flux, and to evaluate their fate. Water collected from the sediment trap was

likewise analyzed for DNA, fractionated Chl ¢, POC/PON and particle sizes.

4.2. Molecular analysis, data processing and statistics

The 18S ribosomal RNA (rRNA) is part of the small subunit (40S) of the ribosome, a
complex which is responsible for protein biosynthesis in all living cells. The genes that
encode the rRNA are called ribosomal DNA (rDNA). 18S rRNA is a basic component of
all eukaryotic cells and investigations of the 18S gene have revolutionized the field of
phylogenetics. The 18S rRNA gene is easy to amplify because it exits in multiple copy in
each cell, and contains conserved and variable (V) regions enabling the study of
evolutionary relationships through time (Lovejoy et al. 2007, Amaral-Zettler et al. 2009,
Burki 2014). Usually primers are designed to bind to the conserved regions in order to

amplify the variable regions.

In the study I and III (Papers I, ITII) Roche 454-pyrosequencing (see BOX 2) was
performed using universal eukaryotic primers (designed by Comeau et al. 2011) targeting

the V4 hypervariable region of the 18S rDNA. An end-point PCR assay with species-
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specific primers was used to identify the key phototrophs (Micromonas and Phaeocystis)
in Paper I1. The PCR products of both species were verified with Sanger sequencing
(Sanger and Coulson, 1975). While PCR screening with species-specific primers is a
quick tool to identify target species in environmental samples, 454-pyrosequencing with
universal primers allow for chartering the total diversity in the communities. Because
454-pyrosequencing is prone to a higher error rate compared to traditional Sanger
sequencing (Huse et al. 2007, Balzer et al. 2011) the sequence reads should be clustered
at a level of sequence similarity relevant for the target gene and species. After clustering
the 454-sequence reads at different similarity levels (97%, 98% and 99%), clustering into
operational taxonomic units (OTUs) was done using the less strict similarity level of 97%
to avoid inflating the OTU richness of the samples. OTU clustering is the most frequent
used diversity unit to characterize microbial taxa (Schmidt et al. 2014). To simplify the
text, the word species is used instead of ‘OTU’ in the results and discussion chapters of

this thesis.

Diversity estimations, statistical tests and multivariate analyses were performed after
normalization of the samples to an even sequencing depth in R (R version 3.2.1, R Core
Team 2015). The use of frequently applied diversity indices (species richness, Shannon-
Wiener and Pielou’s Evenness, described in BOX 1) allowed comparison to available
literature. Statistical tests and multivariate analyses were always performed with three
types of data to ensure the reliability of the results: raw data (total sequence reads),
unweighted data (presence/absence of individual OTUs in each sample) and log10(n+1)-
transformed data. After finding that there were no large differences between the three
outcomes, transformed data were presented to down-weight the influence of highly

abundant OTUs in Paper I and II1.
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BOX 1: BIODIVERSITY

In the Convention on Biological Diversity (UN Conference on Environment and Development, Rio de
Janeiro, 1992, Convention on Biological Diversity, Article 2), biodiversity is defined as follows:

“ ‘Biological diversity’ means the variability among living organisms from all sources including, inter alia,
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are part; this
includes diversity within species, between species and of ecosystems.”

Different concepts have been assessed to describe diversity in more detail, as for instance in Norse et al.
(1986) where they describe three levels of diversity: genetic (genetic variability within species), species
(species numbers) and ecological (community) diversity. Species diversity is also often considered part of
ecological diversity, in which species richness, the number of species in a community, is assessed.
Biodiversity varies greatly across the Earth, and between its different regions and habitats and there are a
variety of diversity indices to estimate that. A few selected very commonly used diversity indices will be
shortly presented here (Clarke and Warwick 2001):

Species richness (S) is a count of the total number of species in a sample. It depends on the sample size
and thus large sample sizes tend to have higher species richness compared to small sample sizes.

The Chao 1 (Schao1) diversity index (Chao, 1984) is very frequently used, and is based on species richness
but takes into account the number of rare classes (i.e. OTUs) found in a sample:

Schzml: Sobs + 111(111-1)/2(112+1)

with the observed number of species ( Sops ), and n; as the number of OTUs with only one sequence (i.e.
singletons) and n, the number of OTUs with only two sequences (i.e. doubletons).

Also very frequently used is the Shannon-Wiener (H”) diversity index:

H’= - Z; pi log(pi)

where p; is the proportion of the total count (or biomass) estimated by the ith number of species. Since H’
can be sensitive to sampling effort, it should be used only to compare samples with equivalent sampling

designs.

Pielou’s evenness (J°) is a commonly used index for the equitability or evenness in a sample. It measures
how evenly distributed the individuals are among different species:

J =H’/H’ynax = H’/log S

H’ 1ax is the maximum possible value of the Shannon-Wiener index meaning that which would be achieved
if all species were equally abundant (i.e. log S).
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4.3. High-throughput sequencing — a useful challenge

The recent developments in sequencing technologies have revolutionized the field of
molecular genomics. From the traditional Sanger approach where single amplicons are
sequenced one at a time (one tube one reaction), the current high-throughput sequencing
(HTS) approaches perform parallel runs of millions of sequencing reactions at once, thus
allowing for the simultaneous sequencing of amplicons from all species in e.g.
environmental samples. Different HTS technologies have been developed during the last
two decades, and due to the increased read length compared to other technologies (e.g.
[llumina, Illumina Inc.), we chose to use Roche 454 pyrosequencing technology (BOX 2)
for this project.

Along with the wealth of sequencing information obtained by HTS come limitations and
potential errors that are important to be aware of. From starting in the field (e.g. varying
field protocols for DNA and RNA sampling and filtration), and continuing in the
molecular laboratory (e.g. contaminations, RNA instability, primer choice and bias,
sequencing errors, introduction of chimeric sequences), errors can be introduced to the
data and these needs to be dealt with (Huse et al. 2007, Balzer et al. 2011). HTS itself can
produce errors in the sequence reads that potentially generate incorrect phylotypes with
the consequence of inflated OTU richness (Huse et al. 2010, Behnke et al. 2011). Another
challenge is to correctly assign the different OTUs to the correct species; in many cases
this is not possible, as most of the available databases are still incomplete compared to
the tremendous marine microbial diversity. Further, since the OTU clustering can be run
with different methods and programs (e.g. hierarchical clustering algorithms in mothur,
Schloss et al. 2009) and is strictly defined by the users constraints (e.g. similarity level
used), results between different studies can be inequivalent (Schmidt et al. 2014). The
effects of these combined errors and challenges can be reduced by the use of
bioinformatic pipelines to trim the dataset and improve assignments (e.g. QIIME -
Carporaso et al. 2010, mother - Schloss et al. 2009, UCHIME - Edgar et al. 2011), as
reviewed by several authors (e.g. Huse et al. 2010, Quince et al. 2009 and 2011, Nilsson
etal. 2011, Schloss et al. 2011, Nguyen et al. 2014, Tedersoo et al. 2015). The

comparison of libraries prepared from extraction of DNA versus RNA (by sequencing
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cDNA reverse-transcribed from rRNA) are expected to differ in the identified OTU
richness and relative read abundances of different OTUs because the libraries prepared
from RNA extracts are expected to give higher relative read abundances of active taxa. In
contrast, libraries prepared from DNA extracts may amplify DNA also from dead and
dying cells as well as extracellular DNA (Egge et al. 2014, Logares et al. 2014). The
combined used of both molecules thus give valuable insights into the species present in
an environment compared to the ones that are active at the time of sampling (Logares et
al. 2014). Environmental sequencing of rRNA/cDNA can also give an impression of the
activity and growth rates of protists (Dortsch et al. 1983, Dittami and Edvardsen 2012,
Logares et al. 2014). A potential source of error using the 18S rRNA or its gene product
(rDNA) lies in the different gene copy numbers (Zhu et al. 2005, Not et al. 2009,
Medinger et al. 2010, Gong et al. 2013) and different rRNA content per cell among taxa
(Dittami and Edvardsen 2012). Thus, the relative abundances of sequence reads has to be

interpreted with these caveats in mind.

With potential methodological caveats in mind, HTS has revealed an amazing diversity
of marine microbes, with the identification of to date unknown phylogenetic diversity
(Massana et al. 2002, Moreira and Lopez-Garcia 2002, del Campo et al. 2016). So, how
can we compare the HTS data with species identification based on traditional tools? We
know that one DNA read # one individual, so how do results from HTS studies compare
to for instance similar surveys based on light microscopy? A freshwater study by Xiao et
al. (2014) compared the use of light microscopy with 454 sequencing to investigate the
phytoplankton composition. The results of the two methods were not always in
agreement. While HTS identified more of the rare species and especially pico-sized
organisms (i.e. revealing higher diversity), light microscopy was better at identifying to a
higher taxonomic level (e.g. species level) (Xiao et al. 2014). All in all, the benefit of
HTS lies rather in in the large amount of provided information of protist communities in

large samples and the short time and low cost of processing the data (Lindahl et al. 2013).
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BOX 2: 454 PYROSEQUENCING

Pyrosequencing is one of several high-throughput sequencing technologies (and the main
technique used in Paper I and III). It is based on the "sequencing by synthesis” principle by
detection of a pyrophosphate release after nucleotide incorporation (Ronaghi et al. 1998), and
distinguishing the procedure from Sanger sequencing where the order of nucleotides is detected
by dideoxynucleotides terminating the chain reaction (Sanger and Coulson 1975).

In 454 pyrosequencing DNA is amplified inside water droplets floating in an oil solution (i.e.
emulsion PCR). Each of these water droplets contain a single DNA template that is immobile
and surfaced to a single primer-coated bead that then forms a clonal colony (i.e. genetically
identical replicates). Beads are then loaded onto a picotiter plate for sequencing with only one
bead per well. The plates are flushed with one deoxynucleotide, i.e. A, C, G or T nucleotide at a
time, and when the DNA polymerase incorporates the complementary dNTP onto the template,
pyrophosphate is released, converted to ATP, and acts as a substrate for the luciferase enzyme
which generates a visible light signal when oxidising luciferin. The light signal of each ANTP
incorporation is proportional to the number of dNTPs that were incorporated, and thus the
identity and number of nucleotides added to the growing strain are detected. Sequencing errors
are more prone to occur across homopolymers (i.e. sequences of identical bases: AAAA) with
erroneous interpretation of the strength of the light signal, and as the homopolymer length
increases, it becomes more difficult to accurately quantify the flash of light. This potential error

source is mostly dealt with bioinformatically.
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5. Summary of results

5.1. Paper I: Seasonal variation in community composition and diversity of microbial

eukaryotes at the high-arctic IsA station

Sampling was conducted over the course of one year (26 sampling days) at the IsA time
series station to assess the community composition and diversity of microbial eukaryotes
(size: 0.45 to 10 um) from a depth of 25 m by 454 pyrosequencing. The results showed
that community composition as well as diversity of microbial eukaryotes was strongly
influenced by season. Two large shifts in the composition were observed, during early
spring and in summer/autumn, with a potential assemblage resetting the following winter.
Multivariate analyses indicated that the changes in community composition throughout
the year corresponded to seasonal events (e.g. increased light regime) rather than
hydrography. The winter and early-spring communities were more diverse than the spring
and summer/autumn communities. Dinophyceae, especially Gyrodinium helvecticum and
G. fusiforme, were predominant in both the DNA and RNA libraries throughout the year.
Micromonas Arctic was abundant mostly in the early-bloom and autumn periods,
whereas heterotrophs such as marine stramenopiles (MASTs) and Picozoa, and the
parasitoid marine alveolates (MALVs), displayed higher relative abundances in the

winter than in other seasons.

5.2. Paper II: Distribution of Micromonas pusilla and Phaeocystis pouchetii during the

polar night in Svalbard waters

The presence and depth distribution of the two phototrophs Phaeocystis pouchetii
(Haptophyceae) and Micromonas pusilla (Mamiellophyceae) was investigated during the
civil polar night. Samples from around Svalbard were used, representing many locations
with different characteristics (open water — fjord, ice-covered — ice-free, shallow — deep,
Atlantic — Arctic Water). PCR screening with species-specific primers was applied to
overcome the difficulties of identifying small flagellates in low-biomass winter samples.
It was possible to detect phototrophic biomass (Chl a) even during the polar night, but

concentrations were very low. The investigations indicated that both Phaeocystis
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pouchetii and Micromonas pusilla were widespread during the polar night in Svalbard
waters as they were detected in nearly all locations at different depths (e.g. Rijpfjorden at
240 m). RNA samples from some of the stations suggested that most of the cells were

actually viable.

5.3. Paper III: Hydrography, sedimentation and the fate of pelagic protists

The fate of marine pelagic protists and their contribution to the vertical flux was
investigated at the IsA station by 454 pyrosequencing. Samples were collected during
seven sampling events in winter, spring and autumn from December 2011 to September
2012. Protists (> 0.45 um) were sampled from short-time sediment traps (depths: 20, 30,
40, 60 m) as well as from the water column (0.45 — 10 um and >10 pm, depths: 5, 15, 25,
60 m). Hydrographic profiles, which were obtained regularly during the whole period,
indicated that the shallow Adventfjorden was vertically homogeneous, except during the
stratified summer. An advective event during winter, replacing cold and less saline Local
Water (LW) with warm and saline Transformed Atlantic Water (TAW), co-occurred with
a shift in the community composition of small protists in March. The community
composition and the diversity within the suspended and exported material showed strong
seasonal changes during 2011-2012. Smaller protists (< 10um) dominated the exported
material during autumn and winter with small taxa such as Marine Alveolates (MALVs)
and Dinophyceae predominating. In contrast, larger and more typical spring bloom taxa
(e.g. diatoms) were dominant in the water column and sunk into the traps during spring.
Species showed very contrasting patterns: Gyrodinium fusiforme and G. helvecticum
were dominant in the water column and in the traps throughout the year, while several
Choanoflagellida and Dinophyceae strains were not abundant in the exported material at
all. Interestingly, some parasitic species, such as MALV la and Chytriodinium were
abundant in the trap but not found in the water column. Small-sized metazoans (e.g.
copepods and benthic larval stages) were also abundant in the exported material. Whether
they were actually contributing to the passive downward flux or actively migrating into

the traps remained unclear.
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6. Discussion

This study is, to my knowledge, the first whole year seasonal 18S-gene study of arctic
microbial eukaryotes (< 10 um) performed in a high-resolution perspective at 78°N. The
IsA station showed strong seasonal shifts (2011 —2012) in the community composition
and diversity of microbial eukaryotes as well as downward flux contribution reflecting

the extreme seasonality of the Arctic (Fig. 4).

6.1. Marine microbial eukaryotes in the Svalbard Arctic display strong seasonality

Winter

The unique discovery of the high winter diversity (see species richness; Fig. 4, Paper I,
III) in this high-Arctic fjord system (cf. sea-ice protists in the Canadian Arctic - Niemi et
al. 2011), contradicts with the classic Arctic paradigm that implies only negligible
biological activity during the polar night (Paper I — I11, cf. Berge et al. 2009, Kraft et al.
2013, Btachowiak-Samotyk et al. 2014, Berge et al. 2015). The relatively high read
abundance of heterotrophs such as MAST, Picozoa, Choanoflagellida and the parasitic
MALV (both group I and II) during fall and winter compared to spring is probably a
response to the Arctic winter where the absence of light restricts the phototrophic
organisms (Paper I, III). Thus, these results give new insights into the assemblages of
the smallest protists in the Arctic, where studies based on microscopy only are able to
identify “unidentified nanoflagellates” (e.g. Sommer et al. 2005, Werner et al. 2007,
Iversen and Seuthe 2011, Kubiszyn et al. in revision). Interestingly these small protists
seemed to play an important role for the vertical particle flux during winter (and autumn)
(Fig. 4; Paper III), possibly due to increased flocculation and ballasting processes (Olli
and Heiskanen 1999, Richardson and Jackson 2007, Wiedmann et al. 2016).

The phototrophic biomass was also detectable during the winter months and was
dominated by cells < 10 um (Paper I — III), as has been observed in Kongsfjorden
(Iversen and Seuthe 2011). The Svalbard winter communities also included key
phototrophs (e.g. Micromonas and Phaeocystis, Paper II), and the RNA libraries showed

that they were active most of the time. There are two known overwintering strategies for
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phototrophs: (1) Keeping viable persisting stocks of cells throughout the winter, which
may be important when the conditions change to more favorable ones (Paper II) and
consequently for seeding the next spring bloom (Lewis et al. 1999, Niemi et al. 2011,
Btachowiak-Samolyk et al. 2014). (2) To produce resting spores which then settle into
the sediments and are brought up with vertical mixing in the water column in spring
(Eilertsen et al. 1995, Hegseth et al. 1995, Brown et al. 2013). Kubiszyn et al. (in
revision) could not confirm the presence of any vegetative forms of typical bloom-
seeding phototrophs during winter at IsA. However the DNA and RNA libraries in this
study (Paper I) do not agree with that, as for example Skeletonema sp. and Thalassiosira
spp., possibly as resting spores (cf. Eilertsen et al. 1995, Btachowiak-Samotyk et al.
2014), and Chlorophyta besides M. pusilla, were found in low read abundances (i.e. they
were present and alive) even during the dark winter months. These taxa increased in
relative read abundances in early spring (March), in a similar fashion to Phaeocystis sp.
and M. pusilla. These findings are pushing the need for more polar night studies to

potentially uncover new species and life strategies of those night survivors.

Winter-spring transition

The return of the sun above the horizon correlated with an increase in the estimated Chl a
biomass, increased contribution of phototrophs such as Bacillariophyceae, Chlorophyta
and Haptophyta and a reduction in the relative proportion of heterotrophs (Fig. 4; Paper
I, IT), a common finding in Arctic areas (Terrado et al. 2009, Tremblay et al. 2008,
Terrado et al. 2011, Iversen and Seuthe 2011). At IsA, the community changes seen in
the early spring (early March) were potentially a combination of ongoing advective
processes (Paper III) as well as a seasonal response to changes in the environment
(among others: increased solar radiation and nutrient availability, Paper I). Also in
Adventfjorden Micromonas constituted a higher importance in the pre-bloom phase as
reported previously from Arctic waters (Lovejoy et al. 2007, Terrado et al. 2008,
Serensen et al. 2012, Nordgard 2014) and that in turn agrees with the theory that the
viable winter cells were “just waiting” for better conditions to seed (Paper I, IT). Due to

its small cell size (i.e. high surface:volume ratio; Key et al. 2010) Micromonas is
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potentially more efficient in nutrient uptake than large protists (> 20 um) and has lower

requirements.

Spring

The IsA spring communities were less diverse and more uneven compared to winter
communities (Fig. 4), and included common arctic spring bloom species (agreeing with
Kubiszyn et al. in revision) that were abundant in both the small and large size-fractions
of the suspended samples (Paper I, III). Interestingly, the seasonal diversity changes (i.e.
high in winter, low in spring) of small eukaryotes identified with 454-sequencing did not
agree with the results of Kubiszyn et al. (in revision). Kubiszyn et al. (in revision)
encountered high species richness during the spring months at IsA and rather less diverse
winter communities. There are two potential technical explanations for this disagreement;
for one, winter samples are very dilute and a 200 ml water sample (as analysed by
Kubiszyn et al. in revision) is possibly not enough to cover the full diversity of winter
protists; and secondly, the taxonomic knowledge of Arctic spring bloom species is much
better compared to that of winter species - which often include high numbers of those

“unidentified nanoflagellates”.

Two phototrophic key groups, Bacillariophyta and Haptophyta, dominated the spring
bloom at IsA (April to May, Paper L, 111, cf. Kubiszyn et al. in revisison) and they were
also the main contributors to the vertical flux during that time (Paper IIT), showing a
change of the vertical flux from small to large cells. The succession occurred in a fairly
well-mixed water column which persisted most of the year apart from the more stratified
summer months (Paper I, IIT) contradicting the Sverdrup paradigm regarding a need of
stratified conditions (Smetacek and Passow 1990, Eilertsen 1993) for the spring bloom to
occur. Blooming events in the presence of an unstratified or disrupted water column are
not abnormal and have been reported earlier from temperate and cold waters fjord
systems (e.g. Norwegian fjords — Eilertsen 1993, Kongsfjorden - Seuthe et al. 2011 and
Hodal et al. 2012). Heterotrophic/mixotrophic taxa and notably sequences with best
matches to the dinoflagellate Gyrodinium spp. and the ciliate Strombidium (especially in

the RNA libraries) were common in spring in Adventfjorden (Paper I) and Kongfjorden
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(Seuthe et al. 2011) as well as in the Canadian Arctic (Terrado et al 2011, Comeau et al.
2011).

Summer/Autumn

The reestablishment of the microbial community at the end of the year 2012, in terms of
diversity estimates and community composition (Paper I) hints at a re-occurring seasonal
pattern, although more data is needed to validate that (Fig. 4). Interestingly, in autumn, an
intensive sedimentation event was observed at IsA (770-1530 mg POC m™ d”/,
Wiedmann et al., 2016) that co-occurred with sediment-loaded glacial run-off
(Wiedmann et al. 2016). Possibly due to this event and concurrent increased flocculation
and ballasting processes (Wiedmann et al. 2016), the contribution of smaller eukaryotes
increased again in the trap material in September (Paper III). Besides the increased
flocculation and ballasting processes during summer and autumn, river meltwater
potentially brung putative freshwater species into Adventfjorden, which is evidenced by
increased reads of different Telonemia species (June — August; cf. Kongsfjorden - Brate

etal. 2010).

This is the first study that has revealed seasonal patterns of different taxa according to a
series of snapshots, even during the dark polar night, by use of combined DNA and RNA
libraries in the Atlantic influenced Arctic. The uniqueness and importance of time-series
data is unquestioned, as these are needed in order to further evaluate the stability of
seasonal successions (cf. Gilbert et al. 2012) as well as their main biotic and abiotic

drivers (cf. Kim et al 2014).
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6.2. Dominant Svalbard protists in a pan-Arctic perspective

The number of 18S surveys of smaller eukaryotes (< 20 um) has increased tremendously
in the last years (e.g. Massana et al. 2004, Kilias et al. 2014, Thaler and Lovejoy 2015),
making it easier to assign taxonomy to OTUs and maybe to identify potential key-
species. I defined a “key-species” in this study, as a species that is abundant in a period of

time and which hence may play an important ecological role in the system.

Micromonas and Phaeocystis. true arctic survivors - present all-year around

This study reported the presence of viable life stages of the two key phototrophs,
Phaeocystis pouchetii and Micromonas pusilla during the polar night in Svalbard waters
(Paper I — III), and hence supports the significant role of pico- and nanoplankton as
Arctic key-phototroph substituting for cyanobacteria, which are scarce in the northern
regions (Li 1998, Vincent 2000, Li et al. 2009). While these two flagellates are truly
widespread in Arctic waters (Svalbard — Paper II, Eilertsen et al. 1989, Barents Sea —
Wassmann et al. 1990, Throndsen and Kristiansen 1991, Central Arctic Ocean - Sherr et
al. 2003, Metfies et al. 2016, Fram Strait — Kilias et al. 2013 and 2014, Canadian Arctic —
Lovejoy et al. 2007, Terrado et al. 2008 and 2011), winter reports of these two key
species are still rare (Northern Norway - Throndsen and Heimdal 1976, Arctic - Sherr et
al. 2003, Iversen and Seuthe 2011, Bachy et al. 2011), often due to logistical constraints.
The Svalbard polar night DNA/RNA libraries revealed that these two phototrophs are
able to survive unfavorable conditions without daylight (Paper II) and may overwinter in
the pelagic, and go on to seed the spring bloom as discussed in 6.1 (Paper I, II; cf.
Serensen et al. 2012). However, resting stages (for Phaeocystis: Hegseth and Tverberg
2013, Gaebler-Schwarz et al. 2010) or alternative trophic abilities, e.g. phagotrophy as
recently reported for Micromonas pusilla, (Gonzales et al. 1993, Sanders and Gast 2011,
McKie-Krisberg and Sanders 2014) are alternative ways of surviving. Independently of
the sampling location and watermass characteristics, most of the Micromonas sequences
in this study were assigned to the arctic subclade Micromonas CCMP2099 (Paper I —
III: Micromonas Arctic; Lovejoy et al. 2007). This was in contrast with Metfies et al.
(2016) who found the Arctic subclade abundant only in polar waters, while M. pussila
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Clade C was predominant in Atlantic water. The predominance of Micromonas Arctic in
the strongly Atlantic water influenced Svalbard archipelago possibly indicates that the

arctic subclade is able to cope with changes in hydrography.

Picozoa — contributing to the vertical export

Picozoa (ca. 1-3 pm, previously called Picobiliphyta, Seenivasan et al. 2013) were
frequently observed in Adventfjorden, especially in the winter samples, and seem to have
a broad distribution in the Arctic (Thaler and Lovejoy 2015 and references within). One
species in particular, Picobiliphyta-strain5 (Paper L, IIT), was identified as abundant over
the course of a year in the pelagic as well as in the sediment traps (Paper I, III). The
same species was also frequently found in the Canadian Arctic and to a much lesser
degree in the Chukchi Sea (Thaler and Lovejoy 2015). Thaler and Lovejoy (2015)
discussed possible diets of Picozoa and suggested that these flagellates have broader diets
compared other heterotrophic nanoflagellates thus enabling Picozoa to inhabit different
regions and depths competitive advantage. This enables these species to inhabit different
regions and depths (i.e. a broad distribution, Thaler and Lovejoy 2015). Hence, this may
explains their predominance during the polar night at IsA when there is strong food

limitation.

Alveolata — the kings of Adventfjorden

Alveolata were the most abundantly represented group at [sSA during the study year
(Paper I, III) and are often dominant in 18S studies (Terrado et al. 2011, Comeau et al.
2011, Lovejoy and Potvin 2011). We excluded the fact that the dominance in this study
(Paper I) was due to only high rDNA gene copy numbers that often prevail in Alveolata
(Zhu et al. 2005, Medinger et al. 2010, Gong et al. 2013), as DNA and RNA libraries

presented chiefly the same patterns.

The two Dinoflagellata species assigned to Gyrodinium fusiforme and G. helvecticum
were ubiquitous in the IsA samples (small and large size fractions, and exported samples;
Paper I, III) and in several locations around the Svalbard archipelago (Carrier 2016,

Seuthe et al. 2011). Whereas G. helvecticum is originally described from freshwater, it
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forms a single clade with the marine G. rubrum (Takano and Horiguchi 2004, Lovejoy et
al. 2006), and assignments to both these taxa are commonly found in analyses of Arctic
marine samples. Gyrodinium spp. have a widespread distribution in the Arctic (Barents
Sea — Rat’kova and Wassmann 2002, Canadian Arctic — Comeau et al. 2011, Greenland
Sea — Richardson et al. 2005, Central Arctic — Bachy et al. 2011, Kilias et al. 2014). An
important Gymnodinium species at [ISA was Gymnodinium sp. strain 7 which was
observed during the polar night in the Central Arctic under the sea ice (Bachy et al. 2011)
but in contrast, also in Atlantic water in the Scotian Shelf (Dasilva et al. 2014), thus the
Atlantic influenced Svalbard archipelago seems to be a suitable habitat for this species.
Many of the Gyrodinium and Gymnodinium species have a heterotrophic (or
mixotrophic) lifestyle (Levinsen and Nielsen 2002) with a range of potential prey items
(Sherr et al. 1989, Johansson et al. 2004, Aberle et al. 2007, Sherr and Sherr 2007, Jeong
et al. 2010), but in turn dinoflagellates are also important prey for higher trophic levels
(Rysgaard et al. 1999, Seuthe et al. 2011, Jeong et al. 2010). These potential generalist
species may play an important biological role in the future Arctic Ocean as they were
abundant regardless of any changes in the environment in Adventfjorden (e.g. changes in
light, temperature, watermass - Paper I, I11; and even changes in predator composition —
Stiibner et al. 2016) and hence may be able to cope easily in a fast-changing habitat.
According to my data (Paper I, III), and in agreement with microscopic analyses from
Kongsfjorden winter samples (Callesen 2015), it appears that there is a higher abundance
of small dinoflagellates (< 10 um) than reported earlier, which in the future should be

more focused on.

Potential specialist groups such as marine alveolates (e.g. MALV I clade-1 and MALV II
clade-7, Paper L, III) seemed to be strongly influenced by different hydrographic
conditions (cf. Thaler and Lovejoy 2015, Kubiszyn et al 2014) and thus their presence
fluctuated in Adventfjorden throughout the year-long study (Paper I, III). Both MALV I
and MALYV II are frequently reported from Arctic waters (Lovejoy et al. 2006, Canadian
Arctic — Terrado et al. 2009, Central Arctic - Bachy et al. 2011 and Kilias et al. 2014,
Fram Strait — Kilias et al. 2013, Svalbard - Sgrensen et al. 2012). The decreased relative

read abundance of MALVs in the winter-spring transition at [SA was supported by gPCR
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cell counts investigated by Thomson (2014) during the same time period. Thomson
(2014) measured MALV II (order Syndiniales) 18S copy numbers between 40 — 50 x 10*
cells L in February, with max. copy numbers in April (90 x 10* cells L), and
determined a sudden decrease after the 19" April from which the Syndiniales did not
recover. Thomson and I concluded that MALV II were transported out of the system with
re-occurring cold water (advection event mentioned earlier; Paper III). However, since
MALVs have a parasitoid lifestyle (Guillou et al. 2008) and are known to inhabit marine
organisms such as crustaceans, dinoflagellates, fish and bivalves (Stentiford and Shields
2005, Chambouvet et al. 2008, Skovgaard et al. 2009, Noguchi et al. 2013, Miller et al.
2012), their appearance/disappearance possibly could relate to host availability (Paper
I1I).

At the IsA station, ciliates had an increased relative abundance during spring (April and
May, Paper I), potentially feeding on larger phytoplankton available (Kubiszyn et al. in
revision) at that time. This successional pattern is common in the Arctic (Central Arctic -
Sherr et al. 2003; Kongsfjorden - Seuthe et al. 2011) as ciliates are important grazers on
other protists but also an essential diet for many higher trophic levels (Levinsen and
Nielsen 2002, Turner et al. 2001, Sherr and Sherr 2007, Seuthe et al. 2011). Two
important grazers in Adventfjorden were the ciliates Strombidiidae sp. (strain 37) and
Choreotrichia-1 sp. (Paper I, III). They both belong to the subphyla Intramacronucleata,
which is broadly distributed over the Arctic Ocean (Beaufort Sea — Terrado et al. 2009
and Comeau et al. 2011, Barents Sea — Fernandez-Leborans et al. 2006, Svalbard —
Seuthe et al. 2011 and Serensen et al. 2012). Members of the family Strombidiidae are
known to have the ability of kleptoplasty (Rumpho et al. 2006) that certainly makes them
well-fitted to living in the Arctic as they may remain active under limited food

availability by converting light energy to organic compounds during summer and autumn.

Stramenopiles predominate in winter
Heterotrophic uncultured marine stramenopiles (MASTs, Massana et al. 2004 and 2006)
were also commonly found in Adventfjorden and this is the first study that investigated

their seasonal succession in the Arctic, little of which is known about to date.
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Three subclades of MAST 1 (MAST 1a, 1b and Ic¢) are found in the Arctic and it is
suggested that they are associated with certain environments; MAST 1a and 1b were
associated with ice-covered and open waters (Thaler and Lovejoy 2014). This
contradicted our data as MAST 1a especially was identified in all seasons (Paper I, III),
at different depths (Paper III) and in the exported material (Paper III) in Adventfjorden,
even though we investigated an enclosed ice-free fjordsystem. However, as MAST 1la
was only dominant during winter (Paper I, III), possibly it was transported out of the
fjord when the watermass shifted as suggested for the MALVs, however it did reappear at
the end of the year. MAST 7 was also found at IsA, albeit in very low relative abundance,
in contrasts to the findings by Thaler and Lovejoy (2015) who found MAST 7 to be

ubiquitous and abundant in Arctic samples 18S clone libraries.

6.3. The fate of marine microbial eukaryotes and its potential drivers

Seasonal succession implies a shift in dominance of species and thus their fate. The fate
of passively drifting small-sized plankton can have several pathways and drivers. Firstly,
seasonally driven changes in community composition, in which species favour various
conditions and hence grow successfully at different times of the year, are discussed in
6.1. Secondly, hydrographically driven changes — plankton species can be passively
distributed by lateral advection in the water column (Hamilton et al 2008). Thirdly, they
can sink out and contribute to the vertical carbon flux. That may happen due to
unfavourable growth conditions, i.e. limited spore development and increased sinking
rate, but also due to enhanced flocculation and ballasting events (Kranck 1973,
Sutherland et al. 2015). A fourth pathway would be by grazers who can boost the vertical
C flux by fecal pellet production and protists cells may sink integrating in such
aggregated fecal pellets (Wexels Riser et al., 2007, Lalande et al. 2011, Turner 2015 and

ref. within).
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Hydrography driven changes (and climate change)

Variations in water mass composition were important for the structure of the microbial
eukaryote community at IsSA. An advective event during early spring (March), which
replaced Local Water with Transformed Atlantic Water, was probably the trigger for a
change in the composition of small protists (0.45 — 10 um, Paper III). Similar events
have been reported from another West Spitsbergen fjord, Kongsfjorden (Hegseth and
Tverberg 2013, Piquet et al. 2014, Kubiszyn et al. 2014) where Atlantic water intrusions
can also strongly influence the system (Cottier et al. 2005) in combination with
freshwater input from the adjacent glaciers (Svendsen et al. 2002, Cottier et al. 2005).
The Kongsfjorden protist community composition was strongly affected by the changing
hydrography in different seasons (spring and summer), i.e. different water mass origins
and the strength of inflows (Hegseth and Tverberg 2013, Piquet et al. 2014, Kubiszyn et
al. 2014). Protists have limited mobility and are therefore largely influenced by
circulation patterns and hydrographic conditions (Greene Pershing 2007, Hamilton et al.
2008). Further, due to their short life cycles and high reproduction rates, protists are very
likely relatively highly affected by climate-driven changes (Foissner and Hawksworth
2009).

The current climate warming in the Arctic with freshening of the seawater and an
increased stratification is predicted to favour picoplankton, in contrast to the current
situation (Daufresne et al. 2009, Li et al. 2009, Sommer et al. 2016). The IsA station did
not resemble such a situation in 2011 —2012. While there was no seasonal sea ice cover
in the fjord, the IsA station was fairly well-mixed and non-stratified most of the year,
with a strong spring bloom of larger protists occurring in end of April — May (Paper I
and III). The IsA station generally reflected the hydrographic conditions of the upper 100
m of the large Isfjorden system one week delayed indicated by the CTD data (Paper III).
While a freshening of the water in the Svalbard fjords is a rather seasonal impact varying
with fluctuations in sea ice and meltwater run-off from glaciers, this process may not
necessarily affect the stratification (Carmack et al. 2015) as seen at IsA. Thus, the
stratification-associated changes in the Arctic marine environment are potentially more

prominent in the central Arctic Ocean and the Canadian Arctic rather than in the western
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Svalbard fjords.

Nevertheless, the fluctuations and loss of seasonal sea ice in Svalbard fjords may result in
earlier pelagic spring blooms and the cease of ice-algae blooms which may in return
greatly affect the arctic food web and the contribution to the vertical flux (Grebmeier et
al. 2006, Arrigo et al. 2012, Post et al. 2013, Lovejoy 2014, Wiedmann et al. 2016).
Hence, this present annual study of the ice-free Adventfjorden system represents a

possible scenario of future ice-free Svalbard fjords (Paper I, I1I).

Predators, sinking and vertical flux

The contribution of different taxa and species to the vertical flux at IsA largely differed
between the seasons (Paper IIT) possibly due to the large variation in protist lifestyles
and their adaptive strategies (generalist vs. specialist). Different patterns were observed,
many species that were abundant in the water column were also present in the traps (e.g.
Gyrodinium fusiforme, G. helveticum and others), whilst others were only abundant in the
water column and absent from the traps (e.g. Choanoflagellida, several Dinophyceae
strains). Yet others were only abundant in the trap and not in the pelagic (e.g.
Chytriodinium, Cercozoa). The carbon cycle and sequestration is dependant on carbon
oxidation rates as well as the process of photosynthesis (Worden et al. 2015). This
interaction relies heavily on grazing rates, i.e. on heterotrophic species and their diverse
feeding strategies (e.g. predation and parasitism; Worden et al. 2015). While grazing rates
were not evaluated in this study, the presence of predators (e.g. zooplankton, hetero- and
mixotrophic protist) was discussed since molecular traces from many predators were
found in the trap material (Paper III). However, some of these predators are possibly
intruders in the sediment traps as most of them are able to swim and potentially follow
their prey, or conduct vertical migrations (Lee et al. 1988, Michaels et al. 1990, Amacher
et al. 2009). Also parasitism is a way to access organic material, but it is challenging to
determine this trophic mode in carbon cycling models (Worden et al. 2015), and
interestingly several of the species only abundant in the trap are known to have an
infective lifestyle (e.g. MALV la, Chytriodinium, Cercozoa). It is even hypothesized that

parasitic feeding modes may be more important from an ecological perspective than
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grazers controlling bloom dynamics (Montagnes et al. 2008, Chambouvet et al. 2008,
Sherr and Sherr 2009). Thus parasitism needs to be paid more attention when studying

carbon cycles and the vertical flux.

A large part of carbon flux literature states that size matters, because larger and heavier
cells (e.g. diatoms, coccolithophores, spores) may sink faster and in turn contribute more
to the downward flux (Michaels and Silver 1988, Boyd and Newton, 1999, Sarthou et al.
2005, Richardson and Jackson 2007, Ziveri et al. 2007).

That may not necessarily be true as we found small microbial eukaryotes (< 10 um) to be
dominant in the trap material at IsA (Paper III), and this finding is supported by other
recent studies (Worden et al. 2004, Richardson and Jackson 2007, Amacher et al., 2009
and 2013, Cuvelier et al. 2010, Worden et al., 2015). The contribution of smaller cells to
the vertical flux seemed to be strongly seasonally dependant, as there was a higher
relative abundance of small-sized protists found in the traps during autumn and winter at
IsA compared to spring (when diatoms were dominant in the traps). This was possibly
due to a higher relative abundance of pico- and nanosized cells during winter and autumn
(read abundance — Paper I, III, cell counts — Kubiszyn et al. in revision), and the
ongoing mixing processes that transported cells down to the deeper water (Siegel et al.
2016), in combination with increased flocculation and ballasting processes (Jackson and

Richardson 2007, Worden et al. 2015) especially in autumn (Wiedmann et al. 2016).
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7. Conclusions

Marine microbial eukaryotes were investigated in Svalbard waters with special focus on
the high-Arctic and ice-free Adventfjorden from a seasonal perspective. The community
composition and the diversity of small protists showed strong fluctuations during the
course of a year and reflected the strong seasonality of the Arctic (Fig. 4). While the
temporal differences in the community were potentially driven mostly by seasonal events
and factors such as returning of the light and nutrient availability, the similar community
composition at the four sampling depths was rather a result of the non-stratified water

column that was apparent most of the year in 2011 —2012.

Microbial eukaryote seasonal succession in Adventfjorden

The methods used in this study revealed the predominance of small heterotrophic
nanoflagellate (HNF) taxa such as MASTs, MALVs and Picozoa during winter in the
high-Arctic Adventfjorden. The succession of protists developed from a predominance of
heterotrophic taxa in winter to a more typical Arctic spring bloom assemblages during
spring (Fig. 4; cf. Terrado et al. 2009, Hodal et al. 2012). The diversity estimation in
combination with the RNA libraries demonstrated that the protist world is rather species
rich, with potentially many unknown species and acitivites even during the polar night.
Future studies should focus more on this important time of the year in the Arctic, which

still is a “black box” concerning biological knowledge.

Abundant species = key species?

Species and groups such as Phaeocystis, Micromonas, MALV 1, Gyrodinium and
Gymnodinium which were relatively abundant in Svalbard waters have been previously
reported from Arctic regions. In this study I defined key species as those present in
relatively high abundance (based on sequence reads) in the system over time or on a
particular sampling date. Micromonas pusilla and Phaeocystis pouchetii have been
reported to be key phototrophs (Ratkova and Wassmann 2002, Schoemann et al. 2005,
Lovejoy et al. 2007, Kilias et al. 2013) and this study also reports their broad distribution
around Svalbard, mostly in an active state (RNA) even during the dark winter months.

Other abundant species like Gyrodinium helvecticum and G. fusiforme may have a rather
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generalist lifestyle in the system. They seem to cope in many different environmental
conditions, which may be an advantage in the ongoing climate changes in the Arctic. In
contrast, there are specialists such as MALV I which can only cope in certain
environmental conditions (cf. Thaler and Lovejoy 2015) and were advected out of the

IsA system in spring when the watermass changed back from TAW to LW.

The fate of microbial eukaryotes

The life and death of marine microbial eukaryotes may depend on several factors (e.g.
seasonal events, hydrography, grazing, unfavorable conditions, etc.). While certain
phototrophs (e.g. Phaeocystis and Micromonas) may keep a small winter standing stock,
possibly in a spore phase, ready to spawn when the environmental conditions improve,
others stay relatively abundant in the pelagic all year around (Gyrodinium spp.).
Strategies such as kleptoplasty (e.g. Strombidium sp.) and parasitism (MALVs,
Chytriodinium sp., Leptolegnia sp.) may also help to cope with unfavourable conditions

in the harsh Arctic.

While microscopy may be unable to identify small cells in detritus from trap material, the
molecular approach used in this study was able to identify a contribution of small
eukaryotes (< 10 um) to the vertical flux (e.g. similar community composition of trap and
small suspended eukaryotes in winter and autumn at IsA), contradicting the theory that
predominantly large cells contribute to the downward flux. The reason behind this may
be a general predominance of small HNFs in the water column during winter and autumn.
Additionally in autumn, small eukaryotes got highly enriched in aggregates, induced by
increased flocculation/ballasting from the river/glacial meltwater, which were then
sinking out. Thus, especially in arctic and subarctic fjord systems, which are affected by
glacial runoff in the melt season and where HNF are predominant during winter and
autumn may the contribution of small eukaryotes to the vertical flux may be of greater

importance compared to other systems (e.g. sea ice, open water).
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8. Outlook

Although this study has contributed many new insights into the hidden world of marine
microbial eukaryotes in Svalbard waters, there are still knowledge gaps to fill. First of all,
we need to increase our knowledge of the biological activity during the polar night
period. In the addition to the question ‘who is there?’ (quality) we should also address
‘how many are actually there?’ (quantity). So far, sequencing techniques leave us with
only semi-quantitative results, and the combination of a HTS technique with quantitative
approaches such as qPCR, flow cytometry, DAPI stained cell counts or Fluorescence In

Situ Hybridization (FISH) would be an advantage.

Of further interest is also the annual pattern of marine microbial eukaryotes communities,
which seemed to reset towards autumn to the composition from the start of the year. The
IsA time series data is a unique dataset with a high resolution perspective, although
clearly one year of data is not enough to clarify whether this event was random and
maybe dependent on different watermass advections into the fjord, or a re-occurring
pattern which is seasonally influenced. Analyses of samples that were continuously taken
at the IsA station between the years 2012 — 2016 will give further insights into this

question (Vader et al. in preparation).

The combined use of DNA and RNA libraries was of a large benefit for this study,
although due to logistical reasons it was not possible to sample more frequently for RNA.
I suggest increasing the combined use of DNA and RNA in future studies to reveal a
more thorough picture of the community (‘Who is there and who is actually active?’).
Especially for the polar night studies and the trap material this would be of advantage.
Additionally it would be interesting to utilize comparative metatranscriptomics to gain
more deeply insights into the ongoing activities and functions of the different species in
the water column (“What are they actually doing?’) as well as in the sediment traps (‘Are

they grazing? Are they parasitic?’).

Lastly, the sequence databases still contain many gaps, especially for samples that come

from remote areas like the Arctic, which makes it difficult to identify cryptic species.
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Phylogenetics is a useful tool that should be included to identify these species and to

possibly aid in the discovery of new species. In that sense, the comparison with other
Arctic areas is of great importance to this rather local study, to identify endemic and

widespread species in a pan-arctic perspective as well as to identify the OTUs

phylogenetically (Gabrielsen et al. in preparation).

48



8. References

Aberle N, Lengfellner K, Sommer U (2007) Spring bloom succession, grazing impact and herbivore
selectivity of ciliate communities in response to winter warming. Oecologia 150:668—681.
doi:10.1007/s00442-006-0540-y

Adl SM, Simpson AG, Farmer MA, Andersen RA, Anderson OR, Barta JR, Bowser SS, Brugerolle G,
Fensome RA, Fredericq S, et al. (2005) The new higher level classification of eukaryotes with emphasis on
the taxonomy of protists. J Eukaryot Microbiol 52:399-451.

Adl SM, Simpson AG, Lane CE, Lukes J, Bass D, Bowser SS, Brown MW, Burki F, Dunthorn M, Hampl
V, et al. (2012) The revised classification of eukaryotes. J Eukaryot Microbiol 59:429-514.

Agatha S, Spindler M, Wilbert N (1993) Ciliated protozoa (Ciliophora) from Arctic sea ice. Acta
Protozoologica 32:261-268.

Amacher J, Neuer S, Anderson I, Massana R (2009) Molecular approach to determine contributions of the
protist community to particle flux. Deep-Sea Research I 56:2206-2215.

Amacher J, Neuer S, Lomas M (2013) DNA-based molecular fingerprinting of eukaryotic protists and
cyanobacteria contributing to sinking particle flux at the Bermuda Atlantic time-series study. Deep-Sea
Research I1 93:71-83.

Amaral-Zettler LA, McCliment EA, Ducklow HW, Huse SM (2009) A method for studying protistan
diversity using massively parallel sequencing of V9 hypervariable regions of small-subunit ribosomal RNA
genes. PLoS ONE 4:¢6372.

Archibald JM, Longet D, Pawlowski J, Keeling PJ (2003) A novel polyubiquitin structure in Cercozoa and
Foraminifera: Evidence for a new eukaryotic supergroup. Mol Biol Evol 20:62—66.

Ardyna M, Babin M, Gosselin M, Devred E, Rainville L, Tremblay JE (2014) Recent Arctic Ocean sea-ice
loss triggers novel fall phytoplankton blooms. Geophysical Research Letters 41:6207-6212.
doi:10.1002/2014GL061047

Arndt CE, Gulliksen B, Lenne OJ, Berge J (2009) Sea ice fauna. In Johnsen G, Kovacs K, Sakshaug E
(Eds) ‘Ecosystem Barents Sea’, Tapir Academic Press, Trondheim, pp. 303-314.

Arrigo KR, Moch T, Lizotte MP (2010) Primary producers and sea ice. In: Thomas DN, Dieckmann GS
(Eds) ‘Sea ice’, Wiley-Blackwell, 2nd Edition.

Arrigo KR, van Dijken GL (2011) Secular trends in Arctic Ocean net primary production. Journal of
Geophysical Research 116(C9). doi:10.1029/2011JC007151

Arrigo KR, Perovich DK, Pickart RS, Brown ZW, van Dijken GL, Lowry KE, et al. (2012) Massive
Phytoplankton Blooms Under Arctic Sea Ice. Science 336(6087):1408. doi: 10.1126/science.1215065

Arrigo KR, van Dijken GL (2015) Continued increases in Arctic Ocean primary production. Progress in
Oceanography 136:60—70. doi:10.1016/j.pocean.2015.05.002

Azam F, Fenchel T, Field J, Gray J, Meyer-Reil L, Thingstad F (1983) The ecological role of water-column
microbes in the sea. Marine Ecology Progress Series 10(3):257-263.

Bachy C, Lopez-Garcia P, Vereshchaka A, Moreira D (2011) Diversity and vertical distribution of
microbial eukaryotes in the snow, sea ice and seawater near the North Pole at the end of the polar night.

49



Front Microbiol 2:106. http://dx.doi.org/10.3389/fmicb.2011.00106.

Baldauf SL, Roger AJ, Wenk-Siefert I, Doolittle W (2000) A kingdom-level phylogeny of eukaryotes
based on combined protein data. Science 290:972-977.

Balzer S, Malde K, Jonassen I (2011) Systematic exploration of error sources in pyrosequnecing flowgram
data. Bioinformatics 27:304-307. doi:10.1093/bioinformatics/btr251

Bass D, Moreira D, Lopez-Garia P, Polet S, Chao EE, von der Heyden S, Pawlowski J, Cavalier-Smith T
(2005) Polyubiquitin insertions and the phylogeny of Cercozoa and Rhizaria. Protist 156:149-161.

Beaulieu SE (2002) Accumulation and fate of phytodetritus on the sea floor. Oceanography and Marine
Biology: An Annual Review 40:171-232.

Behnke A, Engel M, Christen R, Nebel M, Klein RR, Stoeck T (2011) Depicting more accurate pictures of
protistan community complexity using pyrosequencing of hypervariable SSU rRNA gene regions. Environ
Microbiol 13:340-349.

Berge J, Cottier F, Last KS, Varpe @, Leu E, Sereide J, Eiane K, Falk-Petersen S, Willis K, Nygaard H,
Vogedes D, Griffiths C, Johnsen G, Lorentzen D, Brierley AS (2009) Diel vertical migration of Arctic
zooplankton during the polar night. Biol Lett 5:69-72.

Berge J, Renaud PE, Darnis G, Cottier C, Last K, Gabrielsen TM, Johnsen G, Seuthe L, Weslawski JM,
Leu E, Moline M, Nahrgang J, Sereide JE, Varpe @, Lonne OJ, Daase M, Falk-Petersen S (2015) In the
dark: a review of ecosystem processes during the Arctic polar night. Prog Oceanogr 139:258-271.
http://dx.doi.org/10.1016/j .pocean.2015.08.005

Bluhm BA, Carmack E, Kosobokova K (2015) A tale of two basins: An integrated physical and biological
perspective of the deep Arctic Ocean. Progress in Oceanography 139:89—-121. doi:
http://dx.doi.org/10.1016/j.pocean.2015.07.011

Boyd PW, Newton P (1999) Does planktonic community structure determine downward particulate organic
carbon flux in different oceanic provinces. Deep-Sea Res 1 46:63-91.

Brown MW, Kolisko M, Silberman JD, Roger AJ (2012) Aggregative multicellularity evolved
independently in the eukaryotic supergroup Rhizaria. Curr Biol 22: 1123— 1127.

Brown TA, Hegseth EN, Belt ST (2013) A biomarker-based investigation of the mid-winter ecosystem in
Rijpfjorden, Svalbard. Polar Biol. doi:10.1007/s00300-013-1352-2

Brate J, Koaveness D, Rygh T, Jakobsen KS, Shalchian-Tabrizi K (2010) Telonemia-specific
environmental 18S rDNA PCR reveals unknown diversity and multiple marine-freshwater colonization.

BMC Microbiol 10:168. http://dx.doi.org/10.1186/1471-2180-10-168.

Buesseler KO, Boyd PW (2009) Shedding light on processes that control particle export and flux
attenuation in the twilight zone of the open ocean. Limnol Oceanogr Methods 54(4): 1210-1232.

Burki F, Pawlowski J (2006) Monophyly of Rhizaria and multigene phylogeny of unicellular bikonts. Mol
Biol Evol 23:1922-1930.

Burki F, Shalchian-Tabrizi K, Minge M, Skjaeveland A, Nikolaev SI, Jakobsen KS, Pawlowski J (2007)
Phylogenomics reshuffles the eukaryotic supergroups. PLoS ONE 2:790.

Burki F, Inagaki Y, Brate J, Archibald JM, Keeling PJ, Cavalier-Smith TT, Sakaguchi M, Hashimoto T,
Horak A, Kumar S, Klaveness D, Jacobsen KS, Pawlowski J, Shalchian-Tabrizi (2009) Large-scale

50



phylogenomic analyses reveal that two enigmatic protist lineages, Telonemia and Centroheliozoa, are
related to photosynthetic Chromalveolates. Genome Biol Evol 1:231-238.

Burki F, Kudryavtsev A, Matz MV, Aglyamova GV, Bulman S, Fiers M, Keeling PJ, Pawlowski J (2010)
Evolution of Rhizaria: New insights from phylogenomic analysis of uncultivated protists. BMC Evol Biol
10:377.

Burki F (2014) The Eukaryotic Tree of Life from a Global Phylogenomic Perspective. Cold Spring Harb
Perspect Biol 6:a016147. doi:10.1101/cshperspect.a016147.

Callesen TA (2015) Polar night plankton communities in western Svalbard; - their composition, abundance,
vertical distribution and feeding, evidenced by metagenetic and microscopy analyses. Master thesis,
Faculty of Science University of Copenhagen and University Centre in Svalbard, pp. 45.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, Gonzalez Pena
A, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA,
McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J,
Yatsunenko T, Zaneveld J, Knight R (2010) QIIME allows analysis of high-throughput community
sequencing data. Nat Methods 7:335-336.

Carmack EC, Yamamoto-Kawai M, Haine TWN, Bacon S, Bluhm BA, Lique C, Melling H, Polyakov IV,
Straneo F, Timmermans ML, Williams WJ (2015) Freshwater and its role in the Arctic Marine System:
Sources, disposition, storage, export, and physical and biogeochemical consequences in the Arctic and
global oceans. J Geophys Res Biogeosci 121. doi:10.1002/2015JG003140

Caron DA, Countway PD, Jones AC, Kim DY, Schnetzer A (2012) Marine Protistan Diversity. Ann Rev
Mar Sci 4:467—493.

Carrier V (2016) Structure et biogéographie des communautés de pico- et nanoeucaryotes pélagiques
autour de 1’ Archipel du Svalbard. Master thesis, Faculté des Etudes Supérieures de I’Université Laval and
University Centre in Svalbard, pp. 125.

Cavalier-Smith T (1991) Cell diversification in heterotrophic flagellates. In: Patterson DJ, Larsen D (Eds)
‘The Biology of Free-Living Heterotrophic Flagellates’, Clarendon Press, Oxford, pp. 113-131.

Chambouvet A, Morin P, Marie D, Guillou L (2008) Control of toxic marine dinoflagellate blooms by
serial parasitic killers. Science 322:1254-1257.

Chao A (1984) Nonparametric Estimation of the Number of Classes in a Population. Scandinavian Journal
of Statistics 11:265-270.

Chavez FP, Messi¢ M, Pennington JT (2011) Marine Primary Production in Relation to Climate Variability
and Change. Annual Review of Marine Science 3:227-260.

Clarke, KR, Warwick RM (2001) A further biodiversity index applicable to species lists: variation in
taxonomic distinctness. Marine Ecology Progress Series 216:265— 278.

Comeau AM, Li WKW, Tremblay JE, Carmack EC, Lovejoy C (2011) Arctic Ocean Microbial Community
Structure before and after the 2007 Record Sea Ice Minimum. PLoS ONE 6(11):¢27492.
doi:10.1371/journal.pone.0027492.

Comeau AM, Philippe B, Thaler M, Gosselin M, Poulin M, Lovejoy C (2013) Protists in arctic drift and
land-fast sea ice. J Phycol 49:229-240. doi:10.1111/jpy.12026.

51



Cottier F, Tverberg, V, Inhal ME, Svendsen H, Nilsen F, Griffiths C (2005) Water mass modification in an
arctic fjord through cross-self exchange: The seasonal hydrography of Kongsfjord, Svalbard. J Geophys
Res Oceans 110:C12005.

Cottier F, Nilsen F, Inall M, Gerland S, Tverberg V, Svendsen H (2007) Wintertime warming of an Arctic
shelf in response to large-scale atmospheric circulation. Geophysical Research Letters 34:L.10607.

Cushing DH (1990) Plankton production and year-class strength in fish populations: an update of the
match/mismatch hypothesis. Adv Mar Biol 26:250-293.

Cuvelier ML, Allen AE, McCrow JP, Messi¢ M, Tringe SG, Woyke T, et al. (2010) Targeted
metagenomics and ecology of globally important uncultured eukaryotic phytoplankton. Proc Natl Acad Sci
USA 107:14679-14684.

Dasilva CR, Li WKW, Lovejoy C (2014) Phylogenetic diversity of eukaryotic marine microbial plankton
on the Scotian Shelf Northwestern Atlantic Ocean. J Plankton Res 36:344-363. http://dx.doi.org/10.1093
/plankt/fbt123.

Daufresne M, Lengfellner K, Sommer U (2009) Global warming benefits the small in aquatic ecosystems.
PNAS 106:12788-12793. doi:10.1073/pnas.0902080106.

del Campo J, Guillou L, Hehenberger E, Logares R, Lopez-Garcia P, Massana R (2016) Ecological and
evolutionary significance of novel protist lineages. European Journal of Protistology in press.
doi:10.1016/j.ejop.2016.02.002

Denis L (2008) The Ciliated Protozoa. Springer, 3rd Edition, pp. 129.
Dinsdale EA, Edwards RA, Hall D, Angly F, Breitbart M, Brulc JM, Furlan M, Desnues C, Haynes M, Li
L, McDaniel L, Moran MA, Nelson KE, Nilsson C, Olson R, Paul J, Rodriguez Brito B, Ruan Y, Swan BK,

Stevens R, Valentine DL, Vega Thurber R, Wegley L, White BA, Rohwer F (2008) Functional
metagenomic profiling of nine biomes. Nature 452:629-632. doi:10.1038/nature06810

Dittami SM, Edvardsen B (2012) Culture conditions influence cellular RNA content in ichthyotoxic
flagellates of the genus Pseudochattonella (Dictyochophyceae). J Phycol 48:1050—-1055.

Dobricic S, Vignati E, Russo S (2016) Large-scale atmospheric warming in winter and the Arctic sea ice
retreat. American Meteorological Society 29:2869-2888. doi:10.1175/JCLI-D-15-0417.1

Dortch Q, Roberts TL, Ahmed ST (1983) Indicators of growth rate and biomass in planktonic marine
organisms. Mar Ecol Prog Ser 13:61-71.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011) UCHIME improves sensitivity and speed of
chimera detection. Bioinformatics 27:2194-200. doi: 10.1093/bioinformatics/btr381.

Egge E, Bittner L, Andersen T, Audic S, de Vargas C, Edvardsen B (2013) 454 Pyrosequencing to
Describe Microbial Eukaryotic Community Composition, Diversity and Relative Abundance: A Test for

Marine Haptophytes. PLoS ONE 8(9):e74371. doi:10.1371/journal.pone.0074371

Eilertsen HC, Taasen JP, Weslawski JM (1989) Phytoplankton studies in the fjords of West Spitzbergen:
physical environment and production in spring and summer. J Plankton Res 11:1245-1260.

Eilertsen HC (1993) Spring blooms and stratification. Nature 363:24. doi:10.1038/363024a0

Eilertsen HC, Sandberg S, Tollefsen H (1995) Photoperiodic control of diatom spore growth - a theory to
explain the onset of phytoplankton blooms. Mar Ecol Prog Ser 116:303-307.

52



Fenchel T (1987) Ecology of Protozoa, The Biology of free-living phagotrophic protists. Springer-Verlag
Berlin Hilderberg GmbH. doi: 10.10007/978-3-662-25981-8

Fernandez-Leborans G, Zitzler K, Gabilondo R (2006) Protozoan ciliate epibionts on the freshwater shrimp
Caridina (Crustacea, Decapoda, Atyidae) from the Malili lake system on Sulawesi (Indonesia). J Nat Hist
40: 1983-2000.

Flynn KJ, Stoecker DK, Mitra A, Raven JA, Glibert PM, Hansen PJ, Granéli E, Burkholder JM (2013)
Misuse of the phytoplankton- zooplankton dichotomy: the need to assign organisms as mixotrophs within
plankton functional types. J Plank Res 35(1):3-11.

Foissner W, Hawksworth DL (2009) Protist diversity and geographical distribution In: Foissner W,
Hawksworth DL (Eds) ‘Topics in Biodiversity and Conservation’, Dordrecht, Springer, pp. 211. doi:
10.1007/978-90-481-2801-3

Gaebler-Schwarz S, Davidson A, Assmy P, Chen J, Henjes J, Nothig EM, Lunau M, Medlin LK (2010) A
new cell stage in the haploid-diploid life cycle of the colony-forming haptophyte Phaeocystis antarctica
and its ecological implications. Journal of Phycology 46:1006-1016.

Gilbert JA, Field D, Swift P, Newbold L, Oliver A, Smyth T, Somerfield PJ, Huse S, Joint I (2009) The
seasonal structure of microbial communities in the Western English Channel. Environ Microbiol 11:3132—
3139. http://dx.doi.org/10.1111/j.1462-2920.2009.02017 .x.

Gilbert JA, Steele JA, Caporaso JG, Steinbriick L, Reeder J, Temperton B, Huse S, McHardy AC, Knight
R, Joint I, Somerfield P, Fuhrman JA, Field D (2012) Defining seasonal marine microbial community
dynamics. ISME J 6:298-308. http://dx.doi.org/10.1038/ismej.2011.107

Gomez F, Moreira D, Lopez-Garcia P (2009) Life cycle and molecular phylogeny of the dinoflagellates
Chytriodinium and Dissodinium, ectoparasites of copepod eggs. European Journal of Protistology
45(4):260-70. doi:10.1016/j.ejop.2009.05.004

Gong J, Dong J, Liu C, Massana R (2013) Extremely high copy number polymorphisms of the IDNA
operon estimated from single cell analysis of oligotrich and peritrich ciliates. Protist 164:369—-379.
http://dx.doi.org

Gosselin M, Levasseur M, Wheeler PA, Horner RA, Booth BC (1997) New measurements of
phytoplankton and ice algal production in the Arctic Ocean. Deep Sea Res II 44:1623-1644.

Greene CH, Pershing AJ (2007) Climate Drives Sea Change. Science 315:1084—1085.
doi:10.1126/science.1136495

Grigor JJ, Sereide JE, Varpe @ (2014) Seasonal ecology and life-history strategy of the high-latitude
predatory zooplankter Parasagitta elegans. Mar Ecol-Prog Ser 499:77-88. doi: 10.3354/meps10676

Guillou L, Viprey M, Chambouvet A, Welsh RM, Kirkham AR, Massana R, Scanlan DJ, Worden AZ
(2008) Widespread occurrence and genetic diversity of marine parasitoids belonging to Syndiniales
(Alveolata). Environ Microbiol 10:3349-3365. http://dx.doi.org/10.1111/j .1462-2920.2008.01731 .x.

Hamilton AK, Lovejoy C, Galand PE, Ingram RG (2008) Water masses and biogeography of picoeukaryote
assemblages in a cold hydrographically complex system. Limnology and Oceanography 53(3): 922-935.

Hamm C, Reigstad M, Wexels Riser C, Miihlebach A, Wassmann P (2001) On the trophic fate of

Phaeocystis pouchetii: VII. Sterols and fatty acids reveal sedimentation of Phaeocystis-derived organic
matter via krill fecal strings. Marine Ecology Progress Series 209:55-69.

53



Hassett BT, Gradiner R (2016) Chytrids dominate arctic marine fungal communities. Environmental
Microbiology. doi: 10.1111/1462-2920.13216

Hegseth EN, Svendsen H, von Quillfeldt CH (1995) Phytoplankton in fjords and coastal waters of northern
Norway: environmental conditions and dynamics of the spring bloom. In: Skjoldal HR, Hopkins C,
Erikstad KE, Leinaas HP (Eds) ‘Ecology of fjords and coastal waters’, Elsevier Science BV, Amsterdam,
pp. 45-72.

Hegseth EN, Tverberg V (2013) Effect of Atlantic water inflow on timing of the phytoplankton spring
bloom in a high Arctic fjord (Kongsfjorden, Svalbard). J] Mar Syst 113-114:94-105. doi:
http://dx.doi.org/10.1016/j.jmarsys.2013.01.003.

Hill VJ, Matrai PA, Olson E, Suttles S, Steele M, Codispoti LA, Zimmerman RC (2013) Synthesis of
integrated primary production in the Arctic Ocean: II. In situ and remotely sensed estimates. Prog Oceanogr
110:107-125.

Hodal H, Falk-Petersen S, Hop H, Kristiansen S, Reigstad M (2012) Spring bloom dynamics in
Kongsfjorden, Svalbard: nutrients, phytoplankton, protozoans and primary production. Polar Biol 35:191—
203.

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate change on the world’s marine ecosystems.
Science 328:1523-1528. doi:10.1126/science.1189930.

Horner R (1980) Ecology and productivity of Arctic sea ice diatoms. In: Ross R (Ed) ‘Proceedings of the
Sixth Symposium on Recent and Fossil Diatoms’, Koeltz, Konigstein, pp. 359-369.

Huse S, Huber J, Morrison H, Sogin M, Mark Welch D (2007) Accuracy and quality of massively parallel
DNA pyrosequencing. Genome Biol 8(7):R143.

Huse SM, Welch DM, Morrison HG, Sogin ML (2010) Ironing out the wrinkles in the rare biosphere
through improved OTU clustering. Environmental Microbiology 12: 1889-1898.

Ingvaldsen R, Loeng H (2009) Physical Oceanography. In: Sakshaug E, Johnson G, Kovacs K (Eds)
‘Ecosystem Barents Sea’, Tapir Academic Press, Trondheim, Norway, pp. 33-65.

Iversen K, Seuthe L (2011) Seasonal microbial processes in a high-latitude fjord (Kongsfjorden, Svalbard):
I. Heterotrophic bacteria, picoplankton and nanoflagellates. Polar Biol 34:731-749. doi: 10.1007/s00300-
010-0929-2.

Jakobsson M, Mayer LA, Coakley B, Dowdeswell JA, Forbes S, Fridman B, Hodnesdal H, Noormets R,
Pedersen R, Rebesco M, Schenke HW, Zarayskaya AY, Accettella D, Armstrong A, Anderson RM,
Bienhoff P, Camerlenghi A, Church I, Edwards M, Gardner JV, Hall JK, Hell B, Hestvik OB, Kristoffersen
Y, Marcussen C, Mohammad R, Mosher D, Nghiem SV, Pedrosa MT, Travaglini PG, Weatherall P (2012)
The International Bathymetric Chart of the Arctic Ocean (IBCAO) version 3.0. Geophys Res Lett
39:112609. http://dx.doi.org/10.1029 /2012GL052219.

Jeong H, Yoo Y, Kim J, Seong K, Kang N, Kim T (2010) Growth, feeding and ecological roles of the
mixotrophic and heterotrophic dinoflagellates in marine planktonic food webs. Ocean Sci J 45(2):65—91.

Johansson M, Gorokhova E, Larsson U (2004) Annual variability in ciliate community structure, potential
prey and predators in the open northern Baltic Sea proper. Journal of Plankton Research 26:67-80.
doi:10.1093/plankt/fbg115

54



Katlein C, Arndt S, Nicolaus M, Perovich DK, Jakuba MV, Suman S, Elliott S, Whitcom LL, McFarland
CJ, Gerdes R, Boetius A, German CR (2015) Influence of ice thickness and surface properties on light
transmission through Arctic sea ice. ] Geophys Res Oceans 120:5932-5944. doi:10.1002/2015JC010914

Keeling PJ (2001) Foraminifera and Cercozoa are related in actin phylogeny: Two orphans find a home?
Mol Biol Evol 18:1551-1557.

Key T, McCarthy A, Campbell DA, Six C, Roy S, Finkel ZV (2010) Cell size trade-offs govern light
exploitation strategies in marine phytoplankton. Environmental Microbiology 12(1):95-104.

Kilias E, Wolf C, Nothig EM, Peeken I, Metfies K (2013) Protist distribution in the Western Fram Strait in
summer 2010 based on 454-pyrosequencing of the 18S rDNA. J Phycol 49:996-1010. http://dx.doi
.org/10.1111/jpy.12109

Kilias E, Kattner D, Wolf C, Frickenhaus S, Metfies K (2014) A molecular survey of protist diversity
through the central Arctic Ocean. Polar Biol 37:1271-1287. http://dx.doi.org/10.1007/s00300-014-1519-5.

Kim DY, Countway PD, Jones AC, Schnezter A, Yamashita W, Tung C, Caron DA (2014) Monthly to
interannual variability of microbial eukaryote assemblages at four depths in the eastern North Pacific.
ISME J 8:515-530. http://dx.doi.org/10.1038/ismej.2013.173.

Kraft A, Berge J, Varpe @, Falk-Petersen S (2013) Feeding in Arctic darkness: mid-winter diet of the
pelagic amphipods Themisto abyssorum and T. libellula. Mar Biol 160:241-248.

Kranck K (1973) Flocculation of Suspended Sediment in the Sea. Nature 246:348-350. doi:
10.1038/246348a0.

Kubiszyn AM, Piwosz K, Wiktor JM (2014) The effect of inter-annual Atlantic water inflow variability on
the planktonic protist community structure in the West Spitsbergen waters during the summer. J Plankton
Res 36:1190-1203. http://dx.doi.org/10.1093/plankt/fbu044

Kubiszyn AM, Wiktor JM, Wiktor JMJ, Griffiths C, Kristiansen S, Gabrielsen TM (in revision) The annual
planktonic protist community structure in an ice-free high Arctic fjord (Adventfjorden, West Spitsbergen).
In revision for Journal of Marine Systems.

Lalande C, Bauerfeind E, Nothig EM (2011) Downward particulate organic carbon export at high temporal
resolution in the eastern Fram Strait: influence of Atlantic water on flux composition. Marine Ecology
Progress Series 440:127-136.

Lasternas S, Agusti S, Duarte CM (2010) Phyto- and bacterioplankton abundance and viability and their
relationship with phosphorus across the Mediterranean Sea. Aquat Microb Ecol 60:175-191.
doi:10.3354/ame01421

Lee C, Wakeham SG, Hedges JI (1988) The measurement of oceanic particle flux — Are “swimmers” a
problem? Oceanography 1:34-36.

Lee WJ, Patterson DJ (1998) Diversity and geographic distribution of free-living heterotrophic flagellates -
analysis by PRIMER. Protist 149:229-244.

Leu E, Sereide JE, Hessen DO, Falk-Petersen S, Berge J (2011) Consequences of changing sea-ice cover
for primary and secondary producers in the European Arctic shelf seas: Timing, quantity, and quality. Progr

Oceanogr 90:18-32. doi: 10.1016/j.pocean.2011.02.004

Levinsen H, Nielsen TG, Hansen BW (2000) Annual succession of marine pelagic protozoans in Disko
Bay, West Greenland, with emphasis on winter dynamics. Marine Ecology Progress Series 206:119—-134.

55



Levinsen H, Nielsen TG (2002) The trophic role of marine pelagic ciliates and heterotrophic dinoflagellates
in arctic and temperate coastal ecosystems: A cross-latitude comparison. Limnol Oceanogr 47(2):427-439.

Lewis J, Harris ASD, Jones KJ, Edmonds RL (1999) Long-term survival of marine planktonic diatoms and
dinoflagellates in stored sediment samples. J Plankton Res 21:343-354. doi:10. 1093/plankt/21.2.343

Li WKW (1998) Annual average abundance of heterotrophic bacteria and Synechococcus in surface ocean
waters. Limnol Oceanogr 43:1746-53.

Li WKW, McLaughlin F, Lovejoy C, Carmack EC (2009) Smallest algae thrive as the Arctic Ocean
freshens. Science 326:539. http://dx.doi.org/10 .1126/science.1179798.

Lindahl BD, Nilsson RH, Tedersoo L, Abarenkov K, Carlsen T, Kjeller R, Kdljalg U, Pennanen T,
Rosendahl S, Stenlid J, Kauserud H (2013) Fungal community analysis by high- throughput sequencing of
amplified markers — a user's guide. New Phytologist 199:288-299.

Logares R, Audic S, Bass D, Bittner L, Boutte C, Christen R, Claverie JM, Decelle J, Dolan JR, Dunthorn
M, Edvardsen B, Gobet A, Koolstra WHCF, Mahé F, Not F, Ogata H, Pawlowski J, Pernice MC, Romac S,
Shalchian-Tabrizi K, Simon N, Stoeck T, Santini S, Siano R, Wincker P, Zingone A, Richards TA, de
Vargas C, Massana R (2014) Patterns of rare and abundant marine microbial eukaryotes. Curr Biol 24:1-9.
http://dx.doi.org/10.1016/j.cub.2014.02.050

Lopez-Garcia P, Rodriguez-Valera F, Pedros-Alio C, Moreira D (2001) Unexpected diversity of small
eukaryotes in deep-sea Antarctic plankton. Nature 409:603—7.

Lovejoy C, Legendre L, Martineau MJ, Bacle J, von Quillfeldt CH (2002) Distribution of phytoplankton
and other protists in the North Water. Deep-Sea Res 11 49:5027-5047.

Lovejoy C, Massana R, Pedros-Alio C (2006) Diversity and distribution of the marine microbial eukaryotes
in the Arctic Ocean and adjacent Seas. Appl Environ Microb 72:3085. doi: 10.1128/AEM.72.5.3085-
3095.2006.

Lovejoy C, Vincent WF, Bonilla S, Roy S, Martineau MJ, Terrado R, Potvin M, Massana R, Pedros-Alio C
(2007) Distribution, phylogeny, and growth of cold-adapted picoprasinophytes in Arctic seas. J Phycol
43:78-89. http://dx.doi.org/10.1111/j.1529-8817.2006.00310.x.

Lovejoy C, Potvin M (2011) Microbial eukaryotic distribution in a dynamic Beaufort Sea and the Arctic
Ocean. J Plank Res 33:431-444.

Lovejoy C (2014) Changing views of arctic protists (marine microbial eukaryotes) in a changing Arctic.
Acta Protozool 53:91-100. doi: 10.4467/16890027AP.14.009.1446.

Martin P, Lampitt RS, Perry MJ, Sanders R, Lee C, D’Asaro E (2011) Export and mesopelagic particle flux
during a North Atlantic spring diatom bloom. Deep-Sea Research I 58: 338-349.

Massana R, Guillou L, Diez B, Pedrds-Alié C (2002) Unveiling the organisms behind novel eukaryotic
ribosomal DNA sequences from the ocean. Appl Environ Microbiol 68:4554-4558.

Massana R, Castresana J, Balagué V, Guillou L, Romari K, Groisillier A, Valentin K, Pedrds-Alié C (2004)
Phylogenetic and ecological analysis of Novel Marine Stramenopiles. Appl Environ Microb 70:3528. doi:
10.1128/AEM.70.6.3528-3534.2004.

Massana R, Terrado R, Forn I, Lovejoy C, Pedros-Alié C (2006) Distribution and abundance of uncultured

heterotrophic flagellates in the world oceans. Environ Microbiol 8:1515-1522.
http://dx.doi.org/10.1111/j.1462-2920.2006.01042..x.

56



Massana R, Pedros-Alio C (2008) Unveiling new microbial eukaryotes in the surface ocean. Curr Opin
Microbiol 11:213-8.

Matrai PA, Olson E, Suttles S, Hill V, Codispoti LA, Light B, Steele M (2013) Synthesis of primary
production in the Arctic Ocean: I. Surface waters, 1954-2007. Progress in Oceanography 110:93-106.
doi:10.1016/jpocean.2012.11.004

McKie-Krisberg ZM, Sanders RW (2014) Phagotrophy by the picoeukaryotic green alga Micromonas:
implications for Arctic Oceans. ISME J 8:1953—-61. do0i:10.1038/isme;j.2014.16

Medinger R, Nolte V, Pandey RV, Jost S, Ottenwélder B, Schlétter C, Boenigk J (2010) Diversity in a
hidden world: potential and limitation of next-generation sequencing for surveys of molecular diversity of
eukaryotic microorganisms. Molecular Ecology 19(Suppl 1):32—40. doi: 10.1111/j.1365-
294X.2009.04478.x

Metfies K, von Appen WJ, Kilias E, Nicolaus A, N6thig EM (2016) Biogeography and Photosynthetic
Biomass of Arctic Marine Pico-Eukaroytes during Summer of the Record Sea Ice Minimum 2012. PLoS
ONE 11(2):e0148512. doi:10.1371/journal.pone.0148512

Michaels AF, Silver MW (1988) Primary production, sinking fluxes and the microbial food web. Deep-Sea
Res 35:473-490.

Michaels AF, Silver MW, Gowing MM, Knauer GA (1990) Cryptic zooplankton “swimmers” in upper
ocean sediment traps. Deep-Sea Research 37(8):1285-1296.

Michels J, Dieckmann GS, Thomas DN, Schnack-Schiel, SB, Krell A, Assmy P, Kennedy H,
Papadimitriou S, Cisewski B (2008) Short-term biogenic particle flux under late spring sea ice in the
western Weddell Sea. Deep-Sea Research 11 55:1024-1039.

Miller JJ, Delwiche CF, Coats DW (2012) Ultrastructure of Amoebophrya sp. and its changes during the
course of infection. Protist 163(5):720-45.

Minnhagen S, Carvalho WF, Salomon PS, Janson PS (2008) Chloroplast DNA content in Dinophysis
(Dinophyceae) from different cell cycle stages is consistent with kleptoplasty. Environ Microbiol 10: 2411—
2417.

Moline MA, Karnovsky NJ, Brown Z, Divoky GJ, Frazer TK, Jacoby CA, Torres JJ, Fraser WR (2008)
High Latitude Changes in Ice Dynamics and Their Impact on Polar Marine Ecosystems. Annals of the New
York Academy of Sciences 1134:267-319. doi:10.1196/annals.1439.010

Monier A, Comte J, Babin M, Forest A, Matsuoka A, Lovejoy C (2014) Oceanographic structure drives the
assembly processes of microbial eukaryotic communities. The ISME Journal 9: 990-1002.
doi:10.1038/isme;j.2014.197

Montagnes DJS, Chambouvet A, Guillou L, Fenton A (2008) Responsibility of microzooplankton and
parasite pressure for the demise of toxic dinoflagellate blooms. Aqutic Microbial Ecology 53(2):211-225.
doi:10.3354/ame01245

Moon-van der Staay SY, De Wachter R, Vaulot D (2001) Oceanic 18S rDNA sequences from picoplankton
reveal unsuspected eukaryotic diversity. Nature 409:607—10.

Moorthi S, Caron DA, Gast RJ, Sanders RW (2009) Mixotrophy: a widespread and important ecological
strategy for planktonic and sea-ice nanoflagellates in the Ross Sea, Antarctica. Aquat Microb Ecol 54:269—
277.

Moreira D, Lopez-Garcia P (2002) Molecular ecology of microbial eukaryotes un- veils a hidden world.

57



Trends in Microbiology 10:31-38.

Muckenhuber S, Nilsen F, Korosov A, Sandven S (2016) Sea ice cover in Isfjorden and Hornsund,
Svalbard (2000-2014) from remote sensing data. The Cryosphere 10:149—158. doi:10.5194/tc-10-149-2016

Nguyen NH, Smith D, Peay K, Kennedy P (2014) Parsing ecological signal from noise in next generation
amplicon sequencing. New Phytologist 205:1389-1393.

Niemi A, Michel C, Hille K, Poulin M (2011) Protist assemblages in winter sea ice: setting the stage for the
spring ice algal bloom. Polar Biol 34:1803—1817. http://dx.doi.org/10.1007/s00300-011-1059-1.

Nikolaev SI, Berney C, Fahrni JF, Bolivar I (2004) The twilight of Heliozoa and rise of Rhizaria, an
emerging supergroup of amoeboid eukaryotes. Proc Natl Acad Sci 101: 8066 — 8071.

Nilsson RH, Tedersoo L, Lindahl BD, Kjeller R, Carlsen T, Quince C, Abarenkov K, Pennanen T, Stenlid
J, Bruns T, Larsson KH, Kéljalg U, Kauserud H (2011) Towards standardization of the description and
publication of next-generation sequencing datasets of fungal communities. New Phytologist 191:314-318.

Nilsen F, Cottier F, Skogseth R, Mattson S (2008) Fjord-shelf exchanges controlled by ice and brine
production: the interannual variation of Atlantic water in Isfjorden, Svalbard. Cont Shelf Res 28:1838—
1853. http://dx.doi.org/10.1016/j.csr.2008.04.015

Nilsen F, Skogseth R, Vaadal-Lunde J, Inall M (2016) A Simple Shelf Circulation Model-Intrusion of
Atlantic Water on the West Spitsbergen Shelf. J Phys Oceanogr 46:1209-1230. doi:10.1175/JPO-D-15-
0058.1

Noguchi F, Kawato M, Yoshida T, Fujiwara Y, Fujikura K, Takishita K (2013) A novel alveolate in
bivalves with chemosynthetic bacteria inhabiting deep-sea methane seeps. The Journal of Eukaryotic
Microbiology 60(2):158-65.

Nordgérd IK (2014) Microbial winter and spring bloom dynamics in a high Arctic fjord. Master thesis,
Department of Biology, University of Bergen (Norway) and University Centre in Svalbard, pp. 58.

Norse EA, Rosenbaum KL, Wilcove DS, Wilcox BA, Romme H, Johnston DW, Stout ML (1986)
Conserving biological diversity in our national forests. The Wilderness Society, Washington DC.

Not FF, Valentin K, Romari K, Lovejoy C, Massana R, Tébe K, Vaulot D, Medlin LK (2007)
Picobiliphytes: A marine picoplanktonic algal group with unknown affinities to other eukaryotes. Science
315:253-255.

Nygaard K, Tobiesen A (1993) Bacterivory in algae: a survival strategy during nutrient limitation. Limnol
Oceanogr 38:273-279.

Olli K, Heiskanen AS (1999) Seasonal stages of phytoplankton community structure and sinking loss in the
Gulf of Riga. Journal of Marine Systems 23:165-184.

Olli K, Rieser CW, Wassmann P, Ratkova T, Arashkevich E, Pasternak A (2002) Seasonal variation in
vertical flux of biogenic matter in the marginal ice zone and the central Barents Sea. J] Mar Syst 38:189—
204. doi:10.1016/S0924-7963(02)00177-X

Olli K, Wassmann P, Reigstad M, Ratkova TN, Arashkevich E, Pasternak A, Matrai PA, Knulst J, Tranvik
L, Klais R, Jacobsen A (2007) The fate of production in the central Arctic Ocean — top-down regulation by
zooplankton expatriates? Progress in Oceanography 72:84—113.

Okamoto N, Chantangsi C, Horak A, Leander BS, Keeling PJ (2009) Molecular phylogeny and description

58



of the novel katablepharid Roombia truncata gen. et sp. nov., and establishment of the Hacrobia taxon nov.
PLoS ONE 4:¢7080.

Okolodkov YB, Dodge JD (1996) Biodiversity and biogeography of planktonic dinoflaegllates in the Arctic
Ocean. Journal of Experimental Marine Biology and Ecology 202:19-27. do0i:10.1016/0022-
0981(96)00028-7

Onarheim IH, Smedsrud LH, Ingvaldsen RB, Nilsen F (2014) Loss of sea ice during winter north of
Svalbard. Tellus 66:23933. http://dx.doi.org/10.3402/tellusa.v66.23933

Piquet AMT, van de Poll WH, Visser RIW, Wiencke C, Bolhuis H, Buma AGJ (2013) Springtime
phytoplankton dynamics in Arctic Krossfjorden and Kongsfjorden (Spitsbergen) as a function of glacier
proximity. Biogeosciences 11:2263-2279. doi:10.5194/bg-11-2263-2014.

Piwosz K, Pernthaler J (2010) Seasonal population dynamics and trophic role of planktonic nanoflagellates
in coastal surface waters of the Southern Baltic Sea. Environmental Microbiology 12(2):364-377.
doi:10.1111/5.1462-2920.2009.02074.x

Post E, Bhatt US, Bitz CM, Brodie JF, Fulton TL, Hebblewhite M, Kerby J, Kutz SJ, Stirling I, Walker DA
(2013) Ecological consequences of sea-ice decline. Science 341(6145):514-524. doi:
10.1126/science.1235225

Poulin M, Daugbjerg N, Gradiner R, Ilyash L, Ratkova T, von Quillfeldt C (2011) The pan-Arctic
biodiversity of marine pelagic and sea-ice unicellular eukaryotes: A first—attempt assessment. Marine
Biodiversity 41:13-28.

Quince C, Lanzen A, Curtis T, Davenport R (2009) Accurate determination of microbial diversity from 454
pyrosequencing data. Nature 6:639-641.

Quince C, Lanzen A, Davenport RJ, Turnbaugh PJ (2011) Removing noise from pyrosequenced amplicons.
BMC Bioinformatics 12:38.

R Core Team (2015) R: A language and environment for statistical computing. R foundation for Statistical
Computing, Vienna, Austria. URL: http://www.R-project.org/

Reigstad M, Wassmann P, Ratkova T, Arashkevich E, Pasternak A, @ygarden S (2000) Comparison of the
springtime vertical export of biogenic matter in three northern Norwegian fjords. Mar Ecol Prog Ser
201:73-80. doi:10.3354/meps201073.

Reigstad M, Wassmann P (2007) Does Phaeocystis spp. contribute significantly to vertical export of
organic carbon? Biogeochemistry 83:217-234. doi:10.1007/s10533-007-9093-3.

Reigstad M, Riser CW, Wassmann P, Ratkova T (2008) Vertical export of particulate organic carbon:
Attenuation, composition and loss rates in the northern Barents Sea. Deep-Sea Res 11 55:2308-2319.
doi:10.1016/j.dsr2.2008.05.007

Richardson K, Markager S, Buch E, Lassen MF, Kristensen AS (2005) Seasonal distribution of primary
production, phytoplankton biomass and size distribution in the Greenland Sea. Deep Sea Res Part I

Oceanogr Res Pap 52:979-999. doi:10.1016/j.dsr. 2004.12.005

Richardson TL, Jackson G (2007) Small Phytoplankton and carbon export from the surface ocean. Science
315:838-840. doi:10.1126/science.1133471.

Riebesell U, Reigstad M, Wassmann P, Noji T, Passow U (1995) On the trophic fate of Phaeocystis

59



pouchetii (Hariot): VI. Significance of Phaeocystis-derived mucus for vertical flux. Netherland Journal of
Sea Research 33(2):193-203.

Riedel A, Michel C, Gosselin M (2006) Seasonal study of sea-ice exopolymeric substances on the
Mackenzie shelf: Implications for transport of sea-ice bacteria and algae. Aquat Microb Ecol 45: 195-206.
doi:10.3354/ame045195.

Romari K, Vaulot D (2004) Composition and temporal variability of picoeukaryote communities at a
coastal site of the English Channel from 18S rDNA sequences. Limnol Oceanogr 49:784-798.
http://dx.doi.org /10.4319/10.2004.49.3.0784.

Ronaghi M, Uhlén M, Nyrén P (1998) A Sequencing Method Based on Real-Time Pyrophosphate. Science
281(5375):363. doi:10.1126/science.281.5375.363

Roézanska M, Poulin M, Gosselin M (2008) Protist entrapment in newly formed sea ice in the Coastal
Arctic Ocean. J Mar Syst 74:887-901.

Rumpho ME, Dastoor FP, Manhart JR, Lee J (2006) The kleptoplast. In Wise RR, Hoober JK (Eds) ‘The
structure and function of plastids’, Springer, New York, pp. 451-473.

Rynearson TA, Richardson K, Lampitt RS, Sieracki ME, Poulton AJ, Lyngsgaard MM, Perry MJ (2013)
Major contribution of diatom resting spores to vertical flux in the sub-polar North Atlantic. Deep-Sea Res I
82:60-71. doi:10.1016/j.dsr.2013.07.013.

Rysgaard S, Nielsen TG, Hansen BW (1999) Seasonal variation in nutrients, pelagic primary production
and grazing in a high-Arctic coastal marine ecosystem, Young Sound, Northeast Greenland. Mar Ecol Prog
Ser 179:13-25.

Sakaguchi M, Takishita K, Matsumoto T, Hashimoto T, Inagaki Y (2009) Tracing back EFL gene
evolution in the cryptomonads-haptophytes assemblage: separate origins of EFL genes in haptophytes,
photosynthetic cryptomonads, and goniomonads. Gene 441(1-2):126-31. doi:10.1016/j.gene.2008.05.010.
PMID 18585873.

Sakshaug E, Johnsen G, Kristiansen S, von Quillfeldt CH, Rey F, Slagstad D, Thingstad F (2009)
Phytoplankton and primary production. In: Sakshaug E, Johnsen G, Kovacs KM (Eds) ‘Ecosystem Barents
Sea’, Tapir Academic Press, Tronheim, pp. 167-208.

Sanger F, Coulson AR (1975) A rapid method for determining sequences in DNA by primed synthesis with
DNA polymerase. ] Mol Biol 94(3):441-448. doi:10.1016/0022-2836(75)90213-2

Sarthou G, Timmermans KR, Blain S, Tréguer, P (2005) Growth physiology and fate of diatoms in the
ocean: a review. J. Sea Res. 53 (1-2), 25-42.

Schloss PD, Handelsman J (2006) Toward a census of bacteria in soil. PLoS Comput Biol 2:€92.
Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski RA, Oakley BB,
Parks DH, Robinson CJ, Sahl JW, Stres B, Thallinger GG, van Horn DJ, Weber CF (2009) Introducing
mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing and

Comparing Microbial Communities. Appl Environ Microb 75:7537—7541. doi:10.1128/AEM.01541-09

Schloss PD, Wescott S (2011) Assessing and improving methods used in operational taxonomic unit-based
for 16s rRNA gene sequence analysis. Appl Environ Microbiol 77: 3219-3226.

Schmidt TSB, Matias Rodrigues JF, von Mering C (2014) Ecological Consistency of SSU rRNA-Based
Operational Taxonomic Units at Global Scale. PLoS Comput Biol 10(4):e1003594. doi:

60



10.1371/journal.pcbi. 1003594

Schoemann V, Becquevort S, Stefels J, Rousseau V, Lancelot C (2005) Phaeocystis blooms in the global
ocean and their controlling mechanisms: a review. J Sea Res 53:43-66.

Seenivasan R, Sausen N, Medlin LK, Melkonian M (2013) Picomonas judraskeda gen. et sp. nov.: the first
identified member of the Picozoa phylum nov., a widespread group of picoeukaryotes, formerly known as
‘picobiliphytes.” PLoS One 8(3):¢59565. http://dx.doi.org/10.1371 /journal.pone.0059565.

Seuthe L, Iversen KR, Narcy F (2011) Microbial processes in a high-latitude fjord (Kongsfjorden,
Svalbard): II. Ciliates and dinoflagellates. Polar Biol 34:751-766. doi:10.1007/s00300-010-0930-9.

Shalchian-Tabrizi K, Eikrem W, Klaveness D, Vaulot D, Minge M, Le Gall F, Romari K, Throndsen J,
Botnen A, Massana R, Thomsen HA, Jakobsen, K (2006) Telonemia, a new protist phylum with affinity to
chromist lineages. Proc R Soc Lond B Biol Sci 273:1833-1842.

Shalchian-Tabrizi K, Kauserud H, Massana R, Klaveness D, Jakobsen KS (2007) Analysis of
environmental 18S ribosomal RNA sequences reveals unknown diversity of the cosmopolitan phylum
Telonemia. Protist 158:173-180.

Sherr EB, Rassoulzadegan F, Sherr BF (1989) Bacterivory by pelagic choreotrichous ciliates in coastal
waters of the NW Mediterranean Sea. Marine Ecology Progress Series 55:235-240.

Sherr EB, Sherr BF, Wheeler PA, Thompson K (2003) Temporal and spatial variation in stocks of
autotrophic and heterotrophic microbes in the upper water column of the central Arctic Ocean. Deep Sea
Res Part I 50:557-571. http://dx.doi.org/10.1016/S0967-0637(03)00031-1.

Sherr EB, Sherr BF (2007) Heterotrophic dinoflagellates: a significant component of microzooplankton
biomass and major grazers of diatoms in the sea. Mar Ecol Prog Ser 352:187-197.

Siegel DA, Buesseler KO, Behrenfeld MJ, Benitez-Nelson CR, Boss E, Brzezinski MA, Burd A, Carlson
CA, D’Asaro EA, Doney SC, Perry MJ, Stanley RHR, Steinberg DK (2016) Prediction of the Export and
Fate of Global Ocean Net Primary Production: The EXPORTS Science Plan. Frontiers in Marine Science.
doi: http://dx.doi.org/10.3389/fmars.2016.00022

Sierra R, Matz MV, Aglyamova G, Pillet L, Decelle J, Not F, de Vargas C, Pawlowski J (2013) Deep
relationships of Rhizaria revealed by phylogenomics: A farewell to Haeckel’s Radiolaria. Mol Phylogenet
Evol 67:53-59.

Skovgaard A (1998) Role of chloroplast retention in marine dinoflagellate. Aquatic Microbial Ecology 15:
293-301,

Skovgaard A, Meneses I, Angélico MM (2009) Identifying the lethal fish egg parasite Ichthyodinium
chabelardi as member of Marine Alveolate Group 1. Environmental Microbiology 11(8):2030-41.

Slapeta J, Lopez-Garcia P, Moreira D (2006) Global Dispersal and Ancient Cryptic Species in the Smallest
Marine Eukaryotes. Mol Biol Evol 23(1):23-29. doi:10.1093/molbev/msj001

Smetacek V, Passow U (1990) Spring bloom initiation and Sverdrup’s critical-depth model. Limnol
Oceanogr 35(1):228-234.

Smetacek V, Nicol S (2005) Polar ocean ecosystems in a changing world. Nature 437:362-368. doi:
10.1038/nature04161

61



Sommer U, Hansen T, Blum O, Holzner N, Vadstein O, Stibor H (2005) Copepod and microzooplankton
grazing in mesocosms fertilised with different Si:N ratios: no overlap between food spectra and Si:N
influence on zooplankton trophic level. Oecologia 142(2):274-283.

Sommer U, Peter KH, Genitsaris S, Moustaka-Gouni M (2016) Do marine phytoplankton follow
Bergmann's rule sensu lato? Biological Reviews. doi:10.1111/brv.12266

Stentiford GD, Shields JD (2005) A review of the parasitic dinoflagellates Hematodinium species and
Hematodinium-like infections in marine crustaceans. Diseases of aquatic organisms 66(1):47-70.

Stoecker DK, Silver MW (1990) Replacement and aging of chloroplasts in Strombidium capitatum
(Ciliophora: Oligotrichida). Mar Biol 107: 491-502. http://dx.doi.org/10.1007/BF01313434.

Stiibner EI, Sereide JE, Reigstad M, Marquardt M, Blachowiak-Samolyk K (2016) Year-around
meroplankton dynamics in high-Arctic Svalbard. J Plankton Res. doi:10.1093/plankt/fbv124

Stroeve JC, Serreze MC, Holland MM, Kay JE, Malanik J, Barrett AP (2012) The Arctic’s rapidly sinking
sea ice cover: a research synthesis. Climate Change 110:1005-1027. doi:10.1007/s10584-011-0101-1

Strom SL (2008). Microbial Ecology of Ocean Biogeochemistry: A Community Perspective. Science
320:1043-1045. doi:10.1126/science.1153527

Sutherland BR, Barrett KJ, Gingras MK (2015) Clay settling in fresh and salt water. Environ Fluid Mech
15:147-160. doi:10.1007/s10652-014-9365-0

Svendsen H, Beszczynska-Mgller A, Hagen JO, Lefauconnier B, Tverberg V, Gerland S, Orebak JB,
Bischof K, Papucci C, Zajaczkowski M, Azzolini R, Bruland O, Wiencke C, Winther J, Dallman W (2002)
The physical environment of the Kongsfjorden-Krossfjorden, an arctic fjord system in Svalbard. Polar Res
21:133-166.

Sereide JE, Hop H, Carroll ML, Falk-Petersen S, Hegseth EN (2006) Seasonal food web structures and
sympagic—pelagic coupling in the European Arctic revealed by stable isotopes and a two-source food web
model. Progress in Oceanography 71:59-87.

Serensen N, Daugbjerg N, Gabrielsen TM (2012) Molecular diversity and temporal variation of
picoeukaryotes in two Arctic fjords, Svalbard. Polar Biol 35(4):519-533. http://dx.doi.org/10.1007/s00300-
011-1097-8.

Takano Y, Horiguchi T (2014) Surface ultrastructure and molecular phylogenetics of four unarmored
heterotrophic dinoflagellates, including the type species of the genus Gyrodinium (Dinophyceae).
Phycological Research 52:107-116. doi:10.1111/j.1440-183.2004.00332.x.

Tedersoo L, Nilsson RH, Abarenkov K, Jairus T, Sadam A, Saar I, Bahram M, Bechem E, Chuyong G,
Koljalg U (2010) 454 Pyrosequencing and Sanger sequencing of tropical mycorrhizal fungi provide similar
results but reveal substantial methodological biases. New Phytol 188:291-301.

Terrado R, Lovejoy C, Massana R, Vincent WF (2008) Microbial food web responses to light and nutrients
beneath the coastal Arctic Ocean sea ice during the winter-spring transition. J Mar Syst 74:964-977.
http://dx.doi.org/10.1016/j.jmarsys.2007.11.001.

Terrado R, Vincent WF, Lovejoy C (2009) Mesopelagic protists: diversity and succession in an coastal
Arctic ecosystem. Aquatics Microbial Ecology 56(1):25-39.

Terrado R, Medrinal E, Dasilva C, Thaler M, Vincent WF, Lovejoy C (2011) Protist community
composition during spring in an Arctic flaw lead polynya. Polar Biology 34:1901-14.

62



Thaler M, Lovejoy C (2012) Distribution and diversity of a protist predator Cryothecomonas (Cercozoa) in
Arctic marine waters. J Eukaryot Microbiol 59:291-299.

Thaler M, Lovejoy C (2014) Environmental selection of marine stramenopile clades in the Arctic Ocean
and coastal waters. Polar Biol 37:347-357. doi:10.1007/s00300-013-1435-0

Thaler M, Lovejoy C (2015) Biogeography of Heterotrophic Flagellate Populations Indicates the Presence
of Generalist and Specialist Taxa in the Arctic Ocean. Appl. Environ Microbiol 81(6):2137-2148.
doi:10.1128/AEM.02737-14

Thomas DN, Dieckmann GS (2010) Sea ice. Wiley-Blackwell, 2nd Edition, pp. 638.

Thompson RJ, Deibel D, Redden AM, McKenzie CH (2008) Vertical flux and fate of particulate matter in
a Newfoundland fjord at sub-zero water temperatures during spring. Mar Ecol Prog Ser 357:33-49.
doi:10.3354/meps07277

Thomson S (2014) Seasonal abundance of parasitic Marine Alveolate Group II (MALV II) in an Arctic
fjord, Svalbard. Master thesis, UiT — The Arctic University of Norway and University Centre in Svalbard,

pp- 85.

Throndsen J, Heimdal BR (1976) Primary production, phytoplankton and light in Straumsbukta near
Tromse. Astarte 9:51-60.

Throndsen J, Kristiansen S (1991) Micromonas pusilla (Prasinophyceae) as part of the pico and
nanoplankton communities in the Barents Sea. Polar Res 10:201-207.

Tremblay JE, Gagnon J (2009) The effects of irradiance and nutrient supply on the productivity of Arctic
waters: a perspective on climate change. In: Nihoul JCJ, Kostianoy AG (Eds) ‘Influence of Climate Change
on the Changing Arctic and Sub-Arctic Conditions’, Springer, Netherlands, pp. 73-93.

Turner JT, Levinsen H, Nielsen TG, Hansen BW (2001) Zooplankton feeding ecology: grazing on
phytoplankton and predation on protozoans by copepod and barnacle nauplii in Disko Bay, West
Greenland. Mar Ecol-Prog Ser 221: 209-219.

Turner JT (2015) Zooplankton fecal pellets, marine snow, phytodetritus and the ocean’s biological pump.
Prog Oceanogr 130:205-248. doi:10.1016/j.pocean.2014.08.005

Verity P, Smetacek V (1996) Organism life cycle, predation and the structure of marine pelagic
ecosystems. Marine Ecology Progress Series 130:277-293.

Vincent WF (2000) Cyanobacterial dominance in the polar regions. In: Whitton B, Potts M (Eds) ‘The
Ecology of Cyanobacteria: Their Diversity in Time and Space’, Kluwers Academic Publishers, Dordrecht,
Netherlands, pp. 321-340.

Volk T, Hoffert MI (1985) Ocean carbon pumps: analysis of relative strengths and efficiencies in ocean-
driven atmospheric CO2 changes. In: Sundquist E, Broecker W (Eds) ‘The Carbon Cycle and Atmospheric
CO2’, Natural Variations Archean to Present, pp. 99-110.

Vars N (1992) Ultrastructure and autecology of the marine, heterotrophic flagellate Leucocryptos marina
(Braarud) Butcher 1967 (Katablepharidaceae/Kathablepharidae), with a discussion of the genera
Leucocryptos and Katablepharis/Kathablepharis. Eur J Protistol 28:369-389.

Von Quillfeldt CH (2000) Common diatom species in Arctic spring blooms: their distribution and
abundance. Bot Mar 43:499-516.

63



Walsh JE (2008) Climate of the Arctic marine environment. Ecol Appl 18(2Suppl):S3-22.

Wassmann P, Vernet M, Mitchell G, Rey F (1990) Mass sedimentation of Phaeocystis pouchetii in the
Barents Sea during spring. Mar Ecol Prog Ser 66:183—-195.

Wassmann P (1998) Retention versus export food chains: processes controlling sinking loss from marine
pelagic systems. Eutrophication in Planktonic Ecosystems: Food Web Dynamics and Elemental Cycling
Volume 127 of the series Developments in Hydrobiology, pp. 29-57.

Wassmann P, Ratkova TN, Andreassen I, Vernet M, Pedersen G, Rey F (1999) Spring bloom development
in the marginal ice zone and the central Barents Sea. P.S.Z.N.I: Marine Ecology 20:321-346.

Wassmann P, Olli K, Wexels Riser C, Svensen C (2003) Ecosystem function, biodiversity and vertical flux
regulation in the twilight zone. In: Wefer G, Lamy F, Mantoura F (Eds) > Marine Science Frontiers for
Europe’, Springer Verlag, pp. 279-287.

Werner I, Tkédvalko J, Schiinemann H (2007) Sea-ice algae in Arctic pack ice during late winter. Polar Biol
30:1493-1504. doi:10.1007/s00300-007-0310-2

Westawski JM, Szymelfenig M, Zajaczkowski M, Keck A (1999) Influence of salinity and suspended
matter of benthos of an Arctic tidal flat. ICES J Mar Sci 56(Supplement):194-202.

Wiedmann I, Reigstad M, Marquardt M, Vader A, Gabrielsen TM (2016) Seasonality of vertical flux and
sinking particle characteristics in an ice-free high Arctic fjord — Different from subarctic fjords? Journal of
Marine Systems 154(B):192-205. doi:10.1016/j.jmarsys.2015.10.003

Worden AZ, Nolan JK, Palenik B (2004) Assessing the dynamics and ecology of marine
picophytoplankton: The importance of the eukaryotic component. Limnol Oceanogr 49(1):168-179.

Worden AZ, Follows MJ, Giovannoni SJ, Wilken S, Zimmermann AE, Keeling PJ (2015) Rethinking the
marine carbon cycle: Factoring in the multifarious lifestyles of microbes. Science 347(6223). doi:
10.1126/science.1257594.

Xiao X, Sogge H, Lagesen K, Tooming-Klunderud A, Jakobsen KS, Rohrlack T (2014) Use of High
Throughput Sequencing and Light Microscopy Show Contrasting Results in a Study of Phytoplankton
Occurrence in a Freshwater Environment. PLoS ONE 9(8):e106510. doi:10.1371/journal.pone.0106510

Zhao S, Burki F, Brate J, Keeling PJ, Klaveness D, Shalchian-Tabrizi K (2012) Collodictyon — An Ancient
Lineage in the Tree of Eukaryotes. Molecular Biology and Evolution 29(6):1557—68.
doi:10.1093/molbev/mss001

Zhu F, Massana R, Not F, Marie D, Vaulot D (2005) Mapping of picoeucaryotes in marine ecosystems with
quantitative PCR of the 18S rRNA gene. FEMS Microbiol Ecol 52:79-92.
http://dx.doi.org/10.1016/jfemsec.2004.10.006.

Ziveri P, de Bernardi B, Baumann KH, Stoll HM, Mortyn PG (2007) Sinking of coccolith carbonate and
potential contribution to organic carbon ballasting in the deep ocean. Deep-Sea Res II 54:659-6675.

64



