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1 Introduction

1.1 Background and motivation

The Arctic is changing, and the effects of the present rapid climate warming are already apparent
(IPCC, 2021). This part of the planet is characterized by highly dynamic and heterogeneous
environments due to the highly variable influence of e.g., sea ice, glaciers, deep-water formation,
polynyas and gas hydrates. These environments are being transformed due to the anthropogenically-
induced climate change which have been intensified due to polar amplification, and led to processes
in the ocean such as ‘Atlantification’ (due to increase in Atlantic water inflow and northward
migration of southern organisms), sea-ice retreat (accelerated by atmospheric and surface ocean
warming) and ocean acidification (due to increased uptake of CO, from the atmosphere) (e.g.
Andrews et al., 2019; Serreze and Barry, 2011; Stroeve et al., 2012; Yamamoto-Kawai et al., 2009).
The rate of the current climate change in terms of increase of atmospheric carbon dioxide (CO;) is

unprecedented for the last 66 million years (Zeebe et al., 2016).

The remote Arctic is characterized by strong seasonality, making it a logistically difficult area to access
and sample on a regular basis. For this thesis, rare investigations of planktonic foraminifera and
shelled pteropods in the Northeast Greenland Shelf and Northern Barents Sea were conducted to
shed light on their distribution patterns, absolute and relative abundance, seasonality, diversity,
ontogeny, and calcification. The planktonic foraminifera (Phylum Retaria) and thecosomatous
(shelled) pteropods (Phylum Mollusca) are the major calcifiers among zooplankton (Fabry et al.,
2008). Only very few studies on living planktonic foraminifera and pteropods have been performed
in the Arctic realm and several unknowns exist pertaining to their ecology and life cycles, and hence
how they have and will continue to respond to climate change. Gaining knowledge of the current
state of these planktonic calcifiers is particularly important because plankton dynamics in the Arctic
will likely continue to shift in the coming decades (Ardyna et al., 2013; Beaugrand et al., 2013). By
studying living planktonic foraminifera and pteropods at this moment in time, we can get a snapshot
of how they are coping with the ongoing climate and environmental changes. Furthermore, such
studies are important because they provide baseline data for future monitoring and allow
comparison to historical studies when the effects of climate change were less apparent, and to the

sediment records, which goes beyond the onset of the industrial revolution. Comparing new studies



to historical plankton tow datasets give an insight of how communities have evolved in the last few

decades.

The ocean is teaming with microscopic organisms referred to as plankton, which stems from the
Greek word planktos meaning drifter. Plankton are invertebrates that are commonly divided into
categories based on their trophic mode, the main ones being phytoplankton and zooplankton.
Phytoplankton are mainly autotrophic, or primary producers, meaning that they obtain energy from
sunlight through photosynthesis. Zooplankton are essentially heterotrophic, meaning they consume
other organisms for energy. Together these small organisms form the base of all pelagic food webs.
Furthermore, plankton are easily impacted by changes in the climate, and although mostly
microscopic, due to their sheer numbers they can impact the climate on several different timescales
(Arrigo et al., 1999; Charlson et al., 1987; Krtiger and GraRl, 2011; Park et al., 2015). Zooplankton may
either be uni- or multicellular, and some biomineralize to form hard shells (often called tests) or
exoskeletons. This is a common phenomenon in the animal kingdom often thought to be a means to
protect the soft body of the organism. The secreted materials range from silica (e.g., diatoms and
radiolarians) to chitin (e.g., copepods) and calcium carbonate (CaCOs; e.g., foraminifera and
pteropods). Marine organisms that use dissolved calcium and carbonate ions from seawater to build
a CaCoOs (or derived form) shell are known as calcifiers. The most common macro-examples being

corals, mollusks, crustaceans, and echinoderms.

Planktonic foraminifera are microscopic (generally <1.5 mm), unicellular and heterotrophic
zooplankton that inhabit the upper few hundred meters of the surface ocean. They secrete shells of
calcite (a polymorph of CaCQOs) in a series of chambers and are globally ubiquitous in the open ocean,
as well as a key component in the global carbon cycle (Schiebel et al., 2002). Currently there are 50
morphospecies of planktonic foraminifera living in the modern ocean (Schiebel and Hemleben, 2017).
Pteropods are also heterotrophic zooplankton, but they are multicellular and larger in size (up to 8
mm). Pteropods also have two wing-like extensions of their soft body that enable them to “fly”
through the water column (Figure 1) while planktonic foraminifera are not motile. There are seven
species of pteropods in the shell-bearing (thecosome) genus Limacina (Lalli and Gilmer, 1989).
Species from the genus Limacina are characterized by unusually thin and delicate shells compared to
other pelagic gastropods (Lalli and Gilmer, 1989). Limacina helicina is the dominant pteropod species

in the Arctic, and at times, they can make up a significant part of the zooplankton community



(Blachowiak-Samolyk et al., 2008; Lischka and Hagen, 2016), and be found in large swarms (Lalli and
Gilmer, 1989). They also differ from planktonic foraminifera because they precipitate a delicate shell
of aragonite. Aragonite is a high-magnesium polymorph of CaCO3 which is 50% more soluble than
calcite (Fabry et al., 2009; Mucci, 1983). Limacina helicina are both significant scavengers and
important prey in the polar food web, representing a major food component for Arctic seabirds,
whales and commercial fish such as e.g., cod, herring and salmon, (Hunt et al., 2008; Larson and
Harbison, 1989; Pakhomov et al., 2002; Weslawski et al., 2000; Willette and Cooney, 2001). Since
Limacina helicina play such an important role within the polar food web, changes to their populations
due to anthropogenic change could have a knock-out effect on the entire polar ecosystem and even

fisheries due to their socio-economic value.

Both planktonic foraminifera and shelled pteropods contribute significantly to the biological carbon
pump (Anglada-Ortiz et al., 2021; Bathmann et al., 1991; Manno et al., 2010; Meilland et al., 2016,
2018; Schiebel, 2002). The sinking of marine calcifying organisms to the seafloor represents a long-
term sink of CO,, and every year approximately 3 billion tons of CaCOs is transferred and permanently
buried in the seafloor (Milliman, 1993). However, the importance of planktonic foraminifera also
goes beyond their role in exporting carbon from the surface to deep ocean: they have a sediment
record extending back to the mid-Jurassic (170 Ma) (Caron and Homewood, 1983). In fact, they are
a major component of deep-sea sediments (Berger and Parker, 1970), and occasionally especially
carbonate-rich sediments, referred to as oozes, will be deposited below areas of high productivity
(Sliter et al., 1975). Furthermore, because they are so ubiquitous, they are one of the most important
tools used by micropaleontologists to reconstruct past climate and oceanography (Kucera, 2007). In
contrast, the pteropod Limacina helicina is used to assess biological impacts of the current climate
change. Considering the increasing awareness of ocean acidification, L. helicina has been a commonly
used test-subject due to their thin and delicate aragonite shell and are occasionally referred to as the

‘canary in the coal-mine’ of ocean acidification (Paper Il).



Figure 1 Limacina helicina, a thecosome pteropod found in high latitudes (Photo: Katsunori Kimoto).

Although pteropods are thought to have evolved in the early Cretaceous (139 Ma), making them
contemporaries of foraminifera, L. helicina are rarely preserved in the sediment record due to
aragonite-depleted deep water and degradation of their organic material (Oakes et al., 2019;
Peijnenburg et al., 2020). Limacina helicina and other species of shelled pteropod are therefore
mostly used as sentinels of modern change. This contrasts with planktonic foraminifera, which have
a long sedimentary record and are used for reconstructing environmental change in the past and are
less sensitive to changes in carbonate chemistry in the ocean. The contrasting properties of
planktonic foraminifera and pteropods are thus complementary and the fact that they fulfill each
other’s shortcomings make them especially powerful when used together in investigations of
environmental changes and carbonate chemistry conditions in the ocean. Moreover, their response
including mitigation and adaptation strategies to offset the impacts of these changes provides a
baseline for understanding how the progressing changes affect not only these organisms but also, by

extension, the marine ecosystem as a whole (Bednarsek et al., 2017b; Rastrick et al., 2018).

The motivation for this thesis is to answer, in the Fram Strait-Barents Sea region, how planktonic
foraminifera and L. helicina respond to methane seepage (Paper 1), explore the relationship between
shell size, habitat depth and calcification (Paper Il) and sample a completely new area that is

predicted to undergo drastic changes in the coming decades (Paper Ill).

1.2 Ontogeny and Calcification

The Polar and Arctic Regions where the shelled pteropods and planktonic foraminifera in this thesis

are sampled from are highly seasonal. They live in strong seasonal contrasts of sea-ice cover, steep



gradients in the carbonate system and CaCOs saturation with short growth seasons of open water,
low light and highly variable productivity from year to year. In order to survive within this setting,
they must be able to take advantage of short pulses of food availability and endure prolonged periods
of low resources (Atkinson et al., 1996; Brandner et al., 2017). Because planktonic foraminifera and
shelled pteropods feed on phytoplankton and zooplankton, a drastic reduction in population occurs
when phytoplankton biomass is suppressed (Seibel and Dierssen, 2003). Although juveniles of L.
helicina can develop adaptive strategies and feed on degraded organic matter (marine snow)
(Boissonnot et al., 2019; Gannefors et al., 2005). Typically, peak productivity of planktonic
foraminifera appear from spring to summer (May-June) following the spring phytoplankton bloom
and an increase in sea surface temperature (Paper I; Chernihovsky et al., 2020; Jonkers et al., 2010;
Simstich et al., 2003), while L. helicina in the Arctic have their highest standing stock later in the
summer (August) (Gannefors et al., 2005). Occasionally peak standing stocks of L. helicina and
planktonic foraminifera can occur in autumn (September-November) (Boissonnot et al., 2021;
Jonkers et al., 2010; Lischka and Hagen, 2016). In Paper | we show that pteropods and planktonic
foraminifera from the Northern Barents Sea follow the same seasonal size and abundance trend from

spring to summer.

Both planktonic foraminifera and Limacina helicina continuously calcify throughout their lives, as
they grow larger. In Paper Il we present a full inventory of planktonic foraminifera and pteropod shell
density and diameter in various ontogenetic stages in the northern Barents Sea. It has long been
thought that planktonic foraminifera have a life span of several weeks to several months (Nigam et
al., 2003), that could be linked to the lunar cycle, i.e. one life span is approximately one lunar cycle,
as long as they do not miss a cycle as a result of unfavorable conditions (Bijma et al., 1990; Jonkers
et al., 2015; Spindler et al., 1984). Yet, N. pachyderma can survive in culture for up to 200 days
(Kimoto, 2015), challenging the belief that planktonic foraminifera life spans are restricted by the
lunar cycle. In Paper | the results of our seasonal sampling briefly explores the concept of lunar
cyclicity. Foraminifera terminate their life after reproduction, i.e., gamete release if they reproduce
sexually (Bé et al., 1977). Some specimens undergo a partial wall thickening of their test before
gamete release, this is referred to as gametogenic calcification and may alter the morphology and/or
surface texture (Schiebel et al., 1997; Schiebel and Hemleben, 2017). Why some specimens within a
species undergo this additional wall thickening and others do not is unknown, as is why gametogenic

calcification does not occur at all in some species, like Globigerinoides ruber (Hamilton et al., 2008).



It is thought that the degree of thickening of the test wall could be related to the amount of excess
calcium stored in the cytoplasm at the time of gametogenesis (Erez, 2003). Furthermore, the
percentage of the population that undergo synchronized gametogenesis is also not fully understood,
may vary between clades and likely concerns less of the population than what had thus far been
expected (Meilland et al., 2021). Specimens synchronizing their reproduction would do so on a lunar,
semilunar or even annual cycle, and this in turn is linked to the topic of life span (Jonkers et al., 2015;
Loncari¢ et al., 2005; Schiebel and Hemleben, 2017). However, synchronous gamete release may not
be a necessity, as asexual reproduction has been observed in the polar N. pachyderma and subpolar
G. uvula belonging to two different lineages (Davis et al., 2020; Takagi et al., 2020). In conclusion, to
this day there are still several aspects concerning planktonic foraminiferal reproduction strategies
and ontogeny that needs to be clarified. In Paper Il, we use shell density cross-sections to explore

potential gametogenic calcification in the lower water column and surface sediments.

For planktonic foraminifera, the number of chambers reflects growth changes from juvenile to adult
stages of an individual life cycle (Brummer and Kroon, 1988). Typically, adult specimens consist of
10-20 chambers (Schiebel and Hemleben, 2005). Shell diameter is an unreliable measurement of
ontogenetic stage, i.e., just because a specimen is “large” (> 150-200 um) does not mean it is an
adult, and thus capable of reproduction. Planktonic foraminifera have been shown to grow larger in
diameter under optimum conditions (Schmidt et al., 2003), therefore their growth can be
characterized as non-linear. In Paper | we use shell diameter to distinguish different cohorts, meaning
we used shell diameter as a proxy for ontogenetic stages. In this case, we considered shell size as an
acceptable measure of ontogeny because they were sampled from the same location (Bjgrngyrenna
craters in the northern Barents Sea) and were therefore exposed to the same environmental
conditions. In order to build their test, calcite is deposited on either side of a primary organic
membrane or Inner Organic Lining (I0L), which results in a bilamellar wall. Only the genus Hastigerina
produces a monolamellar wall. Planktonic foraminifera can be divided into four groups according to
test architecture: spinose, non-spinose, microperforate and Hastigerinidae. The two dominant
species discussed in this thesis are Neogloboquadrina pachyderma and Turborotalita quinqueloba,

which are non-spinose and spinose, respectively.

The life span of L. helicina is also not fully known, but is most commonly reported to be between one

and two years for the morphotype found in the Arctic (Wang et al., 2017). The Limacina helicina shell



has a crossed lamellar arrangement of aragonite fibers, in between two thinner fibrous layers
(Ramos-Silva et al., 2021). This is the most common microstructure found in modern pteropods, and
has a wide distribution among mollusks (Ramos-Silva et al., 2021). Growth rate, hence calcification
in Limacinidae is thought to be linear throughout their life cycle (Lalli and Gilmer, 1989; Lalli and
Wells, 1978). This means that shell diameter is used as a proxy for maturity, the size classes for
veligers, juveniles and adults being < 0.3 mm, 0.3-4 mm and > 4 mm, respectively (Lalli and Gilmer,
1989). Limacina helicina are protandrous hermaphrodites (starting life as males and developing
female gonads as they age), meaning that shell diameter is also a proxy for gender, with females
being > 4 mm. In reality, growth rate is likely influenced by environmental factors such as food
availability and timing of spawning (Dadon and Cidre, 1992; Hunt et al., 2008), as is the case with
planktonic foraminifera (Schmidt et al., 2003). In contrast to planktonic foraminifera, the genus
Limacina do not terminate their life after reproduction, and can spawn multiple times (Dadon and
Cidre, 1992). Spawning is ongoing from spring to summer, but also during winter (Kobayashi, 1974).
Limacina helicina also do not undergo ontogenetic secondary calcification after they spawn.
Pteropod ontogeny and calcification was also explored in Paper | and Paper Il in terms of how shell
thickness and density changed with increasing shell size (i.e. ontogeny), and how abundance of

different size classes changed from spring to summer.

1.3 Vertical and horizontal distribution

Planktonic foraminiferal assemblages are distributed in five major biogeographical provinces: polar,
subpolar, temperate, subtropical and tropical (Bé et al., 1977). For both shelled pteropods and
planktonic foraminifera, the species diversity is greatest in warm waters (Lalli and Gilmer, 1989;
Schiebel and Hemleben, 2017), and peak abundances, including in the Arctic, are often found in the
upper few hundred meters of the surface ocean (Anglada-Ortiz et al., 2021; Gardner, 2019; Schiebel
and Hemleben, 2017; Paper I; Paper Ill). The spatial distribution of both shelled pteropods and
planktonic foraminifera is influenced mainly by abiotic factors such as temperature, salinity, oxygen,
light, turbidity, and degree of sea-ice cover, which in turn partly determine biotic factors such as
productivity (food availability), symbiosis, predation (shelled pteropods), and competition (Greco et
al., 2019). Both of these groups are characterized by a patchy distribution superimposed on larger
scale spatial patterns (Boissonnot et al., 2021; Meilland et al., 2019; Siccha et al., 2012; Paper I).
Furthermore, different species of planktonic foraminifera are characteristic of different water

depths, habitats, and latitudes (Kucera, 2007), and some species have photosynthetic symbionts,



which will restrict their depth habitat to the photic zone (Takagi et al., 2019). In Paper Il, we show
that on average, the shell density peak of N. pachyderma is deeper than T. quinqueloba, suggesting

that they have different depth habitat preferences.

Planktonic foraminifera do not perform diurnal vertical migration, meaning they do not ascend to
the sea surface during the night and migrate to deeper water during the day (Meilland et al., 2019).
There is however some evidence pointing towards ontogenetic vertical migration, meaning that a
part of the population (<50 %) (Meilland et al., 2021), sink progressively deeper in the water column
with age (Erez et al., 1991). Ontogenetic vertical migration is a central concept in Paper Il. When
noticeable, it has been shown that ontogenetic vertical migration reaches to different depths
depending on the species (Meilland et al., 2021), supporting our findings in Paper Il. Targeting a
specific depth interval is thought to be a mechanism for concentrating gametes at the same depth to
maximize chances of fusion, and a way for adults to avoid predators (Erez et al., 1991; Weinkauf et
al., 2020). Similarly, the vertical size distribution has been observed to evolve with the lunar cycle,
with significantly more small specimens in the upper water column around the full moon (Meilland
etal., 2021). Differences in the vertical size distribution in spring and summer were explored in Paper
I. A large range of test sizes were found in all the water depth intervals, but the smallest tests in
spring were found in the 0—-50 m water depth interval, while in summer they were in the 200-300 m
depth interval. The plankton tow samples were not taken close enough to the full moon to formulate

any conclusion about its influence.

In contrast to planktonic foraminifera, it is a common assumption that Limacina helicina perform
diurnal vertical migration in the Arctic (Falk-Petersen et al., 2008). Mature individuals diurnally
migrate in the upper 200 m of the water column in order to avoid predators during the day, while
veligers and juveniles migrate in the top 50 m, likely to stay in the food rich layer (Falk-Petersen et
al., 2008). This means that in a given moment there may be a large bias towards smaller (juvenile)
shells in the upper water column (0-50 m), which has been shown in other studies in the Arctic
(Anglada-Ortiz et al., 2021; Kobayashi, 1974; Paper l), as well as the Southern Ocean (Gardner, 2019).
However, this size distribution with depth may be a summer phenomenon due to spawning in spring
(Wang et al., 2017). Data from June in Paper | shows that smaller shells are indeed concentrated in
the 050 m water depth interval, and that the range of shell diameters is much smaller compared to

the underlying sampling intervals. Like planktonic foraminifera, the abundance tends to peak in the



0-100 m water depth interval (Anglada-Ortiz et al., 2021; Gardner, 2019; Jensen, 1998; Kohfeld et
al., 1996; Meilland et al., 2020; Paper I, Paper Ill), where higher concentration of plankton to feed on
is located. If the towing speed of the plankton net is not low enough to accommodate the mesh size
of the net, adult specimens of Limacina helicina may be able to avoid being captured using their
parapodia (wings), meaning they are potentially underrepresented in in-situ studies (Lischka and

Hagen, 2016).

1.4 Marine calcifiers in a changing world

Due to their sensitivity to environmental conditions, it does not come as a surprise that there has
been a documented shift in planktonic foraminiferal assemblages in terms of species composition
since the industrial revolution (Jonkers et al.,, 2019). Until now, the two dominant planktonic
foraminiferal species reported in the Fram Strait-Barents Sea region have been Neogloboquadrina
pachyderma and Turborotalita quinqueloba (Carstens et al., 1997; Jensen, 1998; Kohfeld et al., 1996;
Pados and Spielhagen, 2014; Volkmann, 2000; Paper I). But recent studies reveal increasing
abundances of Globigerinita uvula and Neogloboquadrina incompta, two subpolar species from
temperate waters (Husum and Hald, 2012; Meilland et al., 2020). In fact, a dominance of G. uvula has
been found in some locations of the western Barents Sea (Meilland et al., 2020). This northward
migration is likely linked to increasing water temperature and increased food availability due to
production of thinner ice and a general decreasing ice cover (Arrigo and van Dijken, 2015; Smedsrud
et al., 2013). This shift in species assemblages changes the species richness scene in the Arctic but
also has consequences in the role planktonic foraminifera play to the biological carbon pump. The
inorganic carbon fluxes they generate are species-specific; a change in the assemblages will
ultimately lead to a reduction or an increase of their impact in the marine carbon cycle (Anglada-
Ortiz et al., 2021; Meilland et al., 2018). As a result of their sensitivity to water column properties,
planktonic foraminifera (and other microfossil groups) can be thought of as a “biological time
machine”, and have been used to reconstruct past climate variations on centennial, millennial, and
million-year timescales (Yasuhara et al., 2020). Note that calcitic (planktonic foraminifera) tests are
generally well preserved in the sediments (Paper I; Paper Il and Paper Ill), whereas aragonitic
(Limacina helicina) tests are consumed by predators and/or easily lost due to dissolution below the

carbonate compensation depth, or on or below the seafloor.



Different planktonic foraminiferal species have different environmental preference and occupy a
specific ecological niche, therefore shifts in abundances and proportions of species in the
assemblages have been studied to document climate change (Imbrie and Kipp, 1971; Waterson et
al., 2017). Furthermore, the chemical composition of their calcitic shells (stable isotopes and trace
elements) act as proxies to the chemical and physical state of the ambient seawater and can help
reconstruct, most notably temperature, but also salinity, pH, and biological productivity of the
ancient marine environment (Duplessy et al., 1991; Foster and Rae, 2016; El Frihmat et al., 2015; Katz
et al, 2010; Kucera et al., 2005). Past climatic events are well described thanks to
paleoreconstructions using planktonic foraminiferal fossils found in high latitudes and which include
e.g.,: Heinrich events (cold events of iceberg rafting), Dansgaard-Oeschger events (abrupt warmings
on millennial time scales), the Younger Dryas cold spell (12,8-11,7 ka), and the Last Glacial Maximum
(24-19 ka) (e.g., Cayre et al., 1999; Duplessy et al., 1996; Eynaud et al., 2009; Rasmussen et al., 1997,
2016).

Because they are made of aragonite, shells of pteropods do not preserve well in the sediment record
and our ability to study them on a geological timescale is considerably more limited compared to
foraminifera. However, we do know that pteropods survived major carbon cycle and climate
perturbations such as the Cretaceous-Paleogene extinction event (~¥66 Ma) and the Paleocene-
Eocene Thermal Maximum (~56 Ma) (Peijnenburg et al., 2020). Both events are analogous to the
present day rise in CO,, yet the current rate of increase in CO; is higher (Zeebe et al., 2016).
Nevertheless, their survival demonstrates a resilience that was perhaps unexpected. Although
sedimentary records of the Limacinidae family are rare (Wall-Palmer et al., 2012), historical samples
dating back to the early and mid-20'™" century have provided a source of baseline information and a
chance to investigate decadal scale variability (Beaugrand et al., 2013; Gardner, 2019; Head and
Pepin, 2010; Howes et al., 2015, 2017). In likeness to planktonic foraminifera, long-term shifts in
abundance and distribution in the north Atlantic and north Pacific have been related to changes in

temperature (Beaugrand et al., 2013; MacKas and Galbraith, 2012).

1.4.1 Marine calcifiers as biological proxies for ocean acidification

Ocean acidification may lead to adverse effects on the ability of marine calcifiers to produce

calcareous shells and skeletons. The crystal structure of calcite (planktonic foraminifera) is more
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stable than aragonite (shelled pteropods), and the tendency for the crystal structure to dissolve is
linked to the so-called “saturation state” or “Q” in the surrounding environment of the particular
mineral phase. The crystal structures of aragonite and calcite are thermodynamically stable when
Qcalcite and Qaragonite > 1. Both planktonic foraminifera and L. helicina are sensitive to the carbonate
chemistry in their environment and the extent of their calcification is commonly used as an indicator
for ocean acidification (Beer et al., 2010; Fox et al., 2020; Howes et al., 2017; lwasaki et al., 2019b;
Marshall et al., 2013; de Moel et al., 2009; Oakes and Sessa, 2019; Osborne et al., 2016). In Paper Il
we use a novel approach for measuring shell density of marine calcifiers, which has a potential to be

a common analytical method in the field.

Laboratory cultures and sediment cores showing reduced calcification of various planktonic
foraminiferal species during conditions of lower marine carbonate ion concentrations ([CO3~]) have
been extensively documented (e.g., Barker and Elderfield, 2002; Gonzalez-Mora et al., 2008;
Lombard et al., 2010; Manno et al., 2012), but quantifications and observations in the field are sparse
(Aldridge et al., 2012; Beer et al.,, 2010). Dissolution of modern planktonic foraminiferal shells
(Globigerina bulloides) resulting in a reduced shell weight by 30-35% compared to pre-industrial
foraminifera has been found in the Southern Ocean (Moy et al., 2009). Similar observations of shell
thinning (Globigerinoides ruber) in the Western Arabian Sea may potentially have been caused by
ocean acidification (de Moel et al., 2009). Strong anti-correlation trends between shell weight and
atmospheric CO; (Moy et al., 2009; Zamelczyk et al., 2012) showcases the relationship between

atmospheric CO,, marine carbonate chemistry and foraminiferal calcification.

Thus far, there are only a few studies that have been able to demonstrate any impacts of ocean
acidification on L. helicina and planktonic foraminifera in situ (Bednarsek et al., 2012; Bednarsek and
Ohman, 2015; Feely et al., 2016; Iwasaki et al., 2019b). The majority of the studies showing a link
between decreased calcification and shell thinning at low saturation states as a result of increased
CO; have been done in culture (Bednarsek et al.,, 2014; Comeau et al. 2010; Lischka et al., 2011;
Lischka and Riebesell, 2012). The connection between low Qar and shell degradation in L. helicina has
been confirmed by observations from marine environments with large natural gradients in the
carbonate chemistry (BednarSek and Ohman, 2015). However, recent studies on the periostracum of
L. helicina suggests that they may not be as sensitive to ocean acidification as previously claimed

(Peck et al., 2016, 2018). Furthermore, it is known that in order to calcify, foraminifera increase the
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pH at the site of calcification relative to the surrounding sea water through proton pumping
(Toyofuku et al., 2017). This means that foraminifera can manipulate pH and in theory could use this
as a defense mechanism against ocean acidification. It is currently believed that shelled pteropods,
and mollusks in general, exert little control over the pH of their calcifying fluid (Crenshaw, 1972),
which serves as another contrasting characteristic to foraminifera and boosting their ability to act as
climate change sentinels. In turn, it can be speculated that ocean acidification has a more significant
impact on dead foraminiferal specimens. Therefore, the effects of ocean acidification in the sediment

record may be more pronounced than what we can expect to document in the modern ocean.

To complicate matters further, an increased food supply for non-symbiont bearing planktonic
foraminiferal species may reduce or even negate the effects of living in low-Q waters (Weinkauf et
al., 2016), but this relationship has not been shown for shelled pteropods (Bednarsek et al., 2017a;
Ledn et al., 2020). An abundant food supply would compensate for the increased energy expenditure
for biomineralization under stressful conditions (Palmer, 1992). This positive relationship between
ocean acidification and food supply has been shown for several marine calcifying groups of organisms
(Brown et al., 2018; Hettinger et al., 2013; Ramajo et al., 2016; Thomsen et al., 2013; Towle et al.,
2015).

In order to explore potential effects of ocean acidification on CaCOs shell conditions, a range of
different methods have been used, many of which are subjective, and may not be able to resolve
changes on the sub-micron level (Johnstone et al., 2010; Marshall et al., 2013; Osborne et al., 2016).
There is a lack of established methodology to study biological effects of ocean acidification. Currently,
itis common to use indirect methods to measure shell density (e.g. ,area-normalized weight), making
it challenging to compare results across studies. The XMCT is an objective method, which provides a
CT number as a representation of the average shell density of a calcifying organism (Paper Il). It is
important to have a quantitative and reproducible method to measure the effect of ocean
acidification on marine calcifiers, and which constitutes a common tool among scientists within the

field.
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1.5 Objectives

The overarching aim of this thesis is to enhance the knowledge of modern planktonic foraminifera

and shelled pteropods in the Fram Strait-Barents Sea region. Specific objectives are listed below

and illustrated in Figure 2.

1)

2)

3)

4)

5)

Investigate effects of methane seepage on shell condition and abundance of planktonic
foraminifera and shelled pteropod faunas (Paper I)

Better assess seasonality patterns of planktonic foraminifera and shelled pteropods (Paper
)

Explore how shell density varies with ontogeny, water depth and in relation to
environmental conditions in the water column (Paper Il)

Characterize the effects of ocean acidification on Limacina helicina and climate change
impact on calcifying plankton in the Barents Sea (Paper Il) and on the Northeast Greenland
shelf (Paper Ill)

Provide an inventory of planktonic foraminiferal species and their distribution and
abundance at a glaciated margin both in the water column and surface sediment on the

Northeast Greenland shelf (Paper Ill)

— - - Paper IL

®
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Figure 2 Schematic overview of the research objectives of this doctoral thesis.
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2 Study Areas

The areas of focus for this thesis have been the Bjgrngyrenna Craters in the northern Barents Sea
(Paper I and Paper Il) and Northeast Greenland Shelf (Paper Ill) (Figure 3). Due to their high latitude
location both study areas are particularly vulnerable to ongoing climate change in terms of water
column properties (e.g. temperature, stratification, acidification, meltwater injections) and
consequently, their plankton communities as well. Some effects on the marine ecosystem in the
study areas have already been documented, like the increasing appearance of temperate and tropical
species (Andrews et al., 2019; Bjgrklund et al., 2012; Fossheim et al., 2015; Neukermans et al., 2018;
Schiebel et al., 2017), increased primary productivity (Arrigo and van Dijken, 2015; Cherkasheva et
al.,, 2014), and earlier onset of phytoplankton blooms (Kahru et al.,, 2011; Oziel et al., 2017). In
addition, both study areas are highly dynamic, due to either intense methane seepage (Bjgrngyrenna
Craters; Papers | and Il), or sea-ice dynamics and the interplay between Polar and Atlantic Water

(Northeast Greenland Shelf; Paper Ill).

Figure 3 Map of the Nordic Seas and Barents Sea showing the major currents, seas, landmasses, and location of study areas. Yellow
star marks eight sampling stations at Bjgrngyrenna Craters, and yellow dots are individual sampling stations on Northeast Greenland
Shelft. Blue lines are Arctic Water outflows, red lines are Atlantic Water inflows, orange lines are cooled subsurface water masses of

Atlantic origin (AAW and RAC), and black lines are coastal currents, subsurface Atlantic Water and surface Polar Water.
Abbreviations: EGC East Greenland current, ESC East Spitsbergen Current, AAW Arctic Atlantic Water, RAC Return Atlantic Current,
WSC West Spitsbergen Current, NCaC North Cape Current, NwWAC Norwegian Atlantic Current, Basemap from IBCAO 3.0 (Jakobsson

etal., 2012).
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2.1 Northern Barents Sea (Bjgrngyrenna Craters)

The Bjgrngyrenna Crater area is located in the 850 km long cross-shelf trough Bjgrngyrenna (The
Bear Island Trough) in the northern Barents Sea (74.91°N, 27.7°E), just east of the Polar Front. The
sampling area is relatively shallow (~ 340 m) and is influenced by north-easterly flowing Atlantic
water from the North Cape Current, a branch of the Norwegian Atlantic Current. The Bjgrngyrenna
Craters are characterized by intense methane seepage from gas hydrates, from more than a hundred
giant crater-mound systems, hence the name (Andreassen et al., 2017). The craters are hypothesized
to be the result of abrupt release of methane during the deglaciation of the Barents Sea Ice Sheet

(Andreassen et al., 2017 and references therein).

Gas hydrates are ice-like compounds in sediments formed by water and gas, most commonly
methane (CHa), that exist at relatively low temperatures and relatively high pressure (Sloan and Koh,
2007). Perturbing the conditions in which hydrates are stable can cause dissociation and the release
of gas to the water column. Modelling of the gas hydrate stability zone showed that hydrate stability
is much more sensitive to changes in temperature than sea-level (pressure), especially in shallower
depths (Mienert et al.,, 2005). Warm bottom waters therefore have the potential to trigger the
dissociation of gas hydrates (e.g. Biastoch et al., 2011; Kretschmer et al., 2015; Ruppel and Kessler,
2017; Westbrook et al., 2009). Once the CHa gas bubbles escape from the hydrate they are either
anaerobically oxidized in the sediment, producing hydrogen sulphide (H.S), or aerobically oxidized in
the water column, utilizing oxygen and producing CO; as a byproduct. Methane flares up to 200 m

tall, or roughly 140 m below the sea surface, have been documented by Andreassen et al. (2017).

2.2 Northeast Greenland Shelf

The Northeast Greenland Shelf (NEGS) is located in the Fram Strait, which constitutes one of the deep
connections between the North Atlantic and Arctic Ocean. It is a shallow shelf (~ 300 m) with a
complex bathymetry, more than 40 % of the NEGS is comprised of banks and troughs (Arndt et al.,
2015). The NEGS is particularly sensitive to changes in sea ice and freshwater discharge from the
Arctic Ocean (Jennings and Weiner, 1996). This is because the southward flowing East Greenland
current (EGC) carries relatively fresh Polar water and underlying Arctic Atlantic Water (AAW) along
the East Greenland margin. Atlantic Water is also injected onto the shelf by the Return Atlantic

Current (RAC). The EGC is one of the main sea ice and freshwater export pathways from the Arctic
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Ocean, and is partly recirculated over the deep basin of the Greenland Sea (Blindheim and @sterhus,

2005).

The sea-ice extent on the shelf has been decreasing rapidly over the past decades (IPCC, 2021),
allowing for the collection of more in situ sampling (Pados-Dibattista et al., 2021; Syring et al., 2020).
The sea-ice dynamics give rise to several annual polynyas along the coast (areas of open water
surrounded by ice) (Pedersen et al., 2010; Schneider and Budeus, 1995), which allow for hot-spots of
biological productivity (Pesant et al., 1996; Smith Jr., 1995). In addition, the temperature and
influence of Atlantic water is increasing in the Fram Strait (Beszczynska-Mgller et al., 2012; Karcher
et al., 2003; Polyakov et al., 2017), which will, in theory, lead to an increase the proportion of Atlantic

species on the NEGS.
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3 Methodology

The materials collected for this thesis comprise water, plankton and surface sediment samples.
Additional water column properties were measured with a conductivity, temperature, depth profiler
(CTD). Below is a summary of all sampling and analytical methods, further details are presented in

Papers I-lil.

3.1 Water column sampling

Marine calcifiers (planktonic foraminifera and shelled pteropod species Limacina helicina) from the
water column in the Bjgrngyrenna Crater area (Paper | and Paper Il) and the Northeast Greenland
Shelf (Paper Ill) were sampled with a stratified plankton tow from HydroBios (MultiNet, 63-um mesh,
net opening 0.5 m?; Figure 1A). The MultiNet opens and closes at predetermined depths. Five depth
intervals were sampled in the Bjgrngyrenna Craters: 300-200, 200-150, 150-100, 100-50, and 50-0
m. In total, 80 plankton net samples were collected, 40 in April and 40 in June 2016, across eight
stations in the Bjgrngyrenna Craters (Figure 4A). However, only four depth intervals were sampled
on the NEGS (Paper lll), due to a defect net. The four water depth intervals sampled on the Northeast
Greenland Shelf were: 400/300-200/150, 200/150-100, 100-50, and 50—-0 m. Three depth intervals
were sampled at ST16 due to the shallow bottom depth (164 m), which were 125-100, 100-50, and
50-0 m. In total, 39 plankton net samples across 10 stations were collected from the Northeast
Greenland Shelf in September 2017. A flowmeter was attached to the opening of the plankton tow
in order to measure the volume of water filtered through the nets in each depth interval. When
sampling on the Northeast Greenland Shelf, the flowmeter was defective; therefore, the volume of
water filtered through each net was calculated using the area of the net opening and length of

sampling interval (net opening (m?) x depth interval (m)).

Once onboard the plankton samples were transferred to a 63-um sieve using a spray bottle with
filtered sea water (Figure 4B). The residual material was then transferred to plastic bottles (250 ml;
Figure 4C). To preserve the marine calcifiers and prevent dissolution, the bottles were filled with
ethanol (98 %) and approximately a quarter of a teaspoon of buffering agent
(hexamethylenetetramine (= 99 %) and stored at 2 °C (Figure 1C). The amount
hexamethylenetetramine was adjusted to the amount of organic matter in the sample. A quarter of

a teaspoon hexamethylenetetramine was the default amount added to the plankton samples, unless
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the organic material exceeded approximately 25 ml. The samples were analyzed and planktonic
foraminifera and pteropod shells were picked at a later date in the laboratory at the Department of
Geoscience at UiT—The Arctic University of Norway, Troms@, Norway, under a Leica MZ12.5 light

microscope (Figure 5).

Figure 4 A) MultiNet ready for deployment, B) sieved plankton tow sample after collection, C) plankton tow samples during a
phytoplankton bloom, D) CTD rosette with Niskin bottles. (Photos: Siri Ofstad).

Water samples were taken at discrete depths at the same stations as the plankton tows prior to its
deployment. The water samples were collected with 12x5 L Teflon-lined Niskin bottles for analysis of
methane oxidation rate (Paper |), carbonate chemistry (Paper | and Paper Il) and nutrients (Paper Ill)
(Figure 4D). There were eight CTD stations in the Bjgrngyrenna Craters and 11 on the Northeast
Greenland Shelf. There is one more CTD station than plankton net station on the Northeast
Greenland Shelf, because the weather conditions prevented the deployment of plankton tows at
ST22. On the Northeast Greenland Shelf, the water samples were collected from 1, 5, 10, 20, 30, 50
m, the depth of the chlorophyll maximum, 100 m and just above the seafloor. In the Bjgrngyrenna
Craters, the water samples were collected from 1, 5, 10, 20, 30, 50 m, at the depth of the chlorophyll
maximum, 100 m and just above the seafloor. In total, 140 water samples were collected in the
Bjgrngyrenna Craters, 70 in April and 70 in June 2016, and 99 on the Northeast Greenland Shelf in
September 2017. At both study areas, a CTD (Sea-Bird SBE 19+ or Sea-Bird 911) provided salinity,

temperature and depth profiles, in addition to oxygen and fluorescence (Figure 1D).
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3.2 Sediment sampling

Recently settled planktonic foraminifera were collected from the surface sediments. Surface
sediments must be undisturbed so the top centimeters can be sub-sampled for analysis. There are
several different instruments designed to sample surface sediments. In this thesis a box-corer (50 x
50 x 50 cm; Paper I; Paper Il and Paper Ill) and a haps-corer (Paper Ill) were used. For this thesis,
three surface sediment samples from the Bjgrngyrenna Craters and 10 from the Northeast Greenland

Shelf were collected.

Immediately after recovering the sediment core, the top layer (1 cm) was scraped off by a spoon, and
either preserved in ethanol (96%) with rose bengal (Paper | and Paper Il), and stored at 2 °C, or frozen
at -20 °C without any additives and freeze dried once on land (Paper lll). Surface sediment samples
from the Bjgrngyrenna Craters were preserved in rose bengal for the possibility to study living
benthic fauna. At the laboratory, the sediment samples were wet-sieved through a 63-um sieve and
dried for at least 24 hours at 40 °C. Once dried, planktonic foraminifera were picked under a light

microscope, with a fine brush, and identified to species level.

3.3 Morphometrical parameters

Physical measurements of planktonic foraminifera and L. helicina were done in order to assess
seasonal growth (Paper 1) and calcification rate (Paper Il). For the determination of area density
planktonic foraminiferal shells (T. quinqueloba n = 54, N. pachyderma n = 57) and L. helicina (n = 10)
were weighed individually using a Sartorius microbalance (model M2P, 0.1 ug sensitivity). The given
weight measurements were systematically based on three repeated measurements of a single
specimen. Area density is given by shell weight divided by surface area. The shell diameter of
planktonic foraminifera from the water column (N. pachyderma n = 1044, T. quinqueloba n = 518)
and from the surface sediments (N. pachyderma n = 42, T. quinqueloba n = 14), and L. helicina (n =
331) was measured for Paper | by taking pictures of the shells with a Leica Z16 APO microscope and
integrated Leica DFC450 camera with LAS version 4.12.0 software. The images were then imported
to Adobe Photoshop CS6 where the ruler tool was used for measuring the diameter. For Paper Il shell
diameter in addition to the shell apex of L. helicina (n = 25) was measured with the Molcer Plus

software (Version 1.35).
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Figure 5 A T. quinqueloba with green cytoplasm and a large spine network under the microscope. (Photo: Siri Ofstad).

3.4 Stable Isotopes

Stable isotopes of carbon (6*3C) and oxygen (6'80) from planktonic foraminiferal shells collected in
summer (June 2016) at the Bjgrngyrenna Craters were analyzed at The Stable Isotope Laboratory at
CAGE—Centre for Arctic Gas Hydrate, Environment and Climate located at UiT—The Arctic University
of Norway, Tromsg@, Norway (Paper I). In total, 20 specimens of Neogloboquadrina pachyderma and
20 specimens of Turborotalita quinqueloba in the size class 150-200 um were picked across all five
sampling depth intervals (0-50 m, 50-100 m, 100—-150 m, 150-200 m, and 200—300 m) and placed in
4.5 ml vials. A bulk analysis was done on N. pachyderma from the same depth interval, as with T.
quinqueloba. A total of 20 samples were analyzed, 10 samples for each species (two from each
plankton net sampling interval). Each sample weighed between 20 and 50 mg in order to achieve a
sufficient signal strength. Due to the low planktonic foraminiferal standing stock and dominance of
small specimen in April, isotopic analysis was not done on the April samples. Methane seepage could
potentially influence the isotopic signature of the planktonic foraminifera shells by altering the DIC
content in the environment. However, the methane seepage must be shallow enough and not fully
consumed during anaerobic oxidation of methane in the sediment (lversen and Jorgensen, 1985;
Reeburgh, 1980) or by methanotrophic bacteria in the water column (Reeburgh, 2007). Stable
isotopes in planktonic foraminifera, in theory, reflect the ambient conditions at the time of
calcification (Cooke and Rohling, 1999). Foraminifera found in sediments that emit methane or have
emitted methane in the past, tend to have a negative 6*3C signal (e.g., Consolaro et al., 2015;

Schneider et al., 2017; Sztybor and Rasmussen, 2017 and references therein).
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3.5 Shell density analysis

Shell density of planktonic foraminifera and Limacina helicina from the Bjgrngyrenna Craters (June
2016) were measured at the the Japan Agency for Marine-Earth Science and Technology (JAMSTEC),
Yokosuka, Japan, with an X-ray microcomputed tomography (XMCT; ScanXmate-DF160TSS105,
Comscantecno Co. Ltd., Kanagawa, Japan; Figure 6) (Paper Il). Well-preserved specimens were
selected at random size, but with the intention of having a representative size range. Shell diameters
of planktonic foraminifera and L. helicina sampled from the Bjgrngyrenna Craters in June 2016 had
been measured and plotted in a histogram for Paper I. A total of 226 planktonic foraminiferal shells
from the water column (N. pachyderma n = 120, T. quinqueloba n = 115), 30 recently settled
planktonic foraminifera shells (N. pachyderma n = 12, T. quinqueloba n = 18), and 25 L. helicina shells
from all five depth intervals (0-50 m, 50-100 m, 100-150 m, 150-200 m, and 200-300 m) were
scanned with the XMCT (Figure 6). All scanned pteropod shells were either veligers, i.e. Limacina spp.
(<300 um, n =7), or juvenile Limacina helicina (300—4000 um, n = 18). All of the scanned specimens

came from Stations 1102, 1108 and 1110.

One to three specimens (depending on the shell size and apparent thickness) were placed on a stage
made of a quartz glass bar. Tests were mounted on the sample stage with tragacanth gum. A calcite
crystal ball was used to standardize the computed tomography (CT) number of each test sample and
enabled us to distinguish the density distributions in the foraminiferal and pteropod tests with high
resolution. In this study (Paper Il), a limestone particle (diameter of approximately 130 um; 1000 in
mean CT number; NIST RM8544 (NBS19)) was placed next to the shells on the sample stage, and all
of the shells were scanned with the same calcite standard. A high-resolution setting (X-ray focus spot
diameter of 0.8 um, X-ray tube voltage of 80 kV, detector array size of 1024x1024 for the pteropods
and 992x992 for the foraminifera, spatial resolution of 0.833 um for the pteropods and 0.964 um for
the foraminifera, 1200 projections/360°, 4 s/projection) was used for 3-D quantitative densitometry

of the planktonic foraminiferal and pteropod tests.
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Figure 6 The XMCT scanner at JAMSTEC exterior (left) and interior (right). Specimen were placed on quartz rod (red circle). (Photos:
Siri Ofstad).

The XMCT provides a density metric in the form of a CT number, which in addition to being non-
destructive, provides high precision three-dimensional morphometrics including calculated mean
shell thickness and CaCOs volume measurements. XMCT scans also allow observations of the internal
skeletal structures of the microorganisms and their density variations. The CT number generated by
the XMCT has proven to be a useful quantitative tool to measure both post- and pre-depositional
CaCOs dissolution in the planktonic foraminiferal species Globigerina bulloides, and the impact of
changes in seawater carbonate chemistry on calcification rates of G. bulloides, both in the North

Pacific (Iwasaki et al., 2015, 2019b).
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4 Summary of papers
4.1 Paperl

Development, Productivity, and Seasonality of Living Planktonic
Foraminiferal Faunas and Limacina helicina in an Area of Intense
Methane Seepage in the Barents Sea.

Ofstad, S., Meilland, J., Zamelczyk, K., Chierici, M., Fransson, A. and
Rasmussen T. L.

Journal of Geophysical Research: Biogeosciences.

doi: 10.1029/2019JG005387

In this study, we investigated planktonic foraminiferal faunas and pteropod species Limacina
helicina living among methane plumes rising from the seafloor towards the surface in the
Bjorngyrenna Crater area in the northern Barents Sea. A study on marine calcifyers living above
methane seepage had not been done before. Plankton tow and water chemistry data were collected
during Spring and Summer 2016. The aim of the study was to examine whether planktonic
foraminifera and shelled pteropods were more abundant or less abundant, or unaffected, above the
active methane seepage. Special attention was paid to the shell conditions and stable isotopes in the
foraminifera shells were measured. In terms of water chemistry, we aimed at assessing if the
methane seepage had any impact on the surrounding carbonate system. Specifically, if the methane

seepage has the potential to create hotspots of decreased pH (i.e., acidification potential).

Our results showed no evidence that the marine calcifyers would aggregate above large methane
flares, and the 6'3C and 680 of Neogloboquadrina pachyderma and Turborotalita quinqueloba were
comparable to previous observations in the Arctic (Simstich et al., 2003) suggesting no effect of the
methane flares on the specimens geochemistry. The seasonal data also allowed us to assess the
difference in abundance, size and species compositions between spring and summer in the northern
Barents Sea. In spring, both populations were dominated by juveniles and young adults. In summer,
we registered the subtropical species Orcadia riedeli and Globigerinoides conglobatus, which
constitutes their first observation in the Barents Sea. From spring to summer the abundance of
planktonic foraminifera in the water column increased 53-fold, while the abundance of L. helicina
increased ten-fold. In terms of size the mean diameter of the planktonic foraminifera increased by
82.6 % (from 103.3 um to 188.6 um), while diameters of L. helicina increased by 90.5 % (from 175.6

um to 334.6 um). The assemblages in the surface sediments consisted of Turborotalita quinqueloba
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(80 %), Neogloboquadrina pachyderma (16%) and Globigerinita uvula (4 %) showing a close similarity

to the overlying water column.

In spring, a plume of elevated dissolved inorganic carbon, low pH, and calcium carbonate saturation
states was found directly above one of the methane plumes in our transect, suggesting that the
methane is rapidly oxidized in the water column. Methane may impact the carbonate system and
regionally contribute to ocean acidification. This finding is particularly significant because gas
hydrates are predicted to dissociate with warming of bottom water temperatures (Kretschmer et al.,

2015).

Highlights:
- Planktonic foraminifera and shelled pteropods distribution are not affected by methane
flares.
- Planktonic foraminifera and shelled pteropods display seasonality in the area with an
increased productivity (no. individuals m=3) and size from spring to summer.
- Sub-tropical species of planktonic foraminifera were present in the Northern Barents Sea
during the summer.

- Methane may impact the carbonate system.

4.2 Paperll

Shell density of planktonic foraminifera and pteropod species Limacina
helicina in the Barents Sea: Relation to ontogeny and water chemistry
Ofstad, S., Zamelczyk, K., Kimoto, K., Chierici, M., Fransson, A. and Rasmussen T. L.
PLOS One. doi: 10.1371/journal.pone.0249178

The goal of this study was to elucidate the natural variation in shell density of the pteropod Limacina
helicina and the two most abundant planktonic foraminiferal species in the polar region
(Neogloboquadrina pachyderma and Turborotalita quinqueloba) (Paper 1). Planktonic foraminifera
from surface sediments were also studied in terms of how well they are preserved and dissolution
patterns of the faunas after settling on the sea floor. This was achieved by scanning shells in an x-ray

microcomputed tomography (XMCT) scanner (lwasaki et al., 2015, 2019a, 2019b).
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We found that the pteropods and foraminifera living deeper in the water column, tended to have
denser shells. We speculate that this is likely due to their life cycle, meaning that as pteropods and
foraminifera get older they also tend to migrate deeper. Pteropods and foraminifera continuously
calcify throughout their lives, with planktonic foraminifera adding additional layers of calcium
carbonate (“ontogenetic secondary calcification”), therefore it is logical that the older specimens
found in deeper waters are also denser. Planktonic foraminifera from surface sediments that had
gametogenic calcite were more likely to remain intact in the sediments, i.e. not dissolve. We also
found clear inter-species differences in shell density between N. pachyderma and T. quinqueloba. N.
pachyderma tended to be both thicker and denser than T. quinqueloba, meaning that their
preservation potential is greater, making it possible for the sediment record to be biased towards N.
pachyderma. Some specimens of T. quinqueloba that were found in the 200-300 m depth interval
had undergone internal dissolution. We hypothesize that the internal dissolution of T. quinqueloba

is due to gamete formation and release.

Thickening of the shell apex with increasing number of whorls was found in L. helicina. This suggests
that L. helicina are more resilient to ocean acidification as they grow larger and migrate to deeper

water depths.

Highlights:

- The discovery of the natural variation in shell density is significant because planktonic
foraminifera and shelled pteropods, specifically the density of their shells, are commonly used
as biological indicators to identify declining habitat suitability owing to ocean acidification.

- Sampling depth and ontogenetic stage must be taken into consideration when using their
shells as indicators for ocean acidification effects.

- Comparison between CT number and shell thickness can be used as a tool to identify
planktonic foraminiferal shells, which have undergone either post-depositional dissolution or

calcified in low Qcalcite Waters.

25



4.3 Paperlll

Northeast Greenland planktonic foraminiferal fauna: present distribution
patterns and paleo-perspectives

Ofstad, S., Meilland, J., Rasmussen, T. L., Zamelczyk, K. and Seidenkrantz, M.S.
(Under review in Frontiers in Marine Science)

For this manuscript we aimed at presenting an inventory of the planktonic foraminiferal faunas living
over the Northeast Greenland shelf ((NEGS), 74° N-80°). Plankton tows were taken in September
2017 during the annual sea-ice minimum. A study this extensive has never been done before in this
rapidly changing environment. Surface sediment samples were also taken at each station and
compared to the overlying water column. Environmental parameters were sampled and recorded at
each station, to shed light on what dictates spatial distribution of planktonic foraminifera on the

NEGS.

Our data revealed high spatial heterogeneity and moderate to low abundances both in the water
column (0-313 ind./m?3) and surface sediments (0-5500 ind./g (dry weight sediment)). Maximum
abundance of planktonic foraminifera was found in the relatively fresh Polar surface Water (28.3—
32.3) at 0-100 m in the water column. Five species were identified both in the water column and in
the surface sediments: Neogloboquadrina  pachyderma, Turborotalita  quinqueloba,
Neogloboquadrina incompta, Globigerinita glutinata and Globigerina bulloides. Unsurprisingly, N.
pachyderma made up 86.2 % of the planktonic foraminifera fauna in the water column and 93.2 % of
the recently settled. The second-most abundant species on the NEGS is T. quinqueloba, which made
up 11.5 % of the planktonic foraminiferal faunas in the water column and 4.2 % of the recently
settled. The larger percentage of T. quinqueloba in the water column is speculated to be due to the
time of year of sampling. Previous studies have shown that the more Atlantic Water present in the
Fram Strait the higher the percentage of T. quinqueloba (Jensen, 1998; Pados and Spielhagen, 2014;
Volkmann, 2000).

Compared to previous studies, there is a lower percentage of N. pachyderma in the surface
sediments. This may be a sign of Atlantification of the NEGS due to the higher temperature and
increased presence of Atlantic water in the Fram Strait (Beszczynska-Mgller et al., 2012; Karcher et

al., 2003; Polyakov et al., 2017).
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Highlights:
- The planktonic foraminiferal community on the Northeast Greenland shelf is characterized as
highly heterogeneous in terms of standing stock.
- N. pachyderma proved to live in low salinity waters (28.3—-32.3).
- Comparisons between surface sediment and plankton samples suggest no drastic changes in
the assemblages over the last decades, yet there is a slightly lower percentage of the polar
species N. pachyderma (93.2%) in the surface sediments compared to datasets from 1985-

1987 (99%).
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5 Significance of the study, concluding remarks and outlook

Knowledge of the distribution patterns and abundance of living planktonic foraminifera and
pteropods in the Arctic and of the controlling environmental factors on the faunas is still limited.
However, the conclusions of this thesis have greatly improved the current state of knowledge. All
studies included in this thesis are entirely new and unprecedented studies/study areas, and plankton
tows and sediments were collected from unexplored and highly dynamic regions and environments
(Paper |1 and Paper lll), which provide baseline datasets for future studies. Furthermore, new
technology was used to shed light on the elusive calcification processes and preservation patterns in

the sediment (Paper Il). The results of this thesis have benefitted society by improving our ability to:

1. Predict how marine calcifiers will respond to future climate change.
2. Monitor the impacts of ocean acidification on the ecology of key marine calcifiers.
3. Make high precision paleo-reconstructions, which in turn increases our understanding and

foresight of the ongoing climate change.

Due to the pioneering character of the investigations performed in this thesis it must be emphasized
here that some conclusions may be only tentative and to some extent speculative. However, the

results will constitute an important fundament for future studies as presented below.

Besides the papers written as part of this thesis, there are only a few recent studies of living
planktonic foraminifera and shelled pteropod faunas in the high Arctic (e.g., Anglada-Ortiz et al.,
2021; Kacprzak et al., 2017; Meilland et al., 2020; Pados and Spielhagen, 2014). Due to the sparseness
of data from this region, our interpretations of environmental and faunal changes and development
will require more studies in the future in order to be fully validated. This thesis has shown that the
Fram Strait-Barents Sea region is characterized by low species diversity of the planktonic
foraminiferal faunas, where Neogloboquadrina pachyderma dominates in Polar Water (Paper Ill) and
Turborotalita quinqueloba dominates in Atlantic Water (Paper 1). There may be a decrease in the
relative abundance of N. pachyderma on the Northeast Greenland shelf compared to studies from
the 1990s (Paper Ill), and sub-tropical species can be found in the Barents Sea (Paper ). Planktonic
foraminifera and pteropods have a distinct vertical shell density gradient (Paper Il) and are not

affected by intense methane seepage even in the relatively shallow Barents Sea (Paper 1). Planktonic
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foraminifera and shelled pteropods from our study areas have a low standing stock in spring and a
medium to high standing stock in summer (Paper | and Paper Ill). Furthermore, this thesis has helped
in filling gaps in research into the impacts of ocean acidification in the Arctic, especially pertaining to
methane release from dissociation of methane hydrates (Paper | and Paper Il). There has been no
previous research focusing on how methane seepage affects ocean carbonate chemistry and
planktonic calcifiers in terms of decreased pH (i.e., acidification potential), which will only play an
increasingly larger role in ocean acidification as the temperatures in the Arctic Ocean continue to rise
and cause further destabilization of gas hydrates. Lastly, we have been able to show that planktonic
foraminifera and pteropods in the same size class captured from the same location and depth interval
have a wide range of shell densities (Paper Il). The same is also true for planktonic foraminifera found
in surface sediments (Paper Il). These two points may complicate geochemical or ocean acidification

studies.

5.1 Future work

5.1.1 Time series and interdisciplinary studies

The results from this thesis are comprised mainly of snapshots, with the exception of Paper I, which
shows a transect sampled on a seasonal basis. Therefore, interpretations can only be tentative. Many
of the unknowns about extant planktonic foraminifera are surrounding topics, which can only be
properly resolved by time series data. Pteropods are usually included in arctic zooplankton
studies/time series (Berge et al., 2014; Daase and Eiane, 2007; Kosobokova et al., 2011), likely due to
their larger size (mesoplankton). Examples of these unknowns are ecological interactions concerning
planktonic foraminifera are their trophic behaviors (Greco et al., 2020), life cycle and reproduction
(Caron et al., 1990; Hamilton et al., 2008; Meilland et al., 2021; Takagi et al., 2020), and seasonality
(Chernihovsky et al., 2020). Planktonic foraminifera tend to be studied in isolation, and not in
conjunction with other zooplankton groups, this issue is discussed in depth by Jonkers et al. (2021).
In polar regions, zooplankton studies are mainly focused on Calanoid copepods, that due to their high
lipid content are very important constituents of the food chain (Falk-Petersen et al., 2009). More
zooplankton studies should include planktonic foraminifera in order to get a holistic view of the
marine ecosystem. Interdisciplinary studies, specifically collaboration between micropaleontologists
(specialists in foraminifera) and marine biologists/ecologists, should also increase. By getting a more

complete picture of the marine ecosystem, we will strengthen our ability to predict future changes.
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Ideally, the study of extant planktonic foraminifera will become a more mainstream topic for marine

biologists, which would bridge the gap between modern time series and paleo-studies.

5.1.2 Sampling in dynamic areas

This thesis has shown that there are already changes in the planktonic foraminiferal community in
the Barents Sea (Paper 1) and the Northeast Greenland shelf (Paper Illl). These changes in
assemblages could be a sign of ‘Atlantification’, which occurs when there is an increase in both
volume and temperature of inflowing Atlantic Water to a region, introducing more Atlantic species
and increasing the likelihood that they will survive in that area. Regular plankton net sampling and
CTD casts in these sensitive and dynamic areas would provide a better understanding of the ongoing
shifts in the planktonic foraminiferal community, and how the pteropod Limacina helicina will
respond in terms of their ecology and calcification. Increased sampling in regions exposed to
Atlantification would also improve ecosystem models focused on predicting how zooplankton will
respond to future climate change. UiT - The Arctic University of Norway in Tromsg has an exceptional
location that is often referred to as the “Arctic Gateway”, in addition to multiple seagoing vessels,
making it one of the only institutes capable of achieving regular sampling in the high Arctic. These
sampling efforts by UiT and other research institutions in Tromsg (The Institute of Marine Research
and The Norwegian Polar Institute) should continue into the future and will provide valuable data for
the marine calcifiers community and researchers focusing on Arctic zooplankton and marine

ecosystems, and biological responses to ocean acidification.

5.1.3 Plankton net mesh size

Planktonic foraminifera and shelled pteropods are always present in the ocean. As ecological
conditions change, small (juvenile, dormant, or resting) stages of some species may profit and start
growing to become large enough to be sampled by plankton nets of a certain mesh size (e.g., 63 um).
Future studies should continue using a 63-um mesh to capture the entirety of the community which
can be identified. Many older studies used a mesh size as large as 180 um, making it difficult to assess
changes in absolute abundances and species composition through time. By using a larger mesh-size

than 63 um one could miss smaller species and juvenile and intermediate (neanic) stages.
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5.1.4 Quantifying the effects of ocean acidification

In terms of resolving the effects of current climate change on shelled pteropods and planktonic
foraminifera, it is important to have more long-term in situ studies of different CaCOs saturation
states in relation to physical parameters of aragonite and calcite shells. By doing so, one could link
their biological response (calcification and growth) to changes in ocean chemistry, i.e., ocean
acidification. Longer studies would provide an even greater insight into the natural variability in shell
density. This knowledge is important in order to use planktonic foraminifera and Limacina helicina as
biological indicators for ocean acidification and to predict future developments in Arctic zooplankton
dynamics, and when using planktonic foraminifera as paleo-proxies. Furthermore, it would be
extremely valuable if any future living planktonic foraminifera and Limacina helicina samples used
the XMCT method to assess shell density (Paper Il). Acommon analytical method would allow a direct
comparison between sites and water masses. The shell density data (Paper Il) will hopefully
contribute to decadal scale studies assessing the sensitivity of foraminifera and shelled pteropods to
ocean acidification and contributing to ocean acidification models. The inter-species differences in
shell density provokes the question of how species are affected by post-depositional dissolution and
alteration (Paper Il). Also, a significant range in shell density was found in the surface sediments
(Paper Il). There should be further research into the preservation potentials of different species. It is
possible that N. pachyderma are very overrepresented in the Arctic sedimentary records due to their
more robust shell. Furthermore, not much is known about how the internal chambers are affected
by gametogenesis, and why some reproduce sexually (leading to gamete release and at times,
secondary calcification) and others asexually. It is likely that gametogenic calcification increases

preservation potential in the sedimentary record.

Studies that attempt to document changes in shell thickness over time using historical plankton tow
samples and comparing them to present day, must also take sampling depth into consideration (Fox
et al., 2020). This is because ontogenetic vertical migration may be present (Paper Il, Meilland et al.,
2021), meaning thicker and denser shells could be more concentrated at deeper water depth
intervals, and vice versa. If this is not considered, studies could show an increase or decrease in shell
thickness/density over time that does not exist. Lastly, and in the same reign, future studies which

use planktonic foraminifera from surface sediment as a source of pre-industrial specimens to quantify
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effects of anthropogenic climate change (de Moel et al., 2009; Moy et al., 2009), should be aware

that there could be a bias towards thicker shells in the surface sediments (Paper Il).
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Abstract Although the plankton communities in the Barents Sea have been intensely studied for
decades, little is known about the living planktonic foraminiferal (LPF) and pteropod faunas, especially
those found at methane seep sites. Along a repeated transect in the “crater area” (northern Barents Sea, 74.9°
N, 27.7°E) in spring and summer 2016 the flux of LPF and of the pteropod species Limacina helicina showed
a high degree of variability. The LPF had low concentration (0-6 individuals m~>) and small tests (X = 103.3
um) in spring and a 53-fold increase (43-436 individuals m‘s) and larger tests (X = 188.6 um) in summer.
Similarly, the concentration of L. helicina showed a tenfold increase between spring and summer. The LPF
species composition remained stable with the exception of the appearance of subtropical species in summer.
No relationship was observed between the spatial distribution of LPF, L. helicina, and methane
concentrations in the area. The methane plumes in April coincided with elevated dissolved inorganic
carbon, low pH, and calcium carbonate saturation states, and the methane concentration seemed to be
controlled by lateral advection. The 8'C and §'®0 of Neogloboquadrina pachyderma and Turborotalita
quinqueloba are comparable to previous observations in the Arctic and do not show any influence of
methane in the isotopic signals of the shells. Although no evidence of direct impact of high methane
concentrations on the LPF (size and concentration) were found, we speculate that methane could indirectly
enhance primary productivity, and thus biomass, through several potential pathways.

Plain Language Summary Planktonic foraminifera and the thecosome pteropod species
Limacina helicina are microscopic organisms who live in the water column and build their shells out of
calcium carbonate. Little is known about the planktonic foraminiferal faunas in the Barents Sea, and their
seasonality in general. This study is the first on planktonic foraminifera and Limacina helicina in an area of
intense methane seepage from the seafloor. Sampling at sea took place during spring and summer 2016. We
found a significant increase in shell size and concentration (individuals m™) in both planktonic
foraminifera and Limacina helicina between spring and summer. In spring, carbon dioxide was being added
from the methane plumes, altering the sea-water chemistry at the site of methane release. The addition of
carbon dioxide could stimulate primary production in the overlying water column. However, we did not find
that the spatial distribution of planktonic foraminifera coincided with where the methane concentration was
the highest, or that methane concentration coincided with the elevation of primary production indicators.
This study sheds light on the planktonic foraminifera community and their seasonal development in the
Barents Sea for the first time with stratified net samples.

1. Introduction

Humankind's industrial and agricultural activities since the mid-18th century have caused an increase in
atmospheric carbon dioxide (CO,) from ~280 parts per million (ppm) to the present level, which exceeds
400 ppm (Dlugokencky & Tans, 2019; IPCC: Climate change, 2013). The consensus is that this anthropo-
genic increase in atmospheric CO, has had significant effects on Earth’s climate, in particular at high lati-
tudes (IPCC: Climate change, 2013). The polar oceans are very sensitive to the increased temperature and
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atmospheric CO, (Orr et al., 2005; Stouffer et al., 1989). Consequently, the Arctic Ocean has transformed
over the past decades, experiencing, among other processes, loss of sea ice (e.g., Stroeve et al., 2012), freshen-
ing (Haine et al., 2015; Rabe et al., 2011), ocean acidification (e.g., AMAP: AMAP assessment, 2013, AMAP:
AMAP Assessment, 2018), an increase in primary production (Arrigo & van Dijken, 2011, 2015), and intro-
duction of tropical and subtropical species at high latitudes (e.g., Bjerklund et al., 2012; Fossheim et al.,
2015). All of these processes may have far-reaching effects on the entirety of the Arctic food chain, and hence
will have socioeconomic repercussions (AMAP: AMAP Assessment, 2018).

If the current trend in global emissions of CO, continues, the pH of the oceans is predicted to decrease
0.3-0.5 units by the end of the century (Caldeira & Wickett, 2005). The Arctic Ocean will see the most
dramatic effects, due to it being an especially strong CO, sink as a result of cold surface water, high
biological productivity, seasonal freshwater inputs, and decreasing sea-ice cover (Bates & Mathis,
2009; Fransson et al., 2009; Kaltin & Anderson, 2005). Furthermore, shell dissolution and a range of
other negative physiological responses may occur in calcifying planktonic organisms at high partial
pressure of CO, (pCO,), especially in combination with increased temperature. Pteropods (Bednarsek
et al., 2014; Bednarsek et al., 2012; Comeau et al., 2009; Lischka et al., 2011) and planktonic foramini-
fera are considered to be especially vulnerable to ocean acidification (e.g., Davis et al., 2017; Manno
et al., 2012; Moy et al., 2009). The reproduction rates of living planktonic foraminifera (LPF) change
in response to changes in the environment with higher rates under favorable conditions and vice versa
(Kucera, 2007). The global LPF community has changed since preindustrial times in terms of the spatial
distribution of assemblages (Jonkers et al., 2019). The shift in the global LPF community is consistent
with recent changes in temperature, demonstrating the sensitivity of the LPF to environmental condi-
tions (Jonkers et al., 2019). Yet our understanding of LPF ecology is fragmented, especially in the north-
ern polar regions. Little is known about causes of interannual variability in production in terms of
absolute abundance (concentration) and species distribution patterns (e.g., Schiebel, 2002; Schiebel &
Hemleben, 2000), the controls of vertical habitat changes (Greco et al., 2019; Kretschmer et al., 2018;
Rebotim et al, 2017), and how the vertical habitat varies ontogenetically (Bijma et al., 1990;
Hemleben et al., 1989; Schiebel et al., 1997). Also, linkage between the reproduction cycle of the LPF
and the lunar cycle is barely known (Bijma et al., 1990; Erez et al., 1991; Hemleben et al., 1989;
Jonkers et al., 2015; Schiebel & Hemleben, 2017; Volkmann, 2000). To complicate matters further, the
extent to which different ecological parameters affect the production and distribution of LPF vary at
species level (Schiebel & Hemleben, 2017). Lastly, it is not known whether or not the dominant
Arctic species, Neogloboquadrina pachyderma, can overwinter in brine channels in pack and fast ice,
as they do in the Southern Ocean (Dieckmann et al., 1991; Spindler, 1996). All of this leads to uncer-
tainties when it comes to using planktonic foraminifers as a proxy for paleoclimate.

In the Arctic, gas hydrate provinces are widespread on the continental shelves (Damm et al., 2005;
Graves et al., 2015; Mau et al., 2017; Pisso et al., 2016; Sapart et al., 2017; Shakhova et al., 2010;
Westbrook et al., 2009) and are stable under low temperature and high pressure, this stability is threa-
tened under the current climate warming trend. At present, little of the methane (CH,) from the gas
hydrate provinces reach the atmosphere (Graves et al., 2015; Pisso et al., 2016; Silyakova et al., 2015).
Instead, the CH, from Arctic subsurface marine hydrate reserves is either anaerobically or aerobically
oxidized in the upper layers of the sediments or in the water column by microbial activity (Boetius &
Wenzhofer, 2013; Ruppel & Kessler, 2017). In the water column, microbial aerobic oxidation (MOx)
and the less common AOM (anaerobic oxidation of methane) are sinks for CHy; both processes remain
poorly understood (Reeburgh, 2013). Following the release of CH,4 from the seafloor, these water column
processes can change the manner of impact of the CH, release. For example, model studies have shown
that, through the MOy reaction, CH, seepage is a potential source of CO,, which can increase ocean acid-
ification (Biastoch et al., 2011; Archer et al., 2008). It has also been hypothesized that CH, seepage can
cause an increase in photosynthetic primary production (Pohlman et al., 2017), making CH, seepage
areas CO, sinks. There have been several studies in the Arctic focusing on the effects of CH, seepage
on the living benthic communities (Astrom et al., 2016, 2018, 2019; Sen, Duperron, et al., 2018, Sen
et al., 2019), including living benthic foraminifera, although not exclusive to the Arctic region (Heinz
et al., 2005; Herguera et al., 2014; Hill et al., 2004; Rathburn et al., 2000). However, no studies from
the Arctic exist that examine the effects of CH, seepage on the pelagic ecosystem.
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Figure 1. (a) Map of study area located in the northern Barents Sea, on the edge of the methane hydrate stability zone. Currents and polar front after Loeng (1991),
methane hydrate stability limit after Andreassen et al. (2017). Study area is enclosed in black rectangle. (b) Multibeam bathymetry of the transect area (modified
from Andreassen et al., 2017). White dots mark multinet and CTD sampling stations, yellow diamonds MOx measurement stations, and red square the box-core

location.

Here we aim to improve our understanding of the response of LPF and pteropods to seasonal changes and
CH, release to the water column in the Barents Sea with focus on the species compositions, size, and con-
centration of specimens. This is the first study of LPF in an environment exposed to CH,4 seepage from
the seafloor. We study the communities between spring (April) and summer (June) to further our knowledge
of seasonal variability and eventual impact of CH, release an extremely variable chemical environment.
Changes in size and concentrations of the LPF population are compared to equivalent data from the domi-
nant species of pteropods Limacina helicina. We conducted two sampling campaigns in Arctic spring and
summer, collecting samples from the Bjorneyrenna crater area, which is located in the northern Barents
Sea. This area is characterized by more than a hundred giant crater-mound systems, with high levels of
CH, release from gas hydrates to the water column, with flares of up to 200 m height (Andreassen
et al., 2017).

2. Study Area and Sampling Locations

The Barents Sea is a relatively shallow continental shelf sea dominated by the warm north-easterly flowing
Atlantic Current, a branch of the Norwegian Atlantic Current called the North Cape Current (Loeng, 1991).
The Bjorneyrenna crater area (referred to in this study as the “crater area”) (74.91°N, 27.7°E; Figure 1) is
located in shallow water (~340 m depth) on the northern flank of Bear Island Trough, which is on the upper
boundary of the gas hydrate stability zone (Andreassen et al., 2017) (Figure 1a). The crater area is ice-free
year-round. During our sampling campaigns, the predominant water masses were Atlantic Water (AW, T
> 3.0 °C, S > 34.65) (<300 m in April and <250 m in June) and Transformed Atlantic Water (TAW, T =
1.0-3.0 °C, S > 34.65) (>300 m in April and >250 m in June), following the definitions of Cottier et al.
(2005). The study site has an area of about 440 km?. Streams of gas bubbles entering the water column were
visually observed by the ROV 30K during the CAGE 16-5 cruise in June 2016, and by hydroacoustics (EK60)
during the CAGE 16-2 cruise in April 2016. Measurements have revealed that the CH, is primarily of ther-
mogenic origin (Andreassen et al., 2017).

Seasonal sampling took place during two expeditions with R/V Helmer Hanssen in spring (CAGE 16-2, 15
April to 22 April) and summer (CAGE 16-5, 16 June 2016 to 4 July) 2016. On 19 April (spring), eight CTD
(conductivity, temperature, depth) stations and a stratified plankton net were conducted across a 9 km trans-
ect (74.91°N, 27.5-27.9°E) located above several craters and mounds actively releasing CH,4 (Figure 1b). The
sampling procedures were repeated on 29-30 June (summer), 71 days after the first sampling, with the
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addition of aerobic methane oxidation (MOy) rate and CH, measurements at 11 stations (74.91-74.92°N,
27.74-27.8°E) (Figure 1b). Also in June, three additional water samples were taken from a blade core at sta-
tion 1b guided by a ROV just above the sediment-water interface for determining the CO, system (i.e., Total
alkalinity (Ar) and Dissolved Inorganic carbon (DIC)). A surface sediment sample (position 74.92°N, 27.53°
E) was retrieved using a box corer (Figure 1b).

3. Material and Methods
3.1. Environmental Parameters

Salinity, temperature, and depth in the water column were measured using a CTD (Sea-Bird SBE 19+)
equipped with sensors for dissolved oxygen (DO) (Sea-Bird SBE 43) and chlorophyll a-fluorescence (chlfluo)
(Sea-Bird ECO) (both indicators for primary production), and 12 x 5 L Teflon-lined Niskin bottles for water
sampling. Water samples were collected at nine depths (5, 10, 25, 50, 100, 150, 200, 250 m, bottom), and were
used for determining Ar, DIC, and CH,. The water was transferred into Pyrex borosilicate bottles (250 ml)
for the CO, system, and into crimp-top glass bottles (120 ml) for CH, concentration. Both parameters were
sampled via a Tygon tube to prevent contact with air and to avoid gas bubbles. Samples for CH, analysis
were collected immediately upon recovery of the CTD rosette. Also immediately after sampling, water sam-
ples for the CO, system were preserved with 60 ul of saturated mercury chloride (HgCl,), CH, samples were
amended with 1 ml of 1 M NaOH solution and capped with butyl rubber stoppers and crimped. Water sam-
ples were stored in the dark at 2 °C until analysis. The water from the blade core was sampled immediately
after retrieval using a Tygon tube and preserved in the same way as the water samples taken by the CTD.

The water samples for the CO, system were analyzed for At and DIC at the Institute of Marine Research
(IMR Tromse, Norway). The method used is described in detail in Dickson et al. (2007). In short, DIC was
determined using gas extraction of acidified samples followed by colorimetric titration and photometric
detection using a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3D,
Marianda, Germany). The At was determined by potentiometric titration with 0.1 N hydrochloric acid using
a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3S, Marianda, Germany).
Routine analyses of Certified Reference Materials (CRM, provided by A. G. Dickson, Scripps Institution of
Oceanography, United States) were used to perform accuracy control. The accuracy of the measurements
was better than +1 and +2 umol kg™ for DIC and Ar, respectively.

The remaining parameters of the CO, system of pH, fugacity of CO, (fCO,), and aragonite saturation (Qa,)
were calculated using a CO,-chemical speciation model (CO2SYS program, version 01.05) (Lewis & Wallace,
1998; Pierrot & Wallace, 2006) and the DIC and At measurements, in combination with temperature, sali-
nity, and depth (pressure). The equilibrium constants K1, K2 from Mehrbach et al. (1973) refitted by Dickson
and Millero (1987), and the total hydrogen-ion scale (pHT) were used. We used the HSO} dissociation con-
stant of Dickson (1990), and the boric acid dissociation constant of Uppstrom (1974).

Methane concentrations were determined using the headspace technique, described in detail in Berndt et al.
(2014) and Steinle et al. (2015). In short, 5 ml of pure N, was added into each of the 120 ml glass bottles and
shaken vigorously. Samples were stored in the fridge (2 °C) for 0.5 to 2 hr, allowing the dissolved gas in the
seawater to equilibrate with the headspace gas. Following this, 2 ml of gas was extracted and analyzed by a
ThermoScientific Trace 1300 gas chromatograph equipped with a flame ionization detector (GC-FID).
Methane concentrations were determined according to Wiesenburg and Guinasso (1979).

3.2. Aerobic Methane Oxidation Rates

Aerobic methane oxidation (MOy) is mediated by bacteria and proceeds according to the following
net reaction:

CH, + 20,=C0, + 2H,0 )

Water samples were taken at 11 stations along a transect (Figure 1b) from eight different water levels, which
were at 5, 15, 25 m below the sea surface, 5, 15, 25 m above seafloor, and two additional intermediate levels
depending on water depth. Subsamples were taken immediately upon recovery of the sampler. MOx rates
were determined by ex-situ incubations with trace amounts of tritium labeled CH, (C*Hy), allowing to
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trace the label transfer by measuring the activity of substrate (C*H,) and product pools (*H,0) after incuba-
tion (Berndt et al., 2014; Niemann et al., 2015; Steinle et al., 2015). Briefly, for each sampling depth, six 20-ml
crimp-top vials were filled and closed bubble-free with PTFE-coated Bromobutyl rubber stoppers (Wheaton,
United States). Each sample was amended with 5 ul gaseous tritium-labeled CH,4 (C*Hy) (~20 kBq, American
Radiolabeled Chemicals, United States) and incubated for 72 hr at 4 °C in the dark. The incubations were
terminated by adding 0.5 ml saturated HgCl, solution to one triplicate of the six parallel samples (aboard
ship) and total activity (3H—CH4 +5 H-H,0) was determined on a 2-ml aliquot mixed with 3 ml of scintilla-
tion cocktail (Ultima Gold, Perkin Elmer) by using a Liquid Scintillation Analyzer Packard TRI-CARB
2300TR (PerkinElmer, IL, United States) at our home laboratory. The remaining triplicate of samples was
used to estimate the net amount of *H-CH, consumption. Therefore, a 10-ml aliquot of the incubation
was amended with aqueous NaCl solution (1 ml, 30%, w/v) and purged for 30 min with air to strip out the
remaining CH,. The activity of the produced *H,O was determined in our home laboratories by liquid scin-
tillation counting. MOx rates were calculated from the fractional turnover of labeled CH, and measured
water column CH, concentration assuming first order kinetics (Reeburgh, 2013):

MOy = kx[CHy], @)

where k is the first-order rate constant (determined from the fractional turnover of labeled CH,4 per unit time
and corrected for tracer turnover in control samples) and [CH,4] is the concentration of CH, at the beginning
of the incubation. MOy rates were corrected for insubstantial tracer turnover in control samples, which were
taken frequently, fixed with HgCl, solution immediately after the addition of the tracer.

3.3. Plankton Samples Collection and Treatment

Foraminiferal and thecosome pteropod specimens were sampled concurrent with the hydrographic samples
using a Multinet with mesh size of 64 um (net opening 0.5 m% Hydro-Bios, Kiel, Germany). This mesh size
enabled the collection of small specimens, possibly preadults, in order to address seasonality and reproduc-
tion between the two sampling campaigns. The nets were towed vertically, collecting plankton at five con-
secutive depth intervals (300-200, 200-150, 150-100, 100-50, and 50-0 m) (Table S1). The flowmeter
attached to the net opening allowed calculation of the volume of water filtered through each net and calcu-
lation of concentration of specimens (number individuals/volume (m™>)). Once on board, the samples were
sieved with sea water through a 63-um sieve and transferred into plastic bottles (250 ml) where they were
immediately fixed and buffered with approximately 230 ml ethanol (98%), a quarter of a teaspoon hexam-
ethylenetetramine (>99.0%), and stored at 2 °C. Once returned to the home laboratory, the samples were
briefly washed with tap water on a 63-um sieve in order to remove organic particles from the surface of
the foraminiferal tests and to break up aggregations of material. Due to the very high concentration of
LPF in June, the samples were split by a Motodo plankton sample divider. The number of specimens in
resulting aliquots was used to calculate the total concentration of foraminifera in the sample. The foramini-
fera were manually counted and identified to species level under a Leica MZ12.5 light microscope following
the taxonomy of Schiebel and Hemleben (2017) and SCOR WG 138 (http://www.eforams.org/index.php/
‘WG138_Taxonomy).

3.4. Planktonic Foraminifera From Surface Sediment

In order to retrieve recently dead adult specimens from the surface sediments, a box-corer (50 X 50 X 50 cm)
was deployed from the ship. Immediately after recovering the sediment core, the top layer (1 cm) was
scraped off by a spoon, and preserved in approximately 50 ml of ethanol (96%) with rose bengal (2 g L™"
of ethanol), and stored at 2 °C. In the home laboratory, the samples were sieved through a 63-um sieve
and dried for at least 24 hr at 40 °C. Once dried, planktonic foraminifera were picked under a light micro-
scope, with a fine brush, and identified to species level.

3.5. Planktonic Foraminifera and Limacina helicina Morphometrical Parameters

For size measurements, the LPF and L. helicina from the water column, in addition to planktonic foramini-
fera from surface sediments, were uniformly arranged on a slide with the umbilical side facing upward.
Images were acquired by a Leica Z16 APO microscope, using the integrated Leica DFC450 camera and
LAS version 4.12.0 software. The images were processed using the ruler tool in Adobe Photoshop CS6, with
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which the minimum and maximum diameters that bisect the center of the foraminiferal tests were measured
in microns always by the same operator to be as accurate as possible.

3.6. Stable Isotopes

Stable isotopes of carbon and oxygen from LPF shells were analyzed at The Stable Isotope Laboratory at
CAGE—Centre for Arctic Gas Hydrate, Environment and Climate located at UiT—The Arctic University
of Norway, Tromse, Norway. Due to the low concentration and dominance of small shells in April, stable
isotope analysis was only performed on the LPF from June. Twenty specimens of Neogloboquadrina pachy-
derma and 20 specimens of Turborotalita quinqueloba of the same size class (150-200 pum) were picked from
all five sampling depths and placed in 4.5 ml vials. A total of 20 samples were analyzed, 10 for each species.
The vials were flushed with He, and five drops of water-free H;PO, were added manually with a syringe.
After equilibration for more than 3 hr at 50 °C, the samples were analyzed on a Gasbench II and Thermo
Scientific MAT253 IRMS. Isotopic values are reported vs. the VPDB scale, which has been normalized by
two to three inhouse standards with a wide range of §'>C and 8'®0 values. The inhouse standards have been
normalized by several international standards. Instrument uncertainty of 8'3C and §'®0 is standard devia-
tion <0.1%o (ThermoScientific).

3.7. Statistical Analyses

To test for difference between the environmental parameters sampled in the surface and bottom waters of
April and June, a Mann-Whitney U test (Mann & Whitney, 1947) was conducted on the data. The stations
were separated into their surface (0-100 m) and bottom (100-300 m) water samples.

To test for possible significant differences between the LPF population sampled in April and June, we used a
Mann and Whitney U test and tried the following hypothesis:

1. Are LPF concentrations (all species together) and test size significantly different between sampling
periods?

2. Are specific (species by species) LPF concentrations significantly different between sampling periods?

3. Are LPF concentrations by depth significantly different between sampling periods?

4. Which environmental parameters are significantly different between the sampling periods?

To determine if there is a relationship between the maximum CH, concentration at each station and LPF
concentration in the overlying water column, and primary production indicators, we performed a
Pearson's correlation test on both April and June data. Both the Pearson's correlation tests and the Mann-
Whitney U tests were performed on the program RStudio (Version 1.2.1335) (RStudio Team: RStudio:
Integrated development for R, 2015). In order to compare the species diversity within the LPF population
between April and June, the Shannon Index (H’) (Shannon & Weaver, 1949) was calculated.

4. Results
4.1. Environmental Parameters

Temperature and salinity, the CO, system parameters (DIC, Ar, pH, and calcium carbonate saturation states
Q), and primary production indicators along the 9-km transect reveal clear seasonal differences between
April and June. In April, the water column is well mixed in terms of temperature and salinity (Figures 2a
and 2b), with temperature ranging between 2.77 °C and 3.77 °C, and the salinity between 34.99 and 35.02.
In April, the water column is dominated by AW with an occasional presence of TAW in the bottom ~50
m. In June, the temperature ranges from 2.1-7.03 °C, increasing toward the surface, and the salinity between
35 and 35.02. In June, the water column is more thermally stratified, with a surface mixed layer extending to
~50 m water depth. In June, the lower ~100 m of the water column is dominated by the colder TAW, and the
upper ~250 m is dominated by AW. Sea surface temperature increased by 3.26 °C from April to June, while
the salinity remained almost constant. This allows for the investigation of seasonal changes in thermal stra-
tification on the LPF and Limacina helicina. In Figures 2 and 3, all parameters are presented on the same
scale, with the exception of CH,, due to the large difference in concentration between the two sampling sea-
sons (Figures 2¢ and 3c).

In April (Figure 2), our data show two CH,4 plumes close to the seafloor (Figure 2c), which also correspond to
plumes of elevated DIC and fCO, (Figures 2d and 2k). These plumes of elevated CH, and carbon originate
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Figure 3. Vertical sections of (a) temperature (°C), (b) salinity, (c) methane (nM), (d) dissolved inorganic carbon (DIC, pmol kg_l), (e) total a]kalinit}r (AT, pmol
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are concentrations from bladecore samples at sediment-water interface. Station IDs are given on the top of the figure.
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from the seafloor at 27.65 and 27.85°E and extend upward to approximately 200 m water depth. The maxi-
mum CH, concentration is 57 nM, found at stations 2a and 4a, at 13 and 9 m above the seafloor, respectively
(Figure 2c). The CH,4 concentration is elevated throughout the entire water column (average concentration
=15.7 nM), with only a slight gradient from the seafloor to the surface. From 300 m water depth to the sea-
floor, the average CH, concentration reaches 31.8 nM. The CH, concentration decreases from 300 to 5 m
water depth to reach 15.7 nM. The plumes are also characterized by lower pH, Qa,, and Qc, (pH = 8.02,
Qar = 1.4, Q¢, = 2.3), compared to surrounding waters (pH = 8.08, Qa, = 1.7, Qc, = 2.7). Ay is slightly ele-
vated at the plume locations, and ranges from 2,311 to 2,321 umol kg_l.

In June, the CH, concentrations close to the seafloor are on average more than one order of magnitude
higher than in April, with a maximum concentration of 959 nM at station 8b, 1 m above the seafloor
(Figure 3c). Elevated CH,4 concentrations extend to 150 m, shallower than in April (200 m). From 300 m
water depth to the seafloor, the average CH, concentration is 275 nM, and from 300 to 5 m water depth it
is 9.3 nM. Waters at the seafloor were recorded to have Q4 as low as 0.76 at station 1b, this coincides with
relatively low temperature (2.5 °C), high DIC (2,252 wmol kg™") and a pH of 7.8 (Figure 3g). The fCO, in the
waters at the seafloor at station 1b is 766 patm (Figure 2k). The Ay is elevated at the top 75 m (TA > 2,318
pmol kg™") compared to the rest of the water column (Figure 3e). In the upper 75 m of the water column,
DIC values decreased from about 2,160 umol kg™ in April (Figure 2d), to <2,100 umol kg™' in June
(Figure 3d), coinciding with increased A, pH, DO, and chlfluo (Figures 3e, 3f, 3i, and 3j). The surface DO
and chifluo are higher in June than in April (DO: 5.8 to 6.5 ml L™" vs. 5.9 to 6 ml L™, chlfluo: 0.3 to 1 ml
L™ vs. 0.5 to 0.7 ml L"), suggesting higher primary production in June relative to April. In the layer
between 100 and 250 m water depth, the CO, system parameters (DIC, Ap, pH, Q) are
relatively homogenous.

Overall, from April to June we observe a thermal stratification of the water column and an increase in CH,
concentration with increasing water depth. Although the seafloor CH, concentrations were higher in June
compared to April, its global background concentration along the sampled transect was higher in April. The
DIC concentrations in the waters at the seafloor increased from April to June and high values of about 2,200
pmol kg™ encompassed the entire study area.

4.2. Microbial Methane Oxidation Activity

The highest microbial methane oxidation activity is found close to the seafloor (0-15 m above seafloor) with
a maximum value of 32 nM d~! at station M10 (Figure 4, Table S6). The average MOx activity close to the
seafloor from all stations along the transect is 11 nM d ™. At the sea surface and in the water column down
to 215 m, MOy activity was below detection limit. Methane concentrations are highest in the bottom waters
(0-25 m above sea floor), and range from 38 (station M8) to 767 nM (Station M5).

4.3. Planktonic Foraminiferal Concentrations and Assemblages in the Water Column and
Surface Sediments

In April, LPF concentrations are low, ranging from 0 (station 7a, 200-300 m depth) to 6 (station 1a, 0-50 m
depth) individuals (ind.) m > (Figure 5). Also in April, benthic foraminifera occur in the Multinet samples at
all of the stations with the exception of 7a. In June, the concentration of planktonic foraminifera is higher
compared to April, and ranges from 12 ind. m™> (station 8b, 200-300 m depth) to 436 ind. m™> (station
2b, 50-100 m depth) (Figure 5). In June, benthic foraminifera are only found in the Multinet samples from
station 8b. Maximum concentrations of LPF in both seasons are located in surface waters (0-100 m), and the
lowest in the 100-300 m water depth interval. The total concentrations of LPF across all stations is 87 ind.
m~>in April, and 4,637 ind. m~> in June, with an average per station of 11 and 580 ind. m™3, respectively.
During both seasons, the five stations to the west (1a/b, 2a/b, 3a/b, 4a/b, 5a/b; Figures 1b and 6) have a
higher concentration of LPF compared to the three stations to the east (6a/b, 7a/b, 8a/b) (Figure 5). The con-
centration of LPF along the 9-km transect is highly variable both in April and June (Figure 6).

There are seven LPF species present in April and 12 in June (Figure 7). The assemblages of April and June
are both largely dominated by Turborotalita quinqueloba and Neogloboquadrina pachyderma, where they
together make up to 90.6% and 88.8% of the total LPF community, respectively. This allows for a comparison
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Figure 4. (a) Map over MOx and methane sampling stations, and vertical sections of (b) aerobic methane oxidation rate (nM d_l) and (c) methane (nM).

of the size distribution of the T. quinqueloba and N. pachyderma that were present in April and
June (Figure 9).

At most stations and during both sampling periods T. quinqueloba is the dominant species reaching maxi-
mum concentrations in April and June of 6 and 355 ind. m™>, respectively. In April T. quinqueloba makes
up 77.7% of the community, while N. pachyderma makes up 12.9%. In June, T. quinqueloba makes up
64.3%, while N. pachyderma makes up 24.5% (Figure 7). Two significant differences are the decrease of
Neogloboquadrina incompta percentages from 5.2% in April to 0.9% in June. The other significant difference
between spring and summer is the increase in the Globigerinita uvula population from 2.5% to 6.6%. The
June LPF community is more diverse (H’ = 1.12 vs. 0.81), and includes specimens of Globigerina bulloides,
Orcadia riedeli, Turborotalita humilis, and Globigerinoides conglobatus. None of the LPF specimens from the
surface sediments were stained. Turborotalita quinqueloba is the most dominant species in the surface sedi-
ments, making up 80% of the fauna, while N. pachyderma and G. uvula make up 16% and 4%,
respectively (Figure 7c).

4.4. Limacina helicina Concentrations

Limacina helicina is the only pteropod species found in our samples from the crater area. Similar to the LPF,
L. helicina specimens are more abundant in summer than in spring, with the highest concentration in the
surface waters (0-50 m depth) (Figure 8). However, the increase in overall concentration across all stations
from 41 to 127 ind. m™ is not as dramatic compared to the LPF community (37 to 1,971 ind. m™>). During
both periods, L. helicina was absent from some samples. In April, the highest concentration at a single sta-
tion reaches five ind. m ™3 (station 1a, 0-50 m depth), while in June it is 10 times higher, reaching 47 ind. m™3
(station 2b, 0-50 m depth). The concentration in the 100-300 m depth interval does not change much
between the two sampling periods. In April, the average concentration in the 100-300 m depth interval is
three ind. m™3, while in June it is two ind. m™>. The spring vertical distribution of L. helicina is quite
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homogeneous in the depth interval 0-200 m, while in summer the distribution is characterized by a peak in
the surface waters (0-50 m) followed by a sharp decline with depth.

4.5. LPF Size Parameters

A total of 1,562 LPF were measured for their diameters, in addition to 56 planktonic foraminifera from sur-
face sediment samples. In April, the test sizes of the LPF assemblages has a mean of 103.3 um, and are con-
strained to diameters of 60-200 um, with the highest frequency of specimens falling in the 100 to 110 pm bin
suggesting the community to be largely dominated by small specimens, likely to be juveniles or young adults
(Figure 9a). In June, the test sizes have a mean diameter of 188.6 um and display a larger range with no
obvious peak in frequency. The size distribution of June ranges from 80-340 pum (Figure 9a). The June

C

864%

4% 4%

7%

B T. qui loba @ N. 3 N 0O G.uwula @ Other

Figure 7. Average LPF species composition across all stations, in (a) April, (b) June, and in (c) surface sediments in the crater area.
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Figure 8. Vertical concentration of Limacina helicina (individuals (ind.) m_3) for stations sampled in (a) April and (b)
June. Note different scales of x axes.

population consists of a mix between small and large specimens, likely to be both adults and juveniles. The
recently dead population in the surface sediments has a size distribution of 100-330 um, with the highest
frequency of specimens falling in the 210 to 220 um bin and in the 230 to 240 um bin (Figure 9a). The dia-
meters of N. pachyderma and T. quinqueloba were not found to be significantly different (p = 0.68), therefore
the increase in LPF diameter from April to June is not a reflection of the increase in the relative concentra-
tion of N. pachyderma (13% to 24% of the LPF community).

In April, the largest tests are found in the 200-300 m water depth interval, where the average test diameter is
107.95 um. The smallest tests were in the 0-50 m interval, with an average diameter of 98.85 um (Figure 9c).
In June, the largest tests are in the 150-200 m water depth interval, where the average test diameter is 210.77
um. The smallest tests are found within the 200-300 m water depth interval, with an average diameter of
157.1 um (Figure 9d). The difference in test size between April and June at the crater area is statistically
significant (Figure 9e).

Seven LPF shell diameters in April (n = 957) were found to be smaller than 64 pm, the mesh size of the nets,
and none in June (n = 605).

4.6. Limacina helicina Size Parameters

The shell diameter of 331 specimens of L. helicina was measured (256 from April and 175 from June). In
April, the shell diameters are constrained to 150-300 um, with the most frequent diameter falling in the
150 to 200 um bin. As in the LPF population small specimens, in this case, veliger larvae, are dominant.
In June, the size distribution widens, ranging from 150-1200 um with no clear dominant size frequency.
The seasonal size trend of L. helicina mirrors that of the LPF population, in that the April population is lar-
gely dominated by small specimens, likely to be juveniles or young adults, and the June population consists
of a mix between small and large specimens, likely to be both adults and juveniles.

4.7. Stable Isotopes of LPF

In June, the 8'®0 composition of N. pachyderma in the water column ranges from 2.3%o to 3.17%o
(Figure 10a; Table S2). The highest 8'®0 value is found in the 200-300 m depth interval at station 8b, and
the lowest in the 0-50 m interval at stations 8b and 5b. For T. quinqueloba, the 5'30 values range from
1.82%o to 2.74%o (Figure 10a; Table S2). The highest 5'®0 value is found in the 100-150 m depth interval
at station 5b, and the lowest in the 0-50 m interval at station 8b. For both species, a general trend of decreas-
ing 8'®0 values with shallower water depth is shown by the linear regression line. The linear regressions for
N. pachyderma and T. quinqueloba have r* values of 0.44 and 0.13, respectively.
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The 8"C composition of N. pachyderma in the water column ranges from —1.02%o to —0.17%o (Figure 10b,
Table S2). The highest 8'C value is found in the 200-300 m depth interval at station 5b, and the lowest 5'°C
value is found in the 50-100 m interval at stations 8b. For T. quinqueloba, the §'*C values ranged from
—2.39%o to —1.1%o (Figure 10b, Table S2). The highest value was found in the 100-150 m depth interval at
station 5b, and the lowest in the 0-50 m interval at station 8b. The linear regression line for N.
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pachyderma shows a general trend of increasing 8'>C values with depth, and an * value of 0.24. The 8'*C
values of T. quinqueloba throughout the water column do not show any trend.

4.8. Statistical Analyses

All environmental parameters in the surface (0-100 m) and bottom (100-300 m) waters show a statistically
significant difference between the two sampling periods, with the exception of surface water chlifluo (p =
0.22) (Table S3). All LPF variables, that is, total concentration, concentration by depth, species-specific con-
centrations, and test sizes, also show statistically significant differences between the two sampling seasons
(Table S4). The Shannon diversity index (H’) for the LPF community in spring is 0.81, while in summer, it

is 1.12. During both seasons, there is no statistically significant correlation between CH, concentration
and overlying LPF concentration, chlfluo or DO (Table S5).

5. Discussion

There are 47 planktonic foraminiferal morphospecies in the modern ocean (SCOR WG 138), but few can be
found in any considerable numbers in the Arctic and polar regions. The Arctic and northern polar LPF popu-
lation shows a low diversity, and is dominated by Neogloboquadrina pachyderma and Turborotalita quinque-
loba (e.g., Carstens et al., 1997; Eynaud, 2011; Jensen, 1998; Pados & Spielhagen, 2014; Volkmann, 2000),
similar to our samples from the Barents Sea. In addition, our samples from April and June in the crater area
highlight the highly heterogeneous nature of the LPF spatial distribution (Meilland et al., 2019) along the 9
km transect (Figure 6). It has been shown that the zooplankton community in the Barents Sea display strong
seasonal variability in terms of their concentration and community composition (Arashkevich et al., 2002).
This seasonality is caused by variations in sea surface temperature and phytoplankton biomass. The phyto-
plankton biomass at a given site is controlled by changes in the mixed layer depth, brought on by thermal
stratification. The shoaling of the mixed layer depth enables nutrient pumping (e.g., Bé, 1960) and creates
an environment with high nutrient and light levels, marking the start of the phytoplankton bloom. Wind dri-
ven mixing supplies nutrients and supports a prolonged primary production into summer and early fall. It
has been found that in cold regions, primary productivity serves as a timing cue for when conditions are
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suitable for growth and reproduction of the LPF (Kretschmer et al., 2016). Typically, the highest concentra-
tions of LPF occurs during the summer (e.g., Fischer et al., 1988; Kretschmer et al., 2016).

In addition to the potential shift in LPF phenology, a change in the LPF faunal composition at high latitude
regions, as a result of ocean warming, has already been observed. For example, the species diversity has
increased over the past few decades. There is a higher concentration of the subarctic species Orcadia riedeli,
Globigerinita uvula, and Neogloboquadrina incompta (Meilland, 2015; Meilland et al., 2018) in polar regions
compared to preindustrial times (Jonkers et al., 2019) (Figures 5 and 7). The observed recent increase in LPF
diversity highlights that the Arctic and polar LPF community is changing. Our study shows the current com-
position of the LPF population in the northern Barents Sea, and its seasonal (spring to summer) develop-
ment in relation to changes in the environmental conditions, including CHy, in the water column.

5.1. LPF Seasonal Variability

‘We observe significant differences in the LPF community sampled in the Barents Sea crater area between
April and June (Table S4) and in all the environmental parameters (Table S3), with salinity being the least
variable and surface CH,4 being the most (Figures 2b, 2c, 3b, and 3c). Seasonal variations in plankton com-
munities and water properties in the Barents Sea have been intensely studied (e.g., Arashkevich et al., 2002;
Loeng et al., 1997; Oziel et al., 2016; Oziel et al., 2017; Reigstad et al., 2002; Wassmann & Slagstad, 1993).
March represents the winter season in the central and northern Barents Sea, with very low chlorophyll a
concentrations in the water column (Reigstad et al., 2002). In the crater area, thermal stratification of the
water column starts in April (spring) following the rise in daylight. Although stratification is very subtle
in our temperature profile, the two-layered water column (divided at 200 m) can be seen clearly in the
chlfluo and DO profiles (Figures 2a, 2i, and 2j). In April, the mean test diameter of the LPF population is
103.3 um, and 88% of the population has a test equal or smaller than 120 um. The small test size coincides
with low concentration (0-6 ind. m™>). This is likely to be the first population of the spring season. The
occurrence of small tests in early spring was also found in the Greenland Sea (Jensen, 1998) and the Fram
Strait (Gyldenfeldt et al., 2000). The spring bloom in the Barents Sea typically peaks in May and ends in
June when nutrients in the surface water layers are depleted and there is stronger zooplankton grazing by
planktivorous organisms like chaetognaths and medusae (Arashkevich et al., 2002; Oziel et al., 2017).

In June, the thermal stratification of the water column in the crater area is much more pronounced and the
boundary layer is shallower (at 100 m). Above 100 m water depth, we find the highest concentration of LPF
and Limacina helicina (Figures 5b and 8). The increase in DO and chlfluo coincide with the thermocline and
are indicative of primary production in the surface waters (Figures 3a, 3i, and 3j). Since salinity did not
change significantly between April and June in the crater area, the decreased DIC of about 60 umol kg™
is most likely due to CO, uptake during photosynthesis (Figure 3d). The difference in the surface water
chlfluo (p = 0.22) between April and June is not significant, suggesting that April represents the start of
the spring bloom and in June the end of the spring bloom, where nutrients may already be depleted. By
June, the water temperature in the crater area has apparently increased sufficiently to include the thermal
range tolerated by the nonpolar species Orcadia riedeli and Globigerinoides conglobatus. The water tempera-
ture at the time of sampling represents also the modeled optimal temperature for N. pachyderma
(Kretschmer et al., 2018). Only 19.9% of the population has a test diameter equal or smaller than 120 um,
meaning that the relative concentration of juveniles has greatly reduced in June, compared to April. In terms
of concentrations, we see a 53-fold increase from April to June (43-436 ind. m'3), but there is no dominant
size of individuals (test diameter) (Figure 9a), suggesting that we are capturing several cohorts, in contrast to
April. Larger tests during times of high flux of LPF are also found in the Fram Strait (Gyldenfeldt et al., 2000).
In April, we see an increase in size with depth, while the opposite occurs in June, suggesting that juveniles do
not have a preferred habitat depth, or that it is unpredictable.

The seasonal trend in zooplankton biomass is nearly identical to that of the primary productivity (Fulton,
1983), suggesting that zooplankton grazing intensifies simultaneously with increasing phytoplankton pro-
ductivity. Temperate and cold-water LPF species are characterized by general absence of symbionts, making
them reliant on productivity in the water column for food (Jonkers & Kucera, 2015). The changes to the LPF
community observed in this study in terms of size and concentration appear to match calanoid copepod sea-
sonality in the same region with spawning of Calanus finmarchicus and Calanus glacialis in March-April,
early adult stages in May, and adult stages in July, which have already started to spawn (Arashkevich
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et al., 2002). Our data suggest that L. helicina also follows this growth pattern, meaning that LPF and L. heli-
cina likely both develop simultaneously with the primary producers (Figure 9b). According to Wang et al.
(2017), the life cycle of L. helicina comprises two generations per year. The population sampled in April
was likely spawned the previous summer and overwintered with minimal to no growth (Figure 9b). By
June, the L. helicina population had tripled in concentration and increased in test diameter from X =
175.6 um in spring, to X = 334.6 um in summer. It is possible that some of the larger L. helicina sampled
in April had spawned the summer/fall population sampled in June. The small-sized L. helicina we captured
in June will then likely spawn in late summer/fall to produce the population that will overwinter.

For the LPF, the Shannon-Wiener Index was higher in June than April (1.12 vs 0.81), reflective of a more
diverse community. Overall, we see a close similarity in species composition in the surface sediments com-
pared to the Multinet samples, suggesting that the surface sediments accurately represent the LPF fauna in
the overlying water column (Figure 7). Planktonic foraminifera in surface sediments can be biased toward
large and fast sinking tests (e.g., Berelson, 2002), which could lead to a misrepresentation of the LPF size
composition; however, this does not seem to be the case in our study.

Oziel et al. (2017) recorded that a smaller summer bloom in the Barents Sea develops in July-August, and
peaks in September. By late summer, the breakdown of the vertical stratification due to surface cooling
and wind mixing cause renewed nutrient enrichment of the surface waters, meaning that the summer bloom
can be sustained as long as the irradiance in the euphotic zone is high enough (Oziel et al., 2017). If our sam-
pling period would have been extended to include the early autumn (September-October), we would expect
the test size distribution of both LPF and L. helicina to show two peaks. One peak should be at the larger end
of the size spectrum, comprising the specimens that will end their lifecycle before winter, and one peak at
the smaller end, which are likely the specimens that are preparing to hibernate and that will seed the next
year's population. However, a smaller mesh size (<64 pm) would likely be needed to capture the overwinter-
ing LPF and L. helicina populations. By using a mesh size of 64 um, we do not have any data on the concen-
tration of LPF smaller than 64 um. However, our data show the advantage in using a 64-um mesh as opposed
to a 100-um mesh, which would have resulted in excluding a large part of the small-sized April population
(Figure 9a). Many seasonal studies, and consequently, models, are based solely on >125 or >150 um fraction.
Our results would therefore indicate that they provide limited information on the population structure of the
planktonic foraminiferal faunas.

5.2. Lunar Cycle

It has been shown that many planktonic foraminiferal species are affected by lunar-phased synchronized
reproduction, which is superimposed on seasonal changes in shell flux (e.g., Jonkers et al., 2015). It is con-
ceivable that the population captured in the northern Barents Sea on 19 April probably was spawned during
the previous full moon (23 March 2016), since the size distribution strongly suggests that this is a single
population (Figure 9a). If they were closely linked to the lunar cycle, the size distribution on 29 June would
show two distinct populations, one that spawned after the full moon on 21 May, and one from 20 June
(Figure 9a). Juvenile specimens grow rapidly and reach a test size of >100 um in less than 10 days
(Hemleben et al., 1989; Spero & Lea, 1996) making it possible for them to be captured in a 64 um net 9 days
later. They should thus produce a peak in the smaller size frequency. However, the lack of peaks in the test
size distribution suggests that these individuals are the result of several spawning events (Figure 9a). The
variability we observe in the LPF concentration and size on 29 June does not appear to be linked to the lunar
cycle, but rather to seasonality.

5.3. Data Comparison to LPF Seasonality in the Greenland Sea and Irminger Sea

There is limited data on the seasonal distribution of LPF in the northern polar and Arctic regions. Global
seasonality models are based largely on two sediment trap studies for polar biogeographic regions: Jensen
(1998) with two locations (GS/2, 75°N, 0°E and OGS, 72.38°N, 07.72°W) in the Greenland Sea and
Jonkers et al. (2010) in the Irminger Sea (59.25°N, 39.66°W). Due to differences in sampling methods, a
direct comparison between our Multinet study from the Barents Sea and the sediment trap fluxes from
the Greenland Sea and Irminger Sea is not possible. The sediment trap data reflect planktonic foraminifera
that have completed their lifecycle and have sunk into the trap, while our multinet data reflect the living
community at all stages of their life cycle. However, the sedimentation of specimens tends to follow the
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same spatial trends as plankton net samples (Pados & Spielhagen, 2014), meaning relatively high absolute
concentration in the water column will be shown as relatively high fluxes to the sediment trap.

There are two prominent peaks in planktonic foraminiferal concentration in the Irminger Sea during the
year. Similar to our data from the crater area, in the Irminger Sea, the first population completes their life-
cycle by mid-April, while the peak flux into the sediment trap occurs in May-June, and by late June the flux
has greatly decreased. Jonkers et al. (2010) show only a slight difference in foraminiferal shell flux to the
sediment traps from mid-April to late June. However, small and light shells that completed their life cycle
in April may not sink to the sediment trap depths. Due to the 53-fold increase in the LPF population at
the crater area between April and June, we would expect the flux to the seafloor in the crater area to be much
higher in summer compared to spring. This suggests that the LPF bloom dynamics in the northern Barents
Sea may differ from that of the central Irminger Sea. In the Greenland Sea in OGS, the flux of planktonic
foraminifera to the sediment trap starts mid-March, and there are still a very low flux of planktonic forami-
nifera by late April and restricted to the 63-125 um size fraction. By late June in the Greenland Sea (OGS5),
there is an increasing presence of planktonic foraminifera in the 125-250 um fraction—which is in agree-
ment with our size data (Figure 9a), and the overall flux of planktonic foraminifera has doubled. This dou-
bling of the flux and increase in size in the Greenland Sea (OG5) is likely due to the increased presence of
phytoplankton in the summer, similar to what we observe at the crater area (Figure 3i). However, the overall
largest peak in flux at OG5 does not occur until August, suggesting that the highest concentration of LPF at
OGS occurs in late summer. Because the time series from the Greenland Sea is from 1991-1992, the current
seasonal trend at OGS of planktonic foraminifera may be more similar to our current observations in the cra-
ter area due to ocean warming and the reduction of sea ice in the Greenland Sea. Warmer waters cause LPF
populations to peak earlier in the year and to shift northward in the northern hemisphere (Jonkers et al.,
2019; Jonkers & Kucera, 2015). The northern-most time series of LPF, at GS/2 in the Greenland Sea, shows
a narrow LPF production period, and lower flux. In contrast to the Irminger Sea and OGS5, there is no spring
bloom. The first planktonic foraminiferal flux to the sediment trap appears in June and consists of tests with
diameters that fall evenly within the 63-125 and 125-150 um fraction, and peaks in September. However,
GS/2 is the only site out of the three, which is dominated by T. quinqueloba. If we are considering the spring
to summer development of the LPF community in terms of concentration and size, our seasonal data seem to
be most in line with OG5 from the southern part of the Greenland Sea.

The data from the Barents Sea is also in agreement with the global seasonality model by Jonkers and Kucera
(2015). The model shows that in high latitude waters, which have a surface temperature above 5 °C, the peak
in the LPF concentration occurs early in the summer, slightly after or at the same time as the maximum
chlorophyll a concentration, validating the tight link between primary production and LPF seasonality.
This suggests that our samples in June represent the peak in LPF concentration.

It must be emphasized that since these sediment trap experiments were done in 1991-1992 and 1994-1995
by Jensen (1998) and in 2003-2006 by Jonkers et al. (2010), there may have been changes in the hydrography
and water mass properties due to ocean warming and ice melt, resulting in a different LPF seasonality. There
are also strong interannual variations in productivity at any given site. Finally, the location of the three sedi-
ment trap experiments and our sampling site in the crater area are all in different oceanographic settings, so
we would not expect to see the exact same seasonal trends and species compositions.

5.4. The Effect of Methane on Productivity and LPF Biomass

Methane seep ecosystems are unique, because they host chemosynthesis-based communities resulting in an
“oasis effect” on the seafloor, due to enhanced macrofaunal biomass and diversity in comparison to nearby
nonseep environments (Astrﬁm etal., 2018; Levin, 2005; Levin et al., 2016; Sibuet & Olu, 1998; Sibuet & Olu-
Le Roy, 2002; Thomsen et al., 2019). At the crater area, numerous frenulate siboglinid worms, the dominant
chemosymbiotrophic megafauna in high latitude seeps, and chemosynthetic bacterial mats are recorded
(Sen, Duperron, et al., 2018). The impact of CH, seepage on benthic productivity and biomass in the
Arctic is clear (Astrom et al., 2018, 2019), but an effect on the ecosystem in the overlying water column is
unknown. Aggregations of various demersal fish have been found at CH, seeps around the world, although
the cause of this remains unclear (Astrom et al., 2019; Bowden et al., 2013; Grupe et al., 2015; Sellanes et al.,
2008; Sen, Astrom, et al., 2018). We hypothesize that planktonic organisms may behave in the same manner
in that they aggregate above seeps.
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The hypothesis that CH, seepage enhances primary production and hence biomass in the water column has
been discussed previously in the literature (e.g., D'Souza et al., 2016; Pohlman et al., 2017; Rakowski et al.,
2015). Enhanced primary production and CO, uptake has been reported at a site off the west coast of
Spitsbergen, which is also characterized by high CH, flux from the seafloor (Pohlman et al., 2017). The
mechanism, which causes this enhancement, is, however, unknown. One of the hypotheses is that the phy-
sical bubbling of CH,4 gas from the seafloor may cause an upwelling of nutrient rich waters. This mechanism
may be present even at depths exceeding 1,000 m, particularly if gas plumes are strong and extend high into
the water column (D'souza et al., 2016; Leifer et al., 2009). It is feasible that this upwelling effect of nutrient-
rich water, and therefore an enhancement of photosynthetic primary production, also occurs at the crater
area where the water depth is only 370 m and intense gas seepage with CH, bubble streams up to 200 m
height were observed (Andreassen et al., 2017).

In addition to the physical bubbling mechanism, potential chemical pathways that could link CH, seepage
and photosynthetic primary production exist as well. Further evidence to support the links between CH, and
planktonic biomass was found in a subterranean estuary ecosystem. It was shown that shrimps were feeding
on CHy-derived carbon (Brankovits et al., 2017). Methane-derived carbon could be added to the water col-
umn by two mechanisms; first through bubble stripping, which entails gas exchange of CO, from CH,4 bub-
bles (Vielstadte et al., 2015), and second by CO, production as a result of active microbial MOx
(equation (1)). An addition of CO, into the water column may lead to an increase in primary production
if nutrient levels are sufficient (Engel et al., 2013). The hypothesis that CO, is added to the water column
by gas exchange from CH,4 bubbles is supported by the elevated DIC and At in the CH, plumes in April, rela-
tive to the surrounding water (Figures 2d and 2e). In April, the pH, Q4,, and Q¢, are lower in the plumes
than in the surrounding water, likely due to a net CO, addition from the CH,4 plumes (Figures 2f and 2g).
In June, the high DIC values in waters just above the seafloor are no longer confined in plumes and has
likely been accumulating and dispersing since April (Figure 3d). Since Ar is relatively constant between
the seasons, CO, has most likely caused the elevated DIC. MOx data from June (Figure 4c) show 14 times
higher rates compared to rates measured at another Arctic CH, seepage location at Storfjorden, east of
Spitzbergen (Mau et al., 2013). It could therefore be possible that plankton are feeding on carbon sourced
from methanotrophic bacteria.

Statistical analyses revealed that the CH4 concentration in the surface water (0-100 m) in our study area
showed a significantly higher variability, compared to the temperature changes between the two sampling
periods (Figures 2c and 3c), probably controlled by lateral advection. April shows a nearly four-times higher
CH, concentration in the surface water (Figure 2c), with an average of 16.3 nM compared to 4.4 nM in June.
Furthermore, nearly all multinet samples from April contained benthic foraminifera, which also indicates
strong lateral advection and increasing the likelihood that CH,4 could be resuspended in the water column.
Higher wind stress and lower temperatures in April may have resulted in stronger currents and well-mixed
water masses and consequently a stronger vertical redistribution of CH, after its release from the seafloor.
This vertical redistribution of CH, causes less of a vertical gradient in CH, concentration in the water col-
umn in April compared to June. Currents also dictate the concentration of methanotrophic bacteria in the
water column; the stronger the current, the wider the methanotrophic bacteria community gets spread that
lowers the quantity of present methanotrophs per sampling point (Steinle et al., 2015). In June, we see a
direct correlation between CH, concentration and MOx activity. It is likely that MOy activity, as well as
the concentration of methanotrophic bacteria, would be lower in April, as we see in the CH,
distribution pattern.

The LPF concentration at the crater area cannot be explained by the concentration of CH, in the water just
above seafloor as a result of seepage (Table S5) during both sampling seasons (Figure 6). Similarly, we also do
not find a positive correlation between CH,4 and the primary production indicators chlfluo and DO (Table
S5). Methane appears to be more confined to the bottom waters in June (Figure 3c), perhaps due to the
strong thermal stratification, or the high MO rates causing the CH, to be utilized before it reaches the upper
water column. This could eliminate the possibility of direct contact between CH, and the LPF in June. The
8'3C values of N. pachyderma and T. quinqueloba in the water column in June do not show anomalously
negative values, indicating no incorporation of CH-derived carbon in their tests. Both 8'3C and 8'%0 values
of N. pachyderma and T. quinqueloba are comparable to those reported in the Fram Strait (Pados et al., 2015)
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and Nordic Seas (Simstich et al., 2003). However, it has been demonstrated that benthic foraminiferal species
do not always record the influence of CH, in their tests (Hill et al., 2004). Although our data from the crater
area does not suggest a link between CH, seepage and LPF concentration, the physical and chemical
mechanisms, i.e., upwelling of nutrient-rich wasters by gas flares, or the addition of CO, to the surface
waters by bubble stripping or MOy, are all plausible in the crater area.

6. Conclusions

We found significant differences in concentration, species composition, and test size between the LPF and
Limacina helicina sampled at the beginning (April) and toward the end (June) of the spring bloom. The
LPF and L. helicina seasonal development follows that of calanoid copepods in the same region. Test size
and concentrations of both groups increased from April to June potentially as a response to the thermal stra-
tification and increase in food availability, but without any clear link to the lunar cycle. The observation of
smaller specimens of LPF and L. helicina in spring also suggests the occurrence of only one
population/generation in April, while in June several generations and a larger species diversity are dis-
played. Seasonal studies on LPF, and consequently, models, are based solely on >125 or >150 um fraction,
as opposed to our data which uses the >64 um fraction. Our results indicate that they provide limited infor-
mation on the population structure of the planktonic foraminiferal faunas. Isotopic measurements on LPF
shells revealed no direct influence of CH, flares on their 5'%0 and 8"*C composition. Seepage of CH, there-
fore does not directly influence LPF. We, however, speculate that it could indirectly enhance primary pro-
duction and therefore an increase in biomass in the overlying water column, either through upwelling of
nutrient-rich waters or by the addition of CO,, owing to gas exchange from CH, bubbles or through MOx
activity. We believe that the potential fertilizing effect that CH, seepage has on the water column might
be significant on a regional scale. Future research focusing on CH, seepage in marine environments should
investigate the linkages between CH, input and its uptake by planktonic organisms through the mapping of
trophic interactions. This could help to understand how the species or assemblages may benefit from
enhanced CH,4 supply.
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Abstract

Planktonic calcifiers, the foraminiferal species Neogloboquadrina pachyderma and Turboro-
talita quinqueloba, and the thecosome pteropod Limacina helicina from plankton tows and
surface sediments from the northern Barents Sea were studied to assess how shell density
varies with depth habitat and ontogenetic processes. The shells were measured using X-ray
microcomputed tomography (XMCT) scanning and compared to the physical and chemical
properties of the water column including the carbonate chemistry and calcium carbonate
saturation of calcite and aragonite. Both living L. helicina and N. pachyderma increased in
shell density from the surface to 300 m water depth. Turborotalita quinqueloba increased in
shell density to 150-200 m water depth. Deeper than 150 m, T. quinqueloba experienced a
loss of density due to internal dissolution, possibly related to gametogenesis. The shell den-
sity of recently settled (dead) specimens of planktonic foraminifera from surface sediment
samples was compared to the living fauna and showed a large range of dissolution states.
This dissolution was not apparent from shell-surface texture, especially for N. pachyderma,
which tended to be both thicker and denser than T. quinqueloba. Dissolution lowered the
shell density while the thickness of the shell remained intact. Limacina helicina also increase
in shell size with water depth and thicken the shell apex with growth. This study demon-
strates that the living fauna in this specific area from the Barents Sea did not suffer from dis-
solution effects. Dissolution occurred after death and after settling on the sea floor. The
study also shows that biomonitoring is important for the understanding of the natural variabil-
ity in shell density of calcifying zooplankton.

1. Introduction

The Arctic is particularly sensitive to global warming, and this warming is greatly amplified in
the Barents Sea, a large and productive shelf sea bordering the Arctic Ocean [1,2]. The Barents
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Sea is influenced by inflow of Atlantic Water (AW) from the south and Polar Water from the
Arctic Ocean in the north, making it a hydrologically dynamic region. The two water masses
mix and generate the Polar Front, a zone of very high-productivity [3]. In the northern Barents
Sea there has been a substantial shift in water mass properties over the past several decades [4].
The water column in the northern Barents Sea has become warmer and more saline, and strati-
fication has weakened [4]. This shift is due to an increase of AW water transport, and an
increase in temperature and salinity of the AW [5,6]. This ‘Atlantification’ of the water column
will impact the productivity and structure of the Barents Sea ecosystems by displacing the
Polar Front north-eastward, and allowing the advection of temperate species further into the
Arctic domain [6-8]. A poleward shift of species in the Barents Sea has already been docu-
mented [9-11]. The large volume of warm and saline AW is also thought to be the main cause
of the rapid decline of the winter sea ice cover [1].

The Barents Sea is one of the largest CO, sink areas in the Arctic region, which is mainly
caused by the year-round CO, undersaturation and high biological production [12,13] despite
the formation of sea-ice in winter. The Barents Sea CO, sink is predicted to double by 2065
with an associated pH decrease of up to 0.25 pH units [14]. A significant proportion of the
observed CO, increase in the Barents Sea has been from the inflow of AW, which is rich in
anthropogenic CO, [15]. The meltwater from sea ice or glaciers lowers the saturation state of
seawater with respect to calcite (Qc,) and aragonite (Q,,), the two most common polymorphs
of CaCOj; formed by marine organisms [16-18]. The volume of meltwater is predicted to
increase as a result of the progressing global warming [19]. Ocean acidification (OA) may lead
to adverse effects on the ability of marine calcifiers to produce CaCOj shells [20].

Planktonic foraminifera (PF) and thecosome pteropods are the major calcifiers among
marine zooplankton [20]. Marine calcifiers, in particular pteropods, are important prey in
many marine food webs [21-24]. In addition, both PF and pteropods contribute significantly
to the biological carbon pump [25-29]. Only few studies of PF and pteropod faunas for the
high Arctic exists and in particular for the Barents Sea [30-32]. Planktonic foraminifera build
their shells of calcite, while the polar pteropod species Limacina helicina build their shells of
aragonite. The crystal structure of calcite is more stable than aragonite, and the tendency for
the crystal structure to dissolve is linked to the Q in the surrounding environment of the par-
ticular mineral phase. The crystal structures of aragonite and calcite are thermodynamically
stable when Q>1. Both PF and L. helicina are sensitive to the carbonate chemistry in their
environment and the extent of their calcification is commonly used as an indicator for OA
[33-40]. Furthermore, due to their long sedimentary record PF shell density has been used for
paleoceanographic studies of OA and atmospheric CO, [41-44].

In a previous study, we documented the seasonal variability in the distribution patterns of
PF and polar pteropod L. helicina and their environments in the northern Barents Sea [30].
Test size and abundance of both groups increased drastically from spring to summer, and in
summer there was a clearer depth zonation of the individuals, possibly related to the thermal
stratification [30]. Here, we extend our analysis on PF and L. helicina to study the shell density
of the summer population.

In OA research there are few studies with focus on how the shell density of calcareous
planktonic organisms varies with ontogeny. In contrast to the pteropod L. helicina, PF do not
perform diel vertical migration [45]. However, their shell density and depth habitat may be
linked due to the possibility of ontogenetic vertical migration meaning that they descend to a
deeper habitat as their life cycle progresses, likely in order to reproduce at certain water depths
[46-49]. It should be noted that this concept is still disputed and is difficult to document. We
thus hypothesize that the shell density of PF is related to its depth habitat in the upper water
column. As PF grow and add chambers, they add layers of calcite onto the existing shell
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through secondary calcification. It is unknown how the shell density of PF changes with
increasing water depth. Following the assumption that calcification is linear, it will be assumed
that denser shells found deeper in the water column are older.

Furthermore, processes like ontogenetic secondary calcification, gametogenic calcite addi-
tion following gametogenesis, and diagenetic encrustation will influence how well PF are pre-
served in the sedimentary record, which is significant for the accuracy of studies of fossil
faunas. Knowledge on the natural variability in shell density across a population of calcareous
planktonic organisms will improve our ability to better document biological effects of OA. In
this study, we aim to show 1) the variability in shell density of the living planktonic foraminif-
eral species N. pachyderma and T. quinqueloba and the pteropod L. helicina with shell size and
water depth, 2) the interspecies differences in shell density of N. pachyderma and T. quinque-
loba, 3) if any changes in the observed patterns in shell density can be related to seawater car-
bonate chemistry, and 4) how shell density and ontogenetic processes affect the preservation
of foraminifera in the surface sediments. This study is based on X-ray microcomputed tomog-
raphy (XMCT) scanning of their shells. This is a pioneer study to provide the first shell density
measurements of specimens of planktonic foraminifera and Limacina helicina from the Arctic
region.

2. Material and methods
2.1 Study and sample collection

The Barents Sea is a relatively shallow continental shelf sea adjacent to the Nordic Seas and the
Arctic Ocean with a mean depth of 250 m. The Bjornoyrenna crater area (referred to in this
study as the ‘crater area’) (74.91°N, 27.7°E; Fig 1) is located in relatively deep water (~340 m
depth) on the northern flank of Bear Island Trough and is characterized by high levels of meth-
ane emission [50]. The Barents Sea is mainly influenced by the inflow of warm and saline
Atlantic water transported in the north-eastern flowing Norwegian Atlantic current (NwAC)
and the cold Arctic water transported in the East Spitsbergen current (ESC) from the north to
the south [3] (Fig 1). Once the NwAC enters the Bear Island Through it splits into two
branches. A substantial part of the NwAC forms a northeast flowing current, the North Cape
current, which enters the southern Barents Sea, while the remainder forms the northwest flow-
ing West Spitsbergen current (WSC).

Samples were collected onboard R/V Helmer Hanssen during the expedition CAGE 16-5, on
June 29" 2016 at three stations located at 74.9°N, 27.7°E-27.8°E. No sampling permission was
required at this location. This is because the study area is outside of the 12-mile limit of the Nor-
wegian coast, meaning it is not in territorial waters, and the sampling causes no harm to the
environment. The plankton sampled from the water column are not endangered or protected
species. The PF and L. helicina were sampled with a stratified plankton net with mesh size of
64 um (net opening 0.5 m* Hydro-Bios, Kiel, Germany), from five consecutive depth intervals
(0-50 m, 50-100 m, 100-150 m, 150-200 m, and 200-300 m). Parallel measurements and sam-
pling for the study of physical and chemical environment in the water column were performed
at the same location using a Conductivity-Temperature-Depth (CTD)-Rosette system with sea-
water sampling for determination of carbonate chemistry. Empty shells found in the water col-
umn >150 m are assumed to represent recently dead specimens. Their shells were transparent,
well preserved and similar to the shells of the live specimens containing protoplasm.

2.2 Sampling of marine calcifiers

Once the plankton tows were retrieved, the samples were sieved with sea water through a 63-
pm sieve and transferred into plastic bottles (250 ml) and fixed and buffered with
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Fig 1. Schematic map of study area and main current systems in the Nordic Seas. White star indicates the crater
area where plankton tows, box-cores and water sampling were conducted, detailed bathymetry can be found in Ofstad
et al. [30]. Red lines are Atlantic Water inflows, blue line is Arctic Water outflows, and the green line is a coastal
current. Abbreviations: NwAC Norwegian Atlantic current, WSC West Spitsbergen current, ESC East Spitsbergen
current, NCC Norwegian Coastal Current. Current systems are based on Loeng [3]. Basemap from IBCAO 3.0 [51].

https://doi.org/10.1371/journal.pone.0249178.g001

approximately 230 ml ethanol (98%), a quarter of a teaspoon hexamethylenetetramine
(>99.0%), and stored at 2°C. Once in the laboratory, the samples were washed over a 63-um
sieve in order to remove organic particles from the surface of the foraminiferal tests and to
break up aggregations of material. All PF and L. helicina from the >63-um size fraction were
picked with a fine brush under a light microscope. Live (cytoplasm-bearing) planktonic fora-
minifera specimens were counted for each depth.

Recently settled planktonic foraminifera were collected from two box-cores located within
the same area as the plankton tow stations (74.92°N, 27.77°E and 27.53°E). The water depth at
both box-core stations was 330 m, and the Qc, directly above the sediments was 1.22 [30]. The
PF were collected by sampling the top sediment layer (1 cm) of the boxcore. The samples were
preserved in approximately 50 ml of ethanol (96%) with rose bengal (2 g L of ethanol), and
stored at 2°C. In the home laboratory, the samples were washed over a 63-um sieve and dried
in a 40°C for at least 24 hr. Once dried, PF were picked under a light microscope with a fine
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brush and identified to species level. There were large pteropods in the sediment samples, but
they were broken, and therefore not included in the study. The complete description of sample
collection, treatment, and analysis is described in Ofstad et al. [30].

2.3 XMCT

An XMCT system (ScanXmate-DF160TSS105, Comscantecno Co. Ltd., Kanagawa, Japan) was
used to quantify the shell density of individual specimens. A high-resolution setting (X-ray
focus spot diameter of 0.8 um, X-ray tube voltage of 80 kV, detector array size of 1024x1024
for the pteropods and 992x992 for the foraminifera, spatial resolution of 0.833 um for Lima-
cina helicina and 0.964 pm for the foraminifera, 1200 projections/360°, 4 s/projection) was
used for 3-D quantitative densitometry of the foraminiferal and pteropod tests. One to three
samples (depending on the shell size) were placed on a stage made of a quartz glass bar. Tests
were mounted on the sample stage with urethane glue. A calcite crystal ball was used to stan-
dardize the computed tomography (CT) number of each test sample and enabled us to distin-
guish the density distributions in the foraminiferal and pteropod tests with high resolution. In
this study, a limestone particle (diameter of approximately 130 pm; 1000 in mean CT number;
NIST RM8544 (NBS19)) was embedded in the sample stage, and all of the test samples were
scanned with the same calcite standard. ConeCTexpress software (White Rabbit Corp., Tokyo,
Japan) was used to correct and reconstruct tomography data, and the general principle of Feld-
kamp cone beam reconstruction was followed to reconstruct image cross sections based on fil-
tered back projections. In order to avoid the beam hardening effect (selective attenuation of X-
ray) during scan, we put the metal filter (Aluminium, 0.2 um thickness) in front of X-ray
detector. Mean shell thickness was calculated by dividing the CaCOj3 volume by the shell sur-
face area, both of which are parameters measured by the XMCT. The shell surface area
includes both the outer areas and the surfaces of the internal chambers. A caveat with the cal-
culated mean shell thickness is that values will decrease, when the shell material is more
porous. High porosity of the shell material increases the surface area, resulting in a decrease in
mean shell thickness.

Well-preserved specimens to be scanned with the XMCT were selected at random, but with
the intention of having a representative size range. The complete size range of the PF and L.
helicina specimens sampled in June 2016 from the crater area can be found in Ofstad et al.
[30]. A total of 226 planktonic foraminifera shells from the water column (N. pachyderma
n = 120, T. quinqueloba n = 115), 30 recently settled planktonic foraminifera shells (N. pachy-
derman = 12, T. quinqueloba n = 18), and 25 Limacina helicina shells from all depth intervals
(0-50 m, 50-100 m, 100-150 m, 150-200 m, and 200-300 m) were scanned with the XMCT
(S1 Table in S1 File; Fig 2). All scanned pteropod shells were either veligers, Limacina spp.
(<300 um, n = 7), or juveniles L. helicina (300-4000 pm, n = 18) [52].

2.4 CT number

From the 3-D scanning data of planktonic foraminiferal and L. helicina tests, we obtained a
CT number of each volumetric pixel—referred to as a voxel, and volume (um®) of each indi-
vidual test. The 3-D imaging software Molcer Plus (White Rabbit Corp., version 1.35) and the
following equation were used to calculate the calcite CT number:

CT number = [(Kompie = Haie) / (Heaicie s1o = Hair)] X 1000 (1)

where tgample, Hairs a0d PealcitesTn are the X-ray attenuation coefficients of the sample, calcite,
and air, respectively.
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Fig 2. Box-and-whisker plot of shell density with water depth for A) Neogloboquadrina pachyderma (n = 120), B)
Turborotalita quinqueloba (n = 115) and ¢) Limacina helicina (n = 25) sampled from the crater area in 2016. Boxes
extend from the lower to upper quartile values of the data, with a line at the median. Whiskers indicate 1.5 times the
inter-quartile distance. Black dots are single measurements.

https://doi.org/10.1371/journal.pone.0249178.g002
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The mean CT number for an entire test was calculated with the following equations:

1000

1
Mean CT number = ?Z,‘Jm,nTn (2)

where n is the CT number, T,, is the total number of voxels with a specific CT number (n), and
T is the total number of voxels in the whole test. The mean CT number indicates the mean
density of an individual test.

2.5 CT data analysis

The shell thickness of the apex of L. helicina was measured by creating cross-sections using the
Molcer Plus software (Version 1.35). A whorl is a single 360° revolution of the shell spiral
structure. The shell apex of 16 shells of L. helicina were measured at four locations, twice on
the protoconch (first whorl), and twice on the second whorl (S1 Fig). Careful consideration
was made to take measurements at the same location for each shell for ease of comparison. Fol-
lowing the methods outlined by Janssen [53], the L. helicina shell diameters were measured
and the total number of whorls were counted to the nearest quarter (SI Fig). Additional L. heli-
cina from the sampling station were measured for their shell diameter. Images were acquired
by a Leica Z16 APO microscope, using the integrated Leica DFC450 camera and LAS version
4.12.0 software. The images were processed using the ruler tool in Adobe Photoshop CSé6. All
measurements of shell diameter and thickness performed this study are the result of three
repeated measurements to diminish inaccuracies.

In order to calculate area density (area normalised weight), 111 PF shells (T. quinqueloba
n = 54, N. pachyderma n = 57) shells were weighed individually using a Sartorius microbalance
(model M2P, 0.1pg sensitivity). The given weight measurements are based on three repeated
measurements of the single specimen. Area density is given by shell weight divided by surface
area.

Isolation of the penultimate and final chamber was done on a select number of shells in
order to validate the relationship with the overall CT number of the shell.
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2.6 Statistical analyses

To test the relationship between any two parameters (e.g., water depth and mean shell density),
a simple linear regression model was applied to the data. To test significance of correlation of
shell density of the marine calcifiers with sampling intervals, a Mann-Whitney-U test was per-
formed using Version 1.2.1335 of the program R [54]. When testing variables against water
depth, the maximum depth in the plankton tow sampling intervals was used, e.g., 50 m for the
sampling interval 0-50 m. When testing against environmental parameters, the mean of all
measurements taken in the sampling interval was used. Typically, two water samples were
taken with the CTD within a plankton tow sampling interval, once at the shallowest point, and
once at the deepest. We believe using the mean of those two measurements within the sam-
pling interval would give the most representative value.

2.7 Ocean carbonate chemistry

The water chemistry data were published in Ofstad et al. [30], here we give a brief overview of
the methods. Dissolved inorganic carbon (DIC) was determined using gas extraction of acidi-
fied sample followed by coulometric titration and photometric detection using a Versatile
Instrument for the Determination of Titration carbonate (VINDTA 3C, Marianda, Germany).
Routine analyses of Certified Reference Materials (CRM, from A. G. Dickson, Scripps Institu-
tion of Oceanography, USA) ensured the accuracy and precision of the measurements. Average
standard deviation from triplicate CRM analyses was within +1 pmol kg™ for all samples. Total
alkalinity (At) was determined from potentiometric titration with 0.1 N hydrochloric acid in a
closed cell using a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA,
Marianda, Germany). Average standard deviation for A, determined from triplicate CRM
measurements was +2 umol kg . We used DIC, Ar, salinity, temperature, and depth for each
sample as input parameters in a CO,-chemical speciation model (CO2SYS program, version
01.05) [55,56] to calculate other parameters in the carbonate system such as carbonate-ion con-
centration ([CO5>]), aragonite saturation (€2,,) and calcite saturation (Qc,). We used the
HSO, dissociation constant of Dickson [57], and the CO,-system dissociation constants (K*1
and K*2) estimated by Mehrbach et al. [58], and modified by Dickson and Millero [59].

3. Results
3.1 Hydrography and water chemistry

During the time of sampling, the predominant water masses were Atlantic Water (AW,

T >3.0°C, S > 34.65) in the top 250 m of the water column, and Transformed Atlantic Water
(TAW, T =1.0-3.0°C, S > 34.65) below 250 m, following the definitions of Cottier et al. [60]
(S2 Fig). Both Q,, and Q, were supersaturated (Q>1) throughout the entire water column,
with the highest values in the surface water and lowest at the bottom (Figs 3D and 8B). The
water column had two distinct layers (Figs 3D and 8B). The upper layer is from the sea surface
to approximately 75 m water depth (S2 Fig); here, the Q,, is 2.1-2.5, and the Qc, is 4.0-3.0
(Figs 3D and 8B). Between 75 m and 300 m water depth the Q,, is 1.5-2.1, and the Qc, is 2.4-
3.0, where the lowest values were observed at the bottom (Figs 3D and 8B). The [CO; | ranged
between 168 pumol kg at the surface and 105 pmol kg ™" at 300 m water depth. The pH ranged
between 8.03 and 8.22.

3.2 Shell density from CT number

For both Neogloboquadrina pachyderma and Turborotalita quinqueloba, the average CT num-
ber increases steadily from 684 and 632 in the 0-50 m depth interval to 762 and 793 in the
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Fig 3. Turborotalita quinqueloba from water column. A) Texture of test surface of Turborotalita quinqueloba at three different depth intervals; 0-50 m, 100-150 m and
200-300 m. B) Variation in inner and outer shell density of T. quinqueloba as mean CT number of entire shell measured by XMCT increases. C) Mean CT number of T.
quinqueloba (n = 115), with error bars, plotted against water depth. D) Calcite saturation at sampling site plotted against water depth. E) T. quinqueloba cross-section
before and after assumed gametogenesis. Scale bars measure 100 pm.

https://doi.org/10.1371/journal.pone.0249178.9003

150-200 m depth interval, respectively (Fig 2A and 2B). The difference in CT number between
the layer of elevated Q saturation at 0-50 m and the underlying water column when normal-
ized for shell volume, is also significant for both PF species (p < 0.01), but not L. helicina

(p = 0.25). For L. helicina the difference in shell density between the specimens in the shallow
layer (0-50 m) and those found beneath is significant when not size normalized (S10 Table in
S1 File). Turborotalita quinqueloba reaches its peak shell density of 793 in the 150-200 m
depth interval. Below the 150-200 m depth interval, the shell density of T. quinqueloba
decreases. In the 200-300 m depth interval, the average shell density of T. quinqueloba is 766.
The outer shell walls are thick and dense, while the CT number is lower in the internal walls
(Fig 3E and S3 Fig). In contrast, the shell density of N. pachyderma continues to increase until
200-300 m, where it reaches a peak shell density of, on average, 813 (Fig 4C). Similar to N.
pachyderma, the shell density of L. helicina increases with depth. At 0-50 m, L. helicina have
an average CT number of 670, and by 200-300 m they reach a peak average density of 819 (Fig
2C). Collectively, we found that the difference in shell density between sampling intervals were
most significant between the shallowest (0-50 m) and deepest (200-300 m) interval (S8-S10
Tables in S1 File). Turborotalita quinqueloba showed the most significant variation between
net tows, and L. helicina the least.

Although we found a general increase in CT number and shell thickness with depth, we
note a large range in CT numbers (Fig 2 and S2 Table in S1 File) and mean shell thickness (S2
Table in S1 File) at each sampling depth interval. This is particularly true for T. quinqueloba in
the shallowest depth interval 0-50 m where the CT numbers of individual specimens are
evenly distributed from 539 to 826, and the mean shell thickness ranges from 2.02 to 3.25 um.
Furthermore, in the 0-50 m depth interval the average CT numbers for N. pachyderma and L.
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Fig 4. Neogloboquadrina pachyderma from water column. A) Texture of test surface of Neogloboquadrina pachyderma at four different depth intervals; 0-50 m, 50-100
m, 100-150 m and 200-300 m. B) Variation in inner and outer shell density of N. pachyderma with mean CT number of entire shell measured by XMCT. C) Mean CT
number of N. pachyderma (n = 120), with error bars, plotted against water depth and calcite saturation. D) Calcite saturation at sampling site plotted against water depth.
Scale bars measure 100 pum.

https://doi.org/10.1371/journal.pone.0249178.g004

helicina ranges from 592 to 857, and 637 to 751, respectively. The shell thickness of N. pachy-
derma and L. helicina at the 0-50 m depth interval ranged from 1.94 to 5.28 um, and 1.98 to
2.75 um, respectively.

3.3 Planktonic foraminifera

3.3.1 Planktonic foraminifera from the water column. Both N. pachyderma and T. quin-
queloba show a statistically significant positive correlation between individual shell weight, CT
number, mean shell thickness and area density with water depth (S4, S5 Tables in S1 File).
Cytoplasm-bearing specimens of both species are found in each sampling depth interval and
constitute 80-100% of XMCT-scanned shells from the top 150 m (S7 Table in S1 File). Below
150 m the percentage of live specimens decreases to 75% and 78.6% for N. pachyderma in the
150-200 m and 200-300 m depth interval, respectively (S7 Table in S1 File). For T. quinque-
loba there is a greater decrease in the percentage of live specimens below 150 m, with 14.3%
and 23.5% containing a cytoplasm in the 150-200 m and 200-300 m depth interval, respec-
tively (S7 Table in S1 File). For both T. quinqueloba and N. pachyderma there is increasing for-
mation of a layer of secondary calcite crust on the outer shell with depth. The texture of the
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shells in the shallowest samples are smooth without any calcite crust. Thereafter ridges appear
that become increasingly “rough” with depth and increase in CT number (Figs 3A and 4A).

Both species undergo gradual shell thickening with depth. At 0-50 m water depth the average
shell thickness of N. pachyderma and T. quinqueloba is 2.5+0.8 ym (n = 15) and 2+0.5 pm
(n = 28), respectively. Neogloboquadrina pachyderma reaches peak thickness at 200-300 m, where
the average shell thickness is 4.3+0.7 um (n = 29). Turborotalita quinqueloba reaches peak thick-
ness at 150-200 m, where the average shell thickness is 3.5+0.7 um (n = 13). In the 200-300 m
depth interval the shell thickness of T. quinqueloba has decreased to 3.1+0.8 um (n = 24). Collec-
tively, the shell walls of N. pachyderma and T. quinqueloba thicken by 40.8% and 35.1%, respec-
tively, from their thinnest at the 0-50 m sampling interval to their peak shell thickness.

The mean shell thickness shows a strong correlation with the CT number (Fig 5; S4, S5
Tables in S1 File). The mean shell thickness of individual T. quinqueloba and N. pachyderma
have an exponential relationship with their respective CT numbers (Fig 5). The exponential
curve for N. pachyderma is steeper than the curve for T. quinqueloba. Furthermore, N. pachy-
derma (n = 120) tend to be larger, denser, and thicker than T. quinqueloba (n = 115), based on
mean CT numbers and calcite volume (S1, S2 Tables in S1 File).

3.3.2 Planktonic foraminifera from the surface sediments. In the top 1 cm of the sedi-
ments, both N. pachyderma and T. quinqueloba are found in a wide range of dissolution states.
Some of the planktonic foraminiferal specimens found in the surface sediments have similar
shell densities as those found in the overlying water column (Figs 6A, 6C, 7A and 7C), while
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Fig 5. Shell thickness versus shell density. Mean shell thickness of A) Neogloboquadrina pachyderma and B) Turborotalita quinqueloba plotted versus mean shell
density in the form of a CT number, fitted with an exponential model. Shells from water column samples are represented by circles, while crosses represent shells from
surface sediments. Exponential model is only fitted to shells from water column. Arrow in B) is pointing to an outlier.

https:/doi.org/10.1371/journal.pone.0249178.9005
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Fig 6. Turborotalita quinqueloba from surface sediments. Cross-sections of Turborotalita quinqueloba specimens (A,C,D,E) from surface sediment sample (0-1
cm), including surface texture of a B) high-density (n = 11) and a F) low-density specimen (n = 7). Scale bars measure 100 um.

https://doi.org/10.1371/journal.pone.0249178.9006

other specimens have undergone dissolution (Figs 6D, 6E, 7E and 7F). Out of all of the N.
pachyderma shells found in the surface sediments, there is a high proportion of low-density
shells (9 out of 12, 75%), i.e., shells which can be regarded as outliers in the thickness versus
density plot (Fig 5A). In contrast, low-density T. quinqueloba shells are in the minority (7 out
of 18, 39%) (Fig 5B). The surface texture of N. pachyderma and T. quinqueloba vary in terms of
CT number (Figs 6 and 7). In T. quinqueloba, the loss of the base features of the prominent
spines is evident as the CT number reduces from 817 to 555, and the surface texture takes on a
smoother appearance (Fig 6B and 6F). The surface texture of N. pachyderma appears to be
mostly unaffected by post-depositional dissolution (Fig 7B and 7G). In the low-density shells,
the calcite ridges are more prominent, giving it a more rugose texture overall (Fig 7G). In N.
pachyderma we see a two-layered dissolution pattern (Fig 7F). There is a clear divide between
the less dense (CT number ~ 400) inner calcite, and the denser outer crust (CT number ~ 650)
(Fig 7F). Shells of both species from the surface sediments that have undergone post-deposi-
tional dissolution plot to the left of the exponential trendline (Fig 5). The external shell walls of
the dissolved specimens remain at a similar thickness to those with a high-density shell (Figs
5-7). Dissolution primarily affects the CT number (Fig 5).

3.4 Limacina helicina

In L. helicina we see the same trend in the shell density with water depth as we do with the PF
(Fig 2). Limacina helicina show a statistically significant positive correlation between shell
diameter, CT number, and mean shell thickness with water depth (S6 Table in S1 File). On
average, the shell density of L. helicina increases with depth (Fig 8A). The mean density given
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Fig 7. Neogloboquadrina pachyderma from surface sediments. Cross-sections of Neogloboquadrina pachyderma specimens (A,C,D,E,F) from surface sediment
sample (0-1 cm), including surface texture of a B) high-density (n = 3) and a G) low-density specimen (n = 9). F) Close-up of shell wall cross-section. Scale bars
measure 100 pm.

https://doi.org/10.1371/journal.pone.0249178.g007

by the CT number starts at a minimum, at 670, in the shallowest sampling interval (0-50 m)
(Fig 8A). There is a steady increase until the deepest sampling interval where the mean CT
number is 819 (Fig 8A). In contrast to the PF in the crater area, L. helicina generally increase
in shell diameter with depth (Fig 8A; S6 Table in S1 File). In the 0-50 m depth interval, the
shells have the narrowest size range (131-457 pm), and an average size of 274 um. The 150-
200 m water depth interval has the largest range of shell sizes, 124-1190 pm (Fig 8A). The larg-
est shells, on average, are found in the 200-300 m water depth interval and are 511 pm (Fig
8A). The number of whorls varied between 0.6 and 3.6 and is strongly correlated to the shell
diameter (p < 0.001).

The distribution of L. helicina in the water column in terms of shell density results in an
inverse relationship with Q,, (R* = 0.54, p < 0.001, Fig 8A and 8B). The mean shell thickness
also increases with depth, starting at 2.2 um at 0-50 m water depth, to 2.8 um at 200-300 m
water depth. As the number of whorls increases, the shell apex thickens. The sum of four mea-
surements done on the central-top part of the shell show that shells with 2.5 to 3.5 whorls is
25.9+3.1 um, while shells with 1.5 to 2.25 whorls has a sum of 19.4+2 pm (Fig 8D).

4. Discussion
4.1 Distribution of PF, life cycles and shell density

Calcified shells are thought to have evolved as a mean for protection, and is widely found
throughout the animal phyla [61]. Calcification intensity, the term often used to refer to shell
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Fig 8. Limacina helicina from water column. A) Limacina helicina shell diameter (n = 175) and density (n = 25) (given by CT number) with depth. B) Aragonite
saturation at sampling site plotted against water depth. C) Generalized shell size with depth (left) and cross-sections of L. helicina specimens from 0-50 m (2 whorls),
and 150-200 m (2.75 whorls) water depth interval. Grey boxes are shown as close-ups in E. D) Boxplot of Mann-Whitney U test on top shell thickness of L. helicina as
a function of whorl number. E) Top of L. helicina specimens shown in C, schematic of shell thickness measurements performed on all shells. Scale bars measure

100 um.

https//doi.org/10.1371/journal.pone.0249178.9008

density is believed to be primarily controlled by ambient seawater [CO; ] [38,62], and hence Q,
which is largely dictated by absolute [CO; " |. In addition, the shell size of PF appears to be con-
trolled by temperature and food availability [36,38,63]. Globigerina bulloides when growing in
favourable conditions, but with low Qc¢, (~1.5), were found to grow large in size, with low den-
sity tests characterised by large and porous crystalline structures, suggesting that PF in some
cases may prioritize shell size over shell density [36]. Furthermore, shell thickening by second-
ary calcification during ontogeny and/or gametogenic calcite addition is poorly understood and
exhibit inter-species variation [64,65]. In polar waters, N. pachyderma with and without a thick
calcite crust generated by secondary calcification were found to be concentrated in different
parts of the water column. They were also found to add the calcite crust primarily at 50-200 m
water depth, and an increase in secondary calcification of N. pachyderma was shown to occur
with depth [66]. The degree of ontogenetic crust formation in N. pachyderma is highly variable,
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it can amount to 50-70% of the total shell weight, and there is no consensus to which factors
control the crust formation [66-68].

4.1.1 Comparison of N. pachyderma and T. quinqueloba in the water column and their
preservation patterns. The dominant living planktonic foraminiferal species in the polar
region are N. pachyderma and T. quinqueloba [69-73], which is reflected in our sampling area
[30]. The differences in the shell density depth profile between N. pachyderma and T. quinque-
loba can be explained in part by the differences in depth habitat and depth of reproduction
(Fig 2A and 2B) [74,75]. Another factor, which may affect their calcification is that T. quinque-
loba is a spinose species, while N. pachyderma is not. Turborotalita quinqueloba calcify within
25-75 m water depth, while N. pachyderma calcify within the much wider range of 25-280 m
[74,75]. Our interpretation of the shell density profile is that Neogloboquadrina pachyderma
continue to calcify and apparently grow denser as they migrate to deeper depths throughout
their lifecycle (Fig 4), an observation consistent with previous studies [66,76]. Not all N. pachy-
derma shells develop a secondary calcite crust with depth, and these thin non-encrusted shells
can be found throughout the water column [66,77]. In the North Pacific, shell parameters of G.
bulloides such as the area density and outermost chamber wall thickness increase 20% from
the 0-50 m to the 100-150 m water depth interval [36]. We find similar results in the northern
Barents Sea; the area density of T. quinqueloba increases by 50.1% from the 0-50 m to the
100-150 m water depth interval, while the mean area density of N. pachyderma increases by
29.5%. Furthermore, the CT numbers of N. pachyderma and T. quinqueloba increase by 10.2%
and 20.3%, respectively, from the 0-50 m to the 150-200 m water depth interval. By the deep-
est sampling interval, 200-300 m, the CT number of N. pachyderma has increased by a further
6.6% (n = 32), resulting in a total increase in CT number by 15.8%. Below the 150-200 m
water depth interval (n = 38), T. quinqueloba decrease in density by 3.4%. The shallower and
narrower depth habitat in the water column of T. quinqueloba compared to N. pachyderma is
reflected in the faster rate of both increasing shell density and shell thickening per meter. How-
ever, we find thin low-density shells and thick high-density shells of both species in the entire
water column (Fig 2A and 2B). If we use thick high-density shells as a proxy for reproduction,
then reproduction occurs in the entire water column. Cytoplasm-bearing specimens are also
present in the entire water column (S7 Table in S1 File), although in lower abundance in the
deepest sampling intervals, especially T. quinqueloba. The increasing density curve with water
depth may partly be the result of a higher presence of dead shells that have already released
gametes.

The decrease in the CT number of T. quinqueloba from the 150-200 m depth interval to the
200-300 m depth interval likely reflects the dissolution of their internal shell walls (S3 Fig).
This internal dissolution may be due to gamete formation and release (Fig 3E), which has been
documented to occur in certain PF species [67]. Early culture studies on PF also showed that
dissolution starts in the internal shell walls [78,79]. In preparation for the release of gametes,
PF increase the Qc, of the microenvironment adjacent to their shell [80]. Some foraminifera
may do so by discharging alkaline seawater vacuoles, which would result in the internal envi-
ronment of the foraminifera to become less basic [81]. Another explanation for the internal
dissolution is the oxidation of internal organic matter, documented in the pteropod species
Limacina retroversa and L. helicina antarctica [82]. However, this is less likely in PF shells,
because they are made of calcite, which is more robust than aragonite and the proportion of
soft tissue to shell size is significantly smaller than in pteropods [83]. The Qc, is supersaturated
throughout the water column (Qc, = 2.4-4), yet there are no known Q, thresholds for PF.
The presence of T. quinqueloba shells in the deepest sampling interval may also reflect a relic
population. The internally dissolved shells may have a slower sinking rate than the specimens
without dissolved internal walls, making them more likely to be sampled.
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At our study site, PF shell density is strongly related to shell volume (S4, S5 Tables in S1
File). In general, the larger the shell volume, the more dense it is. However, the increase in CT
number with depth after size-normalization is still significant (p < 0.01). This means that the
increase in shell density with depth is not a function of shell volume.

Our results highlight the importance of comparing PF in the same life stage, because the
shell thickness and density gradually increases as they mature. The same size is not enough to
eliminate ontogenetic effects (Figs 3 and 4), therefore it is also advisable to compare shells
from the same sampling depth. In a study showing shell thinning in PF due to OA by compar-
ing pre-industrial and modern shells, sampling depth may not have been the same [37]. A dis-
crepancy in sampling depth may mean that the results simply show natural variation in shell
thickness with depth.

The PF sampled from the water column in our study area did not show any signs of dissolu-
tion, both in the outer and inner shell wall (Fig 5). The only exceptions are some specimens of
T. quinqueloba found below 150 m water depth (S3 Fig). There is a clear depth zonation in
individual abundance [30], and shell density in both species. The increase in shell density with
depth is in agreement with observations in the North Pacific [36], and is believed to be driven
by ontogeny.

4.1.2 Comparison N. pachyderma and T. quinqueloba from the sediment and species-
specific dissolution. The sedimentation rate in the northern Barents Sea ranges from 0.5-1.3
mm/yr [84], meaning that it takes anywhere from 8 to 20 years to accumulate 1 cm of sedi-
ment. The top 1 cm of sediments will therefore host PF that have settled at different times and
thus can show a variable degree of dissolution (Figs 6 and 7). When PF from sediment samples
are used in geochemical studies, it is often stated that the samples do not show any evidence of
dissolution. The surface texture of T. quinqueloba, and especially that of N. pachyderma
undergo only slight changes in their external appearance as they dissolve. The subtle dissolu-
tion in the surface texture may go undetected under a light microscope if all chambers are
intact, which was the case for the samples used in this study. The post-depositional dissolution
found in some of the specimens (Figs 6D, 6E and 7D-7F) is likely to alter the original chemical
composition of their tests, mainly the Mg/Ca ratio, and the oxygen and carbon isotopic com-
position [85,86]. The higher percentage of low-density N. pachyderma shells (75%) compared
to T. quingeloba (39%) suggests that fewer low-density T. quingeuloba shells remain intact in
the surface sediments, which may lead to an underrepresentation of T. quinqueloba in the sedi-
ment records. Selective dissolution of T. quinqueloba is also likely because of the extensive
internal dissolution in the low-density shells (Fig 6D and 6E), which could lead to a collapse of
the entire shell resulting in fragmentation.

The inter-species differences in the manifestation of post-depositional dissolution is
thought to be primarily due to the magnesium content in the calcite structure [87], thus also
suggesting that the calcification process is species-specific. Neogloboquadrina pachyderma con-
sistently rank as one of the planktonic foraminiferal species most resistant to dissolution,
regardless of the region they are found, while T. quinqueloba has a low resistance to dissolution
[87,88]. The exponential curve for N. pachyderma shell thickness versus CT number (Fig 5A)
is steeper than that of T. quinqueloba (Fig 5B). The steeper N. pachyderma curve suggests that
they calcify more than T. quinqueloba, leading to a thicker secondary crust. The ability to build
a thicker and denser crust may have a number of different explanations. Firstly, there could be
a difference in lifecycle length between N. pachyderma and T. quinqueloba. Neogloboquadrina
pachyderma may have a longer lifecycle than T. quinqueloba meaning that they could calcify
over a longer period of time and build thicker and denser shells. Individuals of N. pachyderma
have been kept alive in culture for up to 200 days [89,90]. The tendency of N. pachyderma to
build thicker and denser shells may be due to a naturally higher calcification rate, rather than a
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longer lifecycle compared to T. quinqueloba. The two species may also have very different cal-
cification strategies because, unlike N. pachyderma, T. quinqueloba builds numerous spines on
most of its chambers at the expense of chamber walls resulting in thinner shells.

The two-layered dissolution pattern seen in N. pachyderma highlights their higher degree
of resistance to dissolution (Fig 7F). A similar pattern was also found in G. bulloides [91]. The
denser outer calcite of G. bulloides was resistant to dissolution and remained well preserved in
water undersaturated with respect to calcite, while the Mg-rich inner calcite dissolved [91].
This mechanism of selective dissolution likely skews the sediment record to favor species with
a dense outer calcite layer. Following dissolution in the surface sediments, the thickness of the
shell walls remains intact while the whole shell gets a more porous crystalline structure, result-
ing in a lower mean CT number (Figs 6 and 7). In our study, the dissolved shells from the sur-
face sediments plotted to the left of the trend line showcase this phenomenon (Fig 5A and 5B),
suggesting that the comparison between CT number and shell thickness can be used as a tool
to identify shells which have undergone either post-depositional dissolution or calcified in low
Qc, waters [92]. However, outliers may occur if specimens have an unusual morphology. A T.
quinqueloba specimen with an abnormally large and low-density final chamber plotted signifi-
cantly to the left of the other shells from the water column (Fig 5B). Large, yet low-density
shells may be found when PF calcify in low Q¢, waters, and shift their ecological strategy to
favor shell size over shell density [36], although, T. quinqueloba has been shown to present a
large phenotypic variation related to changes in sea surface temperature [93].

4.2 Limacina helicina

4.2.1 Distribution in the water column and shell density. In contrast to PF, L. helicina
perform diel vertical migrations. Mature individuals diurnally migrate in the upper 200 m of
the water column, while veligers and juveniles migrate in the top 50 m [94]. Like PF, it is also
not known how the shell density of L. helicina changes with depth and increasing number of
whorls. There is a skewness towards numerous small individuals at the surface, which is in
agreement with previous findings in the polar region [95]. Because they migrate vertically, L.
helicina showed less of a vertical zonation in shell density through the water column (S8-S10
Tables in S1 File). The statistical significance in the increase in shell density with depth is
driven by the low-density, smaller specimens in the 0-50 m depth interval (S10 Table in S1
File). This is an observation consistent with their distribution in the water column [94]. The
dominance of small individuals at the surface is likely because they have not developed their
swimming wings and must therefore stay in the food-rich layer for growth. Once they have
developed their wings they are able to migrate deeper in order to avoid predators, and this pre-
dation risk is likely what controls the vertical distribution of Limacina helicina [96].

4.2.2 Dissolution of L. helicina, ontogeny, and future outlook. The connection between
low Q4, and shell damage in L. helicina has been confirmed by observations from marine envi-
ronments with large natural gradients in the carbonate chemistry [97,98]. However, recent
studies on the periostracum of L. helicina suggests that they may not be as sensitive to OA as
previously claimed [99,100]. Further, an increased food supply may reduce or even negate the
effects of living in low-Q waters [101,102]. In the Arctic, L. helicina juveniles may experience
waters with lowest [CO5>] and Q4 during fall and winter, and it is unclear whether they cal-
cify during this time or await elevated saturation states at the onset of CO, uptake by phyto-
plankton production in spring [18]. Seasonal decline in carbonate parameters was found to
coincide with a higher proportion of pteropod shell dissolution in the North Sea [101]. Lima-
cina helicina shell dissolution has been recorded ata Q4 of 1.4 [97], and greatly reduced calci-
fication at Q,,<1.2 [102]. An Q,, of 1.4 is close to the values we observe at the bottom waters
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in our study area. Moreover, our saturation states are based on a summer situation when the
surface water has higher saturation states than what we would expect in fall and winter.

The increase in the thickness of their shell apex with growth could mean that they are more
resistant to dissolution if the Q,, at out study site decreases in fall and winter (Fig 8D and 8E),
and their depth habitat deepens with growth. In the surface water (0-50 m) during the sum-
mer, the Q,, conditions are favourable (Fig 8B), allowing the small, low-density individuals to
prioritize the growth of their muscles. Their thin and delicate shells during this stage of their
life cycle will be less compromised with the higher Q.. It is possible that the thickening of the
shell apex with increasing whorl number could be linked to re-directing the energy to calcifica-
tion after finalizing the development of their soft body. It has been demonstrated that L. heli-
cina can add new shell material after damage [99], and as long as the Q,, is >1.2 ongoing
thickening can occur over the entire shell, including the protoconch [102]. The repair mecha-
nism of L. helicina and ongoing thickening means that they can choose specific areas of their
shell to thicken after the initial calcification as part of a resilience strategy to environmental
stress. Instances of over-calcification as a reaction to low Q values have been found in barna-
cles [103] and coccolithophores [104,105], further suggesting that some calcifiers can re-direct
energy for calcification when their shells are vulnerable. However, a study from an upwelling
area in the northern California Current Ecosystem suggests that L. helicina produce thinner
shells as an adaptation mechanism to lower Q,, water [98].

Longer term studies using the techniques described here could shed light on the natural
variability in the shell properties of L. helicina throughout their life cycle. Topics which could
be addressed are to what extent calcification intensity varies with Q, and nutrients, and if
specimens living in low Q,, environments have adapted by building of thicker and denser
shells. One could also investigate if there are geographical variations in whorl thickness
depending on seasonality and chemical environment. Furthermore, with the ongoing climate
change, water temperatures in the Barents Sea have increased [4] and are projected to continue
to increase globally [106]. Synergistic effects of OA and warming have been demonstrated to
be especially lethal for juvenile L. helicina [107,108], highlighting the need for a better under-
standing of the L. helicina calcification strategy.

5. Conclusions

The application of the XMCT scanning technique on the extant planktonic calcifying forami-
niferal (PF) species Neogloboquadrina pachyderma and Turborotalita quinqueloba and the
pteropod species Limacina helicina retrieved from stratified plankton net samples from the
northern Barents Sea have provided us with a unique dataset to better understand the shell
density distribution with depth and ontogeny of these species at high Arctic latitudes. We
found that both PF and L. helicina increase in shell density with depth, however there were
inter-species differences in the PF due to depth habitat and reproduction. Neogloboquadrina
pachyderma tends to be both thicker and denser than T. quinqueloba, and continues to
increase in density until the deepest sampling interval 200-300 m. Turborotalita quinqueloba
decrease in shell density below the depth interval 150-200 m, this loss may be due to internal
dissolution associated with gamete release or bacterial degradation of the cytoplasm. Our
results highlight the importance of sampling at the same water depth interval when comparing
PF calcification intensity. In the surface sediments (0-1 cm), the shell preservation state was
highly variable in both planktonic foraminiferal species with little alteration of the surface shell
texture or shell thickness. Only the average CT number that reflects the average shell density
revealed that dissolution had occurred. In the surface sediments, N. pachyderma appeared
more resilient towards post-depositional dissolution. In this area from the Barents Sea, the
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living PF did not suffer from dissolution effects. Dissolution occurred after death and after set-
tling on the sea floor. We observed that L. helicina thickens their shell apex as the number of
whorls increase. There was a weaker zonation in shell density through the water column com-
pared to PF, which is probably due to vertical migration. We recommend longer-term studies
on planktonic calcifiers using the XMCT scanning technique. Longer studies in different car-
bonate chemistry environments would provide even greater insight on the natural variability
in shell density. This knowledge is important in order to use PF and L. helicina as biological
indicators for ocean acidification and to predict future developments in food webs. It is also
important in the use of PF as paleo-proxies.

Supporting information

S1 Fig. Annotated Limacina helicina to demonstrate measurement of physical parameters.
Wall thickness measurements were done along a cross-section (blue), and diameter measured
along white stippled line. Black circles show location of shell thickness measurements. The
shell in the figure has 3.5 whorls. More details on whorl counting method can be found in
Janssen [53].

(TIF)

S2 Fig. Temperature and salinity profile at study area.
(TIF)

S3 Fig. Cross-sections of Turborotalita quinqueloba found in the 200-300 m water depth
interval. Scale bars measure 100 um.
(TIF)

S1 File.
(XLSX)
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Abstract

The Northeast Greenland Shelf (NEGS) is a rapidly changing and climatically and biologically
sensitive region due to the interplay between Polar and Atlantic waters transported with the
East Greenland Current. Here, we present the first investigation of the present abundance and
distribution of planktonic foraminiferal assemblages, both in the water column and in the
surface sediments from 11 stations on the NEGS (74°-80° N). The samples were collected in
September 2017, during the annual minimum sea-ice extent. The abundance of planktonic
foraminifera ranged from 0 to 313 individuals (ind.) m~ in the water column, and from 0 to
5500 ind. g' sediment (dry) in the surface sediments. The planktonic foraminiferal (PF)
population in the water column was composed mainly of the polar species Neogloboquadrina
pachyderma (86.2 %) and the subpolar species Turborotalita quinqueloba (11.5 %); the
remaining 2.3 % were made up by Neogloboquadrina incompta, Globigerinita glutinata and
Globigerina bulloides. The species and abundance distribution of the assemblage in the water
column across the NEGS showed no statistical correlation to environmental parameters
(temperature, salinity, chlorophyll-a, nutrients, bottom water depth). The species composition
in the water column mirror the one observed in the surface sediments, where N. pachyderma
make out 93.2 % of the assemblage on average, 7. quinqueloba 4.2 %, while the three
remaining species constitute up to 2.6 % of the assemblage. However, the total specimen
abundance in the overlying water column did not correspond to the abundance pattern in the
surface sediments; there is often a relatively high abundance in the water column but low
abundance in the surface sediment. This may be due to bathymetry and sedimentation rates in
combination with ocean current activities. All stations had Polar Surface Water as the upper-
most layer of the water column, and the salinity in the top 50 m of the water column was
relatively low (28.3 to 32.3). Seven out of ten stations showed their maximum PF concentration
in the 0-50 m sampling interval where the salinity was the lowest, hinting at a potentially high

tolerance to low salinities.
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1 Introduction

The Northeast Greenland Shelf (NEGS) is a region highly sensitive to climate and ocean
variability. The NEGS is already experiencing rapid climate change in the form of dramatic ice
sheet loss (Nghiem et al., 2012; Shepherd et al., 2020). In addition, an increase in carbon
dioxide uptake as a consequence of increase in supply of glacial meltwater (Meire et al., 2015)
has led to significant ocean acidification with a decrease in pH of 0.07 units between 1981 and
2013 (Skjelvan et al., 2014). The consequence for the zooplankton community on the NEGS is
uncertain as the zooplankton in the area has been understudied due to the limited accessibility;
the available data suggest that it is complex in nature (Ashjian et al., 1997; Hirche and
Kwasniewski, 1997; Hirche et al., 1994). The Arctic zooplankton over the NEGS consists of a
mixture of species that have been transported southward from the Arctic Ocean by the polar
waters of the East Greenland Current (EGC), and, to a lesser degree, Atlantic species that have
been injected into the area by the Return Atlantic Current (RAC) or the Arctic Atlantic Water
(AAW) at subsurface levels (Andrews et al, 2019; Hirche et al., 1994) (Fig. 1). The
zooplankton community is highly complex due to the interaction between Arctic and Boreal
hydrographic domains, coupled with variations in local topography and circulation, gyres, and
dynamic sea-ice coverage, which results in a zooplankton community characterized by large
spatial variability (Hirche, 2004). Furthermore, there is a threat of ‘Atlantification’, which
occurs when there is an increase in both volume and temperature of inflowing Atlantic Water
to a region. Consequently, there will be a higher proportion of subpolar species outcompeting
polar species. Such ‘Atlantification” has already been reported in the Barents Sea and north of

Svalbard (Bjerklund et al., 2012; Fossheim et al., 2015; Neukermans et al., 2018).

Planktonic foraminifera (PF) are highly sensitive to their surrounding environment (Schiebel
and Hembleben, 2017, and references therein). This sensitivity means that PF assemblages
reflect the physical and chemical properties of the water column, and uniquely record
environmental conditions such as temperature, salinity and pH (e.g., Duplessy et al., 1991;
Foster and Rae, 2016; Kucera et al., 2005). Furthermore, PF have changed since preindustrial
times in terms of spatial distribution and diversity (Jonkers et al., 2019). This shift further
demonstrates their sensitivity and potential as climate change sentinels. PF are also a major
producer of calcium carbonate (CaCO;) and a key component of the ocean carbon cycle

(Schiebel, 2002). A change in PF assemblages and/or abundances in the water column could
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lead to a change in the efficiency of the CaCOj; export (Anglada-Ortiz et al., 2021; Manno et
al., 2018; Meilland et al., 2018).

There has not been an extensive inventory of PF abundances and community structure in the
rapidly changing NEGS due to the heavy sea-ice coverage. At high latitudes,
Neogloboquadrina pachyderma is the dominant planktonic foraminiferal species and regarded
as the only polar species; this dominance is also reflected in the sedimentary records (Carstens

et al., 1997; Eynaud, 2011; Huber et al., 2000; Jensen, 1998; Pados-Dibattista et al., 2021).

The factors dictating the spatial distribution and abundances of PF on the NEGS are unknown.
In general, the distribution and abundance of PF are strongly linked to surface water properties,
with sea surface temperature (SST) appearing to have the strongest influence (Kucera, 2007).
However, the influence of SST on the distribution and abundance of PF may only be indirect
(Lessa et al., 2020). However, the role of other environmental factors potentially modulating
the spatial distribution and abundance of PF species is poorly understood. This uncertainty is

paired with the complexity and versatility of the NEGS as an ecoregion.

In this study we provide a unique dataset on planktonic foraminifera in the water column and
surface sediments from 11 sampling stations (Table 1). We also present data on the relation
between planktonic foraminifera and the water chemistry in this cold, polar environment,

which may act as a modern analogue for glacial conditions in the past.

2 Study area and sampling locations

The Greenland Sea is a part of the Nordic Seas, which constitutes one of the links between the
North Atlantic and Arctic Ocean. The Fram Strait in the northern Nordic Seas is the only deep-
water connection between the Arctic Ocean and the North Atlantic. The NEGS is located in
the western Fram Strait and has an average water depth of approximately 300 m and extends
approximately 300 km offshore. It is characterised by a complex bathymetry comprised of
shallow banks (Polar Bank and Belgica Bank) and trough systems (Norske Trough, Belgica
Trough and Westwind Trough) (Figure 1). During the summer, the near-shore areas and fjords
on the NEGS are influenced by freshwater input from river runoff (Kroon et al., 2009). The
dominant current in the East Greenland shelf is the cold sea ice-laden EGC; as a continuation

of the Transpolar Drift, it forms the main sea-ice and freshwater export pathway from the Arctic
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Ocean. The continuous export of sea ice causes the East Greenland shelf to be covered in sea
ice typically year-round, although the transportation is dampened during summer (Schmith and
Hansen, 2003). The sea-ice dynamics also give rise to several polynyas (a region of open water
surrounded by ice) on the NEGS (Pedersen et al.,2010; Schneider and Budeus, 1995; Sorensen,
2012). The Northeast Water (NEW)) Polynya (77-81°N, 5-17°W), bordered in the south by the
Norske Qer Ice Barrier (NOIB), is one of the larger polynyas in the Arctic and an area of
elevated biological activity in the water column (Pesant et al., 1996; Smith Jr., 1995). The
NEW Polynya was extensively studied in terms of its physical, geophysical and biological
processes during several field campaigns in the 1990s (e.g. Ahrens et al., 1997; Budéus et al.,

1997; Newton and Rowe, 1995; Piepenburg et al., 1997; Von Quillfeldt, 1997).

Low salinity and cold (S < 34.4, ® < 0 °C) Polar Surface Water (PSW) originates from the
Arctic Ocean and is transported southward by the EGC (Rudels et al., 2002). In summer, sea-
ice melt, land runoff of snow melt and summer warming of surface waters on top of warm
Atlantic Water gives rise to Polar Surface Water warm (S <34.4, ® > 0 °C; PSWw) (Rudels et
al., 2002). The 6¢ = 27.70 isopycnal separates the Polar Surface Waters (PSW and PSWw)
from the intermediate water masses (AAW and RAW) (Rudels et al., 2002). In addition to
Polar water, the NEGS is influenced by Atlantic water from the western branch of the West
Spitsbergen Current (WSC), the Return Atlantic Current (RAC) (Fig. 1). The RAC recirculates
in the Fram Strait and interacts with the eastern part of the EGC, forming a warm subsurface
core of Recirculating Atlantic Water (RAW) (Rudels et al., 2005). Atlantic water is also
sourced from the eastern branch of the WSC, this current circulates the Arctic basin and cools

before it exits the Arctic Ocean as Arctic Atlantic Water (AAW) (Fig. 1).

A northward coastal current, called the North East Greenland Coastal Current (NEGCC) flows
in the opposite direction to the EGC. The NEGCC forms an anticyclonic circulation over
Belgica Bank, between 78° N and 81° N (Schneider and Budeus, 1995). Young Sound (~74.24°
N,20.17° W) is a 340 m deep and 90 km long fjord (Fig. 1). It has a 45 m deep sill at the mouth

and is ice covered from late October to the beginning of July (Bendtsen et al., 2014).
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Figure 1. Map of Nordic Seas region with sampling stations on Northeast Greenland shelf. Blue lines are Arctic
Water outflows, Red lines are Atlantic Water inflows, orange lines are cooled subsurface water masses of Atlantic
origin (AAW and RAC), and green lines are coastal currents, subsurface AW and surface Polar Water.
Abbreviations: EGC East Greenland current, 44 W Arctic Atlantic Water, WSC West Spitsbergen Current RAC
Return Atlantic Current, NEGCC Northeast Greenland Coastal Current, NOIB Norske Qer Ice Barrier, NEW
Northeast Water Polynya, BT Belgica Trough, GSG Greenland Sea Gyre, BB Belgica Bank, PB Polar Sea Bank,
NT Norske Trough, WT Westwind Trough, ¥ Young Sound. Current system based on Rudels et al. (2002),
Bourke et al. (1987), Budéus et al. (1997), Budéus and Schneider (1995) and Paquette et al. (1985)
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The sampling took place during the NorthGreenl7 expedition with RV Dana in Northeast
Greenland in the fall of 2017 (September 13-September 24). Parallel measurements and
sampling for the study of the physical and chemical environment in the water column and
planktonic foraminiferal community, both living and recently settled were done at nine stations
(74° N-80° N; Figure 1; Table 1). Two stations were sampled in the Young Sound (ST16 and
ST19), one of which (ST16) only a plankton tow was taken. In addition, there is one station
(ST22) where only surface sediment was sampled. A CTD cast and water samples were taken
at all stations. The sea ice cover during the time of sampling was exceptionally low, even for
the minimum sea ice season, with no sea ice south of 74° N (http://ocean.dmi.dk/), and samples
were attained as far north as 80° N. On September 13 — the day that sampling started, Arctic

sea ice reached its minimum extent for the year (https://nsidc.org/).

During the sampling campaign, the predominant water masses were the local meltwaters,
Polar Surface Water (PSW, 64 <27.70, ®< 0) and Polar Surface Water warm (PSWw, o4 <
27.70, ®<0), Arctic Atlantic Water (AAW, 64 <27.70< 64<29.97, 0<®<2; also referred to as
Arctic Intermediate Water (AIW)), Recirculating Atlantic Water (RAW, 27.70<c4< 27.97,
2<®) following the definitions of Rudels et al. (2002) (Fig. 2).

3 Material and methods

3.1 Collection of water samples and environmental data from the water column

The chemistry and physical properties of the water column were determined using
a Conductivity-Temperature-Depth (CTD) (Sea-Bird 911)-Rosette system equipped with 12x5
L Teflon-lined Niskin bottles. The CTD was equipped with sensors measuring chlorophyll-a
(Turner Cyclops fluorometer) and dissolved oxygen (SBE 43). Water samples were collected
at 1 m, 5 m, 10 m, 20 m, deep chlorophyll maximum, 30 m, 50 m, 100 m, 200 m, 400 m and
bottom for determination of nutrients (silicate, nitrate, phosphorous). Water for nutrient
analysis was collected in 50 ml plastic bottles at each of the sampling depths. Nutrients were

not sampled at STO1. The samples were immediately frozen at -20° C for later analysis.

3.2 Planktonic foraminifera collection and treatment
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3.2.1 Living planktonic foraminifera

Planktonic foraminifera were sampled with a stratified plankton net with mesh size of 64 um
(MultiNet Hydro-Bios type midi; net opening 0.5 m?), from four consecutive depth intervals,
with the exception of ST16 where only three depth intervals were sampled and ST22, where
weather conditions prevented the execution of plankton tows (Table 1). The flowmeter attached
to the opening of the MultiNet was defective; therefore, the volume of water filtered through
each net was calculated using the area of the net opening and length of sampling interval (net

opening (m?) x depth interval (m)).

After retrieval, each MultiNet sample was transferred into plastic bottles (200 ml), and
preserved in  96% ethanol solution and buffered with a quarter teaspoon
hexamethylenetetramine (>99.0%). The samples were stored at 2 °C. Once at the laboratory,
the samples were washed over a 63-um sieve. All planktonic foraminiferal shells were picked
under a Leica MZ12.5 light microscope and identified to species level following the taxonomy
of Schiebel and Hemleben (2017) and SCOR WGI138
(http://www .eforams.org/index.php/WG138 Taxonomy). One cannot be certain if specimens
identified as Neogloboquadrina incompta are indeed genetically different from N. pachyderma.
It is possible that they are dextral (right) coiling N. pachyderma, as 1-3 % of N. pachyderma
are right coiling morphotypes (Darling et al., 2006). This cannot be confirmed without genetics,
therefore all the right coiling morphotype in this study will be referred to as the separate species

N. incompta.

Living and dead shells were distinguished by the presence of cytoplasm. Shells with cytoplasm
were considered living, and shells without were considered dead. The standing stock at each
station was calculated as the number of individuals integrated to the deepest sampling interval
and includes both living and dead shells. All discussion of PF abundance in this study includes

both living and dead shells.

3.2.2 Recently settled planktonic foraminiferal assemblages in surface sediments

The top layer of the seafloor sediments were sampled at nine out of the 10 stations with a Haps

corer (Kanneworrf and Nicolaisen, 1972), which is a small frame-supported bottom corer with
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a diameter of 13.5 cm corresponding to a surface area of 0.0143 m?2. STO1 was sampled with a
box corer (50 x 50 x 50 cm); due to problems with the box corer the Haps corer was used for
the remainder of the cruise. The Haps and box corer allows retrieval of surface sediments with
an intact sediment-water interface and prior to sampling, we always made sure that the intact
sediment surface was indeed present. Once retrieved, approximately 15 ml of the top 1 cm of
sediment (< 20 years according to the sedimentation rate in Syring et al. 2020b) were sampled
and stored at -20 °C and later freeze dried. In the home laboratory, the samples were washed
over a 63-um sieve and dried in an oven at 40 °C for at least 24 hours. Once dried, planktonic
foraminifera were picked under a light microscope and identified to species level following the

taxonomy mentioned in 3.2.1.

3.3 Statistical methods

All statistical analyses were performed using Version 1.2.1335 of the program ‘R’. A Kruskal-
Wallis rank sum test was performed in order to test if the abundance of PF is statistically
different between stations. To show the distribution of species, both living and dead, in relation
to environmental parameters in the surface waters (0—50 m) a non-metric multidimensional
scaling (NMDS) was carried out using Bray-Curtis similarities. A cluster analysis was
performed on the measured environmental parameters of each station based on Bray-Curtis
distance. Both NMDS and vector fitting, and the cluster analysis were done in the R package
Vegan (Oksanen et al., 2013). Principal component analysis (PCA) was performed to explore
which parameters explain most of the observed variation in PF standing stock between the
stations at the time of our sampling. Either a Spearman or Pearson test was performed for
correlation between two variables (e.g., temperature and salinity), while a multiple regression
analysis was performed when there were multiple predictor variables (e.g., PF standing stocks

and chlorophyll-a + temperature + nutrients + bottom depth).

4 Results

4.1 Environmental parameters of the water column

The fact that the sampling stations on the NEGS are influenced by different water masses (Fig.

2) is clearly visible in the variable temperature profiles (Fig. 3A). In general, the water
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temperature at the sampling stations decreases with depth to a minimum of -1.6 to -1.4 °C at
approximately 50 m. Below 50 m the temperature increases to its maximum of 1 to 3.4 °C
between 170 m and 290 m water depth before flattening, signifying the encounter of warmer
Atlantic water (AAW and RAW). The temperature profile at the two stations in the Young

Sound do not increase with depth but remains constant (T < -1 °C).

Depth (m)

<0

- N

Potential Temperature 6 (°C)

Prr——

32 3‘4
Salinity

Figure 2. Temperature-salinity plot for all sampling stations. Water mass definitions follow Rudels et al. (2002).
Abbreviations: PSW Polar Surface Water; PSWw Polar Surface Waters warm; 44 W Arctic Atlantic Water, RAW

Recirculating Atlantic W ater.

Unmodified RAW is only present at subsurface levels (> 150 m) at ST12 and ST13, which are
relatively far south and close to the shelf edge. ST13 has the warmest water temperature out of
all of the stations, with a maximum temperature of 3.4 °C at 250 m. The relatively fresh and
warm locally sourced PSWw is found at over half of the sampling stations. The PSWw is
present at ST16 and ST19 in Young Sound, ST22 close to the mouth of Young Sound, ST12
and ST13, and STO7, which is on the slope of the Belgica Bank. PSW, which originates from
the Arctic Ocean is the only water mass that is present at all sampling stations (Fig. 2). Lastly,
AAW - recirculated Atlantic-sourced water also originating from the Arctic Ocean is found at
STO1, ST03, ST12 and ST13, which are the four stations closest to the shelf edge, hence the
most influenced by the EGC (Fig. 1).
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307 Profiles A-C were taken from CTD casts. Colors of curves match the dots of their respective stations.

308 Interms of salinity, the sampling stations have similar profiles (Fig. 3B), and are all influenced
309 by the relatively fresh PSWw and/or PSW. At the very surface (0—5 m) the salinity is relatively
310 low (S =28.3-29.9) and increases rapidly with depth to a maximum salinity of 34.8 to 35 at
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about 150 m water depth. In the depth interval 0-50 m the salinity ranges from 28.3 to 32.3.
ST16 and ST19 in Young Sound once again distinguish themselves by showing the lowest
salinities of all of the sampling stations, with a maximum salinity of 32.9 (Fig. 3B). Salinity
was found to co-vary with temperature (p-value = 0.0017), therefore only temperature will be

used in statistical analyses.

When it comes to chlorophyll-a concentration in the water column, STO5 east of Belgica Bank
has a relatively large peak at 25-40 m where the concentration is 1.19 pg/L at its maximum
(Fig. 3C). This is a much greater chlorophyll-a concentration compared to the other stations
that have peaks at 0.19 to 0.50 pg/L (Fig. 3C). Nitrate is the primary limiting nutrient in Arctic
marine ecosystems, including the NEGS, reaching low concentrations after the spring bloom
(Henley et al., 2020; Hirche et al., 1991; Lara et al., 1994; Rysgaard et al., 1999; Tremblay et

al., 2015), therefore nitrate will be discussed and used in statistical analyses.

All stations have depleted nitrate concentrations in the surface waters (5 m water depth) (Fig.
3D). In general, the nitrate concentration increases with water depth until about 200 m, where
the concentration starts to decrease. STO8 south of Norske @er in the Norske Trough has the
highest concentration of nitrate with 13.38 pmol/L at 200 m. The other stations have peaks
ranging from 0.70 pmol/L at ST22 to 11.74 umol/L at ST07. The low nitrate concentration at
ST22 is likely due to the shallow water depth (Table 1).

A cluster analysis of the environmental parameters at each station revealed two groups,
comprising of six and four stations (Fig. 4A). The smaller cluster of four stations includes the
two stations in the Young Sound, which again branch off to form their own cluster. The
remaining stations are all joined at the same height at the bottom of the dendrogram, suggesting

high similarity.
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Figure 4. Statistical analyses of planktonic foraminifera and environmental parameters on the Northeast
Greenland Shelf. (A) Cluster analysis based on Bray-Curtis distance of environmental parameters at all stations
plankton tows were taken. Horizontal numbers correspond with station numbers. (B) Standard non-metric
multidimensional scaling (NMDS) ordination analysis of planktonic foraminifera species distribution (red dots)
with temperature, chlorophyll-a, nutrients and station location as factors (blue arrows). (C) Biplot of principal
component analysis (PCA) on environmental variables (blue arrows) and standing stock (black dots) at each

station. The vectors indicate the direction and strength of each variable to the abundance distribution.

4.2 Concentration and distribution of planktonic foraminifera in the water column

The PF concentrations in the water column on the NEGS is highly variable across the sampling
stations (Fig. 5 and Fig. 6A). When taking all stations into consideration 92.2 % of all PF with
cytoplasm is found in the top 100 m. In the 0—100 m depth interval we exclusively find PSW
with PSWw if temperatures exceed 0 °C. A Kruskal-Wallis rank sum test showed that the

difference in abundance between each station is statistically significant (p-value = 0.046). The
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total standing stock per station ranges from 1 to 313 individuals (ind.)/m?>. Only three stations
(ST12,ST16 and ST19) presented a sub-surface (50—100 m) PF maximum concentration, while
the other stations had the higher densities recorded between 0-50 m (Fig. 5). The concentration
in the surface waters (0—50 m) ranges from 1 to 298 ind. m-3. The highest concentration of PF
is found at ST12 at 77° N and the lowest at ST19 in Young Sound. No statistical correlation is
observed between PF concentration in the water column and the bottom depth of the given
station (p-value = 0.316; Supplementary Table 1). In general, there is a decrease in the
percentage of PF with cytoplasm in the last whorl with increasing water depth (Fig. 5), and
there are systematically higher percentages of living shells in the upper 100 m of the water

compared to below.

Table 1. Multivariate analysis of environmental variables and planktonic foraminifera standing stock.

Slope Std Error t-value p-value
(Intercept) 1971.803 1879.929 1.049 0.353
Temperature -19.839 50.669 -0.392 0.715
Chl-a 107.471 112.057 0.959 0.392
Nitrate -111.640 83.703 -1.334 0.253
Latitude -20.849 24.421 -0.854 0.441
Longitude 19.939 9413 2.118 0.102

Species composition

We identified five species in our sampling area, of which N. pachyderma was the dominant
(65.2 % to 100 % per station), followed by Turborotalita quinqueloba (0 % to 32.6 % per
station). In total, N. pachyderma makes up an average of 86.2 % of the PF community on the
NEGS. Turborotalita quinqueloba makes up 11.5 %, and Neogloboquadrina incompta,

Globigerinita glutinata and Globigerina bulloides make up the remaining 2.3 %.
Preservation
The shells were in pristine condition. Juveniles and veligers of the aragonitic pteropod

Limacina helicina were also present in the majority of the samples. Limacina helicina are

considered as more prone to dissolution due to their aragonite shells, and were not damaged or
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showed signs of dissolution, which suggest that there are presently no problems with carbonate

dissolution within the water column.

Statistical Analysis

The NMDS analysis of species abundances with regard to environmental parameters in the
surface layer (latitude and longitude of the station, temperature, nutrients, chlorophyll-a
concentration; Supplementary Table 2) indicates that the distribution of species displays a
significant correlation to latitude within our study region (p-value = 0.019) (Fig. 4B). It
specifically appears that N. incompta and G. bulloides are associated with lower latitudes, while
T. quinqueloba and N. pachyderma are the opposite. However, if the two stations in the Young
Sound are removed from the NMDS, the species distribution across the NEGS is no longer
correlated with latitude (p-value = 0.288; Supplementary Table 3). The distributional affinity
in the NMDS analysis shows no cluster of the PF species (Fig. 4B). The biplot of the PCA on
environmental variables and standing stock per station does not show any obvious clustering
of stations with similar abundance of PF, with the exception of the two stations in Young Sound
(ST16 and ST19) (Fig. 4C; Supplementary Table 4). No clustering suggests that there is no
clear controlling environmental factor for high abundance at a station. The stations in Young
Sound have the lowest abundance of PF and are separated from the other stations due to the
high surface water temperature. The warm water temperature is likely one of the reasons why
they form their own cluster in the dendrogram (Fig. 4A). The three stations with the highest
standing stock (STO5, ST12 and ST13) have either high (STO0S) or low (ST12 and ST13)
chlorophyll-a concentration. The surface sediments at ST03 and STOS5 were also characterized

by the presence of numerous silica spines that suggests biological productivity (Table 1).
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Figure 5. Barplots of planktonic foraminifera abundances (individuals m-) per species plotted again water depth.

Please note different x axes and different sampling intervals () axes). Percentage of shells containing cytoplasm

(alive) are denoted by black diamonds and are plotted against bottom x axes.
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Figure 6. (A) Planktonic foraminifera standing stock (individuals m-) per station. (B) Recently settled planktonic

foraminifera abundances from surface sediment samples (individuals g' dried sample) per station. Station number
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is in plain black text, while abundance is in black text in a white square. Disc size is proportional to the abundance

of planktonic foraminifera.

4.3 Concentration and distribution of planktonic foraminifera in the surface

sediments

Similar to the concentration of PF in the water column, the concentration of PF in the surface
sediments is highly variable (Fig. 6B). The concentration ranges from 0 to 5500 individuals
per gram (ind. g'). There are three stations that are completely devoid of PF in the surface
sediments, ST07, ST22 and ST19 (Fig. 6B). The highest concentration of PF in the sediments
(ind. g') are at STO8 which is in close proximity to the Norske @er Ice Barrier (Fig. 1). The

PF in the sediments and water column are both dominated by N. pachyderma.

Species Composition

We identified five species in the surface sediments, the same five species that were found in
the water column (Fig. 6B). The N. pachyderma percentages of the total community ranged
from 81.8 % to 100 %, while the average across all stations is 93.2 %. On average, T.
quinqueloba make up 4.2 % of the assemblages, while N. incompta, G. glutinata and G.
bulloides make up the remaining 2.6 %. The surface sediments at ST10 and ST13 have the
highest percentages of 7. quinqueloba, with 12.3 % and 18.2 %, respectively.

Preservation
The PF tests were well preserved, and there were no signs of post-depositional dissolution.

There were also no shell fragments in the sediment samples.

Statistical Analysis

There is a weak positive correlation between the concentration of PF (number of individuals
per gram) and water depth (R?= 0.34; Supplementary Table 1), meaning that surface sediments
retrieved from deeper depths tend to have more PF, although the correlation is insignificant (p-
value = 0.058). The spatial distribution of PF abundance in the water column and surface
sediments do not show any correlation (R? = 0.02, p-value = 0.7), with the exception of ST19
in the Young Sound where there is a low concentration of PF both in the water column and in

the surface sediments (Figs. 6A and 6B).
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5 Discussion

5.1 Planktonic foraminifera in the water column in relation to hydrography

It has been shown that the zooplankton biomass is relatively low on the Northeast Greenland
shelf (NEGS) compared to further east in the Fram Strait (Hirche and Kwasniewski, 1997). In
general, PF abundance is lower on shelves and in coastal regions, likely due to continental
influences (higher turbidity) and competition with neritic zooplankton (Gibson, 1989;
Retailleau et al., 2009; Schmuker, 2000). On the NEGS, the low zooplankton biomass is
assumed to be due to the low water temperature, near-permanent sea-ice cover and short period
of food availability. Ice-free areas such as polynyas and the marginal ice zone have higher
primary production due to longer periods for growth and earlier nutrient availability, but also
mostly low zooplankton standing stocks (Hirche, 2004). However, there are exceptions;
elevated levels of primary production have been reported in the northern region of the NEW
Polynya (Westwind Trough and Belgica Bank) (Pesant et al., 1996; Smith Jr., 1995; Wallace
et al., 1995), this has also led to a relatively high abundance of benthic foraminifera (Ahrens et

al., 1997; Newton and Rowe, 1995).

The abundance of PF on the NEGS in September 2017 was moderate to low and was
characterized by high spatial variability which does not follow a geographical pattern (Fig.
6A). It should be noted that PF in general tend to have a “patchy” spatial distribution (Meilland
et al., 2019). In our study, the abundance of PF in the water column does not show a statistical
correlation with temperature, salinity, maximum chlorophyll-a concentration or with bottom
depth. This modern situation is in contrast to the early Holocene, when there was a high flux
of PF in this region (Syring et al., 2020a, 2020b). Periods with high abundance of PF on the
NEGS is thought to be linked to an intensified inflow of relatively warm recirculating Atlantic
Water from the eastern to the western Fram Strait (Syring et al., 2020a). Within the
temperature-tolerance range, food availability may be the main parameter controlling PF
abundance, with primary production serving as a timing cue (Fraile et al., 2008; Kretschmer et

al., 2016).

N. pachyderma is the dominant living PF species on the NEGS, which is in line with most

previous studies (Kohfeld et al., 1996; Pados and Spielhagen, 2014). Further east in the Fram
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Strait there are more significant populations of 7. quinqueloba, G. bulloides, G. uvula and G.
glutinata as a result of the warm and saline Atlantic Water (Jensen, 1998; Pados and
Spielhagen, 2014). The warmest water temperature is at ST13 (Fig. 3). At ST13 there is a
distinct layer of Atlantic water found at 150-300 m, this station also has the highest abundance
of T. quinqueloba in the water column and in the surface sediments (Figs. 6A and 6B), although
it should be noted that 7. quinqueloba is found in the surface and subsurface waters above the
Atlantic Water layer, but it still seems that the Atlantic Water influences the habitat. In the
sedimentary paleorecords, the presence of 7. quinqueloba is often considered to signify periods

with influx of warm AW (Rasmussen et al., 2016; Werner et al., 2013; Zehnich et al., 2020).

Based on sediment trap data from the Nordic Seas in the 1990s, the maximum productivity of
N. pachyderma takes place in July-September (Kohfeld et al., 1996; Schroder-Ritzrau et al.,
2001), and nowadays the timing of productivity is likely earlier (Kahru et al., 2011). In this
study it is possible that the water column sampling was carried out too late in the season to
capture the peak abundance of PF. In late September the solar insolation at 74° N-80° N is at
pre-spring bloom levels (pveducation.org). The low chlorophyll-a concentration (0—1.19 pg/L)
in the water column reflects this, typically in the Greenland-Norwegian Sea the fall bloom
occurs around the second half of July to the second half of August, which mean that it occurred

between a month and two months before our plankton net sampling (Ardyna et al., 2013).

When sea ice is present, the abundance of N. pachyderma in Fram Strait is primarily controlled
by the thickness of the sea ice, and by chlorophyll-a levels when there is no sea ice present
(Greco etal.,2019). A higher abundance of N. pachyderma or other species of PF was, however
not found at stations with higher chlorophyll-a levels and/or nutrients (Fig. 4B and 4C). In this
study, the stations are along the ice-edge or among drift-ice of unknown thickness. Only two
plankton net stations are completely ice free (ST16 and ST19), but they are located in the
Young Sound. Because Young Sound is a fjord, it is difficult to compare with the PF
abundances from the shelf. There is a near absence of PF in the Young Sound, likely due to the
close proximity to land which results in more turbid waters. Also, the Young Sound stations
are outliers in this study, both in terms of environmental conditions (Fig. 4A) but also their
location being relatively far south (74° N). The warm waters in the Young Sound are likely
partly due to summer warming at the surface and warming of deep bottom waters potentially
due to geothermal processes (Rysgaard et al., 2018). The Young Sound has a shallow outer sill
(45 m), meaning that AW does not readily enter the fjord (Rysgaard et al., 2018).
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In our study, PF are most abundant in the 0-50 m depth interval, apart from ST12, ST16 and
ST19, where abundance peaks at 50-100 m. Both sampling intervals of peak abundances
correspond to PSW and PSWw. In the 0-50 m depth interval the salinity ranges from 28.3 to
32.3, which is relatively low. This shows that the PF on the NEGS are tolerant to salinity
minima. It was shown that N. pachyderma in the Fram Strait tolerate a wide salinity range
(between 32.6 and 34.0), but avoided the salinity minima of 31.8 (Volkmann, 2000). It has also
been demonstrated that the subpolar N. incompta can survive and remain healthy for up to 26
days in salinities as low as 28 (Greco et al., 2020). Furthermore, the robustness of PF on the
NEGS is demonstrated by their ability to exist in a range of environments, in terms of sea-ice
conditions, chlorophyll-a and hydrography. This is backed by the fact that PF standing stock
did not correlate to environmental variables, meaning they are robust enough to be found in

most places.

A notable feature on the NEGS is the anticyclonic gyre located in Belgica Bank (Schneider and
Budéus, 1994). Our data does not show an influence of this strong current on PF abundance in
the water column or surface sediments, other than the presence of a single benthic foraminifera
in the plankton tow at STO1 (Table 1). The presence of benthic organisms in a plankton tow is
a sign of strong bottom currents (Kimoto et al., 2009). Furthermore, the fact that the PF
populations do not co-vary with any in situ environmental parameters (Fig. 4B and 4C) presents
the possibility that they have been transported to the NEGS by the RAC, or they are endemic
to the NEGS but have been transported by surface currents. If the PF were introduced to the
NEGS by the RAC, it means that the PF on the NEGS during this time of the year are ‘guests’
and there are little or no endemic populations. It has been calculated that AW from the West
Spitsbergen Current (WSC) transports a large biomass of zooplankton to the Arctic Basin
(Basedow et al., 2018). It is then reasonable to assume that a portion of the zooplankton from
within the WSC is transported west with the RAC. The organisms are then distributed across
the NEGS and towards marine terminating glaciers by various flow paths steered by
bathymetry. Even though PF abundance peaks between 0 and 100 m water depth (Fig. 5), and
Atlantic water is not present until approximately below 150 m (Fig. 3A), the PF do not have to
stay confined to the water mass they were transported in. Once Atlantic water is submerged
under PSW we speculate that the PF return to the upper water column due to acclimation. It

has been shown that Calanus finmarchicus, despite of changing hydrography on the NEGS still
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showed a typical vertical distribution with a maximum in the euphotic zone (Hirche and

Kwasniewski, 1997; Hirche and Mumm, 1992).

5.2 Comparison to previous plankton net studies

There are few vertical abundance profiles of PF from the NEGS, and the majority were taken
several decades ago. Many of the studies were primarily focused on the spatial distribution of
PF in the Fram Strait, so there was often only one station on or close to the NEGS at the given
latitude, representing the westernmost extent of the Fram Strait. Other biological studies on the
NEGS are mainly concerning larger zooplankton like calanoid copepods (Ashjian et al., 1997,
Hirche and Kwasniewski, 1997). These studies found that the polar copepod Calanus glacialis
is dominant on the NEGS, along with some Atlantic species such as Calanus finmarchicus
advected onto the shelf (Hirche and Kwasniewski, 1997). The copepod studies mirrors the PF
faunas in our study, because here the polar species N. pachyderma is dominant but the Atlantic

species T. quinqueloba is also present.

Plankton net samples from two stations on the NEGS in early October 1995 also show low
standing stocks, which range between 6 and approximately 173 ind. m- (> 63 um) (Jensen,
1998). The easternmost station (10°44 W) had the highest standing stock and was dominated
by T. quinqueloba, while the station at 13°07 W was dominated by N. pachyderma (Jensen,
1998). In July 2011, an ice-covered station on the slope (5°21 W) was comprised of 90.1% N.
pachyderma (100-250 um) (Pados and Spielhagen, 2014). Two plankton net samples along the
ice margin just north of our sampling sites (81°N, 5-10°W) from August 1995 were dominated
by N. pachyderma, while sampling stations further east were dominated by 7. quinqueloba
(Volkmann, 2000). At the two sampling stations on the NEGS abundances (125-250 pm)
ranged from 22 to 74 ind. m-3, and the station further west on the shelf had the highest
abundances (Volkmann, 2000). Unlike the majority of the stations in our study, the peak PF
abundance was found at 50-100 m, below the low salinity layer which had a minimum of 31.8.
This difference in depth habitat compared to the 1995 plankton tows could be interpreted as an
increased tolerance of low salinity, if indeed the PF faunas in 1995 were avoiding the shallow

low salinity layer.
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A sampling campaign in August 1985, sampling two transects in the Fram Strait (78 and 80°N),
found the peak PF abundance (> 63 um) along the stable ice margin (~ 1250 ind. m~), which
was at approximately 8 and 4°50 W, just east of the shelf edge (Carstens et al., 1997). The
faunal composition across the transect was dominated by both N. pachyderma and T.
quinqueloba (Carstens et al., 1997). Unlike Jensen (1998), Volkmann (2000), Pados and
Spielhagen, (2014), Carstens et al. (1997) found that the faunal assemblages did not vary based

on the presence of Polar water or Atlantic water, or the proximity to sea ice.

Twenty-five years prior to our study, plankton tows from the NEW Polynya were completely
dominated by N. pachyderma, the maximum concentration was found at the chlorophyll-a
maximum (20-80 m) and standing stocks ranged from 2 to 109 ind. m- (Kohfeld et al., 1996).
This is within the range found in this study. The station with the highest standing stock was
relatively far to the east (10° 8 W). It must be noted that the mesh size used in the study by
Kohfeld et al. (1996) was 180 um, so the actual abundance of PF is likely to be higher, and the
actual species composition would have potentially been less dominated by N. pachyderma, as
the smaller species would be underrepresented. The majority of the previous plankton tow
studies in the region used a larger mesh size than 63 pm. Smaller mesh sizes allow for the
capture of smaller species such as T. quinqueloba, Globigerinita uvula and Globigerinita
glutinata that are associated with warm and saline Atlantic Water (Carstens et al., 1997) or
with oceanic frontal zones (Husum and Hald, 2012). However, in our study we did not find a
significant number of these small species either. The small species may therefore also not have
been present in large numbers at the time of the previous investigations, meaning these studies
(Kohfeld et al., 1996; Pados and Spielhagen, 2014; Volkmann, 2000) did not overlook much

species richness.

Thus, collectively these studies on the modern PF distribution of the NEGS, including our own,
show that there is a moderate to low abundance of PF on the NEGS, which is typically
dominated by N. pachyderma. Stations, which have a relatively high concentration of PF, have
an abundance in the order of 100 ind. m-* while east of the NEGS concentrations may reach
over 1000 ind. m-3 (Carstens et al., 1997). The variability in abundance between studies and
the ratio between N. pachyderma and T. quinqueloba is likely explained by the different
sampling periods and mesh-size of the sampling net. It was hypothesized in Pados and
Spielhagen (2014) that samples taken in the western Fram Strait in late summer/early autumn

should have a greater presence of 7. quinqueloba due to the higher water temperature. This
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hypothesis is supported by sediment trap data from the Irminger Sea that shows peak T.
quinqueloba abundances in early autumn (Jonkers et al., 2010). Therefore, 7. quinqueloba
could be overrepresented in our plankton net samples (five out of ten stations having > 10 %)
due to the time of sampling. In contrast, only two of the seven surface sediment samples had a
> 10 % relative abundance of 7. quinqueloba suggesting that the occurrence is lower during

peak PF production in July-August (Hebbeln and Wefer, 1991).

5.3 Sedimentation of foraminifera on the NEGS

The sedimentation of PF and preservation in the surface sediments is influenced by several
factors. A low abundance or absence of PF in the surface sediments would be due to one or
more of the following factors: 1) PF are not present in the overlying water column, 2) PF in the
overlying water column are transported away, 3) variation in sedimentation rates or 4)

dissolution in the sediments or water column.

There are likely to be several factors at play giving rise to the spatial variability of PF in the
surface sediments on the NEGS. The variability is likely linked to the molar ratio of organic
and CaCO; carbon flux (rain ratio), surface currents, and the preservation potential in the
sediments (Huber et al., 2000). Typically, regions that are influenced by the cold surface water
masses of the EGC have carbonate-poor surface sediments (Hebbeln et al., 1998; Henrich,
1998; Huber et al., 2000). The NEGS is well above the calcite saturation horizon (Huber et al.,
2000). This means that dissolution of settled PF tests can only be attributed to factors that
change the pore water chemistry in the surface sediments or at the water-sediment interface,
typically a high input of organic matter and release of CO, by bacterial degradation. Dissolution
of settled PF has been suggested as one of the reasons for low carbonate content on the NEGS
(Hald and Steinsund, 1996). Neogloboquadrina pachyderma from surface sediment samples in
the NEW Polynya showed subtle signs of dissolution (Kohfeld et al., 1996), yet Pados and
Spielhagen (2014), Pados-Dibattista et al. (2021) and Zehnich et al. (2020) found no major
signs of PF dissolution in surface sediments from the NEGS. This suggests that dissolution is
spatially variable, or that there is little CaCOj5 dissolution at the present because we are not in
an interval of high productivity. Our samples were also likely not affected by post-depositional
dissolution because there were no shell fragments in the sediments nor did the shells break

when being picked.
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Over the last years the reduced sea ice conditions have allowed research expeditions and
retrieval of sediment cores from this region. These studies have revealed that the surface
sediments on the NEGS has a low carbonate content (0—5 %) (Hebbeln et al., 1998), low total
organic carbon (TOC) (Birgel and Stein, 2004), and a decrease in sedimentation rate (< 50 cm
kyr!) in some areas for the past approximately 1000 years (Syring et al., 2020b). The low
sedimentation rate, combined with low flux of PF are thought to be caused by harsher
conditions on the shelf compared to the mid and early Holocene (Syring et al., 2020b).
Furthermore, peak carbonate and organic carbon sedimentation can be seasonal. At a
seasonally ice covered station it occurred in July-August and in September at a permanently
ice covered station (Hebbeln and Wefer, 1991). The TOC is also not uniformly low on the
NEGS, high TOC content has been found in the sediments below polynyas, owing to increased
levels of primary production at the ice margin (Birgel and Stein, 2004). Remineralization rates
are also highly variable on the NEGS, further contributing to the patchy sedimentation (Daly,
1997).

The complex bathymetry of the NEGS steers the flow and hence the presence and eventual
settling of PF to the seafloor. Recent carbonate sedimentation in this region has also been
shown to be closely related to the surface currents (von Bodungen et al., 1995; Honjo, 1990).
This means that the PF may be transported away before they can settle, depending on the
location. The weak correlation (R? = 0.34, p-value = 0.058) between station depth and
abundance of PF in the surface sediments suggests that there are weaker currents over troughs,
allowing for accumulation of PF in the underlying sediments. Due to the positive correlation
between water depth and individuals per gram in this study, the carbonate content of the
sediments could be diluted by transportation of terrigenous material associated with ice and

currents (Henrich, 1989; Henrich and Baumann, 1994; Kellogg, 1980).

The two stations with the highest concentration of PF in the surface sediments are ST08 and
ST10 (5500 ind. g'!' and 382 ind. g, respectively) within the Norske Qer Ice Barrier (NOIB),
an area of semipermanent fast-ice between 78—80°N. The N@IB has broken up almost every
summer since 2000 (Sneed and Hamilton, 2016). The high concentration of PF in the surface
sediments is likely the result of high productivity from the increased stratification from
meltwater and nutrient input. The NOIB is also an area of upwelling and high nutrient “jets”

from outflowing Arctic surface water originating from the Chukchi-East Siberian Sea (Lara et
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al., 1994). ST08 and ST10 are also located in the Belgica Trough, which is known to have weak
bottom currents (Piepenburg et al., 1997). Weak bottom currents could lead to relatively high

sedimentation of PF.

There is a total absence of PF in the surface sediments at ST07, ST22 and ST19. The absence
of PF in the Young Sound (ST19) is likely due to the low salinity throughout the water column
(Fig. 3D), making living conditions for PF hostile as also seen in the low concentration of PF
in the water column. In addition, the Young Sound is an extremely unproductive fjord (Holding
et al., 2019). ST22 is located close to the mouth of the Young Sound, just east of Wollaston
Forland. Young Sound in general is highly influenced by runoff from land, these turbid and
fresh waters likely limited productivity and make for a hostile environment for PF (Bendtsen
et al., 2014). There were several small stones in the sediment sample, which was not the case
in any of the other stations, pointing to rafting from melting icebergs adding to the turbidity.
STO7 is just east of Belgica Bank, the absence of PF in the sediments could be explained by

the sample being retrieved from a steep slope.

The two stations which has the highest percentages of 7. quinqueloba in the surface sediments
are ST13 and ST10. Turborotalita quinqueloba comprised 18.2 % and 12.3 % of the
assemblages, respectively, which coincides nicely with the overlying water column (19.1 %
and 7.8 %, respectively). The dominance of N. pachyderma in the surface sediments (Fig. 6B)
is in agreement with previous studies (Johannessen et al., 1994; Kohfeld et al., 1996). In 1985
1987 N. pachyderma was approximately 99 % of the surface sediment assemblages (> 150 pm)
(Pflaumann et al., 1996). However, by neglecting the 63—150 um fraction, shells of the smaller
T. quinqueloba may have been underestimated. Two and a half decades later a surface sediment
sample (100250 um) from the slope showed that the percentage of N. pachyderma had
decreased to 87.5 %, the rest of the sample was comprised of 7. quinqueloba (Pados and
Spielhagen, 2014). In this study the average percentage of N. pachyderma in the surface
sediment was 93.2 %, and 91.1 % at STO1, which is closest to the location of the samples by
Pados and Spielhagen (2014). The percentage is a small increase from 2011 (Pados and
Spielhagen, 2014), but lower than the samples from the 1980s. Differing mesh-sizes make it
difficult to reach a conclusion, but there may be a decreasing trend in the proportion of N.
pachyderma in the surface sediments on the NEGS. This decreasing trend in the dominance of
N. pachyderma could be an early sign of Atlantification caused by increased inflow of a warmer

AW (Beszczynska-Maoller et al., 2012; Karcher et al., 2003; Polyakov et al., 2017).
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5.4 Paleo-perspectives and future outlook

The NEGS is dominated by the polar species N. pachyderma, while any small influence of AW
seemingly encourages the presence of the subpolar species 7. quinqueloba, in addition to N.
incompta, G. glutinata and G. bulloides (although more AW is required for significant
populations). This species composition coupled with the heavy sea-ice coverage and moderate
to low abundance in the water column and surface sediments means that the NEGS can be used

as a modern analogue for glaciated conditions on glaciated margins in the past.

In addition to being a modern analogue for conditions over glaciated margins in the past, the
climatic history of the NEGS can provide clues as to how the planktonic foraminiferal
community will develop if the global warming trends continue. The NEGS experienced several
oceanographic and climatic shifts during the Holocene which are recorded in sedimentary
sequences (Pados-Dibattista et al., 2021; Syring et al., 2020a, 2020b; Zehnich et al., 2020).
These past events tell us that rising air temperatures and an increased influence of warm AW
will lead to an increase in surface productivity on the NEGS, increased percentages of sub-
polar PF species, and an overall increased abundance of foraminifera. Analogous intervals to
the current warming are also found during the Last Glacial Period(~115-11.7 ka), during
which there were abrupt warm intervals referred to as Dansgaard-Oeschger (D-O) events. The
D-O events were marked by a rapid reduction in seasonal sea-ice cover, which is what we see
on the NEGS today (Nghiem et al., 2012; Shepherd et al., 2020). The present rate of warming
today is also similar to D-O events, where extensive sea ice reductions may have happened
within 250 years or less (Sadatzki et al., 2020). In the North Atlantic and Nordic Seas, D-O
events also led to presence of more sub-polar species and higher abundances of foraminifera

(Rasmussen et al., 2016).

Model simulations show that there will be an increase in the AAW layer on the NEGS as the
inland ice, glaciers, icebergs and sea ice melts, both in terms of volume and temperature (Wang
etal., 2020). There have already been warm spells over the last decades in the Arctic and Fram
Strait which coincided with either an increased presence of AW or warmer AW (Beszczynska-
Moller et al., 2012; Karcher et al., 2003; Polyakov et al., 2017). The current decline in sea-ice

cover in the Arctic has already been linked to an increase in primary production (Arrigo and

27

122



743
744
745
746
747
748
749

760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

van Dijken, 2015; Henley et al., 2020, Wassmann et al., 2011). Melting of sea ice along the
marginal ice zone stratifies the upper water column and fosters intense production. The increase
in primary production in the Arctic suggests that conditions on the NEGS may also soon be
more favorable for PF blooms than the previous decades. The present-day assemblages on the
NEGS will shift according to changes in environmental conditions caused by the ongoing
climate change, the same way PF assemblages have shifted globally since the onset of the

Anthropocene (Jonkers et al., 2019).

6 Conclusions

This study is the first of its kind, entirely dedicated to planktonic foraminiferal (PF)
assemblages and concentration in the water column and in surface sediments on the Northeast
Greenland shelf (NEGS). Our results show that Neogloboquadrina pachyderma is the
dominant PF species on the NEGS, it made up 86.2 % of the living PF in the water column and
932 % of the recently settled specimens in the upper seafloor sediments. The spatial
distribution of PF on the NEGS is characterized as heterogeneous both in the water column and
in the surface sediments. The PF were in pristine condition and well preserved. The station
with the most prominent layer of Atlantic water (ST13), also had the highest abundance of the
subpolar species 7. quinqueloba in the water column (36 ind. m-). The highest concentration
of PF in the surface sediment was found at the Norske @er Ice Barrier (5500 ind. g dry
sediment), while the highest standing stock in the water column was found at the Belgica
Trough (313 ind. m-®). The PF assemblages and abundances in the water column have no
correlation to environmental parameters (temperature, salinity, chlorophyll-a, nutrients, bottom
water depth) (Table 1), leading us to speculate that they are ‘guests’ transported to the shelf by
the Return Atlantic Current (RAC) or East Greenland Current (EGC) and that they moved
upwards in the water column into the PSW to their preferred depth habitat. The PF faunas on
the NEGS were also found to be highly tolerant to relatively low salinities, and overall robust

as they were found in all a variety of environmental conditions.

The concentration of PF in the surface sediments did not coincide with the abundance in the
overlying water column. Due to the timing of sampling (September) and a smaller percentage
of T. quinqueloba in the surface sediments, it made us speculate that our results of live
planktonic faunas show an overrepresentation (seasonal signal) of 7. quinqueloba compared to

peak PF productivity in the summer months.
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Our PF data in terms of assemblages and abundances are similar to previous studies in the
region. This means that there have not been drastic changes in the PF community on the NEGS
over the past few decades, although the proportion of N. pachyderma may have decreased by

around 10% under the increasing influence of Atlantic water in the Arctic and Fram Strait.
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