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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 CO2 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 (CO2) 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 
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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; Krüger and Graßl, 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 (CaCO3; e.g., foraminifera and 

pteropods). Marine organisms that use dissolved calcium and carbonate ions from seawater to build 

a CaCO3 (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 CaCO3) 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 
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(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 CO2, and every year approximately 3 billion tons of CaCO3 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 (Kučera, 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 II). 
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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 (Bednaršek 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 I), explore the relationship between 

shell size, habitat depth and calcification (Paper II) and sample a completely new area that is 

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

 
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 
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gradients in the carbonate system and CaCO3 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 I 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 II 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 I 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). 
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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; 

Lončarić 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 II, 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 μm) 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 I 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 (Bjørnøyrenna 

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 (IOL), 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 
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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 I and Paper II 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 III). 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 (Kučera, 2007), and some species have photosynthetic symbionts, 
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which will restrict their depth habitat to the photic zone (Takagi et al., 2019). In Paper II, 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 II. 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 II. 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 

et al., 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 I), 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 I shows that smaller shells are indeed concentrated in 

the 0–50 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 
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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 III), 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 II and Paper III), 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. 
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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 CO2, yet the current rate of increase in CO2 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-20th 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 



 
 

 11 

stable than aragonite (shelled pteropods), and the tendency for the crystal structure to dissolve is 

linked to the so-called “saturation state” or “Ω” in the surrounding environment of the particular 

mineral phase. The crystal structures of aragonite and calcite are thermodynamically stable when 

Ωcalcite and Ωaragonite > 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; Iwasaki et al., 2019b; 

Marshall et al., 2013; de Moel et al., 2009; Oakes and Sessa, 2019; Osborne et al., 2016). In Paper II 

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 ([CO!"#]) 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 CO2 (Moy et al., 2009; Zamelczyk et al., 2012) showcases the relationship between 

atmospheric CO2, 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 (Bednaršek et al., 2012; Bednaršek 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 

CO2 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 ΩAr and shell degradation in L. helicina has 

been confirmed by observations from marine environments with large natural gradients in the 

carbonate chemistry (Bednaršek 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-Ω waters (Weinkauf et 

al., 2016), but this relationship has not been shown for shelled pteropods (Bednaršek et al., 2017a; 

León 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 CaCO3 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, 

it is 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 II). 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) Investigate effects of methane seepage on shell condition and abundance of planktonic 

foraminifera and shelled pteropod faunas (Paper I) 

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

I) 

3) Explore how shell density varies with ontogeny, water depth and in relation to 

environmental conditions in the water column (Paper II) 

4) Characterize the effects of ocean acidification on Limacina helicina and climate change 

impact on calcifying plankton in the Barents Sea (Paper II) and on the Northeast Greenland 

shelf (Paper III) 

5) 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 III)  

 

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 Bjørnøyrenna Craters in the northern Barents Sea 

(Paper I and Paper II) and Northeast Greenland Shelf (Paper III) (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; Bjørklund 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 (Bjørnøyrenna 

Craters; Papers I and II), or sea-ice dynamics and the interplay between Polar and Atlantic Water 

(Northeast Greenland Shelf; Paper III). 

 

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 Bjørnøyrenna 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, NwAC Norwegian Atlantic Current, Basemap from IBCAO 3.0 (Jakobsson 

et al., 2012). 
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2.1 Northern Barents Sea (Bjørnøyrenna Craters) 
 
The Bjørnøyrenna Crater area is located in the 850 km long cross-shelf trough Bjørnøyrenna (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 Bjørnøyrenna 

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 (CH4), 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 CH4 gas bubbles escape from the hydrate they are either 

anaerobically oxidized in the sediment, producing hydrogen sulphide (H2S), or aerobically oxidized in 

the water column, utilizing oxygen and producing CO2 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 Østerhus, 

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-Møller 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–III. 

 
3.1 Water column sampling  
 
Marine calcifiers (planktonic foraminifera and shelled pteropod species Limacina helicina) from the 

water column in the Bjørnøyrenna Crater area (Paper I and Paper II) and the Northeast Greenland 

Shelf (Paper III) were sampled with a stratified plankton tow from HydroBios (MultiNet, 63-μm mesh, 

net opening 0.5 m2; Figure 1A). The MultiNet opens and closes at predetermined depths. Five depth 

intervals were sampled in the Bjørnøyrenna 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 Bjørnøyrenna Craters (Figure 4A). However, only four depth intervals were sampled 

on the NEGS (Paper III), 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 (m2) x depth interval (m)). 

 

Once onboard the plankton samples were transferred to a 63-μm 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, Tromsø, 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 I), carbonate chemistry (Paper I and Paper II) and nutrients (Paper III) 

(Figure 4D). There were eight CTD stations in the Bjørnøyrenna 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 Bjørnøyrenna 

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 

Bjørnøyrenna 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 × 

50 × 50 cm; Paper I; Paper II and Paper III) and a haps-corer (Paper III) were used. For this thesis, 

three surface sediment samples from the Bjørnøyrenna 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 I and Paper II), and stored at 2 °C, or frozen 

at -20 °C without any additives and freeze dried once on land (Paper III). Surface sediment samples 

from the Bjørnøyrenna 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-μm 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 I) and calcification rate (Paper II). 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 μg 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 I 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 II 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 (δ13C) and oxygen (δ18O) from planktonic foraminiferal shells collected in 

summer (June 2016) at the Bjørnøyrenna 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, Tromsø, Norway (Paper I). In total, 20 specimens of Neogloboquadrina pachyderma and 

20 specimens of Turborotalita quinqueloba in the size class 150–200 μm 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 (Iversen 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 δ13C 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 Bjørnøyrenna 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 II). 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 Bjørnøyrenna 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 μm, n = 7), or juvenile Limacina helicina (300–4000 μm, 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 II), a limestone particle (diameter of approximately 130 μm; 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 μm, 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 μm for the pteropods and 0.964 μm 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 CaCO3 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 

CaCO3 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).  

 

 

 

 

 

 

 



 
 

 23 

4 Summary of papers 
4.1 Paper I 
 

 
 
 
 
 
 
 
 
 

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 

Bjørnøyrenna 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 δ13C and δ18O 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 μm to 188.6 μm), while diameters of L. helicina increased by 90.5 % (from 175.6 

μm to 334.6 μm). The assemblages in the surface sediments consisted of Turborotalita quinqueloba 

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 
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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 Paper II 
 

 
 
 
 
 

 
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 I). 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 (Iwasaki et al., 2015, 2019a, 2019b).  

 

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 
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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 Ωcalcite waters. 
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4.3 Paper III 
 
 
 
 
 
 
 

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./m3) 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-Møller et al., 2012; Karcher et 

al., 2003; Polyakov et al., 2017).   

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) 
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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 I and Paper III), 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 II). 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 III) and 

Turborotalita quinqueloba dominates in Atlantic Water (Paper I). There may be a decrease in the 

relative abundance of N. pachyderma on the Northeast Greenland shelf compared to studies from 

the 1990s (Paper III), and sub-tropical species can be found in the Barents Sea (Paper I). Planktonic 

foraminifera and pteropods have a distinct vertical shell density gradient (Paper II) and are not 

affected by intense methane seepage even in the relatively shallow Barents Sea (Paper I). 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 I and Paper III). 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 I and Paper II). 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 II). The same is also true for planktonic foraminifera found 

in surface sediments (Paper II). 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 I) and the Northeast Greenland shelf (Paper III). 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 Tromsø 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 Tromsø (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 μm). 

Future studies should continue using a 63-μm mesh to capture the entirety of the community which 

can be identified. Many older studies used a mesh size as large as 180 μm, making it difficult to assess 

changes in absolute abundances and species composition through time. By using a larger mesh-size 

than 63 μm 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 CaCO3 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 II). A common analytical method would allow a direct 

comparison between sites and water masses. The shell density data (Paper II) 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 II). Also, a significant range in shell density was found in the surface sediments 

(Paper II). 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 II, 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 II). 
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