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Abstract 
At the dawn of the 21st century, the Arctic Ocean ecosystem is at great risk 

due to rapid climatic change. The ice edge retreat observed in the Barents Sea and 

other sub-Arctic areas is so substantial that has led researchers to characterise them 

as global warming hotspots. Therefore, there is an immediate need to increase our 

knowledge on the availability of elements, and especially those in the particulate pool 

to understand the aftermath of loss of sea ice in those areas. The samples and data 

ŦƻǊ ǘƘƛǎ ǘƘŜǎƛǎΣ ǿŜǊŜ ǇǊƻǾƛŘŜŘ ǘƘǊƻǳƎƘ ǘƘŜ bŀƴǎŜƴ [ŜƎŀŎȅ ǊŜǎŜŀǊŎƘ ǇǊƻƧŜŎǘ ά¢ƘŜ ƭƛǾƛƴƎ 

.ŀǊŜƴǘǎ {ŜŀέΣ ǿƘƻǎŜ ŦƻŎǳǎ ƛǎ ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ ōƛƻƭƻƎical communities and processes 

of the northern Barents Sea and adjacent Arctic Basin. During two summer cruises 

with contrasting ice conditions the particulate concentration for P, S, O, Na, Mg, Cl, K, 

Ca, Si, Fe, Mn, Cu, and Zn, was measured with wavelength dispersive X-ray 

fluorescence spectroscopy along the study transect to map their distribution. A series 

ƻŦ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ǘŜǎǘǎ ǊŜǾŜŀƭŜŘ ǘǿƻ ƎǊƻǳǇǎ ƻŦ ŜƭŜƳŜƴǘǎΣ ƻƴŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ 

living material in the euphotic zone (2018: P-S-Ca & 2019: P-S-Mg-K-Na-Cl) and one 

with a greater prominence in the deeper samples (2018: Si-O-Fe-Mn-K-Mg & 2019: Si-

Fe-O-Mn ) suggesting resuspension of particulate matter. Canonical Correspondence 

Analysis with complementary biological and hydrographical data further confirmed 

these patterns and uncovered more detailed information about how the distribution 

of elements in the particulate pool is linked to biogenic sources in the study area. 

Examination of samples using a Scanning Electron Microscope revealed the most 

dominant organisms in the study area each year as well as supporting evidence of 

strong Atlantic influence in 2018 and the impact of sea ice in 2019 as shown with 

elemental patterns. These patterns and the investigation of their link with 

hydrographical and biological factors presented here provide an elaborate overview 

of the particulate elemental composition in the North-West Barents Sea and 

contribute to further understanding of the potential effects of loss of sea ice in that 

area. 

Keywords: Particulate matter, elemental composition, marine 

microorganisms, Barents Sea, sea ice loss 
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1. Introduction 
The marine ecosystems on Earth comprise a tremendous amount of microbial 

diversity and abundance that, together with physical and chemical processes, govern 

the pathways and cycling of biologically essential elements within the marine 

environment (Arrigo, 2005; Azam et al., 1983). Since the beginning of the 20th century 

and the pioneering work of Alfred Redfield (Redfield, 1934), our knowledge of the 

relationships between bioinorganic chemistry and marine biogeochemistry has been 

steadily growing (Morel et al., 2003). The ongoing flow and balance of elements 

between the organisms with unique elemental composition and their environment, 

include among other processes, assimilation, transfer, and mineralization 

(transformation of organic to inorganic compounds) and is the concept of ecological 

stoichiometry (Sterner & Elser, 2008). 

Matter is made up of chemical elements required for regular functions of living 

organisms and is abundant in nature in different forms, some directly available for 

uptake and use and some not (Frausto da Silva & Williams, 2001). The widespread way 

of characterizing different fractions of matter is based on the size of the particles. 

Typically, all matter that consists of particles larger than 0.22-0.45 ˃ m is defined as 

particulate matter and can be retained on filters. In contrast, anything smaller than 

that is referred to as dissolved matter (Volkman & Tanoue, 2002). Each group is then 

subcategorized depending on whether they consist of organic or inorganic compounds 

(Greenwood & Earnshaw, 2012).  

Inorganic particles in oceanic systems have various origins. These include 

erosion by weathering processes (e.g. rivers), land surface drainage, and hydrothermal 

vents, as well as deposition of biogenic material (e.g., siliceous frustules of diatoms 

and radiolarians, which are composed of opaline silica (SiO2.nH2O), CaCO3 shells of 

coccolithophorids and  foraminifera) (Langer, 2008) in the forms of dissolved inorganic 

matter (DIM) and particulate inorganic matter (PIM) (Frausto da Silva & Williams, 

2001). Dissolved organic matter (DOM), on the other hand, includes colloids (<1 ˃m), 

viruses, small bacteria, and true solutes (low-molecular-weight compounds: 

polysaccharides and amino acids). Often DOM materials aggregate to form particles. 
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Thus, DOM and POM form a continuum, with microbes found in both fractions 

(Verdugo et al., 2004). 

1.1. Marine particulate matter and its constituents 
Marine PM or seston is a heterogeneous mixture of living organisms and 

organic detritus and inorganic particles, which may vary substantially in their 

elemental compositions in terms of quality and quantity (Collier & Edmond, 1984). 

During the course of a bloom, phytoplankton constitutes a large fraction of POM 

together with zooplankton, protists, flagellates, and large bacteria (Verdugo et al., 

2004). Additionally, other types of labile particles like organic detritus and lithogenic 

inorganic materials form particle assemblages in the water column. They can, together 

with plankton cells and zooplankton fecal material, form large aggregates held 

together by transparent exopolymeric particles released from plankton, known as 

marine snow (Grossart et al., 2006; Munn, 2019). 

There are various sources of PM in marine systems. Some are connected to 

terrestrial input (rivers), erosion (heavy rainfall and snowmelt), aerial deposition of 

dust particles (wind-blown dust, volcanic ash, and cosmogenic dust), crustal 

enrichment (sediment resuspension) and as mentioned earlier to biogenic origin 

(Price & Skei, 1975). This variability in the sources of PM is the reason for the great 

variability in its elemental composition and availability of chemical elements in 

oceanic systems. If we want to grasp the mechanisms behind nutrient dynamics and 

energy transfer in the food web or even the evolutionary history behind elemental 

stoichiometry it is imperative to collect observational data that map the distribution 

of particulate elemental composition (Finkel et al., 2006; Quigg et al., 2003; Sterner & 

Elser, 2008). But before that, it is important to understand a little bit about the role of 

elements and their cycles in marine ecosystems.  

Among the 20 essential elements for all marine organisms (Quigg, 2008), C, H, 

O, N, P, S make up >95% of the total mass of organic matter, mainly in the form of 

carbohydrates, proteins, nucleic acids and lipids, which have vital roles in the cells 

(Munn, 2019). P is typically the fifth most abundant element in organisms as it is a 

constituent of molecules (e.g., DNA, RNA, and phospholipids) and biominerals (e.g., 

Ca phosphate), it acts as a carrier for energy (e.g., adenosine 59-triphosphate, ATP) 

and substrates (e.g., glucose phosphate) and it participates in signaling paths (e.g., 
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cyclic adenosine monophosphate, c-AMP) (Kay & Vrede, 2008; Vrede & Kay, 2008). 

However, P is constantly alternating between its organic and inorganic form through 

microbial activity (White & Dyhrman, 2013). Heterotrophic and autotrophic microbes 

compete for available P, which affects productivity and that is why its availability has 

a major limiting effect on oceanic primary production rates and microbial community 

composition (Thingstad et al., 1993). For almost a century now, it has become a norm 

for oceanographic and marine studies to use P normalized quotas to characterize the 

trophic state of a certain system and provide information about the distribution 

patterns of elements and stoichiometric relationships of natural samples, cell cultures 

or individual cells (Geider & La Roche, 2002; Ho et al., 2003; Lomas et al., 2019; 

Martiny et al., 2013; Quigg et al., 2003; Redfield, 1934). 

The oceans are the ōƛƻǎǇƘŜǊŜΩǎ ƎǊŜŀǘŜǎǘ ǊŜǇƻǎƛǘƻǊȅ of S (in the form of sulfate). 

Even in the most extreme conditions, such as hydrothermal vents, anoxic sediments, 

and P-dominated supraglacial spring systems, organisms utilize it as a source of energy 

generation and integrate it into organic compounds like proteins and sulfolipids 

(Munn, 2019; Trivedi et al., 2018). Despite the abundance of sulfate in seawater, most 

marine microbes obtain S from recycling of dimethyl sulfoniopropionate (DMSP) 

which is a compound produced by algae, such as Phaeocystis globosa and Emiliania 

huxleyi and some dinoflagellates species. In the cells, DMSP can protect against 

osmotic stress (Yoch, 2002), but on a greater scale, the DMSP cycle is thought to be a 

major driver in climate forcing according to the CLAW hypothesis (the acronym stands 

for the surnames of the scientists who proposed it) (Charlson et al., 1987). 

As a component of oxide compounds such as SiO2, O is the most abundant 

element in the Earth's crust by mass (Greenwood & Earnshaw, 2012). A wide range of 

biological and abiotic activities regulate the cycle of O in the atmosphere. Significant 

progress has been made in understanding the mechanisms that govern concentration 

of O, particularly as it is a major factor in coupled biogeochemical cycles of many 

elements, including C, P, N, S, Si, Ca, Fe, and others (Petsch, 2014). 

Seawater consists of 6 principal ionic components that account for >99% of the 

weight of salts. These are Na (55 %), Cl  (31%),  S (8%), Mg (4%), Ca (1%), and K (1%) 

(Vrede & Kay, 2008). That is why, aside the essential elements described in the earlier 

paragraphs, all marine organisms require inorganic ions, as their survival depends 
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highly on precise osmotic control. Na, K, and Cl, are also of great significance in a 

number of physiological processes like electrolytic balances, stability of DNA and 

membranes, chemical uptake of organic metabolites (Frausto da Silva & Williams, 

2001). Mg has been found to be an important cofactor for a number enzymes and the 

chlorophyll molecule, participate in phosphate transfer as well as act as an osmolyte 

for marine bacteria (Frausto da Silva & Williams, 2001; Heldal et al., 2012).  Ca among 

its various roles in cellular physiology (Frausto da Silva & Williams, 2001), is particularly 

important for calcifying plankton organisms, as it is a basic component of their cell 

wall structures in the form of CaCO3 (Langer, 2008; Munn, 2019). Emiliania huxleyi, a 

marine coccolithophore, is one of the most important CaCO3 producers on earth 

(Fagerbakke et al., 1994; Krumhardt et al., 2017). Unfortunately, there are strong 

indications that ocean acidification due to climate change combined with Fe repletion 

will create unfavorable growth conditions for E. huxleyi causing it to expand to 

northern areas and thus significantly affecting the biological C pump (Rosario Lorenzo 

et al., 2018; Winter et al., 2014). 

The biological pump from the upper water column is majorly influenced by the 

sinking material originating from phytoplankton and especially diatoms (marine snow, 

resting spores, zooplankton fecal pellets etc.) and is responsible approximately for 

40% of oceanic C sequestration όaǳƴƴΣ нлмфΤ ¢ǊŞƎǳŜǊ ϧ 5Ŝ [ŀ wƻŎƘŀΣ нлмоύ. Si is the 

essential limiting nutrient for the growth of diatoms as they use it to build their cell 

wall (frustule) (Borowitzka et al., 2016; Egge & Aksnes, 1992; Lomas et al., 2019) and 

is also utilized by radiolarians, silico flagellates, several species of choanoflagellates, 

and some picocyanobacterial ό¢ǊŞƎǳŜǊ ϧ 5Ŝ [ŀ wƻŎƘŀΣ нлмоύ. Si rarely occurs free but 

is almost exclusively in the form of silicate dioxide (SiO2) or silicate (SiO4-)(Greenwood 

& Earnshaw, 2012). Therefore, the Si cycle is strongly coupled with the O cycle and the 

C flux in marine systems (Egge & Aksnes, 1992; Larsen et al., 2015; Thingstad et al., 

2005). 

Trace elements are those required in minor quantities (typically <0.01%) by the 

organisms to maintain proper physiological functions (Quigg, 2008). Among them the 

most abundant are Fe, Zn, Mn, Cu (Twining & Baines, 2013) which are components of 

metal-containing enzymes and take part in redox reactions (Frausto da Silva & 

Williams, 2001). For instance, Fe is a major component of cytochromes and an 
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important cofactor of enzymes in many metabolic pathways of protists and bacteria 

(e.g., photosynthesis, N fixation, etc.), and has been reported to be limiting for 

biological activity in large oceans (Behrenfeld et al., 1996; Frausto da Silva & Williams, 

2001; Morel et al., 2003; Munn, 2019). That is why different phytoplanktonic species 

have developed competitive iron uptake strategies that create complex interactions 

among functional groups and regulate iron availability in natural systems (Sanchez et 

al., 2018). 

1.2. Microorganisms and their role in the marine 

ecosystem 
Microorganisms are the most abundant organisms on earth, and they play a 

vital role in the global biogeochemical cycles of the elements (Arrigo, 2005). They are 

the major components of plankton in many oceanic and coastal regions(Bratbak et al., 

2011). They are very often associated with suspended material in the water column 

but are also found in high abundances in the sea ice and in the marine sediments. An 

operational approach to categorize microbial plankton groups is to classify them by 

size. Femtoplankton consists of organisms whose size range falls between 0.01ς0.2 

m˃ e.g., marine viruses. Slightly bigger organisms like bacteria, archaea and some 

eukaryotic protists with a size of 0.2ς2 m˃ belong in a group called picoplankton 

(Munn, 2019). However, picoplankton, includes both autotrophic and heterotrophic 

organisms which of course have very different functional roles, therefore it is 

important to specify the type of picoplankton group one is referring to (Marshall, 

2002). To distinguish between autotrophic eukaryotic picoplankton and bacteria it is 

common to use the term picophytoplankton for the first ones. Because bacteria also 

can be autotrophic (e.g. cyanobacteria) and generally are the most common and 

abundant taxa within the autotrophic picoplankton, in many studies they are often 

grouped separately (e.g. Synechococcus)(Marshall, 2002). For the purpose of this 

thesis, autotrophic eukaryotic picoplankton (e.g., Chlorophytes, Chrysophytes, 

Haptophytes, Prasinohytes, etc.) will be referred to as picophytoplankton and 

heterotrophic bacteria belonging to picoplankton as bacteria (Marie et al., 1999; 

Zubkov et al., 2006). Nanoplankton is the group that comprises organisms from 2 to 

20 m˃ big. Nanoplankton includes among others, diatoms, coccolithophores and 
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other flagellates (Munn, 2019). Again, in this thesis the term nanophytoplankton will 

be addressing the autotrophic nanoplanktonic organisms and heterotrophic 

nanoflagellates (HNF) the heterotrophic organisms in this group respectively (Marie 

et al., 1999). Finally, microplankton is a term used for organisms with a size between 

20ς200 m˃ and that includes ciliates, some very big diatoms, dinoflagellates, 

foraminifera, etc., and is a highly important component of PM (Munn, 2019).  

Our understanding of the recycling of elements within the oceanic food web 

and between the organisms and their environment has drastically changed the last 

century. Today, it is broadly accepted that microbes are central factors to the modern 

understanding of this food web, especially in the photic zone (Azam et al. 1983; 

Thingstad et al. 2007). The microbial food web links nutrient and C chemistry and 

energy transfer through the food chain or interior export to the seafloor. Numerous 

studies have shown that phytoplankton species show variation in their elemental 

requirements and composition (Bratbak & Thingstad, 1985; Egge & Aksnes, 1992; 

GonzłƭŜȊ-5łǾƛƭŀΣ мффрΤ YƭŀǳǎƳŜƛŜǊ Ŝǘ ŀƭΦΣ нллпΤ [ƻƳŀǎ Ŝǘ ŀƭΦΣ нлмфΤ vǳƛƎƎ Ŝǘ ŀƭΦΣ нллоΤ 

Sakshaug et al., 1983; Twining & Baines, 2013). This variation in composition influ-

ences both the stoichiometry of phytoplankton-derived PM (Finkel et al., 2006; 

Klausmeier et al., 2004; Rembauville et al., 2016; Sterner & Elser, 2008).  

The first studies on the elemental content of marine PM started to appear 

during the 1970s (Martin & Knauer, 1973; Price & Skei, 1975). Later, more studies 

followed that examined the major element compositions as well as ratios from 

plankton samples to try and link their significance to the fluxes that determine the 

major element cycles (Collier & Edmond, 1984). Some researchers shed light to the 

origin (natural/anthropogenic) and spatial distribution of elemental composition of 

PM in the North Atlantic and the Svalbard area (Barrett et al., 2012; Bazzano et al., 

2014). Alongside those efforts, the pioneer technology of X-ray spectroscopy gave the 

opportunity to reveal the elemental content of PM from water samples (Paulino et al., 

2013) and was also used in comprehensive studies that related its seasonal variability 

to biological and large scale hydrographic processes such as the North Atlantic 

Oscillation (Erga et al., 2017).  

Concurrently, the field of elemental stoichiometry was developing (Sterner & 

Elser, 2008), expanding from the traditional Redfield ratio to including trace elements 
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(Twining & Baines, 2013) as researchers gradually realized that there is great 

variability of the elemental composition between different organismal groups 

(Frigstad et al., 2011; Geider & La Roche, 2002; Klausmeier et al., 2004). This variability 

has been attributed to environmental factors (e.g., irradiance) and evolutionary 

history of marine organisms in seawater (Finkel et al., 2006; Quigg et al., 2003). 

Consequently, there is an growing need to study which factors and processes affect 

the distribution of elements in the PM pool, especially in areas that are drastically 

transformed due to climate change. 

1.3. The Barents Sea 

The Barents Sea expands from the border with the Norwegian Sea eastwards 

to Novaya Zemlya Sea with a latitude ranging between 68.5 ς 82.6 N up to the Arctic 

Continental Shelf edge (Figure 1). In total, it covers an area of around 1.6 million km2, 

with an average depth of 230 m (~500m maximum)(Sakshaug et al., 2009).  

Spatial and temporal variability in the advection of water masses and sea ice 

cover, are typical characteristics of the BS (Dalpadado et al., 2012; Loeng, 1991). It has 

been found that the NAO index has a substantial impact on cyclonic circulation and 

hydrography in the BS on a decadal timeframe (Loeng, 1991; Loeng & Drinkwater, 

2007). On an annual basis, however, fluctuations in sea temperatures are controlled 

by Atlantic inflow in the southern portion, Arctic water and sea ice influx in the 

northern section, and heat exchange with the atmosphere (Loeng, 1991; Loeng & 

Drinkwater, 2007). Consequently, this current fluxes and the bathygraphy, confine the 

water mass distribution in the BS (Oziel et al., 2016).  

The annual average primary production in the whole BS is approximately 90 g 

C per m2 but it can fluctuate anywhere between 10 and 700 g C per m2 (Sakshaug et 

al., 2009). Years of observations and thorough research in the BS (Sakshaug et al., 

1992; Sakshaug et al., 2009) suggest that it is becoming the first ice-free Arctic Sea and 

with the most profound changes taking places in the northern and eastern BS 

particularly after 2005 ({ŎǊŜŜƴ ϧ {ƛƳƳƻƴŘǎΣ нлмлΤ )ǊǘƘǳƴ Ŝǘ ŀƭΦΣ нлмнύ, so much so 

that it is characterized by researchers as a global warming hotspot (Lind et al., 2018). 

Over the last few years, the observed 30% increase in net primary production in the 

BS region, has been attributed to the decline in sea ice cover due to warming 

(Dalpadado et al., 2020; Loeng & Drinkwater, 2007). Despite the increase in the 
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primary production, there is still great incertitude on the exact impact on the species 

distribution and the food web linkages (Dalpadado et al., 2012; Haug et al., 2017; 

Ingvaldsen et al., 2021; Oziel et al., 2020). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Bathymetric map of the Barents Sea. Arrows represent water currents and 
their size, Red: Atlantic current & Blue: Arctic current. 
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1.4. Aim of the thesis 
In order to collect information about the chemical composition and 

distribution of oceanic PM and identify potential patterns and changes due to 

fluctuating sea-ice conditions, samples for elemental composition were collected 

along the Nansen Legacy transect during two consecutive summers (2018-2019). The 

aim of this thesis can be divided into three parts: 

¶ To map the particulate element distribution of P, S, O, Na, K, Cl, Mg, Ca, Si, Fe, Mn, 

Cu and Zn during two summers of contrasting sea ice conditions in the North-West 

BS.  

¶ To calculate the correlations and stoichiometric relationships between the 

elements. 

¶ ¢ƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŜƭŜƳŜƴǘǎΩ ƻǊƛƎƛƴǎ ŀƴŘ ƛŘŜƴǘƛŦȅ ǘƘŜ ŘŜƎǊŜŜ ǘƻ ǿƘƛŎƘ certain key 

biological and environmental factors (i.e., chlorophyll a, microbial abundances, 

temperature, salinity) can assist in interpreting the observed elemental patterns. 
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2. Materials and methods 
2.1. Nansen Legacy transect  

The samples used for this study were collected from the Nansen legacy process 

stations P1-P5 in the North-West Part of the BS (Figure 2) covering the northern BS 

from south of the Polar Front towards the Arctic Ocean 

(https://arvenetternansen.com/). The sampling was conducted on the Norwegian 

research icebreaker R/V Kronprins Haakon throughout the course of two research 

cruises which took place on the 6th-23rd of August 2018 (JC1-2: Joint Cruise 1-2) and 

5th-27th of August 2019 (Q3: reference to the 3rd quarter of the year). In the JC1-2 

cruise the process stations P1-P5 that were conducted were all open water stations. 

On the Q3 cruise, seven process stations (P1, P2, P3, P4, P5, P6 and P7) were 

conducted, of which the first four were open-water stations on the shelf (P1, P2, P3, 

P4), while the ones situated on the shelf (P5), slope (P6) and deep Nansen Basin (P7) 

were covered by ice. To compare the two years, only data from stations P1-P5 were 

analyzed in this thesis.  

This area is hydrographically characterized by six water masses based on the 

description by Sundfjord et al. (2020): 

¶ Arctic Water (ArW): Sea ice melt water is exported southward from the Arctic 

Ocean onto the BS shelf which then circulates northward back and sinks into the 

Arctic Ocean (Aagaard & Woodgate, 2001). This water mass is easily recognized by 

its low salinity (<34.9 PSU) and temperatures below zero. 

¶ Warm Arctic Water (wArW): This water mass can be a result of warming of ArW 

ŜƛǘƘŜǊ ōȅ ǎƻƭŀǊ ǊŀŘƛŀǘƛƻƴ ƻǊ ōȅ ƳƛȄƛƴƎ ǿƛǘƘ !ǘƭŀƴǘƛŎ ²ŀǘŜǊ όҔлϲ/Σ ғопΦф t{¦ύΦ  

¶ Atlantic Water (AW) : Advected from the North Atlantic into the Southwest BS, the 

Fram Strait, the Eastern Eurasian Basin, and the Arctic Basin (Figure 1). This warm 

όҔнϲ/ύ ŀƴŘ ǎŀƭƛƴŜ όҔопΦф t{¦ύ ǿŀǘŜǊ Ƴŀǎǎ ƛǎ ŘƛǎǘƛƴŎǘ ŦǊƻƳ ǘƘŜ ŎƻƭŘ ǎǳǊŦŀŎŜ ǿŀǘŜǊ 

further north due to the strong stratification. 

¶ Modified AW (mAW): The term is used to describe the AW mass that has lost its 

heat (0<T<2ϲ/ ϧ ҔопΦф t{¦ύ ŘǳŜ ǘƻ ǎŜŀ ƛŎŜ ŦƻǊƳŀǘƛƻƴ ŀƴŘ ƳŜƭǘƛƴƎΦ 

¶ Intermediate Water (IW): This definition describes the water mass that has even 

ƭƻǿŜǊ ǘŜƳǇŜǊŀǘǳǊŜ όғлϲ/ ϧ ҔопΦф t{¦ύ ǘƘŀƴ mAW and is usually found deeper. 

https://arvenetternansen.com/
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¶ Bottom Water (BW): A locally formed water mass with extremely low temperature 

(<-мΦмϲ/ ύ ŀƴŘ ƘƛƎƘ ǎŀƭƛƴƛǘȅ όҔопΦф t{¦ύΣ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ǎƛƴƪƛƴƎ ƻŦ ŀ ŘŜƴǎŜ ǎǳǊŦŀŎŜ 

layer during autumn when the release of brine during sea ice formation and 

cooling of the atmosphere occurs.  

 

 

 

 

 

 

 

Figure 2. Map of the Nansen Legacy process stations P1-P5 in the North-West Part of the Barents Sea (left). Sea ice 
coverage for August 2018 (right-top) and August 2019 (right-bottom) Map built under the PlotSvalbard package 
(Vihtakari, 2020) and sea ice coverage data during the corresponding study periods were provided from 
https://resources.marine.copernicus.eu/  

August 2018

August 2019

https://resources.marine.copernicus.eu/
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2.2. Hydrological parameters: temperature and salinity 
A SBE 911plus CTD system (Sea-Bird Scientific, WA, USA), documented 

temperature and salinity, which were used to identify water masses in the study area. 

The CTD was lowered vertically at a speed between 0.8- 1 m/s on each station and 

values were recorded upwards. 

A 24-Niskin-bottle rosette attached to the CTD cage was use to acquire 

samples on the upcast for particulate elemental composition, chlorophyll a, and 

flowcytometry at the assigned standardized sampling depths: 5, 10, 20, 30, 40, 50, 60, 

90, 120, 150, 200 m, DCM (Deep Chla max: only if present and significantly different 

ŦǊƻƳ ǎǘŀƴŘŀǊŘ ŘŜǇǘƘǎΣ ƛΦŜΦΣ ҕ рƳύ ŀƴŘ Bottom-10 m (lowest sampling depth always 10 

m above the seafloor to avoid damage to the equipment). Further cruise and sampling 

details are described in The Nansen Legacy Sampling Protocols (2020a). 

2.3. Elemental concentrations of particulate matter 
Water samples were acquired with a Niskin-bottle rosette attached to the CTD 

cast. Samples were taken from the standard depths on every station. The water 

samples were collected directly from the Niskin bottles into plastics containers that 

were cleaned with distilled water beforehand and rinsed with a small sample volume 

before being filled. If necessary, the containers were kept in a dark and cold place until 

filtration. Right before filtration the containers were gently agitated to resuspend any 

sunken material. For the total particulate element analysis approximately 1.5 L from 

ŜŀŎƘ ǿŀǘŜǊ ǎŀƳǇƭŜ ǿŀǎ ŦƛƭǘŜǊŜŘ ƛƴ ǘǊƛǇƭƛŎŀǘŜ ƻƴ ²ƘŀǘƳŀƴϯ bǳŎƭŜǇƻǊŜϰ ǇƻƭȅŎŀǊōƻƴŀǘŜ 

όt/ύ ŦƛƭǘŜǊǎΣ пт ƳƳ ƛƴ ŘƛŀƳŜǘŜǊΣ лΦс ˃Ƴ ǇƻǊŜ ǎƛȊŜΣ ǳǎƛƴƎ Җнлл ƳƳIƎ ǾŀŎǳǳƳ ǇǊŜǎǎǳǊŜΦ 

After filtration, each filter was rinsed with 5 ml of distilled water to prevent 

interference from salt crystals, then left to air-dry and kept try in petri slides until 

further analysis. Total particulate concentrations of P, S, O, Na, Cl, K, Mg, Ca, Si, Fe, 

Mn, Cu, and Zn were measured by wavelength dispersive X-Ray fluorescence 

ǎǇŜŎǘǊƻǎŎƻǇȅ ό²5·wCύ ƛƴ ŀ .ǊǳƪŜǊϯ !·9 {п ǇƛƻƴŜŜǊ ·wC ƛƴǎǘǊǳƳŜƴǘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ 

of Bergen (Figure 3). PC filters have high content of C, and this high background will 

obscure the WDXRF measurement for that particular element. In addition, N cannot 

be precisely measured due to influence from the strong C peak (Paulino et al., 2013). 

C and N are therefore not included in this investigation. 
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WDXRF analysis has a lot of benefits as it is non-destructive, non-invasive, and 

requires little preparation of the samples (Gamela et al., 2020). The concentration for 

the above-mentioned chemical elements was calculated based on the calibration 

parameters and detection limits explained in Paulino et al. (2013) (Appendix 6.1, 

Equation 1). The instrument provides a bulk amount of particulate element 

concentration and does not discern between different chemical forms. At least three 

blank filters from each new batch and three filters with filtered distilled water were 

analyzed for reference prior to analyzing the samples. Standard error (SE) is given for 

all sampling points. More detailed information can be found in the Nansen Legacy 

Sampling Protocols (2020a). 

2.4. Determination of chlorophyll a 
Data for quantification of chlorophyll a and phaeopigments using the 

fluorometric acidification method were acquired according to the methodology 

described in the Nansen Legacy protocols (2020b) Appendix 6.1, Equation 2).  

2.5. Abundance of bacteria and small protists 

Samples for enumeration of bacteria, heterotrophic nanoflagellates, 

picophytoplankton, and nanophytoplankton by flow cytometry were analyzed 

following the methodology described the Nansen Legacy Protocols (2020c)(Appendix 

6.1).  

Figure 3. Schematic representation of the main principles of wavelength dispersive X-Ray fluorescence 
spectroscopy (WDXRF), used to measure particulate elemental stoichiometry from water samples. 
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2.6. Identification of algal species 
For the goal of identifying the PM constituents in samples of interest, some 

filters used for determination of particulate elemental stoichiometry were prepared 

to be viewed with a Quanta FEG 450 and a SUPRA 55V scanning electron microscope, 

at 250ςорллҎ Ƴagnification or higher if necessary. SEM specimens were prepared by 

mounting the filters on Al-stubs and coating them with iridium or gold/palladium in a 

Polaron SC502 Sputter Coater for 30 s.  

2.7. Statistical analysis 
Addressing the distribution of the measured variables is the perquisite for 

choosing the appropriate statistical method and tools to analyze a dataset. For that 

purpose, a Shapiro-²ƛƭƪΩǎ ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ƴƻǊƳŀƭƛǘȅ ƻŦ ǘƘŜ 

distribution of the data (Appendix 6.2). To assess the significance of differences of the 

measured element concentrations parameters and microbial abundances between 

the two summers a ²ŜƭŎƘΩǎ !bh±! ǘŜǎǘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ŀ ǇŀƛǊǿƛǎŜ ǘ-test was 

ǇŜǊŦƻǊƳŜŘΦ ¢ƘŜ ²ŜƭŎƘΩǎ !bh±! ǘŜǎǘ ǿŀǎ ŎƘƻǎŜƴ ŀǎ ƛǘ ŘƻŜǎ ƴƻǘ ŀǎǎǳƳŜ ŀ ƴƻrmal 

distribution for the data therefore is non-parametric and is less sensitive to 

heteroscedasticity (Moder, 2016). P-values were adjusted using the Bonferroni 

correction. The Bonferroni method is a multiple-comparison correction used when 

several dependent or independent statistical tests are performed simultaneously to 

avoid a lot of spurious relationships (type I errors)(Armstrong, 2014). 

One of the goals of this this thesis was to describe the distribution of the 

elements in PM in association with the distribution of microbial groups. Therefore, a 

series of Pearson correlation tests were performed with the Bonferroni correction 

method to see if there are any correlations between and among the element 

concentrations and the microbial groups. The correlation coefficient (a) between for 

any response-predictor relationship was set at a level of |a| > 0.3 to account for the 

number of comparisons being performed. 

Canonical correspondence analysis (CCA) was performed to investigate the 

relevance of the element concentrations of PM in explaining variation in microbial 

abundances in the study area. CCA is a constrained ordination method used widely in 

aquatic studies where a low dimensional ordination space is created through linear 
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combinations of environmental variables, which makes it a useful method for 

ŘŜǘŜŎǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǾŀǊƛŀōƭŜǎ ǘƘŀǘ ΨōŜǎǘΩ ŘŜǎŎǊƛōŜ ǾŀǊƛŀǘƛƻƴ ƛƴ ōƛƻƭƻƎƛŎŀƭ Řŀǘŀ (Ter 

Braak & Verdonschot, 1995). In such a space, similar samples are plotted close 

together while dissimilar ones are placed far apart. It is generally applied to identify 

and measure associations among two sets of variables where one of them has 

observations (for example, species abundances in each studied site) and the other has 

gradients (for example, measurements of environmental variables in each studied 

site). Here, CCA is used as a tool to help better understand how and why some of these 

variables could be strongly linked. An initial model including all element 

concentrations was evaluated with the vegan package in R. To avoid downweighing of 

the model, a Hellinger transformation was performed on both matrices. The choice of 

constraining variables in the final model was decided using forward selection with the 

double stopping criterion as implemented in the ordistep function in Vegan (Blanchet 

et al., 2008). ANOVA-like Monte Carlo permutation tests (n=999) were implemented 

to find out which vectors (elements) were statistically significant to explain the 

variance of the response variables (microbial groups) as well as the significance of the 

whole model (Appendix 6.2). The results were depicted in a CCA biplot. 

All data manipulations and statistical analysis was performed in RStudio and 

visualization of data was done with the ggplot2 package (R Core Team, 2017; Wickam, 

2016). The results for temperature, salinity, elemental concentrations, and chlorophyll 

a are depicted in section plots busing the algorithm Multilevel B-spline Approximation 

(MBA) for data interpolation as it is implemented in the PlotSvalbard package R (Lee 

et al., 1997; Vihtakari, 2020). An online repository with all datasets and detailed scripts 

is available on GitHub (https://github.com/ilianauib/MasterThesis ). 

https://github.com/ilianauib/MasterThesis
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3. Results  
3.1. Temperature and salinity  

The hydrological parameters (temperature and salinity) were investigated to 

distinguish the origin of the water masses along the Nansen Legacy transect. In August 

2018, there appeared to be in general higher temperatures (²ŜƭŎƘΩǎ !bh±!Υ CҐнсΦоΣ 

p<0.001) compared to August 2019, especially above 40 m depth in all stations. In 

2018, P1 was the station with the highest temperature (max: 5.7ϲC) even down to 240 

m depth where the sea temperature was just above 2ϲC (Figure 4). On the contrary in 

August 2019 stations P4 and P5 were dominated by water below -1ϲC, and 

temperatures above 2ϲC were found only in the surface layer of P1 and P2 stations.  

Figure 4. Depth section plots of temperature along the study transect for August 2018 and August 2019. Black dots 
correspond to sampling points. Contour lines are drawn at -мΦмϲ/Σ лϲ/ ŀƴŘ нϲ/Φ 



17 
 

{ŀƭƛƴƛǘȅ ǾŀƭǳŜǎ ŘƛŘƴΩǘ fluctuate significantly between the two years (p=0.06) 

however there appeared to be a dominance of less saline water with <34 PSU 

documented in the surface of P5 (32 PSU), P4 (33 PSU), and P3 (33.8 PSU) in 2019 

(Figure 5). Overall, in 2018 the water column appeared to be more mixed with a warm 

surface layer stretching over the whole study area, while in 2019 there was a greater 

influence of more cold and less saline water in the study area spreading southwards 

from the northern part of the transect. 

 

 

Figure 5. Depth section plots of salinity along the study transect for August 2018 and August 2019. Black dots 
correspond to sampling points. Contour lines are drawn at 32.4 PSU, 34.5 PSU, 34.7 PSU AND 34.9 PSU. 
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3.2. Distribution of particulate elemental composition 

The results for particulate elemental composition are depicted in section plots. 

Each plot has its own separate scale to account for the variable range of the measured 

values on each year. Additionally, the depth axis on some of the plots is in log scale 

for visualization purposes.  

Phosphorus 

Particulate P concentrations varied between 0.012ҕ0.004 ˃ ɾ - 0.191ҕ0.006 

˃ɾ in August 2018 and 0.015ҕ0.000 ˃ ɾ - 0.276ҕ0.021 ˃ ɾ in August 2019 (Figure 6). 

Although highest concentrations for particulate P were observed above 75m depth for 

both years and there was not a significant difference in the documented 

concentrations between the year (²ŜƭŎƘΩǎ !bh±!Υ CҐнΣ ǇҐлΦмрύΣ ƛǘǎ ŘƛǎǘǊƛōǳǘƛƻƴ 

differed largely from one year to the other. As shown in Figure 5, in August 2018 the 

highest value of particulate P was documented at 20 m depth in the lowest latitude 

(P1 76N). It is also noteworthy that in 2018 elevated values of P were also documented 

at P2 station (40m: 0.085ҕ0.006 ˃ ɾ), at P3 40m:0.102ҕлΦмно ˃ɾ) the bottom samples 

of the first two stations (P1, 322m: 0.095ҕ0.019 ˃ ɾ and P2, 181m: 0.085ҕ0.006 ˃ ɾ). 

On the other hand, in August 2019, the maximum concentration of particulate P was 

observed at the ice covered station P5 between 10-20 m depth (0.264ҕ0.013˃ ɾ - 

0.276ҕ0.021˃ ɾ), while high values were also registered at P4 30m (0.149ҕ0.010 ˃ ɾ) 

and at P2 50m (0.143ҕ0.06 ˃ ɾ). 

Sulfur 

Concentrations of particulate S ranged between 0.004ҕ0.001 ˃ɾ ς 

0.046ҕ0.009 ˃ ɾ in 2018 and 0.005ҕлΦллм ˃ɾ ς лΦлтпҕлΦлно M˃ in 2019 (Figure 4), 

ǿƛǘƘ ǘƘŜ ƭŀǘǘŜǊ ōŜƛƴƎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ό²ŜƭŎƘΩǎ !bh±!Υ CҐнмΦмΣ ǇғлΦллмύΦ ¢ƘŜ 

distribution varied similarly with particulate S with three distinguishing exceptions 

(Figure 7). Specifically, in August 2019 the area with the maximum particulate S was 

found just below the surface (10m) at P2 station with high concentrations 

όлΦлруҕлΦллф ˃ɾ) also detected down to 30-50m. Another area with high S was the 

ǘƻǇ нлƳ ŀǘ tр όлΦлссҕлΦлло ˃ɾύ ŀƴŘ олƳ ŀǘ tп όлΦлроҕлΦллп ˃ɾ). Interestingly the 

year prior, elevated concentration of sulfur was documented at 10m depth at P1 

ǎǘŀǘƛƻƴ όлΦлпсҕлΦллф ˃ɾ). 
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Figure 6. Distribution of particulate P in ˃ɾ during August 2018 and August 2019 for all five stations of the Nansen 
[ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ Black dots correspond to sampling points. Depth axis is in log 
scale. Notice the different scale for each year at the bottom of each plot.  
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Figure 7. Distribution of particulate S in ˃ɾ during August 2018 and August 2019 for all five stations of the 
bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points. Depth axis 
in log scale. Notice the different scale for each year at the bottom of each plot. 
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Oxygen 

Unlike P and S, the highest concentration of O was observed in deep 

water/close to bottom. Particulate O concentration (Figure 8) varied between 

0.064ҕ0.000 ˃ɾς 0.622ҕ0.071 ˃ɾ in 2018 with two exceptionally high values 

1.707ҕ0.341 ˃ ɾ and 1.465ҕ0.073 ˃ ɾ at the bottom of P1 (322m) and P2 (181m) 

respectively. On other hand, in 2019 O concentration of the PM ranged between 

0.085ҕ0.004 ˃ ɾ - 1.241ҕ0.120 ˃ ɾ (lowest: P2 90m, highest: P1 315m). Despite the 

similar distribution between the two years and those two high values in 2018 

mentioned above, the O concentration of the PM in 2019 was significantly higher than 

ǘƘŜ ǇǊŜǾƛƻǳǎ ȅŜŀǊ ό²ŜƭŎƘΩǎ !bh±!Υ C Ґ фΦнΣ ǇғлΦллрύΦ !ƴƻǘƘŜǊ ŎƭŜŀǊ ŘƛŦŦŜǊence in the 

ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǇŀǊǘƛŎǳƭŀǘŜ ƛǎ ŀ άƘƻǘǎǇƻǘέ ƻŦ ƘƛƎƘ ǇŀǊǘƛŎǳƭŀǘŜ O (1.048ҕ0.073 ˃ ɾ) at 5m 

Figure 8. Distribution of particulate O ƛƴ ˃ɾ ŘǳǊƛƴƎ !ǳƎǳǎǘ нлму ŀƴŘ !ǳƎǳǎǘ нлмф ŦƻǊ ŀƭƭ ŦƛǾŜ ǎǘŀǘƛƻƴǎ ƻŦ ǘƘŜ bŀƴǎŜƴ 
Legacy ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points. Notice the different 
scale for each year at the bottom of each plot. 
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depth on the P1 station in August 2019. As described also later in the results, this 

particular hotspot of O coincided with high particulate silicate concentration, 

chlorophyll a maximum and high nanophytoplankton abundance.  

Sodium, Chlorine, Potassium  

Particulate Na and Cl showed similar distribution along the research transect, 

with some locations of high concentrations (2018: P1-150m and P2-120m, 2019: P2-

10m) (Figure 9 & Figure 10). The concentration of particulate K ranged between 

лΦллнҕлΦллм ˃ɾ - лΦмпфҕлΦлпл ˃ɾ ƛƴ !ǳƎǳǎǘ нлму ŀƴŘ лΦллсҕлΦллм ˃ɾ ς лΦлфпҕлΦлло 

˃ɾ ƛƴ !ǳƎǳǎǘ нлмфΣ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǊŜƎƛǎǘŜǊŜŘ ōŜƭƻǿ млл Ƴ ŘŜǇǘƘ ƛƴ 

the study area for both years (Figure 11). 

Figure 9. Distribution of particulate Na in ˃ ɾ during August 2018 and August 2019 for all five stations of the Nansen 
[ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points.Depth axis in log 
scale. Notice the different scale for each year at the bottom of each plot. 
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Figure 10. Distribution of particulate Cl ƛƴ ˃ɾ ŘǳǊƛƴƎ !ǳƎǳǎǘ нлму ŀƴŘ !ǳƎǳǎǘ нлмф ŦƻǊ ŀƭƭ ŦƛǾŜ ǎǘŀǘƛƻƴǎ ƻŦ ǘƘŜ bŀƴǎŜƴ 
[ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points. Depth axis in log 
scale. Notice the different scale for each year at the bottom of each plot. 
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Figure 11. Distribution of particulate K ƛƴ ˃ɾ ŘǳǊƛƴƎ !ǳƎǳǎǘ нлму ŀƴŘ !ǳƎǳǎǘ нлмф ŦƻǊ ŀƭƭ ŦƛǾŜ ǎǘŀǘƛƻƴǎ ƻŦ ǘƘŜ 
bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points. Depth axis 
in log scale. Notice the different scale for each year at the bottom of each plot. 
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Magnesium 

Particulate Mg varied significantly between the two summers in terms of 

concentration (²ŜƭŎƘΩǎ !bh±!Υ CҐсмΦрΣ ǇғлΦллм) and distribution in the water column 

(Figure 12). More detailed, in 2018 concentrations varied between 0.007ҕ0.001 ˃ ɾ ς 

0.065ҕ0.008 ˃ ɾ with highest values 0.171ҕ0.053 ˃ ɾ at P1 322m and 0.140ҕ0.015 ˃ ɾ 

at P2 181m. On the contrary, in 2019 Mg seemed to be more abundant on the surface 

layers of P2 (10m : 0.168ҕ0.070 ˃ ɾ) and P5 (10m & 20m : 0.124ҕ0.010 ˃ ɾ).  

Figure 12. Distribution of particulate Mg ƛƴ ˃ɾ ŘǳǊƛƴƎ !ǳƎǳǎǘ нлму ŀƴŘ !ǳƎǳǎǘ нлмф ŦƻǊ ŀƭƭ ŦƛǾŜ ǎǘŀǘƛƻƴǎ ƻŦ ǘƘŜ 
bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ right). Black dots correspond to sampling points. Notice the 
different scale for each year at the bottom of each plot. 
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Calcium 

Concentrations of particulate Ca were significantly higher in August 2018 

όнлмуΥ лΦллт ҕлΦлло ˃ɾ ς лΦнппҕлΦлпм ˃ɾΤ нлмфΥ лΦлммҕлΦллм ˃a - лΦлтфҕлΦлрф ˃ɾΤ 

²ŜƭŎƘΩǎ !bh±!Υ CҐпΦсΣ ǇҐлΦлоύΦ !ǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Figure 13, the distribution of Ca 

between the two summers was disparate. During the August of 2018, there were two 

primary areas with high concentrations both found at the southernmost station (P1 

30m and 60m) with the concentration decreasing northwards along the transect. 

Contrarily in 2019, high concentrations were documented on the bottom and surface 

of P1, which expanded across the top water layer until station P2, and most distinctly 

at 30 m depth at the P3 station. 

Figure 13. Distribution of particulate Ca in ˃ɾ during August 2018 and August 2019 for all five stations of the 
bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ .ƭŀŎƪ Řƻǘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ sampling points. Depth axis 
is in log scale. Notice the different scales for each year at the bottom of each plot. 
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Silicon 

 In August 2018 particulate Si ǾŀǊƛŜŘ ōŜǘǿŜŜƴ лΦллфҕлΦллр ˃ɾ ς лΦрурҕлΦлсф 

˃ɾΣ ǿƛǘƘ ǘƘŜ ǘǿƻ ƘƛƎƘŜǎǘ ǾŀƭǳŜǎ ǊŜŀŎƘƛƴƎ мΦпупҕлΦмлп ˃ɾ ŀƴŘ мΦрфоҕлΦоун ˃ɾ ŀǘ tн 

181 m and P1 322 m depth, respectively. In 2019, high concentrations were also 

observed near the surface layers (P1-рлƳΥ лΦфмҕлΦлрс ˃ɾΣ tр-млƳΥ лΦпттҕлΦлну ˃ɾύ 

as well as near the bottom (P1-омрƳΥ лΦфрнҕлΦлоу ˃ɾΣ tо-нфрƳΥ лΦсфоҕ лΦлрп 

˃ɾύόFigure 14). 

 

 

 

Figure 14. Distribution of particulate Si in ˃ɾ during August 2018 (top), and August 2019 (down) for all five stations 
όŘŜǇƛŎǘŜŘ ŀǎ ǾŜǊǘƛŎŀƭ ŘƻǘǘŜŘ ƭƛƴŜǎύ ƻŦ ǘƘŜ bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ Notice the 
different scales for each year at the bottom of each plot.  
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Iron 

 The highest values for particulate Fe through the whole transect for both years 

were documented in the deepest samples (below 100m the concentration of 

particulate Fe was one order of magnitude higher compared to the concentration in 

the top 100m in all stations in both years). The concentration fluctuated from 

лΦллнҕлΦллл ˃ɾ ǘƻ лΦоопҕлΦлнп ˃a όtн-181m) in 2018 and ŦǊƻƳ лΦллоҕлΦллн ˃a ǘƻ 

лΦнноҕлΦллф ˃a όtм-315m) in 2019. Interestingly, in 2019 particulate Fe marked a 

descending trend in a northward direction (Figure 15). 

 

 

 

Figure 15. Distribution of particulate Fe in ˃ɾ during August 2018 (top), and August 2019 (down) for all five stations 
(depicted as vertical dotted ƭƛƴŜǎύ ƻŦ ǘƘŜ bŀƴǎŜƴ [ŜƎŀŎȅ ¢ǊŀƴǎŜŎǘ ŦǊƻƳ тсϲb ǘƻ улΦоϲb όƭŜŦǘ ǘƻ ǊƛƎƘǘύΦ bƻǘƛŎŜ ǘƘŜ 
different scales for each year at the bottom of each plot. 






















































































































