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Summary 

The biological carbon pump (BCP) is an essential component of the earth’s carbon cycle. It facilitates 

the uptake of atmospheric CO2 by the surface ocean, provides an essential food source for organisms in 

the deep and at the bottom of the ocean, and enables the storage and sequestration of carbon at the 

seafloor. The BCP is mainly driven by the gravitational settling of particulate organic matter (POM), 

transporting carbon that escapes pelagic remineralization below the euphotic zone. In the Arctic, the 

BCP is subject to strong changes due to climate change. The sea-ice concentration and extent are 

decreasing, and the influence of boreal water masses and coastal runoff are increasing. Arctic shelves 

experience a seasonal shift with earlier onset of ice melt and a longer open-water period, changes in 

mixing regimes and increased concentrations of dissolved organic matter (DOM). These changes will 

have implications for Arctic marine ecosystems and hence, the BCP. It is postulated that under a longer 

open-water period, concentrations, composition and characteristics of sinking particles will reflect 

pelagic summer conditions for a longer time during the year. However, it is yet unclear how or whether 

the magnitude and efficiency of pelagic carbon export from the pelagic zone will change, and with that 

how benthic communities will be affected by changes in food supply or composition (i.e., how tightly 

the pelagic and benthic realm will be coupled). Moreover, the DOM and POM are under constant 

dynamic change, and the contribution of DOM to the BCP under different environmental conditions is 

yet unresolved, which makes it difficult to estimate the influence of changing DOM concentrations and 

composition on the BCP. A holistic view on the Arctic BCP is often hampered by the lack of 

interdisciplinarity. To address some of these issues, this thesis integrates findings from benthos on an 

Arctic outflow shelf, a vertical flux study on an inflow shelf, and DOM aggregation experiments in a 

sub-Arctic fjord that combine marine chemistry and ecology.  

Field work was conducted in three regions in the Atlantic sector of the Arctic. For the benthic study 

(Paper I), the fieldwork occurred between September and October 2017 on the Northeast Greenland 

shelf, and samples were taken with multicorers or benthic landers to characterize the benthic infaunal 

communities (bacteria, meiofauna, macrofauna) and their environment. The identified patterns were 

compared to studies conducted in the 1990s to detect possible changes in benthic communities. For 

Paper II, vertical flux was investigated in August and December 2019, and March and May 2021 in 

the northwestern Barents Sea along a revisited transect in the marginal ice zone (MIZ). Sediment traps 

were used for sampling and parameters were taken that characterize the seasonal and spatial 

composition and magnitude of vertical flux. In Paper III, seasonal aggregation patterns and processes 

in the DOM-POM continuum were investigated. For this, fieldwork was conducted in 

Gáranasvuotna/Ramfjorden, a sub-Arctic fjord in Sápmi/Northern Norway due to its easy accessibility 

and conditions representative for the Arctic Barents Sea. A set of biogeochemical parameters were 

sampled on a monthly basis between September 2020 and August 2021 to characterize the ecosystem 

and its seasonal cycle in the fjord. Aggregation experiments were conducted every second month. The 

sampled fjord water was filtered through a GF/F filter (0.7 µm pore size), and subsequently incubated 

in roller tanks for 36 h. Samples for dissolved and particulate organic parameters were taken before and 

after the incubation to determine changes in the two different organic matter pools over the course of 

the incubation. 
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On the Northeast Greenland shelf, benthic communities (meio- and macrofauna) showed a separation 

between the northern region, which is influenced by a polynya, and the southern and glacier-influenced 

region. However, this separation was not significant and less distinct when compared to results from 

the 1990s. Samples taken in 1992 and 1993 showed clear differences in terms of their benthic 

community composition between the northern and the southern region, and they were mainly driven by 

food availability at the seafloor (benthic pigment concentrations). Moreover, we found higher 

meiofauna and lower macrofauna abundances since the 1990s, along with a decrease in benthic pigment 

concentrations. We postulated that the amount and/or the composition of sinking organic matter had 

probably changed compared to the 1990s, leading to lower food availability at the seafloor. 

Following the hypothesis that the BCP will reflect a prolonged “summer” scenario in a future Arctic, 

we postulate that vertical flux patterns under different environmental conditions can be used for 

explaining changing food availability for benthos. In the northwestern Barents Sea, we found that 

vertical flux was highly seasonal, and its composition between May and August differed considerably, 

with fresh and diatom-derived material sinking out in spring and increasing degradation towards 

summer. Moreover, higher concentrations of suspended particles in August, but no increase in vertical 

flux, point towards lower export efficiency compared to May. However, strong spatial gradients in 

vertical flux magnitude revealed that a range of seasonal scenarios spanning from winter to peak-bloom 

were present along the transect during May. By contrast, in August, vertical flux magnitude and 

composition were more similar across stations and represented a post-bloom scenario along the transect. 

This spatial variability was driven by sea-ice cover and the influence of Atlantic Water in concert and 

makes it difficult to compare the overall export magnitude between a spring and a summer scenario. 

To further elucidate mechanisms affecting particle dynamics, we investigated the aggregation patterns 

of DOM as an overlooked contributor to the pelagic particle pool. We found increased particulate 

carbon concentrations in filtered water in April, June, and September, and confirm previous findings 

showing that DOM has the potential to aggregate when biological productivity is high. The highest 

aggregation potential was found during the summer period. During winter (December, February), we 

measured decreased particulate carbon concentrations in filtered water, pointing towards a dissolution 

of particles. Aggregation in September was accompanied by an increase in molecular weight of 

molecules <1 kDa, and a decrease in DOM lability. In December and February, on the other hand, DOM 

molecular weight decreased, and lability increased.  

To integrate the findings of the three papers in the synthesis of this thesis, different mechanisms of the 

BCP are presented, and pelagic-benthic coupling processes are compared across different Arctic shelf 

regions. The fresh, diatom-derived organic matter exported during spring possibly enforces a strong 

pelagic-benthic coupling in the MIZ and productive polynyas. In a future ice-free, prolonged summer 

period in the MIZ, organic matter may be more degraded for a longer time. Together with a lower 

magnitude of export, these changes can result in a shift in benthic communities, from macrobenthic 

suspension feeders towards a domination of smaller, facultative meiofauna, and a homogenization of 

benthic communities. However, a “weakening” or “tightening” of pelagic-benthic coupling on Arctic 

shelves will depend on a range of factors. The main mechanisms are identified as (1) the degree of 

vertical flux regulation by grazing or microbial degradation, (2) short-circuiting processes such as 

vertical mixing, (3) processes that lead to increased particle concentrations and the potential for particles 

to sink, such as aggregation or ballasting. Under a summer scenario, the contribution of DOM to the 
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particulate pool may increase, serving as one factor that increases particle concentrations in the water 

column and could possibly contribute to vertical flux. Heterotrophic activity in the water column may 

increase, but zooplankton fecal pellets may mediate the sinking of small particles. Ultimately, the 

mixing regime will determine whether slow sinking particles can be transported physically to depth or 

will be retained above the thermo- or pycnocline. A “tightening” or “weakening” of pelagic-benthic 

coupling will vary across different Arctic shelf regions, as these mechanisms contribute at different 

scales to the regulation of vertical flux and the BCP. Finally, the thesis provides one of the few 

contributions on vertical flux and processes in the DOM-POM continuum during the Arctic winter. To 

get a comprehensive picture of the Arctic BCP and its possible responses to climate change, it is 

important to integrate studies from different disciplines. 
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1 Introduction 

About a third to a fourth of anthropogenic CO₂ emissions is taken up by the global oceans (Friedlingstein 

et al., 2019; Heinze et al., 2015; Marinov and Sarmiento, 2004; Sarmiento and Gruber, 2006). High 

latitude oceans play an especially important role for reducing atmospheric carbon concentrations 

(Takahashi et al., 2009). The Arctic Ocean is the smallest ocean, comprising about 4% of the global 

ocean surface. Nevertheless, it is estimated that it accounts for about 4-8% of the global oceanic carbon 

uptake (Christensen et al., 2017; CMEMS, 2024; Smedsrud et al., 2022). Compared to other areas in 

the world, climate change-driven transitions are most pronounced in the Arctic (summarized in IPCC, 

2023), and the effects of these changes on the carbon uptake capacity and its mechanisms in the Arctic 

Ocean are yet to be resolved. 

1.1 The oceanic carbon pumps 

The uptake and storage of natural and anthropogenic CO₂ in the ocean is controlled by the oceanic 

carbon pumps (Iversen, 2023; Sarmiento and Gruber, 2006). The physical carbon pump, also referred 

to as the solubility pump, is driven by the difference in the partial pressure between the ocean surface 

and the atmosphere. When CO₂ is taken up by seawater, it is present in the form of dissolved inorganic 

carbon (DIC). Polar and subpolar areas are strong sinks for atmospheric CO₂, because cold water has a 

higher potential for its uptake, and DIC-rich surface waters are transported to the deep ocean in these 

areas via the thermohaline circulation (Marinov and Sarmiento, 2004). The biological carbon pump 

(BCP), on the other hand, describes the conversion of DIC into organic matter by phytoplankton through 

photosynthesis (soft-tissue pump) or into calcium carbonate by marine calcifying organisms (hard-

tissue or carbonate pump), and the subsequent transport of this material to deeper layers (Iversen, 2023). 

A part of this carbon is buried at the seafloor and with that, removed from further cycling. As a result, 

the BCP lowers DIC concentrations in the surface ocean, thus creating a vertical gradient towards the 

deep ocean and promoting the uptake of atmospheric CO₂ at the surface. Without the soft-tissue pump, 

CO₂ concentrations in the atmosphere would be twice as high as during pre-industrial times (Heinze et 

al., 2015). Moreover, the soft-tissue pump (hereafter referred to as BCP) provides benthic organisms at 

the seafloor with food, while the benthos in turn remineralizes the organic matter (OM) and releases 

inorganic nutrients back into the water column, where it can be used by primary producers at the ocean 

surface once again. 

1.1.1 Vertical flux 

The gravitational sinking of particulate organic matter (POM) is usually referred to as “vertical flux”, 

while “carbon export” defines the amount of organic carbon that escapes a specified depth, usually 

below the euphotic layer. The majority of the carbon that is photosynthetically fixed by phytoplankton 

undergoes different pathways other than being exported from the surface ocean to deeper layers: Most 

of it is channeled through the food web, recycled back to CO₂ by phytoplankton itself or heterotrophic 

organisms, or converted to dissolved organic matter (DOM) (Iversen, 2023). As a result, sinking 

particulate material is usually strongly retained (and thus, vertical flux is attenuated) in the upper ocean 

before a fraction of this material is exported from the euphotic layer and ends up at the seafloor (Martin 

et al., 1987; Turner, 2015; Figure 1). Particles that sink constitute of various organic and  
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Box 1: Trapping sinking particles 

Sediment traps are a tool that is used for collecting vertically settling particles. Different 

shapes and configurations are possible, depending on the exact purpose. Bottom-

moored, funnel-shaped long-term sediment traps, for example, are often deployed for 

time periods of up to a year and used for capturing interannual variations in vertical flux 

at a specific location. They collect particles at one depth which settle into bottles that 

are rotating at pre-programmed timeframes over the sampling period. Due to the long 

deployment period, the bottles are filled with a preservative. This can, however, alter 

the chemical composition of the trapped material. Moreover, particles can accumulate 

on the inner funnel wall and/or turbulence and mixing in the funnel can flush them out, 

therefore funnel-shaped traps often underestimate particle flux (Baker et al., 2020; 

Gardner, 1985, 1980).  

Gimballed, cylinder-shaped sediment traps (see illustration to the left) 

have been found to be more efficient at capturing sinking particles in the 

upper ocean compared to funnel-shaped (and other shapes of) sediment 

traps (Baker et al., 2020; Gardner, 1985, 1980), as turbulence at the 

trap opening is reduced. The most important factor for trapping 

efficiency of cylindrical traps is not the opening diameter or size, but the 

aspect ratio A (A = H/D; where H = cylinder height and D = opening 

diameter), which should be ideally >5 (Blomqvist, 1981; Buesseler et 

al., 2007; Hargrave and Burns, 1979).  

Under high current velocities, moored sediment traps under-trap sinking 

particles (Buesseler et al., 2007). Therefore, another aspect that 

increases trapping efficiency besides the shape is leaving the sediment 

traps to drift freely (Siegel et al., 2008). It further reduces turbulence 

due to current shear. In surface-attached, drifting sediment traps, the 

traps can be attached at different depths on a long mooring (see 

illustration to the left). This allows for studying the depth gradient of 

vertical flux. Free drift can be achieved by adding floatation at the 

surface that balances out the weight of the mooring. The mooring can be deployed in 

open water, in ice leads or attached to sea-ice floes. An automatic identification system 

(AIS) ensures the spatial tracking of the mooring. However, current shear cannot fully 

be ruled out for surface-attached sediment traps because deeper currents usually do not 

match surface currents or sea-ice drift (Andreassen and Wassmann, 1998). Neutrally 

buoyant sediment traps were designed to further reduce the effect of horizontal shear 

(Buesseler et al., 2000).  

Ultimately, it is important to keep in mind that the sampling efficiency varies between 

sediment trap types, and the trapping of bulk material, its composition and the amount 

of organisms that actively swim into the trap (“swimmers”) can vary from trap to trap 

and depending on the physical conditions. There are no standardizations or accuracy 

controls for the trapping efficiency of sediment traps (Buesseler et al., 2007). Often, 

trapping efficiency is calibrated with radionuclide particle scavenging (Coppola et al., 

2002); however, they do not always show the same pattern as sediment traps 

(Buesseler et al., 2007; Lalande et al., 2008). Therefore, different sediment trap 

configurations are used for different purposes. 

 

inorganic material. Examples for organic material are decaying phytoplankton, fecal pellets produced 

by grazing zooplankton, detritus and/or DOM of high molecular weight that can act as a sticky glue and 
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promote aggregation. Inorganic material such as dust, calcium carbonate or gypsum can act as ballast 

and facilitate particle sinking rates or scavenging of DOM (De La Rocha et al., 2008; Iversen and 

Robert, 2015; Lombard et al., 2013; Wollenburg et al., 2018). One of the most common methods to 

measure vertical flux and its components are sediment traps (Box 1). 

1.1.2 Pelagic-benthic coupling 

The fraction (or the amount) of OM that ultimately arrives at the seafloor determines how tightly 

coupled the pelagic and benthic environments are. If most of the material is regenerated in the pelagic 

realm and little arrives at the seafloor, this coupling is weak, and it is usually reflected in lower 

abundance and richness of benthic communities. While vertical flux is tightly linked to pelagic 

processes and with that, especially at high latitudes highly seasonal and of ephemeral nature, the 

seafloor integrates processes across longer temporal and spatial scales and is thus rather affected by 

long-term changes (Jordà-Molina et al., 2023; Szczepanek et al., 2021; Ziegler et al., 2023).   

1.1.3 Mismatch between deep ocean carbon demand and export 

Essentially, the seafloor, as well as the deep ocean, depend on primary production and its export below 

the euphotic layer. However, the estimated carbon demand of benthos in the deep Arctic Ocean and of 

bacteria in the Deep Sea often exceed estimations of carbon export, often by twofold (Burd et al., 2010; 

Wiedmann et al., 2020). Accordingly, it is worth exploring other export mechanisms than gravitational 

settling alone (Figure 1). For example, OM present at the seafloor does not necessarily originate from 

the surface waters right above. The physical environment determines the trajectories of organic and 

inorganic particles, and the particles are often horizontally transported across large areas in the water 

column (Siegel et al., 2008; Wekerle et al., 2018) or along the seafloor (Rogge et al., 2022). Physical 

subduction of particles through the “mixed-layer pump” , eddies, or vertical migration of 

mesozooplankton that transport carbon up and down the water column can have patchy occurrences, 

and cannot be measured with common sediment trap deployments (Boyd et al., 2019). Carbon that has 

been channeled through higher trophic levels can end up rapidly sinking to the seafloor through large 

settling events of e.g. carcasses from deceased animals (Hoving et al., 2022; Sokolova, 1994), or 

larvacean houses (Robison et al., 2005). These settling events are seldomly matched by the deployment 

of sediment traps. Moreover, the vast pool of DOM in the ocean provides a high potential for an 

additional particle source which is often overlooked (Engel et al., 2004). Dissolved and particulate 

organic matter are mostly treated as distinct entities in biogeochemistry, separated operationally by size 

(filter pore size between 0.2–0.7 µm); however, the two fractions are in constant dynamic change with 

each other (He et al., 2016; Verdugo et al., 2004; Verdugo and Santschi, 2010). Carbon that has been 

converted to dissolved organic carbon (DOC) can still aggregate and form particles that potentially can 

sink, or act as a “glue” that keeps aggregates stuck together and facilitate their sinking (He et al., 2016).  
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Figure 1: Carbon pathways within the biological carbon pump. DIC is fixed by phytoplankton through 

photosynthesis and converted to particulate organic carbon (POC), which is taken up by zooplankton and 

further channeled through higher trophic levels via the classical food web. Dissolved organic carbon (DOC) is 

produced additionally by phytoplankton through excretion or cell lysis, or by other organisms through feeding, 

excretion, or senescence. Carbon is “returned” to the food web by the microbial loop through the uptake of 

DOC by bacteria. DOC and POC pools are in constant exchange through aggregation and dissolution processes. 

Several mechanisms lead to the export of organic carbon from surface layers and the escape of its 

remineralization in the food web: gravitational sinking or physical transport of aggregates; physical transport 

or aggregation, and subsequent downward transport of DOC; vertical migration and settling of carcasses of 

zooplankton and higher trophic levels. 

1.1.4 Aggregation in marine ecosystems 

There are different pathways to aggregation. Particle-to-particle aggregation occurs when particles 

collide, usually through differential settling or shear, forming larger and denser particles that can sink 

more efficiently (Burd and Jackson, 2009). Another way is through phase-shifts of dissolved molecules, 

for example due to changes in temperature, pH or salinity (Chin et al., 1998; Verdugo et al., 2004). 

Small molecules can then form DOM of large molecular weight, which can aggregate and form particles 

(Engel et al., 2004; Passow, 2000). Transparent exopolymeric particles (TEP) play an important role 

for both processes. These gel-like substances, the “grey zone” between particulate and dissolved 

material, are highly sticky and act as glue between particles. TEPs are formed by exopolymeric 

substances (EPS); polysaccharide-rich dissolved organic molecules that are excreted by phytoplankton 
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and can rapidly form TEP (Passow, 2002). EPS often accumulate under increasing nutrient limitation 

and/or with increasing concentrations of senescent cells, as is the case during post-bloom conditions in 

summer (Engel, 2000; Hellebust, 1965; Mague et al., 1980; Mari and Burd, 1998; Myklestad, 1995; 

Thornton, 2002). Molecular phase shifts can already be triggered by small changes in the environment 

(Chin et al., 1998; He et al., 2016). This suggests a high seasonality of processes in the DOM-POM 

continuum, as well as possible implications induced by climate change. 

1.2 The Arctic biological carbon pump and its seasonal variations 

At high latitudes, the BCP is strongly driven by seasonal processes. As it is mainly fueled by primary 

production, it is controlled by the availability of light and sea-ice cover. While annually integrated 

primary production increases towards lower latitudes, the fraction of primary production that is 

transferred to the benthos is overall highest at higher latitudes (Petersen and Curtis, 1980; Weber et al., 

2016). In tropical regions, the constant light availability might fuel primary production throughout the 

year, though at lower levels because of thermal stratification and nutrient limitation. The constant food 

availability can sustain a grazer population year-round (Henson et al., 2019). Polar ecosystems, on the 

other hand, are strongly light-limited during winter, and the ocean interior is characterized by deep 

convection. This redistributes nutrients in the water column which remain at the surface until the return 

of the sunlight, and then fuel strong bursts of primary production. Therefore, strong seasonality in polar 

regions can result in a mismatch between grazers and primary production (Cushing, 1975; Daase et al., 

2021).  

1.2.1 The seasonal cycle in the Arctic 

During winter, little OM is suspended in the water column, regenerative processes dominate and 

consequently vertical flux is at a minimum (Olli et al., 2002). Once the light returns, intense, but highly 

ephemeral blooms can occur. Hotspots for vertical flux and pelagic-benthic coupling in the Arctic are 

coastal areas and fjords, inflow shelves, marginal sea ice zones (MIZ) and polynyas (Carmack and 

Wassmann, 2006; Piepenburg, 2005). On Arctic shelf seas (Box 2), although the light is back, the 

incident sunlight can still be blocked by sea ice and phytoplankton blooms can be delayed. Nevertheless, 

ice algae can thrive within the sea ice under low light conditions (Kvernvik et al., 2021). Therefore, at 

the MIZ, intense phytoplankton blooms can be preceded by ice algal blooms, utilizing the abundant 

nutrient sources in the beginning of the spring period (Leu et al., 2015). Large and fresh, diatom-derived 

aggregates can settle rapidly to the seafloor during spring. Highest export of OM below the euphotic 

zone has been measured during spring blooms, when diatoms escape the upper pelagic zone ungrazed 

(Dybwad et al., 2021; Reigstad et al., 2008). With increasing nutrient deficiency towards summer, 

smaller cells and heterotrophic organisms dominate the pelagic zone. This is reflected in the sinking 

material, which consists of amorphous (unidentifiable), regenerated particles that are more difficult to 

characterize (Trudnowska et al., 2021). However, a sufficient amount of small particles, or POM packed 

into fast-sinking fecal pellets, can still contribute to vertical flux (Wiedmann, 2014).  

1.3 Climate change in the Arctic 

Studying the BCP in Arctic marine ecosystems is particularly important because the Arctic Ocean plays 

a crucial role in taking up carbon from the atmosphere (Anderson et al., 1998; Smedsrud et al., 2022),  
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Box 2: A short introduction 

to the Arctic Ocean 

The Arctic Ocean is a 

mediterranean sea, almost 

completely enclosed by the 

northern Eurasian and North 

American landmasses. The 

Fram Strait in the northern 

Atlantic and the Bering Strait in 

the northern Pacific separate 

these two continents and 

connect the Arctic Ocean to its 

adjacent seas through the 

inflow of Atlantic and Pacific 

water masses. Approximately 

50% of the Arctic Ocean is 

continental shelf seas and is 

seasonally ice-covered, while 

the other 50% is comprised of 

slopes, ridges and basins in the deep Arctic Ocean (Bluhm et al., 2015; Carmack and 

Wassmann, 2006; see also Figure 3). Two productive inflow shelves lie in the pathway 

of the warm and saline Atlantic and Pacific water masses: the Barents Sea, a shelf sea 

of about 300 m deep, receives the Atlantic Water (AW) inflow, while the shallow Chukchi 

Sea (about 80 m deep) is influenced by fresher Pacific Water. The Arctic Ocean receives 

its main freshwater input from the river discharge onto the interior shelves: the Beaufort 

Sea, and the East Siberian, Kara and Laptev Seas (Carmack et al., 2015). Although the 

Arctic Ocean constitutes only 1% of global ocean volume, it receives 10% of the global 

river discharge. Melting of sea ice and glaciers, especially from Greenland, permafrost 

thaw and precipitation are additional freshwater sources to the Arctic Ocean. The only 

exit for freshwater, sea ice and modified boreal water masses from the Arctic Ocean is 

through the outflow shelves in the Canadian Arctic and east and west of Greenland 

(Bluhm et al., 2015; Carmack et al., 2015; Carmack and Wassmann, 2006).  

Figure modified after Wassman 2020 and Carmack & Wassmann 2006. Red arrows: inflow of Pacific and 
Atlantic Water. Blue arrows: outflow of Arctic water.  

 

and this uptake has increased by 30% since the last century (Smedsrud et al., 2022). Moreover, 

increasing air and seawater temperatures, decreasing sea-ice concentration, thickness and age, 

increasing freshwater influence through permafrost thaw, glacial melt and enhanced coastal runoff are 

all acting in concert on Arctic seas and, consequently, their ecosystems (summarized in Meredith et al., 

2019). The range of simulated and observed atmospheric warming in the Arctic is from 1.5 to 4.5 times 

the global mean warming ("polar amplification"; Comiso and Hall, 2014; Holland and Bitz, 2003; 

Previdi et al., 2021; Rantanen et al., 2022). Similarly, the Arctic Ocean is warming faster than the global 

average (Shu et al., 2022). The summer sea-ice extent is declining at a fast pace, such that the Arctic 

Ocean has lost 50% of its sea-ice extent since the 1980s (Meier et al., 2023) and is predicted to become 

sea-ice-free during summer already from the next decade on (Johannessen et al., 2004; Onarheim et al., 

2018; Stroeve and Notz, 2018). The Arctic Ocean and its coastlines become increasingly accessible to 
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humans and human activities beyond its native communities, and anthropogenic impacts intensify (Ng 

et al., 2018 and references therein; Bartsch et al., 2021). 

1.3.1 Sea-ice decline and inflow of boreal waters 

The overall decrease in average sea-ice thickness and concentration across the Arctic leads to a shift of 

the ice edge further north, resulting in part of the Arctic Ocean becoming ice-free earlier during the 

year. Consequently, in the future primary production is expected to start earlier in the seasonal ice zones, 

and a prolongation of the productive period is expected (Wassmann and Reigstad, 2011). The marginal 

ice zone, which is a light-limited system, is turning into a more boreal, nutrient-limited system. This 

“borealization” (Polyakov et al., 2020a) is moreover driven by the increased inflow of the Atlantic 

(AW) and Pacific water masses (Skagseth et al., 2008). The inflow of these warm water masses does 

not only introduce heat and salt, increasing the melting of sea ice and marine-terminating glaciers (Carr 

et al., 2017; Schaffer et al., 2020; Smedsrud et al., 2022). It also transport nutrients, introduce DOM 

(Anderson and Amon, 2015), and lead to the expansion of boreal phytoplankton communities (Hegseth 

and Sundfjord, 2008; Neukermans et al., 2018; Oziel et al., 2020; Vernet et al., 2019; Zhang et al., 2023) 

and organisms of higher trophic levels (Fossheim et al., 2015; Gluchowska et al., 2017; Hunt et al., 

2016; Renaud et al., 2015). 

1.3.2 Changing mixing regimes 

The increasing discharge of coastal rivers, permafrost thaw, groundwater discharge and glacial melt 

increase the freshwater content in the Arctic Ocean (Brown et al., 2020). With increasing freshwater 

input, sea-ice retreat and the influence of Atlantic and Pacific Waters, the mixing regimes of Arctic seas 

are expected to change, with implications for primary production. Studies based on satellite 

measurements and models show increases in primary production throughout the Arctic (Frey, 2017; 

Frey et al., 2022; Lewis et al., 2020; Oziel et al., 2022). However, primary production on outflow 

shelves either decreased or did not show a trend (Arrigo and van Dijken, 2015). Moreover, in situ 

measurements of Chlorophyll-a (Chl-a) and particulate organic carbon (POC) during the last 25 years 

did not show this trend of increasing primary production (Nöthig et al., 2020). In parts of the Arctic, the 

water column may remain or become increasingly stratified and nutrients will be limited in the upper 

ocean, decreasing primary production (McLaughlin and Carmack, 2010; Nummelin et al., 2016). In the 

Beaufort Gyre within the Amerasian Basin, for example, the increase of surface freshwater resulted in 

an increase of stratification (Polyakov et al., 2023). Similarly, the Northeast Greenland (NEG) shelf is 

becoming increasingly more stratified due to terrestrial runoff, glacial and sea-ice melt, and freshwater 

export from the Arctic Ocean (Sejr et al., 2017). Other parts of the Arctic will experience more mixing 

through sea-ice retreat and increased wind forcing (Carmack and Chapman, 2003; Rainville and 

Woodgate, 2009; Tremblay et al., 2011). This will redistribute nutrients up and particles down through 

the water column, with consequences for primary production and pelagic-benthic coupling (Polyakov 

et al., 2020b; Slagstad et al., 2015). Earlier onset of primary production is expected for the high Arctic 

(Ardyna and Arrigo, 2020), as well as for seasonally ice-covered fjords (Vonnahme et al., 2022). In the 

Eurasian basin, stratification decreased in the last decade due to the increased inflow and shoaling of 

AW (Polyakov et al., 2023, 2020b, 2017). Nutriclines in the Barents Sea are shoaling and winter 

ventilation is increasing (Lind et al., 2018). However, at high latitudes above 80⁰N, mixing in autumn 
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due to delayed sea-ice formation which could support substantial autumn blooms might start too late 

into the polar night (Lundesgaard et al., 2022; Renner et al., 2023). 

With uncertainties in future primary production patterns across the Arctic Ocean, the implications of a 

decrease in sea ice and a longer vegetative season on the BCP and pelagic-benthic coupling are difficult 

to estimate. On one hand, compared to ice-free regions, export from sea-ice-covered regions can be 

higher in the beginning of the productive period when fresh, diatom-rich particles of sympagic or early 

pelagic origin can sink rapidly to the seafloor (Fadeev et al., 2021). Sympagic production can be a 

substantial food source for the entire food web, including benthos (Koch et al. 2023). With a longer ice-

free period, more OM will likely be recycled within the pelagic zone, with less food of lower quality 

for benthic communities (Wassmann and Reigstad, 2011). On the other hand, sea-ice melt derived 

stratification can lead to a high attenuation of vertical flux at the surface, and in well-mixed, open-water 

areas vertical flux can be higher (Amargant-Arumí et al., 2024; Reigstad et al., 2008; von Appen et al., 

2021). On other Arctic shelf regions, an increase in pelagic-benthic coupling in response to a prolonged 

productive period are predicted (Cochrane et al., 2009; Olivier et al., 2020). 

1.3.3 Implications for the DOM-POM continuum 

Environmental and biological changes in the Arctic Ocean also affect concentrations and the molecular 

composition of DOM in marine ecosystems, with consequences for the microbial loop and DOM-POM 

interactions (Nguyen et al., 2022). Terrestrial runoff is a major source of DOC in the Arctic Ocean, and 

the surface oceans are accumulating substantial amounts of terrigenous DOM (Anderson and Amon, 

2015). Because phytoplankton are one of the main sources of labile DOM, changes in primary 

production and protist community compositions would likely also change the concentrations and 

composition of DOM in the Arctic Ocean (Nguyen et al., 2022). Melting sea ice alters the DOM 

composition of the surface water, because it contains higher quantities of DOM compared to the 

surrounding seawater (Nguyen et al., 2022). Other processes such as the inflow of Pacific and Atlantic 

Water, atmospheric deposition and efflux from sediment similarly contain high quantities of DOM with 

a distinct composition differing from marine DOM (summarized in Nguyen et al., 2022). The effect of 

these changes on particle dynamics, and with that on the BCP are difficult to assess. This is because 

little is known about processes in the DOM-POM continuum under contrasting environmental 

conditions, and most observations have been carried out in the laboratory only. Combined field and lab 

studies are scarce (Riley, 1963; Sheldon et al., 1967), and processes are often analyzed from a pure 

chemistry or pure ecological viewpoint; seldomly the two fields are combined. 

1.3.4 Regional variability 

In the end, particle dynamics, vertical flux and the export of OM from the euphotic zone depend on a 

multitude of drivers besides the magnitude of primary production, such as the protist community 

composition, aggregation, grazing efficiency, fecal pellet production and export, the microbial loop, 

and the physical environment (Iversen, 2023). Differing physical and biological settings at the different 

Arctic shelves influence particle interactions, vertical flux, and ultimately pelagic-benthic coupling in 

varying manners. This means that Arctic regions will be affected in different ways by climate change.  

The Arctic is characterized by high seasonality and interannual variability. Accordingly, it is 

challenging to evaluate the effects of long-term environmental and biological changes on the BCP. It is 
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yet unclear how or whether the efficiency of carbon export from the pelagic zone will change, and with 

that, how benthic communities will be affected by changes in food supply or composition. Moreover, 

the contribution of DOM to the BCP under different environmental conditions is yet unresolved, which 

makes it difficult to estimate the influence of changing DOM concentrations and composition on the 

BCP. Studying seasonal patterns could help to elucidate future trends, since it gives us the possibility 

to explore extremes of the environment, representing different scenarios of primary production and 

pelagic processes impacting the BCP. Benthic communities, on the other hand, integrate environmental 

and biological changes over larger time scales (Ziegler et al., 2023). Accordingly benthic communities 

can be useful as long-term indicators: Monitoring short-term and long-term patterns in the pelagic realm 

and the benthos thus could help us elucidating climate-change induced alterations in carbon flow within 

the Arctic marine ecosystem. 
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2 Thesis aims 

The overall objective of this thesis was to discuss the functioning of the biological carbon pump (BCP) 

and pelagic-benthic coupling under a prolonged sea-ice free, open water scenario in the Arctic marginal 

ice zone. All papers have in common that the study sites were revisited over a temporal scale (seasonal, 

Papers II and III; and annual, Paper I) to study the effect of environmental contrasts on different 

aspects of the BCP. The dependency of benthic communities on the BCP on the Northeast Greenland 

shelf are presented in Paper I, followed by a discussion of the effects of a possible weakening of 

pelagic-benthic coupling since the 1990s. In Paper II, we explore how the amount and composition of 

vertical flux changes with depth along the marginal ice zone, and across different seasons in the 

northwestern Barents Sea, discussing some regulatory mechanisms of the BCP. Paper III investigates 

the seasonal potential of dissolved organic matter to aggregate and with that, contribute to the particulate 

pool. In the synthesis of this thesis, the results from the different papers are integrated to get a holistic 

understanding of some mechanisms of the BCP and pelagic-benthic coupling in the Arctic. 

 
Figure 2: Conceptual representation of the topics covered in the papers included in this thesis.  
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2.1 Research questions 

Paper I 

I. Is food availability at the seafloor the main driver of benthic communities on the NEG shelf, as it 

was in the 1990s?  

II. How have benthic communities and the food availability at the seafloor changed since the 1990s? 

Paper II 

I. How does the amount and the composition of vertical flux change across different depths, a 

latitudinal gradient across the MIZ and different seasons in the northwestern Barents Sea?  

II. What are possible regulatory mechanisms for the changes observed? 

Paper III 

I. In which season does organic matter aggregate (or dissolve), and with that, contribute to (or reduce) 

the particulate carbon pool? 

II. How does DOM change its characteristics during aggregation (or dissolution) processes?  

In the synthesis of this thesis, the findings of the included papers are integrated, addressing the 

following overarching questions: 

- What are the main regulating mechanisms of the Arctic BCP and how do they differ 

across different Arctic shelves? (Paper II) 

- How important is DOM aggregation as a mechanism of the BCP? (Paper III) 

- What are the processes and mechanisms that could lead to a weakening (or a 

tightening) of pelagic-benthic coupling in a future Arctic? (Paper I, II) 

- How do particle dynamics and vertical flux in the Arctic winter differ from the Arctic 

spring and summer? (Paper II, III) 
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3 Methods 

3.1 Study region 

This thesis focused on processes of the biological carbon pump in a sub-Arctic fjord (Ramfjorden, 

Tromsø), the Northeast Greenland shelf and the Barents Sea shelf. Accordingly, the environmental 

conditions within the Atlantic sector of the Arctic are described in more detail. 

 

Figure 3: Overview of the Arctic Ocean and the study areas. The study areas are shown in black rectangles, 

with conceptual patterns of ocean currents in the Atlantic sector of the Arctic that are relevant for this work: 

Transpolar Drift (TPD), East Greenland Current (EGC), Atlantic Water (AW), surface Polar Water (PW), 

Norwegian Coastal Current (NCC). Bathymetry was taken from the International Bathymetric Chart of the 

Arctic Ocean Version 4 (Jakobsson et al., 2020), and land polygons from Open Street Map (2023).  
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3.1.1 A highway through the Arctic: The inflow and circulation of Atlantic Water 

in the Atlantic sector of the Arctic 

Atlantic Water (AW) flowing towards the Arctic is a poleward extension of the Gulf Stream (Skagseth 

et al., 2008). Its pathway into and within the Arctic Ocean is determined by bathymetry and largely 

follows continental shelf breaks (Aagaard, 1989). Its advection onto the shelves depends on deeper 

bathymetric trough systems. The main branch of the AW follows northwards along the Norwegian 

continental shelf (Figure 3). Along the Norwegian coast, part of it mixes with or flows underneath the 

shallower Norwegian Coastal Current (NCC). Both currents influence the oceanographic setting of the 

coastal fjords (Sætre, 1999). The AW flows further north along the Barents Sea continental shelf and 

splits into two branches, with its main branch entering the central Barents Sea through the Barents Sea 

Opening between mainland Norway and Bjørnøya, continuing eastwards (Ingvaldsen et al., 2002, 2004; 

Schauer et al., 2002). It is separated from cold and fresh waters of Arctic origin by the Polar Front 

(Figure 1 in Paper II). The second AW branch enters the Arctic Ocean via Fram Strait (Figure 3), 

following the northern boundary of the Barents Sea continental slope west and then north of Svalbard 

(Beszczynska-Möller et al., 2012; Schauer et al., 2004). From there, AW continues eastward and enters 

the northern Barents Sea through two troughs on either side of Kvitøya (Lind and Ingvaldsen, 2012; 

Lundesgaard et al., 2022) (Figure 1 in Paper II). Before entering the Arctic Ocean, about half of the 

AW recirculates within Fram Strait, joining the East Greenland Current (EGC) and flowing southward 

along the Greenland continental shelf break (de Steur et al., 2014; Hattermann et al., 2016; Rudels et 

al., 2005). From there, it is partly advected onto the Northeast Greenland shelf, circulating in a 

clockwise (anticyclonic) pattern within the deep trough system on the shelf (Arndt et al., 2015; Bourke 

et al., 1987; Schaffer et al., 2020) (Figure 1 in Paper I). A switch in the atmospheric Arctic Dipole 

resulted in an increase of AW inflow through the Barents Sea Opening since the last decade, while the 

inflow through the Fram Strait has decreased (Polyakov et al., 2023).  

3.1.2 Sea ice: a declining, but highly variable feature 

The sea ice in the Arctic shrinks to its minimum extent in September (7.7–4.7 Mio km2), and expands 

to its maximum extent in March (14.3–16.3 Mio km2), with an area of the size of Australia melting and 

growing anew on an annual basis (Lund-Hansen et al., 2020); however, this pattern is highly dynamic 

on a yearly basis. The outer margin of the sea-ice extent reaches mostly to the northern regions of the 

Arctic shelves. These regions lie therefore in the seasonal ice zone and are characterized by strong 

environmental gradients during the seasonal cycle. Sea-ice concentration and thickness are decreasing 

across the Arctic, with the Barents Sea being the region with the strongest sea-ice loss and possible sea-

ice free winters already before the end of this century (Årthun et al., 2021). Nevertheless, the negative 

trend of sea-ice concentration across the Arctic underlies interannual and decadal variability. In the 

Barents Sea, the advection of sea ice from the eastern Eurasian Arctic drives the interannual variability 

in sea-ice concentration, while the AW inflow hinders sea-ice formation locally, thus maintaining long 

open water periods within the AW pathway even under low air temperatures (Lundesgaard et al., 2021). 

Due to borealization, the stratification in the northern Barents Sea is decreasing (Lind et al., 2018). In 

the Amerasian Basin, the switch from a negative to a positive Arctic Dipole phase in 2007 resulted in 

an increase of surface freshwater content since the last century, and with that an increase of stratification 

and sea-ice area within this region (Polyakov et al., 2023). The majority of sea ice that is exported leaves 

the Arctic through the Fram Strait via the East Greenland Current (Serreze et al., 2006). This makes sea 
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ice conditions on the NEG shelf intra- and interannually highly variable. The ice export through Fram 

Strait has intensified (Polyakov et al., 2023); however, the exported sea ice is getting younger, thinner 

and more uniform (Krumpen et al., 2019; Sumata et al., 2022). While in the Barents Sea, the import of 

sea ice from the East Siberian and Laptev Seas is the main freshwater source in this region (Ellingsen 

et al., 2009; Lind et al., 2018; Lundesgaard et al., 2022), the NEG shelf is additionally strongly 

influenced by glacial meltwater from Greenland’s largest marine-terminating glacier (79⁰N Glacier) 

and the Zachariæ Isstrøm (Schaffer et al., 2017). Due to increasing glacial melt, together with the export 

of melting sea ice with the EGC, and the increased inflow of AW, the NEG shelf is subject to strong 

upper ocean stratification (Sejr et al., 2017). 

Changes in sea-ice thickness, age and concentration, along with increasing inflow of boreal waters and 

increasing open water areas also impact polynyas across the Arctic (Smith and Barber, 2007). Polynyas 

are open water features within a completely sea-ice covered area. They can be important for local 

biological production, as light can be available early on in an area where it is otherwise blocked by ice, 

and mixing regimes can differ within the polynya compared to the surrounding waters. With decreasing 

sea ice, many polynyas are expected to disappear during summer or decrease in size, become more 

boreal in character or rather act as marginal ice zones than true polynyas (Smith and Barber, 2007).  

3.1.3 Detailed description of the study sites 

The study site for Paper I comprised the area between 77°N and 81°N on the Northeast Greenland 

(NEG) shelf (Figure 1 in Paper I). Two oceanic troughs, namely the Westwind Trough in the northern 

part of the shelf, and the Norske Trough in the southern part, half-encircle shallow banks of water depths 

<200 m (Arndt et al., 2015; Jakobsson et al., 2020). Atlantic Water (AW) from the EGC enters the NEG 

shelf through the Norske Trough and circulates in an anticyclonic pattern within this trough system 

(Bourke et al., 1987; Schaffer et al., 2017). The inflowing AW promotes subglacial melting of the 

largest marine-terminating glacier of Greenland, the Nioghalvfjerdsfjorden glacier (79°N Glacier; 

(Mayer et al., 2000; Schaffer et al., 2017; Straneo et al., 2012). AW then leaves the glacier cavity as 

modified AW and flows eastward through the Westwind Trough. In the period between 1979–1999 and 

2000–2016, the Norske Trough experienced a temperature increase of 0.5°C because of increasing 

influence of AW on the NEG shelf (Schaffer et al., 2017; 2020; Mayer et al., 2018). In the Westwind 

Trough, the Northeast Water (NEW) Polynya extended to an area of approximately 44,000 km² 

(Wadhams, 1981) between 79⁰N and 81⁰20’N and between the NEG coast and the shelf break. It was 

described to be confined by the Ob Bank Ice Barrier in its northern, and the Nørske Øer Ice Barrier in 

its southern part (Minnett et al., 1997). While in winter, the NEW functions as a latent heat polynya, 

formed by strong coastal northwesterly winds that push sea ice away and form an open water area, in 

summer the anticyclonic circulation on the NEG shelf advects sea ice out of the NEW Polynya. The 

resupply of new ice is constrained by the Nørske Øer Ice Barrier in the south (Minnett et al., 1997). 

However, during the last century, sea-ice conditions became more variable in this area and the land-fast 

ice structures are breaking up more often (Sneed and Hamilton, 2016), and the polynya was described 

to be “morphed into the Marginal Ice Zone” (ISSI, 2008).  

Sampling stations for Paper II were located along a transect along the 30°E meridian (Process stations 

P1-P7) between 75° and 85°N, covering a latitudinal gradient across the seasonally ice-covered 

northwestern Barents Sea (Figure 1 in Paper II). Four stations were located on the shelf (P1, P2, P4, 
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P5; 160–60 m), one station was located at the northern Barents Sea shelf break (P6; varying between 

790–1550 m) and one in the deep Nansen Basin (P7; 3300–3400 m). The southernmost station P1 (76⁰N 

Latitude) was located south of the Polar Front, where it was strongly influenced by AW and permanently 

ice-free, while the sea-ice cover between 77-82⁰N is interannually variable. The northernmost stations 

P6 and P7 (81-82⁰N) are located within the northern branch of AW inflow, which is heating the upper 

water layers and thus sea-ice presence can be reduced compared to lower latitudes. During 2018, which 

was a “low-ice year” (Amargant-Arumí et al., 2024), P6 and P7 were ice-covered only in December 

and January and ice-free for the rest of the year, while the locations 77–80⁰N were ice-covered between 

December and May (Steer and Divine, 2023). 2019, on the other hand, was a “high-ice year” (Amargant-

Arumí et al., 2024). Stations P5-P6 were ice-covered almost year-round, while Stations P2–P4 were 

ice-covered until the end of June (Steer and Divine, 2023).   

Arctic regions are difficult to access, especially if a study requires high sampling frequency such as for 

seasonal investigations. Because we wanted to investigate the seasonality of aggregation patterns in the 

Arctic, we conducted sampling for Paper III at the mouth of a sub-Arctic fjord 

(Gáranasvuotna/Ramfjorden, 69°31’34” N, 19°1’33.0” E) in Sápmi/Northern Norway (Figure 1 in 

Paper III). Ramfjorden is a western sidearm of Báhccavuotna (Balsfjorden), where intensive 

investigations have shown that physical and ecological conditions are highly comparable to the Barents 

Sea shelf (Degerlund and Eilertsen, 2010; Eilertsen et al., 1981; Tande, 1991). Phytoplankton 

community structure and bloom seasonality are representative for Arctic conditions (Eilertsen and 

Taasen, 1981). 

The station in Ramfjorden was about 130 m deep. The  inner part of Ramfjorden (about 20 m deep) can 

be ice-covered between late January until April/May due to the heavy freshwater inflow (O’Sadnick et 

al., 2020). Especially in autumn/early winter, the surface of the fjord is freshened by river runoff 

(Vonnahme et al., 2022), which can freeze at the surface in the inner part. However, the outermost part 

of Ramfjorden, where our sampling station was located was sea-ice free throughout the year. 

3.2 Sample collection 

3.2.1 Field work 

Samples for Paper I were collected between September and October 2017 with camera-equipped 

multicorers (MUC) and autonomous benthic landers on the seasonally ice-covered Northeast Greenland 

shelf along the trough system and at the 79⁰N Glacier. Benthic community parameters (bacterial 

abundance, meiofauna and macrofauna communities) were sampled along parameters for sediment 

solid-phase (granulometry, porosity, sedimentary pigments (Chlorophyll-a (Chl-a), fucoxanthin and 

phaeopigments), total organic carbon (TOC) and total nitrogen (TN)), porewater (dissolved inorganic 

carbon and nutrients) and oxygen fluxes (total and diffusive oxygen uptake) from MUC and Lander 

deployments. 

For Paper II, short-term drifting sediment traps (Box 1) were deployed in the northwestern Barents Sea 

along the station transect P1–P7 during four different seasons (August 2019, December 2019, March 

2021 and May 2021). Two or four cylinders were deployed at each depth (30, 40, 60, 90, 120 and 

200 m). The deployment period varied between 18 and 38 h, with longer deployment times when low 

fluxes were expected (December and March). After retrieval, the cylinders from each depth were pooled 
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and samples for particulate organic carbon (POC) and particulate nitrogen (PN), size-fractionated 

(0.7 µm and 10 µm) Chlorophyll-a (Chl-a) and Phaeopigments, protist cell and biomass fluxes, fecal 

pellet fluxes and stable isotopes were taken.   

Samples for Paper III were taken on a monthly basis in the mouth of Ramfjorden between September 

2020 and September 2021. A CTD was deployed in the beginning of each sampling campaign to obtain 

seasonal variations in temperature, salinity, fluorescence, turbidity, and oxygen saturation at the station 

throughout the water column. Subsequently, GoFlos were used to sample seawater at 5 m depth for a 

set of biogeochemical parameters (nutrients, total dissolved nitrogen (TDN), dissolved organic carbon 

(DOC), dissolved organic matter characterization (DOM), colored DOM (cDOM), extracellular 

polymeric substances (EPS), POC and PN, size-fractionated Chl-a and Phaeopigments, total particulate 

matter (TPM), flow cytometry (FCM) and protist community composition).  

For Paper III, every second month three additional GoFlos were taken in Ramfjorden for water that 

was used for the aggregation experiments. The sampled water was filtered through a 90 µm mesh to 

remove larger grazers, and then the water from each of the GoFlos was equally distributed among three 

acid-rinsed containers that were packed in dark plastic bags to protect from light until they were brought 

ashore (Figure 4a). The containers were stored in a cold room (4⁰C) at dark until processing (within a 

couple of hours after bringing them ashore). All sampling equipment was acid-rinsed (plastic ware), 

combusted (glass ware) or sonicated (metal ware) prior to use to minimize contamination. The water of 

two containers was pooled and pressure-filtered through a single layer (September–December) or a 

double layer (February–August) of pre-combusted GF/F filters (0.7 µm, Whatman, diameter: 130 mm). 

The effect of a single or a double layer of filters was tested in January with water taken at the same 

station, and the results and a short discussion are presented in Figure S1 in Paper III. The water from 

the third container was channeled through the filtration system, but without a filter to treat the filtered 

and unfiltered water in the same way and to account for possible coagulation during the filtration 

process. Subsequently, the filtered (F) and unfiltered (UF) water was sampled for EPS, FCM, DOC and 

DOM characterization before it was distributed equally with sample splitters among roller tanks (Figure 

4c). Each month, the tanks were distributed randomly on roller tables and rolled at 3 rpm for 36 h. At 

the end of the incubation, each tank was sampled for EPS and FCM after it was homogenized by gentle 

turning. Subsequently, all tanks were connected to an air-tight peristaltic filtration system to ensure 

minimal contamination (Figure 4d). POC/PN samples were collected through syringe filter holders with 

pre-combusted GF/F filters that were attached in-line, and the filtrate was collected in graduated 

cylinders capped with stoppers with air filters. The filtrate was then used to sample for DOC and DOM 

characterization. 
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3.2.2 Experimental work 

 

Figure 4 (Figure 2 in Paper III): Sample processing and experimental setup for Paper III. 

3.3 Sample processing and analysis 

3.3.1 Pelagic biogeochemical parameters 

An overview of all analyzed parameters is given in Figure 5. Nutrients were syringe-filtered through a 

0.2 µm filter, and the filtrate was frozen at -20°C until further analysis. Concentrations of dissolved 

silicate, nitrate, nitrite and phosphate were measured with a QuAAtro nutrient analyzer (SEAL 

Analytical). Samples for dissolved organic carbon (DOC) were filtered on GF/F filters (0.7 µm, 

Whatman, pre combusted), acidified and then stored at 6°C until analysis. DOC determination was 

performed via high temperature catalytic oxidation method using a Total Organic Carbon Analyzer 

(TOC-L CPH/CPN™, Shimadzu).  Dissolved organic matter (DOM) extraction was performed using 

solid phase extraction following Dittmar et al. (2008). DOM samples were then analyzed for their 

chemical characterization (Box 3) by high performance liquid chromatography coupled to high-

resolution mass spectrometry (HPLC-HRMS). Samples for exopolymeric substances (EPS) were 

filtered onto 0.4 µm polycarbonate filters. Following the colorimetric method by Dubois et al. (1956), 

a mixture of phenol and concentrated sulfuric acid was used to extract material from the filter to 
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determine total carbohydrates in the sample. A spectrophotometer (UV-6300PC, VWR) was used to 

measure the absorbance of the solution at 485 nm. 

 

Figure 5: Overview of all parameters analyzed in this thesis. Parameters highlighted in grey are measured 

inorganic components. Abbreviations are dissolved organic carbon (DOC), dissolved organic matter (DOM), 

extrapolymeric substances (EPS), particulate inorganic matter (PIM), particulate organic matter (POM), 

particulate organic carbon and particulate nitrogen (POC/PN), Chlorophyll-a (Chl-a), flow cytometry (FCM), 

sedimentary total organic carbon and total nitrogen (TOC/TN). 

Samples for TPM (including the particulate inorganic (PIM) and organic matter (POM) components), 

were filtered in triplicates on pre-weighed, combusted GF/F filters (Whatman). The filters were placed 

in aluminum trays, dried for 24 h at 60⁰C and subsequently weighed on a microbalance for the 

determination of TPM. Afterwards, they were combusted for 7 h at 450⁰C and weighed again to 

determine PIM. The difference between TPM and PIM was calculated as POM. Samples for stable 

isotopes, particulate organic carbon (POC) and particulate nitrogen (PN) were filtered through pre-

combusted GF/F filters (0.7 µm, Whatman), folded and packed in pre-combusted aluminum foil and 

subsequently frozen at -20⁰C (-80⁰C for stable isotopes). For POC/PN analyses, the filters were placed 

in glass tubes, dried at 60⁰C for 24 h and then acid-fumed for 24 h to remove all inorganic carbon and 

dried again at 60⁰C for 24 h. Finally, the samples were packed in tin capsules and measured with a CHN 

elemental analyser (Exeter Analytical). For stable isotopes, samples were packed into pre-weighed tin 

cups, and subsequently measured with an elemental analyzer coupled with a mass spectrometer 

(Thermo Fisher Scientific). For size-fractionated (0.7 µm and 10 µm) Chl-a and Phaeopigments, 

samples were filtered on 0.7 µm GF/F filters (Whatman) and 10 µm polycarbonate filters (Whatman). 

The filters were immediately transferred to tubes with 100% methanol and placed in the fridge for 12-
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24 h for extraction. Subsequently, they were analyzed with a pre-calibrated Turner Design AU-10 

fluorometer or a Turner Triology before and after acidification with 5% HCl. 

 

Box 3: An ecologist’s guide for DOM Characterization 

DOM Proxy Description Explanation References 

O/C ratio Average oxygen 

to carbon 

atomic ratio  

If the compound has been in the water 

for a long time and/or gone through 

bacterial/chemical processes, oxygen is 

added. Higher O/C values therefore 

indicate a decrease of DOM 

bioavailability, or compounds of older 

age. Terrestrial DOM also contains more 

oxygen relative to marine DOM.  

Flerus et al. 

(2012)  

H/C ratio Hydrogen to 

carbon atomic 

ratio 

A measure for the relative hydrogen 

saturation. Hydrogen bonds are easier 

to break up; therefore, higher H/C 

values indicate higher DOM 

bioavailability. 

Cai and Jiao 

(2023) and 

references 

therein 

AImod 

(Aromaticity 

index) 

Poly-aromatic 

hydrocarbons 

More aromatic rings in DOM molecules 

lead to a higher AI[mod] and indicate low 

bioavailability and high recalcitrance. 

DOM of high AI[mod] are mostly found in 

deep waters. 

Koch & 

Dittmar 

(2006)  

MW Intensity 

weighted 

average mo-

lecular weight 

A measure for the size of DOM 

molecules which give insight into 

reactivity.   

Flerus et al. 

(2012)  

  

 

3.3.2 Sediment solid-phase parameters 

Samples for granulometry, porosity and sedimentary pigments (Chl-a, phaeopigments (phaeophorbide 

a and phaeophytin a and fucoxanthin) were taken from 1cm sediment slices from the MUC cores or 

from the landers. Pigment samples were stored at -80⁰C for later analysis. Grain size spectra were 

assessed by laser diffraction (Malvern Instruments, Malvern, UK; Braeckman, 2023a). For porosity, the 

wet mass of the sediment samples was measured, and then dried at 60⁰C. Afterwards, porosity was 

calculated by the difference between the wet and dry mass of the samples after Dalsgaard et al. (2000; 

Braeckman, 2023b). Sedimentary pigments were analyzed using high performance liquid 

chromatography after Wright et al. (2005; Braeckman, 2023c). For TOC and TN, the sediment sample 

was acidified with hydrochloric acid to remove inorganic carbon prior to analysis. Percent TOC and 

TN were determined in sediments dried at 250°C using a ELTRA CS2000 Carbon Analyzer 

(Braeckman, 2023d).  

https://www.zotero.org/google-docs/?2jSNYK
https://www.zotero.org/google-docs/?2jSNYK
https://www.zotero.org/google-docs/?broken=Bu3hYP
https://www.zotero.org/google-docs/?broken=Bu3hYP
https://www.zotero.org/google-docs/?broken=Bu3hYP
https://www.zotero.org/google-docs/?gCqJWU
https://www.zotero.org/google-docs/?gCqJWU
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3.3.3 Sediment porewater parameters and oxygen fluxes 

For porewater extractions, MUC cores with pre-drilled holes were mounted on the MUC prior to 

deployment. Samples for DIC, nutrients, sulfate and sulfide concentrations were extracted from the 

porewater with Rhizon samplers (Rhizosphere). For DIC, porewater was transferred to glass vials, 

treated with HgCl2 and then stored at 4⁰C. DIC concentrations were measured using a flow injection 

system equipped with the Spark Optimas auto-sampler. To determine nutrient concentrations 

(phosphate, silicate, ammonium, nitrate and nitrite), porewater was transferred to acid-washed Sarstedt 

vials and stored at -20°C. In the lab, samples were analyzed with a Continuous Segmented Flow 

Analyser (QuAAtro39, SEAL Analytical; Braeckman and Felden, 2023). 

For the ex situ determination of diffusive (DOU) and total oxygen uptake (TOU), MUC cores were 

transferred to a temperature-controlled water bath. The overlying water was homogenized with a 

magnetic stirrer and aerated. Two oxygen optodes (Pyroscience, Firesting) mounted on an autonomous 

microprofiler module measured simultaneously oxygen microprofiles through the sediment for DOU. 

After microprofiling, total oxygen uptake (TOU) was assessed from the decrease in oxygen 

concentration in the overlying water over time for approximately 48 h (at least 36 h) with an oxygen 

optode (Pyroscience, Firesting) that measured the oxygen concentration continuously in the overlying 

water (measuring interval of 60 s). TOU was assessed as the decrease in oxygen concentration in the 

water phase that was measured. The incubation was terminated at ≤80% initial [O2] (Braeckman and 

Wenzhöfer, 2023). DOU and TOU were additionally measured autonomously in situ with benthic 

landers at selected stations. Details are described in Paper I. 

3.3.4 Pelagic and benthic community parameters 

For the determination of suspended bacteria, virus, pico- and nano-sized phytoplankton abundances, 

flow cytometry was used on samples taken from the water column in Ramfjorden. 5 ml were directly 

transferred to a scintillation vial, fixed with glutaraldehyde (0.5% final concentration) and frozen at -

80°C until analysis. Afterwards, the samples were thawed and the abundances of pico- and 

nanophytoplankton were directly analyzed with an Acoustic Focusing Flow Cytometer (Attune, 

Applied Biosystems by Life Technologies). The populations of phytoplankton were grouped based on 

their pigmentation on biplots of green vs. red fluorescence. Bacteria and viruses were assessed by 

staining their DNA with SYBR-green I and grouped on biplots based on side scatter vs. green 

fluorescence. The ratio of high nucleic acid (HNA) to low nucleic acid (LNA) bacteria was used as an 

indicator for relative bacterial activity.  

Bacterial abundances in the sediment were assessed by the Acridine Orange direct count (AODC) 

method. 1 cm slices of the upper 5cm sediment surface were transferred into scintillation vials and then 

fixed with a formaldehyde-artificial seawater solution. Afterwards, the samples were diluted and filtered 

through 0.2 µm polycarbonate filters (Whatman) and stained with a 0.001% acridine orange solution 

after Hobbie et al. (1977). For the estimation of single cell abundances, at least 30 grids from 2 replicate 

samples were counted with a Zeiss Axiophot microscope (Germany) and a 100x oil immersion objective 

lens (Zeiss Plan-Apochromat, Germany; Bodur et al., 2023a). 

For the determination of suspended protist biomass and abundance, 100 ml sampled from the GoFlos 

(Ramfjorden) was transferred to a brown glass bottle and then fixed with a glutaraldehyde-lugol solution 
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for later protist examination. The same was done for samples taken from sediment traps. Protists, 

including phyto- and protozooplankton, were identified to the lowest possible taxonomic level in 

accordance with the World Register of Marine Species (WoRMS) and counted under an inverted light 

microscope (Nikon Eclipse TE-300 and Ti-S) using the Utermöhl method (Edler and Elbrächter, 2010; 

Utermöhl, 1958). Abundances were converted to carbon biomass based on published geometric 

relationships for biovolume conversion (Hillebrand et al., 1999) and biovolume to carbon conversion 

factors (Menden-Deuer and Lessard, 2000). 

250 ml from sediment traps were taken for fecal pellet analysis and fixed with hexamethylenetetramine-

buffered 37% formaldehyde for microscopic identification. In the lab, 25–100 ml were subsampled and 

settled in an Utermöhl sedimentation chamber. Fecal pellets were counted, the width and length of each 

pellet was measured and attributed to their origin (Calanoid copepods, appendicularians, euphausiids, 

chaetognaths). The carbon content of each fecal pellet was estimated using volume-to-carbon 

relationships using empirical conversion factors detailed in Paper II. 

Meiofauna and macrofaunal communities were sampled at the end of the ex situ TOU measurements. 

The MUC cores were opened, and the sediment was sampled with a cut-off 10 mL syringe (area 

1.89 cm²) and stored in 4% seawater-buffered formaldehyde for meiofauna. Macrofauna was collected 

by sieving the leftover sediment over a 500 µm mesh, stored in a Kautex bottle and fixed with the same 

formaldehyde solution. After meiofauna was extracted in the lab by centrifugation, meiobenthic 

individuals were identified to higher taxonomic levels and enumerated in accordance with WoRMS. 

Subsequently, nematodes were picked and transferred to separate glass slides for identification based 

in genus level. Macrofauna individuals were identified to the lowest taxonomic level and their blotted 

wet formalin weight was determined. 

3.4 Data analyses 

For all papers, multivariate analysis techniques were used to explore the differences between the 

samples along locations (Paper I and II), seasons (Paper II and III) and depths (Paper II).  

For Paper I, a similarity profile routine (SIMPROF; Clarke et al., 2008) was used to explore how the 

stations sampled on the Northeast Greenland shelf grouped based on environmental parameters. 

SIMPROF identified 4 distinct groups (“sites”). Subsequently, correspondence analyses (CA) were 

applied to macrofauna and meiofauna communities, respectively, to visualize the grouping between 

stations. A Kruskal-Wallis test was applied on each dataset to test whether the benthic communities 

grouped according to the sites identified by SIMPROF. Finally, one additional CA was applied to 

Polychaeta data from 2017 and Polychaeta data sampled in 1992 (family level), formerly published in 

Ambrose and Renaud (1995); Piepenburg et al. (1997), to see how the communities differed between 

2017 and the 1990s. The same was applied to Nematoda data (on genus level). 

For Paper II, a CA was applied to protist flux communities to investigate how the protists sinking out 

during the different season differed from each other. To distinguish which protist groups were dominant 

during the seasons, the identified protists at species level were attributed to groups (ciliates, 

dinoflagellates, other flagellates, Phaeocystis sp. and diatoms) and plotted on top of the ordination. 

Subsequently, a principal component analysis (PCA) was applied to bulk vertical flux parameters in 

order to describe how they differed between each station and season. Afterwards, environmental and 
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suspended biological parameters were plotted on top to visualize how they may be related to the flux 

parameters.  

In Paper III, a SIMPROF was applied to determine how the monthly sampling points were separated 

based on biogeochemical field data from Ramfjorden. A PCA was applied to the same data in order to 

visualize the seasonal progression of the marine ecosystem in Ramfjorden. Another PCA was applied 

to the DOM molecular weight at the start and the end of the experiment in September, October, 

December and January to demonstrate how the DOM molecular weight changed in the course of the 

experiment.  
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4 Key findings and summary of the results 

Paper I: Benthic ecosystem changes suggest weakened pelagic-benthic 

coupling on an Arctic outflow shelf (Northeast Greenland) 

In Paper I we investigated benthic communities and their functions on the Northeast Greenland Shelf 

(Figure 1 in Paper I), a remote outflow shelf where the last benthic studies were carried out during the 

1990s. 17 stations across the NEG shelf were sampled with a multicorer and/or an autonomous lander 

between September and October 2017, including some stations close to the 79⁰N Glacier. Benthic 

community parameters (macrofauna, meiofauna, bacteria) were analyzed along with their functions 

(total and diffusive oxygen uptake) and environmental variables (porosity, granulometry, sedimentary 

pigments, total organic carbon and total nitrogen (TOC/TN), porewater chemistry) from each station. 

A SIMPROF analysis revealed that based on the environmental variables, the stations could be grouped 

into 4 sites: Westwind Trough, Norske Trough, Belgica Bank and close to the 79⁰N Glacier. Benthic 

pigment concentrations, including fucoxanthin (an accessory pigment of diatoms), as well as TOC, 

porewater silicate (indicative of diatom-derived remineralization), ammonia and nitrite concentrations 

and bacterial cell abundances were highest in the Westwind Trough. This suggests a higher benthic 

activity and a tighter pelagic-benthic coupling in the Westwind Trough compared to the Glacier, Norske 

Trough and Belgica Bank. Total abundances of macrofauna and meiofauna were highest in the outer 

parts of the shelf compared to locations adjacent to the Glacier and the inner shelf stations (e.g., 

macrofauna: 1,964–2,952 versus 18–1,381 individuals m-²). Two Correspondence Analyses (CA) 

performed separately for macrofauna and meiofauna communities revealed that the benthic 

communities were mainly separated between the Westwind versus the Glacier and Norske Trough 

(Figure 6a, b). Macrofauna and meiofauna community structures were mainly driven by food 

availability. However, a Kruskal-Wallis Test did not show a significant distinction of macrobenthic (or 

meiobenthic) communities between sites. This is in contrast to results from the 1990s, when macro- and 

meiobenthos showed a clear distinction between the Westwind and the Norske Trough. The results 

suggest a homogenization of benthic communities across the NEG shelf since the 1990s. Subsequently, 

CAs based on Polychaeta (on family level) and Nematoda (on genus level) from 2017 and the 1990s 

were performed to analyze how these communities might have changed during the last 24 years. In both 

cases, the sampling years separated clearly along the first CA axis. Overall, Polychaeta densities were 

about 5 times lower in 2017 compared to the 1990s, while Nematoda densities were about 3 times higher 

(Figure 6c, d). We found a decreased Polychaeta and an increased Nematoda diversity across the shelf, 

and a different community structure of Nematoda genera. These changes were accompanied by warmer 

bottom water temperatures, an increased number of sea-ice-free days, and decreased sediment pigment 

concentrations that were one order of magnitude lower in 2017 compared to the 1990s (Figure 6e, f). A 

shift from macrofauna to meiofauna and a homogenization of benthic communities across the shelf 

suggest that pelagic-benthic coupling might have weakened since the 1990s. 
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Figure 6 (Figures 5a, b and 6a, b, e, f in Paper I): Results from Paper I. Visualization of the 

Correspondence Analysis for macrofauna (a) and meiofauna (b) abundances with environmental parameters 

fitted on top, and comparison of (c) Polychaeta density, (d) Nematoda density, (e) bottom water temperature 

and (f) benthic pigment concentrations between 1992, 1993 and 2017. Colors represent the 4 sites statistically 

identified by the SIMPROF analysis based on standardized environmental data (Figure S5): Westwind 

Trough (W), 79⁰N Glacier (G), Norske Trough (N), and Belgica Bank (B). Tested environmental parameters 

are number of sea-ice-free days (ice-free days), sediment TOC:TN ratio (C:N), chloroplastic pigment 

equivalent (CPE), grain size (GS), single cell abundances (SCA), bottom water salinity (S) and temperature 

(T). 
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Paper II: Seasonal patterns of vertical flux in the northwestern Barents 

Sea under Atlantic Water influence and sea-ice decline 

For Paper II, we studied the composition and magnitude of vertical flux in the seasonal ice zone of the 

northwestern Barents Sea across different seasons. To characterize the composition and amount of 

vertical flux, short-term drifting, surface-attached sediment traps were deployed in August and 

December 2019, and in March and May 2021 along a latitudinal transect between 75⁰ and 85⁰N east of 

Svalbard (Figure 1 in Paper II). After each deployment, samples for particulate organic carbon and 

particulate nitrogen (POC/PN), size-fractionated Chl-a, fecal pellets and stable isotopes were taken. 

The stable isotope analysis revealed a strong separation of sinking material between seasons along the 

δ15N axis, indicating a gradient of decreasing organic matter quality from spring to winter. A separation 

between stations along the δ13C axis, especially during May, indicated a spatial gradient related to local 

productivity within the season. We found that during winter (December and March) vertical flux was 

very low, and smaller, heterotrophic protist cells, especially dinoflagellates, dominated the vertical flux, 

mirroring the standing stocks of protist communities (Figure 7a). During spring, vertical flux across the 

northwestern Barents Sea was highly variable and strongly related to the sea-ice edge and Atlantic 

Water influence. The sinking particles at the two Atlantic Water-influenced, most productive stations 

were Chl-a-rich, mainly composed of diatoms, and had low POC:PN ratios. Less productive stations in 

May were still in a winter/pre-bloom stage, with high POC:PN ratios, low Chl-a flux and dominated by 

flagellates and ciliates (Figures 7a, b). In August, vertical flux across the transect was more homogenous 

in terms of magnitude and composition (Figure 7b). The sinking particles were composed of smaller 

cells, especially dinoflagellates, and Chl-a flux was lower compared to May, indicating a decreasing 

“freshness” of organic matter from spring to summer. The concentration of suspended particles was 

higher than in spring, suggesting a more efficient retention system during August.  

The results confirm a strong seasonality of vertical flux in the northern Barents Sea, with lowest 

magnitude and quality during winter and highest quality in May. While the magnitude of vertical flux 

was high in May and August compared to winter, there were strong compositional differences between 

spring and summer. Ultimately, seasonality in the northern Barents Sea is driven by the inflow of AW 

and sea ice in concert, and high vertical flux can occur under pack ice within the AW pathway.  
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Figure 7 (Figures 5 and 6 in Paper II): Results from Paper II. (a) Measured particulate organic carbon flux 

(blue bars) and carbon flux estimates of protists (green) and fecal pellets (red); and (b) POC:PN, Chl-

a:Phaeopigments and Chl-a:POC ratios of vertical flux across all seasons and stations in the northwestern 

Barents Sea. 
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Paper III: Contrasting seasonal patterns in particle aggregation and 

DOM transformation in a sub-Arctic fjord 

For Paper III, we studied the continuum between the particulate and dissolved fractions across different 

seasons within a sub-Arctic fjord (Ramfjorden, Tromsø; Figure 1 in Paper III). We carried out 

aggregation experiments between September 2020 and August 2021 every second month. Part of the 

water was filtered through a GF/F filter, while the other part was left unfiltered. The filtered (F) and 

unfiltered (UF) water each was subsampled for POC, DOC, extracellular polymeric substances (EPS), 

dissolved organic matter (DOM) characterization and flow cytometry (FCM) before it was filled into 

roller tanks that were rotated at 3 rpm. After 36 h the incubation was terminated, and all tanks were 

subsampled for the same parameters. In addition to the experiment, we deployed a CTD and collected 

biogeochemical parameters at the sampling station every month to record the seasonal development 

within the fjord. In April, June, and September, when the system was productive, we measured 

increased POC concentrations in both, F and UF treatments at the end relative to the start of the 

experiment (Figure 8a). However, aggregation was higher under post-bloom conditions in June and 

September compared to spring bloom conditions in April. During winter, in December and February, 

POC concentrations decreased in both treatments relative to the start of the experiment. The trends were 

similar in filtered and unfiltered treatments, underlining that during the productive period, a substantial 

fraction of POC could originate from aggregation within the DOM pool, while in winter, processes 

reducing particles seem to be dominant. Although bacterial abundances were only increasing in June 

and August, bacterial activity was increasing in all treatments throughout the year. We also found an 

increase in lability of DOM during POM dissolution after incubation in winter, which was reflected by 

an increase in hydrogen to carbon ratios (H/C), and a decrease in average oxygen to carbon ratios (O/C) 

and modified aromaticity index (AI[mod]), together with a decrease in molecular weight of DOM 

compounds (Figure 8c, d, e, f). The opposite DOM compositional patterns were observed with 

aggregation in September. DOM compounds were converted to more recalcitrant compounds as shown 

by a decrease in average H/C ratios, an increase in AI[mod] and O/C, and an increase in average molecular 

weight of compounds. 

We demonstrated that in a sub-Arctic fjord, transitions in the DOM-POM continuum underlie seasonal 

variations in the ecosystem. While aggregation seems to be the dominant process between spring-

autumn, during winter particle dissolution seems to prevail. Comparing the DOM molecular 

composition between autumn and winter revealed that during the aggregation process in autumn, DOM 

lability and molecular weight increased, while in winter DOM lability increased and MW decreased 

within the small molecular (<1 kDa) fraction. These findings suggest that physical (aggregation) and 

biological (degradation) processes drive processes the DOM-POM continuum in concert, and their 

relative influence is driven by ecological, physical and chemical conditions in the environment. 
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Figure 8 (Figures 4a, b, 5a, b, c, d in Paper III): Results from Paper III. Change of (a) concentrations in 

particulate organic carbon (POC) and (b) relative absorption of extracellular polymeric particles (EPS) in 

filtered (F) and unfiltered water (UF); and change in intensity weighed average of molecular weight (MW; c), 

oxygen to carbon ratio (O/C; d), hydrogen to carbon ratio (H/C; e) and modified aromaticity index (AI[mod]; 

f) in filtered (F) water. The background colors indicate the statistically identified winter (blue) and productive 

(green) period, respectively. 
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5 Synthesis and discussion  

To understand pelagic-benthic coupling and its mechanisms in a changing Arctic, it is important to 

combine the pelagic and the benthic “perspectives” on the biological carbon pump (BCP). In the 

following synthesis, I integrate the findings of the diverse, but highly connected aspects of the BCP 

addressed in the papers included in this thesis. The synthesis consists of three parts: In the first part, I 

outline the benthic dependency on the BCP using the example of benthic communities on the NEG shelf 

(Paper I). I will then present some of the mechanisms that regulate vertical flux (Paper II and Paper 

III) and with that, the BCP in the Arctic, and give some examples for pelagic-benthic coupling from 

some Arctic shelf regions. In the second part, I will present the changes in the benthic communities on 

the NEG shelf since the 1990s (Paper III), and subsequently discuss drivers that could lead to a 

weakening, or a tightening of pelagic-benthic coupling in the Arctic by means of the mechanisms 

described before. Finally, I will give some insights into processes of the BCP during the polar night, as 

this thesis provides one of the few contributions for this time of the year.  

5.1 The biological carbon pump in the Arctic and its mechanisms 

5.1.1 The benthic perspective: Benthic communities depend on the biological 

carbon pump  

Benthic communities are mainly driven by food availability at the seafloor. On Arctic shelf seas and in 

the deep sea, sedimentary organic matter (OM) is largely supplied by vertical flux from the euphotic 

zone (Graf, 1989; Wiedmann et al., 2020). High concentrations of organic carbon and little degradation 

of pigments in the sediment can lead to high benthic abundance, biomass, remineralization and/or 

taxonomic, functional and food-web diversity (Blanchard et al., 2013; Denisenko et al., 2003; Link et 

al., 2013b, 2013a; Mäkelä et al., 2017a; Morata et al., 2008; Oleszczuk et al., 2023; Szczepanek et al., 

2021). Especially diatom-derived food is utilized most efficiently by benthos (Braeckman et al., 2018). 

On the NEG shelf, we found increased benthic abundance and biomass in the Westwind Trough together 

with higher sedimentary pigment content (including Fucoxanthin, an accessory pigment found in 

diatoms), and porewater silicate concentrations (indicative of diatom-derived remineralization) 

compared to the southern region (Figures S3 and 4 in Paper I). It suggests that the Westwind Trough 

received a higher amount of diatom-derived OM. In the 1990s, higher primary production (Pesant et 

al., 2002, 1996) and lower pelagic degradation (Ashjian et al., 1995) has been described for the NEW 

Polynya, located in the Westwind Trough, compared to the surrounding areas, resulting in a tighter 

pelagic-benthic coupling within the area (Ambrose and Renaud, 1995; Brandt, 1995; Hobson et al., 

1996; Piepenburg et al., 1997). During spring, OM export was dominated by diatoms, with patches of 

the filament-forming under-ice diatom Melosira arctica sinking out occasionally (Bauerfeind et al., 

1997; Gutt, 1995). Higher benthic pigment concentrations in the NEW Polynya compared to the 

surrounding areas suggest that a substantial fraction of fresh material was sinking out and was 

incorporated into the benthic food web (Ambrose and Renaud, 1995; Hobson et al., 1996).  
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5.1.2 The pelagic perspective: The biological carbon pump is driven by vertical 

flux 

The presence of organic matter at the seafloor in terms of quantity and quality often reflects primary 

production patterns in the water column (Cochrane et al., 2009; Morata and Renaud, 2008). Vertical 

flux during the spring bloom is often related to the rapid export of fresh algal material (Paper II; 

Dybwad et al., 2021; Olli et al., 2002; Reigstad et al., 2008). This is reflected in the low degradation in 

sedimentary pigments in spring, while in summer, more degraded material is available at the seafloor 

(Morata and Renaud, 2008). Fresh OM matter pulses are quickly incorporated into the benthic food web 

(Boetius et al., 2013; Morata et al., 2015, 2011). In our study, the “freshness” of sinking OM in May 

was demonstrated by lowest δ15N stable isotopic signatures, higher Chl-a flux as well as higher Chl-

a:Phaeopigment and Chl-a:POC ratios compared to the other sampling periods (August, December, 

March; Figures 3, 4 and 6 in Paper II). Moreover, diatoms were dominating the sinking material at the 

most productive stations (P1 and P6; Figure 7 in Paper II). As the bloom progresses, however, the 

abundance of diatoms decreases, and smaller phytoplankton, heterotrophic protists and fecal pellets 

dominate the composition of the sinking OM. The change in composition is accompanied by a decrease 

in “freshness” of the bulk material, shown by increasing C:N ratios and δ15N stable isotopic signatures, 

and lower Chl-a flux, Chl-a:Phaeopigment and Chl-a:POC ratios (Paper II; Dybwad et al., 2021; 

Reigstad et al., 2008; Trudnowska et al., 2021).  

In the Barents Sea, benthic biomass is highest at locations where annual primary productivity and 

carbon export are highest as well (Reigstad et al., 2011). There is a positive correlation between primary 

production and vertical flux of carbon at 90 m (Reigstad et al., 2008), as well as the vertical flux of  

pigments at 90 m and sediment pigment concentrations (Renaud et al., 2008). In the Northern Bering 

and Chukchi Seas, areas with high suspended Chl-a concentrations exhibit high sedimentary oxygen 

consumption, organic carbon content and benthic biomass (Grebmeier et al., 2006a). However, high 

export can occur in low production regimes, often in the early stages of a spring bloom and typical for 

high latitudes, and at other locations, low export can be measured despite high production (Henson et 

al., 2019). A variety of biotic and abiotic mechanisms in the pelagic realm regulate the vertical flux, 

and with that the export to the benthos. 

5.1.2.1 Mechanisms for spatial and temporal variability in vertical flux  

Grazing and fecal pellet flux 

The grazing pressure in the water column defines whether little OM (“retention system”) or a lot of OM 

(“export system”) is exported to the seafloor. Because OM is increasingly remineralized in the pelagic 

zone from spring to summer, the system usually shifts towards a “retention system” (Wassmann, 1998). 

On a global scale, carbon export decreases with increasing picophytoplankton, small zooplankton and 

bacterial abundances (Henson et al., 2019). 

On the other hand, zooplankton can also mediate sinking flux by packaging OM into fecal pellets that 

can sink more efficiently to the seafloor (Miquel et al., 2015; Turner, 2015; Wexels Riser et al., 2007). 

The contribution of fecal pellets to vertical flux relative to protist cells can increase from spring to 

summer (Caron et al., 2004; Figures 5 and 8a in Paper II). Coprorhexy (fragmentation of fecal pellets) 

makes fecal pellets susceptible to degradation by bacteria and protists (Iversen and Poulsen, 2007), and 
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in the Barents Sea, retention of fecal pellets can be higher in AW than in Polar Water (Wexels Riser et 

al., 2002). Other studies found that during post-bloom scenarios small and slowly sinking particles such 

as Phaeocystis are packaged and exported to greater depth through fecal pellets (Paper II; Dybwad et 

al., 2022, 2021; von Appen et al., 2021; Wiedmann, 2015). Their role seems temporally and spatially 

variable, and conclusions differ between studies; however, it is clear that the importance of fecal pellets 

for vertical flux is higher during summer, when OM in the pelagic zone consists of small, degraded and 

slow-sinking particles, and a “mediator” is required for increasing the export efficiency. 

The influence of sea ice and Atlantic Water in the northwestern Barents Sea 

The presence of sea ice drives strong spatial variability of vertical flux in the MIZ, especially during 

the “spring” period. In the northern Barents Sea, peak blooms can occur between May-July, depending 

on the location (Reigstad et al., 2008). South of the MIZ, local blooms often occur earlier in the year 

compared to areas north of the MIZ, following the northward retreat of the sea ice (Castro de la Guardia 

et al., 2023). This demonstrates the high variability of “spring” seasonality in a highly dynamic, 

seasonally sea-ice-covered area such as the Barents Sea. During our field campaign for Paper II in 

May, the ice edge reached as far south as Station P2 (77.5⁰N). Indeed, at that time we measured highest 

fluxes at the southernmost open-water station P1 (605 mg C-2 d-1 at 90 m, 30–60 km away from the sea-

ice edge, Figure 2 in Paper II) and lowest fluxes at the northernmost ice-covered station P7 (2.9 mg C-

2 d-1 at 90m). In August, when the sea-ice edge was further north around P5, the northernmost stations 

P6 and P7 displayed highest POC fluxes while P1 displayed lowest vertical flux from a strongly 

retentive system, following the retreat of the sea-ice edge. Moreover, in contrast to the strong spatial 

heterogeneity of vertical flux during spring (POC fluxes between 32–605 mg C-2 d-1 at 90 m), vertical 

flux was more comparable in terms of magnitude and composition across the transect in August, when 

a large part of the transect was ice-free (Paper II). The range of measured POC flux in August was 82–

221 mg C m- 2 d-1 at 90 m (Figure 2 in Paper II). The spatial variability in vertical flux probably 

mirrored the supporting role of sea ice as a driver for spatial diversity in vertical flux.  

However, the relationship between sea ice and export in the peak bloom period is not always trivial. 

During May, we also measured high diatom-derived vertical flux at the ice-covered station P6, which 

was located, similar to P1, within the AW pathway. We concluded that the classic seasonality pattern 

driven by the ice edge retreat is intersected by the inflow of AW and the local sea-ice variability. The 

sea-ice concentration north of Svalbard, which lies in the AW pathway where P6 and P7 are located, is 

highly variable compared to the northern shelf (Stations P2–P5) (Steer and Divine, 2023). During 

fieldwork in March, we observed sea smoke in large ice leads at P6 and P7, which is indicative of warm 

AW heating the upper ocean and melting sea ice from below. Locations influenced by AW probably 

receive more nutrients, as well as experience earlier and more incident light due to temporary open-

water areas and leads, thus blooms can occure earlier, even compared to locations further south.  

Depth, stratification and mixing 

Sea ice can influence vertical flux patterns in two different ways. It controls the timing of the spring 

bloom as described above, and meltwater-derived stratification can lead to a stabilization of the water 

column, and thus to high biological productivity (“critical depth hypothesis”; Sverdrup, 1953) that can 

rapidly be exported. Conversely, sea-ice-melt-derived stratification can also result in a strong 

attenuation of vertical flux, with most of the particles being retained at the pycnocline (Reigstad et al., 
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2008; von Appen et al., 2021; Wiedmann, 2015). During May, while we measured high POC export 

below 200 m at the mixed, open-water station P1, fluxes at the ice-covered station P6 were strongly 

attenuated (Figure 2 in Paper II; >600 mg C m-2 d-1 at P1 vs <150 mg C-2 d-1 at P6). This attenuation 

pattern became also evident in a study where we compared pelagic production and export in two 

contrasting “summer” scenarios across the same transect (Amargant-Arumí et al., 2024). In August 

2019, a “high ice year”, the transect was more affected by meltwater-derived stratification compared to 

August 2018, which was in a “low ice year”. Although vertical flux in August 2019 was higher at the 

surface, it was also stronger attenuated, resulting in a similar amount of OM exported at 200 m across 

the transect between the two years (Amargant-Arumí et al., 2024). Mixing events in open water are not 

only important for bringing nutrients closer to the surface to fuel primary production (Ardyna et al., 

2014; Castro de la Guardia et al., 2023), but are also highly relevant for the export of carbon from the 

euphotic zone and pelagic-benthic coupling, transporting particles down in the water column and 

escaping grazing pressure (Pesant et al., 2002; von Appen et al., 2021). The “mixed-layer pump” is 

especially typical for high-latitude ecosystems and can transport large fractions of particles below the 

euphotic layer (Dall’Olmo et al., 2016). Consequently, highest export in the northwestern Barents Sea 

during spring does not necessarily occur under sea-ice conditions, but also in a mixed open-water area 

(Paper II; Reigstad et al., 2008; Wiedmann, 2015).  

Aggregation 

Aggregation of fresh diatom cells to large particles can play an important role for the rapid downward 

transport of OM (Thornton, 2002). Ice algal material from melting sea ice can rapidly be deposited and 

provide large amounts of fresh OM at the seafloor (Boetius et al., 2013; Trudnowska et al., 2021). On 

the NEG shelf, the diatom Melosira arctica produces sticky mucilage, and these large strands may 

collect other particles, thus enhancing sedimentation of suspended, slowly sinking particles (Bauerfeind 

et al., 1997). Aggregation of cells, fecal pellets and detritus is usually promoted by colloidal or gel-like 

DOM of high molecular weight, such as EPS and TEP. DOM of low molecular weight can rapidly 

transform into these colloids/gels, depending on physical, chemical or biological conditions (Chin et 

al., 1998). However, little is known about the seasonal changes of these transitions. 

Under spring bloom conditions in Ramfjorden (April), we measured very little aggregation of POC in 

our experiment in unfiltered (UF) water compared to during a second bloom peak in June (increase of 

0.7 and 9.5 µM POC, respectively; Figure 4 in Paper III). This was the case even though POC 

concentrations before the incubation (t0) were higher in April than in June (18.6 µM and 7.7 µM, 

respectively). However, EPS concentrations in the field as well as at t0 in the experiment were more 

than twice as high in June compared to April (Figures S2 and S4 in Paper III). This demonstrates the 

importance of EPS as a mediator for particle-to-particle aggregation, and probably for sorption of DOM 

onto particles.  

Phase shifts of DOM and subsequent aggregation of large molecular compounds can additionally 

contribute to the particle pool in the pelagic zone (Verdugo et al., 2004). Just as for UF water, we also 

measured little aggregation in April from the dissolved pool (increase of 1.2 µM POC in filtered (F) 

water). While in April, aggregation from the dissolved pool accounted for 1.7% of the POC 

concentration measured in situ, in June and in September this process accounted for 2.9% and 7.9% of 

in situ POC, respectively (Figures 4 and S3 in Paper III). This points towards little contribution of 
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DOM to the particulate pool under peak bloom conditions, and an increased potential of particles 

originating from the dissolved pool in the post-bloom period. 

During the post-bloom period, particles in the water column are mainly composed of fecal pellets and 

amorphous, unidentifiable material, which indicates a mix of degraded cells and sticky DOM material 

(Paper II). EPS accumulate under increasing nutrient limitation and/or with increasing concentrations 

of senescent cells, as is the case during post-bloom conditions (Engel, 2000; Hellebust, 1965; Mague et 

al., 1980; Myklestad, 1995; Passow, 2002; Thornton, 2002). This increases the aggregation potential 

from the dissolved pool during summer (Figure 4b in Paper III). Although not all particles sink, 

aggregation plays an important role for the export of particles from the euphotic zone. Moreover, 

aggregation occurs most readily under high particle concentrations, which is the case under post-bloom 

conditions during summer as well (Burd and Jackson, 2009). Flocculation and ballasting through 

minerals, trapped in sticky EPS matrices, can additionally drive highest vertical export during autumn 

in glacially-impacted fjords or on riverine influenced interior shelves (Forest et al., 2013; Wiedmann et 

al., 2016), underlining the importance of aggregation processes. 

5.1.3 Pelagic-benthic coupling and its definition 

While food availability at the seafloor and benthic activity (e.g. oxygen consumption, bioturbation) can 

reflect seasonal gradients in vertical flux, these gradients, regulated by different mechanisms in the 

pelagic realm, are not directly incorporated into benthic communities. In the northwestern Barents Sea, 

despite the strong seasonality of vertical flux, benthos did not show a seasonality in terms of community 

composition, abundance, biomass (Jordà-Molina et al., 2023) or stable isotopic signature (Ziegler et al., 

2023). Benthic communities were rather driven by bathymetric parameters, and were separated between 

the shelf and the slope/basin (Jordà-Molina et al., 2023). Benthic communities change over longer 

timescales (Soltwedel et al., 2016), rather integrating systematic changes in vertical flux (e.g., longer 

sea-ice-free periods over several years, shifts in pelagic primary producers or secondary consumers). 

Accordingly, benthos is a useful tool to detect long-term changes in vertical flux. Studying pelagic 

regulation patterns along environmental gradients in turn can address possible reasons for changes in 

benthic ecosystems. Therefore, it is important to combine the pelagic and the benthic “perspectives” 

when addressing pelagic-benthic coupling.  

However, combining the two fields bears some challenges for the definition of “pelagic-benthic 

coupling”. Does, for example, a system with high export efficiency (i.e., a relatively large part of 

primary production is exported to the seafloor), but little primary production necessarily mean a tight 

pelagic-benthic coupling? And what about a system where sinking OM is highly recycled, but a similar 

amount is exported as in the former scenario? From a pelagic perspective, little remineralization of OM 

in the pelagic zone, regardless of the amount of production, would mean an efficient BCP where 

production and grazing are decoupled, and the “connectedness” with the benthos is high; thus, a tighter 

pelagic-benthic coupling. From a benthic perspective, however, what matters is not the fraction of OM 

that is exported, but the overall amount that reaches the seafloor.  

The same question arises when considering the quality of the sinking OM. Is pelagic-benthic coupling 

tightening or weakening in a system in which bulk export of carbon increases but the quality of the 

exported matter decreases (e.g. through increased primary production, but also high pelagic 
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degradation)? Here again, from a “pelagic perspective” we could argue for a weakened pelagic-benthic 

coupling, as the degradation of the sinking material is increasing. From a “benthic perspective”, 

however, it is unclear whether the decreased quality of the food matters, if overall food availability 

increases. These issues are important to keep in mind when comparing pelagic-benthic coupling across 

different spatial and temporal scales, and when discussing pelagic-benthic coupling in a future warmer 

Arctic with less sea ice. 

5.1.3.1 Panarctic examples for pelagic-benthic coupling 

High productivity and export: The inflow shelves and the North Water Polynya 

Figure 9 displays a compilation of short-term sediment trap studies across the Arctic, showing that 

inflow shelves (Bering, Chukchi and Barents Seas) exhibit highest peaks of POC downward fluxes (up 

to 2200, 1390 and 766 mg C m-2 d-1, respectively; O’Daly et al., 2020; Olli et al., 2002). This is because 

of the export of high spring primary production on inflow shelves, which accounts for two thirds of 

total primary production in the Arctic Ocean (Carmack and Wassmann, 2006). In the similarly highly 

productive North Water Polynya, peak blooms and subsequent high vertical flux (up to 680 mg C m-2 d-

1) occur a little later in June/July and are followed by the downward transport of fresh diatom-derived 

OM (Amiel et al., 2002; Michel et al., 2002; Figure 6). These productive sites (Bering, Chukchi and 

Barent Seas, as well as the North Water Polynya) showed similar seasonal patterns, with downward 

flux of diatoms in the beginning of the bloom period, followed by increasingly regenerated material and 

an increased contribution of fecal pellets towards summer. The production on inflow shelves is largely 

fueled by the inflow of the Pacific (PW) and Atlantic (AW) water masses which carry along high levels 

of nutrients, but also allochthonous OM, and this is reflected in benthic food availability and community 

parameters. In accordance, the inflow shelves also exhibit highest benthic biomass across Arctic shelves 

(<10–500 g wet weight m-2 in the Barents Sea (Wassmann et al., 2006) and 38–2800 g wet weight m-2 

in the Bering and Chukchi Seas (Grebmeier et al., 2006a), respectively). 

The Chukchi Sea is seasonally strongly stratified and vertical mixing is lower than in the Barents Sea 

(Carmack and Wassmann, 2006). Nevertheless, peak fluxes, as well as benthic biomass are higher than 

in the Barents Sea (Figure 9). This is because the Chukchi Sea is a shallow shelf. Abundance and 

biomass of benthos (meiofauna, macrofauna and megafauna; except for bacteria) decrease with depth 

because of decreased food input with increasing distance of the seafloor to the surface production 

(Meyer et al., 2015; Rex et al., 2006). At deep locations, OM spends a longer time being degraded 

within the water column. With increasing depth, benthic biomass and size distribution decreases, with 

meiofauna dominating over macrofauna (Górska et al., 2020). Moreover, in the Chukchi Sea, the pelagic 

ecosystem is weaker compared to the Barents Sea (Blanchard et al., 2013; Cooper and Grebmeier, 2018; 

Grebmeier et al., 2006a); therefore, a substantial amount arrives ungrazed at the seafloor. In the Barents 

Sea, the pelagic food web has a strong ecological role (Dalpadado et al., 2014; Ellingsen et al., 2008). 

High zooplankton standing stocks, enforced by the advection with AW, have a high grazing capacity 

and sustain a substantial fish biomass. Advection of zooplankton with Pacific Water is lower than 

through AW in the Atlantic Arctic (Carmack and Wassmann, 2006). 
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Export mediated through river runoff and aggregation: the interior shelves 

The interior shelves exhibit peak fluxes later in the season during summer, and of lower magnitude than 

the inflow shelves (Figure 9; up to 92 mg C m-2 d-1 in the Kara Sea; Drits et al., 2017), with decreasing 

peak fluxes along the Laptev and East Siberian Seas; and up to 260 mg C m-2 d-1 in the Beaufort Sea; 

Juul-Pedersen et al., 2010). However, it needs to be noted that little information about the Eastern Arctic 

is available in English scientific literature, which is why not many data points are included for these 

regions in Figure 9.  

In the Beaufort Sea, primary production is lower compared to the inflow shelves (Sakshaug, 2004). The 

shelf is sea-ice-covered until May, after which the melt season starts, together with increased river 

discharge (Barber and Hanesiak, 2004; Forest et al., 2013). This creates a strongly stratified water 

column during the productive season. Productivity is dependent on the breaking of this stratification by 

wind-driven coastal or shelf-break upwelling, which can promote occasional primary production bursts 

(Tremblay et al., 2011) and subsequent vertical flux. Inorganic material is a large contributor to particle 

fluxes on the shelf, due to the river inflow (Forest et al., 2013; O’Brien et al., 2006), and benthic 

communities on the shelf receive a large fraction of their food input by terrestrial sources (Carmack and 

Wassmann, 2006; Morata et al., 2008). Riverine minerals entangled in EPS matrices ballast the sinking 

OM, resulting in the largest export by small, detritus-derived particles (Forest et al., 2013; Sallon et al., 

2011). Vertical flux beyond the shelf and at the shelf break is driven to a larger extent by marine, 

allochthonous production under shelf upwelling events. These events, by contrast, favor the production 

of large, fresh particles (Forest et al., 2013). Zooplankton are strong flux regulators (Juul-Pedersen et 

al., 2010). Benthic communities on the Mackenzie Shelf are driven by pigment concentrations and their 

freshness at the seafloor (Link et al., 2013a; Morata et al., 2008), which might indicate a dependency 

on marine-derived primary production. With retreating sea ice, increasing wind and upwelling events 

as well as increasing river input, vertical flux might increase in this region (Forest et al., 2013; Tremblay 

et al., 2011). 

Pelagic-benthic coupling on an oligotrophic outflow shelf: Northeast Greenland 

The productive period on the NEG shelf was described to be between May and August (Smith et al., 

1997). A summary of the physical setting on the NEG shelf was presented in Section 3.1. Unfortunately, 

the study by Bauerfeind et al. (1997) provides the only available comprehensive flux measurements on 

the NEG shelf, derived from moored long-term sediment traps. Annual fluxes measured with these traps 

in the NEW Polynya during the 1990s were within the range of long-term sediment trap measurements 

north and northeast of Svalbard (975 vs 592 and 1381 mg C m-2 yr-1; respectively; Bauerfeind et al., 

1997; Dybwad et al., 2022). In Figure 9, short-term sediment trap data from the southern shelf (Norske 

Trough) are included (M. Reigstad, unpublished data), with fluxes between 7–12 mg C m-2 d-1, probably 

representing pre-bloom conditions (note that vertical flux magnitudes systematically differ between 

drifting short-term and moored long-term sediment traps; see Box 1). During the 1990s, although fresh 

material was mainly sinking out in spring (June), long-term sediment trap measurements showed 

highest vertical flux during the post-bloom period between August and October, driven by fecal pellets 

and appendicularian houses (Bauerfeind et al., 1997). Nevertheless, the authors state that occasional 

food fall events such as M. arctica patches, as observed frequently underneath the ice during the 1990s 

(Gutt, 1995), were probably not captured by the moored sediment traps. Isotopic analysis of benthic 

organisms in the NEW Polynya showed that they incorporated fresh, diatom-derived food (Hobson et 
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al., 1996), which supports that such food fall events from melting sea ice were not an exception. Due to 

the decreasing thickness and age of sea ice exported through Fram Strait (Krumpen et al., 2019; Sumata 

et al., 2022), it is doubtful whether such large ice algal patches are sinking out as frequent as observed 

during the 1990s. 

5.2 Future implications for the Arctic biological carbon pump  

5.2.1 A shift in benthic communities? 

The effect of changes in environmental and anthropogenic drivers on benthic ecosystems is most 

pronounced in the Atlantic Artic (Jørgensen et al., 2017). In Paper I, we hypothesize that on the NEG 

shelf, a shift in today’s benthic communities has taken place relative to 24 years ago. The observed 

increase in Nematoda abundance and diversity, and the decrease in Polychaeta abundance in 2017 

compared to the 1990s were accompanied by increased bottom water temperatures (Schaffer et al., 

2017) and significantly lower sedimentary pigment concentrations (Figure 6 in Paper I). This indicates 

that the quantity and/or the quality of OM reaching the seafloor on the NEG shelf could have possibly 

changed since the 1990s. While meiofauna mainly feeds on bacterial and reworked food sources, 

macrofauna relies on fresh organic matter sinking out of the euphotic zone (Górska et al., 2020; Ingels 

et al., 2010; Oleszczuk et al., 2023, 2021). Under decreasing food input or freshness, macrofauna 

communities can shift from suspension or deposit feeders to facultative feeding species (Meadows et 

al., 2019).  

Decreased pigment concentrations in the sediments could be a seasonal signal because the quantity and 

quality of OM sinking to the seafloor is intra-annually highly variable (Paper II; Dybwad et al., 2021; 

Olli et al., 2002; Reigstad et al., 2008). This seasonal signal can be reflected in the amount of pigments 

in the sediments (Renaud et al., 2008), although it is usually dampened or characterized by a time-lag 

at the seafloor relative to the water column (Morata et al., 2011; Szczepanek et al., 2021; Ziegler et al., 

2023). Nevertheless, the time of sampling during September and October 2017 on the NEG shelf was 

in the period with highest export of OM within the NEW Polynya (between August–October), at least 

as observed during the 1990s (Bauerfeind et al., 1997). Therefore, we would expect the highest pigment 

concentrations during the sampling period in 2017. Moreover, while benthic respiration can vary on a 

seasonal basis (Link et al., 2011; Renaud et al., 2007), benthic community parameters (abundance and 

biomass) do less so. The integration of ecosystem processes over longer time scales by benthic 

community patterns indicates that the quantity and/or the quality of the organic matter supply to the 

seafloor has changed. This could mean either reduced primary production on the NEG shelf in general, 

or a higher retention in the water column due to a stronger coupling to the pelagic realm. 
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Figure 9: Comparison of POC flux measured with short-term sediment traps across the Arctic Ocean. 

Depicted are Barents Sea (BS), Kara Sea (KS), Laptev Sea (LS), East Siberian Sea (ESS), Bering Sea (BE), 

Chukchi Sea (CS), Beaufort Sea (BF), Canadian Arctic Archipelago (CA), Hud-son Bay (HB), Northeast 

Greenland Shelf (NEG), Fram Strait (FS), deep Arctic Ocean (AO). Figure modified after Wassmann et al., 

2020). The used data and their references are presented in Table S1. 
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Another aspect we noticed in Paper I was a homogenization of benthic communities across the NEG 

shelf: while in the 1990s the benthic communities were highly separated between the Westwind and the 

Norske Trough (Ambrose and Renaud, 1995; Piepenburg et al., 1997) — a reflection of the presence of 

the NEW Polynya in the Westwind and the mostly ice-covered Norske Trough — , in 2017 this clear 

spatial pattern became diluted (Figure 5 in Paper I). We rather observed higher macrofauna and 

meiofauna abundances at the outer shelf, decreasing towards the inner shelf and with proximity to the 

glacier. This pattern could reflect a possible “borealization” of the shelf. Arctic benthos shows higher 

functional diversity and trophic levels, while temperate benthos has fewer trophic links (Silberberger et 

al., 2024). A similar pattern of homogenization of benthic communities in 2006 compared to the 1990s 

has been observed in an Arctic fjord, associated to stronger inflow of AW and decreased glacial 

influence (Kędra et al., 2010). The diversity of functional traits may decrease with warming 

temperatures in the Arctic (Meyer et al., 2015). Besides the increase of AW influence on the NEG shelf 

(Schaffer et al., 2017), sea ice exported with the East Greenland Current became thinner and more 

variable in recent years (Sumata et al., 2022), probably resulting in similar upper ocean features between 

the Norske and the Westwind Trough. This comes along with a disappearance of the NEW Polynya 

(ISSI, 2008), which was important for the productivity in the region (Pesant et al., 2002; Piepenburg et 

al., 1997). 

If the sinking OM would consist of regenerated particles for a longer period of time in a future scenario 

with an early summer- and prolonged open-water season, increased primary production across the 

Arctic Ocean would not necessarily fuel the BCP, as particles would increasingly accumulate and get 

recycled within the water column. Moreover, it might lead to changes in pelagic-benthic coupling, 

changing patterns in benthic communities over longer timescales. A shift from a pelagic-benthic 

coupled system to a pelagic-dominated system has been projected for Arctic shelf systems with earlier 

ice-melt and increasing open-water periods (Carmack and Wassmann, 2006; Moore and Stabeno, 2015; 

Wassmann and Reigstad, 2011). Weaker pelagic-benthic coupling in warmer years or with less sea ice 

has been described for some areas in the Bering Sea (Grebmeier et al., 2006b) and the Chukchi 

Borderland (Zhulay et al., 2023). According to indigenous knowledge from the Alaskan Inuit 

Circumpolar Council, benthic prey decreased in walrus stomachs, while pelagic fish species increased, 

along with a larger proportion of sand (Jørgensen et al., 2017). 

5.2.2 Can vertical flux in a summer scenario explain changes in benthic 

communities? 

To understand the mechanisms that could lead to a weakening of pelagic-benthic coupling, it is worth 

contrasting vertical flux patterns during spring and summer, as we did for Paper II in the northwestern 

Barents Sea. Late- or post-bloom scenarios are generally characterized by a high concentration of 

particles in the water column but also higher retention and lower sinking rates of particles compared to 

peak bloom scenarios (Wassmann, 1998); Paper II). This suggests a lower export efficiency during 

summer. Moreover, in Paper II we found that the composition and amount of vertical flux was more 

homogenous across the transect during summer (August), in contrast to the high spatial heterogeneity 

of vertical flux during spring (May). The amount and composition of vertical flux reflects pelagic 

ecosystem processes, and the higher degradation of sinking OM demonstrates higher pelagic activity 
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and increasing dominance of heterotrophs, as we showed in Kohlbach et al. (2023). Along the same 

transect, primary and bacterial production become increasingly uniform in magnitude with the retreat 

of sea ice (Amargant-Arumí et al., 2024). These findings suggest that the quality of sinking OM will 

change in the future, with probable implications for benthic communities. 

Dybwad et al. (2022) compared the annual cycle of vertical flux of a seasonally ice-covered and a 

permanently ice-free location north and east of Svalbard. As expected, the composition of vertical flux 

between the two locations differed highly from each other, with more diatom-derived flux in the 

seasonally ice-covered location, and more fecal pellets and higher C:N ratios at the open-water location. 

However, annual vertical flux was higher at the permanently open-water station. At locations under 

low-ice conditions or earlier ice break-up, OM at the seafloor can be more regenerated and bacterially 

reworked while more fresh microalgal OM can be found at the seafloor at locations where sea ice 

retreats later in the year; however, the feeding plasticity of benthic communities across these locations 

can be preserved (Kędra et al., 2021; Ziegler et al., 2023). In the Barents Sea, benthic biomass is higher 

in the southern, AW-influenced and sea-ice-free region, as well as at the Polar Front. Biomasses are 

comparatively lower in the seasonally ice-covered northern Barents Sea (Cochrane et al., 2009). In the 

NOW Polynya, the duration of phytoplankton blooms increased due to an earlier bloom onset, but the 

bloom intensity decreased (Marchese et al., 2017). Benthic communities, however, seem to receive a 

higher food input because of the longer duration and/or a mismatch with pelagic grazers due to the 

earlier bloom onset (Mäkelä et al., 2017a; Olivier et al., 2020). These relationships between enhanced 

vertical flux and/or benthic biomass coupled to open water might seem contrary to Fadeev et al. (2021)’s 

observations, who found a negative relationship between the distance to sea-ice cover and POC flux at 

200m in the Fram Strait. However, it is important to note that the authors found this relationship only 

during early spring (March–May), but not during summer (June–August), where also peaks of vertical 

flux were observed. In the NEW Polynya, no relationship (positive or negative) between primary 

production and open water was found because the ice cover in the area is extremely variable (Smith Jr., 

1995). 

5.2.3 Consequences for pelagic-benthic coupling 

The examples demonstrate that the future of the BCP, and with that pelagic-benthic coupling, will 

depend on a range of interconnected factors and therefore differ from region to region (see Figure 10 

for a summary). It is also important to distinguish between possible changes in particle composition and 

in the overall magnitude of sinking particles. While the contribution of ice algae will probably decrease 

with decreasing sea-ice concentration and age, the effect of these changes on benthos remains unclear. 

Although Arctic ecosystems seem to depend to a large extent on ice algal material (Koch et al., 2023), 

field experiments have shown that benthic uptake was not different with addition of ice or pelagic 

diatoms (Mäkelä et al., 2017b). This might indicate that from a benthic perspective, as long as fresh, 

diatom-derived OM is exported, it does not matter whether it is sea-ice- or pelagic-originating.  

A factor that will likely determine the quality and the quantity of sinking particles is vertical mixing, as 

it transports nutrients up and particles down the water column, escaping pelagic grazing. Temperate 

regions are characterized by strong winds, and the mixed-layer pump transports small particles 

efficiently to depth in these regions (Dall’Olmo and Mork, 2014; Giering et al., 2016), where it can 

account for 23% of exported POC, and in some cases more than 100% (Dall’Olmo et al., 2016). If some 
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Arctic regions become more temperate in character, the “mixed-layer pump” might play an important 

role for carbon export. With less sea ice and more AW influence, the northern Barents Sea is getting 

increasingly mixed (Lind et al., 2018) and the storm frequency is increasing (Rainville and Woodgate, 

2009). A deeper mixed layer can even result in pelagic diatom blooms in open water that are rapidly 

transported to the seafloor (von Appen et al., 2021; Paper II). Vertical mixing will be more important 

during summer when vertical flux is strongly regulated by heterotrophic processes, and nutrients in the 

upper ocean are limited. However, while with decreasing sea-ice cover, mixing could increase in the 

shelf region of the Barents Sea, autumn mixing in the northern Barents Sea above 80⁰N (around Station 

P6) could occur too late into the dark season before significant autumn blooms could be generated 

(Renner et al., 2023). Several areas in the Arctic may also become increasingly stratified, which will 

reduce primary production due to nutrient limitation at the surface, and keep particles trapped above the 

upper pycnocline. Thermal stratification, for example, may occur in the southern Barents Sea (Hordoir 

et al., 2022), ultimately reducing pelagic-benthic coupling in this area (Wassmann and Reigstad, 2011). 

The NEG shelf is already becoming increasingly stratified due to freshening through sea-ice melt and 

increased coastal runoff (Sejr et al., 2017). This might be, together with the disappearance of the NEW 

Polynya, another reason for the weakening of pelagic-benthic coupling we described in Paper I.  

Factors that increase the particle abundance in the water column (fecal pellet concentrations, 

aggregation, ballasting through riverine minerals) generally increase towards summer. The example of 

the Beaufort Sea demonstrates how their importance might increase under prolonged open-water and 

“summer-like” conditions. Efficient carbon export of small particles can occur under summer, post-

bloom conditions through the repackaging of OM into fecal pellets (Wexels Riser et al., 2007; 

Wiedmann, 2015), or through aggregation of smaller particles and detritus (O’Daly et al., 2020). 

Ultimately, water depth will be an important factor, because pelagic remineralization of smaller 

particles will increase, and with a lower water depth OM will be susceptible to degradation for a shorter 

time in the water column before it arrives at the seafloor. 

5.3 Vertical flux during the polar night 

Little is known about particle dynamics and vertical flux during the Arctic winter. The polar night was, 

for a long time, considered a quiet period in the Arctic Ocean. Observations since the last decade show 

high biological activity across all ecosystem levels during winter (Berge et al., 2015b, 2015a; Darnis et 

al., 2012). Arctic winter microbial communities differ substantially from spring and summer 

communities and are active (Marquardt et al., 2016; Vonnahme et al., 2022; Wietz et al., 2021) and thus 

should influence the remineralization of particles during this time of the year even if their concentration 

is low. Deployments of short-term sediment traps during winter in the SIZ are challenging, and few 

studies exist (Dybwad et al., 2021; Olli et al., 2002). 

In the absence of light, heterotrophic processes dominate in the pelagic zone. Lowest levels of 

suspended POC are present during winter (Marquardt et al., 2022a, 2022b). This results in a very 

efficient retention system, and in the Barents Sea the lowest vertical flux is measured during the winter 

period (Dybwad et al., 2021; Olli et al., 2002 Paper II). In line with the observations of a highly 

heterotrophic system and high retention, in Ramfjorden we documented a dissolution of particles in 

December and February during our experiment (Paper III). This contrasted with the observations in 

April, June and September, when aggregation processes dominated. This finding is also in contrast to 
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studies in temperate regions, where particle formation from the dissolved pool also occurred during 

winter (Riley, 1963; Sheldon et al., 1967), where light is not limited. The decrease in particulates 

occurred together with an increase in lability of dissolved organic matter, as shown by the increase of 

H/C ratios and decrease of O/C ratios (Paper III). 
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6 Conclusions and outlook 

Benthic communities on Arctic shelves and in the deep sea depend on the organic matter exported from 

primary production in the upper ocean (Paper I). For a given level of primary production, the amount 

and composition of the OM exported to the seafloor is determined by a range of mechanisms in the 

pelagic zone. These mechanisms include (1) the degree of regulation through grazing and microbial 

degradation; (2) factors that increase particle concentrations and the potential for particles to sink, such 

as aggregation, fecal pellet production and ballasting; (3) short-circuiting of vertical flux through mixing 

events. In the different Arctic shelf regions, these mechanisms contribute at different scales to the 

regulation of vertical flux, which suggests that changes in pelagic-benthic coupling will differ on 

regional levels. Pelagic-benthic coupling is generally “tight” on inflow shelves and in productive 

polynyas, as primary production is high, bypassing grazing pressure and sinking out in a large fraction 

(Cochrane et al., 2009; Grebmeier et al., 2006a; Mäkelä et al., 2017a; Michel et al., 2002; O’Daly et al., 

2020; Olli et al., 2002). On interior shelves, ballasting by riverine minerals and aggregation play an 

important role for vertical flux (Drits et al., 2017; Forest et al., 2013). In the Northeast Water Polynya 

on the Northeast Greenland Shelf (outflow shelf), ice-algal patches melting from the exported sea ice 

through Fram Strait were probably important for a tight connection between the pelagic and the benthic 

realms, as well as sinking appendicularian houses during the summer period (Ambrose and Renaud, 

1995; Bauerfeind et al., 1997; Gutt, 1995; Hobson et al., 1996).  

In the northwestern Barents Sea, we also identified strong seasonal gradients in vertical flux patterns. 

Under summer conditions, regenerative processes in the pelagic zone are more dominant, which is 

reflected in a vertical flux of less fresh, more flagellate-dominated material, in contrast to spring, when 

vertical flux is dominated by strong pulses of fresh, diatom-derived OM exported to the seafloor (Paper 

II). Summer is also characterized by a reduced vertical flux efficiency because of higher particle 

concentrations in the water, but no increase in vertical flux relative to May. As we have shown in Paper 

III, the contribution of DOM to the particulate pool through aggregation increases towards the summer 

period. The seasonality of vertical flux is determined by sea ice and AW, especially during May: May 

was characterized by a wide span of pelagic conditions from winter to peak bloom scenarios across the 

study locations, while in August, pelagic conditions were more similar across the transect, mostly 

representing post-bloom conditions. This was reflected in vertical flux patterns.  

With a prolonged summer period, an increase in primary production across the Arctic Ocean has been 

predicted. However, increases in primary production will not necessarily result in increased carbon 

export from the upper ocean (Wassmann et al., 2003). The bulk of carbon may be retained in the euphotic 

zone due to intensive biological remineralization or stratification. This stresses the importance of 

studying OM turnover mechanisms (Paper III) and regeneration processes of vertical flux in the upper 

pelagic zone (Paper II). Benthic communities, on the other hand, integrate processes over longer time 

scales (Paper I); and as such they serve as powerful ecosystem indicators for changes in oceanic 

biogeochemical cycles.  

The results of this thesis suggest that the composition of vertical flux will likely reflect summer 

conditions for a longer period under earlier sea-ice melt and later freeze-up. We hypothesize a 

weakening of pelagic-benthic coupling since the 1990s on the Northeast Greenland (NEG) shelf and 

explain changes in the benthic community with prolonged summer conditions, increased stratification 

and/or the disappearance of the NEW Polynya. A decrease in primary production and/or increase in OM 
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retention in the pelagic zone may lead to decreased or more regenerated OM reaching the seafloor, and 

may favor smaller-sized, facultative benthos (Paper I; Meadows et al., 2019).  

Comparing pelagic-benthic coupling and regulatory mechanisms of vertical flux across different regions 

suggests that Arctic shelves will most likely respond in different ways to climate change-induced effects 

on the biological carbon pump (BCP). Zooplankton and bacteria are strong vertical flux regulators, and 

their influence might increase with the increased influence of Pacific and Atlantic water masses. 

However, zooplankton can also package slowly sinking particles into fast-sinking fecal pellets. With an 

enhanced influence of boreal water masses, coastal runoff and increased primary production, the 

contribution of DOM to the particulate pool through aggregation will likely increase further, as will the 

input of riverine ballasting minerals. In a prolonged summer scenario, the mixing regime will be highly 

important as a short-circuiting mechanism and for breaking possible thermal stratification. Ultimately, 

while an overall decrease in food availability at the seafloor will likely change the structure of benthic 

communities, it is unclear how a change in food composition will affect benthic communities and their 

species composition, as laboratory and field studies show contrasting results (Braeckman et al., 2018; 

Mäkelä et al., 2017b; Morata et al., 2011; Sun et al., 2009). 

Finally, seasonal processes in the DOM-POM continuum should receive more attention, because the 

two entities are in constant dynamic change. Dynamics in the DOM-POM continuum might change in 

a future fresher, warmer Arctic, and we lack the understanding about the implications for the BCP. It 

should be noted that this thesis presented an overview of the BCP in the Arctic with the focus on vertical 

settling mechanisms of organic particles. Other mechanisms that can contribute significantly to the BCP 

such as horizontal advection, vertical migration of zooplankton and other processes were not discussed. 

When addressing the fate of the BCP in a future Arctic, it is important to take all these processes into 

account.
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RESEARCH ARTICLE

Weakened pelagic-benthic coupling on an Arctic
outflow shelf (Northeast Greenland) suggested by
benthic ecosystem changes

Yasemin V. Bodur1,2,* , Paul E. Renaud3, Lidia Lins4, Luana Da Costa Monteiro4,
William G. Ambrose JR.5, Janine Felden6, Thomas Krumpen7, Frank Wenzhöfer1,8,
Maria Włodarska-Kowalczuk9, and Ulrike Braeckman4

Arctic marine ecosystems are becoming more boreal due to climate change. Predictions of ecosystem change
focus mainly on Arctic inflow or interior shelves, with few comprehensive studies on Arctic outflow regions.
During September–October 2017, soft-bottom communities were sampled and benthic ecosystem processes
were quantified at 12 stations on the Northeast Greenland shelf (outflow shelf) and compared to the last
regional ecosystem study, conducted in 1992 and 1993. The benthic habitat was characterized in terms of
sediment granulometry, pigment concentrations, and porewater chemistry (dissolved inorganic carbon,
nutrients). Total abundance and biomass of macrobenthos and meiobenthos, bacterial abundance, porewater
dissolved inorganic carbon and ammonium concentrations were higher on the outer shelf compared to
locations adjacent to the Nioghalvfjerdsfjorden glacier at 79�N and the inner shelf stations (e.g.,
macrofauna: 1,964–2,952 vs. 18–1,381 individuals m�2). These results suggest higher benthic production in
the outer parts of the NEG shelf. This difference was also pronounced in macrobenthic and meiobenthic
community structure, which was driven mainly by food availability (pigments with 1.3–4.3 vs. 0.3–0.9 mg
g�1 sediment, higher total organic carbon content and bacterial abundance). Compared to the early 1990s,
warmer bottom water temperatures, increased number of sea-ice-free days and lower sediment pigment
concentrations in 2017 were accompanied by decreased polychaete and increased nematode abundance and
diversity, and a different community structure of nematode genera. The present study confirms previous
reports of strong pelagic-benthic coupling on the NEG shelf, but highlights a possible weakening since the
early 1990s, with a potential shift in importance from macrofauna to meiofauna in the benthic community.
Increasing inflow of Atlantic water and decreasing volume transport and thickness of sea ice through the
Fram Strait, probably affecting the Northeast Water Polynya, may be responsible, suggesting ecosystem-wide
consequences of continued changes in sea-ice patterns on Arctic shelves.

Keywords: Bentho-pelagic coupling, Northeast Water Polynya, Macrobenthos, Polychaeta, Meiobenthos,
Biogeochemistry, Sediment

1. Introduction
The marine environment in the Arctic is characterized by
the high seasonality of the solar cycle and sea-ice dynam-
ics, which in turn determine the dynamics of nutrient
availability and primary production and with that, the
availability of food in the ecosystem. Pathways of second-
ary production in high latitude ecosystems depend on the
match of timing between this seasonal primary produc-
tion and pelagic consumer development (Sakshaug et al.,
2009; Meire et al., 2016). Pelagic mineralization patterns
determine the amount of organic matter (OM) that ulti-
mately sinks to the seafloor and serves as food for benthic
communities (Graf, 1989; Jensen et al., 1990; Wassmann
and Reigstad, 2011; Wiedmann et al., 2020). A strong
dependency of benthic ecosystems on pelagic-benthic
coupling in the Arctic has been documented for fjord
(McMahon et al., 2006) and shelf systems (Grebmeier
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et al., 1988; Ambrose andRenaud,1995; Carmack andWass-
mann, 2006; Renaud et al., 2008), as well as for the deep
Arctic Ocean (Degen et al., 2015; Wiedmann et al., 2020).

The vertical export of OM in the Arctic Ocean varies
regionally, with marginal ice zones and polynyas regarded
as particularly productive sites (Spies, 1987; Sakshaug and
Skjoldal, 1989; Niebauer et al., 1990; Piepenburg, 2005;
Grebmeier and Barry, 2007; Wassmann and Reigstad,
2011). Pelagic variations in primary production are usually
reflected in the availability of OM at the seafloor and
determine the variability of benthic communities (Piepen-
burg et al., 1997; Bourgeois et al., 2016). Pelagic processes,
both physical (e.g., lateral advection) and biological (zoo-
plankton grazing, microbial recycling), influence the
pelagic export (Grebmeier and Barry, 1991), with signifi-
cant impacts on the functioning of underlying benthic
communities (Morata et al., 2015).

Changing sea-ice dynamics in the Arctic are expected to
have significant consequences for the composition and
timing of OM production, with potential impacts on the
quality and quantity of food reaching the benthos (Piepen-
burg, 2005; Carmack and Wassmann, 2006; Wassmann
and Reigstad, 2011; Smith et al., 2013; Mäkelä et al.,
2017; Hoffmann et al., 2018), and on the fate of the OM
at the seafloor (Braeckman et al., 2018). The Arctic sea-ice
extent is declining at an accelerating rate (Overland and
Wang, 2013; Comiso et al., 2017; Onarheim et al., 2018;
Meredith et al., 2019), resulting in an expansion of open-
water areas across the Arctic (Overland and Wang, 2013;
Barnhart et al., 2016; Comiso et al., 2017; Onarheim et al.,
2018). Accordingly, the export of sea ice through Fram
Strait, as well as the sea-ice thickness off Northern Green-
land, have declined significantly during the last two dec-
ades (Spreen et al., 2020; Sumata et al., 2022). Moreover,
the heat transport toward the high North through warm-
ing water masses (Spielhagen et al., 2011; Beszczynska-
Möller et al., 2012; Polyakov et al., 2020; Skagseth et al.,
2020; Smedsrud et al., 2022) and enhanced glacial melt,
especially from Greenland’s glaciers (Rignot and Kanagar-
atnam, 2006; Nick et al., 2013), are further effects that
coincide with climate change. Alterations in ocean tem-
perature and sea-ice cover will also affect the dynamics of
seasonal ice zones and polynyas (April et al., 2019), which
are hotspots of the food supply for benthic communities
(Grebmeier and Barry, 2007), and most likely lead to dras-
tic changes in Arctic ecosystems through all trophic levels
(Wassmann et al., 2011).

A longer period of light availability through reduced
sea-ice cover might fuel phytoplankton blooms (Arrigo
et al., 2008), but the establishment of a bloom and the
export of OM depends on multiple factors such as nutrient
availability and vertical mixing, induced for example by
wind stress (Ardyna et al., 2014). Despite an overall
increase in primary production by 30% in the Arctic dur-
ing the course of the last two decades, primary production
on outflow shelves has either decreased or shown no
change (Arrigo and van Dijken, 2015). An efficient trans-
port of OM to the seafloor will most likely be influenced
by whether locally changing sea-ice dynamics will favor
a stratified or mixed regime in the water column (von

Appen et al., 2021). Moreover, sea-ice algae can contribute
substantially to total primary production (Horner and
Schrader, 1982; Hegseth, 1998) and are regarded as a food
source with higher nutritional value (Falk-Petersen et al.,
1998; McMahon et al., 2006).

During the first biological observations in the early
1990s, a tight pelagic-benthic coupling was reported for
the Northeast Greenland (NEG) shelf, especially within the
Northeast Water (NEW) Polynya, located on the northern
part of the shelf (Ambrose and Renaud, 1995; Hobson
et al., 1995; Piepenburg et al., 1997; Rowe et al., 1997).
Within the NEW Polynya, higher primary production and/
or reduced pelagic mineralization resulted in higher ben-
thic production compared to the ice-covered southern
part of the NEG shelf (Ambrose and Renaud, 1995; Stir-
ling, 1997). Benthic communities were strongly associated
with OM input from the pelagic realm (Piepenburg et al.,
1997), and thick ice algal aggregates potentially served as
a rich energy source (Gutt, 1995; Bauerfeind et al., 1997).
Since these findings, no further biological studies have
been carried out in this region. At that time, the Norske
Øer Ice Barrier (NØIB) in front of Nioghalvfjerdsfjorden
(79�N Glacier), hindered investigations on benthic com-
munities near the glacier.

Today, glacial melt, increasing sea-ice melt and thin-
ning, as well as stronger input of warm Atlantic Water,
are acting in concert in altering the NEG shelf between
77�N and 81�N. Since 2003, glaciers around NEG have
undergone sustained thinning, and the seasonal floating
tongue of the 79�N Glacier, the largest marine-
terminating glacier on the NEG shelf, retreated by more
than 100 m yr�1 between 2001 and 2011 (Khan et al.,
2014). Increasing temperatures have led to seasonal
break-up events of the NØIB fast ice cover, which histor-
ically broke up only in intervals of several decades (Reeh
et al., 2001). The NØIB not only stabilizes the floating
glacier tongue and constrains its melting, but also blocks
advection of sea ice into the NEW Polynya region. As
a result, the NEW Polynya, which has been recurring sea-
sonally for at least 1,000 years (Syring et al., 2020), has
become a less obvious phenomenon in the last decade:
the patterns in sea-ice cover have become much more
dynamic, with a more extensive open water area (Reeh
et al., 2001; Smith and Barber, 2007; International Space
Science Institute [ISSI], 2008; Reeh, 2017). Moreover, NEG
receives a substantial amount of freshwater from the
southward sea ice and from freshwater transport through
Fram Strait, which, together with glacial meltwater, has
already led to a substantial freshening of the coastal sub-
surface waters in this area (Sejr et al., 2017). Therefore, the
NEG outflow shelf is especially susceptible to stratification
(Carmack and Wassmann, 2006). Additionally, there is an
increasing influence of warm Atlantic Water on the shelf
(Schaffer et al., 2017).

For the first time since 1993, a reassessment of the
spatial patterns of benthic communities and their ecosys-
tem functions was carried out on the NEG shelf during
a field campaign in 2017. To investigate their response to
ongoing glacial melt, sea-ice thinning and stronger input
of Atlantic Water, we compared environmental conditions,
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benthic oxygen uptake and remineralization processes,
and benthic community parameters (abundance of macro-
fauna, meiofauna, and bacteria, and macrofaunal and
meiofaunal biomass and community composition) with
patterns described in 1992 and 1993 during investiga-
tions carried out with USCGC Polar Sea and R/V Polarstern.
We hypothesized that increasing stratification and the dis-
appearance of the NEW Polynya resulted in a decoupling
of the benthos from the pelagic environment with
decreased OM supply to the seafloor, and consequently
reduced abundances and functions of benthic communi-
ties on the NEG outflow shelf.

2. Materials and methods
2.1. Study site

The NEG continental shelf extends more than 300 km
from the coastline (Figure 1). Between 77�N and 81�N,
two troughs are present: the Westwind Trough in the
north and the Norske Trough in the south, which together

half-encircle shallow banks of water depths <200 m
located approximately in the middle of the shelf (Arndt
et al., 2015; Schaffer et al., 2017). The bathymetry of the
trough system provides a valley between the shelf break of
the Norske Trough in the south and the shelf break of the
Westwind Trough in the north, allowing warm and saline
Atlantic Intermediate Water (AIW) originating from the
recirculation into the East Greenland Current to enter the
NEG shelf via the Norske Trough (Schaffer et al., 2017).
AIW occupies depths below 150–200 m (subsurface AIW)
and circulates in an anticyclonic way across the shelf
(Bourke et al., 1987).

As part of the Northeast Greenland Ice Shelf, the 79�N
Glacier has a large floating ice tongue that fills the entire
interior of the 79�N Fjord (Thomsen et al., 1997). Under-
neath is a trough with a maximum depth of more than
900 m, where subglacial melting takes place with a mean
melt rate as fast as 8 m yr�1 (Mayer et al., 2000). Water
warmer than 1�C below the 79�N Glacier (Wilson and

Figure 1. Sampling locations on the Northeast Greenland shelf during 2017. (a) Overview map showing the
location of the study area in the Arctic. (b) Station locations from the R/V Polarstern cruise PS109 in 2017. Red dots
indicate multicorer stations and black rectangles indicate stations where a benthic lander was also used. (c) Closeup of
the Glacier stations with calving front from 1990 (green) and 2017 (blue). Background bathymetry is based on the
International Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2020), Coastlines were obtained from Wessel
and Smith (1996). Calving front data from 1990 (green line) and 2016 (blue line) were retrieved from the
Environmental Earth Observation IT GmbH (ENVEO, 2017).
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Straneo, 2015) causes basal melting in this cavity (Mayer
et al., 2000; Straneo et al., 2012; Schaffer et al., 2017).
Modified AIW leaves the glacier cavity through the calv-
ing front and through the Djmphna Sund (Schaffer,
2017), which is located north of the glacier front. The
AIW throughout the whole trough system has warmed.
In the period between 1979–1999 and 2000–2016, the
Norske Trough experienced a temperature increase of
0.5�C (Schaffer et al., 2017; Mayer et al., 2018; Schaffer
et al., 2020).

At around 79�30’N, the NØIB, a semi-permanent land-
fast sea-ice cover and at one time one of the largest areas of
landfast ice on Earth (Hughes et al., 2011), was observed to
hinder the advection of sea ice into the NEW Polynya at its
southern extent (Minnett et al., 1997). The polynya used to
open in April or May and close around September (Schnei-
der and Budéus, 1994). It varied in size, located around
80�N in the Westwind Trough, and was reported occasion-
ally to cover an area of 44,000 km2 (Wadhams, 1981). Two
break-ups of the NØIB were observed until 2001, namely in
the 1950s and in 1997, which led to an extended open-
water area and enhanced calving of the 79�N Glacier (Reeh
et al., 2001). Between 2002 and 2005, the NØIB broke up
every summer (Hughes et al., 2011).

2.2. Sampling and laboratory analyses

Samples were taken in September and October 2017 dur-
ing cruise PS109 of the R/V Polarstern at 17 multiple corer
(MUC) and lander stations at water depths between 140 m
and 645 m. Because different deployments of instruments
at the same aimed position received individual station
numbers, some stations were pooled (namely 69/84/62,
68/85/61, and 122/129), resulting in 12 locations that are
henceforth referred to as “stations” (Figure 1b, Table S1).
Three stations were located in the Westwind Trough, 5
stations in the Norske Trough, and 3 stations close to the
79�N Glacier (Table S1). One station (locations 122 and
129) was located on the shallow Belgica Bank (water
depths of 140 m and 139 m, respectively). At each station,
a camera-equipped MUC (TV-MUC; core area of 0.007 m2)
was deployed to collect sediment cores for ex situ mea-
surements of oxygen consumption and sediment sam-
pling. Additional in situ oxygen flux measurements were
performed with an autonomous benthic lander at three of
these stations, one at the outer Norske Trough (Station
139) and two at the margin of the 79�N Glacier (Stations
68 and 69; Table S1). In the following, lander stations are
denoted with the suffix “-L” to distinguish them from
MUC stations.

CTD profiles (Kanzow et al., 2018) for each benthic
station were obtained for temperature and salinity. When
a CTD profile was not taken directly at the benthic station,
the data from the CTD closest to the station was used
(maximum distance to the nearest CTD was 31.5 km at
Station 139). At Station 68/85/61, the closest CTD (dis-
tance of 13 km) was at a location with a depth of 400 m,
so the data from 150 m depth, which was the depth of the
benthic station, was taken as bottom water. Bottom water
temperatures ranged between �1.07�C and 1.76�C and
salinities between 33.96 and 34.94.

2.2.1. Sediment solid-phase parameters

Upon arrival on deck, the upper 5 cm of three MUC cores
were sampled in 1 cm intervals with 5 mL cut-off syringes
for granulometry, porosity, benthic pigments (chlorophyll
a (Chl a), phaeopigments and fucoxanthin), total organic
carbon (TOC), and total nitrogen (TN). Because these cores
originated from the same deployment, they are technically
pseudoreplicates. Time constraints, however, did not allow
for truly replicated deployments. For granulometry, the
sediment was sliced in 1 cm intervals and stored in
20 mL scintillation vials or plastic bags. Grain size spectra
were assessed by laser diffraction (Malvern Instruments,
Malvern, UK; Braeckman, 2023a). Porosity samples were
stored in 5 mL cut-off syringes wrapped in aluminum foil.
In the laboratory, the samples were sliced in 1 cm sedi-
ment depth intervals and the wet mass of the sediment
samples was measured and then dried at 60�C in a drying
oven. Porosity was calculated by the difference between
the wet and dry mass of the samples after Dalsgaard et al.
(2000; Braeckman, 2023b).

Chl a, phaeopigments (phaeophorbide a and phaeo-
phytin a) and fucoxanthin were subsampled with 10 mL
cut-off syringes, which were pushed gently into the sedi-
ment until reaching 5 cm depth, and stored at �80�C. In
the laboratory, the samples were sliced in 1 cm horizons
and analyzed using high performance liquid chromatog-
raphy after Wright and Jeffrey (1997; Braeckman, 2023c).
Quantities are expressed as microgram pigment per gram
of dry sediment (mg g�1). The chloroplastic pigment equiv-
alent (CPE) was calculated as the sum of Chl a and
phaeopigments.

TOC and TN were determined by treating an aliquot of
dried sample with hydrochloric acid until no more bub-
bles were observed, to remove inorganic carbon prior to
analysis. Percent TOC and TN were determined in sedi-
ments dried at 250�C using a ELTRA CS2000 Carbon Ana-
lyzer (Braeckman, 2023d).

For comparison with the earlier studies, CPE and TOC
were converted to grams per meter squared using porosity
and sediment density (2.55 g cm�3) in the following
equation:

m g CPE or TOC
g ðdry sedimentÞ � ð1� porosityÞ � density � 1 cm� 10; 000

2.2.2. Sediment porewater parameters

At each station, two MUC cores with pre-drilled holes were
mounted on the MUC for porewater extractions. Samples
for measuring porewater chemistry (DIC, nutrients, sulfate
and sulfide concentrations) were collected with Rhizon
samplers (pore size 0.2 mm, Rhizosphere, Wageningen,
Netherlands) by inserting them carefully into the pre-
drilled holes on the retrieved MUC cores with depth inter-
vals of 1 cm until 10 cm sediment depth, and 2 cm
intervals until 20 cm sediment depth. The porewater of
the two MUC cores was pooled; a total of 9 mL porewater
for each depth interval was retrieved in this manner.

To determine the concentration of dissolved inorganic
carbon (DIC), 2 mL porewater was sampled in glass vials
pre-treated with HgCl2 and stored at 4�C. DIC
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concentrations were measured using a flow injection sys-
tem equipped with the Spark Optimas auto-sampler
(model 820, Ambacht, Netherlands). For the analysis of
porewater nutrients, 4 mL of porewater was transferred
to acid-washed Sarstedt Vials, stored at �20�C and further
subsampled in the home lab before analysis (4 mL for
phosphate, silicate and ammonium, 1 mL for nitrate and
nitrite). Samples were analysed with a Continuous Seg-
mented Flow Analyser (QuAAtro39, SEAL Analytical;
Braeckman and Felden, 2023).

2.2.3. Sediment oxygen profiles and oxygen fluxes at

the sediment-water interface

For the assessment of ex situ fluxes at the sediment-water
interface, part of the overlying water from three cores was
removed and stored at in situ temperature separately, while
the height of the remaining water above the sediment was
adjusted to 10 cm by gently pushing the sediment vertically
upwards without disturbing the surface sediment layer. The
cores were transferred to a temperature-controlled water
bath where the temperature had been adjusted to the in
situ values in the bottom water at the respective station
(information retrieved from shipboard sensors). The overly-
ing water was homogenized with a magnetic stirrer, and
the water surface was gently streamed with a soft air stream
to aerate the overlying water.

For the quantification of diffusive oxygen uptake
(DOU), two oxygen microprofiles were measured simulta-
neously, ideally within 2 h of sampling (in some cases
>24 h, namely Stations 139, 85, 84, and 76) and for each
sediment core with 2 oxygen optodes (Pyroscience, Fire-
sting; tip size 50 mm) mounted on an autonomous micro-
profiler module. The sensors were two-point calibrated
using on-board signals recorded in air-saturated surface
seawater and anoxic, dithionite-spiked bottom water at
in situ temperature (Felden et al., 2023).

After microprofiling, total oxygen uptake (TOU) was
assessed from the decrease in oxygen concentration in the
overlying water over time for approximately 48 h (at least
36 h). The cores were closed with no air bubbles in the
overlying water, and magnetic stirrers ensured the homog-
enization of the overlying water. An oxygen optode (Pyr-
oscience, Firesting) measured the oxygen concentration
continuously in the overlying water (measuring interval
of 60 s, calibrated as described above). Total sediment
oxygen flux was determined as the decrease in oxygen
concentration in the water phase, which was read from
the continuous oxygen sensor data. The incubation was
terminated at �80% initial [O2] (Braeckman and Wenzhö-
fer, 2023).

To quantify in situ fluxes at the sediment-water inter-
face, an autonomous benthic lander equipped with three
benthic chambers (area of 0.04 m2), a sediment profiler
and a Niskin bottle were deployed at selected stations.
Upon arrival at the seafloor and a waiting time of 4 h after
the lander deployment to allow resuspended matter to
settle (Glud et al., 1994; Tengberg et al., 1995; Donis
et al., 2016), the lander chambers were driven slowly into
the sediment. The lander chambers enclosed 20 � 20 cm
of sediment and about 10–15 cm of overlying water

(depending on the final orientation of the lander). The
enclosed overlying water was gently stirred to avoid stag-
nation. A syringe sampler collected overlying water sam-
ples at regular times for the analysis of nutrients and DIC,
while an Aanderaa optode (4330, Aanderaa Instruments,
Norway, two-point calibrated as described above) contin-
uously measured the oxygen concentration in the overly-
ing water every 10 min during the total incubation time of
around 48 h.

At the end of the incubation, chambers were closed
and the incubated sediment was retrieved with the lander
from the seafloor. On board, the volume of overlying
water in the chambers was estimated from the surface and
the height of the overlying water body, measured with
a ruler at 6 to 8 positions within each chamber and sub-
sampled for the above-mentioned sediment parameters.

Simultaneously to the chamber incubations, electro-
chemical oxygen microsensors (adapted and customized
after Revsbech, 1989, and calibrated with a two-point cal-
ibration) measured in situ oxygen profiles at 3–5 points.
The bottom water oxygen concentration (taken from the
Niskin bottle and estimated by Winkler titration) was used
as the first calibration point.When the sensor had reached
the anoxic zone of the sediment, the sensor signal at this
point was taken as the second calibration point. Other-
wise, the sensor signal in an anoxic solution of sodium
dithionite was used. The maximum profiling depth of the
profiler during in situ measurement was 180 mm, with
profiling resolution of 100 mm.

Both ex situ (MUC cores) and in situ (lander) DOU
fluxes across the sediment-water interface were calcu-
lated from running average-smoothed oxygen profiles
using Fick’s first law (Glud et al., 1994). Ex situ TOU
fluxes were calculated from the initial linear decrease
in O2 concentration versus time (first 30 h) in the
enclosed overlying water body (Glud et al., 1994). Due
to issues with optodes, in situ TOU fluxes could only be
measured at Station 139-L.

2.3. Benthic community parameters

2.3.1. Bacterial abundance

The upper 5 cm of the sediment was sampled with
a 10 mL cut-off syringe and sliced into 1 cm layers, corre-
sponding to 2 mL marked on the syringe. Each slice was
transferred to a scintillation vial, and fixed by adding 9 mL
of filtered (0.22 mm) 3% (final concentration)
formaldehyde-artificial seawater solution. Afterwards, the
samples were diluted further with the same solution, fil-
tered through polycarbonate filters (0.2 mm, Whatman
Nuclepore Track-Etch Membrane) and stained with
a 0.001% acridine orange solution after Hobbie et al.
(1977). Single cell abundances were estimated from
counts of at least 30 grids for 2 replicate filters per sample
with a Zeiss Axiophot microscope (Germany) and a 100�
oil immersion objective lens (Zeiss Plan-Apochromat, Ger-
many; Bodur et al., 2023a). For each 1 cm layer, quantities
are expressed in cells mL�1 (equivalent to 1 cc wet sedi-
ment) after accounting for all dilution steps. For summed
layers, 0–5 cm, used as an environmental variable (Section
2.5.1), quantities are expressed in cells cm�2.
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2.3.2. Macrofaunal and meiofaunal communities

At the end of the ex situ incubations, the MUC cores were
opened and meiofaunal communities were sampled with
a cut-off 10 mL syringe (area 1.89 cm2) to 5 cm sediment
depth. This subsample was further sliced in 5 horizons of
1 cm. The leftover sediment in the MUC core was sliced
into 0–5 cm and 5–10 cm layers and sieved over a 500 mm
mesh to collect macrofauna. Sediments from lander cham-
bers were sieved entirely on a 500 mm mesh. Samples
were stored in 4% seawater-buffered formaldehyde in
Kautex bottles at room temperature.

In the lab, the samples were stained with Rose Bengal.
Macrofaunal individuals were identified to the lowest pos-
sible taxon level. The blotted wet formalin weight of
macrofaunal individuals was determined with a DeltaR-
ange XP56 or AX205 precision balance (Mettler Toledo,
Ohio, USA), depending on the organism size and weight. It
should be noted that, because of the extremely small size
of some specimens, the evaporation of water led to
a steady decrease of weight on the precision balance. Poly-
chaetes were removed from their tubes before weighing,
and molluscs were weighed with their shells. Other
encrusting and calcifying organisms such as bryozoans
were also weighed with their tests, such that their biomass
is most likely overestimated. Colonial animals such as
Bryozoa and Hydrozoa were weighed for biomass estima-
tions but excluded for density and community analysis.
When no head was present in the sample but body seg-
ments were, polychaete taxa were counted as one speci-
men due to the general low abundance of specimens in
the samples. Nematoda and other worms that inhabited
foraminifera tests (Nematoda, small Nemertea) were
excluded from the biomass and density calculations as
they were not part of the macrofaunal communities
(Bodur et al., 2023b).

For the representation of total biomass, the wet weight
of individuals >1,000 mg was removed in order to reduce
skewing of the data: 1 individual of Ctenodiscus crispatus
(5,773 mg, Station 139), Ophiopleura borealis (3,048 mg,
Station 68), Allantactis parasitica (3,018 mg, Station 139),
Priapulus bicaudatus (2,846 mg, Station 36), and Ophioc-
ten sericeum (1,471 mg, Station 129). All other individuals
were <712 mg. We preferred removing these outliers
instead of transforming the data.

Samples from the 5–10 cm sediment depth from the
stations with the highest faunal abundance (Stations 36,
125, and 129) were checked for presence of fauna. Only
one body part of a specimen of Maldanidae was found in
one sample from Station 36; therefore, sediment depths
>5 cm were not considered further for community
analyses.

Meiofauna were extracted from the samples by triple
density centrifugation with the colloidal silica polymer
LUDOX TM 40 (Heip et al., 1985) and rinsed with fresh-
water on stacked 1 mm and 32 mm mesh sieves. The
fraction retained on the 32 mm mesh sieve was preserved
in 4% Li2CO3-buffered formalin and stained with Rose
Bengal. All metazoan meiobenthic organisms were classi-
fied at higher taxonomic levels and counted under a ste-
reoscopic microscope (Leica MZ 8, 16�5�; Da Costa

Monteiro et al., 2023a). All Nematodes of each sample
were handpicked with a fine needle, transferred to glycer-
ine (De Grisse I, II, and III; Seinhorst, 1959), mounted on
glass slides, identified to genus level based on the Nemys
website (Nemys, 2022), and allocated to functional feed-
ing groups based on Wieser (1953) as selective deposit
feeders (1A), non-selective deposit feeders (1B), epistra-
tum feeders (2A) or predators/scavengers (2B; Da Costa
Monteiro et al., 2023b).

2.4. Data utilized from 1992 and 1993

Data from the early 1990s for bottom water temperature,
sediment CPE, TOC content, TOU and Polychaeta and
Nematoda abundances were available from campaigns of
the US Coast Guard vessel Polar Sea between July 18 and
August 1, 1992, and from R/V Polarstern during cruises
PS25 and PS26 between May and August 1993 (Ambrose
and Renaud, 1995; Piepenburg et al., 1997; Rowe et al.,
1997; Renaud and Ambrose, 2023). A map of the stations
from 1992 and 1993 that were used for comparison is
given in Figure 2. For TOC and CPE content, one subcore
(1.9 � 2 cm) from 2–7 replicate boxcores (0.25 m2) was
taken at each station. Three subcores (8 � 15 cm) sampled
from each boxcore were taken for Polychaeta and subse-
quently sieved through 500 mm mesh sieve. For further
details see Ambrose and Renaud (1995) and Renaud and
Ambrose (2023). Nematodes were sampled with a multi-
corer, from which one subsample of 50 mL sediment was
taken (16.67 cm2 down to 3 cm depth; see Piepenburg
et al., 1997; Preben and Herman, 2023). Benthic respira-
tion was measured in situ by deploying benthic chambers,
as well as ex situ with shipboard micro-incubation cham-
bers (Rowe et al., 1997).

2.5. Data processing and statistical analyses

2.5.1. Analysis of benthic environmental and commu-

nity patterns from 2017

For data analysis, the number of sea-ice-free days within
the sampling year was calculated for each of the stations
rather than selecting a daily resolution of sea-ice concen-
tration because processes in the upper water column are
reflected in the benthic communities after a time lag
(Rowe et al., 1997). The applied sea-ice concentration
product is provided by CERSAT (Ezraty et al., 2007) on
a 12.5 km grid and is based on 85 GHz Special Sensor
Microwave/Imager brightness temperatures, using the
ARTIST Sea Ice algorithm (Kaleschke et al., 2001). Water
depth values were taken from the benthic MUC stations.
Values for bottom water temperature and salinity were
taken from the deepest point measured by the shipboard
CTD (Kanzow et al., 2018). For median grain size and silt
fraction at each station, the mean value across all sedi-
ment depth layers was taken. Pigment concentrations and
single cell abundances were integrated (summed) over the
top 0–5 cm sediment. Measurements of environmental
parameters, single cell abundances, and macrofaunal com-
munities obtained by landers were taken as additional
station data replicates, when available.

A similarity profile routine (SIMPROF) analysis was per-
formed on standardized (scaled to zero mean and unit

Art. 12(1) page 6 of 24 Bodur et al: Weakened pelagic-benthic coupling in Northeast Greenland
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/12/1/00005/807394/elem

enta.2023.00005.pdf by U
iT The Arctic U

niversity of N
orw

ay user on 22 January 2024



variance) environmental variables (number of sea-ice-free
days, depth, temperature, salinity, grain size, CPE, TOC,
TOC/TN ratio, ammonium, DIC, nitrite, phosphate, silicate
and single cell abundances) in order to test a priori how
many station groups based on the environment were
delineated on a significance level of alpha ¼ 0.05. SIM-
PROF is a cluster analysis tool that determines significant
clusters of the stations without a priori grouping of sam-
ples. Based on these bias-free results, we divided the com-
munities into the regions distinguished by these
significant environmental clusters.

A non-parametric ranked Kruskal–Wallis test was per-
formed on each of the ex situ community parameters
(macrofaunal abundance, Polychaeta abundance, macro-
faunal biomass, and Polychaeta biomass) in order to test
whether the communities at the different stations could
be distinguished by environmentally different regions
(“sites”; the station clusters formerly delineated by the
SIMPROF test based on environmental variables). Krus-
kal–Wallis was used because no dataset was normally dis-
tributed even after transformation and the sample size per
group was small.

Two correspondence analyses (CA) were performed on
the relative abundances of macrofauna and meiofauna

to visualize the differences in community structure
among stations. No transformation was applied to the
community datasets. Standardized environmental vari-
ables were fitted on top of the species relative abun-
dance ordination to indicate which environmental
variables contributed the most to the observed patterns
in species abundance.

2.5.2. Comparison with data from the early 1990s

The number of sea-ice-free days within the sampling year
at each of the stations was calculated as described in
Section 2.5.1 for the years 1992, 1993, and 2017. The
available environmental (bottom water temperature, sed-
iment CPE and TOC content, number of ice-free days) and
community parameters (total Nematoda and Polychaeta
abundance) between 1992, 1993, and 2017 were dis-
played with barplots. Subsequently, a CA was performed
on relative family abundances (abundance of a family in
a sample divided by the total abundance of all families in
that sample) of Polychaeta from 1992, 1993, and 2017 in
order to minimize errors due to the possible variation of
species identification between the different sampling
campaigns. The same was applied to Nematoda at the
genus level, with data from Preben and Herman (2023).

Figure 2. Sampling locations during the 1992 and 1993 USCGC Polar Sea and R/V Polarstern campaigns.
Stations sampled for the (a) Nematoda and (b) Polychaeta data used in this study. Locations taken from Ambrose and
Renaud (1995), Piepenburg et al. (1997), and Rowe et al. (1997). Sampling years are distinguished by gray (1992) and
white (1993) circles.
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Unidentified taxa were removed from both datasets, and
validity of taxa names were checked on marinespecies.org.

A PERMANOVA was performed in order to test whether
“time” (sampling years; categorical), “site” (previously
delineated by SIMPROF on the 2017 data; categorical),
and/or the “interaction between time and site” had a sig-
nificant effect on the differences among Polychaeta and
Nematoda community patterns between the different
years (p < 0.05). All statistical analyses were performed
using the computing environment R (Version 4.2.2; R Core
Team, 2018) with the packages vegan (Oksanen et al.,
2018) and clustsig (Whitaker, 2021).

3. Results
3.1. Environmental characteristics on the NEG shelf

Sea-ice-free days were lowest at the Glacier stations (0
ice-free days) and highest at the stations further away
from shore (75–80 ice-free days; Figure S1). Water depth
of the stations ranged between 140 m and 502 m. The
shallowest stations were Station 122/129 (140 m), which
were located on Belgica Bank, and Station 61/85/68
(156 m), located on a shoal directly in front of the glacier
margin, peaking from a 300–500 m deep area. In 1992,
the location of Station 61/85/68 was still covered by the
79�N Glacier (Figure 1c). In general, stations at the Gla-
cier and in the Westwind Trough were shallower than the
Norske Trough stations (206–315 m and 354–502 m,
respectively). Bottom water salinity and temperature
indicated the presence of water of Atlantic origin in the
Norske Trough and at the Glacier (1.49–1.76�C; except
for shallow Glacier Station 61/85/68), while stations in
the Westwind Trough were influenced by cooler and
fresher glacially modified water (0.69–0.87�C; Figure
S2). The station on Belgica Bank was influenced by cold
and fresher water.

Median grain size was lowest at all Glacier stations (9–
10 mm) and highest on Belgica Bank (49 mm), followed by

the Westwind Trough and outer Norske Trough (21 mm
and 23 mm at Stations 19 and 36, and 20 mm and 48 mm at
Stations 139 and 129, respectively; Figure S3a). Across the
NEG shelf, the silt content was extremely high, with values
of around 95% at the Glacier stations and about 80% at
the other stations. Average concentrations of all measured
pigment compounds in the upper 5 cm (CPE, as the sum
of Chl a and phaeopigments, and fucoxanthin) were high-
est in the Westwind Trough, where the CPE range was 1.3–
4.3 mg g�1 sediment (Figure S3b and c). At all other sites
the range of values was 0.3–0.8 mg g�1 sediment, with
similar ranges at the Glacier stations compared to the
Norske Trough. TOC concentrations were very low at
the Glacier stations (0.91–1.48 g m�2) and highest in the
Westwind Trough (2.96�3.81 g m�2; Figure S3e). When
single cell abundances (bacterial cells mL�1; Figure S4) in
all sediment sections, 0–5 cm, were summed, the abun-
dances were lowest at all Glacier stations (2–4 � 109 cells
cm�2) and highest in the Westwind Trough (8 � 109–1 �
1010 cells cm�2). Based on environmental variables, the
SIMPROF analysis identified 4 spatially defined, distinct
groups (Westwind Trough, 79�N Glacier, Norske Trough,
and Belgica Bank; Figure S5).

3.2. Benthic processes

Total oxygen uptake was very low across all sites (Fig-
ure 3). Highest uptake rates were measured at Station
45 in the Dijmphna Sound, and at Station 139/139-L in
the outer Norske Trough (2.17 and 1.64 mmol m�2 d�1,
respectively). Lowest uptake was measured at Stations
125 and 85 (around 1.2 mmol m�2 d�1). Diffusive oxygen
uptake was highest at Station 85/68-L (3.74 mmol m�2

d�1) and lowest at Stations 93 and 125 (1.3 and 1 mmol
m�2 d�1, respectively).

Porewater nutrient concentrations were generally low
(Figure S6). Sulfate and sulfide were not detected in the
sampled cores. Overall, the Westwind Trough revealed

Figure 3. Ex situ total (TOU) and dissolved oxygen uptake (DOU) at the sediment-water interface. Means and
standard deviations (error bars) for (a) TOU (n ¼ 2–3, except for pooled station 139/139-L where n ¼ 6) and (b) DOU
(n ¼ 10–12, except for pooled stations 19/19-L, 84/69-L, 85/68-L and 139/139-L, where n > 20) are given for each
station. Colors represent the 4 sites statistically identified by the SIMPROF analysis based on standardized
environmental data (Figure S5): Westwind Trough (W), 79�N Glacier (G), Norske Trough (N), and Belgica Bank (B).
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different nutrient profiles than observed at all other sites.
Ammonium concentrations were highest at Westwind
Trough stations, where values increased with sediment
depth (data not shown). At all other stations, ammonium
concentrations were close to 0. Highest concentrations of
nitrate were present at Norske Trough Stations 139
(103.0 mmol m�3), 115 (89.9 mmol m�3), and 125
(85.6 mmol m�3). Nitrite was not detected at most of the
Norske Trough stations, except Station 93. The range of
nitrite concentrations at Westwind Trough stations was
0.3–0.6 mmol m�3, while at the Glacier stations the range
was 0–0.2 mmol m�3. Phosphate was present overall in
low concentrations of 3.2–14.4 mmol m�3. DIC concen-
trations did not differ much across sites, varying between
5.58 mol m�3 and 8.89 mol m�3 across all sites. Silicate
exhibited the highest concentrations in the Westwind
Trough.

3.3. Benthic community characteristics

In total, 319 macrofaunal individuals from ex situ and
115 from in situ samples were identified, belonging to
109 and 62 distinct taxa, respectively. Polychaeta was the
most represented phylum in abundance, with Maldani-
dae being the most abundant polychaete family. The
most abundant macrofaunal species was Boltenia ovifera
(Ascidiacea), with an average of 757 ind m�2 at Station
125, followed by juvenile Bivalvia at Station 19, with an
average of 571 ind m�2. All other macrofaunal taxa
occurred with average densities lower than 571 ind
m�2 (fewer than 4 individuals per sample). One of the
triplicate samples at Glacier Station 85 did not contain
any macrofaunal individuals except for a single colonial
Bryozoan specimen (Escharella sp.), which could not be
weighed due to its small size and fragility. Total macro-
faunal densities were high (1,809–2,762 ind m�2) at Sta-
tion 122/129 on the Belgica Bank, at all stations in the
Westwind Trough, at Station 125 in the Norske Trough,
and at Glacier Station 76 (Figure 4a, Table S2). At all
other stations macrofaunal densities were lower than
1,381 ind m�2. Similar to density, biomass was the high-
est on Belgica Bank with 44.0 g m�2, followed by the
Westwind Trough (8.4–22.3 g m�2) and lowest at the
Glacier (0.8–5.7 g m�2; Figure 4e). The non-parametric
Kruskal–Wallis test performed on ex situ community
parameters did not reveal significant differences among
sites based on macrofaunal abundance (p ¼ 0.08), Poly-
chaeta abundance (p ¼ 0.32), macrofaunal biomass (p ¼
0.05), and Polychaeta biomass (p ¼ 0.09).

The highest densities of meiofauna were found in the
Westwind Trough and on the Belgica Bank (2,707 ind
cm�2 at Station 36 and 2,175 ind 10 cm�2 at Station
122; Figure 4e). The lowest densities were found at the
Glacier stations (693–737 ind 10 cm�2) and in the inner
Norske Trough at Station 93 (466 ind 10 cm�2). Across all
stations, Nematoda comprised more than 85% of the
meiofauna and their abundance pattern largely followed
that of the total meiofaunal densities. Analyses on func-
tional feeding groups did not show any pattern among
stations (data not shown).

3.4. Relationship of benthic community parameters

and environmental variables

Westwind and Norske Trough stations were distinct in the
correspondence analysis plots for both macrofauna and
meiofauna. In the CA based on macrofaunal density from
ex situ MUC cores, the eigenvalues of the first and second
correspondence axes (CA1 and CA2) accounted for 15%
and 14% of the total variation each (Table S3, Figure 5a),
together explaining 29% of the overall variation. The
Westwind Trough stations correlated positively with
higher CPE, TOC and single cell abundances, while the
Norske Trough stations correlated negatively with these
parameters. The Glacier stations grouped with the Norske
Trough stations. The only vectors that were significantly
correlated to the displayed ordination were CPE (R2 ¼
0.82, p ¼ 0.007), salinity (R2 ¼ 0.75, p ¼ 0.010), and TOC
(R2 ¼ 0.67. p ¼ 0.044).

The CA based on meiofaunal relative density showed
that the Westwind Trough stations, similarly to macrofau-
nal communities, were characterized by higher CPE, TOC,
and single cell abundances compared to the Norske
Trough (Table S3, Figure 5b). Here, CA1 and CA2 together
explained a much higher fraction of the overall station
variance compared to macrofaunal relative density
(CA1 ¼ 34% and CA2 ¼ 29%). Only CPE was significantly
correlated with the displayed ordination (R2 ¼ 0.74,
p ¼ 0.009).

3.5. Comparison to the early 1990s
Overall, Polychaeta densities were 4.8 times lower, and
Nematoda densities 3.4 times higher, in 2017 compared
to the early 1990s (Figure 6a and b). These differences
were much more pronounced in the Westwind Trough
(3,494 ind m�2 in the 1990s vs. 703 ind m�2 in 2017 for
Polychaeta and 264 ind 10 cm�2 in the 1990s vs. 2,053
ind 10 cm�2 in 2017 for Nematoda) than in the Norske
Trough (861 ind m�2 in the 1990s vs. 537 ind m�2 in
2017 for Polychaeta and 45 ind 10 cm�2 in the 1990s vs.
1,214 ind 10 cm�2 in 2017 for Nematoda). While TOC
concentrations, as well as TOU, were relatively similar
between the early 1990s and 2017 (0.31–1.45 g m–2 and
0.46–1.31 g m�2 for TOC in the early 1990s and in 2017,
respectively; 11–148 mmol m�2 h�1 and 49–100 mmol
m�2 h�1 for TOU in 1993 and in 2017, respectively;
Figure 6c and d), CPE was 9.9 times higher in the early
1990s compared to 2017 (Figure 6f). Bottom water tem-
perature across all stations sampled in 2017 was 2.8
times higher compared to the stations in the 1990s
(Figure 6e).

A CA performed on abundances of Polychaeta families
from the 1990s and 2017 displays that the stations from
2017 group on the left side of the ordination, while the
stations from the 1990s group on the right side
(Figure 7a and Table S4). In total, the first two axes
explain 28.9% of the total variation. In particular, the
stations on the Belgica Bank (122 and 129) clearly group
further apart from all other stations.

The CA based on Nematoda genera shows a much
stronger distinction between 2017 and 1993; the two
years are clearly separated along the CA1, explaining
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22.2% of the total variation (Figure 7b and Table S4). The
number of observed genera was much higher in 2017, with
155 genera identified versus 79 genera identified in 1993.
Along CA2, all stations except for the Westwind stations are
grouped together, while there is a gradient for the Westwind
stations from the Glacier toward the outer part of the

trough. In the 1990s, a distinction between the Westwind
and the Norske Trough stations is visible along the CA2. A
PERMANOVA performed on each of the datasets (Polychaeta
and Nematoda) revealed significant differences based on
time, site, and the interaction between time and site, with
p-values < 0.03 (Table 1).

Figure 4. Macrofaunal and meiofaunal community parameters at each station. Means and standard deviations
(error bars) are shown for (a, b, e, f) abundance (density) data and (c, d) biomass data (n¼ 3, except for pooled stations
85/68-L, 84/69-L, 122/129, 139/139-L, where n ¼ 6). Colors represent the 4 sites statistically identified by the
SIMPROF analysis based on standardized environmental data (Figure S5): Westwind Trough (W), 79�N Glacier (G),
Norske Trough (N), and Belgica Bank (B). However, differences among sites based on these community parameters
were not significant.
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4. Discussion
4.1. Regional variations on the NEG shelf: Stronger

pelagic-benthic coupling in the Westwind Trough

Marked regional differences in sediment organic matter
content on the NEG shelf matched those in benthic biota.
The Westwind Trough displayed the highest CPE and TOC

content and highest single cell abundances. The strongest
regional contrasts in abundance and biomass of benthic
macrofauna and meiofauna were observed between the
stations closest to the 79�N Glacier and the coast and
those in the Westwind and outer Norske Trough area.
Close to the Glacier, densities and biomass of macrofauna
and meiofauna were the lowest. The similar responses of
the different faunistic groups (macrofauna and meio-
fauna) to the strongest contrasts in environmental vari-
ables (CPE and TOC content), and CPE being the only
parameter that was significantly correlated to both ordina-
tions, suggest that food availability is the main driver of
the structure of these communities (Figure 5; Piepenburg
et al., 1997). These results add to an extensive body of
evidence linking spatial patterns in benthic community
structure with those of pelagic productivity on Arctic
shelves (Grebmeier and Barry, 1991; Ambrose and Renaud,
1995; Carroll et al., 2008).

Our data suggest that the reason for the lower abun-
dance and biomass of benthic infauna in the areas closer
to the 79�N Glacier is, as mentioned above, lower food
input compared to the Westwind and outer Norske
Troughs. These differences in food availability are similarly
reflected in different benthic Foraminifera communities
between the inner and the outer NEG shelf (Davies et al.,
2023). Arctic benthic community structure is highly
dependent on annual patterns of carbon export from pri-
mary production in the upper water column. In contrast,
respiration of benthic communities on the NEG shelf is
coupled to OM pulses (Rowe et al., 1997). This relationship
is tightly driven by sea-ice dynamics. The stations in the
Westwind Trough and outer Norske Trough are located in
the marginal ice zone (Figure S1) where the number of
sea-ice-free days was higher compared to the Glacier sta-
tions and the innermost Norske Trough Stations 93 and
105 which are close to the coast. Benthic communities
feature especially high abundance and biomass at the
marginal ice zone (Hoffmann et al., 2018), and higher
faunal abundance, biomass, distinct community structure,
and correspondence with higher values of CPE in these
regions were also noted in the 1990s (Ambrose and
Renaud, 1995; Piepenburg et al., 1997).

The elevated silicate concentrations in the pore water
of Westwind Trough sediments are consistent with higher
benthic fucoxanthin concentrations, indicating a higher
diatom input in Westwind Trough. In addition, ammo-
nium and nitrite concentrations in the porewater were
higher in Westwind Trough compared to the other sites
(Figure S6), indicative of higher mineralization rates.
When oxygen is depleted, nitrate is used as the next suit-
able electron acceptor in microbial metabolism. Indeed, in
Westwind Trough sediments, nitrate was depleted with
depth (data not shown; see Braeckman and Felden,
2023), which could point to denitrification taking place
in the deeper sediment layers. At all other sites, nitrate
was not depleted with depth, and ammonium and silicate
concentrations were much lower. These results indicate
that nitrate is not consumed in the upper 20 cm of the
sediment; that is, microbial metabolism is low. The results
from benthic community structure and geochemistry

Figure 5. Visualization of the correspondence
analysis for macrofaunal and meiofaunal
communities with environmental parameters.
Relative abundances of (a) macrofauna and (b)
meiofauna with standardized environmental parameters
fitted onto their ordination as supplementary variables.
Colors represent the 4 sites statistically identified by the
SIMPROF analysis based on standardized environmental
data (Figure S5): Westwind Trough (W), 79�N Glacier (G),
Norske Trough (N), and Belgica Bank (B). Tested
environmental parameters are number of sea-ice-free
days (ice-free days), sediment TOC:TN ratio (C:N),
chloroplastic pigment equivalent (CPE), grain size (GS),
single cell abundances (SCA), bottom water salinity (S)
and temperature (T).
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jointly suggest a tight pelagic-benthic coupling driven by
higher diatom fluxes in the Westwind Trough area com-
pared to the Glacier and inner Norske Trough areas.
Indeed, primary production and export of algal cells dur-
ing spring 1993 were also higher in the Westwind Trough,
which is located within the NEW Polynya, compared to the
Norske Trough, which was ice-covered during that time
(Pesant et al., 1996; Pesant et al., 2000).

With benthic pigment concentrations being much
higher in the Westwind Trough, the seafloor at this loca-
tion could still be receiving a higher annual OM input.
Uncalibrated ship-based fluorescence measurements in
the upper water column during this study indicated sim-
ilar phytoplankton biomass in the water column of both
troughs during the sampling period (Kanzow and Rohardt,
2017), but this similarity likely reflected a consequence of
the timing of sampling relative to bloom and/or vertical
flux phenologies in the two regions. Another mechanism

could be a “decoupling” of the benthic environment from
the pelagic in the Norske Trough due to higher zooplank-
ton grazing (Ambrose and Renaud, 1995). Ashjian et al.
(1995) observed that pelagic grazing rates greatly
exceeded primary production in both the Westwind and
Norske troughs, but especially in the Norske Trough, con-
sistent with reduced food input for the benthos (Ambrose
and Renaud, 1995). Possibly pelagic mineralization took
place before OM could settle, leaving a lower fraction of
the surface production to reach the seafloor in this area. In
contrast to the stations within the Norske Trough, the
station located on the Belgica Bank showed benthic abun-
dances and biomasses similar to the Westwind Trough, as
well as higher benthic remineralization rates (Figures 3,
4, and S5), which are most likely due to the shallow depth
receiving more settled OM than a deeper trough. Similarly,
the stations in the Westwind Trough were shallower (206–
315 m) than those in the Norske Trough (354–502 m),

Figure 6. Comparison of benthic community parameters between 1992, 1993, and 2017. Plotted by station
number are (a) Polychaeta density, (b) Nematoda density, (c) total organic carbon (TOC), (d) total oxygen uptake (TOU),
(e) bottom water temperature, (f) chloroplastic pigment equivalent (CPE). Data from 1992 and 1993 were taken from
Ambrose and Renaud (1995) and Piepenburg et al. (1997). Colors represent the sites statistically identified by the
SIMPROF analysis based on standardized environmental data (Figure S5): Westwind Trough (W), Norske Trough (N),
and Belgica Bank (B).
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possibly explaining more OM settling at this site, with
a shorter distance to the seafloor, and hence fueling
a richer benthic community.

Both benthic diffusive and total oxygen uptake rates
were very low, showing little differentiation among the
sites. In general, benthic stations under more productive
surface waters on Arctic shelves exhibit higher benthic
process rates than stations in less productive regions
(Grebmeier and Barry, 1991; Graf et al., 1995; Renaud
et al., 2008; Grebmeier et al., 2015). Seasonal patterns in
vertical flux of phytodetritus can also be tightly linked
with temporal patterns in benthic oxygen utilization
(Renaud et al., 2007). Thus, the overall low rates observed
here may be representing minimum rates, while a rate
measured after a bloom would result in higher rates. By
late September–October when these measurements were
performed, the spatial variation in seasonal carbon depo-
sition in the area was no longer apparent in processes
expected to respond more rapidly than other benthic
parameters such as community structure or sediment geo-
chemistry (McMahon et al., 2006; Renaud et al., 2008;
Morata et al., 2015). Moreover, sediment oxygen uptake
is usually dominated by microbial communities that react
more dynamically to seasonal food input than macrofauna
and meiofauna (Piepenburg et al., 1995); therefore, a sea-
sonal signal in TOU might have faded toward autumn,
while differences in macrofaunal and meiofaunal commu-
nity structures usually persist over longer time scales.

4.2. Comparing NEG to other Arctic shelves: An

oligotrophic outflow shelf

The NEG shelf is an Arctic outflow shelf, transporting
Arctic Water into the North Atlantic. Primary production
on Arctic outflow shelves is typically highly seasonal,
quickly nutrient-limited, and highly variable spatially and
interannually (Carmack and Wassmann, 2006). Pelagic pri-
mary production rates on the NEG shelf are 1–2 orders of
magnitude lower than those on productive inflow shelves
such as the shallow Chukchi Sea and deep Barents Sea
(Pabi et al., 2008). This lower primary production is also
reflected in the amount of fresh OM that arrives at the
seafloor. The maximum sediment CPE content observed in
this study was indeed an order of magnitude lower than
the maximum CPE content in sediments of the shallow
Chukchi Sea (McTigue et al., 2015) and Barents Sea at
comparable depths to this study (Morata and Renaud,
2008). The overall low Chl a:phaeopigment ratios on the
NEG shelf (Figure S3d) suggest that OM was in a degraded
state. Presumed low input of fresh OM is also reflected in
low benthic activity, with TOU values across the NEG shelf
comparable to those observed in the 1990s (0.31–
3.55 mmol m�2 d�1 in Piepenburg et al., 1997; 0.72–
6.72 mmol m�2 d�1 in Rowe et al., 1997) and in the deep
Arctic Fram Strait (0.5–5.1 mmol m�2 d�1; Hoffmann
et al., 2018). In contrast, at similar depths (200–500 m)
in the inflow Chukchi Sea and Svalbard region, TOU is
generally up to 10 times higher (Bourgeois et al., 2017).
These comparisons confirm the previous report about this
outflow region being oligotrophic (Rowe et al., 1997).

Figure 7. Visualization of the correspondence
analysis for Polychaeta and Nematoda with
sampling year. Relative abundances of (a) Polychaeta
(family level) and (b) Nematoda (genus level) from
1992 (squares), 1993 (diamonds), and 2017 (circles).
Symbol colors represent the 4 sites statistically
identified by the SIMPROF analysis based on
standardized environmental data (Figure S5): Westwind
Trough (W), 79�N Glacier (G), Norske Trough (N), and
Belgica Bank (B). Abbreviations for the most abundant
taxa (Polychaeta families >500 ind m�2 and Nematoda
genera >30 ind 10 cm�2) are depicted in gray font;
station numbers from 2017, in black font. Polychaeta
families in (a) are Ampharetidae (Am), Capitellidae (Cp),
Flabelligeridae (Fl), Lumbrineridae (Lm), Opheliidae (Op),
Oweniidae (Ow) and Sabellidae (Sb). Nematoda genera in
(b) are Acantholaimus (Ac), Aegialoalaimus (Ag),
Amphimonhystrella (Am), Anoplostoma (An), Bolbolaimus
(Bl), Chromadorita (Ch), Campylaimus (Cm), Capsula (Cps),
Ceramonema (Cr), Cricohalalaimus (CrC), Cervonema (Crv),
and Diplopeltula (Dp).
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In accordance, the abundance of macrofauna on the
NEG shelf was generally low compared to Arctic inflow
shelf regions. Locations where densities were the highest
(all stations in the Westwind Trough, and stations in the
outer Norske Trough, far from the 79�N Glacier) featured
similar densities to sites with low food availability
recorded in Svalbard fjords (76–250 m water depths;
Włodarska-Kowalczuk and Pearson, 2004) and the western
Barents Sea (Carroll et al., 2008). Although the spatial
scale in our study and distances between stations were
large (55–150 km distances between stations on the
shelf), compositional differences among benthic commu-
nities were relatively small (Figure 5). The circulation of
AIW in the trough system might lead to very similar
hydrographic conditions among stations. In contrast, ben-
thic communities along a transect of only a few kilometers
in the glacial fjord of Kongsfjorden featured conspicuous
differences (Włodarska-Kowalczuk et al., 2005; Bourgeois
et al., 2016). Open-shelf benthic systems, however, have
higher species diversity and higher numbers of rare spe-
cies compared to fjord systems (Włodarska-Kowalczuk
et al., 2012), and differences among sites emerge at much
larger distances (Cochrane et al., 2012), which is in accor-
dance with our findings.

Surprisingly, this study did not show clear dominance
patterns in the macrofaunal communities, but all species
were present in low abundance (<4 ind. 0.007 m�2). The
same pattern was observed in the samples from the early
1990s (Ambrose and Renaud, 1995). Often, benthic com-
munities are dominated by a few species in high densities
(e.g., Włodarska-Kowalczuk and Pearson, 2004; Blanchard
et al., 2013); however, the infaunal communities on the
NEG shelf appear to be highly diverse with very low den-
sities. This finding agrees with the observation that North
Greenland features comparatively high species richness

among the Arctic marine ecoregions (Piepenburg et al.,
2011). Meiofaunal communities in this study, on the other
hand, were strongly dominated by nematodes, as is usu-
ally the case in other benthic ecosystems (Gerlach, 1971;
Włodarska-Kowalczuk et al., 2016; Hoffmann et al., 2018;
Veit-Köhler et al., 2018).

4.3. A possible weakening of pelagic-benthic

coupling on the NEG shelf since the 1990s
We found strong contrasts in physical parameters of the
sediment as well as in community structure between the
early 1990s and 2017 (present study). A 0.5�C tempera-
ture increase of the bottom water in the Norske Trough in
2000–2016 compared to 1979–1999 (Schaffer et al.,
2017; see also Figure 6e) and lower sediment pigment
content (Figure 6f) were striking. A strong influence of
warm Atlantic Water and absence of sea ice can be related
to a higher amount of degraded material reaching the
seafloor, due to a more active microbial loop and higher
grazing pressure in the pelagic environment (Dybwad
et al., 2022). CPE concentrations for the upper 2 cm of
the sediment varied between 7.2 mg m�2 and 45.6 mg
m�2 across the whole NEG shelf between July and August
in the early 1990s (Ambrose and Renaud, 1995), while in
this study (conducted in September–October, 2017), high-
est concentrations were found in the Westwind Trough,
with values of 7.38–18.0 mg m�2. At all other sites, CPE
concentrations were close to 0. While this pattern could
reflect a seasonal effect, the consistently low macrofaunal
densities in 2017 suggest that a seasonal effect is not the
only reason, because macrofaunal community structure
reflects ecosystem processes on a longer time scale, espe-
cially in oligotrophic areas like the NEG shelf.

Macrofaunal abundances in 1992 were nearly 5�
higher than we observed in 1992. In contrast, Nematoda

Table 1. Results of the PERMANOVA performed on the community parameters of Polychaeta and Nematoda
densities from 1992, 1993, and 2017

Factor Tested Dfa Sum of Squares R2 F Pr(>F)

Polychaeta

Time 2 2.49 0.17 7.15 0.00

Site 5 2.92 0.20 3.37 0.00

Time and site 5 1.28 0.09 1.48 0.04

Residual 45 7.82 0.54 NAb NA

Total 57 14.51 1.00 NA NA

Nematoda

Time 1 2.85 0.40 23.78 0.00

Site 3 0.80 0.11 2.21 0.01

Time and site 2 0.53 0.08 2.21 0.02

Residual 24 2.88 0.41 NA NA

Total 30 7.06 1.00 NA NA

aDegrees of freedom.
bNot applicable.
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abundances were 3.4 times higher in 2017 than recorded
in 1993, and a much higher diversity of nematode genera
was observed in 2017 (157 identified in 2017 vs. 77 iden-
tified in 1993). Nematoda in deep-sea polar regions have
been shown to prefer bacteria over fresh phytoplankton
(Ingels et al., 2010), so the shift observed here could be
linked with lower quality as well as quantity of the food
supply from surface waters. The CAs based on meiofaunal
and macrofaunal abundances (Figure 5) showed less var-
iation in benthic community structure across the shelf in
2017 compared to the strong spatial differences between
the Westwind and Norske troughs in the 1990s (Piepen-
burg et al., 1997), suggesting a homogenization of the
shelf communities. This change in an already oligotrophic
shelf system appears to indicate a system more closely
resembling a deep-sea community, with few hotspots of
food supply to the seafloor and predominance of smaller
biota in sediments (e.g., Górska et al., 2020). Similarly,
during the campaigns in the 1990s benthic foraminifera
communities across the NEG shelf were dominated by
calcified species, while in 2017 agglutinated species were
dominating (Davies et al., 2023). The spread of stations in
the CA plot, however, also suggests that between-study
differences in taxonomic identification of fauna, particu-
larly for nematodes, may have contributed to variability.
Stations are completely separated by sampling period and
show a similar latitudinal gradient, which suggests either
wholesale community changes such that even the most
oligotrophic stations in both sampling occasions shifted
or an inconsistency in naming of organisms. This
“identifier bias” is not uncommon in the literature (e.g.,
Bluhm et al., 2011). We took several measures to reduce
potential bias, such as checking and harmonizing species
names on marinespecies.org for both datasets, selecting
coarse taxonomic resolutions (family level for polychaetes
and genus level for nematodes), and using relative abun-
dance for the data analysis (taxon number divided by total
number of individuals at the respective station).

Some of the differences between the early 1990s and
our study may be a consequence of sampling season or
simply intra-annual variability, especially with regard to
sea-ice cover. Samples were taken during different months
in both studies (March–August in 1992/1993 vs. Septem-
ber–October in 2017). Upon reaching the seafloor, phyto-
detritus can be consumed rapidly by the benthos (Morata
et al., 2015) and a pigment signal from a spring bloom in
surface sediments can fade with time. Spring bloom tim-
ing may also have changed due to differences in season-
ality in ice cover. An earlier bloom in 2017 may have
resulted in an earlier benthic food consumption, which
would in turn lead to a lower detection of pigment con-
centrations late in the year than it did before. Sejr et al.
(2000), for example, showed an increase in macrofaunal
abundance in Young Sound from mid-July to mid-August,
coupled with changes in primary production. The low Chl
a:phaeopigment ratios in the sediment from our study
indicate that sediment pigments reflect older or more
processed phytodetritus. Assuming a lack of secondary
bloom, the pigment content of the sediment would be

expected to be higher in July–August and more depleted
in September–October.

Our observations of slightly higher oxygen uptake in
2017 compared to 1993 (63.7 mmol m�2 h�1 vs. 44.8 mmol
m�2 h�1) appears to contradict the assumption that an
earlier spring bloom during the 1993 sampling campaign
would fuel a rapid consumption and oxygen uptake in
contrast to 2017. Although polychaete recruitment was
seasonally variable, no synchrony between recruitment
and pulsed sedimentation of organic material was
detected (Ambrose and Renaud, 1997). Even if seasonal
signals can be detected in oxygen uptake rates (Morata
et al., 2015), seasonal patterns are not usually integrated
in the community structure of macrofauna and meiofauna
in the Arctic (Kędra et al., 2012; Berge et al., 2015;
Włodarska-Kowalczuk et al., 2016).

What, then, may be responsible for the observed
changes across this shelf region over the span of 25 years?
As observed everywhere in the Arctic, the extent of sea-ice
cover on the NEG shelf is shrinking, with an increasing ice-
free period during summer (Stroeve et al., 2012). On the
NEG shelf, however, interannual variability of sea-ice con-
centration evaluated between 1995 and 2017 was large,
showing no obvious trend. However, the thickness of sea
ice transported onto the NEG shelf through Fram Strait
has decreased drastically since the last decade (Spreen
et al., 2020; Sumata et al., 2022). There is an increasing
influence of freshwater layering on the NEG shelf (Sejr
et al., 2017), which may lead to decreased nutrient con-
centrations (Li et al., 2009) and subsequent lower primary
production, ultimately resulting in lower export of OM to
the seafloor (von Appen et al., 2021). Moreover, the NØIB
in the south of the 79�N Glacier, a land-fast ice barrier that
keeps the NEW Polynya in place and prevents calving of
the glacier, is breaking up seasonally more often due to
increasing summer temperatures in the area (Reeh et al.,
2001; Smith and Barber, 2007). The ice barrier prevented
surface currents from advecting sea ice into the Westwind
Trough, which kept an open water area in place. In the
early 1990s, this polynya was strongly related to abun-
dance patterns of benthos and was characterized by tight
pelagic-benthic coupling in the Westwind Trough, com-
pared to a weaker pelagic-benthic coupling in the Norske
Trough (Ambrose and Renaud, 1995; Brandt, 1995; Hob-
son et al., 1995; Piepenburg et al., 1997). Without the
NØIB barrier, the sea-ice cover across the NEG shelf
becomes more variable, likely reducing the differentiation
between the Westwind Trough and Norske Trough.
Pelagic-benthic coupling may have weakened in the
region due to a more recurrent break-up of the polynya
(ISSI, 2008; Reeh, 2017).

One scenario of the effects of shrinking ice cover in the
Arctic is that the longer exposure to sunlight will result in
a longer season for phytoplankton growth and higher
production rates (Arrigo et al., 2008), thus to a higher food
input for the benthos. This study indicates that a different
scenario might be happening on the NEG shelf. Due to
climate warming, Arctic sea ice melts earlier in the year,
and the ice-free period is prolonged (Overland and Wang,
2013). Primary production starts earlier in the year and
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sunlight could be available to phytoplankton for a longer
period of time, but primary production might not be high
throughout this period as nutrients would be consumed
earlier during peak bloom in early spring (Wassmann and
Reigstad, 2011). Lower nutrient concentrations favor smal-
ler phytoplankton with lower carbon export efficiency (Li
et al., 2009). During the early 1990s massive assemblages
of under-ice algae were recorded underneath first-year ice
sheets on the NEG shelf, dominated by the diatom Melo-
sira arctica (Gutt, 1995), which could have provided
important food pulses for benthic communities during ice
melt in spring during that time (Bauerfeind et al., 1997).

The wider time window for pelagic primary production
and increasing stratification increases in turn the time
available for heterotrophic pelagic consumers to exploit
this primary resource by extended grazing periods and
population growth (Olli et al., 2007). Accordingly, the cur-
rent Arctic marine ecosystem, characterized locally by
highly seasonal and short-term “pulses” of organic carbon
production and deposition (Grebmeier and Barry, 1991),
may shift to one where a smaller share of primary produc-
tion may be available for export. If the input of warmer
AIW introduces more Atlantic zooplankton species onto
the NEG shelf, enhanced grazing could lead to a "decou-
pling" of the benthic system from the pelagic productivity.
In fact, the carbon demand of pelagic heterotrophs on the
NEG shelf was reported to exceed the estimated local
primary production (Carmack and Wassmann, 2006). Such
an imbalance could also have led to the homogenization
of the benthic communities between the Norske and the
Westwind Trough, compared to the early 1990s when dif-
ferences between benthic community compositions were
far more conspicuous. A shift away from pelagic-benthic
coupling has been predicted for Arctic ecosystems (Greb-
meier and Barry, 1991) and has been reported for the
Northern Bering Sea, with a northward shift of the
pelagic-dominated ecosystem that was previously limited
to the southeastern Bering Sea (Grebmeier et al., 2006).
Our results are consistent with the new scenario of
reduced food input to the benthos, although the mecha-
nism proposed here is speculative. The extent to which our
findings of change in the region are due to broader eco-
system change to be found throughout the Arctic is
unclear. Just as in the early 1990s, this study provides only
a snapshot of pigment concentrations and benthic com-
munity parameters. Annual patterns need to be further
resolved empirically in order to be able to state clear con-
clusions about climate change-related ecosystem shifts.

5. Conclusions
Revisiting the NEG shelf 25 years after the first benthic
studies there has demonstrated that, despite the decrease
in sea-ice cover and variability in the NEW Polynya, the
area is still an oligotrophic Arctic outflow shelf. Macro-
benthic and meiobenthic communities in 2017 exhibited
high diversity across the shelf but low abundances and
activity. Pelagic-benthic coupling remained most pro-
nounced in Westwind Trough, while food availability was
lowest close to the 79�N Glacier. However, sediment pig-
ment content had decreased markedly since the early

1990s, along with a reduction in polychaete densities,
while nematode density and diversity had increased. These
results may be due to a weakening of pelagic-benthic
coupling, leading to input of pelagic organic matter in
a lower quantity and more degraded state, possibly driven
by a local change in the strength of the NEW Polynya or
the stratification regime.
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M, Kędra, M,Włodarska-Kowalczuk, M,Vogedes,
D, Camus, L, Tran, D,Michaud, E, Gabrielsen, TM,
Granovitch, A, Gonchar, A, Krapp, R, Callesen,
TA. 2015. Unexpected levels of biological activity
during the polar night offer new perspectives on
a warming Arctic. Current Biology 25(19):
2555–2561. DOI: http://dx.doi.org/10.1016/j.cub.
2015.08.024.
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Felden, J, Wenzhöfer, F, Braeckman, U. 2023. Ex situ
diffusive oxygen uptake of the Northeast Greenland
(NEG) shelf sediments from POLARSTERN cruise
PS109. PANGAEA. DOI: https://doi.pangaea.de/10.
1594/PANGAEA.959545.

Gerlach, SA. 1971. On the importance of marine
meiofauna for benthos communities. Oecologia 6:
176–190. DOI: http://dx.doi.org/10.1007/BF00
345719.

Glud, RN, Gundersen, JK, Barker Jørgensen, B,
Revsbech, NP, Schulz, HD. 1994. Diffusive and total
oxygen uptake of deep-sea sediments in the eastern
South Atlantic Ocean: In situ and laboratory measure-
ments. Deep Sea Research Part I: Oceanographic
Research Papers 41(11–12): 1767–1788. DOI:
http://dx.doi.org/10.1016/0967-0637(94)90072-8.
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gestalt, Ernährungsweise und Vorkommen bei frei-
lebenden marinen Nematoden: Eine ökologisch-
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Seasonal patterns of vertical flux in the northwestern Barents Sea under 
Atlantic Water influence and sea-ice decline 
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A B S T R A C T   

The northern Barents Sea is a productive Arctic inflow shelf with a seasonal ice cover and as such, a location with 
an efficient downward export of particulate organic matter through the biological carbon pump. The region is 
under strong influence of Atlantification and sea-ice decline, resulting in a longer open water and summer period. 
In order to understand how these processes influence the biological carbon pump, it is important to identify the 
seasonal and spatial dynamics of downward vertical flux of particulate organic matter. In 2019 and 2021, short- 
term sediment traps were deployed between 30 and 200 m depth along a latitudinal transect in the northwestern 
Barents Sea during March, May, August and December. Vertical flux of particulate organic carbon, δ13C and δ15N 
values, Chl-a, protists and fecal pellets were assessed. We identified a clear seasonal pattern, with highest vertical 
flux in May and August (178 ± 202 and 159 ± 79 mg C m− 2 d− 1, respectively). Fluxes in December and March 
were < 45 mg C m− 2 d− 1. May was characterized by diatom- and Chl a-rich fluxes and high spatial variability, 
while fluxes in August had a higher contribution of fecal pellets and small flagellates, and were spatially more 
homogenous. Standing stocks of suspended particulate organic matter were highest in August, suggesting a more 
efficient retention system in late summer. The strong latitudinal sea-ice gradient and the influence of Atlantic 
Water probably led to the high spatial variability of vertical flux in spring, due to their influence on primary 
productivity. We conclude that the efficiency of the biological carbon pump in a prolonged open-water period 
depends on the reworking of small, slow sinking material into efficiently sinking fecal pellets or aggregates, and 
the occurrence of mixing.   

1. Introduction 

The Barents Sea is the largest inflow shelf of the Arctic Ocean, and 
with an annual primary production of 20–200 g C m− 2 yr− 1 it is also one 
of the most productive Arctic shelf seas (Wassmann et al., 2006; Sak-
shaug et al., 2009). Over the last decades, the northern Barents Sea has 
experienced the largest sea ice loss across the Arctic Ocean (Screen and 
Simmonds, 2010; Onarheim et al., 2018; Smedsrud et al., 2022). 
Moreover, the heat and inflow of warm (>2 ◦C) and saline (>35.06 g 
kg− 1) Atlantic Water (AW) in this region is increasing (Oziel et al., 2020; 
Polyakov et al., 2020; Skagseth et al., 2020; Ingvaldsen et al., 2021; 

Smedsrud et al., 2022; AW definition following Sundfjord et al., 2020). 
This “Atlantification” is predicted to have significant consequences for 
the marine ecosystem in this region and thus, for the cycling and export 
of organic carbon (Wassmann and Reigstad, 2011). 

Over the last century, the uptake of atmospheric CO₂ by the Arctic 
Ocean has increased by around 30% (Smedsrud et al., 2022). An especially 
tight pelagic-benthic coupling has been documented in the marginal sea- 
ice zone (MIZ) in the northern Barents Sea (Wassmann et al., 2006). 
Thus, the biological carbon pump in the Barents Sea is an important sink for 
anthropogenic carbon as well as a crucial food source for benthic com-
munities in the region (Carroll et al., 2008). It is therefore important to 
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investigate the strength of the biological carbon pump across the marginal 
or seasonal ice zone today, in order to evaluate potential responses to 
future climate change. 

As a consequence of earlier ice melt and later onset of freezing, 
earlier phytoplankton blooms and a longer productive period in the MIZ 
are predicted (Ellingsen et al., 2008; Slagstad et al., 2015; Polyakov 
et al., 2020), resulting in longer summer conditions (Wassmann and 
Reigstad, 2011). While remote sensing from satellites have shown an 
increase of annual primary production in the northern Barents Sea 
(Arrigo and van Dijken 2015; Dalpadado et al. 2014; Lewis et al. 2020), 
the stratification regime and nutrient availability will most likely 
determine whether there will be an increase or a decrease in a future 
warmer central and southern Barents Sea (Slagstad et al., 2011; Mousing 
et al., 2023). 

The efficiency of the biological carbon pump depends not only on 
primary production, but on a number of regulating mechanisms, such as 
grazing and fecal pellet production by zooplankton, aggregation and 
disaggregation of particles, microbial processes, ballasting by minerals, 
vertical mixing and stratification of the upper water column (De La 
Rocha and Passow, 2007; Turner, 2015; Iversen, 2023). Since retention 
processes dominate in the pelagic realm, vertical flux is typically 
“attenuated” sharply in surface waters, and usually less than 10% of 
primary production reaches below the mesopelagic zone (Martin et al., 
1987; Wassmann et al., 2003). Highest export has most often been 
measured during peak bloom events in spring (Reigstad et al., 2008; 
Dybwad et al., 2021). While nutrients decrease as the season proceeds, 
the carbon flux is increasingly dominated by regenerated material 
orginating from blooms of lower magnitude with a higher fraction of 
small cells during summer (late bloom scenarios; Reigstad et al., 2008; 
Dybwad et al., 2021; Trudnowska et al., 2021). Small cells usually sink 
less efficiently and are more often coupled to a tight microbial food web, 
leading to higher retention in the surface water column (Wassmann 
et al., 2006) and a reduced efficiency of the biological carbon pump. 
Thus, a prolonged summer season and increased light availability for 
primary production will not necessarily result in higher export of carbon 
(Wassmann and Reigstad, 2011). However, if a sufficiently high amount 
of small and reworked particles is present and vertical flux attenuation is 
weak, these particles can contribute significantly to vertical flux 
(Wiedmann et al., 2014). 

As an Arctic inflow shelf, the northern Barents Sea is under strong 
influence of AW, which impacts physical and biological properties in the 
region such as amplified warming, reduced sea ice thickness, enhanced 
upper ocean mixing, nutrient supply, advection of organic material and 
increased primary production (Polyakov et al., 2020; Skagseth et al., 
2020; Ingvaldsen et al., 2021). Another consequence is that boreal 
zooplankton are expanding northwards in the Barents Sea (Ellingsen 
et al., 2008; Drinkwater, 2011; Dalpadado et al., 2012; Fossheim et al., 
2015; Eriksen et al., 2017), altering pelagic communities and their 
functions (Renaud et al., 2018). These changing properties are termed 
“Atlantification”. Increased metabolic activity due to warming (Wohlers 
et al., 2009) and an increase of grazers could lead to enhanced degra-
dation of organic matter in the water column. On the other hand, grazers 
can enhance vertical flux by packaging the production into fast-sinking 
fecal pellets (Wexels Riser et al., 2008), which can substantially 
contribute to vertical flux in the Barents Sea (Wiedmann et al., 2014; 
Dybwad et al., 2022). 

Only a few studies have been carried out in the Arctic Ocean that 
integrate the effects of temporal (seasonal), spatial and depth gradients 
of vertical flux and its composition (e.g. Olli et al., 2002; Reigstad et al., 
2008; Dybwad et al., 2021), and we are aware of only 3 studies that 
deployed short-term sediment traps at revisited stations (Lalande et al., 
2016a; Walker et al., 2022; Wiedmann et al., 2016). However, these are 
from Arctic fjords and do not integrate spatial variability. In order to fill 
this gap for the seasonally ice-covered northern Barents Sea, we revis-
ited stations along a latitudinal transect in 2019 and 2021 during 
different seasons reflecting potential changes in drivers most strongly 

impacted by climate change (sea ice, water masses). Short-term sedi-
ment traps were deployed to assess daily vertical flux patterns and its 
composition. We attempted to 1. describe seasonal and spatial patterns 
in vertical flux, 2. identify the importance of environmental (sea ice, 
water mass) and biological drivers contributing to the observed patterns 
and 3. explore the implications of these results in a changing Arctic 
Ocean. 

2. Methods 

2.1. Study area and short-term sediment trap deployment 

The study was carried out within the framework of the Norwegian 
research project The Nansen Legacy. Fieldwork took place in August and 
December 2019, and March and May 2021 at 6 stations following a 
transect between 75◦ and 85◦N along the 30◦E meridian in the northern 
Barents Sea (Fig. 1) aboard the Norwegian icebreaker RV Kronprins 
Haakon. 

Stations P1, P2, P4, and P5 were on the shelf whereas P6 was on the 
northern Barents Sea slope and P7 was in the Nansen Basin (Fig. 1). The 
northern Barents Sea shelf is around 300 m deep, while two stations on 
the shelf (P2 and P5) were located on shallower banks and are <200 m 
deep. The positions of stations P6 and P7 varied somewhat due to ice 
conditions during the different cruises. Thus, the depth at station P6 
varied between ~800–1500 m while station P7 in the Nansen Basin had 
a water depth of >3000 m (Table 1). 

Atlantic Water (AW) enters the central and northern Barents Sea via 
two pathways (Fig. 1). One pathway is through the Barents Sea Opening 
between mainland Norway and Bjørnøya towards the southern Barents 
Sea, where P1 is situated, and continuing eastwards (Ingvaldsen et al., 
2002; Ingvaldsen et al., 2004). The second pathway follows the conti-
nental slope first west then north of Svalbard (Beszczynska-Möller et al. 
2012). From there, AW enters the northern Barents Sea through two 
troughs on either side of Kvitøya (Lind and Ingvaldsen, 2012; Lundes-
gaard et al., 2022). 

During the sampling campaigns, station P1 was influenced by warm 
and saline AW or modified AW (mAW: AW that has lost heat; Sundfjord 
et al., 2020) throughout the water column. In August, P1 displayed 
presence of warm (<0⁰C) Polar Water at the surface (wPW; Sundfjord 
et al. 2020). wPW is usually PW that is warmed by AW from below, or by 
solar radiation at the surface. Stations P2, P4 and P5 were mainly 
characterized by Polar Water (PW), with wPW dominating below 100 m 
during March and above 40 m during August. During March and May, 
stations P6 and P7 were dominated by wPW below ~ 50 m, while PW 
dominated at the surface. In August and December, a deep core of AW 
was present below 100 m at these stations. 

Short-term drifting sediment traps (KC Denmark, aspect ratio > 6) 
were deployed during each sampling campaign at 6 depths (30, 40, 60, 
90, 120 and 200 m) for a duration between 18 and 38 h, with longer 
deployment times during periods of low vertical flux. At stations shal-
lower than 250 m, the deepest trap was at 120 m. In order to ensure 
settling of particles into the traps, the cylinders were filled with pre- 
filtered (0.7 µm GF/F Whatman) high-density bottom water. The traps 
were deployed without poison in open water, sea ice leads or anchored 
to a sea ice floe, depending on the sea ice conditions at the station. 

2.2. Subsampling for biogeochemical and biological analysis 

After sediment trap retrieval, the content of all traps (2 or 4 cylin-
ders) at each depth were pooled and kept cold and dark until subsamples 
were taken for size fractionated chlorophyll a (Chl-a; Bodur et al. 
2023a–d), fecal pellets (FP; Bodur et al. 2023e–h), protist community 
composition (Bodur et al. 2023i–l), particulate organic carbon and 
particulate nitrogen (POC and PN; Bodur et al. 2023m–p), and stable 
isotopes (SI; Bodur et al. 2023q–t). 
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Subsamples for Chl-a were filtered in triplicates onto GF/F (What-
man, 0.7 µm) filters and filtered volumes ranged from 100 to 300 ml 
depending on the amount of material in the traps. Additional samples for 
Chl-a were filtered on 10 µm polycarbonate filters (Millipore) to quan-
tify the contribution from larger cells. 

Triplicates of 250–1000 ml were filtered for POC/PN and SI, 
respectively, onto pre-combusted GF/F filters. POC samples were stored 
at − 20 ◦C and SI samples at − 80 ◦C until further processing. 

250 ml from each depth was fixed with hexamethylenetetramine- 
buffered 37% formaldehyde (final pH = 7) to a final concentration of 

Fig. 1. Map of the a) Arctic Ocean, showing the study area in the black rectangle, and b) nominal sampling locations in the central and northwestern Barents Sea 
during August 2019, December 2019, March 2021 and May 2021, general patterns of inflowing Atlantic Water along and onto the shelf (red arrows), general patterns 
of surface Polar Water (blue arrows) and approximate location of the Polar Front (dashed line, after Onarheim and Teigen 2018). For actual sampling locations during 
each individual cruise see Table 1. Bathymetry obtained from the International Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2020) and coastlines 
from Wessel & Smith (1996), plotted with QGIS 3.28.2. 

Table 1 
Sampling locations and details for short-term sediment trap deployments during August and December 2019 and March and May 2021 in the northwestern Barents Sea. 
Daily sea ice concentration data for station locations were retrieved from Steer and Divine (2023) and mean % ice cover is calculated from the 4 weeks preceding the 
respective sampling date. Chl-a data was retrieved from Vader (2022a–d), and the depth of Chl-a maximum is shown within paranthesis.  

Station Latitude Longitude Deployment date Depth (m) Deployment duration (hours) Mean % ice cover Max susp. Chl a (mg m− 3) 

P1  76.00  31.22 08.08.2019 325 23.55 0 ± 0 1.22 (55 m) 
P4  79.78  33.97 13.08.2019 330 19.10 8 ± 17 1.37 (30 m) 
P5  80.50  33.88 15.08.2019 157 20.67 92 ± 8 2.57 (20 m) 
P6  81.57  31.22 18.08.2019 861 18.15 96 ± 4 1.29 (10 m) 
P7  81.93  29.16 21.08.2019 3312 24.75 96 ± 5 1.74 (10 m) 
P4  79.82  34.17 08.12.2019 271 27.77 100 ± 1 0.02 (121 m) 

P7 (DEEP-ICE)  82.06  29.22 01.12.2019 3433 41.75 98 ± 2 0.04 (20 m) 
P4  79.74  33.88 09.03.2021 334 38.72 97 ± 3 N.A.a 

P5  80.52  33.99 12.03.2021 162 25.80 85 ± 20 0.01 (30 m) 
P6  81.54  31.02 14.03.2021 789 27.13 28 ± 34 0.02 (10 m) 
P7  82.00  29.98 16.03.2021 3299 33.53 20 ± 35 0.02 (10 m) 
P1  76.00  31.22 01.05.2021 326 11.97 0 ± 0 1.66 (50 m) 
P2  77.50  33.96 02.05.2021 188 11.68 21 ± 31 1.29 (50 m) 
P4  79.75  33.97 04.05.2021 359 26.75 71 ± 33 2.13 (50 m) 
P5  80.50  34.07 07.05.2021 162 25.85 96 ± 4 0.69 (10 m) 
P6  81.56  30.76 09.05.2021 1557 23.3 92 ± 7 3.17 (30 m) 
P7  82.12  29.13 13.05.2021 3369 26.12 96 ± 4 0.29 (90 m)  

a Not available. 
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4% for microscopic inspection of fecal pellets, and 100 ml was fixed with 
a mixture of glutaraldehyde-lugol for protist examination (Rousseau 
et al., 1990). 

2.3. Biogeochemical analysis 

Size-fractionated Chl-a (0.7 and 10 µm) was extracted from the filters 
in 100% methanol at 4 ◦C after filtration and measured on board within 
12–24 h after sampling (modified after Holm-Hansen and Riemann, 
1978) with a pre-calibrated Turner Design AU-10 fluorometer in 2019 
and Turner Triology in 2021 before and after acidification with 5% HCl. 
Concentrations of Chl-a pigments and their phaeopigment degradation 
products were calculated according to Holm-Hansen and Riemann 
(1978). 

Filters for POC and PN were dried for 24 h at 60◦ C and subsequently 
acid fumed (HCl) for 24 h in order to remove all inorganic carbon. Af-
terwards, the samples were again dried for 24 h at 60◦ C, transferred to 
tin capsules and measured with an Exeter Analytical CE440 CHN 
elemental analyzer. 

Standards for isotopic ratios for carbon and nitrogen were Vienna 
PeeDee belemnite and air, respectively. Alanine (JALA, Fischer Scien-
tific) was used for internal quality assurance with an analytical precision 
of δ13CVPDB = -20.59 ± 0.05 ‰ (n = 47 runs) and δ15NAIR = -3.16 ± 0.10 
‰ (n = 57 runs), respectively. L-glutamic acid (JGLUT, Fischer Scien-
tific) and glycine (POPPGLY, Fischer Scientific) were used as internal 
reference material. Internal references and quality assurance for 
δ13CVPDB were calibrated against calcium carbonate (NBS19) and 
lithium carbonate (LSVEC) with consensus values 1.95 ‰ and − 46.6 ‰, 
respectively, and for δ15NAIR against L-glutamic acid (USGS40 and 
USGS41) with consensus values − 4.52 ‰ and 47.57 ‰, respectively. 

2.4. Analysis of vertical flux particle composition 

Protists, including phyto- and protozooplankton, were identified to 
the lowest possible taxonomic level in accordance with the World Reg-
ister of Marine Species (WoRMS) and counted under an inverted light 
microscope (Nikon Eclipse TE-300 and Ti-S) using the Utermöhl method 
(Utermöhl, 1958; Edler and Elbrächter, 2010). Between 23 and 2301 
cells (December and May, respectively) were counted per sample (mean: 
531 ± 595 cells per sample across all sample dates and stations). 
Abundances were converted to carbon biomass based on published 
geometric relationships for biovolume conversion (Hillebrand et al., 
1999) and biovolume to carbon conversion factors (Menden-Deuer and 
Lessard, 2000). Radiolaria (12 recorded instances with < 4 individuals 
counted) and Foraminifera (1 instance with 1 count) were kept in the 
community composition data, but were removed from biomass estima-
tions as no size measurements were available and thus carbon estimates 
could not be made for these groups. 

Depending on their density in the sample, subsamples of 25–100 ml 
were taken for fecal pellet analysis and settled in Utermöhl sedimen-
tation chambers for 24 h. Subsequently they were counted and the 
length and width of each fecal pellet were measured using a Leica 
inverted microscope. The condition of each pellet was noted (intact, 
end piece or mid piece). Long and cylindrical pellets were attributed to 
calanoid copepods, small ellipsoid pellets to appendicularians, and 
larger strings with cut ends to euphausiids (Dybwad et al. 2021). 
Larger and irregularly shaped ellipsoid pellets were attributed to 
chaetognaths (Dilling and Alldredge 1993; Giesecke et al. 2010). 
Micropellets were ignored because they can be difficult to distinguish 
from protozoans or detritus. 

Based on the pellet types, the volume for each pellet was calculated 
and their carbon content was assessed using empirical conversion fac-
tors of 94.3 µg C mm− 3 for copepod, 45.1 µg C mm− 3 for krill and 25.1 µg 
C mm− 3 for appendicularian pellets after Wexels Riser et al. (2007), 
12.73 µg C mm− 3 for chaetognath pellets after Giesecke et al. (2010) and 
69.4 µg C mm− 3 for unidentified pellets after Riebesell et al. (1995). 

The percentage contribution of fecal pellet carbon (FPC) and protist 
carbon (PC) to total POC are estimates using empirically determined 
conversion factors, largely from other locations and seasons as stated 
above. This sometimes resulted in higher FPC or PC estimations than 
total measured POC. Manno et al. (2015) showed that FPC content can 
be lower in late autumn/winter in the Southern Ocean and Franco- 
Santos et al. (2018) demonstrated different FPC content under con-
trasting nutrient conditions; however, Urban-Rich (1997) showed that 
there was no difference in carbon to volume ratio between food types 
and different locations. 

2.5. Statistical analyses 

All statistical analyses were performed in the computing software R 
(version 4.2.2), using the vegan package (Oksanen et al., 2018). An 
unconstrained correspondence analysis (CA) was performed on log- 
transformed protist community data in order to downweigh stations 
with high abundances. A second CA was run on biomass data. In order to 
delineate which groups (diatoms, dinoflagellates, ciliates, Phaeocystis, 
other flagellates) dominated the vertical flux at the respective stations 
during each season, they were plotted on top of the ordination. To un-
derstand how POC fluxes were related to the protist community 
composition, they were displayed by isolines. 

In order to describe how bulk flux characteristics differed at each 
station during each season, a principal component analysis (PCA) on 
scaled (centered to mean of zero) flux variables (POC, POC:PN ratio, 
FPC, PC, protist abundance, Chl-a, % of Chl-a > 10 µm, Chl-a:Phaeo-
pigment ratio) was performed. Subsequently, environmental (sea ice, 
salinity, temperature and water mass) and suspended biological (inte-
grated suspended POC, POC:PN ratio, Chl-a, Chl-a:Phaeogiment ratio, % 
of Chl-a > 10 µm, integrated protist abundance and biomass) parameters 
were fitted on top of the ordination in order to visualize how they may 
be related to the vertical flux patterns. The fitted data were standardized 
prior to analysis. 

Environmental and biological parameters were retrieved for all 
seasonal cruises from the following sources: CTD data for salinity and 
temperature, from Gerland (2022); Ludvigsen (2022); Reigstad (2022) 
and Søreide (2022); water masses were assigned according to Sundfjord 
et al. (2020); suspended POC data were obtained from Marquardt et al. 
(2022a–d); suspended Chl-a data, from Vader (2022a–d); and suspended 
protist diversity, from Assmy et al. (2022a–d). Sea ice concentration 
data for station locations were retrieved from Steer and Divine (2023), 
which uses AMSR-2 and AMSR-E sea ice concentration products, and the 
mean sea ice concentration from one month prior to sampling at the 
respective station was computed and used for the PCA analysis. 

3. Results 

3.1. Seasonal and spatial patterns of sinking particulate organic matter 

In May and August, vertical flux of POC averaged across all stations 
was similar, but the variability among stations was higher in May than in 
August (178 ± 199 and 159 ± 97 mg C m− 2 d− 1, respectively; Fig. 2). By 
contrast, mean chlorophyll a (Chl-a) fluxes differed substantially be-
tween seasons (Fig. 3), with highest vertical flux in May (mean 8 ± 11 
mg Chl-a m− 2 d− 1), followed by August (mean 1 ± 0.4 mg Chl-a m− 2 

d− 1). 
Highest POC fluxes were measured during May at P1 with no 

attenuation (604 ± 18 mg C m− 2 d− 1 across all depths) and at P6 with 
high POC fluxes at 30 m (416 mg C m− 2 d− 1) that attenuated by 50% at 
60 m. At all other stations, POC fluxes were much lower and did not 
change much with depth (68 ± 28 mg C m− 2 d− 1 across all stations and 
depths). Similar to the patterns in POC, Chl-a fluxes were highest during 
May at P1, with very high values of 32 ± 1 mg Chl-a m− 2 d− 1 across all 
depths, and at 30 m at P6 (25 mg Chl-a m− 2 d− 1), while they were much 
lower at all other stations and depths (1.8 ± 1.4 mg Chl-a m− 2 d− 1). 
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In August, highest vertical POC fluxes were observed at 30 m at the 
northernmost stations, P6 and P7 (531 and 307 mg m− 2 d− 1), but at both 
stations, fluxes were attenuated quickly by 50% and 30% at 40 m, 
respectively. At all other stations, there was little attenuation, and 
average fluxes were 137 ± 44 mg C m− 2 d− 1 across all stations and 
depths. Chl-a fluxes ranged between 0.1 at P1 and 1.7 mg Chl-a m− 2 d− 1 

at P6. 
In December and March, average POC flux across all stations and 

depths was 27 ± 7 and 27 ± 9 mg C m− 2 d− 1, respectively. Chl-a fluxes 
during both months were < 0.03 mg Chl-a m− 2 d− 1. During March, at 
the shelf stations (P4, P5) and on the shelf break (P6) POC and Chl-a 
fluxes at 120 or 200 m were slightly elevated. POC fluxes were 1–8 mg C 
m− 2 d− 1 higher relative to 30 m. 

In May, POM was most depleted in 15N, with a mean δ15N value of 
+3.09 ± 1.15 ‰, indicating fresher OM (Fig. 4). Over the course of the 
season (May, August, December, March) POM became more and more 
enriched in 15N, until highest values of δ15N were present in March 
(mean of +8.92 ± 0.57 ‰ across all stations). A high variation among 
stations in May is visible along the δ13C axis, with lowest δ13C values at 
P2 (− 28.89 ‰) and P7 (− 28.29 ‰) and highest values at P1 and P6 
(~− 21 ‰). With progressing season, values for all stations converge 
along the δ13C axis. While in August the range in δ13C values among 
stations was already lower (between − 27.28 ‰ at P4 and − 21.95 ‰ at 
P6), in December, δ13C among all stations varied only between − 26.42 
‰ and –23.59 ‰. In March, δ13C values were between –23.80 and 
− 25.72 ‰ at P7 at 30 m. At all the other stations, however, samples 

more enriched in 13C were measured at the 120 and 200 m traps at P4, 
P5 and P6 (− 21.77 to − 21.38 ‰). 

3.2. Composition and drivers of vertical flux 

For May and August, carbon conversions applied to fecal pellets and 
protists occasionally led to overestimates of the contribution of protist 
carbon (PC) and fecal pellet carbon (FPC) to total POC, resulting in es-
timates > 100% of total POC. The contribution of PC to total POC was 
highly variable during May and August across the transect, with 2 – 98% 
in May across all stations and depths, 8 – 100% in August, <15% in 
December and < 3% in March. (Fig. 5). Fecal pellet carbon made up a 
significant fraction of total POC flux during May and August, particu-
larly at P4, P5, and P6 where it contributed up to 100%, while at the 
other stations it usually contributed < 30%. In both March and 
December, there were few recognizable cells or fecal pellets, resulting in 
a higher amount of detritus contributing to bulk POC (>94% in March 
and > 65% in December). In March, there was a slightly higher number 
of recognizable cells at depth compared to the surface. In December, up 
to 5 mg C m− 2 d− 1 (10–25% total POC flux) could be attributed to PC, 
mostly from ciliates. 

During degradation of organic matter, N is remineralised faster than 
C, resulting in increased POC:PN ratios of more degraded material. 
Ratios were highest in winter (6 – 10 in March and 8 – 11 in December) 
and lowest in spring (5 – 7 across all stations and depth; except for at P7 
where ratios were very high, ranging between 8 and 11 across all depths; 

Fig. 2. Mean vertical POC fluxes and standard deviations of three replicate sub-samples across all seasons and stations in the northwestern Barents Sea. Red vertical 
lines depict the mean vertical flux across all depths and stations for the respective season. Stations are presented according to their position along the latitudinal 
gradient from south (P1) to north (P7). 
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Fig. 6). POC:PN ratios usually increased with depth across all seasons 
and stations, except for in March at stations P4 and P6. Chl-a:Phaeo 
ratios reflect the freshness of algal material since phaeopigments are a 
degradation product of Chl-a. The Chl-a:Phaeo ratios were highest in 
May, ranging between 1.3 (P4) – 4.8 (P1), also showing high variability 
among stations. In August, ratios ranged between 0.5 and 2.3 and 
decreased with depth, while in March they were between 0.1 and 2. In 
December, Chl-a:Phaeo ratios were lowest, with < 0.003 across all sta-
tions. Chl-a:POC ratios reflects the contribution of photosynthetic algae 
to the organic matter pool. They were low in March, August and 
December, with ratios < 0.007. In contrast, in May they varied between 
0.006 at P7 to 0.06 at P4. The percentage of total Chl-a found in cells 
larger than 10 µm (% Chl-a > 10 µm) was generally higher in May than 
in August (69% ± 0.3 and 49% ± 0.2, respectively; Figure S1). 

To identify key drivers and similarities of the protist community 
contributing to the vertical flux, two correspondence analyses (CA) were 
performed on protist cell and biomass fluxes, respectively. The patterns 
of the two CAs were very similar and therefore the results are not shown 
for biomass fluxes. All fitted protist groups were significantly correlated 
with the ordination (p < 0.003). The two first axes of the CA explained a 
low, but similar amount of the total variance (8.8 and 6.2%, respec-
tively; Fig. 7, Table S1) and indicated a clear seasonal gradient in their 
combination. 

In anti-clockwise direction, stations in May, which were mostly 
aligned along the second CA axis, were followed by stations in August 
that correlated negatively with the first CA axis, then followed by 

stations in December and finally stations March, which were both 
negatively correlated with the second CA axis. This lead to a separation 
of all stations by productivity along the second CA axis, with August and 
productive May stations positively correlated with the axis, and the 
winter (December and March) and less productive May stations nega-
tively correlated. Along the first axis, stations were separated by the 
different protist groups, with May stations strongly driven by diatoms, 
while in August they were driven by Phaeocystis, ciliates, dinoflagellates 
and other flagellates. 

The gradient in POC flux clearly increased with high diatom abun-
dances in May (isolines; Fig. 7), whereas the winter communities indi-
cated lower POC fluxes across stations. This clear gradient was also 
reflected in Chl-a flux (not shown). 

A PCA biplot of the measured vertical flux parameters is shown in 
Fig. 8a and identifies seasonal characteristics of the vertical flux. Along 
the first axis (explaining 44.7% of the total variance among samples), 
stations are clearly separated by vertical flux gradients: May and August 
grouped on the right-hand side, strongly driven by high POC fluxes, 
while the winter fluxes are grouped further to the left on this axis, driven 
by high POC:PN ratios. Along the second axis (explaining 20.1% of the 
variance), fluxes in August are separated from May. While vertical flux 
in August was strongly driven by high protist abundance, protist 
biomass and fecal pellet carbon, vertical flux in May was driven by 
fresher material, indicated by high Chl-a, mainly large cells (defined by 
% Chl-a > 10 µm), and high Chl-a:Phaeopigments ratios. 

Fig. 3. Mean vertical Chl-a fluxes and standard deviations of three replicate sub-samples across all seasons and stations in the northwestern Barents Sea. Red vertical 
lines depict the mean vertical flux across all depths and stations for the respective season. Stations are presented according to their position along the latitudinal 
gradient from south (P1) to north (P7). Note the different scales on the x-axes. 
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When environmental (sea ice, salinity, temperature and water mass) 
and biological parameters (integrated suspended POC, POC:PN ratio, 
Chl-a, Chl-a:Phaeogiment ratio, % of Chl-a > 10 µm, integrated protist 
abundance and biomass) are fitted on top of this ordination, AW is 
associated with vertical flux in August, while modified AW (mAW) is 
associated with vertical flux in May. Integrated suspended Chl-a corre-
lates with the fluxes in May, while suspended POC correlates with fluxes 
in August. Along the first axis, temperature and suspended integrated 
Chl-a (Fig. 8b) as well as Chl-a flux (Fig. 8a) are pointing in the same 
directions, while along the second axis total suspended POC and % of 
Chl-a > 10 µm are pointing into opposite directions. High suspended 
POC:PN ratios are correlated with the vertical flux in winter. All fitted 
variables except for POC:PN, protist abundance and protist biomass 
were significantly correlated to the ordination (p < 0.02). 

4. Discussion 

Vertical flux of particulate organic matter measured in the north-
western Barents Sea in August and December 2019 and March and May 
2021 displayed strong seasonal differences in vertical flux magnitude 
with highest values during the productive season from early spring to 
summer. Moreover, we identified conspicuous differences in the 
composition and quality of vertical flux between spring (May) and 
summer (August). Interestingly, during May we did not observe a strictly 
latitudinal gradient of vertical flux patterns following the northwards 
retreat of the sea ice edge. Instead, we measured high vertical flux under 
pack-ice at one of the northernmost regions, possibly influenced by the 
warm Atlantic Water flowing eastwards along the Barents Sea shelf 
break. 

4.1. Characterizing spring and summer during heterogenous conditions in 
the seasonally ice-covered northern Barents Sea 

The identified strong seasonal pattern is consistent with previous 
seasonal vertical flux measurements conducted with short-term sedi-
ment traps in the same region (Andreassen and Wassmann, 1998; Olli 

et al., 2002), and other regions in the Arctic (Dezutter et al., 2021; 
Dybwad et al., 2021; Fadeev et al., 2021; Koch et al., 2020; Lalande 
et al., 2016a,b; Nöthig et al., 2015). Highest POC fluxes were measured 
in May and August (Fig. 2), moving from a fresh, diatom-derived flux in 
spring (May) to a vertical flux dominated by small and increasingly 
heterotrophic cells in summer (August), especially by Phaeocystis 
(Figs. 7, 8 and S2). In August, Chl-a fluxes, Chl-a:POC and Chl-a:Phaeo 
ratios were lower than in May (Fig. 7), indicating reduced algal biomass 
and freshness of the sinking OM during summer. In winter (December 
and March), vertical flux was negligible (Fig. 2) and was mostly 
comprised of unidentifiable detritus (Fig. 5), suggesting low export from 
a heterotrophic pelagic system dominated by ciliates and heterotrophic 
flagellates. 

This seasonal pattern was also reflected in the increasingly positive 
δ15N values of sinking organic matter (OM) with progressing season 
from spring to winter, where each sampling period was clearly separated 
along the δ15N axis (Fig. 4). When nitrate is abundant, algal cells pref-
erentially take up the lighter 14N isotope, which leads to POM being 
depleted in 15N (Peterson and Fry 1987; Tamelander et al. 2009). 
Accordingly, we measured the lowest δ15N values across the whole 
transect during spring (May), when nutrients were abundant and the 
increasing incident light started to allow for primary production 
(Figure S3). With progressing season, nutrients became increasingly 
reduced, which led to an intensified uptake of the heavier isotope, and 
increasingly regenerated and degraded material in the water column 
towards winter further led to OM enriched in 15N. This result is 
consistent with year-round sediment trap measurements from the 
Bransfield Basin (Antarctica), with lowest δ15N values during the pro-
ductive season and increasing enrichment towards winter (Khim et al. 
2013). 

Bloom and vertical flux patterns are highly seasonal in the Arctic 
(Wassmann et al., 2006; Leu et al., 2011; Leu et al., 2015), which can 
lead to different timing of seasonal stages at different locations, 
depending on the sea ice cover. Accordingly, revisiting the same transect 
revealed advanced and delayed seasonalities at each of the stations 
within the same sampling campaign. This was especially evident in May. 

Fig. 4. δ13CVPDB and δ15NAIR values for sediment trap particulate organic matter across all seasons and stations in the northern Barents Sea. Seasons are distinguished 
by color and stations by symbols. Standard deviations are depicted by grey errorbars and are based on 2-3 replicates. 
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POC fluxes ranging between ~ 30 and 600 mg C m− 2 d-1 in May are in 
accordance with previously shown high spatial variability in spring 
within the region, though our range is lower than previously reported 
(~100 – 870 mg C m− 2 d− 1, Reigstad et al., 2008; 200 – 1500 
mg C m− 2 d− 1, Olli et al., 2002; and 400 – 1100 mg C m− 2 d− 1 below 
100 m, Andreassen & Wassmann, 1998; Wassmann, 1998). While the 
southernmost station P1 displayed the highest fluxes measured during 
all seasons, fluxes at the northernmost station P7 were similar to those in 
March (Figs. 2, 8) or during the pre-bloom period in the same area (Olli 
et al., 2002) and North of Svalbard (Dybwad et al., 2021). This suggests 
that during our sampling time in May, “spring” had started in the 
southern part of the transect (P1), while P7 was still in a “winter” pre- 
bloom state. Spring blooms often follow the northward retreat of the 
sea ice, with southern stations experiencing local blooms along the MIZ 
earlier in the year (Wassmann, 2018; Castro de la Guardia et al., 2023; 
this issue). The ice edge reached all the way to P2 in May, reducing 
incident light for primary production further north, although nutrients 
were abundant at the surface (Figure S3, Jones et al., 2023; this issue). 
By contrast, we observed highest fluxes at P1, which was not ice- 
covered. In the northern Barents Sea, “spring” (i.e. early and peak 
bloom conditions), occurs from mid-May until July, depending on sea- 
ice conditions (Reigstad et al., 2008). Accordingly, the timing of sam-
pling in May certainly resulted in a wide span in pelagic conditions and 
characteristic fluxes, from spring bloom to winter pre-bloom regimes. By 
contrast, the highest vertical flux along the transect during August was 
present at the northernmost stations P6 and P7, while lowest fluxes were 
measured at the southernmost station P1, consistent with the northward 

retreat of the sea ice edge. Accordingly, May and August framed the start 
and the end of a productive period in the northern Barents Sea, as May 
displayed early spring and August late summer conditions. 

In general, vertical flux patterns of OM became more uniform across the 
different locations in August compared to May (means of 159 ± 97 and 178 
± 199 mg C m− 2 d− 1 across the transect, respectively; Fig. 2). In May, the 
high range of Chl-a flux, Chl-a:Phaeo ratios, Chl-a:POC ratios (Fig. 5) and 
the δ13C variation, when station locations were clearly separated along a 
wide range on the δ13C axis (Fig. 4; range of 8.46 ‰), demonstrate a high 
spatial and compositional variability of vertical flux patterns during spring. 
Over the course of the season and increasingly open water area, this vari-
ability among stations is reduced. In August, δ13C variation already had a 
smaller range of 5.72 ‰ and POC fluxes across the transect were more 
comparable (Fig. 5). It is also evident from the close grouping of the stations 
in the multivariate data visualizations during summer compared to their 
large distance during May (Figs. 7 and 8). Highest integrated suspended 
stocks of POC were observed across the transect during August 
(Fig. 8b; Marquardt et al., 2022a; Marquardt et al., 2022d), although 
vertical flux was not higher in this month compared to May. This 
suggests that a smaller fraction of the suspended OM is sinking in August 
compared to May, and with that a less efficient export of OM in summer. 
However, it also demonstrates that bulk export was sustained under 
summer conditions, even though the composition of vertical flux differed 
between the two seasons. Early and peak phytoplankton bloom conditions 
in spring usually lead to short, but intense diatom-driven export 
events of OM along the MIZ, in contrast to post-bloom scenarios in summer 
when the open water area is extended, nutrients are depleted and smaller, 

Fig. 5. Composition of vertical flux across all seasons and stations in the northwestern Barents Sea. Thick blue bars show the total POC, overlying green and red bars 
show the estimated contributions of protist (PC) and fecal pellet carbon (FPC), respectively. Note that for PC and FPC, carbon conversions can sometimes lead to 
overestimates, leading to estimations > 100% of total POC. * No PC data available from August P1-120 m, P6-60 m and P7-40 m. Note the different scales on the 
x-axes. 
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less efficiently sinking cells dominate in the pelagic environment 
(Olli et al., 2002; Reigstad et al., 2008; Dybwad et al., 2021). While fluxes in 
May were strongly driven by large cells (Figure S1) and fresh Chl-a -rich 
material, fluxes in August were driven by high fecal pellet and small het-
erotrophic protist cell fluxes (Figs. S2, 8a). Small and presumably less 
efficiently sinking cells can contribute significantly to POC fluxes if they are 
abundant enough (Wiedmann et al., 2014) or packaged into fast-sinking 
fecal pellets (Wexels Riser et al., 2007; Dybwad et al., 2021). Even with 
progressing season, while the protist composition of vertical flux changes 
and protist carbon flux decreases (Kohlbach et al., 2023, this issue), bulk 
export can be sustained by detritus (and potentially fecal pellets) if suffi-
ciently enough material escapes retention processes in the water column 
(Wassmann et al., 2003; Amargant-Arumí et al., this issue). 

4.2. High vertical flux under pack ice in early spring 

Vertical flux patterns during May did not strictly follow a latitudinal 
gradient consistent with the sea ice cover, as high fluxes at P6 under 
pack ice demonstrate. Similar to P1, at P6 high Chl-a fluxes were 
strongly associated with diatoms and were reflected in the high % Chl-a 
> 10 μm and high Chl-a:Phaeo ratios, indicating fresh material from a 
sinking diatom bloom (Fig. 7a and 8). At both P1 and P6, we also 
measured the least negative δ13C values of ~ –22 ‰, which is in the 
range recorded earlier for δ13C values in sinking OM in the Barents Sea 
under bloom conditions (~–21 ‰; Tamelander et al., 2009). In the early 
stage of a bloom, the lighter 12C in dissolved inorganic caron (DIC) is 
quickly taken up, which leads to an accumulation of the heavier 13C 
isotope in decreasing DIC concentrations as primary production con-
tinues. This is reflected in POM that becomes enriched in 13C with 
increasing primary production (Rau et al., 1992). 

The AW inflow to the Arctic Ocean along the Barents Sea shelf break 
north of Svalbard may have led to favorable conditions for primary 
production at P6 early in the season. The heat of AW results in more 
fragile and mobile sea ice in this region, potentially leading to a higher 
occurrence of leads and large open-water areas (Onarheim et al., 2014; 
Ivanov et al., 2016; Renner et al., 2018). In fact, under-ice blooms are 

Fig. 6. POC:PN (left), Chl-a:Phaeopigments (mid) and Chl-a:POC ratios (right panel) of vertical flux across all seasons (facets) and stations (colors) in the north-
western Barents Sea. 

Fig. 7. Visualization of the Correspondence Analysis results on log-transformed 
protist cell fluxes (species level), with total cell fluxes of the different groups 
(Diatoms, Dinoflagellates, Ciliates, Phaeocystis pouchetii and other flagellates) 
plotted on top. Symbols represent seasons and colors represent stations. Isolines 
of POC fluxes are plotted on top of the ordination. 
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observed under pack ice below meltponds or in leads, which are difficult 
to capture with satellite measurements (Assmy et al., 2017; Ardyna 
et al., 2020), although they can lead to subsequent vertical flux (Dybwad 
et al., 2021). Indeed, primary production measured locally was > 150 
mg C m− 2 d− 1 during the time of the sediment trap deployment (pers. 
comm. Martí Amargant-Arumí, UiT The Arctic University of Norway), 
which is in the range of what has been measured earlier in the northern 
Barents Sea during spring blooms (Hegseth, 1998). 

The community composition in the sediment traps at P6 suggests that 
a mix of ice-associated and pelagic diatoms were sinking at P6 in May. 
The ice-associated centric diatom Thalassiosira bioculata and pennate 
species such as Nitzschia frigida, Fragilariopsis cylindricus and Navicula 
spp. were present in sediment traps deployed 1 m below the sea ice at 
that station (Bodur et al., 2023l) as well as at 30 m. These ice-associated 
species were also present in the sea ice at this station (Marquardt et al., 
2023, this issue). Below 60 m, pelagic diatoms such as Chaetoceros fur-
cillatus dominated the community composition in the sediment traps. 
Moreover, there was a second peak in POC flux with higher Chl-a:Phaeo 
ratios at 120 m depth (Figs. 2 and 5). These findings suggest that the 
vertical flux at P6 may have originated from a mixture of a local 
under-ice bloom and an advected bloom. While it is difficult to disen-
tangle the exact origin of sinking OM at this location, the patterns 
demonstrate that vertical flux in the northern Barents Sea does not 
strictly follow a northward retreating sea-ice gradient, but that the AW 
inflow and sea-ice cover drive its seasonality in concert, especially at the 
locations situated in the AW pathway (P1 and P6). 

4.3. Vertical flux regulation by zooplankton: Fecal pellet flux and 
potential grazer mismatch 

At several stations during May and August, we did not measure a 
typical attenuation curve of vertical flux (Martin et al., 1987). This could 
indicate that during the sediment trap deployments the OM was either 
remineralized above 30 m and we did not capture this, or OM was not 
degraded within the upper 100 m (Wassmann et al. 2003). At P1 during 
May, a possible mismatch between grazers and primary production 
could be the reason for high suspended standing stocks, high vertical 
flux of Chl-a and few identified fecal pellets down to 200 m. Indeed, 
zooplankton abundance and biomass was at a minimum in March and 

May, and lowest biomass during May were observed at P1 (Wold et al., 
2023, this issue). A storm that simultaneously induced strong vertical 
mixing resulted in the transport of a high amount of ungrazed diatoms 
to, and probably below, 200 m depth, was most likely responsible for the 
lack of flux attentuation observed. 

FPC contributions to POC fluxes were highest during summer and at 
the shelf stations north of the Polar Front (P4, P5), where we also noted a 
high amount of FP already at 30 m and little change of FPC flux with 
depth (Fig. 5), together with a lack of attenuation in POC fluxes (Fig. 2). 
Usually, vertical flux is attenuated within the upper 100 m (Wassmann 
et al., 2003), but these observations might indicate that high grazing 
pressure was already present above 30 m, leading to fast retention of OM 
at the surface and a subsequent lack of POC attenuation below this 
depth. Highest zooplankton abundance and biomass during summer 
(July and August) support this observation (Wold et al., 2023, this isue). 
FPC flux probably played an important role during summer when small 
cells that usually sink less efficiently are exported by packaging into fast- 
sinking fecal pellets (Turner, 2015; Wiedmann et al., 2016; von Appen 
et al., 2021). Highest seasonal POC fluxes can occur where there is a 
large contribution of FPC (Dybwad et al., 2021). Accordingly, FPC flux 
probably mediated an efficient export through packaging at these sta-
tions during summer when less efficiently sinking small flagellates and 
Phaeocystis dominated vertical flux (Fig. 8a, A2), or grazing reduced OM 
already above 30 m depth. 

4.4. Elevated vertical flux at depth during March 

During March, sinking OM below 100 m at the stations north of the 
Polar Front (P4, P5, P6) was highly enriched in 13C and was within the 
range of the AW-influenced stations P1 and P6 during May, although 
POC fluxes below 45 mg C m− 2 d-1 clearly mirrored a winter state. 
Moreover, Chl-a and POC fluxes at 120 and 200 m depth were slightly 
elevated relative to fluxes at 30 m. This indicates either resuspension 
from sediments or influence of different water masses at depth compared 
to the surface, since there was clearly no local vertical export of OM. 
Below 100 m, the presence of wPW (PW mixed with AW; after Sundfjord 
et al., 2020) could point towards an influence of AW at depth which 
shows elevated δ13C values during early winter. In fact, AW is advected 
onto the northern Barents Sea shelf from the continental slope between 

Fig. 8. Visualization of the Principal component analyses (PCA) performed on components of vertical flux from all seasons and stations. a) PCA of vertical flux 
components. POC = particulate organic carbon flux, POC:PN = POC to particulate nitrogen ratio, PA = protist abundance (cell flux), PC = protist carbon flux, FPC =
fecal pellet carbon flux, Chla = Chlorophyll a flux, Chla:Phaeo = Chl-a:Phaeopigment ratio. b) PCA of vertical flux components (same as in a)), with environmental 
and suspended integrated biological parameters plotted on top. POC = integrated suspended particulate organic carbon, POC:PN = integrated suspended POC to 
particulate nitrogen ratio, PA = integrated suspended protist abundance, PC = integrated suspended protist carbon, Chla = integrated suspended Chlorophyll a, Chla: 
Phaeo = integrated suspended Chl-a:Phaeopigment ratio, % Chl-a > 10 µm = % of integrated suspended Chl-a > 10 µm, sea ice = mean sea ice concentration during 
one month before sampling. Water masses: AW = Atlantic water, mAW = modified AW, PW = Polar Water, wPW = warm PW. 
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100 and 200 m and its inflow is seasonally highly variable, usually 
strongest between autumn and early March (Lundesgaard et al., 2022). 
The influence of this AW inflow probably became more conspicuous 
during March when compared to surface fluxes, since local biological 
processes are at their minima and would otherwise mask the δ13C signal. 

5. Summary and future implications 

To the best of our knowledge, this study is the first that used short- 
term sediment traps along a revisited latitudinal transect during 
different seasons in order to investigate spatial and seasonal trends of 
daily vertical flux patterns in the seasonally ice-covered northwestern 
Barents Sea. Short-term sediment traps are particularly suited for 
investigating daily vertical flux (Buesseler et al., 2007; Baker et al., 
2020); however, their use requires considerable ship time, is costly and 
especially challenging under ambient conditions in the Arctic. 

We identified high spatial variability in vertical flux patterns in the 
northwestern Barents Sea region during early spring, spanning from 
peak bloom to late winter conditions, while with decreasing sea ice and 
increasing open water areas towards summer, vertical flux patterns 
became spatially more homogenous. These differences are driven by sea 
ice and the impact of AW, and led to the detection of high vertical flux 
events on the shelf break during both seasons. During late summer, 
higher concentrations of suspended POC but similar bulk fluxes 
compared to spring indicate a less efficient carbon pump. We suggest 
that fecal pellets played an important role for facilitating export during 
summer, leading to low attenuation of vertical flux at some stations 
below 30 m. During early spring, a wind-driven mixing event and a 
possible grazer mismatch led to an efficient transport of fresh OM down 
to at least 200 m. It should be noted that short-term deployments will 
not fully capture the seasonal cycle across such a large latitudinal 
gradient. Vertical fluxes of particulate organic matter during spring 
shown in this study were likely underestimated due to the ephemeral 
nature of the phytoplankton spring bloom. However, we were able to 
demonstrate (1) strong quantitative differences between the productive 
season in spring/summer and winter, and (2) differences in vertical flux 
composition between May and August. 

With decreasing sea ice in the region, the northern Barents Sea will 
probably experience an earlier start of the summer season (Wassmann 
and Reigstad, 2011) with a less efficient carbon pump (i.e. a lower 
fraction of the suspended OM exported) and a higher contribution of 
Phaeocystis, flagellates and detritus to vertical flux. Nevertheless, a less 
efficient export over a prolonged productive season may still lead to high 
annual carbon export if vertical flux is sustained through the efficient 
packaging of small cells into fast-sinking fecal pellets or aggregates, 
and/or through mixing events. 

The common notion that vertical flux strictly follows the sea-ice 
gradient and associated MIZ blooms is challenged, as vertical flux 
events under pack-ice might be common but are difficult to measure, 
especially in the region north of Svalbard where sea ice conditions are 
highly variable. With thinner ice cover and the increasing influence of 
AW, these export events are probably more likely to occur early in the 
season at locations still under consolidated ice cover before the onset of 
an MIZ bloom. 
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Table S1: List of short-term sediment trap data used in Figure 6. Asterisks depict POC values that were 

read from a figure, and therefore represent approximate values. Trap deployment depths vary between 90–

150m (depending on the available data); but in some cases, POC flux values were taken from shallower 

depths when the seafloor was <100m, or from deployments during winter (the low fluxes were compared with 

deeper fluxes to confirm no change in vertical flux with depth) 

Region Reference Area Deployment 

Latitude 

[⁰N] 

Deployment 

Longitude 

[⁰E] 

Deployment 

Date 

Trap 

Depth 

[m] 

POC 

flux 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

78.98 6.02 02.07.1991 100 25.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

79.02 8.58 04.07.1991 100 35.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

81.28 18.62 11.07.1991 100 15.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

81.67 29.80 16.07.1991 100 75.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

81.53 30.58 18.07.1991 100 25.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

81.43 30.92 15.07.1991 100 20.00* 

BS Andreassen et 

al. 1996 

Northern 

Svalbard, 

offshelf 

80.33 29.15 22.07.1991 60 45.00* 

BS Andreassen & 

Wassmann 

1998 

Central BS 76.37 32.73 19.05.1993 100 305.21 

BS Andreassen & 

Wassmann 

1998 

Central BS 75.08 32.05 21.05.1993 100 330.46 

BS Andreassen & 

Wassmann 

1998 

Central BS 74.97 31.70 23.05.1993 100 370.52 

BS Andreassen & 

Wassmann 

1998 

Central BS 73.73 31.00 25.05.1993 100 202.23 



 

 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

83.02 17.38 30.01.2015 100 19.36 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

82.83 21.10 14.03.2015 100 39.76 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

82.72 15.25 26.04.2015 100 56.77 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.62 12.00 10.05.2015 100 153.67 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.39 8.81 18.05.2015 100 64.47 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

80.70 7.27 30.05.2015 100 73.51 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

80.76 12.05 12.06.2015 100 164.51 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

80.51 7.85 16.06.2015 100 243.65 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

79.97 10.65 19.05.2014 90 309.68 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

79.76 9.14 23.05.2014 90 171.13 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

79.78 6.16 25.05.2014 90 228.46 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

79.97 10.74 09.08.2014 90 214.59 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

80.86 14.95 14.08.2014 90 156.58 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

80.69 15.42 14.08.2014 90 108.41 



 

 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.17 19.13 28.05.2015 90 472.07 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.39 17.59 31.05.2015 90 261.79 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.62 19.43 03.06.2015 90 225.54 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.23 19.43 06.06.2015 90 512.66 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.92 13.46 11.06.2015 90 31.22 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

82.21 7.59 15.06.2015 90 31.32 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.89 9.73 17.06.2015 90 35.31 

BS Dybwad et al. 

2020 

Northern 

Svalbard, 

offshelf 

81.35 13.61 19.06.2015 90 149.50 

BS Olli et a. 2002 Central BS 72.55 30.98 23.03.1998 90 60.32 

BS Olli et a. 2002 Central BS 73.77 31.88 21.03.1998 90 30.31 

BS Olli et a. 2002 Central BS 76.39 33.21 19.03.1998 90 26.24 

BS Olli et a. 2002 Central BS 72.50 30.95 28.05.1998 90 766.07 

BS Olli et a. 2002 Central BS 73.79 31.64 26.05.1998 90 746.82 

BS Olli et a. 2002 Central BS 74.80 32.46 24.05.1998 90 552.66 

BS Olli et a. 2002 Central BS 75.61 33.06 22.05.1998 90 429.29 

BS Olli et a. 2002 Central BS 76.02 32.99 20.05.1998 90 344.31 

BS Olli et a. 2002 Central BS 73.80 31.78 09.07.1999 90 163.47 

BS Olli et a. 2002 Central BS 75.12 32.29 08.07.1999 90 206.31 

BS Olli et a. 2002 Central BS 77.08 33.82 06.07.1999 90 199.46 

BS Olli et a. 2002 Central BS 77.65 34.21 04.07.1999 90 118.74 



 

 

BS Olli et a. 2002 Central BS 78.24 34.23 02.07.1999 90 105.14 

BS Reigstad et al. 

2008 

Central/northern 

BS 

75.54 30.28 10.07.2003 90 122.71 

BS Reigstad et al. 

2008 

Central/northern 

BS 

78.23 27.32 13.07.2003 90 344.72 

BS Reigstad et al. 

2008 

Central/northern 

BS 

79.04 25.70 15.07.2003 90 222.26 

BS Reigstad et al. 

2008 

Central/northern 

BS 

77.05 29.17 18.07.2003 90 145.74 

BS Reigstad et al. 

2008 

Central/northern 

BS 

82.42 29.43 23.07.2004 90 58.14 

BS Reigstad et al. 

2008 

Central/northern 

BS 

79.38 28.70 27.07.2004 90 117.01 

BS Reigstad et al. 

2008 

Central/northern 

BS 

79.82 29.73 29.07.2004 90 219.47 

BS Reigstad et al. 

2008 

Central/northern 

BS 

81.13 16.32 20.05.2005 90 350.99 

BS Reigstad et al. 

2008 

Central/northern 

BS 

77.14 29.95 25.05.2005 90 208.33 

BS Reigstad et al. 

2008 

Central/northern 

BS 

77.43 41.05 28.05.2005 90 80.09 

BS Reigstad et al. 

2008 

Central/northern 

BS 

75.68 31.80 31.05.2005 90 720.16 

BS Wassmann et al. 

1990 

Central BS 75.00 28.62 27.05.1987 100 223.00 

BS Wassmann et al. 

1990 

Central BS 75.00 28.62 02.06.1987 100 198.00 

BS Wassmann et al. 

1990 

Central BS 74.48 31.52 21.05.1987 100 97.00 

BS Wassmann et al. 

1990 

Central BS 74.48 31.52 28.05.1987 100 64.00 

BS Wassmann et al. 

1994 

Central BS 73.00 31.25 7.1988 90 96.60 

BS Wassmann et al. 

1994 

Central BS 75.00 28.00 7.1988 100 126.40 

BS Wiedmann et al. 

2014 

Central BS 78.10 28.13 22.06.2011 90 247.12 



 

 

BS Wiedmann et al. 

2014 

Central BS 76.95 29.71 24.06.2011 90 170.26 

BS Wiedmann et al. 

2014 

Central BS 76.49 29.86 25.06.2011 90 198.36 

BS Wiedmann et al. 

2014 

Central BS 74.91 30.00 27.06.2011 90 262.29 

BS Amargant-

Arumí et al. 

2023 

northern BS 76.16 30.97 09.08.2018 90 221.52 

BS Amargant-

Arumí et al. 

2023 

northern BS 77.57 33.88 10.08.2018 90 168.93 

BS Amargant-

Arumí et al. 

2023 

northern BS 79.82 33.81 14.08.2018 90 135.27 

BS Amargant-

Arumí et al. 

2023 

northern BS 83.32 31.52 17.08.2018 90 143.38 

BS Bodur et al. 

2023 

northern BS 79.74 33.88 09.03.2021 30 17.83 

BS Bodur et al. 

2023 

northern BS 80.52 33.99 12.03.2021 30 35.19 

BS Bodur et al. 

2023 

northern BS 81.54 31.02 14.03.2021 30 21.00 

BS Bodur et al. 

2023 

northern BS 82.00 29.98 16.03.2021 30 33.14 

BS Bodur et al. 

2023 

northern BS 76.00 31.22 01.05.2021 90 605.67 

BS Bodur et al. 

2023 

northern BS 77.50 33.96 02.05.2021 90 94.73 

BS Bodur et al. 

2023 

northern BS 79.75 33.97 04.05.2021 90 50.28 

BS Bodur et al. 

2023 

northern BS 80.50 34.07 07.05.2021 90 69.81 

BS Bodur et al. 

2023 

northern BS 81.56 30.76 09.05.2021 90 120.89 

BS Bodur et al. 

2023 

northern BS 82.12 29.13 13.05.2021 90 32.55 



 

 

BS Bodur et al. 

2023 

northern BS 76.00 31.22 08.08.2019 90 82.34 

BS Bodur et al. 

2023 

northern BS 79.76 33.97 13.08.2019 90 128.47 

BS Bodur et al. 

2023 

northern BS 80.50 33.88 15.08.2019 90 141.50 

BS Bodur et al. 

2023 

northern BS 81.57 31.22 18.08.2019 90 172.88 

BS Bodur et al. 

2023 

northern BS 81.93 29.16 21.08.2019 90 83.96 

BS Bodur et al. 

2023 

northern BS 79.82 34.17 08.12.2019 90 19.54 

BS Bodur et al. 

2023 

northern BS 82.06 29.22 01.12.2019 90 18.98 

AO Olli et al. 2007 Deep AO 87.97 154.28 26.07.2001 90 41.73 

AO Olli et al. 2007 Deep AO 88.92 -2.03 02.08.2001 90 63.19 

AO Olli et al. 2007 Deep AO 88.75 -1.67 05.08.2001 90   

AO Olli et al. 2007 Deep AO 88.57 3.79 09.08.2001 90 74.84 

AO Olli et al. 2007 Deep AO 88.51 -0.36 12.08.2001 90   

AO Olli et al. 2007 Deep AO 88.29 -4.54 16.08.2001 90 46.15 

AO Olli et al. 2007 Deep AO 88.25 -8.17 18.08.2001 90 26.66 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.64 -158.69 30.05.2004 60 59.47 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.72 -158.40 31.05.2004 60 5.41 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.85 -158.21 02.06.2004 100 9.01 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.06 -154.62 13.06.2004 100 625.29 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

71.92 -154.86 16.06.2004 100 623.49 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

71.91 -154.97 25.07.2004 100 414.46 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.18 -153.92 06.08.2004 100 380.22 



 

 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

72.82 -158.26 12.08.2004 100 108.12 

CS Lalande et al. 

2007a & b 

Chukchi Sea – 

slope 

73.05 -157.99 14.08.2004 100 138.75 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

63.30 -168.45 07.06.2018 30 2200.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

64.98 -168.88 11.06.2018 30 1180.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

67.67 -168.84 14.06.2018 30 1390.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

67.47 -166.21 13.06.2018 30 480.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

68.19 -167.31 15.06.2018 30 340.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

69.04 -168.82 16.06.2018 30 340.00 

CS O'Daly et al. 

2020 

Chukchi/Bering 

Sea 

68.96 -166.90 17.06.2018 30 170.00 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.23 -171.07 31.03.2008 100 72.98 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

57.76 -174.91 22.04.2008 100 76.04 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

58.59 -176.62 25.04.2008 100 96.59 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

55.29 -167.94 06.07.2008 100 344.90 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.24 -171.11 15.07.2008 100 147.22 

CS Baumann et al. 

2013, 2014, 

eastern Bering 

Sea 

58.42 -174.47 21.07.2008 100 314.09 



 

 

Moran et al. 

2012 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.26 -171.08 23.04.2009 100 198.22 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.51 -175.10 26.04.2009 100 514.47 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.55 -175.16 29.04.2009 100 736.84 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.57 -175.28 30.04.2009 100 796.84 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.44 -174.22 01.05.2009 100 1948.86 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

55.43 -168.06 19.06.2009 100 694.49 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.05 -171.30 23.06.2009 100 533.39 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

58.23 -174.57 25.06.2009 100 416.44 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.90 -178.79 03.07.2009 100 224.89 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.90 -178.91 19.05.2010 100 866.22 

CS Baumann et al. 

2013, 2014, 

eastern Bering 

Sea 

58.21 -174.25 21.05.2010 100 208.13 



 

 

Moran et al. 

2012 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

55.44 -168.06 28.05.2010 100 48.83 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.89 -178.90 06.06.2010 100 244.71 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.26 -171.11 12.06.2010 100 84.87 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

55.43 -168.06 21.06.2010 100 1245.54 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

56.26 -171.12 26.06.2010 100 713.23 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

58.26 -174.56 28.06.2010 100 344.36 

CS Baumann et al. 

2013, 2014, 

Moran et al. 

2012 

eastern Bering 

Sea 

59.90 -178.86 04.07.2010 100 213.18 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 78.36 -74.32 13.07.1998 100 191.01 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 78.02 -74.85 19.07.1998 100 394.64 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 77.00 -72.66 18.07.1998 100 191.01 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 76.28 -74.39 04.07.1998 100 682.96 



 

 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 76.42 -77.34 08.07.1998 100 491.95 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 78.02 -73.85 02.09.1999 100 72.08 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 77.00 -72.66 05.09.1999 100 113.53 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 76.28 -71.99 07.09.1999 100 95.51 

CA Amiel et al. 

2002, Huston & 

Deming 2002 

North Water 76.28 -74.39 28.08.1999 100 91.90 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 10.05.1994 90 83.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 15.05.1994 90 75.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 20.05.1994 90 75.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 25.05.1994 90 194.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 30.05.1994 90 260.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 01.06.1994 90 110.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 10.06.1994 90 200.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 12.06.1994 90 230.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 16.06.1994 90 313.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 20.06.1994 90 340.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 25.06.1994 90 450.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 01.07.1994 90 490.00* 



 

 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 05.07.1994 90 430.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.74 -95.99 10.07.1994 90 254.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 20.05.1995 90 63.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 25.05.1995 90 20.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 28.05.1995 90 10.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 01.06.1995 90 20.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 05.06.1995 90 125.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 10.06.1995 90 45.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 15.06.1995 90 190.00* 

CA Fortier et al. 

2002 

Barrow Strait 74.44 -97.30 05.07.1995 90 90.00* 

CA Juul-Pedersen Disko Bay 69.23 -53.55 01.06.2001 100 599.30 

HB Lapoussière et 

al. 2009 

Hudson Bay 62.28 -71.99 23.09.2005 100 63.90 

HB Lapoussière et 

al. 2009 

Hudson Bay 62.65 -80.06 26.09.2005 100 63.40 

HB Lapoussière et 

al. 2009 

Hudson Bay 79.17 -60.18 28.09.2005 100 37.70 

HB Lapoussière et 

al. 2009 

Hudson Bay 55.33 -78.23 30.09.2005 50 50.00* 

HB Lapoussière et 

al. 2009 

Hudson Bay 58.40 -83.29 06.10.2005 100 70.40 

HB Lapoussière et 

al. 2009 

Hudson Bay 59.01 -87.62 11.10.2005 100 47.10 

HB Lapoussière et 

al. 2009 

Hudson Bay 60.00 -91.95 13.10.2005 50 50.00* 

HB Lapoussière et 

al. 2009 

Hudson Bay 61.06 -86.19 16.10.2005 100 69.40 



 

 

BF Miquel et al. 

2015 

Mackenzie slope 71.33 -132.56 14.08.2009 150 4.00* 

BF Miquel et al. 

2015 

Mackenzie slope 71.78 -130.73 22.08.2009 150 5.00* 

BF Miquel et al. 

2015 

Mackenzie slope 71.32 -127.50 20.08.2009 150 7.50* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.79 -127.62 23.09.2002 50 45.00* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie slope 71.46 -133.73 28.09.2002 50 30.00* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie shelf 70.11 -133.47 01.10.2002 50 85.00* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie shelf 70.84 -133.64 05.10.2002 50 70.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 71.26 -128.53 06.10.2002 50 45.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.74 -124.24 09.10.2002 50 80.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 71.55 -126.99 09.10.2003 50 75.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.59 -127.23 11.10.2003 50 65.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.64 -123.12 13.10.2003 50 45.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.63 -123.17 06.06.2004 50 15.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.91 -125.58 09.06.2004 50 15.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.79 -127.00 18.06.2004 50 90.00* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie shelf 71.05 -133.77 30.06.2004 50 87.00* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie shelf 70.02 -138.58 03.07.2004 50 258.40* 

BF Juul-Pedersen et 

al. 2010 

Mackenzie shelf 70.67 -135.63 08.07.2004 50 126.50* 



 

 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 71.12 -125.84 18.07.2004 50 60.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.32 -124.84 01.08.2004 50 75.00* 

BF Juul-Pedersen et 

al. 2010 

Amundsen Gulf 70.58 -122.63 09.08.2004 50 40.00* 

LS Drits et al. 2021 Laptev Sea 77.17 114.67 31.08.2017 45 62.80 

LS Drits et al. 2021 Laptev Sea 75.41 115.44 01.09.2017 30 74.30 

LS Drits et al. 2021 Laptev Sea 75.81 130.50 03.09.2017 25 65.00 

LS Drits et al. 2021 Laptev Sea 74.25 130.50 03.09.2017 20 53.50 

LS Drits et al. 2021 Laptev Sea 78.00 105.33 23.08.2018 100 21.80 

LS Drits et al. 2021 Laptev Sea 77.65 115.60 23.08.2018 100 43.40 

LS Drits et al. 2021 Laptev Sea 77.17 114.67 24.08.2018 45 24.70 

KS Drits et al. 2017 Kara Sea 73.11 61.20 31.08.2015 75 16.60 

KS Drits et al. 2017 Kara Sea 74.78 66.59 01.09.2015 140 17.10 

KS Drits et al. 2017 Kara Sea 76.53 71.37 09.09.2015 130 92.60 

ESS Drits et al. 2021 East Siberian 

Sea 

73.13 154.95 06.09.2017 18 49.20 

ESS Drits et al. 2021 East Siberian 

Sea 

74.89 164.09 07.09.2017 35 33.40 

FS Reigstad 

(unpublished) 

Fram Strait 79.80 -2.40 14.04.2003 90 19.69 

FS Reigstad 

(unpublished) 

Fram Strait 79.62 -2.09 16.04.2003 90 12.53 

NEG Reigstad 

(unpublished) 

NEG shelf 77.50 -6.14 21.04.2003 90 12.22 

NEG Reigstad 

(unpublished) 

NEG shelf 76.99 -6.65 23.04.2003 90 9.53 

FS Reigstad 

(unpublished) 

Fram Strait 79.00 0.00 23.05.2003 90 223.50 

FS Reigstad 

(unpublished) 

Fram Strait 76.97 -2.62 27.05.2003 90 212.61 

NEG Reigstad 

(unpublished) 

NEG shelf 77.54 -6.98 21.04.2004 90 10.64 



 

 

NEG Reigstad 

(unpublished) 

NEG shelf 77.45 -7.30 23.04.2004 90 7.08 

NEG Reigstad 

(unpublished) 

NEG shelf 76.95 -11.91 28.04.2004 90 8.00 

NEG Reigstad 

(unpublished) 

NEG shelf 74.91 -13.39 03.05.2004 90 8.09 

FS Reigstad 

(unpublished) 

Fram Strait 79.61 -2.38 16.05.2004 90 8.81 

FS Reigstad 

(unpublished) 

Fram Strait 79.58 -3.68 18.05.2004 90 8.11 

FS Reigstad 

(unpublished) 

Fram Strait 78.94 -2.46 21.05.2004 90 24.77 

FS Reigstad 

(unpublished) 

Fram Strait 78.74 -2.40 23.05.2004 90 32.55 
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