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SUMMARY 

Cold seeps are chemosynthetic habitats found in both deep sea and shallow ocean-shelves 
worldwide, including the polar regions. At seeps, hydrocarbons, sulfide, and other reduced 
compounds emerge from the seafloor, providing energy to fuel chemoautotrophic production. 
Microbial assemblages, supported by the oxidation and reduction of gases and fluids, form the base 
of a food web composing unique and specialized cold-seep ecosystems.  

Several methane cold seeps have been documented in the high-Arctic, offshore Svalbard and in the 
Barents Sea, within the depth range of 85-1200 m. The widespread seabed gas seepage in these areas 
can be a strong environmental driver, influencing the local seafloor conditions and biosphere, 
including benthic community structure and ecosystem function.  

The primary aim of this doctoral thesis has been to describe the current seep-associated communities 
and habitats located on the shelf of western Svalbard and in the Barents Sea. This included 
determining the ecological structure, diversity and food web interactions of macrofaunal 
assemblages at high-Arctic cold seeps, describing how they compare with conventional non-seep 
communities, and examining the interaction between seep and non-seep communities where they 
co-occur.  

 

Key findings from the study are: 

1)  Cold seeps have a strong, localized effect over small spatial scales, supporting dense 
communities of small chemosymbiotic worms that play a fundamental role in structuring the 
seabed animal community  

2) Cold seeps are identified as focal areas for the biosphere, providing heterogeneous substrates 
and additional food resources independent of photosynthetic sources from the surface ocean, 
resulting in animal aggregations at these habitats.  

3)  Methane-derived carbon is incorporated into the food web of the Barents Sea ecosystem. 

4)  The discovery of two new species of methane-associated bivalves at Svalbard cold seeps.  

 

Cold seeps in the Arctic are of high ecological importance and methane is a key environmental driver 
of the biological system. Characteristic seep features, such as methane derived carbonate rocks and 
chemosymbiotic worm tufts, add complexity and 3D structure to the otherwise relatively flat and 
barren seafloor. Cold seeps provide shelter and substrate to both infauna and sessile organisms at 
seafloor, and to larger motile animals. Furthermore, cold seeps and seabed methane emissions add 
a supplementary energy source into the Arctic ecosystem. By combining results of analyses from 
different benthic habitats, this doctoral research project provides new insights into Arctic faunal 
community patterns at high-latitude cold seeps.  
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The beginning of knowledge is the 
discovery of something we do not understand 

 

- Frank Herbert 
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gas emissions influence benthic faunal communities offshore Svalbard and in the Barents Sea. 
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(2018).  
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1 INTRODUCTION          

1.1 Background 

Prior to the start of this doctoral thesis in 2014, Arctic cold seep biology was a poorly explored topic, 

with only a limited number of studies focusing on ecology, ecosystem functions and faunal 

communities at seeps in the Arctic. The most well documented location in the Arctic was Håkon 

Mosby Mud Volcano (HMMV) located in the southern Barents Sea at 72˚ N and 1200 m water 

depth. Since the discovery of HMMV, the site has been of focus for many biogeochemical studies 

documenting the system (e.g. Vogt et al. 1997; Niemann et al. 2006; Lösekann et al. 2007; Decker 

et al. 2012). The habitat around the circularl shaped mud volcano exhibit of different zones covered 

by large microbial mats and chemosymbiotic fauna, represented by siboglinid worms, (family 

Siboglinidae), Oligobrachia haakonmosbiensis and Scleronlinum contortum, (Gebruk et al. 2003). 

There was a high degree of mixing with conventional ‘background’ species at HMMV and 

moreover, it was confirmed that a few taxa associated with the tufts of chemosymbiotic tubeworms 

(e.g. caprellid shrimps) showed input of chemosynthesis-based nutrition, revealed by stable isotope 

analysis of carbon (δ13C) (Gebruk et al. 2003; Decker and Olu 2012; Rybakova et al. 2013). Further 

north of the HMMV, several locations are known offshore Svalbard and in the Barents Sea where 

sub-seabed gas reservoirs have been located and where hydrocarbons (methane) emanate from the 

sea floor (Solheim and Elverhøi 1993; Vogt et al. 1994; Westbrook et al. 2009). At the time, it was 

known that Arctic seafloor and permafrost regions can store vast amounts of methane hydrates 

(clathrates) in the seabed provided that there is continuous high pressure and low temperatures 

(MacDonald 1990). Since methane is a potent greenhouse gas and with concerns about rapid Arctic 

warming, scientific attention was raised to elucidate the role of methane and climate change in the 

Arctic (MacDonald 1990; Lashof and Ahuja 1990; Hunter et al. 2013).  

Large field campaigns were initiated through the framework by the Center for Arctic Gas Hydrate, 

Environment and Climate (CAGE), focused on Arctic sources and sinks of gas hydrates and methane 

and its impact in the environment and climate system, starting in November 2013. With an 

interdisciplinary approach and based on prior geophysical investigations, a few target areas were 

selected to form a basis of the cold seep ecology research that is the focus for this doctoral thesis 

(Figure 1). The areas of interest in this project have been widely distributed, covering cold seeps 

both in the deep sea and at the Svalbard shelves, including the Barents Sea, within the depth range 

of 85 m – 1200 m.  
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Figure 1: Methane seep locations (85-1200 m water depth) identified offshore western Svalbard and in the Barents Sea 

targeted and for biological and ecological surveys during 2014-2016 for this doctoral project. A – Vestnesa Ridge (VR) 

1200 m deep, B - Prins Karls Forland (PKF 1) 240 m, C – Prins Karls Forland (PKF 5) 85 m, D – Storfjordrenna Gas 

Hydrate Mounds  (GHM) 380 m, E – Storfjordrenna seep (SR) 350 m, F – Bjørnøyrenna Crater Area (BR) 335 m. 

Bathymetry from IBACO v. 3 Jakobsson et al. (2012).  

 

1.2 Arctic Marine Ecosystems 

Marine environments in the high Arctic are characterized by pulsed and intense seasonality in terms 

of light regime, sea ice cover and productivity. Temperatures are typically low, and fjords and deep 

basins can be exposed to sub-zero temperatures in bottom waters. These environmental  

characteristics are all strong drivers of benthic communities in Svalbard and the Barents Sea (e.g. 

Wlodarska-Kowalczuk et al. 2004; Berge et al. 2005, 2015, Carroll et al. 2008, 2011; Cochrane et 

al. 2012; Hunt et al. 2013; Kędra et al. 2013). Sea ice cover and seasonal variations create a strong 

link between primary productivity and processes in the pelagic realm and the export of organic 

material to the seabed (pelagic-benthic coupling) (Grebmeier and Barry 1991; Renaud et al. 2008; 

Wassmann and Reigstad 2011; Søreide et al. 2013). The Arctic shelves are productive regions and 

the Barents Sea is considered to be an ecological hotspot for the circumpolar Arctic and also an 

economically important region, with one of the richest fisheries in the world (Wassmann et al. 2006; 

Kjesbu et al. 2014; Haug et al. 2017). The interplay between cold Arctic waters and the input of 

warm Atlantic water, seasonal sea-ice cover and interactions in pelagic-benthic coupling, creates a 
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highly productive shelf region (Sakshaug 2004; Tamelander et al. 2006; Ingvaldsen and Loeng 2009; 

Degen et al. 2016).  

Climate change is already evident in Arctic ecosystems. For the future, the Arctic is projected to 

undergo extensive environmental changes including reduced sea-ice cover, altered oceanographic 

patterns and increased ocean acidification (Włodarska-Kowalczuk and Weslawski 2001; Weslawski 

et al. 2011; Haug et al. 2017; Onarheim and Årthun 2017). Furthermore, it is predicted that such 

environmental changes will have large implications for the entire ecosystem including carbon 

cycling, biological productivity and biodiversity, and modified biogeographical bounderies 

(Fossheim et al. 2015; Renaud et al. 2015; Haug et al. 2017; Frainer et al. 2017). 

 

1.3 Cold Seeps and Chemosynthetic Environments 

Locations where emissions of methane, sulphide, or other reduced chemicals occur at the seafloor 

are known as cold seeps, and such places are documented from both deep sea and shallower ocean 

shelves worldwide (Foucher et al. 2007; Vanreusel et al. 2009; Olu et al. 2010; Levin et al. 2016). 

Cold seeps typically support distinct faunal communities, different from the surrounding area, and 

organisms living at seeps can rely directly or indirectly on anaerobic oxidation of methane (AOM) 

and sulphate reduction as an alternative energy source (Levin and Michener 2002; Boetius and Suess 

2004; Niemann et al. 2006; Thurber et al. 2013). This process is known as chemosynthesis and can 

be an important energy source, especially in the deep sea, in addition to photosynthesis that takes 

place in the upper part of the world’s oceans (Levin 2005; Levin et al. 2016). In this way, cold seeps 

are similar to hydrothermal vents where chemosynthetic biological communities can establish and 

thrive where hot fluids are emitted from the seabed. However, hydrothermal vents are linked to 

geothermal activity at the seafloor and are concentrated along the Earth’s mid - ocean ridges and 

spreading zones, whereas cold seeps typically originate from gas reservoirs or hydrocarbon fluids in 

the sub-seabed, usually along continental margins and shelves (Van Dover 2000; Vanreusel et al. 

2009; Levin et al. 2016).  

Gases emitted at cold seeps can originate from dissociating clathrates or gas hydrates stored in sub-

seabed reservoirs. Gas hydrates are ice-crystals that enclose natural gases such as methane, and these 

are stable in the seabed at high pressure and low temperatures. If the pressure decreases or the 

temperature increases, the gas hydrate stability zone (GHSZ) (the zone where the gas hydrates are 

stable in the ground) will change. This may lead to dissociation of gas hydrates, where the enclosed 

gas can be released into the seabed and eventually also to the water column (MacDonald 1990; Ferré 
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et al. 2012; Hunter et al. 2013). Dissociating hydrates and hydrocarbon emissions influence ocean 

chemistry (Hunter et al. 2013, Myhre 2016), and in shallow regions, gas can escape through the 

water column with the potential to reach the atmosphere (Ferré et al. 2012, Berndt et al. 2014, 

Sahling et al. 2014).  

At cold seeps, long-term methane seepage can generate carbonate outcrop formations known as 

methane derived authigenic carbonates (MDAC). The precipitation of MDAC at cold seeps is the 

result of AOM and sulphate reduction through a consortium of various microbes (Hovland et al. 

1987; Ritger et al. 1987; Bohrmann et al. 1998). Furthermore, cold seeps are also regularly 

associated with other distinctive seafloor features like pockmarks, craters, mounds or underwater 

pingos (Dando 1991; Long et al. 1998; Hovland and Svensen 2006; Ritt et al. 2012; Zeppilli et al. 

2012). Large topographical structures at the seafloor add habitat-space complexity and 

heterogeneity, which can be particularly important in structuring deep-sea environments where 

relatively homogenous and featureless soft bottom plains are predominant (Rex 1981). In addition, 

such 3D features can attract vagrant fauna from surrounding habitats and increase local megafaunal 

diversity (Sellanes et al. 2008; Meyer et al. 2014).  

Cold seeps are inhabited by various types of animal guilds including chemosymbiotic organisms 

(i.e. organisms dependent on mutualistic microbial synergies providing them with energy), 

microbial grazers or heterotrophic animals that exploit resources provided by the seep environment 

(Decker and Olu 2012; Thurber et al. 2013; Becker et al. 2013; Zapata-Hernández et al. 2014). 

Chemosymbiotic vesicomyid clams and bathymodiolin mussels (supported by microbial symbionts) 

are typical cold seep bivalves that are able to form large assemblages at the sea floor (Levin et al. 

2003; Sahling et al. 2003; Cordes et al. 2010). Furthermore, chemosymbiotic siboglinid worms such 

as vestimentiferan tubeworms, can form large bush-like associations at cold seeps (Levin 2005; Olu 

et al. 2009; Carlier et al. 2010). These particular taxa are characteristically found at cold seeps and 

can all be recognized as ‘ecosystem engineers’, modifying and structuring their surrounding habitat 

in terms of influencing sediment chemistry by burrowing or re-working sediment or providing 

substrate for other organisms (Bergquist et al. 2005; Levin 2005; Olu et al. 2017). Ecosystem 

engineers enhance habitat availability for other animals and can in this way increase local 

biodiversity on different spatial scales (Jones et al. 1994; Levin 2005; Guillon et al. 2017).  
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1.4 Using Stable Isotope in Ecological Analysis  

Stable isotope analyses of δ13C and δ15N are used to trace carbon sources of animal tissue and to 

elucidate nitrogen sources and trophic levels in targeted organisms by comparing the ratio of 

naturally occurring stable isotopes of carbon (13C/12C) and nitrogen (15N/14N) (Peterson et al. 1987; 

Hobson and Welch 1992; Søreide et al. 2006). Carbon isotopes obtains a specific ratio depending 

on the carbon fixation pathway, and can vary largely among carbon sources, producing a distinct 

imprint of the surrounding environment (Childress et al. 1986; Fry and Sherr 1989). Because of 

these varying carbon fixation pathways and isotopic fractionation, carbon assimilated from 

hydrocarbon resources can have a particularly depleted signal (δ13C typically < -30 ‰), distinct from 

carbon originating from marine phytoplankton primary production (δ13C ~ typically around -20‰ 

to -25‰) (Childress et al. 1986; Hobson and Welch 1992; Dando and Hovland 1992; Levin and 

Michener 2002; Levin et al. 2016). During the lifetime of an organism, carbon is incorporated into 

its tissue, however, the ratios change little with trophic transfers (Peterson et al. 1987; Fry and Sherr 

1989; Layman et al. 2012). Depending on the overriding carbon source in an organism’s habitat, 

stable isotope analysis of δ13C can provide an indication of original sources of dietary carbon.  

 

Nitrogen and the ratio between (15N/14N) is a  useful tool to reveal trophic interactions among 

organism where the ratios of nitrogen isotopes, δ15N, relative to atmospheric nitrogen, is enriched 

in organisms at each trophic transfer (i.e. primary producers, first consumers ‘grazers’, secondary 

consumers ‘predators’) (Layman et al. 2012). Each trophic level is enriched typically by 3.4‰ to 

3.8‰, leading to high enrichment of δ15N in top predators (Fry 1988; Hobson and Welch 1992; 

Søreide et al. 2006; Layman et al. 2012). Isotopic fractionation occurs as a result of mass-balance 

and kinetic dynamics in natural environments, where the lighter isotopes are more mobile in a system 

relative to heavier isotopes (Peterson et al. 1987; Robinson et al. 2012).  

 

In the Arctic and Barents Sea, offshore of coastal areas, we find two main marine carbon sources 

and primary producers; phytoplankton and ice algae (characteristic of δ13C ~ -23‰ to -25‰ and -

19‰ to -21‰ respectively) (Hobson et al. 1995; Tamelander et al. 2006; Søreide et al. 2006). 

Nitrogen values for phytoplankton and ice-algae are typically around δ15N 4-6 ‰ and slightly higher 

for re-mineralized or decomposed sedimentary organic matter (Schubert and Calvert 2001; Søreide 

et al. 2006; Bergmann et al. 2009). In reduced environments, such as cold seeps, fauna hosting 

chemoautotrophic symbionts can exhibit particularly light δ15N signals, sometimes also negative, 

since assimilation or fixation of inorganic nitrogen is possible (Lee and Childress 1994; Robinson 
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et al. 2012; Becker et al. 2013; Portail et al. 2016). By combining analyses of stable isotope ratios 

of carbon (δ13C) and nitrogen (δ15N) to assess energy sources and trophic structure, it is possible to 

study ecosystem food web dynamics and generate new insights on faunal interactions. 

 

1.5 Arctic Cold Seeps  

Cold seeps are recognized in all world oceans including polar regions (Domack et al. 2005; Paull et 

al. 2015; Åström et al. 2016; Demina and Galkin 2018). The hydrocarbon emissions recognized 

offshore Svalbard are believed to be caused by pressure and temperature changes linked to the most 

recent glacial period and the last glacial maximum (LGM) (Patton et al. 2015; Portnov et al. 2016; 

Wallmann et al. 2018). During this period of time, a large part of the Arctic and Northern Europe 

was covered by an extensive glacial ice sheet (the Eurasian Ice Sheet) (Ingólfsson and Landvik 2013; 

Patton et al. 2015, 2017; Łącka et al. 2015). Around Svalbard, a marine-based ice sheet, the Barents 

Sea Ice Sheet (BSIS), influenced the pressure and temperature boundaries in the seabed and gas 

hydrates remained stable (Portnov et al. 2016; Winsborrow et al. 2016; Wallmann et al. 2018). When 

deglaciation of the BSIS was initiated at the Barents Sea shelf-break, approximately 20 000 years 

ago this was followed by decreased pressure and increased temperature that changed the GHSZ 

(Rasmussen et al. 2007; Winsborrow et al. 2016; Serov et al. 2017; Wallmann et al. 2018). The 

changing pressure phase boundaries and rising temperatures triggered gas hydrate disassociation 

and allowed gas to escape through the seabed (Portnov et al. 2016; Andreassen et al. 2017; 

Wallmann et al. 2018).  

The widespread gas seepages in Svalbard and the Barents Sea indicates that such seabed emissions 

can be a strong environmental driver influencing the biosphere and local seafloor conditions, 

including community structure and ecosystem function. The primary aim has been to describe the 

current seep-associated communities and habitats located on the shelf of western Svalbard and in 

the Barents Sea. This included determining the ecological structure and diversity of macrofaunal 

assemblages at high-Arctic cold seeps, describing how they compare with conventional, non-seep 

communities and examining the interaction between seep and non-seep communities where they co-

occur. By combining results of analyses from different benthic habitats, this doctoral research 

project provides new insights into Arctic faunal community patterns at high-latitude cold seeps.  
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1.6 Objectives 

The overall objective has been to examine the benthic community structure, diversity and trophic 

relationships at high-Arctic cold seeps.  

 What are the faunal characteristics at methane cold seeps around Svalbard? 

 How do seabed methane emissions influence the structure of benthic communities? 

 To what extent do benthic macrofauna use chemosynthesis-derived carbon as a potential 

energy source?  

 What are the basic food webs and trophic relationships at Arctic cold seeps? 
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2 STUDY AREA 

The areas of focus in this study have been the western and central Barents Sea and the continental 

margin and shelf west of Svalbard (75˚-79˚ N). Svalbard has relatively mild climate considering its 

high-Arctic location. This is a result of the North Atlantic Current (NAC) system, which transports 

warm and saline water from the Atlantic Ocean along the west coast of Svalbard (Orvik and Niiler 

2002, Rudels et al. 2005) (Figure 2). The western continental shelf areas west of Svalbard are 

typically influenced by Atlantic source water (>35 psu and >3°C) (Svendsen et al. 2002, Cottier et 

al. 2005, Nilsen et al. 2008). At the Barents Sea shelf, cold Arctic water (< 34.8 psu and <0°C) 

encounters the warmer Atlantic water in a mixing zone known as the ‘Polar Front’. The mixing of 

Arctic and Atlantic influenced water masses and the Polar Front generate high productivity and 

strong linkages between ice-ecosystems and pelagic-benthic coupling at the shelf (Wassmann and 

Reigstad 2011; Søreide et al. 2013).  

 

Figure 2: Surface current regime around Svalbard and in the Barents Sea. Modified after  

Loeng (1991) and Johannesen et al. (2012).  
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2.1 Environmental Settings of the Western Svalbard Shelf 

The island Prins Karls Forland (PKF) is located along the continental shelf and western Svalbard 

margin (Figure 1). At the PKF shelf,  numerous places of seabed seepage have been reported within 

the depth range of 80-400 (Westbrook et al. 2009; Sahling et al. 2014) and moreover, elevated 

concentrations of methane have been measured in the water column (Graves et al. 2015; Steinle et 

al. 2015). This area is strongly influenced by warm Atlantic water masses originating from the NAC, 

strong currents and typically little or no ice cover throughout the year.  The sediment at Prins Karls 

Forland margin is mainly composed of silty hemi-pelagic mud covered by a heterogeneous coarse 

mix of gravel, sand and ice rafted debris (IRD) (Åström et al. 2016).  

 

2.2 The deep Vestnesa and Svyatogor Ridges 

Vestnesa Ridge is a sediment drift ridge at 1200 m water depth, located in the Fram Strait at 79˚ N, 

along the northeast North Atlantic continental margin (Figure 1). The Fram Strait plays an important 

role in the large-scale circulation and is the main passage where deep-water and intermediate-water 

exchange occurs between the Arctic and the Atlantic Seas (Rudels et al. 2000). Vestnesa Ridge 

stretches over approximately 100 km, north of the Molloy transform fault in a southeast-northwest 

direction and a large part of the ridge is characterized by circular depressions described as 

pockmarks (Büenz et al. 2012; Plaza-Faverola et al. 2015). Pockmarks are features formed in near 

surface sediments where upward seepage of gas causes a sediment collapse (Cathles et al. 2010). 

High concentrations of methane have been detected both in the sediment and water column at 

Vestnesa pockmarks, together with gas hydrate recovery (Figure 3) (Hong et al. 2016; Åström et al. 

2017a). A few 10’s of kilometers southwest of Vestnesa lies Svyatogor Ridge, located at the 

northwestern tip of Knipovich Ridge. There is no active sign of methane gas venting from sediments 

nor escaping into the water column at Svyatogor; however, seismic profiles indicate paleo-seep 

features including pockmarks, chimneys (acoustic blanking) and subsurface gas deposits.  

 

2.3 Western Barents Sea – Storfjordrenna and Gas Hydrate Mounds 

Southeast of Svalbard is the Barents Sea shelf located with  average water depth of ~230 m. The 

Barents Sea was largely covered by glacial ice during the LGM peaking around 23 000 years before 

present (BP) and started to deglaciate approximately 20 000 years BP (Rasmussen et al. 2007; 

Ingólfsson and Landvik 2013; Patton et al. 2015). Shallow banks and deep troughs characterize the 
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Barents Sea and the sea floor holds many postglacial features including megascale glacial lineations, 

grounding zones, wedges, and ice berg plough marks (Andreassen and Winsborrow 2009; 

Dowdeswell et al. 2010; Patton et al. 2015; Esteves et al. 2017). In the Barents Sea, cold Arctic and 

warmer Atlantic water masses meet in the ‘Polar Front’ (Johannessen and Foster 1978, Harris et al. 

1998). This oceanic front delineates a northerly and southerly Barents Sea region, each displaying 

different ecosystem characteristics and productivity (Fossheim et al. 2015; Frainer et al. 2017).  

In the western Barents Sea, along the Svalbard shelf margin there are several methane seeps aligned 

with the Hornsund Fault zone complex. These seeps occur near the predicted upper depth limit of 

the gas hydrate stability-zone in the mouth of the trough Storfjordrenna. The southernmost location 

is known as Storfjordrenna (SR) seep field (Figure 1) and this site is characterized as a predominant 

soft bottom plain where smaller carbonate outcrops, chemosymbiotic worms and microbial mats 

have been observed (Åström et al. 2016). A few tens of kilometers north of SR is a recently 

discovered field of topographic features, recognized as underwater gas hydrate mounds (GHM’s) or 

pingo-like features (PLF) (Figure 1), referred to as PLF’s in article IV, Åström et al. (2017b), (Serov 

et al. 2017; Hong et al. 2017). These rounded mounds are a few hundred meters long and rise 

approximately 8-10 meters from the seabed at water depths of around 380 m. Several of these 

mounds are active, emitting free gas, and gas hydrates in near surface sediments have been recorded. 

Moreover, elevated concentrations of methane have been detected in both sediment and bottom 

waters (Serov et al. 2017 Hong et al. 2017). Mounds have shown varying flaring activity where 

some seems to be in a “post-active stage”, indicating different successional phases (Hong et al. 2018; 

Sen et al. 2018).  

 

2.4 Bjørnøyrenna Craters 

At the northwestern flank of the trough Bjørnøyrenna is a large area (~440 km2) with up to 100’s of 

craters and crater-mound complexes located (Solheim and Elverhøi 1993) (Figure 1). The size of 

the craters varies from a few hundred meters up to 1 km in diameter and 30 m deep while mounds 

rise up to 20 m above the seafloor. Gas flares have been detected with acoustic signals and primary 

emitted gas is recognized as methane (Åström et al. 2016; Andreassen et al. 2017). These craters are 

believed to have been formed approximately 15 000 years ago as a result of the deglaciation of the 

BSIS (Andreassen et al. 2017).  

 



14 

3 METHODOLOGY 

3.1 Benthic Sampling 

There is a wide range of approaches to conducting offshore benthic sampling in marine 

environments for ecosystems surveys, habitat characterization and community analysis. Cross-

disciplinary surveys and sampling can increase our knowledge of environmental changes. 

Furthermore, we can get an even more comprehensive understanding of an ecosystem by combining 

various types of equipment and methods, using both coring, grabs and trawls together with visual 

documentation such as underwater cameras and video (Beuchel et al. 2006; MacDonald et al. 2010; 

Bergmann et al. 2011; Jørgensen et al. 2011).  

 In order to sample the seabed and to collect information about the cold seep areas of focus in this 

study, multiple research cruises within CAGE have been carried out at targeted locations (Figure 1). 

Several different types of benthic samplers were used to collect benthic fauna such as van Veen 

grabs, multi-, and box corer and triangle dredges. In a few cold seep locations, there were 

possibilities to use an underwater camera for visualization of the seafloor prior sampling (Tow-

Cam). Moreover, both video, sea floor images and benthic sampling were carried out using a 

remotely operating vehicle ROV during a Barents Sea cruise in 2016 (Figure 3).   

Figure 3: From upper left A) Tow-Cam, multicore and CTD (CAGE-MISO) used during CAGE 15-2 cruise. B) ROV 

K30 (NTNU) used for the cold seeps in the Barents Sea during CAGE 16-5. C) van Veen grab in open mode. D) Gas 

hydrates recovered in a gravity core. E) Ice crystals in the shape of gas hydrates. F) Burning methane gas from 

disassociating gas hydrates as it is recovered from the sampled cores.
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Benthic samples for community structure analysis have been processed according to the ISO 

16665:2014 standard fieldwork protocols to ensure consistency and quality control of benthic faunal 

surveys. A standard van Veen grab station is typically comprised of 5 replicate samples á 0.1 m-2.  

The standardized process involves sieving of the samples on board the research vessel (mesh size 

used in this study = 500 µm) and material retained on the sieve is fixed in formaldehyde (4 %), 

mixed with rose-bengal for staining living tissues and furthermore buffered with borax (sodium 

tetra-borate decahydrate). In the laboratory, samples have been sorted and identified to the lowest 

possible taxonomic level and stored in 80% ethanol. Organisms were separated into main phyletic 

groups where each individual was counted and weighed (aggregated wet weight in phyletic groups).  

 

3.2 Sediment and Water Column Sampling 

Sediment samples were collected to measure benthic chlorophyll a (Chl a) and phaeopigments 

(PhP), as indicators of photosynthetically based organic material deposited on the sea floor. 

Sediment Chl a indicates the relatively recently produced material, whereas phaeopigments are a 

degradation product of Chl a. Surface sediment pigment concentrations (upper 0-2 cm) from grab 

samples and push cores were analyzed by fluorometery in accordance with Holm-Hansen et al., 

(1965). 

Porosity of sediment samples was determined by using a wet–dry method where pre-weighed vials 

of known volume were filled with sediment, re-weighed and later dried at 60° C until all water 

evaporated. The density of the sediment was calculated by using the basis from the wet weight of 

sediment and water combined (Zaborska et al. 2008). 

Sediment grain size (fraction of pelite <0.63 µm) and total organic carbon (TOC) were determined 

by subsampling surface (0-2 cm), sediments (minimum 50 g) from grab samples. Grain size was 

determined according to Bale and Kenny (2005). The TOC samples were analyzed with a Shimadzu 

SSM TOC 5000 and Elementar Vario TOC Cube.  

For compositional analyses of methane in water and sediments, a conventional head-space sampling 

preparation technique was applied. This involves analysis of bulk sediments collected from sediment 

cores, where sediment was transferred into headspace glass vials and mixed with a NaOH solution.  

Vertical CTD (Conductivity, Temperature, Depth; SBE 9 plus sensor) profiles of seawater 

hydrography were taken prior sampling at selected locations. Niskin bottles mounted on the CTD 

were used to collected water samples from the chlorophyll maximum peak in the upper surface 



16 

 

waters in order to determine the Chl a concentration and photosynthetic organic matter in the water 

column. Seawater for bottom water methane concentration was collected using bottles mounted on 

the CTD. Immediately after recovery, seawater was mixed with pure nitrogen gas as conventional 

headspace to allow the headspace nitrogen to equilibrate with the dissolved methane in the water 

sample. Methane and other hydrocarbon concentrations were determined with a gas chromatograph 

(GC).  

 

3.3 Stable Isotopes 

Organisms used for the analysis of δ13C and δ15N stable isotope composition of were collected 

mainly from qualitative core and grab samples from both cold seep and non-seep locations. In 

addition, triangle dredges were used primarily in the Barents Sea and furthermore, pinpoint-targeted 

sampling was conducted using the ROV. Animals were sorted and identified immediately after 

collection and kept frozen prior analyses. Smaller organisms were processed whole whereas tissues 

from larger individuals were separated (e.g. muscle, tail, intestine, foot) depending on taxa. 

Sediment for stable isotope analysis was frozen immediately after collection. Water samples for 

analyses the stable isotopic signal of photosynthetic primary production, particulate organic matter 

(POM) from surface waters were collected with 1.2 L Niskin bottles mounted on a CTD. Samples 

were taken at the chlorophyll maximum peak in the water column.   

To prepare the samples for stable isotope analysis, they were freeze-dried, homogenized and 

weighed into tin capsules. Final pretreatment and isotopic analysis were conducted at the Stable 

Isotope Laboratory, Department of Environmental Sciences, University of Basel, Switzerland. 

Trophic levels were calculated using fractionation values for each position according to Søreide et 

al. (2006), (3.4‰ for nitrogen and 0.6 ‰ for carbon) using the formula:  

(1) TL = ((δ15Ncons.- δ
15Nsource) / 3.4) +1 

Where δ15Ncons corresponds to the nitrogen value of the targeted organism (i.e. consumer) and 

δ15Nsource is the identified baseline nitrogen value of primary baseline resources in the system. 

Furthermore, a two-component mixing equation was used to calculate the fraction between two 

known carbon sources, based on the δ13C values from individual organisms using the equation:  

(2) Xfraction = (Cind.-C1)/(C2 - C1)  

Here, Cind is the δ13C value of the targeted organism, C1 represents one baseline carbon source and 

C2 represents the other targeted carbon source. 
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4 4. SUMMARY OF PAPERS 

 

 

Article I:   Arctic Cold Seeps in Marine methane hydrate environments: impacts on shelf 

macrobenthic community structure offshore Svalbard  

Åström EKL, Carroll ML, Ambrose WG Jr and Carroll J.   

Marine Ecology Progress Series doi: 10.3354/meps11773 

 

The main goal with this article was to conduct a focused biological study on cold seep ecology in 

the high Arctic. Macro-benthic cold seep ecology in the Arctic was a poorly explored topic at the 

time of the first study. The aim was to describe the faunal communities in designated seep stations 

located on the western Svalbard shelf, Prins Karls Forland (PKF), and in the western and central 

Barents Sea; Storfjordrenna (SR) and Bjørnøyrenna (BR) to see if and how they differed from paired 

control (non-seepage) locations.  

This study demonstrated that cold seeps have a strong localized impact on Arctic benthos, with 

small-scale heterogeneity in the surrounding adjacent seep habitat. In a few clearly methane seep-

influenced (MSI) samples, the community pattern was consistent with that of a disturbed habitat, 

possessing low diversity, high abundance and high biomass. 

Furthermore, we documented that the large-scale environmental differences were overriding any 

seep influence on the overall regional level (Figure 4). PKF shallow and deeper locations (85-240 

m) were significantly different from the stations in the Barents Sea (SR+BR) with respect to species 

richness (S) and diversity (H’). Total faunal biomass was always higher at designated seep stations 

compared to non-seep controls, and we found high densities of chemosymbiotic worms in a few 

clearly seep influenced samples. The large scale environmental patters (water masses, temperature, 

sediment composition and depth) separating the PKF and Barents Sea region were apparent in 

structuring the overall benthic communities for the entire study region.  

The Arctic seeps in this study show similarities with other cold methane seeps at lower latitudes 

possessing high habitat heterogeneity within small spatial scales by the formation of methane 

derived authigenic carbonates and biological seabed features such as chemosymbiotic worm tufts 

and microbial mats. This work was the first dedicated macrofaunal community study on High-

Arctic methane seeps and provides key baseline results for future studies in a changing Arctic.   
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Figure 4: Canonical correspondence analysis (CCA) based on station abundances of taxa ordinated with standardized 

environmental variables: temperature, depth, salinity, pelite fraction, total organic carbon, porosity, benthic pigments 

and the categorical variable ‘seep’ in combination with aggregated station biomass.  

Abundances of the two most common taxa are presented as isolines. Solid black lines: Mendicula cf. pygmaea (bivalve); 

dashed grey lines: Siboglinidae (polychaetes). Stations marked with a ‘C’ indicate non-seeping control stations 

(Modified from Åström et al. (2016)).  

 

Article II:  Methane Cold Seeps as Biological Oases in the High-Arctic Deep Sea 

  Åström EKL, Carroll ML, Ambrose WG Jr, Sen A, Silyakova, A and Carroll J   

Limnolgy & Oceanography pp. 1-23. doi: 10.1002/lno.10732 

 

This study focused on the high-Arctic deep sea and a methane seeping-gas hydrate sediment ridge; 

Vestnesa Ridge. Benthic macrofaunal deep-sea systems can differ substantially in terms of biomass, 

diversity and abundance from shallower shelf communities because of key environmental drivers 

such as depth, temperatures and seabed substrate. Another important limitation at the deep Arctic 

seafloor is food availability and the seasonal and spatial amount of particulate organic matter (POM) 

reaching the sea floor. 
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 Infaunal samples were collected at two methane seeping pockmarks along the Vestnesa Ridge (VR) 

and were compared with infaunal core samples collected from an inactive non-seeping location, 

Svyatogor Ridge (SvR). The infaunal community was clearly different at these two locations and 

Vestnesa had both higher abundance, biomass, species richness and diversity (Figure 5).  

 

 

Figure 5: Infanual community parameters at active Vestnesa Ridge and inactive Svyatogor Ridge sites. a) Mean infaunal 

abundance and biomass, and b) mean Species Richness and Shannon Wiener diversity (H’). Faunal parameters were all 

significantly higher (p < 0.05) at Vestnesa Ridge. Error bars indicate ±SE. (From Åström et al. (2017a)).  

 

In addition to the infaunal samples, sea floor photo-transects were conducted from the outside of the 

pockmark towards the inside in order to compare the habitat structure and asses megafunal taxon 

richness based on presence/absence. There were large habitat differences between three designated 

locations (‘Inside’, ‘Edge’, ‘Outside’) along the transect into the pockmarks. ‘Outside’, the 

overriding substrate was soft bottom plains, sporadically interrupted by drop stones. The most 

common megafaunal taxa was brittle stars and occasionally, other larger megafauna were observed. 

At the ‘Edge’, the overriding seabed substrate remained as soft bottom, but here, no brittle stars were 

present and instead patches of microbial mats and chemosymbiotic worm tufts appeared on the 

seafloor. We could also note other megafauna such as sea spiders and eelpouts adjacent to these 

biological features. There were a significantly higher species richness inside the pockmark compared 

to outside. Inside the pockmarks, the habitat changed dramatically and large carbonate crust 

formations were observed at the seabed. Various different megafaunal taxa were seen associated 

with the carbonate formations and the habitat heterogeneity allowed both soft bottom dominated 

organisms and fauna associated to hard substrates to co-occur. In addition to the carbonate 

formations seen inside the pockmarks, microbial mats and worms tufts were also observed.  
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Figure 6: Schematic representation of the key habitat structures and processes occurring at the high-Arctic cold seep 

Vestnesa. An autochthonous (local) chemosynthetic energy source (yellow arrow) in addition to the photosynthetically 

derived detrital matter (green arrow) from the water column, in combination with hard substrate provided by the 

carbonate outcrops enhances both communities of infaunal macrofauna and epifaunal aggregation of megafauna at this 

site. (From Åström et al. (2017a)) 

 

We attributed the observed aggregation of megafaunal taxa inside the pockmarks to the increased 

habitat heterogeneity and 3D structure provided by carbonate formations, adding complexity to the 

deep-sea environment (Figure 6). Furthermore, the rich infaunal community seen at Vestnesa Ridge, 

was suggested to be supported from an additional energy source, i.e. the chemoautotrophic 

production coupled to the presence of hydrocarbons in the sediment (Figure 6). Vestnesa and 

Svyatogor Ridge possessed similar deep-sea characteristics in salinity, temperature, oxygen, 

sediment characteristics and there were no differences in photsynthtically derived chlorophyll 

content (phaeopigments and Chl a) in the sediment, indicating photosyntehtically produced food. 

The observed patterns suggest that methane is a key environmental driver at Vestnesa. Its utilization 

in the biosphere influences the benthic community creating a high-Arctic oasis contrasting to the 

deep-sea surroundings.  
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Article III:   Trophic relationships and community structure at cold seeps in the 

Barents Sea 

Emmelie K.L. Åström-Hammenstig, Arunima Sen, Michael L. Carroll, Helge Niemann, 

William G. Ambrose Jr., Moritz F. Lehman, JoLynn Carroll 

(Manuscript) 

 

For this manuscript (in preparation), the focus has been to use stable isotope composition of carbon 

(δ13C) and nitrogen (δ15N) in order to elucidate the utilization of carbon resources and identify 

trophic interactions of among organisms inhabiting cold seeps in the Barents Sea. By collecting 

animals from both cold seeps and non-seep locations, we aimed to test whether chemosynthesis 

derived carbon could be detected using bulk stable isotope analysis of δ13C. In addition to the stable 

isotope analysis, a summary of the cold seep faunal community structure at Barents Sea cold seeps 

was provided including both new investigations and previously published samples from Åström et 

al. (2016).  

Chemosymbitic siboglinid worms (Frenulata) were highly depleted in δ13C (-38.2‰ and -47.1‰) 

(Figure 7), demonstrating their chemosynthesis based nutrition at the cold seeps. However, the most 

intriguing results demonstrated depleted signals of δ13C (-26.1‰ to -31.4‰) in three different 

species of conventional (i.e. non-chemosymbiotic) worms; Nepthys sp., Ophelina acuminata and 

Scoletoma fragilis, signaling partial input of methane derived carbon in their diets and showing that 

methane based (i.e. chemosynthetic) carbon is incorporated into the conventional food web structure 

of the Barents Sea. A 2-source mixing model indicated that up to 28-41% of the diet of these high 

trophic level polychaetes was comprised of methane-derived carbon.  

We detected large intra-specific variation among individuals in δ13C values collected at the same 

location (Figure 7). Nepthids from BR crater-area exhibited a difference of 14.7‰ (-31.8 vs. -17.1 

‰) and Nepthids from SR differed 8.7 ‰, (-25.5‰ vs -16.8 ‰). Likewise, lumbrinerids, S. fragilis, 

collected at the GHM seeps varied almost 10‰, ranging between -29.1‰ to -18.9 ‰. No other such 

large variations were observed among any other taxa and these results suggested that they feed on 

distinctly different carbon sources.   

The Barents Sea cold seeps examined in this study share similar faunal patterns such as high faunal 

abundance and biomass compared to non-seep locations, and support high densities of 

chemosymbiotic frenulates and thyasirid bivalves (~7000 ind.m-2 and 2500 ind. m-2 respectively).  
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Focused, localized methane emissions drive strong community-level effects over small spatial scales 

and frenulate worms function as benthic engineers, adding small-scale habitat heterogeneity.  

Aggregations of macrofaunal species and commercially important fishes and crustaceans were seen 

associated with seep features such as microbial mats, carbonate outcrops, and chemosymbiotic worm 

tufts. The high biomass and the aggregation of fauna indicate that seep habitats can be of high 

ecological importance where carbonate rocks provide complexity and 3D structure providing shelter 

and substrate, and where hydrocarbon emissions and chemoautotrophy add a supplementary energy 

source into the Barents Sea shelf ecosystem. The cold seeps assessed in the Barents Sea are  

shallower (less than 400 m) than many other investigated cold seep systems worldwide and this is 

likely another important factors explaining why there is a high subset of conventional ‘background 

species’ represented at the these cold seeps.  

 

 

Figure 7: Bi-plot of δ13C and δ14N values of collected organisms, sediments and POM in the Barents Sea. Vertical and 

horizontal error bars represent standard deviation (±SD). POM 1 Søreide et. al. from (2006) and POM 2 from Søreide et. 

al. (2008). Horizontal arrow at the bottom of the graph show gradual input (from left to right) of methane-derived, 

chemosynthetic sources moving towards overriding photosynthetic sources. Vertical scale to the right indicate calculated 

trophic levels (TL) from Table 5 in article III.  
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Article IV:   A new genus and two new species of Thyasiridae associated with methane seeps off 

Svalbard, Arctic Ocean 

Åström EKL, Oliver PG and Carroll ML. Marine biology Research 

doi.org/10.1080/17451000.2016.1272699 

 

After finding thyasirid bivalve shells from methane seeping areas offshore Svalbard, distinct from 

any other previously known mollusks’ species, one genus and two new species were described in 

this article. The shells were recognized and identified to the family of Thyasiridae because of the 

characteristic furrow on the shell. The article describe the two species and how they are different 

from other known thyasirids around the world.  

Thaysira capitanea sp.nov. is a large species compared to the majority of species described within 

the genera Conochele, Ascetoaxinus and Channelaxinus. The species has an equilateral shell and 

demarcated zones on the median and anterior parts as well as a distinct posterior sulcus which makes 

T. capitanea different to Atlantic thyasirids associated with cold seeps and other reduced 

environments and also separates it from the above-mentioned genera (Figure 8).   

 

 

 

Figure 8: Racothyas kolgae sp. nov (left) and Thyasira capitanea sp. nov (right) from Svalbard cold seeps. (Photo: G. 

Oliver National Museum of Wales).  
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Rachotyhyas kolgae sp. nov is characteristically distinct from previously described thyasirids and 

by the time of the discovery, it could not be assigned to any of today’s existing genera. Regarding 

Racothyas gen. nov. and Racothyas kolgae sp. nov, it is rare to describe a novel genus and taxa with 

such little material available, however, these shells are unique among other thyasirid bivalves in its 

characteristic outline, sunken lunule, lack of submarginal sulcus and wrinkled surface (Figure 8). 

In addition to the taxonomic descriptions, the article includes an overview of dispersal of 

chemosynthetic fauna in the Svalbard - Barents Sea region related to the deglaciation of the Barents 

Sea Ice Sheet (BSIS). The environment where these bivalves were found is geologically young and 

the deglaciation of the BSIS started approximately 20 000 years ago. Favorable conditions to settle 

and a continuous supply of hydrocarbons in the sediment over a persistent period of time were 

probably fundamental in order to developed a macrofaunal chemosynthetic community. We 

suggested, based on the historical records of deglaciation in the region and the onset of sub-seabed 

hydrocarbon emissions, that the earliest chemosynthetic macrofaunal communities could have been 

formed around ~12 000-14 000 years ago. This time frame is short in terms of evolving 

chemosynthetic fauna in situ and therefore it is likely that chemosynthetic organisms have spread 

from nearby chemosynthetic communities in the North – Atlantic region and colonized cold seeps 

in the Svalbard-Barents Sea region.  
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5 SYNTHESIS & OUTLOOK  

Arctic colds seeps are still an underexplored research theme with respect to ecology and biology, 

however, the outcome of this thesis has surely pushed the forefront of Arctic cold seep ecology 

research forward.  The relativity easy access to study areas to conduct sampling at the gas seeping 

shelves offshore Svalbard, and the access to research facilities and collaborators through CAGE, 

UiT – The Arctic University of Norway has made it possible to conduct interdisciplinary studies of 

cold seep ecology of these high-Arctic systems. Arctic cold seeps share many characteristic features 

with cold seeps at lower latitudes icluding the habitat heterogeneity over small spatial scales caused 

by microbial mats, chemosynthesizing worms and methane derived authighenic carbonates. It is also 

clear that methane seepage has a high impact on structuring faunal communities in these systems. 

The formation of carbonates indicates long-term seepage of hydrocarbon sources, making the cold 

seeps considerably more long-lived and stable in comparison to hydrothermal vents that tend to be 

more ephemeral systems. The carbonate reef-like structures add important hard bottom substrate in 

overriding soft bottom environments, and irregular carbonate formations create a heterogeneous 

habitat for macrofauna, both large motile and epibenthic organisms (Article II, III). The Arctic cold 

seeps appear as productive systems and interacts with ‘background’, non-seeping environments over 

various spatial scales. The cold seeps host organisms representative of the overall region and there 

is a high subset of conventional ‘background’ fauna inhabiting the seeps, co-existing with 

chemosymbiotic fauna (Article I, II, and III).  

The frenulates are the most dominant and characteristic taxa at many of the investigated cold seep 

sites in this study (Article I, II and III). Even though they are small, thin worms, they occur in high 

abundances of thousands of individuals per square meter, forming large tufts on the seabed. Through 

ROV video and underwater camera photography, fields of these chemosymbiotic worms have been 

documented and oftentimes, conventional megafauna such as sea spiders, snails, shrimps and 

eelpouts occupy these tufts. Attached to the frenulate tubes, filamentous bacteria, epibenthic 

foraminifera, caprellids and other meiofauna are observed, suggesting that the frenulates also 

provide an important 3D structure and shelter for smaller organisms inhabiting the seep environment 

(Article III). It is still not resolved if higher trophic level organisms prey upon the frenulates directly 

or if they are feeding on animals occupying the worm tufts, although it has been suggested that 

frenulates could be incorporated in the diet of eelpouts (Gebruk et al. 2003). Nevertheless, extensive 

tufts of these worms, and its associated fauna, create a heterogeneous habitat and compose a rich 

food source for organisms.  
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In addition to chemosymbiotic worms, the bivalve Mendicula c.f. pygmaea was highly abundant in 

samples, particularly from the Barents Sea (Article I, III). This is a small (mm-large) thyasirid 

bivalve, prominent at stations both where active seepage was documented and at non-seep locations. 

Thyasirids are common from reduced environments such as vents, seeps and also where large 

organic falls occur (e.g. whale falls) (Duperron et al. 2013). The family of thyasirids includes 

heterotrophic species as well as mixotrophic and chemosymbiotic taxa. Throughout this study of 

Arctic cold seeps, there has not been any records of currently living typical cold seep bivalves such 

as the large vesicomyids or bathymodiolin mussels, as seen at cold seeps at lower latitudes. 

Chemosymbiotic bivalves have only been recorded in fossil samples both from the deeper cold seeps 

at Vestnesa (Ambrose et al. 2015; Hansen et al. 2017) and from shallower seeps in the Barents Sea, 

(GHM and SR) (Åström et al. 2017b). There are however records and dates of collected thyasirid 

shells the GHM and SR seeps which include more modern records, indicating that these bivalves 

supposedly could be found alive (Article IV), (Carroll et al. 2016).   

The investigated Arctic cold seeps in this project share the characteristics of high abundances, high 

biomasses and, to some extent, also high diversity, especially for infauna and megafauna (Åström 

et al. 2017a; Sen et al. 2018). In the deep sea, the cold seep community appears particularly 

prosperous and diverse compared to conventional Arctic deep-sea systems, and there are large 

contrasts in infaunal community structure (Article II). Megafauna aggregates around the typical 

seep features such as the carbonate outcrops, worm tufts and microbial mats and the cold seep 

appears as an oasis compared to the surrounding soft bottom deep-sea plains (Article II). Likewise, 

the same pattern is documented at the shallower shelves in the Barents Sea where larger organisms 

aggregate around specific seep features. Because of the habitat complexity and heterogeneity that 

we document at the seeps, this suggests that cold seeps in the Arctic are focal areas colonized by 

various types of organisms. The cold seeps could possibly function as refuge and biological hotspots 

for local productivity, where hydrocarbon emissions and chemoautotrophy add a supplementary 

energy source for high-Arctic ecosystems. So far, the conventional paradigm of the origin of marine 

productivity in the Arctic is based on the concept that energy sources originate solely from 

photosynthetic processes and carbon recycling. Chemoautotrophic production, in addition to 

photosyntetically-derived matter from surface waters seems, however, to have a boosting effect on 

the benthic faunal community at cold seeps (Article I, II). This additional carbon source, decoupled 

from the typical seasonal Arctic productivity-cycle driven by photosynthesis could play an important 

role in Arctic carbon cycling. It is still unknown, however, whether methane carbon contributes 

substantially to Arctic marine environments although the results from this study identify a local 

effect at individual seeps (Article III.) Nevertheless, it is likely that there are many yet unexplored 
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cold seeps and reduced environments in the Arctic since a large part of the Arctic consists of shelves 

that have been covered by glacial ice and potentially share a similar geological history and evolution 

as the shelves around Svalbard (Paull et al. 2015; Stranne et al. 2016; Demina and Galkin 2018). Is 

it possible that chemosynthesis and methane carbon sources play a larger role in the Arctic than 

previously thought? New insights in Arctic ecology and productivity challenge the current concepts 

of Arctic marine productivity and ecosystem processes with respect to both carbon sources, light 

regime and changing climate aspects (Article II, III, Berge et al. 2015; Degen et al. 2016; Frainer 

et al. 2017). The typical view of Arctic biological productivity is likely about to change.  

There is also little knowledge about connectivity between the Arctic cold seeps and what perhaps 

restricts an eventual colonization of fauna from cold seeps at lower latitudes. Why are there no 

lamellibrachian tubeworms or large-bodied chemosymbiotic bivalves yet found? Are there limits in 

environmental variables such as temperature or chemical properties, or is it rather a question of 

limitations in a species’ physiology, dispersal and spreading? (Article IV). Apparently, they have 

been colonizing the Arctic during Holocene since shells of chemosymbiotic clams are recorded 

(Ambrose et al. 2015; Carroll et al. 2016; Sztybor and Rasmussen 2016; Åström et al. 2017b). Could 

temperature be a limiting factor? Deep-sea environments, however, where many cold seeps are 

located, are typically exposed to cold bottom water temperatures (2-4˚C). Is it then sub-zero 

temperatures that possess the critical level?  

The Arctic is a region undoubtedly affected by climate change and is undergoing rapid 

environmental changes. This connects to ecological implications where changes in oceanographic 

circulation patterns and reduction sea-ice cover and thickness are expected consequences in a 

warming Arctic, which could lead to changes in carbon cycling, biological productivity and trophic 

interactions. How climate change will affect Arctic cold seeps is also an unknown topic. Gas 

hydrates that destabilize from the seafloor because of increasing temperatures, and where methane 

is released into the water column, potentially reaching the atmosphere is supposedly only applicable 

on shallow Arctic shelves  (Shakhova et al. 2010; Portnov et al. 2013, 2016; Myhre et al. 2016; 

Hong et al. 2017).  

As stated in the first sentence in this chapter: Cold seeps in the Arctic are still an underexplored field 

in terms of what we know about the biology and the ecological interactions. This doctoral project 

has contributed to novel insights on Arctic cold seep communities and provided new information on 

methane and its utilization in the biosphere within the high-Arctic regime.  
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One of the most important statements in science that endlessly push us forward is that: “We cannot 

value what we don’t know”. This means that we cannot evaluate or conclude about things that we 

do not have understanding of or know about. This aspect is highly relevant for many fields in biology 

and ecology where the precautionary principle is applicable.    

Even though we do not know exactly each and all purposes for our research, many of the largest 

breakthroughs’ in sciences have been discovered through the study of something else. By chance, 

new findings have changed our understanding of the world and a great example of this is the first 

documentations of the hydrothermal vents (Ballard 1977; Grassle 1985). Vents were believed to be 

hostile, unlivable environments, but these unique ecosystems completely changed human 

perspective of life on Earth.     

Modified after “Beatrice the Biologist”  www.beatricebiologist.com 
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6 CONCLUDING REMARKS 

In summary, the Arctic cold seeps examined in this study share similar faunal patterns such as high 

faunal abundance and biomass compared to cold seeps at lower latitudes. The largest differences 

between the Arctic seeps and other seep environments are the faunal composition and the absence 

of specialized cold seep fauna in addition to the frenulate worms. The focused and localized methane 

emissions drive strong community-level effects over small spatial scales, however, the influence of 

methane seeps are not strong enough to override large-scale environmental drivers between regions. 

 

Key findings from the study are: 

I)  Cold seeps have a strong, localized effect over small spatial scales, supporting dense 

communities of small chemosymbiotic worms that play a fundamental role in structuring the 

seabed animal community  

II) Cold seeps are identified as focal areas for the biosphere, providing heterogeneous substrates 

and additional food resources independent of photosynthetic sources from the surface ocean, 

resulting in animal aggregations at these habitats.  

III)  Methane-derived carbon is incorporated into the food web of the Barents Sea ecosystem. 

IV)  Two new species of methane-associated bivalves were discovered at Svalbard cold seeps.  

  

Cold seeps in the Arctic are of high ecological importance, especially in the deep-sea environments 

where soft bottom plains are the overriding habitat. Furthermore, aggregations of larger motile 

megafauna and many commercially important species are observed around the cold seeps. 

Characteristic seep features such as microbial mats, frenulate worm tufts and carbonate outcrops add 

complexity and 3D structure providing shelter and substrate for both sessile and motile fauna, and 

where hydrocarbon emissions and chemoautotrophy add a supplementary energy source into the 

Arctic ecosystem.  

 

 

 

 

 



30 

 

REFERENCES 

Ambrose, W. G. J., G. Panieri, A. Schneider, A. Plaza-Faverola, M. L. Carroll, E. K. L. Åström, W. L. Locke, and J. 

Carroll. 2015. Bivalve shell horizons in seafloor pockmarks of the last glacial-interglacial transition: a thousand 

years of methane emissions in the Arctic Ocean. Geochemistry, Geophys. Geosystems 16: 4108–4129. 

doi:10.1002/2015GC005980 

Andreassen, K., A. Hubbard, M. Winsborrow, and others. 2017. Massive blow-out craters formed by hydrate-

controlled methane expulsion from the Arctic seafloor. Science (80-. ). 356: 948–953. 

doi:10.1126/science.aal4500 

Andreassen, K., and M. Winsborrow. 2009. Signature of ice streaming in Bjørnøyrenna, Polar North Atlantic, through 

the Pleistocene and implications for ice-stream dynamics. Ann. Glaciol. 50: 17–26. 

Åström, E. K. L., M. L. Carroll, W. G. J. Ambrose, and J. Carroll. 2016. Arctic cold seeps in marine methane hydrate 

environments : impacts on shelf macrobenthic community structure offshore Svalbard. Mar. Ecol. Prog. Ser. 

552: 1–18. doi:10.3354/meps11773 

Åström, E. K. L., M. L. Carroll, W. G. J. Ambrose, A. Sen, A. Silyakova, and J. Carroll. 2017a. Methane cold seeps as 

biological oases in the high-Arctic deep sea. Limnol. Oceanogr. 1–23. doi:10.1002/lno.10732 

Åström, E. K. L., P. G. Oliver, and M. L. Carroll. 2017b. A new genus and two new species of Thyasiridae associated 

with methane seeps off Svalbard, Arctic Ocean. Mar. Biol. Res. 13: 402–416. 

doi:10.1080/17451000.2016.1272699 

Bale, A., and A. Kenny. 2005. Sediment analysis and seabed characterisation, p. 43–87. In A. Eleftheriou and A. 

McIntyre [eds.], Methods for the study of marine benthos. Blackwell Publishing Ltd. 

Ballard, R. D. 1977. Notes on a major oceanographic find. Oceanus 20: 35–44. 

Becker, E. L., E. E. Cordes, S. A. Macko, R. W. Lee, and C. R. Fisher. 2013. Using Stable Isotope Compositions of 

Animal Tissues to Infer Trophic Interactions in Gulf of Mexico Lower Slope Seep Communities P.S. Petraitis 

[ed.]. PLoS One 8: e74459. doi:10.1371/journal.pone.0074459 

Berge, J., G. Johnsen, F. Nilsen, B. Gulliksen, and D. Slagstad. 2005. Ocean temperature oscillations enable 

reappearance of blue mussels Mytilus edulis in Svalbard after a 1000 year absence. Mar. Ecol. Prog. Ser. 303: 

167–175. 

Berge, J., P. E. Renaud, G. Darnis, and others. 2015. In the dark: A review of ecosystem processes during the Arctic 

polar night. Prog. Oceanogr. 139: 258–271. doi:10.1016/j.pocean.2015.08.005 

Bergmann, M., J. Dannheim, E. Bauerfeind, and M. Klages. 2009. Trophic relationships along a bathymetric gradient 

at the deep-sea observatory HAUSGARTEN. Deep Sea Res. Part I Oceanogr. Res. Pap. 56: 408–424. 

doi:10.1016/j.dsr.2008.10.004 

Bergmann, M., T. Soltwedel, and M. Klages. 2011. The interannual variability of megafaunal assemblages in the 

Arctic deep sea: Preliminary results from the HAUSGARTEN observatory (79N). Deep. Res. Part I Oceanogr. 

Res. Pap. 58: 711–723. doi:10.1016/j.dsr.2011.03.007 

Bergquist, D. C., C. Fleckenstein, J. Knisel, B. Begley, I. R. MacDonald, and C. R. Fisher. 2005. Variations in seep 

mussel bed communities along physical and chemical environmental gradients. Mar. Ecol. Prog. Ser. 293: 99–

108. doi:10.3354/meps293099 

Beuchel, F., B. Gulliksen, and M. L. Carroll. 2006. Long-term patterns of rocky bottom macrobenthic community 

structure in an Arctic fjord (Kongsfjorden, Svalbard) in relation to climate variability (1980-2003). J. Mar. Syst. 

63: 35–48. doi:10.1016/j.jmarsys.2006.05.002 

Boetius, A., and E. Suess. 2004. Hydrate Ridge: A natural laboratory for the study of microbial life fueled by methane 



31 

 

from near-surface gas hydrates. Chem. Geol. 205: 291–310. doi:10.1016/j.chemgeo.2003.12.034 

Bohrmann, G., J. Greinert, E. Suess, and M. Torres. 1998. Authigenic carbonates from the Cascadia subduction zone 

and their relation to gas hydrate stability. Geology 26: 647–650. 

Büenz, S., S. Polyanov, S. Vadakkepuliyambatta, C. Consolaro, and J. Mienert. 2012. Active gas venting through 

hydrate-bearing sediments on the Vestnesa Ridge, offshore W-Svalbard. Mar. Geol. 332–334: 189–197. 

doi:10.1016/j.margeo.2012.09.012 

Carlier, A., B. Ritt, C. F. Rodrigues, J. Sarrazin, K. Olu, J. Grall, and J. Clavier. 2010. Heterogeneous energetic 

pathways and carbon sources on deep eastern Mediterranean cold seep communities. Mar. Biol. 157: 2545–

2565. doi:10.1007/s00227-010-1518-1 

Carroll, M. L., S. G. Denisenko, P. E. Renaud, and W. G. J. Ambrose. 2008. Benthic infauna of the seasonally ice-

covered western Barents Sea: Patterns and relationships to environmental forcing. Deep. Res. Part II Top. Stud. 

Oceanogr. 55: 2340–2351. doi:10.1016/j.dsr2.2008.05.022 

Carroll, M. L., W. G. J. Ambrose, B. S. Levin, W. L. Locke V, G. A. Henkes, H. Hop, and P. E. Renaud. 2011. Pan-

Svalbard growth rate variability and environmental regulation in the Arctic bivalve Serripes groenlandicus. J. 

Mar. Syst. 88: 239–251. doi:10.1016/j.jmarsys.2011.04.010 

Carroll, M., E. K. L. Åström, W. G. J. Ambrose, W. Locke, G. Oliver, W. Hong, and J. Carroll. 2016. Shell growth 

and environmental control of methanophyllic Thyasirid bivalves from Svalbard cold seeps. 

Cathles, L., Zheng Su, and D. Chen. 2010. The physics of gas chimney and pockmark formation , with implications 

for assessment of seafloor hazards and gas sequestration. Mar. Pet. Geol. 27: 82–91. 

doi:10.1016/j.marpetgeo.2009.09.010 

Childress, J. J., C. R. Fisher, J. M. Brooks, M. C. Kennicutt, R. Bidigare, and A. E. Anderson. 1986. A 

Methanotrophic Marine Molluscan (Bivalvia, Mytilidae) Symbiosis: Mussels Fueled by Gas. Science (80-. ). 

233: 1306 LP-1308. 

Cochrane, S. K. J., T. H. Pearson, M. Greenacre, J. Costelloe, I. H. Ellingsen, S. Dahle, and B. Gulliksen. 2012. 

Benthic fauna and functional traits along a Polar Front transect in the Barents Sea – Advancing tools for 

ecosystem-scale assessments. J. Mar. Syst. 94: 204–217. doi:10.1016/j.jmarsys.2011.12.001 

Cordes, E. E., E. L. Becker, S. Hourdez, and C. R. Fisher. 2010. Influence of foundation species, depth, and location 

on diversity and community composition at Gulf of Mexico lower-slope cold seeps. Deep. Res. Part II Top. 

Stud. Oceanogr. 57: 1870–1881. doi:10.1016/j.dsr2.2010.05.010 

Dando, P. R. 1991. Ecology of a North Sea pockmark with an active methane seep. Mar. Ecol. Prog. Ser. 70: 49–63. 

doi:10.3354/meps070049 

Dando, P. R., and M. Hovland. 1992. Environmental effects of submarine seeping natural gas. Cont. Shelf Res. 12: 

1197–1207. doi:10.1016/0278-4343(92)90079-Y 

Decker, C., M. Morineaux, S. Van Gaever, J. C. Caprais, A. Lichtschlag, O. Gauthier, A. C. Andersen, and K. Olu. 

2012. Habitat heterogeneity influences cold-seep macrofaunal communities within and among seeps along the 

Norwegian margin. Part 1: Macrofaunal community structure. Mar. Ecol. 33: 205–230. doi:10.1111/j.1439-

0485.2011.00503.x 

Decker, C., and K. Olu. 2012. Habitat heterogeneity influences cold‐seep macrofaunal communities within and among 

seeps along the Norwegian margin–Part 2: contribution of chemosynthesis and nutritional patterns. Mar. Ecol. 

33: 231–245. 

Degen, R., L. Jørgensen, P. Ljubin, I. Ellingsen, H. Pehlke, and T. Brey. 2016. Patterns and drivers of megabenthic 

secondary production on the Barents Sea shelf. Mar. Ecol. Prog. Ser. 546: 1–16. doi:10.3354/meps11662 

Demina, L. L., and S. V. Galkin. 2018. Ecology of the bottom fauna and bioaccumulation of trace metals along the 



32 

 

Lena River–Laptev Sea transect. Environ. Earth Sci. 77: 43. doi:10.1007/s12665-018-7231-y 

Domack, E., S. Ishman, A. Leventer, S. Sylva, V. Willmott, and B. Huber. 2005. A chemotrophic ecosystem found 

beneath Antarctic Ice Shelf. Eos, Trans. Am. Geophys. Union 86: 269–272. doi:10.1029/2005EO290001 

Van Dover, C. 2000. The ecology of deep-sea hydrothermal vents, Princeton University Press. 

Dowdeswell, J. A., K. A. Hogan, J. Evans, R. Noormets, C. Ó Cofaigh, and D. Ottesen. 2010. Past ice-sheet flow east 

of Svalbard inferred from streamlined subglacial landforms. Geology 38: 163–166. 

Duperron, S., S. M. Gaudron, C. F. Rodrigues, M. R. Cunha, C. Decker, and K. Olu. 2013. An overview of 

chemosynthetic symbioses in bivalves from the North Atlantic and Mediterranean Sea. Biogeosciences 10: 

3241–3267. doi:10.5194/bg-10-3241-2013 

Esteves, M., L. R. Bjarnadóttir, M. C. M. Winsborrow, C. S. Shackleton, and K. Andreassen. 2017. Retreat patterns 

and dynamics of the Sentralbankrenna glacial system, central Barents Sea. Quat. Sci. Rev. 169: 131–147. 

doi:10.1016/j.quascirev.2017.06.004 

Ferré, B., J. Mienert, and T. Feseker. 2012. Ocean temperature variability for the past 60 years on the Norwegian-

Svalbard margin influences gas hydrate stability on human time scales. J. Geophys. Res. Ocean. 117: n/a-n/a. 

doi:10.1029/2012JC008300 

Fossheim, M., R. Primicerio, E. Johannesen, R. B. Ingvaldsen, M. M. Aschan, and A. V. Dolgov. 2015. Recent 

warming leads to a rapid borealization of fish communities in the Arctic. Nat. Clim. Chang. 5: 673–677. 

doi:10.1038/nclimate2647 

Foucher, J. P., G. K. Westbrook, A. Boetius, and others. 2007. Cold Seep Ecosystems Structure and Drivers of. 

Oceanography 22: 92–109. 

Frainer, A., R. Primicerio, S. Kortsch, M. Aune, A. V. Dolgov, M. Fossheim, and M. M. Aschan. 2017. Climate-

driven changes in functional biogeography of Arctic marine fish communities. Proc. Natl. Acad. Sci. 114: 

12202–12207. doi:10.1073/pnas.1706080114 

Fry, B. 1988. Food web structure on Georges Bank from stable C, N, and S isotopic compositions. Limnol. Oceanogr. 

33: 1182–1190. 

Fry, B., and E. B. Sherr. 1989. δ13C Measurements as Indicators of Carbon Flow in Marine and Freshwater 

Ecosystems. Stable Isotopes in Ecological Research. Springer New York. 196–229. 

Gebruk, A. V., E. M. Krylova, A. Y. Lein, G. M. Vinogradov, E. Anderson, N. V. Pimenov, G. A. Cherkashev, and K. 

Crane. 2003. Methane seep community of the Håkon Mosby mud volcano (the Norwegian Sea): composition 

and trophic aspects. Sarsia 88: 394–403. doi:10.1080/00364820310003190 

Grassle, J. . F. 1985. Hydrothermal Vent Animals : Distribution and Biology. Science (80-. ). 229: 713–717. 

Graves, C. A., L. Steinle, G. Rehder, and others. 2015. Fluxes and fate of dissolved methane released at the seafloor at 

the landward limit of the gas hydrate stability zone offshore western Svalbard. J. Geophys. Res. Ocean. 120: 

6185–6201. 

Grebmeier, J. M., and J. P. Barry. 1991. The influence of oceanographic processes on pelagic-benthic coupling in 

polar regions: A benthic perspective. J. Mar. Syst. 2: 495–518. doi:https://doi.org/10.1016/0924-7963(91)90049-

Z 

Guillon, E., L. Menot, C. Decker, E. Krylova, and K. Olu. 2017. The vesicomyid bivalve habitat at cold seeps supports 

heterogeneous and dynamic macrofaunal assemblages. Deep. Res. Part I Oceanogr. Res. Pap. 120: 1–13. 

doi:10.1016/j.dsr.2016.12.008 

Hansen, J., U. Hoff, K. Sztybor, and T. L. Rasmussen. 2017. Taxonomy and palaeoecology of two Late Pleistocene 

species of Vesicomyid bivalves from cold methane seeps at Svalbard (79°N). J. Molluscan Stud. 10. 

doi:10.1093/mollus/eyx014 



33 

 

Haug, T., B. Bogstad, M. Chierici, and others. 2017. Future harvest of living resources in the Arctic Ocean north of 

the Nordic and Barents Seas: A review of possibilities and constraints. Fish. Res. 188: 38–57. 

doi:10.1016/j.fishres.2016.12.002 

Hobson, K., and H. Welch. 1992. Determination of trophic relationships within a high Arctic marine food web using 

δ13C and δ15N analysis. Mar. Ecol. Prog. Ser. 84: 9–18. doi:10.3354/meps084009 

Hobson, K., W. G. J. Ambrose, and P. E. Renaud. 1995. Sources of primary production, benthic-pelagic coupling, and 

trophic relationships within the Northeast Water Polynya:insights from delta13C and delta15N analysis. Mar. 

Ecol. Prog. Ser. 128: 1–10. doi:10.3354/meps128001 

Holm-Hansen, O., C. Lorenzon, R. Holmes, and J. Strickland. 1965. Fluorometric determination of chlorophyll. J. du 

Cons. Cons. Perm. Int. pour l’Exploration la Mer 30: 3–15. 

Hong, W.-L., S. Sauer, G. Panieri, W. G. J. Ambrose, R. H. James, A. Plaza-Faverola, and A. Schneider. 2016. 

Removal of methane through hydrological, microbial, and geochemical processes in the shallow sediments of 

pockmarks along eastern Vestnesa Ridge (Svalbard). Limnol. Oceanogr. doi:10.1002/lno.10299 

Hong, W.-L., M. E. Torres, J. Carroll, A. Crémière, G. Panieri, H. Yao, and P. Serov. 2017. Seepage from an arctic 

shallow marine gas hydrate reservoir is insensitive to momentary ocean warming. Nat. Commun. 8: 15745. 

doi:10.1038/ncomms15745 

Hong, W. L., M. E. Torres, A. Portnov, M. Waage, B. Haley, and A. Lepland. 2018. Variations in gas and water 

pulses at an Arctic see: fluid sources and methane transport. Geophys. Res. Lett. in review. 

Hovland, M., and H. Svensen. 2006. Submarine pingoes: Indicators of shallow gas hydrates in a pockmark at Nyegga, 

Norwegian Sea. Mar. Geol. 228: 15–23. doi:10.1016/j.margeo.2005.12.005 

Hovland, M., M. R. Talbot, H. Qvale, S. Olaussen, and L. Aasberg. 1987. Methane-related carbonate cements in 

pockmarks of the North Sea. J. Sediment. Res. 57. 

Hunt, G. L., A. L. Blanchard, P. Boveng, and others. 2013. The Barents and Chukchi Seas: Comparison of two Arctic 

shelf ecosystems. J. Mar. Syst. 109–110: 43–68. doi:https://doi.org/10.1016/j.jmarsys.2012.08.003 

Hunter, S. J., D. S. Goldobin, A. M. Haywood, A. Ridgwell, and J. G. Rees. 2013. Sensitivity of the global submarine 

hydrate inventory to scenarios of future climate change. Earth Planet. Sci. Lett. 367: 105–115. 

doi:10.1016/j.epsl.2013.02.017 

Ingólfsson, Ó., and J. Y. Landvik. 2013. The Svalbard-Barents Sea ice-sheet - Historical , current and future 

perspectives. Quat. Sci. Rev. 64: 33–60. doi:10.1016/j.quascirev.2012.11.034 

Ingvaldsen, R., and H. Loeng. 2009. Physical oceanography, p. 33–64. In E. Sakshaug, G.H. Johnsen, and K.M. 

Kovacs [eds.], Ecosystem Barents Sea. Tapir Academic Press. 

Jakobsson, M., L. Mayer, B. Coakley, and others. 2012. The International Bathymetric Chart of the Arctic Ocean 

(IBCAO) Version 3.0. Geophys. Res. Lett. 39: 1–6. doi:10.1029/2012GL052219 

Johannesen, E., R. B. Ingvaldsen, B. Bogstad, and others. 2012. Changes in Barents Sea ecosystem state, 1970–2009: 

climate fluctuations, human impact, and trophic interactions. ICES J. Mar. Sci. 69: 880–889. 

Jones, C. G., J. H. Lawton, and M. Shachak. 1994. Organisms as ecosystem engineers, p. 130–147. In Ecosystem 

management. Springer. 

Jørgensen, L. L., P. E. Renaud, S. K. J. Cochrane, L. Lindal, P. E. Renaud, and S. K. J. Cochrane. 2011. Improving 

benthic monitoring by combining trawl and grab surveys. Mar. Pollut. Bull. 62: 1183–1190. 

doi:10.1016/j.marpolbul.2011.03.035 

Kjesbu, O. S., B. Bogstad, J. A. Devine, H. Gjøsæter, D. Howell, R. B. Ingvaldsen, R. D. M. Nash, and J. E. 

Skjæraasen. 2014. Synergies between climate and management for Atlantic cod fisheries at high latitudes. Proc. 

Natl. Acad. Sci. 111: 3478 LP-3483. 



34 

 

Kędra, M., P. E. Renaud, H. Andrade, I. Goszczko, and W. G. Ambrose. 2013. Benthic community structure, 

diversity, and productivity in the shallow Barents Sea bank (Svalbard Bank). Mar. Biol. 160: 805–819. 

doi:10.1007/s00227-012-2135-y 

Łącka, M., M. Zajączkowski, M. Forwick, and W. Szczuciński. 2015. Late Weichselian and Holocene 

palaeoceanography of Storfjordrenna, southern Svalbard. Clim. Past 11: 587–603. doi:10.5194/cp-11-587-2015 

Lashof, D. A., and D. R. Ahuja. 1990. Relative contributions of greenhouse gas emissions to global warming. Nature 

344: 529. 

Layman, C. A., M. S. Araujo, R. Boucek, and others. 2012. Applying stable isotopes to examine food-web structure: 

an overview of analytical tools. Biol. Rev. 87: 545–562. doi:10.1111/j.1469-185X.2011.00208.x 

Lee, R. W., and J. J. Childress. 1994. Assimilation of inorganic nitrogen by marine invertebrates and their 

chemoautotrophic and methanotrophic symbionts. Appl. Environ. Microbiol. 60: 1852–1858. 

Levin, L. A., A. R. Baco, D. Bowden, and others. 2016. Hydrothermal Vents and Methane Seeps: Rethinking the 

Sphere of Influence. Front. Mar. Sci. 3: 72. doi:10.3389/fmars.2016.00072 

Levin, L. A. L. A. 2005. Ecology of cold seep sediments: Interactions of fauna with flow, chemistry and microbes. An 

Annu. Rev. 43: 1–46. doi:doi:10.1201/9781420037449.ch1 

Levin, L. A., and R. H. Michener. 2002. Isotopic evidence for chemosynthesis-based nutrition of macrobenthos: The 

lightness of being at Pacific methane seeps. Limnol. Ocean. 47: 1336–1345. doi:10.4319/lo.2002.47.5.1336 

Levin, L. A., W. Ziebis, G. F. Mendoza, and others. 2003. Spatial heterogeneity of macrofauna at northernCalifornia 

methane seeps: influence of sulfideconcentration and fluid flow. Mar Ecol Prog Ser 265: 123{\textendash}139. 

doi:10.3354/meps265123 

Long, D., S. Lammers, and P. Linke. 1998. Possible hydrate mounds within large sea-floor craters in the Barents Sea, 

p. 223–237. In J.-P. Henriet and J. Mienert [eds.], Gas Hydrates: Relevance to World Margin Stability and 

Climate Change. Geological society London, Special Publications. 

Lösekann, T., K. Knittel, T. Nadalig, B. Fuchs, H. Niemann, A. Boetius, and R. Amann. 2007. Diversity and 

abundance of aerobic and anaerobic methane oxidizers at the Haakon Mosby Mud Volcano, Barents Sea. Appl. 

Environ. Microbiol. 73: 3348–3362. doi:10.1128/AEM.00016-07 

MacDonald, G. J. 1990. Role of methane clathrates in past and future climates. Clim. Change 16: 247–281. 

doi:10.1007/BF00144504 

MacDonald, I. R., B. A. Bluhm, K. Iken, S. Gagaev, and S. Strong. 2010. Benthic macrofauna and megafauna 

assemblages in the Arctic deep-sea Canada Basin. Deep. Res. Part II Top. Stud. Oceanogr. 57: 136–152. 

doi:10.1016/j.dsr2.2009.08.012 

Meyer, K. S., T. Soltwedel, and M. Bergmann. 2014. High biodiversity on a deep-water reef in the eastern Fram Strait. 

PLoS One 9: 1–16. doi:10.1371/journal.pone.0105424 

Myhre, C. L., B. Ferré, S. M. Platt, and others. 2016. Extensive release of methane from Arctic seabed west of 

Svalbard during summer 2014 does not influence the atmosphere. Geophys. Res. Lett. 43: 4624–4631. 

doi:10.1002/2016GL068999.Received 

Niemann, H., T. Lösekann, D. de Beer, and others. 2006. Novel microbial communities of the Haakon Mosby mud 

volcano and their role as a methane sink. Nature 443: 854–858. doi:10.1038/nature05227 

Olu, K., J. C. Caprais, J. Galéron, and others. 2009. Influence of seep emission on the non-symbiont-bearing fauna and 

vagrant species at an active giant pockmark in the Gulf of Guinea (Congo-Angola margin). Deep. Res. Part II 

Top. Stud. Oceanogr. 56: 2380–2393. doi:10.1016/j.dsr2.2009.04.017 

Olu, K., E. E. Cordes, C. R. Fisher, J. M. Brooks, M. Sibuet, and D. Desbruyéres. 2010. Biogeography and potential 

exchanges among the atlantic equatorial belt cold-seep faunas. PLoS One 5: 1–11. 



35 

 

doi:10.1371/journal.pone.0011967 

Olu, K., C. Decker, L. Pastor, and others. 2017. Cold-seep-like macrofaunal communities in organic- and sulfide-rich 

sediments of the Congo deep-sea fan. Deep. Res. Part II Top. Stud. Oceanogr. 142: 180–196. 

doi:10.1016/j.dsr2.2017.05.005 

Onarheim, I. H., and M. Årthun. 2017. Toward an ice-free Barents Sea. Geophys. Res. Lett. 44: 8387–8395. 

doi:10.1002/2017GL074304 

Patton, H., A. Hubbard, K. Andreassen, and others. 2017. Deglaciation of the Eurasian ice sheet complex. Quat. Sci. 

Rev. 169: 148–172. doi:10.1016/j.quascirev.2017.05.019 

Patton, H., K. Andreassen, L. R. Bjarnadóttir, and others. 2015. Geophysical constraints on the dynamics and retreat 

of the Barents Sea ice sheet as a paleobenchmark for models of marine ice sheet deglaciation. Rev. Geophys. 53: 

1051–1098. 

Paull, C. K., S. R. Dallimore, D. W. Caress, and others. 2015. Active mud volcanoes on the continental slope of the 

Canadian Beaufort Sea. Geochemistry, Geophys. Geosystems 16: 3160–3181. doi:10.1002/2015GC005928 

Peterson, B. J., B. Fry, A. Reviews, and A. Review. 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst. 

18: 293–320. 

Plaza-Faverola, A., S. Bünz, J. E. Johnson, S. Chand, J. Knies, J. Mienert, and P. Franek. 2015. Role of tectonic stress 

in seepage evolution along the gas hydrate-charged Vestnesa Ridge, Fram Strait. Geophys. Res. Lett. 42: 733–

742. doi:10.1002/2014GL062474 

Portail, M., K. Olu, S. F. Dubois, E. Escobar-Briones, Y. Gelinas, L. Menot, and J. Sarrazin. 2016. Food-web 

complexity in Guaymas Basin hydrothermal vents and cold seeps. PLoS One 11. 

doi:10.1371/journal.pone.0162263 

Portnov, A., A. J. Smith, J. Mienert, G. Cherkashov, P. Rekant, P. Semenov, P. Serov, and B. Vanshtein. 2013. 

Offshore permafrost decay and massive seabed methane escape in water depths &gt;20 m at the South Kara Sea 

shelf. Geophys. Res. Lett. 40: 3962–3967. doi:10.1002/grl.50735 

Portnov, A., S. Vadakkepuliyambatta, J. Mienert, and A. Hubbard. 2016. Ice-sheet-driven methane storage and release 

in the Arctic. Nat. Commun. 7: 10314. doi:10.1038/ncomms10314 

Rasmussen, T. L., E. Thomsen, M. A. Ślubowska, S. Jessen, A. Solheim, and N. Koç. 2007. Paleoceanographic 

evolution of the SW Svalbard margin (76°N) since 20,000 14C yr BP. Quat. Res. 67: 100–114. 

doi:10.1016/j.yqres.2006.07.002 

Renaud, P. E., N. Morata, M. L. Carroll, S. G. Denisenko, and M. Reigstad. 2008. Pelagic–benthic coupling in the 

western Barents Sea: Processes and time scales. Deep Sea Res. Part II Top. Stud. Oceanogr. 55: 2372–2380. 

doi:10.1016/j.dsr2.2008.05.017 

Renaud, P. E., M. K. Sejr, B. A. Bluhm, B. Sirenko, and I. H. Ellingsen. 2015. The future of Arctic benthos: 

Expansion, invasion, and biodiversity. Prog. Oceanogr. 139: 244–257. doi:10.1016/j.pocean.2015.07.007 

Rex, M. A. 1981. Structure in Community the Deep-Sea Benthos. Annu. Rev. Ecol. Syst. 12: 331–353. 

Ritger, S., B. Carson, and E. Suess. 1987. Methane-derived authigenic carbonates formed by subduction-induced pore-

water expulsion along the Oregon/Washington margin. Geol. Soc. Am. Bull. 98: 147–156. doi:10.1130/0016-

7606(1987)98<147 

Ritt, B., D. Desbruy??res, J. C. Caprais, O. Gauthier, L. Ruffine, R. Buscail, K. O. Le Roy, and J. Sarrazin. 2012. Seep 

communities from two mud volcanoes in the deep eastern Mediterranean Sea: Faunal composition, spatial 

patterns and environmental control. Mar. Ecol. Prog. Ser. 466: 93–119. doi:10.3354/meps09896 

Robinson, R. S., M. Kienast, A. Luiza Albuquerque, and others. 2012. A review of nitrogen isotopic alteration in 

marine sediments. Paleoceanography 27. doi:10.1029/2012PA002321 



36 

 

Rudels, B., R. Meyer, E. Fahrbach, V. V Ivanov, and D. Quadfasel. 2000. Water mass distribution in Fram Strait and 

over the Yermak Plateau in summer 1997. Ann. Geophys. 18: 687–705. 

Rybakova, E., S. Galkin, M. Bergmann, T. Soltwedel, and A. Gebruk. 2013. Density and distribution of megafauna at 

the Håkon Mosby mud volcano (the Barents Sea) based on image analysis. Biogeosciences 10: 3359–3374. 

doi:10.5194/bg-10-3359-2013 

Sahling, H., S. V Galkin, A. Salyuk, J. Greinert, H. Foerstel, D. Piepenburg, and E. Suess. 2003. Depth-related 

structure and ecological significance of cold-seep communities—a case study from the Sea of Okhotsk. Deep 

Sea Res. Part I Oceanogr. Res. Pap. 50: 1391–1409. doi:10.1016/j.dsr.2003.08.004 

Sahling, H., M. Römer, T. Pape, and others. 2014. Gas emissions at the continental margin west of Svalbard: 

Mapping, sampling, and quantification. Biogeosciences 11: 6029–6046. doi:10.5194/bg-11-6029-2014 

Sakshaug, E. 2004. Primary and secondary production in the Arctic Seas, p. 57–81. In R. Stein [ed.], The organic 

carbon cycle in the Arctic Ocean. Springer-Verlag. 

Schubert, C. J., and S. E. Calvert. 2001. Nitrogen and carbon isotopic composition of marine and terrestrial organic 

matter in Arctic Ocean sediments:: implications for nutrient utilization and organic matter composition. Deep 

Sea Res. Part I Oceanogr. Res. Pap. 48: 789–810. 

Sellanes, J., E. Quiroga, and C. Neira. 2008. Megafauna community structure and trophic relationships at the recently 

discovered Concepcion Methane Seep Area, Chile, 36 S. ICES J. Mar. Sci. 65: 1102–1111. 

doi:10.1093/icesjms/fsn099 

Sen, A., E. K. L. Åström, W.-L. Hong, A. Portnov, M. Waage, P. Serov, M. L. Carroll, and J. Carroll. 2018. 

Geophysical and geochemical controls on the megafaunal community of a high Arctic cold seep. Biogeosciences 

Discuss. 2018: 1–52. doi:10.5194/bg-2017-540 

Serov, P., S. Vadakkepuliyambatta, J. Mienert, and others. 2017. Postglacial response of Arctic Ocean gas hydrates to 

climatic amelioration. Proc. Natl. Acad. Sci. 114: 6215–6220. doi:10.1073/pnas.1619288114 

Shakhova, N., I. Semiletov, I. Leifer, A. Salyuk, P. Rekant, and D. Kosmach. 2010. Geochemical and geophysical 

evidence of methane release over the East Siberian Arctic Shelf. J. Geophys. Res. 115: C08007. 

doi:10.1029/2009JC005602 

Solheim, A., and A. Elverhøi. 1993. Gas-related sea floor craters in the Barents Sea. Geo-Marine Lett. 13: 235–243. 

doi:10.1007/BF01207753 

Steinle, L., C. Graves, T. Treude, and others. 2015. Water column methanotrophy controlled by a rapid oceanographic 

switch. Nat. Geosci. 8: 1–6. doi:10.1038/ngeo2420 

Stranne, C., M. O’Regan, G. R. Dickens, P. Crill, C. Miller, P. Preto, and M. Jakobsson. 2016. Dynamic simulations 

of potential methane release from East Siberian continental slope sediments. Geochemistry, Geophys. 

Geosystems 17: 872–886. doi:10.1002/2015GC006119 

Sztybor, K., and T. L. Rasmussen. 2016. Diagenetic disturbances of marine sedimentary records from methane‐

influenced environments in the Fram Strait as indications of variation in seep intensity during the last 35 000 

years. Boreas 1–17. 

Søreide, J. E., M. L. Carroll, H. Hop, W. G. Ambrose, E. N. Hegseth, and S. Falk-Petersen. 2013. Sympagic-pelagic-

benthic coupling in Arctic and Atlantic waters around Svalbard revealed by stable isotopic and fatty acid tracers. 

Mar. Biol. Res. 9: 831–850. doi:10.1080/17451000.2013.775457 

Søreide, J. E., H. Hop, M. L. Carroll, S. Falk-Petersen, and E. N. Hegseth. 2006. Seasonal food web structures and 

sympagic–pelagic coupling in the European Arctic revealed by stable isotopes and a two-source food web 

model. Prog. Oceanogr. 71: 59–87. doi:10.1016/j.pocean.2006.06.001 

Tamelander, T., P. E. Renaud, H. Hop, M. L. Carroll, W. G. J. Ambrose, and K. A. Hobson. 2006. Trophic 



37 

relationships and pelagic-benthic coupling during summer in the Barents Sea Marginal Ice Zone, revealed by 

stable carbon and nitrogen isotope measurements. Mar. Ecol. Prog. Ser. 310: 33–46. doi:10.3354/meps310033 

Thurber, A. R., L. a. Levin, A. a. Rowden, S. Sommer, P. Linke, and K. Kröεr. 2013. Microbes, macrofauna, and 

methane: A novel seep community fueled by aerobic methanotrophy. Limnol. Oceanogr. 58: 1640–1656. 

doi:10.4319/lo.2013.58.5.1640 

Vanreusel, A., A. Andersen, A. Boetiu, and others. 2009. Biodiversity of cold seep ecosystems along the European 

margins. Oceanography 22: 110–127. 

Vogt, P., K. Crane, E. Sundvor, M. D. Max, and S. L. Pfirman. 1994. Methane-generated(?) pockmarks on young, 

thickly sedimented oceanic crust in the Arctic: Vestnesa Ridge, Fram Strait. Geology 22: 255–258. 

doi:10.1130/0091-7613(1994)022

Vogt, P. R., G. Cherkashev, G. Ginsburg, and others. 1997. Haakon Mosby mud volcano provides unusual example of 

venting. EOS, Trans. Am. Geophys. Union 78: 549–557. 

Wallmann, K., M. Riedel, W. L. Hong, and others. 2018. Gas hydrate dissociation off Svalbard induced by isostatic 

rebound rather than global warming. Nat. Commun. 9: 83. doi:10.1038/s41467-017-02550-9 

Wassmann, P., and M. Reigstad. 2011. Future Arctic Ocean Seasonal Ice Zones and Implications for Pelagic-Benthic 

Coupling. Oceanography 24: 220–231. 

Wassmann, P., M. Reigstad, T. Haug, and others. 2006. Food webs and carbon flux in the Barents Sea. Prog. 

Oceanogr. 71: 232–287. doi:10.1016/j.pocean.2006.10.003 

Weslawski, J. M., M. A. Kendall, and M. K. Sejr. 2011. Climate change effects on Arctic fjord and coastal 

macrobenthic diversity — observations and predictions. Mar. Biodivers. 71–85. doi:10.1007/s12526-010-0073-9 

Westbrook, G. K., K. E. Thatcher, E. J. Rohling, and others. 2009. Escape of methane gas from the seabed along the 

West Spitsbergen continental margin. Geophys. Res. Lett. 36: 1–5. doi:10.1029/2009GL039191 

Winsborrow, M., K. Andreassen, A. Hubbard, A. Plaza-faverola, E. Gudlaugsson, and H. Patton. 2016. Regulation of 

ice stream flow through subglacial formation of gas hydrates. Nat. Geosci. 9: 370–374. doi:10.1038/NGEO2696 

Wlodarska-Kowalczuk, M., M. A. Kendall, J. Marcin Weslawski, M. Klages, and T. Soltwedel. 2004. Depth gradients 

of benthic standing stock and diversity on the continental margin at a high-latitude ice-free site (off Spitsbergen, 

79°N). Deep Sea Res. Part I Oceanogr. Res. Pap. 51: 1903–1914. doi:10.1016/j.dsr.2004.07.013 

Włodarska-Kowalczuk, M., and J. M. Weslawski. 2001. Impact of climate warming on Arctic benthic biodiversity : a 

case study of two Arctic glacial bays. Clim. Res. 18: 127–132. 

Zaborska, A., J. Carroll, C. Papucci, L. Torricelli, M. L. Carroll, J. Walkusz-Miotk, and J. Pempkowiak. 2008. Recent 

sediment accumulation rates for the Western margin of the Barents Sea. Deep Sea Res. Part II Top. Stud. 

Oceanogr. 55: 2352–2360. doi:10.1016/j.dsr2.2008.05.026 

Zapata-Hernández, G., J. Sellanes, A. R. Thurber, L. A. Levin, F. Chazalon, and P. Linke. 2014. New insights on the 

trophic ecology of bathyal communities from the methane seep area off Concepción, Chile (~36° S). Mar. Ecol. 

35: 1–21. doi:10.1111/maec.12051 

Zeppilli, D., M. Canals, and R. Danovaro. 2012. Pockmarks enhance deep-sea benthic biodiversity: A case study in 

the western Mediterranean Sea. Divers. Distrib. 18: 832–846. doi:10.1111/j.1472-4642.2011.00859.x 



 
 
 

Article I  
 
 

Åström, E. K. L., Carroll, M. L., Ambrose, W. G., & Carroll, J. (2016).  
Arctic cold seeps in marine methane hydrate environments : impacts on shelf 
macrobenthic community structure offshore Svalbard.  
Marine Ecology Progress Series, 552, 1–18.  
https://doi.org/10.3354/meps11773 
 

 

 

 

 

 

 

 

 

 

 
The art and science of asking questions  

is the source of all knowledge   
 

- Thomas Berger 

 
 
 
 
 
 

https://doi.org/10.3354/meps11773


 
 
 

Article II  
 
 
Åström, E. K. L., Carroll, M. L., Ambrose, W. G., Sen, A., Silyakova, A., & Carroll, J. (2017). 
Methane cold seeps as biological oases in the high-Arctic deep sea. 
Limnology and Oceanography. 1-23. 
https://doi.org/10.1002/lno.10732 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Biology is the science. Evolution is the 

concept that makes biology unique   
 

- Jared Diamond 

 
 
 
 
 
 
 

https://doi.org/10.1002/lno.10732


 
 
 

Article III  
 
 
Åström Hammenstig, E. K. L., Carroll, M. L., Sen, A., Niemann, H., Ambrose, W. G., Lehman 
F.M., and Carroll, J.  

Trophic interactions and community structure at Barents Sea cold seeps  

(manuscript) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

The important thing in science is not  
so much to obtain new facts as to discover 

 new ways of thinking about them  
 

- Sir William Lawrence Bragg 
 
 
 
 
 
 

 



 
 
 

Article IV  
 
 
Åström, E. K. L., Oliver, P. G., & Carroll, M. L. (2017).  
A new Genus and two new Species of Thyasiridae Associated with Methane Seeps off 
Svalbard, Arctic Ocean.  
Marine Biology Research, 13(4), 402–416. 
https://doi.org/10.1080/17451000.2016.1272699 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Nothing in biology make sense 
except in the light of evolution 
 
  - Theodosius Dobzhansky 

 

 

 

https://doi.org/10.1080/17451000.2016.1272699


 
 
 
 
 
 
 
 
 
 
 

Life is like the ocean. 
It can be calm or still, and rough or rigid 
 but in the end, it is always beautiful. 

 

 

In the loving memory of my grandparents 

 

 


	1Front_informal
	Åström PD_thesis 2018
	PHD_thesis_E_Åström - Copy
	Front_page
	Front_informal
	1.PhD_thesis_Åström
	Thesis and articles
	Thesis summary
	Åström_Synopsis_summary

	Article I_articleMEPS
	Article I
	Åström et.al. 2016 MEPS

	Article II
	Astrom_et_al-2017-Limnology_and_Oceanography
	Article III
	Article III_Barents Sea cold seeps_thesis
	Article IV
	Astrom_Oliver_Carroll_MBR_2017
	Abstract
	Introduction
	Study area and regional settings

	Material and methods
	Benthic sampling
	Environmental settings in Storfjordrenna
	Environmental settings at Western Svalbard shelf
	Scientific collection acronyms
	Comparative material examined

	Taxonomy
	Genus Thyasira Lamarck, 1818
	Diagnosis
	Remarks

	Thyasira capitanea sp. nov. Åström  Oliver
	Type material
	Holotype
	Paratypes

	Diagnosis
	Etymology
	Comparisons

	Rhacothyas gen. nov. Åström  Oliver
	Diagnosis
	Etymology
	Differential diagnosis and remarks

	Rhacothyas kolgae sp. nov. Åström  Oliver
	Other material examined
	Diagnosis
	Description
	Etymology
	Comparisons


	Discussion
	Deglaciation of the Barents Sea Ice Sheet
	Dispersal of chemosynthetic fauna

	Conclusions
	Acknowledgements
	Disclosure statement
	ORCID
	References


	BackII

	Tom side
	Tom side
	Tom side
	Tom side
	Tom side
	Tom side





