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Cold-seep benthic communities in the Arctic exist at the nexus of two extreme environments; one reflecting the harsh physical extremes of the Arctic environment and another reflecting the chemical extremes and strong environmental gradients associated with seafloor seepage of methane and toxic sulfide-enriched sediments. Recent ecological investigations of cold seeps at numerous locations on the margins of the Arctic Ocean basin reveal that seabed seepage of reduced gas and fluids strongly influence benthic communities and associated marine ecosystems. These Arctic seep communities are mostly different from both conventional Arctic benthic communities as well as cold-seep systems elsewhere in the world. They are characterized by a lack of large specialized chemo-obligate polychetes and mollusks often seen at non-Arctic seeps, but, nonetheless, have substantially higher benthic abundance and biomass compared to adjacent Arctic areas lacking seeps. Arctic seep communities are dominated by expansive tufts or meadows of siboglinid polychetes, which can reach densities up to >3 × 105 ind.m–2. The enhanced autochthonous chemosynthetic production, combined with reef-like structures from methane-derived authigenic carbonates, provides a rich and complex local habitat that results in aggregations of non-seep specialized fauna from multiple trophic levels, including several commercial species. Cold seeps are far more widespread in the Arctic than thought even a few years ago. They exhibit in situ benthic chemosynthetic production cycles that operate on different spatial and temporal cycles than the sunlight-driven counterpart of photosynthetic production in the ocean’s surface. These systems can act as a spatio-temporal bridge for benthic communities and associated ecosystems that may otherwise suffer from a lack of consistency in food quality from the surface ocean during seasons of low production. As climate change impacts accelerate in Arctic marginal seas, photosynthetic primary production cycles are being modified, including in terms of changes in the timing, magnitude, and quality of photosynthetic carbon, whose delivery to the seabed fuels benthic communities. Furthermore, an increased northward expansion of species is expected as a consequence of warming seas. This may have implications for dispersal and evolution of both chemosymbiotic species as well as for background taxa in the entire realm of the Arctic Ocean basin and fringing seas.
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INTRODUCTION

Photosynthesis is the main pathway of organic material production in the world’s oceans. Since this process relies on energy from sunlight, it is only spatially and temporally possible where and when there is enough light in the water column to stimulate photosynthetic activity (Harrison and Platt, 1986; Duarte and Cebrián, 1996). Generally, photic zones terminate at a maximum of 200 m water depth, and outside the tropics, photosynthetic production is highly seasonal (Sakshaug and Slagstad, 1991; Moran et al., 2012). Organisms living on the ocean floor outside the coastal zone largely rely on organic material sinking from the photic zone to the seabed, and the quality and quantity of organic material reaching the seafloor is correlated with water depth (Southward and Southward, 1982; Gage and Tyler, 1991; Morata et al., 2008). However, photosynthetic organisms and their carbon fixation activities in surface waters do not represent the entirety of the food supply to the benthos. Other sources of food are zooplankton and fecal pellets that become available to the benthos via pelagic–benthic coupling processes (Graf, 1989; Grebmeier and Barry, 1991). In benthic deep-sea systems, inorganic carbon fixed via prokaryotes (so-called “dark fixation”) may also provide significant carbon sources (Molari et al., 2013; Sweetman et al., 2019). Occasionally, large pulses of food arrive at the bottom of the ocean in the form of carcasses of large animals such as whale/shark falls, or mass mortality of jellyfish (e.g., Smith and Baco, 2003; Higgs et al., 2014; Dunlop et al., 2018) or even from terrestrial sources by wood-falls or large inputs of sediment (e.g., Dando et al., 1992; Bienhold et al., 2013; Holding et al., 2017; Sen et al., 2017).

Nonetheless, food availability on the seafloor is closely tied to photosynthetic primary production in surface waters (Rice et al., 1986Renaud et al., 2008; Morata et al., 2013). This pelagic–benthic coupling means that temporal and spatial patterns in surficial primary production regulates benthic food availability (Gooday et al., 1990; Wassmann et al., 2006; Morata et al., 2008). The most common manifestation of variable food input to the seafloor as a result of surface conditions is seasonality: benthic systems tend to be more food limited during the winter months when daylight is limited (Renaud et al., 2007; Ambrose et al., 2012; Morata et al., 2013). In polar regions, this seasonal disparity is particularly pronounced due to the phenomena of midnight sun and polar night (the absence of setting or rising of the sun above the horizon, respectively) (Berge et al., 2015). Summer biological blooms in polar regions are, furthermore, not limited to phytoplankton. Sea ice allows for the proliferation of ice algae during periods of unrestricted sunlight (Hegseth, 1998; McMahon et al., 2006; Søreide et al., 2006). The simultaneous presence of phytoplankton blooms and melting sea ice during Arctic spring and early summer results in a peak in both the quantity and quality of food supply to the benthos (Ambrose and Renaud, 1997; Wassmann et al., 2006; Renaud et al., 2008).

Cold seeps are locations on the seafloor where reduced compounds from subsurface hydrocarbon reserves enrich sediment fluids or emanate freely as gas from the seabed. Methane is often the predominant gas seeping up from sub-seabed reservoirs, however, fractions of heavier hydrocarbons can also occur (MacDonald, 1990; Hovland and Svensen, 2006; Andreassen et al., 2017). A consortium of sediment microbes oxidizes methane anaerobically through a process known as the anaerobic oxidation of methane (AOM) (Boetius et al., 2000). Sulfate reduction takes place concomitantly in this process, thereby generating another reduced compound, hydrogen sulfide. The enrichment of sediment porewater in compounds such as methane and sulfide provides the setting for chemosynthesis or the fixation of carbon by microbes with reduced compounds as the energy source. Chemosynthetic microbes can either be free living or reside within or on organisms with which they form a symbiotic relationship. Together, such autochthonous primary production at the seabed forms the base of a food chain and an ecosystem that revolves around chemical-based autotrophic processes (Fisher, 1996; Sibuet and Olu, 1998; Levin, 2005; Becker et al., 2013). Cold-seep systems, thus, function largely outside the paradigm of conventional benthic systems that rely on food supplied from the pelagic zone. They typically exhibit an uncharacteristically high biomass and abundance of organisms due to local energy sources and food production (Sibuet and Olu, 1998; Levin et al., 2016). However, sulfide that is produced as a result of seabed methane seepage and microbial activity is lethal even in low concentrations for most organisms because of its negative effect on oxidative respiration (Vismann, 1991; Bagarinao, 1992). Thus, despite high biomass at cold seeps, the presence of sulfide may limit biodiversity at seeps in comparison to non-reducing environments (Sibuet and Olu, 1998; Levin et al., 2003).

Until recently, Arctic seep-ecology research was nearly exclusively limited to the study of the Håkon Mosby mud volcano (HMMV) in the south-west Barents Sea at 72°N, 14°E (Figure 1). Concentrated efforts at HMMV proved insightful in understanding various aspects of this Arctic cold-seep system (e.g., Hjelsteun et al., 1999; Gebruk et al., 2003; Niemann et al., 2006; Jerosch et al., 2007; Decker et al., 2012). Yet, to extrapolate to larger scale processes and broader contexts requires investigation of multiple locations. In this review, we reveal how Arctic seep studies have progressed from merely viewing HMMV as a single anomaly to a more comprehensive understanding of Arctic seep ecology. We also discuss how Arctic seeps differ from seep ecology in lower latitudes.
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FIGURE 1. The Arctic and major seas. Seep sites discussed in this review are marked with black circles. Water depths of seep locations are presented in parentheses after the site name. The star marks the location of the Håkon Mosby mud volcano (HMMV) (1,250 m). 1: Lofoten canyons (750–800 m), 2: Svanfjell seep (380 m), 3: Prins Karls Forland (80–350 m), 4: Vestnesa Ridge (1,200 m), 5: Storfjordrenna seep and gas hydrate mounds/pingos (350–390 m), 6: Bjørnøyrenna seep and craters (330–360 m), 7: Laptev Sea (70 m), 8: Beaufort Sea mud volcanoes (280–740 m). Bathymetry for this map was obtained from IBCAO (Jakobsson et al., 2012).


The world’s oceans are in constant interaction of large-scale oceanographic and chemical processes, mitigating causes of climate changes through uptake of atmospheric CO2, other greenhouse gas equivalents, and excess heat. Consequences of such processes are warmer oceans affecting circulation and mixing, solubility of gases (i.e., reduced oxygen levels), changes in productivity, and ocean acidification (Levin and Bris, 2015; IPCC, 2018; Mora et al., 2018). The Arctic is no exception to these impacts; in fact, warming at the poles is occurring faster than elsewhere on Earth (Comiso and Hall, 2014), and the region is subjected to unprecedented changes as a result of the continuing rise of atmospheric greenhouse gases (IPCC, 2018). Even if global actions to reduce emissions are implemented immediately, climate change impacts will continue for at least the next few decades due to the time lag of effects (Steffen et al., 2018). It is, therefore, relevant and timely to examine Arctic seeps within the context of climate change.

In this review, we specifically focus on macrofaunal and megafaunal communities, i.e., taxa ≥ 0.5 cm and taxa visible with the naked eye from seafloor images (cm scale and larger) (e.g., Bowden et al., 2013; Amon et al., 2017; Sen et al., 2018a). Microbiology and meiofaunal communities are referred to only within the context of the ecology of larger animals. We discuss taxa and species inhabiting cold seeps using the following terminology: “Obligate chemosymbiotrophic” species reliant on nutritional chemosymbiosis; “obligate seep” species only present at seeps, “background” species occurring at seeps and non-seep sites, not matching the abovementioned criteria. Characteristically for many seeps worldwide are three groups of taxa: vestimentiferan siboglinids, vesicomyid clams, and bathymodioline mussels. We refer to these taxa as “hallmark seep” taxa. The geographical focus of this review is “the Arctic,” and we discuss the Arctic as the area above the Arctic Circle (66°33′N). We are aware that there are many different ways of defining the Arctic (Artcic Monitoring and Assessment Programme [AMAP], 1998), however, using the Arctic Circle makes this definition easily identifiable. Furthermore, this definition is biologically relevant due to the phenomena of midnight sun and polar night, which are strongly coupled to annual biological production cycles.



PAST ARCTIC COLD-SEEP INVESTIGATIONS


The Håkon Mosby Mud Volcano (HMMV)

The Håkon Mosby Mud volcano is a large, circular-shaped (1–2 km) mud volcano, located at 72°N at a water depth of about 1,250 m (Figure 1). Since its discovery in 1989, HMMV stood out as an unusual cold-seep system in the world’s oceans (Vogt et al., 1997). It lacks an association with either salt or plate tectonics, which are two of the primary means of providing migration conduits for seepage of gas-enriched fluids from within the seabed (Vogt et al., 1997). Additionally, the site is located within the Arctic and appears to have developed within glacial sediments. These unusual features prompted numerous scientific campaigns across various disciplines including geophysics, biogeochemistry, microbiology, and ecology to be carried out at HMMV (e.g., Vogt et al., 1997; Hjelsteun et al., 1999; Gebruk et al., 2003; Niemann et al., 2006; Jerosch et al., 2007; Lösekann et al., 2007; Decker et al., 2012; Rybakova et al., 2013). These studies provided the first insight into the structure and functioning of an Arctic cold-seep system.

Distinct habitats and species assemblages radiate concentrically from a central, visually uninhabited zone of fluid expulsion of HMMV (Gebruk et al., 2003; Jerosch et al., 2007; Rybakova et al., 2013). The zone just outward of the central zone is covered in mosaics of bacterial mats of various thicknesses. The most dominant forms among the mats are filamentous bacteria resembling sulfur-oxidizing strains such as Beggiatoa (Pimenov et al., 2000; Gebruk et al., 2003). Beyond the bacterial mats, there are zones dominated by siboglinid worms of two species: the moniliferan Sclerolinum contortum and the frenulate Oligobrachia haakonmosbiensis (Smirnov, 2008, 2014) (Figure 2). Though both species occur in high densities, forming large (up to meter square) tufts, S. contortum is the dominant species (biomass 435 g m–2 vs. 350 g m–2) (Gebruk et al., 2003).
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FIGURE 2. Tufts of siboglinids (mainly Oligobrachia spp.) from different Arctic cold-seep locations. From top left to right: (A) A large siboglinid field covered by filamentous bacteria in the “Bjørnøyrenna crater seep” Barents Sea (330 m) from Åström et al. (2019). (B) An American plaice (Hippoglossoides platessoides) in a dense meadow of siboglinids at the Storfjordrenna gas hydrate mounds/pingos, (380 m), from Åström et al. (2016). (C) Siboglinids and filamentous bacteria at the Storfjordrenna seep field (350 m), note also the bright orange anemone in the top middle, from Åström et al. (2019). (D) Siboglinid tufts at the deep Vestnesa seep (Fram Strait, 1,200 m); encircled is a half-buried Arctic skate (Amblyraja hyperborea) and a sea spider (Colossendeis sp.), from Åström et al. (2018). (E) Carbonate outcrops, microbial mats, and filamentous bacteria covering siboglinid tubes at the Lofoten canyon seeps (750 m); note the many sea spiders (Nymphon hirtipes) at the bottom, from Sen et al. (2019b). Scale bars indicate 20 cm.


The outermost zone is characterized by ophiuroids and a lack of chemosynthesis-based community members such as bacterial mats and siboglinid worms (Rybakova et al., 2013). In total, 80 in faunal and epifaunal taxa have been recorded at HMMV (Gebruk et al., 2003; Decker et al., 2012; Rybakova et al., 2013). Biomass is higher within the mud volcano compared to the outside and background benthos, while taxonomic richness does not differ significantly between inside and outside of the volcano (Figure 3; Rybakova et al., 2013). Gebruk et al. (2003) also noted that the background fauna (animals inhabiting the seafloor beyond the seep-influenced area) appeared to be considerably “poorer,” particularly with respect to biomass.
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FIGURE 3. Community faunal parameters [species richness, abundance (density), and biomass] at cold seeps and control areas from four regions in the Arctic where quantitative faunal data are available. Vestnesa Ridge, Storfjordrenna seep, and Prins Karls Forland document macrofaunal infauna, while the Håkon Mosby Mud Volcano is mobile megafauna. Data are compiled from the following sources: Vestnesa Ridge (1,200 m) – Åström et al. (2018), Storfjordrenna (350–390 m) – Åström et al. (2016, 2019), Prins Karls Forland (85–350 m) – Åström et al. (2016), Håkon Mosby Mud Volcano (1,250 m) – Rybakova et al. (2013).


The ambient water around HMMV is characterized by subzero temperatures (De Beer et al., 2006; Portnova et al., 2011); however, sediment and fluid release at the mud volcano is accompanied by considerable heat release in the center (up to 40°C at 0.5 m below sediment surface) (Kaul et al., 2006; Feseker et al., 2008). The extent of heat, fluid, and mud release follows a concentric pattern where the greatest mud and fluid expulsion rates occur in the central zone, while the outer zones are less dynamic. Seepage of heated methane-rich porewater from deep sediments below HMMV causes unstable sediments as oversaturated mud is expulsed to the seafloor surface. The temperature variability in the surface sediments (-0.8 to + 25°C) (Kaul et al., 2006) at HMMV suggests dynamic systems with frequent eruptions and fluid flows in the center (Feseker et al., 2008). Such unstable sediments likely cause the observed faunally devoid area in the central zone (Gebruk et al., 2003; Van Gaever et al., 2006; Decker et al., 2012). High temperature has also been hypothesized as a possible cause of the conspicuous absence of fauna in addition to microbial mats (Gebruk et al., 2003; Decker et al., 2012). Indeed, the heat anomalies detected in the central zone (40°C) are some of the highest recorded at any cold-seep site (Feseker et al., 2008). High sulfide concentrations accompany the release of heat, which, together with the instability of the environment, may further hinder settlement and colonization of animals (Heyl et al., 2007; Rybakova et al., 2013; Feseker et al., 2014).



Distinctive Ecological Features of HMMV

Key ecological features of HMMV are an elevated biomass and a difference in faunal composition relative to the surrounding seafloor. This parallels what has been observed at seeps in other locations: seeps are known as biomass-rich “hotspots” (Carney, 1994; Weaver et al., 2004) on the seafloor, and community composition tends to differ substantially from the surrounding benthos due to the presence of obligate seep and chemosymbiotrophic fauna as well as opportunistic and vagrant background species (Levin et al., 2016). Local chemosynthesis-based primary production is usually cited to account for this trend since it provides an additional food-source to deep-sea seabed habitats. At HMMV, chemosynthetically derived carbon can be detected in the benthic food web and contributes significantly to the diet of some taxa such as Alvania gastropods, capitellid polychetes, amphipods, and pantopods (sea spiders) (Decker and Olu, 2012). Nonetheless, HMMV displays some characteristics that stand apart from cold seeps in other parts of the world.

Most striking is the absence of characteristic faunal groups associated with cold-seep ecosystems, e.g., vesicomyid clams, vestimentiferan worms, and bathymodioline mussels (hallmark seep fauna). These taxa tend to dominate seep systems and account for a large part of the biomass at cold seeps, presumably due to their ability to derive nutrition from seep fluids through endosymbiotic, chemosynthetic bacteria. The absence of such hallmark seep species at HMMV is particularly intriguing since these groups are known from North Atlantic locations both along the European and North American margin (e.g., Mayer et al., 1988; Rodrigues et al., 2013; Skarke et al., 2014) including marginal seas such as the Mediterranean (Olu-Le Roy et al., 2004; Loher et al., 2018).

Second, the taxonomic inventory of HMMV appears to consist entirely of background fauna (no obligate seep taxa) and two chemosymbiotrophic taxa (Sclerolinum moniliferans and Oligobrachia frenulates) (Figure 2) (Rybakova et al., 2013; Georgieva et al., 2015). Seeps tend to host taxa that are found only at seeps due to the toxicity of sulfide (Black et al., 1997; Schulze and Halanych, 2003). Even though these taxa are not the exclusive residents of seeps, they, nonetheless, make up at least some part of seep communities worldwide. Exceptions are shallow-water seeps (less than 200 m water depth) where greater availability of photosynthetic material at these locations and/or increased available substrate have been hypothesized to select against chemosymbiotic species and subsequently, seep obligate taxa (Sahling et al., 2003; Tarasov et al., 2005; Dando, 2010). At the time, the overall lack of obligate seep fauna at HMMV was considered the exception to the concept of deep-seep systems hosting specialized seep communities.

Third, HMMV does not appear to host a lower macrofaunal diversity community than the surrounding non-seep seafloor. Toxic sulfide is often considered the reason for low diversity and the presence of specialized taxa at seeps (Levin et al., 2003; Heyl et al., 2007). However, Rybakova et al. (2013) found that the HMMV community exhibited more diverse faunal assemblages than the surrounding seafloor community (Figure 3). Therefore, HMMV appears to attract and host a high number of background benthic species from the surrounding seafloor in contrast to non-Arctic seeps.

While these ecological characteristics at HMMV distinguished it from seep systems in other parts of the world, it was unknown at the time whether HMMV was simply a rarity or whether it was representative of Arctic seeps in general. Answering this question necessitated examining additional Arctic seeps. Such investigations were, however, not conducted until recently.



RECENT ARCTIC COLD-SEEP INVESTIGATIONS


Sources of Seafloor Seepage in the Arctic

Seafloor hydrocarbon seepage may occur because of migration of gas and fluids from sub-seabed reservoirs to the sediment surface. In the Arctic, though, a major contributor to seafloor seepage is the presence of subsurface gas hydrate reserves. Gas hydrates are frozen water structures (ice) within which gas molecules (usually methane) are trapped or “caged” (Koh and Sloan, 2007). These solid pieces of ice and gas are stable in sediments with high pressure and low temperature, a zone referred to as the Gas Hydrate Stability Zone (GHSZ) (Sloan, 1998). In most of the world’s oceans, conditions for maintaining the GHSZ (i.e., high pressure and low temperature) are met only in deep-water slope sediments and continental margins (Weaver and Stewart, 1982; Kvenvolden et al., 1993). Cold conditions in the Arctic, however, allow gas hydrates to be present in sediment at relatively shallow water depths (Kvenvolden et al., 1993). The Arctic Ocean is surrounded by continents with large, relatively shallow shelves and continental margins, and at these circumpolar margins, large quantities of hydrocarbon reservoirs and gas hydrates are expected to exist in the sediment because of the Arctic’s glacial history, hydrostatic pressure, and thermal gradients (Shakhova et al., 2010; Stranne et al., 2016; Andreassen et al., 2017). In short, the Arctic may hold substantial quantities of gas hydrates because of cold conditions and widespread, glacially influenced shelves, and therefore, there is a high potential for the development of seep ecosystems.

Subsequently, there is evidence for seeps being abundant in the Arctic. Large-scale bathymetric features such as mud volcanoes and pockmarks are present both at North American and European continental margins. Pockmarks, which commonly form due to the collapse of oversaturated gas or fluid-filled pore-spaces in sediments, are markers of past or present gas seepage from the seabed. They are common along the North Sea – Norwegian margin and the southern Barents Sea, and are sometimes observed in high densities, extending over several hundred km–2 (Hovland and Svensen, 2006; Chand et al., 2009; Rise et al., 2014). Seeps have also been identified along the Norwegian continental margin and the Western Svalbard shelf (Solheim and Elverhøi, 1993; Vogt et al., 1994, 1997; Lammers et al., 1995). In the Kara Sea, there are numerous locations where hydro acoustic gas flares have been documented (Portnov et al., 2013; Serov et al., 2015), and a large part of the Siberian shelves are predicted to hold substantial amounts of gas hydrates in the seabed (Stranne et al., 2016). Methane and gas hydrates are also believed to be present along the Alaskan, Canadian, and Greenland continental margins (Weaver and Stewart, 1982; Kvenvolden et al., 1993).

If either the temperature or the pressure criteria for the maintenance of gas hydrates is breached, large-scale dissociation of gas hydrates can occur. As a result, the limits of the GHSZ in the Arctic have in the past been closely linked to the glacial history of Arctic shelves (Shakhova et al., 2010; Stranne et al., 2016; Andreassen et al., 2017). Periods characterized by gas hydrate dissociation have shaped regions of the Arctic seafloor bathymetry, due to releases, some even catastrophic, creating structures such as mounds or blow-out craters on the seafloor (Andreassen et al., 2017; Serov et al., 2017). Warming conditions in the Arctic have, furthermore, raised concerns of gas hydrate dissociation in current times: shallow water gas hydrates, for example, could quickly lose stability with rising temperatures. Methane is a much more potent greenhouse gas than CO2, so methane reaching the atmosphere may have a disproportionate impact on the planet’s climate. The potential for the vast Arctic gas hydrate reserves to destabilize and expel large quantities of methane into the atmosphere is one of the reasons for an increase in Arctic seep research in recent years (Shakhova et al., 2010). Results, to date, indicate little evidence supporting a doomsday scenario of a massive efflux of a potent greenhouse gas from the ocean to the atmosphere (Berchet et al., 2016; James et al., 2016; Myhre et al., 2016), but such studies opened up the opportunity to conduct biological research at a number of Arctic seep sites.

We concentrate on the findings from eight locations in addition to HMMV where biological studies have been conducted (Figure 1). These recent investigations serve as the rationale for this review and the basis for this synthesis of the current state of knowledge on the biology and ecology of Arctic seeps.



Arctic Seep Sites


Lofoten Canyons (750–800 m Water Depth)

Offshore northern Norway and the Lofoten islands, more than 15 canyons are located on the continental slope at about 68°N (Figure 1). Some are deeply incised into the Cenozoic sedimentary succession (Rise et al., 2013). The two smallest canyons, approximately 2 km in length and up to 50 m deep, are located in water depths of about 750 m and were discovered to host cold-seep communities (Bellec, 2015). No free gas (bubbling of gas from the seafloor) has been observed at this location; however, sediment porewater fluids are enriched in dissolved gases of reduced compounds. Isotope analyses of porewater fluids indicate that dissolved methane is of biogenic origin, although the actual sources are still being investigated (Hong et al., 2019). In addition to methane seepage at the canyons, there is a freshwater discharge from submarine groundwater reservoirs, which is suggested to considerably influence the local circulation and ocean chemistry in the area (Hong et al., 2019).



Svanefjell (380 m Water Depth)

North of the Lofoten canyons, at about 72°N on the Norwegian continental shelf, lies the Svanefjell seep site at about 380 m water depth (Figure 1; Sen et al., 2019a). The surroundings of the Svanfjell seep consists of numerous seafloor pockmarks between 30 and 50 m in diameter (Rise et al., 2014; Sen et al., 2019a). Gas flares have been detected rising into the water column from a number of the pockmarks through multibeam surveys of the area, and seismic profiles of the sediment reveal anomalies that are indicative of subsurface hydrocarbon reserves.



Prins Karls Forland (PKF) (80–350 m Water Depth)

Prins Karls Forland is located on the shelf west of Svalbard (78°N) (Figure 1), where extensive gas seepage has been reported in the form of hydro-acoustically detected bubble plumes in water depths between 80 and 400 m (Berndt et al., 2014; Sahling et al., 2014; Åström et al., 2016). Additionally, high concentrations of methane have been detected in the water column at these locations (Berndt et al., 2014; Myhre et al., 2016; Pohlman et al., 2017). A cluster of sites exhibiting strong seafloor seepage at about 400 m water depth along the Prins Karls Forland shelf aligns with the predicted upper border of the GHSZ (∼400 m) (Portnov et al., 2016; Mau et al., 2017). Moreover, there is abundant seepage activity at considerably shallower depths at the Forland moraine complex (>80 m), and this shallower cluster of seeps is thought to be caused by gas migrating from deeper reservoirs through sub-seabed faults (Berndt et al., 2014; Sahling et al., 2014; Portnov et al., 2016).



Vestnesa Ridge (1,200 m Water Depth)

Northwest of PKF on the continental slope in the Fram Strait at 79°N lies Vestnesa Ridge (Figure 1), a ∼100 km long ultraslow spreading sediment-drift ridge (Johnson et al., 2015) at ∼1,200 m water depth. Along the ridge are numerous pockmarks associated with sub-seabed methane hydrate reservoirs (Vogt et al., 1994; Bünz et al., 2012). The sub-surface gas at these pockmarks is of both microbial and abiotic/thermogenic (Johnson et al., 2015). Multiple methane bubble plumes have been acoustically detected in geophysical surveys in the water column along the ridge, rising up to 800 m above the seafloor (Bünz et al., 2012).



The Storfjordrenna Seep and Storfjordrenna Pingos/Gas Hydrate Mounds (350–390 m Water Depth)

Prins Karls Forland and Vestnesa represent the western edge of one of the most well known and well studied of the Arctic seas, the Barents Sea. The bathymetry of the Barents Sea is largely influenced by the glacial history of northern margins and the coverage of the Barents Sea Ice Sheet (BSIS), and its deglaciation starting approximately 20,000 years BP (Rasmussen et al., 2007; Ingólfsson and Landvik, 2013; Patton et al., 2017). The present day average water depth of the Barents Sea is ∼230 m, and the shelf is characterized by extensive post-glacial features such as, troughs, plow marks, and mega-scale lineations (Patton et al., 2017). Located in the western Barents Sea and south of the Svalbard archipelago, Storfjordrenna is one of the larger troughs (∼250 km long). In the mouth of the trough, there are several locations of active methane seepage that align with the upper predicted limit of the GHSZ (∼350–400 m water depth) (Figure 1; Åström et al., 2016; Mau et al., 2017; Serov et al., 2017). One of these active methane seep sites is referred to simply as the “Storfjordrenna seep” (SR), located close to a glacial grounding zone wedge at approximately 350 m water depth (75°N). A few tens of kilometers north of the Storfjordrenna seep and within Storfjordrenna, is another area of highly active methane seepage located in similar water depths, at 76°N. This site is characterized by a cluster of several gas hydrate bearing mounds, or submarine “pingos,” which individually are a few hundred meters in diameter and rise approximately 10–15 m above the seabed (Hong et al., 2017; Serov et al., 2017). Seepage, identified by hydroacoustic flares has been observed from the tops of these pingos, with some flares reaching hundreds of meters above the seabed. This site is referred to as the Storfjordrenna pingo site or Storfjordrenna gas hydrate mound site.



Bjørnøyrenna Flare Area and Bjørnøyrenna Craters (330–360 m Water Depth)

Bjørnøyrenna is another large trough located south-east of Storfjordrenna, moving into the central Barents Sea. Within this trough, a large area (∼440 km2) with hundreds of seafloor depressions, craters, and crater–mound complexes is present at about 74°N (Figure 1; Solheim and Elverhøi, 1993). These craters and mounds are thought to be the result of massive blowouts of sub-surface gas deposits and subglacial gas hydrates during the deglaciation of the BSIS (Andreassen et al., 2017). The craters vary from approximately 100 m up to 1 km in diameter and are up to 30 m deep, whereas mounds rise up to 20 m above the seabed. Several of the craters and mounds are associated with methane seepage from the seabed (Andreassen et al., 2017), and the seafloor inside and around the craters and mounds is strikingly characterized by large angular blocks (Solheim and Elverhøi, 1993). This area, as a whole, is referred to as the Bjørnøyrenna crater area (e.g., Åström et al., 2016, 2019; Sen et al., 2018b; Ofstad et al., 2020).



Laptev Sea Seep (70 m Water Depth)

Along the Siberian Arctic, both terrestrial and sub-seabed permafrost layers in the ground are relics of past glacial history, and such features can store large quantities of methane gas and hydrates. In the Laptev Sea, located between the two marginal seas along the Siberian shelf, the Kara Sea and the East Siberian Sea, sub-seabed permafrost layers are estimated to reach 20–60 m down into the seabed. The second largest river in the Siberian Arctic, the Lena River, terminates into the Laptev Sea, and the river-delta system contributes large amounts of freshwater and suspended matter from the river catchment area. North of this river delta and at about 70 m water depth, a methane-seep site was recently discovered at 76.5°N, 127°E (Figure 1). This site represents one of the shallowest known seep sites in the Arctic (Demina and Galkin, 2018).



Beaufort Sea Mud Volcanoes (280–740 m Water Depth)

Most of the recent investigations of Arctic seeps have been carried out in the European Arctic and particularly within the Barents Sea. However, some biological data exist on seep systems in the North American Arctic. A number of mud volcanoes have been described and examined at water depths ranging from 282 to 740 m on the Canadian shelf and extending down to the slope, offshore the outflow of the Mackenzie River (Figure 1; Paull et al., 2007, 2015). These mud volcanoes are about 600 m to 1 km in diameter and rise up to 30 m above the seafloor. Coring into the shelf revealed the presence of ice-bonded permafrost and methane hydrates hundreds of meters to over a kilometer below the sediment surface. Though multiple mud volcanoes have been recorded and investigated in this region, one, at about 420 m water depth, has been targeted for biological studies (Paull et al., 2015; Lee D. H. et al., 2019, Lee Y. M. et al., 2019).



ENERGY SOURCES AND TROPHIC PATHWAYS AT ARCTIC SEEPS


Chemosynthesis-Based Primary Production

The seepage of methane from subsurface hydrocarbon reserves results in methane-enriched fluids emanating from the seabed at cold seeps. As methane seeps upward from subsurface sediment reserves, sulfate migrates downward in the sediment from the overlying water column. These two compounds are oxidized and reduced, respectively, in a tightly coupled, microbially driven process termed AOM (Boetius et al., 2000; Cavanaugh et al., 2006). This process releases hydrogen sulfide, which is why this compound, along with methane, is abundant in sediment porewater at seep locations. Both methane and hydrogen sulfide are reduced compounds; therefore, the energy release that accompanies their oxidation can be utilized by microbes for carbon fixation via chemosynthesis. A key difference between sulfur oxidizing and methane oxidizing chemosynthetic microbes is their inorganic carbon source. The former relies mostly on either dissolved inorganic carbon in seawater or in sediment porewater. In contrast, methane is an organic compound that provides microbes with both energy and inorganic carbon in a single source. Chemosynthetic microbes can either be free living or reside within or on organisms with which they form a symbiotic relationship. Together, they form the base of a food chain and an ecosystem that revolves around chemical-based autotrophic processes (Fisher, 1996; Sibuet and Olu, 1998; Levin, 2005; Becker et al., 2013).

When chemosynthetic bacteria form close symbiotic associations with animals, those animals essentially function as primary consumers within cold-seep ecosystems. At Arctic seeps, siboglinid worms (Oligobrachia frenulates and the moniliferan Sclerolinum contortum at HMMV, only the former at other sites) are the dominant species and the only confirmed chemosynthesis-based macrofauna and, thus, key players in the food web (Decker and Olu, 2012; Åström et al., 2019; Sen et al., 2019b). They form extensive tufts (sometimes grass like meadows) at Arctic seeps that are clearly visible in images (Figure 2). Though the frenulates (and moniliferans in the case of HMMV) represent the entirety of the macrofaunal chemosynthesis-based community presently known at Arctic seeps, small thyasirids (maximum 5 mm length) are also highly abundant at Arctic seeps (Åström et al., 2016, 2019). The family of Thyasiridae bivalves includes chemosymbiotrophic species associated with sulfur-oxidizing symbionts (Dufour, 2005; Dufour and Felbeck, 2006; Duperron et al., 2013), and a high abundance of thyasirids at seep sites is suggestive of these bivalves harboring chemosynthetic symbionts. Furthermore, thyasirids are extremely flexible regarding the nature of their symbiotic associations and exhibit a wide range of different dietary adaptations, from microbial syntrophy and chemosymbiosis to mixotrophy and heterotrophy (Dando and Spiro, 1993; Dufour, 2005; Taylor and Glover, 2010; Duperron et al., 2013). The two most abundant thyasirid species at Arctic seeps are Mendicula cf. pygmaea and Thyasira gouldi where the former is highly abundant both at Arctic seeps (up to 2,500 ind. m–2) and at non-seep, background locations (up to 2,125 ind. m–2) (Åström et al., 2019). Neither M. cf. pygmaea and T. gouldi are obligately chemosymbiotic (Oliver and Killeen, 2002; Dufour, 2005; Taylor and Glover, 2010), and it has not yet been possible to determine whether the populations of these thyasirids at Arctic seeps are symbiotic. Similarly, Sen et al. (2018a) suggested that Thenea sponges, which were abundant at the Storfjordrenna pingo/mound site, might contain chemosynthetic microbial symbionts. Thus, though carbon fixation and symbiotic chemosynthesis-based primary production is only presently confirmed for siboglinids, there are hints that this might also occur in more taxonomic groups.



Microbial Grazing and Secondary Consumption

Chemosynthetic microbes are not limited to symbiotic associations with animals. They can also be free living at the sediment surface, rocks, and carbonate crusts, or on top of other organisms (Cavanaugh et al., 2006). These strains can thrive at seep conditions to the extent that they form thick, clearly visible mats on the sediment surface (Boetius et al., 2000; Grünke et al., 2012). From a community perspective, such mats provide another pathway to chemosynthetically fixed carbon and organic material since organisms can actively graze microbial mats and sediment (i.e., microbial grazers). At Arctic seeps, this trophic level of microbial grazers appears to be represented most clearly by small (mm)-sized gastropods. At HMMV, the Lofoten canyons, and Vestnesa, rissoid snails (Alvania sp.) constitute this group (Gebruk et al., 2003; Decker et al., 2012; Sen et al., 2019b), whereas at the Bjørnøyrenna crater site, Hyalogyrina snails occupy this niche (Åström et al., 2019). Rissoids (the genus Alvania) have been recorded at non-chemosynthetic habitats in polar areas (Coyle et al., 2007; Meyer et al., 2013), whereas Hyalogyrina has only been reported from reducing environments such as wood-falls, vents, seeps, and whale falls (Marshall, 1988; Braby et al., 2007; Sasaki et al., 2010). At HMMV, Decker and Olu (2012) reported carbon isotope values as low as −46.6‰ in Alvania sp. located in microbial mats, while snails in the adjacent sediment had heavier values, of about −40.2‰. Both of these values are suggestive of chemosynthesis-based carbon (CBC) in their diets, and indeed, it was estimated based on a two-source food web model that 21–66% of the carbon uptake of these snails is from CBC (Decker and Olu, 2012). Carbon isotopic signatures of Hyalogyrina gastropods among mats of filamentous bacteria at Bjørnøyrenna crater seeps (δ13C = −23.8‰) (Åström et al., 2019) were heavier than in the alvanids at HMMV, but were also indicative of partial uptake of CBC in their diet (4.8–21.7%) based on a two-source food web model using local end-member values. In addition, these snails are highly abundant at Arctic seeps, particularly among microbial mats, which further suggests that they are grazing on the mats to a certain extent. In addition to small gastropods, other species and faunal groups likely graze on microbial mats as well, such as other mollusks and small polychetes (Levin et al., 2017). However, the link between chemosymbiotic primary producers (microbial associations) and primary consumers at cold seeps (i.e., small microbial mat grazers) is not well represented in seep food-web studies, so far, presumably because organisms in the latter niche are difficult to collect.

More conspicuous members of microbial mat grazers are large crustaceans that have been observed among microbial mats at certain Arctic seeps. For example, at the Storfjordrenna pingo/mound site, snow crabs (Chionoecetes opilio) were seen among mats in positions that suggest they are actively feeding on the bacteria (Sen et al., 2018a). Microbial grazing by crabs is known from seeps at the Costa Rica Subduction Zone where lithoid crabs intensely graze mats of Epsilon proteobacteria, and from seeps along the North American west coast, where tanner crabs (Chionoecetes tanneri) have been observed feeding on microbial mats (Niemann et al., 2013; Seabrook et al., 2019). For both species, compound-specific stable isotope analysis revealed that there was a partial microbial (and ultimately chemosynthesis based) input into their diet (Niemann et al., 2013; Seabrook et al., 2019). At seeps along the North American east coast, Turner et al. (2020) analyzed red crabs (Chaceon quinquedens) using bulk stable isotope analysis of carbon, and it was suggested that free-living chemsoymbiotic bacteria contributed to the crab’s chemosynthetically derived nutrition in addition to bathymodiolin mussels. Hence, it is likely that chemosynthesis-based carbon may play a role in the diets of snow crabs in areas where their distribution overlaps with that of cold seeps.

Secondary and higher-order consumers at Arctic seeps are diverse and represent various taxonomic groups (Decker and Olu, 2012; Sen et al., 2018a; Åström et al., 2019). Within the seep environment, some of these taxa appear to display specific preferences for seep-associated habitats such as microbial mats, siboglinid tufts, and methane-derived authigenic carbonates, i.e., carbonate outcrops (carbonate precipitates that form due to AOM). Pycnogonids (Nymphon hirtipes) were documented at the Lofoten canyon site (overall abundance for the canyons ∼35 ind.m–2), and they were concomitantly observed among microbial mats and siboglinid tufts (Sen et al., 2019b). In addition to N. hirtipes, other pycnogonids (Colossendeis sp.) have been documented in association with siboglinid tufts and carbonate outcrops at both Vestnesa seeps and the Storfjordrenna pingos/mounds, where they occur in higher densities in contrast to areas where such features are absent (Åström et al., 2018; Sen et al., 2018a). The northern shrimp Pandalus borealis has been observed aggregating among siboglinid tufts and microbial mats at several of the seeps in the Barents Sea (Sen et al., 2018a; Åström et al., 2019). From the perspective of both predators and scavengers, microbial mats and siboglinid tufts represent potential food-rich locations due to the presence of associated animals (Decker and Olu, 2012; Sen et al., 2018a; Åström et al., 2019). Individual siboglinid tubes have been seen to host a diverse array of fauna, from single-celled epibenthic foraminifera (Cibicidoides), to predatory caprellids and small polychetes (Decker et al., 2012; Sen et al., 2018a, b; Åström et al., 2019). Furthermore, worm tufts are sometimes overgrown by filamentous bacteria (Figures 2A,C,E; Sen et al., 2018b; Åström et al., 2019). Whether the animals associated with the tufts utilize them as substrate, refuges for hiding and/or resting (i.e., attracted by the seafloor heterogeneity that the tufts provide), or whether the tufts serve as feeding grounds for motile predators is an intriguing question. It is evident, however, that both siboglinid tufts and microbial mats attract certain organisms (from meiofauna to megafauna) at the Arctic seeps (Decker et al., 2012; Åström et al., 2018, 2019; Sen et al., 2018a, 2019b).

Chemosynthesis-based carbon (CBC) has also been found as a source of nutrition in predators at Arctic seeps. Carbon signatures (δ13C = −31.4‰) in predatory polychaetes (Nephtys sp.) suggest that CBC comprises up to 28% to 41% of their diet at Bjørnøyrenna crater seeps based on a two-source food web model (Åström et al., 2019). Likewise, carbon signatures (δ13C = −29.1‰) in Scoletoma fragilis from the Storfjordrenna gas hydrate mounds indicate partial input of CBC (18–32%) with the same two-source model (Åström et al., 2019). At HMMV, Gebruk et al. (2003) found depleted carbon isotope signals (δ13C = −44.9‰) in caprellids, indicating CBC in their diets. Moreover, they suggested that eelpouts (Lycodes sp.) prey directly on siboglinids based on depleted carbon isotopic signals in tissue (δ13C = −51.9‰) and stomach contents that included fragments of frenulate tubes. In addition to the reports at HMMV from Gebruk et al. (2003), Decker and Olu (2012) noted as well depleted carbon isotope signals in samples from sea spiders and amphipods, indicating substantial input of CBC (41–77%) for these taxa. There are a few studies of animal tissues at seep locations that detect chemosynthesis-based carbon beyond obligate chemosymbiotrophic animals and primary consumers (e.g., MacAvoy et al., 2003; Becker et al., 2013; Zapata-Hernández et al., 2014; Portail et al., 2016). Indeed, even at Arctic seeps, most of the assessed organisms have carbon isotopic signatures that indicate that most nutrition originates from photosynthetically derived carbon (Decker and Olu, 2012; Åström et al., 2019). Nevertheless, chemosynthetically derived carbon is detectable up the food chain at Arctic seeps (Gebruk et al., 2003; Decker and Olu, 2012; Åström et al., 2019). Advances in the use of bulk stable isotope analyses, combined with the application of compound-specific isotope and fatty acid analyses, have revealed new insights in benthic food webs (Reeburgh, 2007; Niemann et al., 2013; Seabrook et al., 2019) and could, thus, reveal new information about food web interactions, Arctic seep benthos, and carbon-source utilization.



KEY ECOLOGICAL ASPECTS OF ARCTIC SEEPS


Siboglinids at Arctic Seeps

In contrast with lower latitude seeps, there is an absence of hallmark chemosymbiotic species at Arctic seeps, such as vestimentiferan worms, vesicomyid clams, and bathymodioline mussels. At all Arctic seeps studied to date, chemosynthesis-based symbioses between macro/megafaunal taxa and bacteria are restricted to the siboglinid clade. At HMMV, both moniliferans and frenulates are present, with the former being the more abundant of the two (Gebruk et al., 2003). At other Arctic seeps, obligate chemosymbiotrophic fauna are restricted to frenulates and, specifically, to a complex of closely related Oligobrachia frenulates. Currently, across all Arctic seep sites, three morphologically cryptic species have been identified based on mitochondrial COI sequences: O. haakonmosbiensis (present at HMMV, the Lofoten canyons and Vestnesa), Oligobrachia sp. CPL-clade (present at Storfjordrenna pingos/mounds, Bjørnøyrenna craters, Laptev Sea, and the Beaufort Sea mud volcanoes) and a third, unnamed Oligobrachia species found at Vestnesa (Sen et al., 2018b, 2020; Lee Y. M. et al., 2019). Collections in the Bjørnøyrenna flare area have additionally revealed other frenulates, but no descriptions or identifications have been made for them (Åström et al., 2016, 2019). Therefore, among the multiple seep sites studied across the Arctic, merely three Oligobrachia frenulates and one moniliferan species have been confirmed to constitute the chemosynthesis-based megafauna, and dominant biomass (Table 1). This is a distinctive and highly visible feature of Arctic seeps and one that sets them apart from cold seeps in other parts of the world.


TABLE 1. (A) Modern symbiotrophic taxa identified at Arctic cold seeps; locations where taxa are present are marked as “x.” (B) Recent fossil (records younger than ∼20,000 years B.P.) of chemosymbiotic taxa identified from Arctic cold seep sediments.

[image: Table 1]A notable deviation from the generalized Arctic seep community pattern of chemosynthesis-based siboglinids and background benthic species are the shallow water seeps (∼80 m water depth) at Prins Karls Forland (PKF). No siboglinid worms have been observed at these sites, and overall community composition is different, characterized by high abundances and biomass of bivalves and echinoderms in relation to other Arctic seeps (Paull et al., 2015; Åström et al., 2016, 2019; Demina and Galkin, 2018). Shallow water sites tend to have fewer specialist species and chemosymbiotic taxa compared to deeper water seeps (Tarasov et al., 2005; Dando, 2010). Increased predatory pressure and higher input of photosynthetic material have been hypothesized to drive this difference and select against a dominance by specialist fauna and chemosynthesis-based taxa (Sahling et al., 2003; Dando, 2010). Despite a highly limited overall chemosymbiotic faunal inventory at Arctic seeps, this is, nonetheless, a reasonable explanation for the absence of siboglinid worms at shallow PKF seeps. Indeed, single records of siboglinids have been recovered from samples taken at deeper sites (240 m) at PKF (Åström et al., 2016). Oceanographic conditions at PKF, including high-velocity currents and sedimentary properties (gravelly, stony sediment versus soft-bottom sediments) could also account for the differences in PKF relative to other Arctic seeps. Detailed ecological assessments of all PKF sites where seepage is confirmed have not been conducted. Therefore, it is difficult to make comparisons with other Arctic seep sites and even along a depth gradient of the PKF shelf. In contrast to PKF, the shallow (70 m) Laptev Sea site shares a number of characteristic fauna with other Arctic seeps, including the high dominance of siboglinid worms (Åström et al., 2016; Demina and Galkin, 2018). Hence, for the Laptev Sea seep, depth alone is not an environmental barrier to exclude the presence of siboglinids (Demina and Galkin, 2018; Savvichev et al., 2018).



High Taxonomic Richness of Background Fauna

Arctic seeps often exhibit relatively higher taxonomic richness than the nearby surrounding non-seep benthos (Åström et al., 2018; Sen et al., 2018a, 2019a). Biomass and abundance are also higher at Arctic seeps compared to non-seep locations in similar areas (Carroll et al., 2008; Cochrane et al., 2012; Åström et al., 2019; Figure 3). The relatively high taxonomic richness of Arctic seeps in relation to background, non-seep locations is likely linked to the cold-seep communities being composed almost entirely of background fauna (i.e., no obligate seep taxa) that are typical for the Arctic region. With limited exceptions, including some of the Oligobrachia species that might potentially be obligate to seeps and some Alvania snails that have been suggested to possibly exclusively inhabit seep systems (Decker and Olu, 2012), taxa inhabiting Arctic seeps are extensions of the larger community of background Arctic benthos. This is a distinctive feature of Arctic seeps that contrasts with those at lower latitudes where seeps support a subset of the benthos taxa dominated by obligate seep or chemosymbiotrophic taxa. Arctic seeps, however, do not appear to host obligate seep fauna, and instead, are richly populated by diverse assemblages of benthic taxa at higher densities and abundances than the surrounding seafloor.



The Role of Carbonate Structures at Seeps

A key feature of many cold-seep systems is methane-derived authigenic carbonate outcrops. These features precipitate due to the AOM-sulfate reduction reactions that occur in the sediment. At cold seeps, carbonate outcrops generate complex spatial patterns on the seafloor (Cordes et al., 2010; Levin et al., 2017), and the 3D structures of carbonates provide refuges for organisms to hide or escape from predation (Levin et al., 2017; Åström et al., 2018). Carbonate outcrops contribute to enhanced biomass and megafaunal diversity of Arctic cold seeps. Several motile megafaunal taxa, such as red rockfish, eelpouts, wolfish and sea spiders, were commonly observed in and among the carbonate structures (Åström et al., 2018; Sen et al., 2019a), and the carbonates provide extensive hard surfaces for various sessile hard-bottom background species in a predominantly soft-bottom seafloor (Åström et al., 2018; Sen et al., 2018a; Figure 4). Ice rafted debris (drop stones) from icebergs and glacial deposits, which are randomly located on the Arctic seafloor, have been recorded to function as islands within Arctic soft-bottom habitats (Soltwedel et al., 2009; Schulz et al., 2010). In comparison to drop stones, carbonates provide much larger habitat areas and volumes. Furthermore, carbonate outcrops in combination with other large bathymetric features, such as pockmarks and mounds, can create refuges for sensitive, slow-growing hard-bottom fauna (e.g., corals and sponges), especially in areas with intense trawling activities (Webb et al., 2009; MacDonald et al., 2010; Clark et al., 2016). The habitat complexity and physical structures that carbonates provide at seeps cause a so-called “reef-effect” (Stone et al., 1979) where background motile organisms can aggregate regardless of seepage (Hovland, 2008; MacDonald et al., 2010). Since carbonates persist after seepage ceases, the effect of seeps on the seafloor can outlive the seep itself (Bowden et al., 2013; Levin et al., 2016). This is demonstrated by the Svanfjell seep site in the southern Barents Sea, where low levels of seepage activity suggest a senescent stage and limited chemosymbiotic-based production. Nonetheless, taxonomic richness and abundance are still considerably higher at the seep compared to the adjacent non-seep seafloor and appears to be linked to carbonate availability at the seep location (Sen et al., 2019a). Thus active, senescent, and even inactive seeps function as locations where benthic animals aggregate on the Arctic seafloor (Bowden et al., 2013; Sen et al., 2019a). These effects of carbonates are not unique to Arctic seeps (Bowden et al., 2013; Levin et al., 2016, 2017); for example, seep-derived carbonates have been documented to enhance the settlement of large reef-building animals such as cold water corals (Cordes et al., 2006, 2008; Becker et al., 2009). In the Arctic, though, this has particularly important implications, since Arctic seeps function as local diversity and biomass “hotspots” for Arctic benthos, and not only attract a specialized subset of taxa. Accordingly, this is another important consideration for ecosystem management because it means that seep locations, regardless of activity, have the potential to lead to increased benthic diversity and biomass on the Arctic seafloor (Webb et al., 2009; Åström et al., 2018; Sen et al., 2018a, 2019a).
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FIGURE 4. Arctic seep habitats; heterogeneity, carbonate outcrops, and commercial species, from top left to right. (A) Carbonate outcrops, siboglinid tufts, and microbial mats at the Vestnesa seep (1,200 m) from Åström et al. (2018). (B) At the Prins Karls Forland shelf (240 m); large carbonate outcrops and glacial debris provide hard surfaces for epifauna and a varied habitat for Red rock-fish (Sebastes sp.) and spotted wolffish (Anarhichas minor), from Åström (2018). (C) A school of cod (Gadhus morhua) swimming over mats of microbes and siboglinids at the Storfjordrenna gas hydrate mounds/pingos (380 m), from Åström (2018). (D) Red rock-fish (Sebastes sp.) and carbonate outcrops at Storfjordrenna seep field (350 m), from Åström et al. (2019). (E) Epifaunal organisms on a rocky slope into one of the craters at the Bjørnøyrenna crater seeps (330 m), from Åström et al. (2019). (F) A snow crab feeding in a microbial mat at Storfjordrenna gas hydrate mounds/pingos (380 m), from Sen et al. (2018a). (G) A spotted wolffish (A. minor) carbonate crust with epifaunal anemones, hydroids, and solitary corals surrounded by siboglinid tufts at Storfjordrenna gas hydrate mounds/pingos (380 m), from Åström et al. (2019). Scale bars indicate 20 cm.




Similarity of Seep Communities Across Geographic Regions

Despite a lack of obligate seep species, Arctic seep communities stand out as distinct from the surrounding benthic communities. Species composition alone does not contribute toward Arctic seep communities being different from background communities. It is the number of species present and the abundances of respective individual taxa that distinguish Arctic seeps from other non-seep locations. The influence of seepage to benthos is so distinctive that benthic communities at strongly influenced seep locations separated across large geographic areas are more similar to each other than to non-seep communities within the same geographic area (Åström et al., 2019). For example, seep-community composition and structure at the Barents Sea differ significantly from PKF seeps at W. Svalbard seep communities despite intense and active seepage at both locations (Sahling et al., 2014; Andreassen et al., 2017; Serov et al., 2017). At PKF seeps, the seep community is composed of background species and characterized by high densities of ophiuroids and high biomass of mollusks and various epifauna. In contrast, to Barents Sea seeps (pingos, mounds, and craters), host thousands of individuals of siboglinids and small thyasirid bivalves (Åström et al., 2016). The disparity in the community structure has been attributed mainly to differences in the oceanographic settings among the regions and depth; hence, significant differences in faunal composition is expected (Åström et al., 2016). However, within the Barents Sea, the distinct characteristics of Arctic seep communities override such large-scale geographic patterns. Storfjordrenna and Bjørnøyrenna sites are both located in the Barents Sea, south of Svalbard, yet their “background” benthic communities are distinct from one another despite similar water depths and sediment properties (Carroll et al., 2008; Cochrane et al., 2012; Åström et al., 2019). Conversely, the seep characteristics of Storfjordrenna and Bjørnøyrenna cold seeps are highly similar to each other, and strongly influenced seep locations are dominated by siboglinids and thyasirids. The Bjørnøyrenna crater seeps and the Storfjordrenna seep communities are separated by a distance over 300 km, yet the communities are regulated by a seepage signal strong enough to override faunal and biogeographical aspects within the Barents Sea. These distant seep communities, hence, are more similar to each other than they are to background benthic communities located just meters away from the impact of seepage (Åström et al., 2019).



Presence of Commercial Species

A noteworthy aspect of Arctic seep communities is the prevalence of several commercially important taxa. The Northern shrimp (Pandalus borealis), and fish such as Atlantic cod (Gadus morhua), saithe (Pollachius virens), haddock (Melanogrammus aeglefinus), Greenland halibut (Reinhardtius hippoglossides), red rockfish (Sebastes sp.), wolffish (Anarhichas), and even snow crabs (Chionoecetes opilio) have been recorded at Arctic seep sites (Åström et al., 2018, 2019; Sen et al., 2018a). Shrimp and cod are particularly numerous, especially at shelf seep sites (Sen et al., 2018a). Commercially harvested species have been recorded from cold seeps around the world (Bowden et al., 2013; Niemann et al., 2013; Zapata-Hernández et al., 2014; Higgs et al., 2016; Seabrook et al., 2019; Turner et al., 2020), but more often, single or few commercial species tend to be associated with a specific seep site or region. In the Arctic, multiple commercial species occur and overlap at individual seep locations (Figure 4). We suggest that the large-scale heterogeneity caused by the carbonate rocks (the “reef effect”) (Stone et al., 1979) is one reason for the high occurrence of individuals (Åström et al., 2018). Second, it is likely that these large motile and predatory organisms exploit the seeps because of localized and ample food resources. We, furthermore, suggest that the presence of multiple commercially important species co-occurring at the seeps, first and foremost at the shelves, is a consequence of the relatively shallow depths of the seeps and the rich and productive fishing grounds on the Barents Sea shelf (Kjesbu et al., 2014; Haug et al., 2017). It remains, however, unclear to what extent Arctic seeps contribute toward the maintenance of commercial stocks that inhabit the Arctic marginal seas.



Arctic Seeps Can Function as Nursery Grounds

The Lofoten canyon seep site was discovered to function as an egg case nursery for the Arctic skate, Amblyraja hyperborea (Sen et al., 2019b). The canyon setting alone was ruled out as the primary reason behind the Lofoten canyons serving as an egg case nursery ground. Egg cases were highly concentrated among seep locations and were notably rare or absent in areas with no visual evidence of seepage (presence of microbial mats or worm tufts). Surprisingly, egg cases were not associated with carbonate rocks, an observation that contrasts with observations at the Concepción seep offshore Chile, which is the only other seep recorded as being used as a skate egg case nursery ground (Treude et al., 2011). Ambient bottom water temperatures at the Lofoten canyons are lower than 0°C; therefore, a likely explanation is that seepage-related heat releases allow for the site to serve as a natural incubator for egg cases. Though seeps have earned the “cold” moniker because they do not exhibit the boiling temperatures of hydrothermal vents, they are neither particularly cold nor colder than the surrounding seafloor. In fact, the opposite is true: “cold seeps” can be slightly warmer than the background ambient bottom waters, albeit the temperature difference is small, typically less than 1°C (Sibuet and Olu, 1998). The link between temperature increase and nursery habitats has also been observed at low-temperature zones of a Galapagos hydrothermal vent, suggested to function as natural incubators for egg cases of deep water skates (Salinas-De-León et al., 2018). Ambient water temperature at the vent site was measured to ∼2.76°C, and the largest number of skate egg cases was observed in bottom water temperatures where there was an increase of ∼0.25°C. Such temperature anomalies closely match the low-scale temperature anomalies of seeps, which, in subzero conditions, are particularly relevant, first, because they would result in positive bottom water temperatures, and second, because even small increases in temperatures have been modeled to decrease the long incubation times of deep-water skates (Berestovskii, 1994; Hoff, 2010). Therefore, it is possible that the attraction of the Lofoten canyon seep site as a place for Arctic skates to deposit their egg cases might be the slightly warmer environment relative to the surrounding conditions. There are, furthermore, numerous reports of skates from HMMV (Rybakova et al., 2013), although whether this site also functions as an egg case nursery ground for skates is yet to be determined. Nonetheless, the ability for seeps to provide some degree of temperature increase could potentially benefit Arctic benthic fauna, especially for species with long incubation times, in ways previously not considered, such as serving as skate egg case nurseries.

Another hypothesis for high densities of elasmobranch egg cases and other egg-brooding deep-sea fauna in habitats such as seeps and vents, in addition to the higher bottom water temperatures, is the potential increase in available food resources and structures for shelter to hatched juveniles (Drazen et al., 2003; Treude et al., 2011; Turner et al., 2020). For the management of deep-sea ecosystems, in particular, for vulnerable species with long maturation and incubation times, deep-sea nursing habitats could be of high relevance for long-term monitoring and conservation (Drazen et al., 2003; Clark et al., 2016; Da Ros et al., 2019).



ARCTIC SEEPS: IMPLICATIONS FOR ARCTIC ECOLOGY

The ecological features discussed above have several implications for seep and Arctic research. The absence of living chemosymbiotic megafauna (e.g., hallmark taxa), the lack of obligate seep taxa, and the high diversity in addition to high biomass and abundance of Arctic seeps compared to background communities are features that are shared across Arctic seeps, though, different from seeps in other parts of the world. Therefore, Arctic seeps deviate from generalizations of cold-seep ecosystems and represent a novel aspect of seep ecological understanding (Sibuet and Olu, 1998; Vanreusel et al., 2009; Levin et al., 2016). The theoretical importance of Arctic seeps is not limited to seep or chemosynthesis-based research; it is also highly relevant to Arctic ecology. For example, the role of Arctic seeps as seafloor oases for a large variety of benthic species, not just for a small group of specialized animals, means that seeps impact the benthos in various ways and across different scales (Bowden et al., 2013; Levin et al., 2016). Simple differences in community structure to larger-scale processes such as food production, carbon transfer, storage, carbon cycling, etc., are all likely to be connected to seeps and need to be considered in the ecology of the Arctic (Figure 5). Furthermore, the presence of numerous commercial species means that Arctic seeps could also be important from a management perspective. In short, studies from these multiple Arctic seep sites indicate the importance of seeps for Arctic biology and ecology. We discuss below some of the implications of these results, and some questions that arise both from a theoretical perspective, as well as with respect to the Arctic and its future.


[image: image]

FIGURE 5. Graphic representation of the key elements of Arctic seeps; a schematic overview of community patterns and characteristics found in Arctic seep habitats. Note that not all patterns are necessarily observed within one single cold-seep site. POM - particulate organic matter.



How Do Seeps Fit Within the Highly Seasonal Arctic Paradigm?

Marine ecosystems in the high Arctic are driven by several processes that are absent outside the polar realm. The presence of sea ice during all or part of the year and intense seasonality in physicochemical features leads to strongly episodic production of organic material, with intense seasonal blooms of primary production in the euphotic zone interrupting extended periods of little or no new production (e.g., Wassmann et al., 2006). Benthic consumers are adapted to this feast-or-famine pattern through pelagic–benthic coupling and vertical transport of organic matter, with seabed community composition and ecological functioning reflecting the spatial and temporal dynamics of organic matter on the surface of the Arctic Ocean, as mitigated through consumers in the pelagic zone (Ambrose and Renaud, 1997; Renaud et al., 2008; Smith et al., 2012).

Chemosynthetic production associated with cold seeps occurs on different spatial and temporal scales than Arctic photosynthetic processes (Jerosch et al., 2007; Bowden et al., 2013; Campanyà-Llovet and Snelgrove, 2018). Such autochthonous production is largely independent of the vagrancies and seasonal cycles of the photosynthetic production at the surface ocean. To the extent that organic matter derived from chemosynthetic production makes its way out of the microbes and chemosymbiotic species to the community at large, this pathway provides a more temporally consistent supply of food resources throughout the year. Further, since locally produced at the seabed, chemosynthetic-based organic matter is not first available to the pelagic grazers (i.e., zooplankton and other planktonic grazers), whose efficiency at consuming and reprocessing surface production often leads to degraded organic material by the time it reaches the seabed. Hence, the chemosynthetic in situ sea bed production can have high relevance especially in systems with low photoautotrophic primary production (oligotrophy) (Carlier et al., 2010). Chemosynthesis-based production bypasses this pelagic filter and, therefore, provides a more-or-less temporally steady source of high-quality unprocessed food for the benthic community that can mitigate the seasonal fluctuations of food availability to Arctic benthic communities.



Are Populations of Hallmark Chemosymbiotic Seep Taxa Absent at Arctic Seeps?

A distinct feature of Arctic seeps is the absence of the hallmark chemosymbiotic species (e.g., vesicomyid clams, vestimentiferan worms, and bathymodioline mussels). No evidence has yet been found for the latter two groups at Arctic seeps in recent geological time (Hryniewicz et al., 2019). Vesicomyid shells have, however, been recovered from several Arctic seep locations (Hansen et al., 2017 and references herein) (Table 1). Dating of vesicomyid shells suggest that these chemosymbiotic bivalves disappeared from Arctic seeps approximately 15,000 years ago (Ambrose et al., 2015; Hansen et al., 2017, 2020). Since carbonates with preserved remains of frenulate tubes from Arctic seep sites have been dated to a minimum of 20,000 years old (Hong et al., 2019), the chemosymbiotic megafaunal communities of Arctic seeps in the past likely consisted of large bivalves along with siboglinids.

It is possible that an event occurred ∼15,000 years ago that led to the disappearance of large chemosymbiotic bivalves (including also solemyids and thyasirids in addition to vesicomyids) from Arctic seeps, leaving siboglinids unaffected (Ambrose et al., 2015; Hansen et al., 2017, 2020). A massive destabilization of gas hydrates triggered by deglaciation, accompanied by decreasing pressure at the seabed, could have resulted in the widespread release of gases. Such events are considered to have been responsible for topographical changes to the Arctic seafloor, including the creation of the blowout craters at Bjørnøyrenna and at the mound/pingos in Storfjordrenna (Andreassen et al., 2017; Serov et al., 2017). A problematic aspect of this hypothesis is the idea that these bivalves would be more vulnerable to such disturbances than the siboglinids, despite some groups such as vesicomyids, having behavioral adaptations for dealing with disruptions such as reorienting themselves in the sediment (Krylova and Von Cosel, 2011).

Another explanation for the absence of large chemosymbiotic bivalves could be the thermal barrier of low-bottom water temperatures in the Arctic. One hypothesis is that chemosymbiotic bivalves (vesicomyids and solemyids) colonized Arctic deep-water seeps during the Heinrich Stadial (HS1), after the most recent glacial period (Hansen et al., 2017, 2020). During this period of time, Arctic surface waters were generally colder, however, bottom water temperature was up to 2°C warmer than today (Rasmussen et al., 2007). When bottom water temperature decreased, resulting in negative bottom sea temperatures that persist at seeps today on the Arctic continental slope, this presumably caused an extinction of distinct chemosymbiotic vesicomyids and solemyids (Sztybor and Rasmussen, 2016; Hansen et al., 2017). This explanation does, however, fail to account for the perceived absence of large chemosymbiotic bivalves from seep sites on the shelf today, where temperatures are low, but nonetheless above 0°C (Åström et al., 2016, 2019; Hong et al., 2017). Vesicomyids have also been found at deep-water sites around the world where temperatures reach only a few degrees above freezing (Fisher, 1990; Taylor and Glover, 2010; Sen et al., 2017).

While it is currently impossible to pinpoint what factor(s) contributed to the disappearance of the large chemosymbiotic bivalves from Arctic seeps, their absence suggests that either the conditions that led to their extinction in the first place persist today, or barriers exist that have prevented recolonization. Since relatively warm, Atlantic water makes its way up past Svalbard and mixes with cold, Arctic water between Svalbard and mainland Norway (Loeng, 1991), dispersal, at least from the Atlantic to the Arctic, should not be limiting. Furthermore, Atlantic water inflow appears to be effective in transporting other species observed at Arctic seeps, namely, Oligobrachia worms (Sen et al., 2020). Additionally, the small thyasirids that have been collected from Arctic seeps today are also known to be present further south in the Atlantic (Oliver and Killeen, 2002; Decker et al., 2012; Åström et al., 2017).

Alternatively, some of these taxa might have re-populated Arctic seeps or never went extinct at all. A few shells of the large, presumably chemosymbiotic, species of thyasirids recovered from Storfjordrenna seeps reveal relatively modern and young ages (in comparison to the other large bivalves mentioned above), of about 500–1,300 years before present (Carroll et al., 2016; Åström et al., 2017). Therefore, certain taxa could have been present until just recently, and the question even arises as to whether they are currently present at Arctic seeps but have simply not yet been collected alive.



Are Seeps Stepping Stones for Arctic Benthic Dispersal?

At cold seeps, methane plays a key role in the process of chemosynthesis, although sulfide functions as the critical compound in shaping the benthic community. Sulfide is toxic to oxygen-breathing life forms (Vismann, 1991; Fisher and Childress, 1992), and tolerance to sulfide exposure requires special binding proteins that have evolved in animals specialized for a life in sulfide-rich habitats (Terwilliger, 1998). For motile animals, sulfide toxicity can be avoided by moving away from the most sulfidic areas while remaining in the seep vicinity. This behavioral strategy is not uncommon and is a possible explanation that no seep system in the world is populated solely by obligate seep species. As a result, vagrant, opportunistic background species are common residents around seeps (Bowden et al., 2013; Zapata-Hernández et al., 2014; Levin et al., 2016).

Less motile benthic animals populating Arctic seep sites may have acquired necessary physiological adaptations to protect them from the toxic effects of sulfide. Adaptations for prolonged sulfide exposure are, however, costly and, therefore, unexpected in background, non-seep obligate species (Sen et al., 2019b). Conversely, Arctic seasonality and the resulting episodic input of photosynthetic food to the benthic realm may have selected for adaptations in dealing with sulfide that are normally found in species endemic to, or specialized for, reducing environments (Sen et al., 2019b). This would infer an advantage in allowing them to utilize a food resource that is stable throughout the year (Åström et al., 2018). However, many Arctic seeps are relatively young in evolutionary terms, given the past glacial history of the Arctic and the Northern hemisphere (Stokes et al., 2015; Patton et al., 2017). The most recent deglaciation of the Arctic ice sheets started approximately 20,000 years cal. BP (Rasmussen et al., 2007; Patton et al., 2017; Margold et al., 2018), and a large part of the Arctic was not ice free until several thousand years later (Ingólfsson and Landvik, 2013; Andreassen et al., 2017; Margold et al., 2018). This is a short time frame for organisms to evolve both to the extremes of an Arctic environment and to cope with the presence of sulfide at seep habitats.

Given the ecological patterns of Arctic cold seeps, most benthic taxa found at seep sites in the Arctic are species that commonly occur at Arctic non-seep habitats (i.e., background fauna). Only a small subset of the species at Arctic cold seeps are chemosymbiotrophic or organisms recognized from other reduced or chemosynthetic habitats (Decker and Olu, 2012; Sen et al., 2018a; Åström et al., 2019). For chemosymbiotic species, seeps can function as stepping stones by linking the dispersal of chemosynthetic fauna from source populations at lower latitudes to locations of reduced habitats, seeps, and vents bordering the northern polar region (e.g., Mayer et al., 1988; Sahling et al., 2003; Kiel, 2016; Åström et al., 2017; Sen et al., 2020). In addition, reduced environments associated with large food falls can increase the connectivity between vents and seeps and serve as provisory habitats allowing a northward or circumpolar expansion of taxa (Georgieva et al., 2015; Smith et al., 2015). However, seeps may not only provide gateways of dispersal and connectivity for chemsoymbiotic taxa; the ample resources at seeps could also serve for background, migrating taxa. One sub-Arctic species that has rapidly expanded its geographical range in the Arctic is the snow crab (Chionoecetes opilio). In 1996, it was first documented in the Barents Sea (Kuzmin et al., 1998; Alvsvåg et al., 2009) and has since spread further west and north. Its current distribution reaches as far as northern Svalbard fjords and is currently an established and commercially harvested species in the Barents Sea system (Jørgensen et al., 2019). Snow crabs have been documented at cold seeps in the western Barents Sea where images indicate that they can feed on bacterial mats (Sen et al., 2018a). The presence of snow crabs at seeps and their observed behavior may imply that they are benefiting from resources provided by the seep. The motile snow crab is a typical example of an animal expanding its geographical boundary, while exploiting resources (food) at the seep habitat. Consequently, despite Arctic seeps being extreme habitats, they might play an important role in dispersal and connectivity of various Arctic biota.



How Might Climate Change Influence Arctic Seeps?

Key elements of photosynthetic primary production cycles will be affected as the Arctic warms, sea ice melts, and water mass and nutrient distributions change. This includes changes in the timing and location of surface blooms, the species that drive the blooms, and the match of such photosynthetic primary production to pelagic and benthic consumers (Stenseth and Mysterud, 2002; Wassmann et al., 2006) all with impacts on the availability of organic detritus at the seabed, which fuels benthic communities. Carroll and Carroll (2003) hypothesized that a warmer Arctic with less sea ice may favor pelagic communities at the expense of the benthos, due to the loss of sea-ice algal production. Sea-ice algae has been shown to play a crucial role in the export of organic matter to benthos (i.e., sympagic–benthic coupling) (McMahon et al., 2006; Sun et al., 2007), as large pieces of ice algae could bypass the pelagic filter (Boetius et al., 2013). Cold-seep communities may locally mitigate such a phenomenon by supporting benthic communities when surface-based organic matter is lacking or of poor quality. The existence of seep-related production may locally have a profound impact on the community structure, ecological interactions, and secondary production of the benthos as well as its coupling with the surface ocean (Pohlman et al., 2017; Åström et al., 2018, 2019; Ofstad et al., 2020). In this way, cold seeps can act as productive hotspots in the Arctic and function as a temporal bridge for benthic communities and associated ecosystems that may otherwise suffer from a lack of consistency in food quality from the surface ocean (McMahon et al., 2006). Indeed, by the combination of enhanced in situ organic material production, heterogeneous habitats from the carbonate outcrops, and function as stepping stones for dispersal of species (Smith et al., 2015), the entire vicinity of Arctic cold-seep habitats serve as an oasis for background species in contrast to non-seep locations sharing similar environmental characteristics (Åström et al., 2018).

As the Arctic warms at rates well above the world average, boreal and sub-arctic species are expanding their ranges northward, interacting with, and possibly even displacing, Arctic-adapted species (Fossheim et al., 2015; Frainer et al., 2017; Haug et al., 2017). Whether continued warming and the concomitant biogeographic changes predicted for pelagic and benthic systems will be valid for cold seeps as well is an open question. Cold seeps could act as refuges for Arctic-adapted species otherwise facing variability in the timing and quality of surface-based primary production outside the ranges previously experienced. Conversely, the reduction in the temporal variability in food supply at seeps may favor boreal and temperate species at the expense of Arctic-adapted benthic species that are used in highly episodic food inputs and sub-zero temperatures. Combined with warming sea temperatures, the functional adaptations of the more southerly species may infer a competitive advantage and favor their replacement of Arctic species. Even if Arctic seeps do not experience widespread replacements of boreal species, there is also a possibility of species replacements among Arctic species. If Arctic species are predisposed for dealing with seep conditions, then species whose ranges might be increasing either naturally, or due to human activities, could start colonizing and settling successfully at seeps outside their prior ranges, which could affect local community structures and dynamics.

Another consequence of climate warming is deoxygenation of marine systems as a result of increased pelagic stratification and decreased solubility of gases (Gruber, 2011). Moving from a sea ice-dominated system toward a more open-ocean Arctic combined with changes in seasonal primary production patterns, could lead to a trophic mis-match in pelagic–benthic coupling and eventually increase the input of organic matter degradation and oxygen consumption at the seafloor (Renaud et al., 2007; Sweetman et al., 2017; Durant et al., 2019). Hypoxic seafloor conditions can cause devoid areas, empty of larger life forms, and it is essential to maintain oxygen concentration above crucial levels in order to sustain seep faunal communities (Diaz, 2001; Vaquer-Sunyer and Duarte, 2010). Oxygen is also required for symbionts to carry out the sulfide and methane oxidation processes (Cavanaugh et al., 2006; Dubilier et al., 2008). If seafloor deoxygenation becomes a problem in the Arctic, particularly in enclosed water basins, fjords and estuaries, Diaz (2001) and Liira et al. (2019), one can speculate that organisms inhabiting seeps may have an advantage over others in less oxygenated systems (Pearson and Rosenberg, 1978, Levin et al., 2003; Sweetman et al., 2017). Some organisms, incapable of large-scale movements in and out of habitats can avoid hypoxia by modulating the surroundings to enhance oxygen circulation (i.e., re-working sediment or modulate their position in the sediment–water interface) (Hourdez and Lallier, 2007; Dando et al., 2008; Guillon et al., 2017). Others already have physiological adaptations to cope with such conditions such as increased gill size or oxygen-binding proteins (e.g., Hourdez and Lallier, 2007; Tobler et al., 2016). High densities of taxa that are known to inhabit locations with high organic matter degradation or low-oxygen habitats, at seeps compared to background sediments (Levin et al., 2003; Åström et al., 2016) could potentially indicate that these species may have a better ability to handle deoxygenation as a consequence of a warmer Arctic (Olsen et al., 2007; Norkko et al., 2019).

To summarize, cold seeps in the Arctic serve multiple ecological functions and provide critical ecosystem services (Figure 5). Recently, the Norwegian Environmental Agency recognized cold-seep habitats in the Norwegian marine sector as areas of special interest and vulnerable habitats with high conservation value (Miljødirektoratet, 2019). This recognition of cold-seep habitats, providing substrate and heterogeneity, alternative food resources, and possibly functioning as gateways for dispersal and connectivity of benthic taxa, including commercial species, clearly highlights the key role that Arctic cold seeps serve to the wider marine ecotone.



CONCLUSION

The physical extremes of the Arctic environment and the chemical extremes and strong environmental gradients of cold-seep systems are two primary drivers that interact in the Arctic, forming benthic communities that are distinct from not only adjacent Arctic benthic communities but also from lower-latitude seep communities.

Arctic cold seeps are conspicuously lacking in large and charismatic obligate chemosymbiotrophic faunal species that are characteristics of lower-latitude seeps. The dominant and distinct chemosymbiotic fauna at Arctic seeps is largely limited to Oligobrachia frenulates (with the addition of the moniliferan, S. contortum at HMMV). These frenulates, however, form incredibly dense tufts that are a defining biological feature of Arctic cold seeps. They alter the sediment stability, biogeochemistry, and are likely a key link between chemosynthetic and heterotrophic fauna.

Arctic seep communities support different community structure characteristics and have far-reaching trophic effects, as both diversity, abundance, and biomass are higher at Arctic seeps than at background communities (Levin et al., 2016). Importantly, this enhanced diversity and high abundance and biomass consists mainly of background, benthic species, and specific seep obligate fauna are almost entirely lacking.

The interaction of the few obligate chemosymbiotrophic species with the larger background benthic community is one of the key features of Arctic seep systems. It is the combination of autochthonous production and enhancement of the seabed heterogeneity that provides a dual basis for seeps’ ability to attract and accumulate biomass and diversity in a food and substrate-limited biome. The temporal consistency of chemosynthetic-based production is largely independent of the intense seasonality of the phytosynthetic-based production cycle, providing organic matter to the benthos in the larger parts of the year when it would otherwise be low. Arctic seeps, therefore, function as local diversity and biomass hotspots on the seafloor. These hotspots may also serve as geographic stepping stones for dispersal of both chemosynthetic and background species in the larger Arctic Ocean basin.

These features highlight the role of Arctic seeps and demonstrate important baseline insights both to science and to society. Since Arctic seep research is still fairly new, and these findings are known mostly to a niche audience, seeps have not yet been included in policy making or in modeling outcomes of a warming Arctic. It is clear, though, that these habitats are an important ecosystem resource of relevance for conservation and with broader implications for marine ecosystem functioning in the age of global climate change (Renaud et al., 2015; Haug et al., 2017). Recently, they have been granted the status of particularly valuable and vulnerable habitats by the Norwegian government (Miljødirektoratet, 2019).



FUTURE DIRECTIONS

Despite notable gains in the understanding of Arctic seep systems acquired through recent studies, significant gaps remain. Most Arctic seep research has been conducted in the European Arctic, particularly in Nordic waters, and large parts of the Arctic, despite seeps being present, have not been studied from a biological perspective. Furthermore, seeps fringing but outside the Arctic Circle (e.g., the North Atlantic–Norwegian Sea, Sea of Okhotsk, North Atlantic east, and west coast) have yet to be sufficiently studied (Sahling et al., 2003; Vaughn Barrie et al., 2011; Decker et al., 2012; Skarke et al., 2014). This is of importance since these locations experience some of the extreme phenomena that appear to drive current and past processes at Arctic seeps. Indeed, some of these seep sites also appear to share the community structure seen at Arctic seeps (Sahling et al., 2003; Krylova et al., 2011; Decker and Olu, 2012; Decker et al., 2012; Hansen et al., 2020).

Most biological seep studies address the impact of seeps on the Arctic benthos. However, Vinogradov and Semenova (2000) described the peculiarities of the mesoplankton distribution above HMMV, and Ofstad et al. (2020) measured different pelagic foraminifera and pteropod communities above Barents Sea seep sites. Furthermore, Pohlman et al. (2017) suggest that high methane concentrations and nearshore upwelling stimulate consumption of CO2 by photosynthetic phytoplankton at the shallow PKF seeps. Seasonal ecological studies at Arctic seeps are also lacking, despite the role of seasonality as a key driver of Arctic biological cycles, and the intriguing possibility that chemosynthetic production cycles can have strong effects mitigating such seasonality. Additionally, the investigation of specific trophic linkages between high-trophic level marine resources, their prey, and Arctic seep systems remains in its early stages. Finally, a focus on better understanding the ecosystem services associated with these unique habitats, specifically in an Arctic context, will provide stakeholders a basis of information to assess the possible conservation value of Arctic cold seeps.

With further investigation, we may begin to merge chemosynthesis-based systems in the Arctic and include them as an integral part of the Arctic marine ecosystem. Arctic vent communities seem to be more like Arctic seep communities than Atlantic vents. They share characteristics such as a lack of hallmark species and large symbiotrophic animals and are also mainly comprised of non-specialist, background species (Sweetman et al., 2013). Large “clouds” of planktonic animals have been observed above Arctic vent sites (Schander et al., 2010); therefore, the effects of vents might resemble those of Arctic seeps. The merging of seeps and vents into a single compartment may provide a basis for understanding processes at other Arctic systems where chemosymbiotrophic animals are observed, such as fjords, and generating new ecological perspectives and insights for the larger Arctic ecosystem.
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