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Editorial on the Research Topic
 Toward a Unifying Pan-Arctic Perspective of the Contemporary and Future Arctic Ocean



An international symposium addressing pan-Arctic perspectives of the marine ecosystems of the Arctic Ocean took place in October 2017 and this editorial introduces the publications that derived from the conference. The symposium focused in particular upon physical forcing and biogeochemical cycling in surface waters of the Arctic Ocean, connectivity between surface and deep waters in the central basins and adjacent slopes and the ecology of the lesser-known shelf ecosystems. The symposium was the fourth in a sequence that has pan-Arctic integrations of Arctic Ocean ecosystems at its core. The series started in 2002 and its first volume was published under the title Structure and function of contemporary food webs on Arctic shelves (Wassmann, 2006). At the 2002-meeting, a suite of marine Arctic researchers from the main nations that work in the Arctic Ocean started applying the now-ubiquitous term pan-Arctic. The term underlined that the applied research goals and directions were more than a circumarctic perspective, but distinctly considered the entire expanse of the Arctic Ocean. Based upon this exercise, increased interest in the Arctic and some of the scientific endeavors of the 4th International Polar Year central projects and key oceanographers operating in the pan-Arctic region convened at the 2nd pan-Arctic integration symposium, entitled Arctic Marine Ecosystems in an Era of Rapid Climate Change in 2009 (Wassmann, 2011). After a decade of pan-Arctic research and building upon the foundation presented in Wassmann (2006, 2011) a 3rd conference was initiated in 2012, entitled Overarching perspectives of contemporary and future ecosystems in the Arctic Ocean (Wassmann, 2015).

This Research Topic brings together 13 publications from the 4th pan-arctic integration symposium held in 2017, entitled Toward a Unifying Pan-Arctic Perspective of the Contemporary and Future Arctic Ocean. We, the editors of the Research Topic, are delighted with the breadth, quality and diversity of the papers. We introduce the essence of the publications under three, summarizing headlines

• Physical connectivity, yet regionality

• What shapes pan-Arctic primary production

• The fate of production.

Toward the end we incorporate the knowledge presented in this volume into the overall progress and status of pan-Arctic marine ecosystem integration that has been achieved, so far, through the four pan-Arctic integration symposia.


PHYSICAL CONNECTIVITY, YET REGIONALITY

Physico-chemical conditions shape the ecosystems within the Arctic Ocean and form the environmental envelopes that constrain key biotic processes. These environmental conditions create system connectivity across the Arctic Ocean, yet carry substantial regional signals, superimposed on the pan-Arctic scale, that create variability. System connectivity is exemplified by critical pan-Arctic aspects, including advective inputs that shape large regions and contiguous domains (Bluhm et al.; Polyakov et al.), the propagation of wave energy across the pan-Arctic shelves (Danielson et al.), the Arctic freshwater budget and the role of Arctic river runoff and meltwater on stratification (Brown et al.; Janout et al.), and related to that the vertical distribution, mixing and supply of nutrients (Randelhoff et al.). At the same time, several articles show that these very features are modulated by conditions specific to regions and contiguous domains that create functional diversity. This is for example shown in the variable strength of stratification (Brown et al.; Janout et al.; Polyakov et al.) as well as the divergent responses to climate change signals between the two basins (Polyakov et al.) and the upper and lower continental slope (Bluhm et al.).

As one example of pan-Arctic connectivity, Danielson et al. highlight continental shelf waves as a mechanism to transfer energy around the Arctic shelves. Their model- and observations-based study finds that storm surges can trigger waves that have elevation maxima near the coasts and velocity maxima on the continental slopes. Slope regions are advective pathways discussed by Bluhm et al., and form a near-continuous band shaped by the Atlantic- and Pacific Water inflows. This along-slope connectivity significantly contrasts with the strong cross-slope gradients in water masses and the dominance of physical processes. For instance, Randelhoff et al. provide a pan-Arctic view of vertical mixing and nutrient fluxes and find that these are greatest over the continental slopes, which explains the productive ecosystems in this narrow band (e.g., Ardyna et al.).

Stratification is a key parameter for ecosystem projections, as future ecosystem processes will include the balance between enhanced light levels allowed by longer open water periods, at the same time constraint by increased stratification due to enhanced ice melt and surface warming. Numerical ecosystem projections in fact suggest that the continental slope regions within the Atlantic water inflow region may be among the few regions where productivity increases due to reduced stratification and enhanced nutrient supply by the Atlantic water (Bluhm et al.). An increasing impact of the Atlantic- and Pacific Water inflows on the Arctic system (Atlantification and Pacification) is noticeable based on a nearly 4-decade-long observational archive presented by Polyakov et al. The most prominent changes include a salinification and weakened stratification along the Eurasian continental slope, while increasing Pacific water influx led to enhanced heat and freshwater levels in the Amerasian Basin and, in particular, in the Beaufort Gyre freshwater storage system. Freshwater is thus a key parameter in the Arctic Ocean, which directly controls the ecosystem through stratification and, hence, nutrient supply. Brown et al. conceptually highlight the integrative role of the freshwater on the Arctic ecosystem and biogeochemical conditions and underline the changing seasonality due to changes in the freeze-melt-cycle. Large rivers contribute significantly to the Arctic freshwater budget, and thus to its strong regionality. The focus of Janout et al. on the Lena-influenced Laptev Sea shelf underlines the river's importance for the regional and larger-scale shelf system. They further find that longer open water seasons will increase the variability of stratification and therefore reduce the predictability of the ecosystem.



WHAT SHAPES PAN-ARCTIC PRIMARY PRODUCTION?

Arctic marine primary production is contributed by planktonic algae and sea ice algae as well as by macroalgae, microalgae, and seagrasses on the seafloor. Although most studies focus on the pelagic compartment, benthic primary production may be considerable, e.g., constituting 35% of total primary production in a high-Arctic Greenland fjord, where sea ice algae contributed <1% and phytoplankton contributed the rest (Rysgaard and Glud, 2007). A coarse upscaling suggests that benthic gross primary production amounts to 26% of annual phytoplankton net primary production across the Arctic Ocean (Attard et al., 2016). Light conditions, and hence indirectly sea ice and snow cover, are together with nutrient levels and water temperatures key determinants of primary production in the Arctic Ocean.

The overall reduction in extent and thickness of Arctic sea ice cover in combination with reduced snow cover on sea ice influences the amount of light entering the upper ocean and thereby affects primary production. Stroeve et al. combined data from satellites and models to map the pan-Arctic under-ice light scape for the past decade with monthly resolution. They stress the role of snow depth, especially at the time of the spring bloom, as well as ice thickness, which features prominently in the fall as key determinants of the light penetration supporting positive trends in under-ice PAR. The decrease in ice cover gave rise to the hypothesis that nitrate limitation of phytoplankton is becoming increasingly prominent. Randelhoff et al. showed that nitrate fluxes explained observed regional patterns and magnitudes of new primary production and that nutrient inventories are largely determined by the strength of stratification and by bathymetry. On this basis these authors suggested that vertical turbulent nitrate fluxes can be a reliable proxy for Arctic pelagic primary production.

Three articles of the Research Topic address temporal change and physical forcing on autotrophs (pelagic algae and sea ice algae) in the marine offshore Arctic (Ardyna et al.; Nöthig et al.; Hop et al.). Patterns in standing stocks of pelagic algae (chlorophyll a) and particulate organic carbon synthesized over 25 years varied across the Arctic with highest levels in the Fram Strait and Barents Sea and lowest levels in the most ice-covered regions of the central Arctic Ocean (Nöthig et al.). Over the study period, summertime chlorophyll stocks slightly increased in the Fram Strait but remained more or less constant in the central Arctic Ocean, while particulate organic carbon stocks eventually increased in the central Arctic Ocean. In addition to the open-water pelagic primary production, a so far under-evaluated contribution to primary production is through under-ice blooms. Ardyna et al. highlights the changed phenology of the Arctic Ocean due to the increased under-ice light field. Based on a multidisciplinary approach, the authors provide a baseline of our current knowledge of under-ice blooms. Hop et al. studied sea-ice algae based on a data compilation of four decades across the central Arctic Ocean. They show that multiyear sea ice contains ~40% more diatom species than first-year ice and that the recent decrease in multiyear sea ice has consequently led to decreased sea-ice protist diversity. Moreover, changing freeze-up scenarios as currently witnessed in the central Arctic also affected the biodiversity of sea-ice protists and might result in long-term changes in the community.

Benthic marine vegetation also responds to the major changes in the Arctic Ocean light and temperature regime. Temporal trends at 38 sites across the Arctic Ocean show that macroalgal and seagrass abundance, productivity and/or species richness have been increasing at most sites (Krause-Jensen et al.). Species distribution modeling support the finding of stimulated benthic primary production as the modeled current potential pan-Arctic macroalgal distribution area represents a major increase since 1940–1950 and associated polar migration rates averaging 18–23 km decade−11 (Krause-Jensen et al.).



THE FATE OF PRODUCTION

Regardless of the magnitude of primary production, standing stocks and composition of the underlying autotrophic community (e.g., Ardyna et al.; Krause-Jensen et al.; Nöthig et al.), only a small fraction of the organic material sinks out to the Arctic seafloor where it is partly remineralized by benthic biota. Kiesel et al. combined new field measurements of benthic diffusive and total oxygen uptake in the Barents Sea and Arctic Basins with comparable recent data from the Laptev and Beaufort Sea. Through this integration they document the dimension of difference in remineralization rates between shelf and basin areas, which are primarily related to the much lower availability of organic matter in the deeper areas. In contrast, they show that the highly variable bacterial abundances are only weakly related to remineralization levels. Wiedmann et al. expanded this perspective to a fully pan-Arctic level (here deeper than 1,000 m). Through their compilation of published data on primary and secondary production, pelagic consumption, and vertical flux estimates, they identify a mismatch between carbon available to and estimates of carbon demand at the seafloor. They suggest this gap in the carbon budget may be due to missing event-based local carbon influxes such as those from fast-sinking algal aggregates, zooplankton carcasses as well as occasional large food falls. Carbon inputs are unequally distributed across the basins and margins. In their review of continental slopes, Bluhm et al. highlight that biomass peaks at inflow slope regions in pelagic and benthic communities are related to strong inflows of particle-rich sub-Arctic waters and their subsequent transport along the boundary current at the upper slope. While along-slope and vertical exchange barriers maintain these gradients, cross-slope “leaks” facilitate shelf-basin exchange of water and carbon in both directions. All three author teams conclude that continued warming and declining sea ice is likely to enhance primary and secondary production with consequences for (possibly enhanced) vertical flux and remineralization at the seafloor yet acknowledging that inflow regions and upper ocean layers are the first to experience such changes.



PROGRESS AND STATUS OF PAN-ARCTIC MARINE ECOSYSTEM INTEGRATION

Pan-Arctic comprehension of marine ecosystems, subjected to the greatest climate change impacts of the planet, made further progress. How do the current publications regarding the physical forcing and biogeochemical cycling in surface waters, the connectivity between surface and deep basins and adjacent slopes and the ecology of the lesser-known shelf ecosystems fit into the overall picture of pan-Arctic integration? All 48 publications derived from the four pan-Arctic integration symposia, presented and enumerated in Supplement 1 are shown in Figure 1 that illustrates the geographic distribution of these pan-Arctic publications that address the ecological function of entire ecosystems. The lack of integrative publications covering the eastern Barents Sea to the western Chukchi Sea and the central Arctic Ocean are obvious. More emphasis must not only be given to these regions in the future, but also to the highly variable Canadian Arctic Archipelago, Hudson Bay and Baffin Bay. Figure 2 illustrates an idealized and simplified cross section of the Arctic Ocean shelf and the distribution of publications that deal with particular ecosystem processes. Some integration effort has been dedicated to the seasonal ice zone and the shelfs the Arctic Ocean, while knowledge gathered from the slopes and basins is rather limited. Thirteen publications, shown as an insert in Figure 2 deal with particular processes that are investigated throughout the pan-Arctic Ocean expanse. Over time, a development from specific geographic regions over particular ecosystem compartments toward processes throughout the pan-Arctic expanse can be noted. This development illustrates that pan-Arctic integration is well underway, despite remaining knowledge gaps. Based upon these publications and symposia a conceptual modeling toolkit in support of unifying the pan-Arctic perspective has been developed (Wassmann et al., 2020). To the major gaps belong off course the deep Arctic Ocean, and the entire expanse of the seasonal ice zone. The dynamics and processes near the land-sea interface of the inner shelves are also easily overlooked (changes in sea-ice cover, suspended sediment concentrations, light availability, and productivity) and are likely more complicated near-shore (see the Riverine Coastal Domain in Wassmann et al., 2020).


[image: Figure 1]
FIGURE 1. Geographic distribution of pan-Arctic integration publications, i.e., pan-Arctic publications that address the ecological function of entire ecosystems. See Supplement 1 for a numbered overview of all pan-Arctic integration publications. The colored circles indicate the publications from the present volume.
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FIGURE 2. An idealized cross section of the Arctic Ocean shelf and the distribution of publications that deal with particular ecosystem processes. The insert shows the publications dealing with processes investigated throughout the pan-Arctic Ocean expanse. The geographic shelf studies, presented in Figure 1 were excluded. The colored circles indicate the publications from the present volume.


Future symposia should, for example, address the functioning of the seasonal ice zone and the dynamics over the slope regions. Not only is the Arctic subjected to the by far greatest climate change impact, but the seasonal ice zone is the ecosystem that is exposed to the greatest climate changes on earth. The changes in ice thickness, light availability, freshening and stratification result in fundamental changes that need our immediate attention.
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Data from coastal tide gauges, oceanographic moorings, and a numerical model show that Arctic storm surges force continental shelf waves (CSWs) that dynamically link the circumpolar Arctic continental shelf system. These trains of barotropic disturbances result from coastal convergences driven by cross-shelf Ekman transport. Observed propagation speeds of 600−3000 km day–1, periods of 2−6 days, wavelengths of 2000−7000 km, and elevation maxima near the coast but velocity maxima near the upper slope are all consistent with theoretical CSW characteristics. Other, more isolated events are tied to local responses to propagating storm systems. Energy and phase propagation is from west to east: ocean elevation anomalies in the Laptev Sea follow Kara Sea anomalies by one day and precede Chukchi and Beaufort Sea anomalies by 4−6 days. Some leakage and dissipation occurs. About half of the eastward-propagating energy in the Kara Sea passes Severnaya Zemlya into the Laptev Sea. About half of the eastward-propagating energy from the East Siberian Sea passes southward through Bering Strait, while one quarter is dissipated locally in the Chukchi Sea and another quarter passes eastward into the Beaufort Sea. Likewise, CSW generation in the Bering Sea can trigger elevation and current speed anomalies downstream in the Northeast Chukchi Sea of 25 cm and 20 cm s–1, respectively. Although each event is ephemeral, the large number of CSWs generated annually suggest that they represent a non-negligible source of time-averaged energy transport and bottom stress-induced dissipative mixing, particularly near the outer shelf and upper slope. Coastal water level and landfast ice breakout event forecasts should include CSW effects and associated lag times from distant upstream winds.

Keywords: continental shelf wave, Arctic, storm surge, sea level, coastal trapped wave, tide gauge


INTRODUCTION

Sea surface height (SSH) variations in the Arctic include the direct influences of atmospheric pressure fluctuations (Chelton and Enfield, 1986; Ponte, 2006), tides (Kowalik and Proshutinsky, 1994; Padman and Erofeeva, 2004), wind-forced Ekman transports (Hughes and Stepanov, 2004; Ma et al., 2017), steric height variations (Aagaard et al., 2006; Henry et al., 2012), isostatic adjustments (Whitehouse et al., 2007), and global sea level rise (Proshutinsky et al., 2004). These processes each have characteristic amplitude, time and length scales that depend on basin geometry, forcing functions, and restoring mechanisms. Together, SSH variations and their associated currents help define the nature of the Arctic marine system through their contributions to the regulation of oceanic heat, freshwater and nutrient fluxes.

Of the processes noted above, wind forcing drives a dominant proportion of the sea level and current velocity response across synoptic time scales (roughly 1.5−11 days) over the basin and the continental shelves. Using satellite data, modeling and heuristic arguments, Fukumori et al. (2015) showed that SSH variations of the deep and shallow parts of the polar basin are not well correlated, and attributed some variability on the shelves to coastally trapped waves. Continental shelf waves (CSWs) have been identified as sources of synoptic-scale oceanic variability in both the Atlantic (Calafat et al., 2013) and Pacific (Pickart et al., 2011; Danielson et al., 2014) sectors of the Arctic. Such waves form an important bridge between the work of wind upon the ocean, its transmission via oceanic fluxes of kinetic and potential energy, and its eventual dissipation, which may result in diapycnal mixing. These fluctuations depend on basin shape and bathymetry (section “Setting”), generation mechanisms and dynamical characteristics of CSWs (section “Wave Classification”), and wave propagation around the Arctic margins (section “Linking the Shelves”).


Setting

The geomorphology of the Arctic shelves and basins (Figure 1) is fundamentally important to the character of SSH variations. From the Barents Sea to the Chukchi Sea, the Arctic continental shelf is broad (>500 km), except near the apex of the Taymyr Peninsula between the Laptev and Kara Sea where both Vilkitsky Strait and the shelf to the outside of Severnaya Zemlya are only ∼50 km wide. In contrast, the Alaskan Beaufort Sea shelf (∼80 km), the Mackenzie shelf (∼150 km), and the shelf to the north of the Canadian Arctic Archipelago and Greenland (100−200 km) are all relatively narrow. The shelves are shallow (<100 m) from the Laptev Sea to the Mackenzie shelf in the Beaufort Sea, but significantly deeper (to ∼350 m) over the Barents and Kara Seas and north of the Canadian Archipelago and Greenland.
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FIGURE 1. Map of the Arctic Ocean showing place names mentioned in the text and our model domain. Model depths (adapted from Jakobsson et al., 2012; Danielson et al., 2015) are shown with a log-based color shading. Black circles labeled in increments of 1000 show distances in km along the coastal transect (xct) starting at the model boundary on the west coast of Norway (blue line). Abbreviations include: BC = Barrow Canyon, BS = Bering Strait, CAA = Canadian Arctic Archipelago, FS = Fram Strait; MS = Mackenzie Shelf, NSI = New Siberian Islands, SZ = Severnaya Zemlya, WI = Wrangel Island, VS = Vilkitsky Strait.


Islands delineate some of the shelf seas and represent semi-permeable boundaries between them. The Severnaya Zemlya archipelago separates the Kara and Laptev seas; the New Siberian Islands separate the Laptev and East Siberian seas; and Wrangel Island separates the East Siberian and Chukchi seas. The Canadian Arctic Archipelago is a topographically complex region in which frictional and scattering effects are both expected to play important roles; however, a detailed description of CSWs in this region lies beyond the scope of this study.



Wave Classification

Coastal trapped waves are a family of wave types whose dynamics depend upon density stratification, water depth and bottom slope, and the shape of the boundary (coast, shelf-break or other edge); see Wang and Mooers (1976); Brink (1991), Huthnance (1995). A subset of coastal trapped waves includes CSWs, which exhibit the characteristics of topographic Rossby waves in the presence of a vanishing coastal wall and a homogeneous water column (Buchwald and Adams, 1968; Wang and Mooers, 1976). Their generation is tied to the along-shore component of wind stress, which drives coastal set-up and set-down via cross-shelf Ekman transport (Adams and Buchwald, 1969; Gill and Schumann, 1974). CSWs can be expressed as the sum of multiple modes that each satisfy a wave equation (Clarke, 1977). The first mode of variability (Mode 1) often accounts for most of the coastal sea level changes at synoptic periods and, in the unstratified limit, Mode 1 approaches the case of a purely barotropic shelf wave (Gill and Schumann, 1974; Wang and Mooers, 1976), which is occasionally referred to as a coastal trapped surface Kelvin wave (Wang, 2003; Cushman-Roisin and Beckers, 2011). The phases of CSWs and surface Kelvin waves propagate cyclonically around closed systems such as the Arctic Ocean so that when viewed looking downstream, they propagate counterclockwise in the Northern Hemisphere with shallow water located to their right.

CSWs have frequencies (ω) that are smaller than the local inertial frequency (f; Figure 2), and their length scales are much greater than the shelf bottom depth (H). Along-shelf dimensions are typically set by the scale of the wind forcing (of order 103 km) and the dispersion relationship. Their cross-shelf length scale is the smaller of the shelf width (L) or the barotropic Rossby radius of deformation, [image: image], where g is gravitational acceleration. CSW phase speed (“celerity”) cp = ω/k is defined as frequency per wavenumber (k), while energy travels with the group velocity, cg = dω/dk. Wavelength λ = 2π/k so that Rbtk = 1 denotes a wavelength that is 2π greater than the Rossby radius. Dispersion relations (Cushman-Roisin and Beckers, 2011) delineate differing wave types and behaviors. Kelvin waves are non-dispersive (meaning that different wavelengths all travel at the same speed) and have a frequency directly proportional to the wavenumber; i.e., ω = fkRbt. The CSW dispersion relation can be expressed in terms of a uniform bottom slope, α,
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FIGURE 2. Dispersion relationships for surface Kelvin waves (blue), the continuum of Poincaré waves (red), and continental shelf waves (CSWs) for uniform bottom slopes of α = 1 × 10–4 (cyan) and 2 × 10–4 (green). The portion of the dispersion relationship for the focus of this paper is located close to the origin, within the black box.
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In the portion of the spectrum where the CSW frequency is small relative to the local inertial frequency (e.g., for the case in Figure 2 with α ∼10–4), CSWs are only weakly dispersive (spreading of differing wavelengths and frequencies is minimal) and their character nearly merges with that of the surface Kelvin wave as Rbtk approaches zero. The maximum frequency for CSWs occurs at Rbtk = 1 and the group velocity changes sign on either size of this critical wave number (kc). For wave numbers smaller than kc, phase and energy propagate in the same direction; for shorter wavelengths, energy propagation opposes the direction of phase propagation; see a discussion of Antarctic CSWs by Marques et al. (2014).

Variations in shelf width and depth around the coastal perimeter affect CSW propagation, amplitude, wavelength, and speed characteristics. For the shallow Arctic shelves with characteristic depths of 30−60 m (e.g., the East Siberian Sea), Rbt ∼125−175 km, while for deeper Arctic shelves (e.g., the Barents Sea) with a mean depth closer to 250 m, Rbt ∼360 km. Thus, the external radius of deformation is on the order of, or less than, the shelf width over the broad Arctic shelves but greater than the shelf width over the narrow Beaufort and Greenlandic shelves and narrow passages near islands. Our focus is on the portion of the dispersion curve where Rbtk << 1 (denoted by the small box near the origin in Figure 2). For CSW phase speed on an infinitely wide shelf, Rbtk approaches zero and Eq. 1 can be reduced to cp = αgf−1 for bottom slope α (Cushman-Roisin, 1994), although assumptions of a uniformly sloping and infinitely wide continental shelf do not hold exactly. The East Siberian Sea has an average bottom slope α of 60 m per 500 km, or about 1 × 10–4, whereas α for the Barents Sea slope is about 230 m per 1000 km, or 2.3 × 10–4; however, large bathymetric variations in the Barents Sea means that, locally, substantially larger bottom slopes can be found. At 72°N, cp is thus on the order of 7−30 m s–1 (600−3000 km day–1). Surface Kelvin waves, restored by gravity, travel at the shallow water wave speed [image: image], which, for speeds of 7−30 m s–1, conforms to a range of water depths (5−100 m) that encompass the majority of the shallow Arctic shelves. Hence, the Arctic shelves have bottom slopes and seafloor depths that we expect to predetermine a bounded range of CSW phase speeds and wavelengths.

Beyond the adjustments of propagating CSWs determined by shelf geomorphologies and dispersion relations, the magnitude of wind-induced SSH response to wind stress depends on the relative orientation between the wind direction and the coastline, the shelf stratification, and the strength and duration of the wind forcing. Cushman-Roisin and Beckers (2011) provide a useful steady-state relation for a storm surge amplitude (A) in an unstratified water column; A ∼ LFτ(ρgH)−1, where LF is fetch length, ρ is water density and τ is wind stress. Storm surges, once set up, are associated with finite along-shelf length scales matching that of the wind forcing. Their pressure fields rapidly (on the order of one inertial period) seek geostrophic balance, developing along-coast flow. The associated currents and mass transport, in turn, raise the downstream surface elevation and in this fashion a CSW propagates away from the local forcing region of a storm surge, adjusting to depth changes in order to conserve energy and vorticity. Coastal divergence (sea level set-down) anomalies similarly propagate as free waves, but with currents oriented in opposition to the direction of the sea level anomaly propagation. Pickart et al. (2011) showed that the relaxation response to the cessation of upwelling winds along the Beaufort Sea continental slope results in both barotropic and baroclinic responses having phase speeds that match theory for the two wave types.

Bathymetric and coastline variations induce CSW damping, reflections, refractions, scattering, and phase changes. Scattering that induces zero group velocity maximizes local energy loss (Brink, 1980). Long and otherwise non-dispersive CSWs can become dispersive where wavelength becomes smaller than the bottom depth (Mysak, 1980). Poincaré waves (ω = [f2 + gHk2]1/2) represent a potential sink of energy for CSW scattering through a non-linear cascade of energy into high frequency motions (Melville et al., 1989). Irregularities in the Siberian coastline may scatter CSWs into high frequency super-inertial Poincaré waves (Mysak and Tang, 1974); an “inverse cascade” may also occur with Kelvin wave generation by multiple Poincaré waves impinging upon a coastline (Howe and Mysak, 1973). Impingement upon blocking coastlines can result in phase-changing reflections, while sudden narrowing of the continental shelf, such as near the confluence of the Chukchi and Beaufort Seas or in the Kara Sea near Vilkitsky Strait, can scatter a portion of the energy, trap some energy, and permit a portion of the energy to pass through, in the fashion of a bandpass filter (Wilkin and Chapman, 1987).



Linking the Shelves

Early descriptions of CSWs include observations from near the Australian coast (Hamon, 1966), the US West coast (Cutchin and Smith, 1973), and the US East coast (Mysak and Hamon, 1969). In the Arctic, CSWs have proved useful in describing synoptic flow variations in the Barents and Kara Seas (Calafat et al., 2013; Drivdal et al., 2016) and in the Pacific sector of the Arctic (Pickart et al., 2011; Danielson et al., 2014). Conditions are also favorable for CSWs to traverse the passages through the Canadian Arctic Archipelago and along the Greenlandic shelves, but we are aware of only one study describing their effects in these regions, Fukumori et al. (2015), who noted the potential of these locations as likely pathways for diverting coastally trapped wave energy southward.

For phase velocities cp > 0 and group velocities cg > 0, as occurs for Rbtk << 1, the Beaufort continental shelves are downstream of the Chukchi Sea, which in turn is downstream of both the broad Siberian shelves to the west and the Bering Sea shelf to the south. Fram Strait represents the single major continental shelf discontinuity along the Arctic Ocean’s perimeter, indicating that the Barents Sea shelf is an upstream origin of circum-Arctic wave motions, and the east Greenlandic shelf is the downstream terminus. In the quasi-circular and semi-enclosed Arctic Ocean, cross-basin length scales (3000−4000 km) are of the same order of magnitude as horizontal length scales of large atmospheric low-pressure systems. Hence, a large Arctic storm has the ability to drive cross-shelf Ekman transport simultaneously across many degrees of longitude. Fukumori et al. (2015) pointed out that Ekman transport across the continental slope drives an out-of-phase SSH relation between the shelf and basin and that coastally trapped waves can account for some SSH variability at monthly and shorter time scales. Csanady (1997) noted that many studies document the along-shore progression of oceanic response to wind forcing but the identification of freely propagating signals in the ocean is much less common.

Local winds over the Pacific-sector Arctic continental shelves can account for 30−50% of the synoptic scale variability in the coastal region, while including time-lagged remote winds can increase the fraction of variance explained by 10−20% (Danielson et al., 2014; Weingartner et al., 2017; Fang et al., 2020). Using a 1-layer (two-dimensional barotropic) model of the Pacific Arctic forced only by wind, Danielson et al. (2014) showed that including the combined effects of locally generated storm surges and their associated propagating shelf waves provides a skilfull reproduction of observed current variations in Bering Strait (r2 = 0.79 in winter months) for synoptic-band current fluctuations. That study highlighted the importance of CSW generation over both the Bering Sea and the East Siberian Sea shelves to flow variability in Bering Strait. Subsequent studies by Peralta-Ferriz and Woodgate (2017) and Okkonen et al. (2019) also highlighted the East Siberian Sea as a regionally important locus for wind forcing and potential CSW generation.

Here, we build on these prior results with a broader spatial characterization of Arctic CSWs, and show that shelf elevation, circulation, and dissipation fields can depend on upstream atmospheric forcings that are even more distant than those considered by previous studies. To demonstrate how shelf waves mechanistically link the circumpolar shelves, we employ tide gauge and oceanographic mooring data, atmospheric reanalysis data, and a combination of realistic hindcast and idealized numerical experiments using ocean model integrations.

The rest of this paper is organized as follows. Datasets and models are described in Section “Materials and Methods.” Results are in Section “Results and Discussion,” beginning with a set of model-data comparisons that demonstrate model fidelity in reproducing wind-driven SSH anomalies. We then seek evidence of CSW behavior in the observations and the model results, describe their behavior, and quantify propagation speeds and the fraction of energy lost as they propagate along the Arctic continental shelves.



MATERIALS AND METHODS


In situ Data

We use hourly and 6-hourly SSH data from16 coastal tide gauges from Norway, Russia, Alaska, Canada, and Greenland, and 4 moored pressure gauges on the Laptev, Chukchi and Bering Sea continental shelves (Table 1). The pressure gauges are all from relatively short taut-wire subsurface moorings deployed in water depths of less than 60 m. Record lengths vary due to data availability at each site. Some Arctic tide gauge stations do not report for part of each winter due to ice and some have nearly complete records over our time frame of interest.


TABLE 1. Station name, number, station type (mooring = M, tide gauge = TG), location, start date for the band-passed time series records shown in Figure 4, total number of hours of model-data overlap (N) used for computation of correlation (r), variance of the observed record, ratio of modeled to observed variance, and the root mean square error (RMSE) between the model and observed records.
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Seasonal, tidal, inertial and super-inertial fluctuations occur in frequency bands outside of our primary interests; unless otherwise stated, we focus on the synoptic time scale by bandpass-filtering the model and observational records using a 6th order phase-preserving Butterworth filter. A 1.5-day high frequency cutoff eliminates tidal (semidiurnal and diurnal) and inertial signals and an 11-day low frequency cutoff eliminates fortnightly signals associated with spring-neap tidal variability, and seasonal and interannual signals.



Atmospheric Reanalysis

We use the JRA55-do reanalysis (Tsujino et al., 2018) to characterize atmospheric conditions, force the ocean model described in Section “Ocean Model,” and correct the tide gauge and mooring data for the inverse barometer effect (Chelton and Enfield, 1986; Ponte, 2006). The JRA55-do reanalysis has been corrected in a manner similar to that of the Coordinated Ocean-ice Reference Experiment 2 (CORE2) effort (Yeager and Large, 2008) to be as self-consistent as possible for driving ocean models without flux biases. JRA55-do improves on CORE2 in that it has higher spatial and temporal resolution and is updated annually to provide the most recent year.



Ocean Model

For ocean hindcasts and idealized forcing experiments, we use the Regional Ocean Modeling System (ROMS), described by Shchepetkin and McWilliams (2005). ROMS is a free-surface, three-dimensional, hydrostatic primitive equation ocean circulation model that is based on a terrain-following, finite volume (Arakawa C-grid) configuration.

Our model implementation, which we refer to as the Pan-Arctic ROMS model (or PAROMS), is set up using ROMS options for high-order algorithms of tracer advection (3rd order upwind in the horizontal direction and 4th order centered in the vertical direction); surface and bottom boundary layers following the K-Profile Parameterization (Large et al., 1994); and atmosphere-ocean bulk flux computations based on the ocean model prognostic variables (Fairall et al., 2003; Large and Yeager, 2009). We employ a split integration approach, with slow and fast time steps of 60 and 3 s, respectively. The vertical coordinate system (50 layers) is based on terrain-following sigma-layers with finer resolution within the surface and bottom boundary layers. ROMS is coupled to a sea-ice model (Budgell, 2005) consisting of the elastic-viscous-plastic (EVP) rheology (Hunke and Dukowicz, 1997; Hunke, 2001), Mellor and Kantha (1989) thermodynamics, and frazil ice growth (Steele et al., 1989). Even though this sea ice model uses just one thermodynamic ice category, our Arctic simulations exhibit skillful results in the marginal ice zone (Danielson et al., 2011). PAROMS is implemented with a landfast ice parameterization that is based on estimates of basal stress as described by Lemieux et al. (2015).

The PAROMS domain (Figure 1) is configured for the Pan-Arctic region with a telescoping grid that stretches from south of the Aleutian Islands in the North Pacific (∼5 km resolution in the Bering Sea) to southern Greenland in the North Atlantic (∼8 km resolution in the Barents Sea). The telescoping grid was chosen for computational efficiency, minimizing the number of total grid points while maintaining the highest affordable resolution in the narrow Aleutian Island passes and Bering Strait. The bathymetry is a merged product that incorporates smoothed versions of the Alaska Regional Digital Elevation Model (ARDEM) version 2 (Danielson et al., 2015) and the International Bathymetric Chart of the Arctic Ocean version 3 (IBCAO; Jakobsson et al., 2012). Hudson Bay and the long Ob River estuary fall outside of the model domain and are truncated with closed model boundaries. The model surface forcing and terrestrial freshwater is based on the JRA55-do atmospheric reanalysis. Terrestrial freshwater, heat and volume fluxes are provided to the model through the coastal sidewall at all grid points, following a conservative mapping of the terrestrial discharge (Danielson et al., 2020) from the JRA55-do coastal runoff. Initial and boundary conditions are from the Simple Ocean Data Assimilation (SODA) for 1980−2015 (Carton et al., 2018) and global GOFS 3.0 HYCOM fields (Wallcraft et al., 2009) for 2015−2018. Inspection of model outputs across 2014−2015 shows a smooth transition between the boundary condition source change, so the relatively small differences in SODA and HYCOM reanalyses along the PAROMS boundary do not impact our results, which focus on shelf regions distantly located from the model edges.

While ROMS computes horizontal pressure gradients according to the equation of state, in our integrations model SSH fluctuations (ζ) do not include adjustments for atmospheric pressure or steric effects. Hence, to facilitate comparison we apply inverse barometer corrections (Chelton and Enfield, 1986) using the JRA55-do sea level pressure reanalysis estimates (−1 cm hPa–1) to the observational data. We mostly constrain our model-data comparisons to fall and winter months when the Arctic shelf water column is not strongly stratified and steric effects are small.

An inner shelf transect (blue contour in Figure 1) is useful for evaluating PAROMS output and JRA55-do atmospheric forcing along the coast. The transect contour crosses estuaries and straits to better follow likely CSW propagation pathways. Distances along the contour are reported in kilometers beginning at the edge of the model domain on the west coast of Norway. Temporal bandpass filtering of model results is identical to that described above for mooring and tide gauge data and is applied to model outputs except where noted.



Model Integrations

We examine four sets of ocean model integrations in our study, which we designate integration groups A, B, C, and D. Integration A is a January 2010 to November 2018 PAROMS realistic hindcast that includes the setup and forcings described above in the “Atmospheric Reanalysis” and “Ocean Model” sections. The model writes hourly outputs of ζ and vertically averaged east and north velocity components (u and v, respectively) at all grid points. This hindcast is for direct comparison to the tide gauge and mooring data. A March 2017 breakpoint in the Integration A hindcast serves as the starting point for all Group B and Group C integrations.

Group B (Figure 3) is a set of integrations, each run over the same one-month period, with and without forcing from tides and the JRA55-do reanalysis winds. We leave the density structure to continue to drive slope boundary flows and other baroclinic flows throughout the domain. Baroclinic and non-tidal barotropic flows through the PAROMS Pacific and Atlantic boundaries remain, as does the perpetual Pacific-to-Arctic flow through Bering Strait. To minimize the effects of stratification and surface fronts, group B runs are initialized from a mid-winter breakpoint of integration A. Group B integrations help us isolate and identify the effects of wind forcing.
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FIGURE 3. Group B integrations showing ζ (SSH variations) spanning 30 days in March and April 2017 along the coastal transect (xct) shown in Figure 1. The top row has raw, unfiltered ζ for three forcing conditions (a) with winds and tides; (b) with winds but without tides; (c) without winds and tides. The bottom row (d–f) isidentical to the top, except ζ is band-passed with a 6th order Butterworth filter between periods of 1.5-11 days. Note the different amplitude scales between the top and bottom row. The panels show that wind-forced signals can be well extracted from tidal and low frequency signals through band-pass filtering.


Integration Group C is a series of 22-day model runs begun from the same hindcast breakpoint (March 2017) as Group B, but under the influence of idealized wind forcing applied to isolated shelf regions. This approach allows us to examine the effects of propagating ocean anomalies after the idealized wind forcing is removed. Group C integrations begin with 5 days of no wind forcing to allow the inner shelf circulation and thermohaline fields time to adjust into unforced conditions (see Figures 3c,f). Following the spin-down, surface wind stress remains zero everywhere except for a localized patch of downwelling-favorable wind stress applied to one of the Arctic shelves. After the 5-day adjustment into unforced conditions, wind stress is smoothly ramped up from 0 to 0.14 N m–2 (approximately 10 m s–1) over the course of 2 days, held steady for 3 days and then ramped down again over the course of 2 more days. The imposed winds are favorable for coastal convergence via Ekman transport and applied only in shelf regions with seafloor depths less than 500 m. Following the cessation of wind forcing, the integrations then continue for an additional 8 days. We ran another integration for the full Group C 22-day time period without any wind forcing throughout, thereby providing a reference field that can be subtracted from the forced run to capture the anomaly response. Hourly outputs (depth-averaged velocity and sea level) from these integrations are subsampled (for data handling efficiency) to a regular grid spacing of 5° in longitude and 0.25° in latitude. We report zonal energy fluxes across the 5°-spaced meridional transects, which extend from the coast northward into the basin. For Bering Strait, we integrate the meridional energy flux across the east-west oriented strait; here, the model was not subsampled in order to maintain adequate lateral resolution.

Finally, we compute Integration D using reanalysis winds applied to an isolated portion of the Pacific Arctic shelf using a ROMS setup that consists of a 2-d (barotropic) model based on vertically integrated equations of motion as described by Danielson et al. (2014). This model run helps demonstrate the impact that distantly forced CSW signals can have on downstream adjoining shelves. Group C and Group D integrations were run with neither tides nor sea ice.



RESULTS AND DISCUSSION


Separation of Signals

We first examine the behavior of modeled tide-induced and wind-induced SSH variations along the coastal transect (blue line in Figure 2). Hovmöller plots of the Group B integrations prior to temporal filtering (Figure 3) show that the synoptic-band influence of the wind can be readily separated from the higher frequency (e.g., tidal and inertial) signals. In addition, we find that wind forcing is primarily responsible for relatively large-amplitude (tens of cm) ζ signals that propagate anticlockwise along the Arctic coast. The speed (slope) of these propagating signals exhibits similarity through time more so than in distance along the coastal transect, suggesting that changes in speed are linked to spatially invariant properties such as the seafloor bathymetry.

The integration without winds and without tides (Figures 3c,f) shows a model e-folding spin-down time scale of about half a week. The spin-down is a result of starting from a solution forced by winds and tides that are subsequently turned off. The model exhibits some non-tidal high-frequency oscillations having large variance along the northern edge of the Canadian Arctic Archipelago (along-track distances of about 12,000−14,000 km). Investigation of this signal suggests that it is tied to boundary effects in southern Davis Strait and the complex bathymetry of the Archipelago.



Hindcast Model Performance

Using the integration A hindcast, we assess the ability of the 3-D PAROMS model to capture observed SSH fluctuations. We plot 3-month segments of normalized (unity variance, zero mean) time series of each filtered record and the corresponding model record (Figure 4 and Table 1). The normalization is implemented to highlight covariation similarities of the two signals. The skill of the model hindcast is quantitatively described by the correlation, variance ratio, and root mean square error (RMSE) given in Table 1. For most of the comparisons shown in Figure 4, we use three fall months (October through December) to minimize the influence of sea ice and stratification on the comparison results. For stations lacking a continuous 3-month record over October to December that overlapped with our model hindcast, we selected three other consecutive fall and/or winter months (Table 1).
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FIGURE 4. Station location map with color shading showing the modeled synoptic band sea level variance (cm2) and thin black contours at 60, 600, and 1800 m depths. Time series each show three months of observed (red) and PAROMS modeled (black) amplitude-normalized SSH variations in the synoptic band. Horizontal axis tick marks are spaced 10 days in time and vertical axis tick marks are spaced every 1 standard deviation. Time series start dates and amplitude variances are given in Table 1. The correlation coefficient shows the correlation for the entire period of record overlap between the model and the observations (not just the 3 months shown).


The model hindcast exhibits some fidelity in capturing synoptic event-scale fluctuations at all comparison sites, although it performs better at some than others (Figure 4 and Table 1). Across all of the stations, the mean variance ratio (52%) shows that the modeled synoptic-band amplitudes typically capture about half of the observed variance. Table 1 shows that the measured synoptic-band amplitudes are somewhat underestimated by the model at almost all comparison sites. Smaller correlations tend to be associated with reduced variances, reflecting the influence of signal-to-noise ratios. The average RMSE is 5.2 cm, with a standard error for this mean of 1.0 cm. The relatively deep Barents and Canadian Arctic Archipelago shelves show weaker model-data correlations, a behavior potentially linked to the following factors. First, the deeper shelves are more likely to remain stratified in fall and winter so the likelihood of a predominantly barotropic response at this time of year is less than on the shallower shelves. Second, sea level variability along the Norwegian coast is related in part to the variable magnitude of the along-slope North Atlantic current (Calafat et al., 2013). Third, the Barents Sea is located close to the energetic Icelandic Low atmospheric pressure cell, so SSH fluctuations imparted by the inverted barometer effect may be relatively larger than along the Siberian coast (Proshutinsky et al., 2001, 2004, 2007; Calafat et al., 2013) if the JRA55-do sea level pressure record is not perfect. We note that the maximum model-observation correlation coefficient occurs at 25 h for the Ulukhaktok station, suggesting a possible issue with the station data time stamp.

For the twenty stations shown in Figure 4, about one-third have a modeled synoptic-band variance that captures at least 50% of that observed, half are in the range of 30−50%, and the last few are between 10 and 30%. Sites #9, #10, #13 and #14 are mooring locations subject to some amount of current-induced tilt that impacts the pressure record; these four sites all have model variances that are fairly small in relation to the observations (13−35%). In contrast, within a few hundred kilometers of sites #10, #13 and #14, land-based tide gauge stations #11 and #12 show variance ratios of 0.58 and 0.73, respectively, suggesting that the underestimates of variance at sites #9, #10, #13 and #14 are likely tied more closely to mooring motion than to model inaccuracy.

Observed and model hindcast (Integration A) SSH fluctuations (Figure 5) over September 2011 to September 2013 at the KH mooring in the Laptev Sea (station #9 in Figure 4) demonstrate the model’s hindcast skill at a site with higher than average model-data correlation (r = 0.73, p < 0.001), RMSE (6.6 cm) and variance (157.5 cm2). The spectra (Figure 5e) show that the model’s frequency content well represents that of the KH observations over tidal, synoptic and seasonal time bands. Note that sub-inertial variability resolved by the model exhibits appreciable skill year-round (Figure 5b), even in the winter months when the Arctic environment is characterized by extensive pack and landfast ice cover.
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FIGURE 5. Site KH (site #9 in Figure 4) over September 2011–2013: (a) observed data (black) and modeled hindcast (red) raw time series; (b) 1.5 to 11 day bandpass filtered time series; (c) wavelet spectra (powers in units of normalized variance), (d) East-West (U, black) and North-South (V, red) raw (not filtered) wind components from JRA55-do at KH; (e) power spectra, smoothed with 5-point running mean filter and 95% confidence bounds on the observed spectra (shading). The confidence range on the model spectra is similar to that of the observed. Shading in panels (b–d) denotes the timing of synoptic scale peaks in the wavelet spectra. Thick black boxes in panels (c,e) denote the synoptic time scale in the spectra and wavelet plots. Small crosses at the top of panel (d) show instances of KH wind speed >10 m s–1. Black contours in panel (c) show wavelet peaks that are significant at the 95% confidence level.




Spatial and Temporal Structure of the Arctic SSH Field

Having established the ability of the PAROMS model to reproduce the observed SSH variability at select observation stations with some fidelity, we turn next to a broader characterization of the pan-Arctic SSH field. In qualitative agreement with observed variances, the synoptic band modeled elevation variance is particularly high along the Alaskan coast in the Bering and Chukchi seas (Figure 4 map inset). The variance is notably high far from the shore in mid-shelf regions of the Laptev and East Siberian seas. We hypothesize that the elevated amplitudes along the Arctic Eurasian and Alaskan coastlines are associated with the effects of local wind forcing plus some contribution from propagating shelf waves. To confirm the hypothesis, we first demonstrate the existence of propagating anomalies in the ocean and then show that the signals are freely propagating waves and not merely the ocean’s response to propagating atmospheric storm systems. Based on prior studies, we expect a priori that most of the coastal anomaly response is driven by local wind forcing. Disentangling the ocean’s direct response from that of a propagating CSW may be difficult if storms translate along the shelf at a rate close the shallow water wave speed and in the same direction. Our approach herein is to tackle these two issues sequentially, beginning with analyses of the available observations and then turning to targeted model integrations.

Site KH in the Laptev Sea (station #9 on Figure 4) lies in a region of elevated SSH variability on the Eurasian shelf, at a location just upstream of where the shelf broadens and relatively high variances extend over 100 km offshore. The time-frequency distribution as resolved by wavelet analysis at this site (Figure 5c) shows numerous but intermittent high-amplitude events within the synoptic time scale. We find that the most energetic wavelet peaks (black contours in Figure 5c) in the synoptic time scale all coincide with instances of at least 10 m s–1 in local wind forcing (e.g., December 2011; May 2012), but not all wind peaks of 10 m s–1 (e.g., January 2012; March 2013) are associated with coincident wavelet energy maxima of similar magnitude. Instances of wind >10 m s–1 are shown by crosses along the upper axis of Figure 5d. In winter, the KH location is often located close to the landfast ice edge (Janout et al., 2016), and this may affect the wind-current relation.

To test for the existence of eastward propagation of the hypothesized wave-like signal along the Arctic coastline, we computed lagged correlations using both observed and model data at KH (Station #9) relative to the upstream station at Cape Sterligova (#5) and downstream stations at NE60 (#14), Prudhoe Bay (#15) and Tuktoyaktuk (#16). We chose these stations based on the model’s skill at reproducing the local SSH variations (Table 1), spacing (to avoid adjacent stations being too close to demonstrate propagation), and overlapping of records in time. The comparison shows agreement between the model and observations, with fluctuations at Cape Sterligova occurring approximately 1 day before arriving at KH (Figure 6). On the downstream side, the maximal correlation occurs at about three to 4 days for site NE60, 4 to 5 days for Prudhoe Bay and 6 days for Tuktoyaktuk. The interval between the large negative correlations lying to either side of the zero-lag unity autocorrelation at KH is about 6 days for the model and 8 days for the observations, suggesting a time scale for the passage of one complete waveform at KH. The interval between the passage of a waveform based on peaks in the Figure 6 correlograms gives phase speeds of 9−13 m s–1, or approximately 800−1100 km day–1. Faster propagations are associated with the downstream side of station KH. This is consistent with a tendency for eastward-propagating CSWs velocity anomalies to associate with wider shelves and steeper seafloor slopes at the continental shelf break (shown in Section “Shelf Wave Effects” below).
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FIGURE 6. Lagged correlations relative to station KH of band-pass filtered observed (red) and band-pass filtered modeled (black) ζ anomalies. From top to bottom: Cape Sterligova, KH, NE60, Prudhoe Bay and Tuktoyaktuk. Relevant maxima are located with vertical dashed lines. The observed correlations are based on the maximum data record overlap without gaps between the two records, with the number of hours of overlap (N) denoted on each panel. The modeled correlations are based on the integration A hindcast using all record hours (N = 77,761). Spread of the black and red dashed lines suggests that uncertainty in the identification of the wave passage is generally less than a day. Uncertainty also depends on record length and ζ anomaly decorrelation time scales (2–6 days).


A dispersion relationship for the Barents and Kara seas (Figure 7) derived from one month (October 2014) of our filtered model output shows wave energy concentrated at periods near 2−6 days for wavelengths of 2000−7000 km, and at phase speeds of about 500−3000 km day–1. These values fall within the range of the analytical solution for CSWs, suggesting that a substantial portion of the propagating energy in this particular month is indeed associated with CSW dynamics. Dispersion relationships for some other months show considerable energy existing at the smallest wavenumbers, suggesting that for these months the dominant response is not associated with CSWs but rather with faster-moving storm systems.
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FIGURE 7. Two-dimensional power spectra (grayscale shading) calculated using PAROMS model hindcast results for the Barents and Kara Seas from one representative month (October 2014) along with dispersion curves (Eq. 1) for the continental shelf waves (CSWs; solid lines).


We constructed a time-lapse depiction of a canonical Laptev Sea shelf wave (Figure 8) by using site KH as a reference. Seeking to isolate strong signals in the synoptic band, we selected two standard deviations (+15 cm) at KH as a threshold. For all ζ anomalies at KH exceeding the threshold we averaged ζ anomalies across the whole Arctic at multiple time lags (spanning −3 to +5 days at one-day intervals). Over the 9-year model hindcast, we identified 104 positive ζ peaks at KH that exceeded two standard deviations (15 cm), or nearly one event per month on average. These events are seasonally skewed to late summer, fall and early winter months, with 65 of the 104 events occurring between August and January (Figure 9).
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FIGURE 8. Compilation of PAROMS model hindcast results showing the pan-Arctic maps of the instantaneous ζ anomaly averaged at snapshot time lags of –3 to +5 days relative to ζ excursions that exceeded two standard deviations at site KH (marked with gray “X”). Averages are based on the 104 ζ > 2 standard deviation events in the 10-year hindcast.
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FIGURE 9. Monthly distribution of ζ > 2 standard deviation events per year for positive (red) and negative (blue) amplitude anomalies over the course of the 9-year model hindcast.


The first, weak, positive-amplitude ζ anomalies are observed over the Barents and Kara seas at lags of −3 and −2 days (Figure 8), followed by a stronger, coherent, and coastally enhanced anomaly in the Kara Sea at a lag of −1 day. The crest encompasses most of the Laptev Sea shelf at lag t = 0 (because site KH is the reference) and begins to enter the East Siberian Sea at lag + 1 day. Over lags +2, +3, and +4 days the crest crosses the East Siberian and Chukchi seas, and a portion passes southward through Bering Strait at lag +5 days. The ζ > 0 anomaly in Figure 8 extends across about 60 degrees of longitude, or about 800 km in along-shelf length. Note that the wave crest is preceded and followed by a negative anomaly trough. Such a trough is associated with the CSW and is also, in part, a consequence of zero-level offsets associated with the filtering operation. Bering Strait is about 2500 km and 3100 km from the New Siberian Islands and Vilkitsky Strait, respectively, so the canonical wave passing along the Siberian shelves exhibits a propagation speed of about 600−800 km day–1, which closely matches the expected phase speeds estimated in the “Wave Classification” section above.

A comparison of wind and SSH fluctuations demonstrates the complex linkages between the atmospheric forcing and oceanic responses (Figure 10). Low pressure systems intrude into the Barents and Kara seas (near Figure 1 coastal transect distance xct = 5000 km) from the North Atlantic (xct = 0) on a regular basis, bringing wind and sea level pressure anomalies. Low pressure systems also propagate into the Arctic from the Pacific sub-Arctic near Bering Strait (xct = 9000). Propagating ocean anomalies also disappear in the vicinity of Bering Strait, either by escaping southward or by otherwise reflecting or dissipating.
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FIGURE 10. Sixty days (vertical axes) beginning November 01, 2011 along the coastal transect (horizontal axes, xct) shown in Figure 1 of panel (A) wind speed magnitude (m s–1), (B) best fit regression (ζW = b0 + b1U + b2V) of wind vector components U and V to the band-pass filtered ζ; (C) band-pass filtered SSH anomaly ζ, and (D) the estimated remotely forced SSH anomaly ζ -ζW. The black lines A and B denote along-shore propagation speeds of 800 and 1600 km day–1, respectively. Slope of A best matches the ζ anomaly progression in panel (D) while the slope of B best matches the development of wind forcing in panel (A). For display purposes, amplitudes (C,D) have been clipped to –0.5 and 0.5 for values falling outside of this range.


Large-amplitude ζ anomalies (of either sign) in Figures 10, 11 are often associated with energetic local winds but our focus is on the more weakly propagating oceanic signals that extend beyond the time frame and spatial extent of surface wind forcing. For example, in Figure 10, wind was strong and favorable for coastal convergence in the Barents and Kara seas over days 30−35 but abated over days 35−40. This event set up height anomalies that propagated to at least xct = 9000 at a rate of ∼800 km day–1 (line A in Figure 10). The slope of line B (∼1600 km day–1) in Figure 10 matches the evolution of the wind forcing, while the slope of line A matches the progression of the ocean response.
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FIGURE 11. Bandpass-filtered time series of integration A modeled ζ (red) and the best-fit wind relation ζW (blue) at 1000 km intervals along the coastal transect (xct, Figure 1) beginning October 01, 2011.


Two notable features recur in the Chukchi Sea, where a distinct discontinuity in SSH variability persists through all months (Figure 10C). First, eastward-propagating waves often appear to undergo a 180-degree phase change as they impinge upon the Bering Strait region (near xct = 9000). Second, a “flattening” of the oceanic SSH anomalies consistently occurs between xct = 8,000 and 10,000 (Figures 3, 10). This feature reflects the effects of the coastline orientation: waves traveling eastward across the southern Chukchi Sea impinge upon the westward-facing Alaskan coastline nearly simultaneously for xct = 9,000 to 10,000, causing an apparent (but not real) local acceleration relative to the along-coast transect. Presumably, a transect along the continental slope would not depict such an acceleration.

Turning back to the Group B integrations (Figure 3), we note that, as expected for a shelf wave governed by seafloor depths (but not from storms propagating with bathymetrically unconstrained speed and direction), the band-passed results with wind forcing depicts propagating features that exhibit highly consistent phase speeds along much of the coastal transect: the propagating anomalies retain similarity in slope from one event to the next in both Figures 3, 10. Atmospheric storms are not constrained by ocean dynamics: while the wind Hovmöller plot (Figure 10A) shows temporally propagating wind forcing, the structure in the wind field is far less consistent than within the ocean field. The wind field (Figure 10A) shows both propagating events and near-stationary wind events (relative to the along-coast direction) that are persistent through time (e.g., days 45−60 at xct = 8000 to 10,000 near Bering Strait). It is difficult to explicitly separate the effects of propagating storm systems from propagating shelf waves in the realistic hindcast model of integration A; therefore, we now turn to a series of idealized numerical model integrations that allow us to better examine the nature of the CSW in isolation.



Shelf Wave Effects

Group C integrations (see the “Model Integrations” section) applied downwelling favorable wind (that triggers shoreward currents) to select shelf seas over the course of seven days. Beginning with an integration driven by easterly winds over the Kara Sea shelf, we sought evidence of propagating anomalies (Figure 12). The evolution of ζ and vertically averaged velocity anomalies, with anomalies computed as the forced integration minus the equivalent unforced Group C integration, depict the CSW signal confined to the shelf east of the forcing region (Figure 12). The ζ > 0 anomaly induced by the wind forcing propagated eastward at ∼1000−2000 km day–1 and velocities were maximal near the shelf break. Velocity and ζ anomalies were strongest near the forcing region with values near 10−20 cm s–1 and 10−20 cm, respectively. Magnitudes diminish with increasing distance from the forcing region; however, for integrations with wind stress applied to the Barents and Kara seas, speed anomalies up to 5 cm s–1 were observed as far away as the Beaufort Sea. The imposed wind stress magnitude is common for Arctic storms and, while the integration is idealized, the magnitude of the response may be characteristic of storm events that persist for a few days.
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FIGURE 12. Difference between two model integrations, where one has no wind forcing and the other has an eastward surface wind stress with maximum amplitude of 0.14 N m–2 induced over the Kara Sea (wind magnitude and location depicted in the small inset maps). Color in the main panels shows the ζ anomaly; vectors indicate barotropic velocity anomaly (see upper left panel for scale vectors). The plotted velocity vectors are spaced by 1° latitude for visual clarity. Time from the integration initialization is at the bottom of each panel. Wind stress begins at zero, ramps up during days 1–3 and ramps down to zero during days 6–8.


To quantify the fate of CSWs once they have propagated away from the source region, following Kowalik and Murty (1993) we estimated the zonal and meridional components of lateral energy flux as:
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As with the patterns of barotropic velocity anomaly, energy flux is intensified near the shelf break and predominantly eastward (Figures 12, 13), consistent with the dispersion relationship (Eq. 1).
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FIGURE 13. (a,d) Hovmöller plots of zonal energy flux (integrated over meridional lines), where red and blue represent eastward and westward propagation, respectively. Dark red colors include values above 8 × 108 W. The vertical axis spans 16 days of model integration; the horizontal axis is longitude and aligns with the longitude axes in panels (b,e,c,f). The gray box denotes the spatiotemporal occurrence of the downwelling wind stress impulse in the Kara Sea (a,b,c) and the Barents Sea (d,e,f). The dashed lines correspond to a phase speed of ∼1900 km day–1. (b,e) Gray lines show the integrated energy flux along the dashed lines in panels (a,d) and the black line is the ensemble average. Integrated fluxes are normalized to the maximum value in the zonal range, hence the vertical limits span 0 to 1. (c,f) A map of the major coastal topographic features along the zonal range. Dashed lines show the longitudes (5° spacing) over which total zonal energy is computed in panels (a,d,b,e).


We quantitatively assessed the evolution of CSW energy that propagates eastward across the shelves (Figures 13a,d), computing bulk zonal fluxes (Ftot, in Watts) (Figures 13b, 14B) by integrating the zonal energy flux (Eq. 2) across north-south transects (Figures 13c,f). For the group C integration with forcing in the Kara Sea (Figures 13a−c), the energy flux Ftot was a maximum of ∼109 W at the eastern boundary of the forcing domain at t = 5 days. The decay was spatially non-uniform as the CSW propagated eastward. The energy flux dropped between the Laptev and East Siberian seas as the wave passed by the New Siberian Islands (∼130°E); there was a slower decline as it transited the East Siberian Sea, losing ∼10% of its energy prior to another large fractional decline in the Chukchi Sea (Figure 13b). By the time the CSW reached the coastal Beaufort Sea, the bulk zonal flux had declined by an order of magnitude to ∼108 W. Over the broad, flat Eurasian shelves, away from islands, the decrease in eastward energy flux can be attributed to seafloor dissipation (there is no ice in the idealized integration C runs). In the Chukchi Sea, however, Bering Strait offers a southward pathway for losing Arctic-sourced wind energy (Eq. 3) to the sub-Arctic. The analysis shows that of the energy entering the Chukchi from the west, about half passes southward through Bering Strait and one quarter passes beyond Point Barrow into the Beaufort Sea, suggesting that the remaining quarter is dissipated locally (Figure 14).
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FIGURE 14. (A) Time series of integrated energy flux (Ftot) across the three transects shown in the inset map (East Siberia, Point Barrow, and Bering Strait) for the Kara Sea integration shown in Figure 12. The dashed line represents energy dissipation local to the Chukchi Sea: the difference between the CSW energy entering and leaving the region. The Point Barrow and Bering Strait time series are shifted by 14 and 10 h, respectively, to align the wave phases as they cross the integration transects. (B) Same as (A), but normalized by Ftot at the East Siberian line in order to highlight, fractionally, the pathways for CSW energy entering the Chukchi Sea.


For the Group C integration with wind applied over the Barents Sea (Figures 13d−f), we find that about half the eastward-propagating energy is lost near the Severnaya Zemlya archipelago and most of the remainder progresses onto the Laptev Sea either through Vilkitsky Strait or along the northern side of the archipelago. Energy fluxes lacking along-shore propagation tendencies appear as stationary tendrils that persist in time (e.g., near 90 and 110°E) in Figure 13d. These features may represent topographically trapped leakage of CSW energy into higher modes; they deserve future investigation and characterization.

We compare the magnitude of the CSW energy flux depicted in Figures 13, 14 with the mean northward flux of potential and kinetic energy carried by the Bering Strait throughflow. We applied the energy flux equation (Eq. 3) to the along-strait (northward) component of flow and integrated across Bering Strait (L = 85 km) with a typical flow of v = 0.3 m s–1, a cross-strait sea level variation of ζ = 0.2 m and an average depth of H = 50 m. For Bering Strait, Fy ∼ 2.6 × 109 (potential) + 1.2 × 108 (kinetic) ∼2.7 × 109 W. The vast majority (96%) of the total is due to the northward advection of potential energy. Under typical strong northward flow conditions (v ∼ 1 m s–1) the kinetic energy flux increases by a factor of almost 40, while the potential energy flux increases by only a factor of three. Figure 14 suggests that the peak energy carried southward through Bering Strait by CSWs sourced in the Kara Sea can exceed the typical northward flux of kinetic energy in Bering Strait by a factor of two, but it remains an order of magnitude less than the typical total northward Bering Strait potential energy flux.

Wind-sourced power directly available for mixing can be expressed as PW = δCDρ|W|3, where W is the wind speed (m s–1), and the atmosphere-ocean drag coefficient CD and coupling efficiency δ are typically each about 10–3 (Simpson et al., 1978). For the Chukchi Sea (area ∼5 × 105 km2), the net dissipation of a CSW sourced in the Kara Sea (∼0.5 × 108 W; Figure 14) is unlikely to ever exceed that of local wind forcing, which is ∼5 × 108 W for extremely weak winds of just W = 1 m s–1. However, because CSW velocity anomalies are enhanced near the shelf break and in other regions of trapping, even shelf waves with distant origin may meaningfully contribute to local diapycnal mixing via bottom-stress induced turbulence.



SUMMARY AND DISCUSSION

Our analyses show that the Arctic continental shelves are dynamically linked by propagating sea surface height and velocity anomalies associated with continental shelf waves (CSWs). The CSWs drive fluctuations in sea level and the currents in the coastal zone, near the shelf break, and in the vicinity of important chokepoints including Bering, Vilkitsky and Fram straits. The CSWs may play a role in climate-relevant processes such as mixing on the continental shelf and slope, and motion of sea ice. Although the effects are often less pronounced than impacts of locally forced diapycnal mixing (Rainville et al., 2011), ice motions (Spreen et al., 2011), or plume spreading (Bauch et al., 2011), they nevertheless represent an important remotely forced source of synoptic scale variability. The coasts of Norway and the Alaskan Bering Sea are sub-Arctic CSW generation sites from which wind-sourced energy propagates into the Arctic; channels of the Canadian Arctic Archipelago, Fram Strait, and Bering Strait represent pathways for Arctic-sourced CSW energy to escape the generally north-facing Arctic coastline.

The Arctic wind field repeatedly triggers new CSWs that propagate eastward to interact with the downstream elevation and flow fields, which are also under the influence of their own local winds and other forcing mechanisms. Therefore, it is difficult to analytically separate the effects of stationary local wind forcing, propagating wind forcing, and propagating oceanic responses. We have demonstrated that analyses of a combination of observational datasets and a range of numerical model simulations of varying forcing complexity allows us to at least partially decompose the synoptic Arctic SSH field into these different mechanisms. In situ (Figure 4) and model (Figures 4, 6, 8, 10, 12, and 13) data suggest that CSWs initiated over the Kara or Laptev seas may exert their influence over the course of at least 6 days.

Sea surface height variability caused by CSWs can impact longer-term (e.g., monthly) estimates of ocean mass and surface elevation derived from satellites operating with orbits that under-sample true ocean variability. Analysis of GRACE satellite and numerical model results suggests a basin-coherent dominant mode of SSH variability, representing about half of the variance, a secondary pattern that is a shelf-basin dipole, about one-fifth of the variance, and an even weaker pattern centered over the Barents Sea (see Volkov and Landerer, 2013; Peralta-Ferriz et al., 2014). The dipole feature appears consistent with phasing of the Arctic Oscillation and the Arctic Ocean geomorphology and thence to the associated wind field and Ekman dynamics. However, the relation between the monthly GRACE bottom pressure estimates and synoptic scale variations on the shelf is not fully clear because the GRACE data are adjusted (based on ocean modeling) to minimize the effects of aliased measurements (Landerer and Swenson, 2012; Cooley and Landerer, 2019), yet shorter-than-monthly variability appears to impact the monthly GRACE anomalies (Fukumori et al., 2015).

The shelves’ bathymetry variations, coastlines and islands trigger CSW wavelength and amplitude adjustments based on dispersion characteristics. To a lesser extent, changes in Coriolis parameter may also force wave adjustments, but variations in f are relatively small (1.33 × 10–4 < f < 1.45 × 10–4 s–1) for the range of coastal latitudes between the Arctic Circle and the northern tip of Greenland. The broad Bering and Eurasian shelves are relatively flat; therefore, as suggested by Figures 13, 14, we expect that the effects of archipelagos and blocking coastlines will dominate the scattering of CSWs into higher modes.

SSH variability is important for safety and infrastructure protections associated with storm surge conditions, travel on landfast sea ice, contaminant spill responses and search and rescue efforts, all of which require knowledge of ocean current direction and speed. Regionally and locally driven storm surges are normally well anticipated and broadcast by forecasters, but propagating shelf waves are not necessarily considered in public forecast analyses or warnings of storm surge conditions due to the limited spatial extent of some forecast models, which can end at national or other arbitrary boundaries. Arctic subsistence hunting activities often use landfast ice as a platform for travel and staging (Gearheard et al., 2006) but the right combinations of ocean currents, winds, SSH anomalies and internal ice dynamics can trigger detachments of landfast ice. Landfast ice breakout events have surprised Indigenous hunters, with near-disastrous results for whale hunt participants near Utqiagvik, Alaska, in 1957 and 1997 (George et al., 2004).

As a final example of the potential magnitude of CSW effects in the eastern Chukchi Sea, we show results of the group D integration, a 2-D numerical model described by Danielson et al. (2014). This idealized model, based on vertically integrated equations of motion, is forced only by reanalysis winds over the Bering Sea. There is no mean background Bering Strait net throughflow and there is no wind applied over the Chukchi Sea. Hence, any flows detected in the Chukchi Sea are the result of northward-propagating CSWs that originated in the Bering Sea. The underlying bathymetry includes shelf isobaths that converge upon Barrow Canyon, which appear to focus the passing CSWs close to shore and accelerate the currents. Speeds exceed 20 cm s−1 in both along-shore directions for the coastal convergent (Figure 15A) and the coastal divergent (Figure 15B) phases. Height anomaly magnitudes exceed 25 cm in the positive and negative directions for the coastal convergent and coastal divergent wave forms, respectively. Together, the amplitude and speed of these waves suggest their potential importance for landfast ice breakout events.
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FIGURE 15. Two examples of Chukchi Sea CSWs generated south of Bering Strait using a 2-D ROMS model with wind stress only applied over the Bering Sea (Bering Sea not depicted on this map). Colors and contour labeling show SSH anomaly (cm). Note elevation anomalies of ±30 cm and currents reaching 20–30 cm s–1. The location of Barrow Canyon is indicated in panel (B). Panel (A) shows an example of a sea level set-down associated with coastal divergence. Panel (B) shows an example of sea level set-up associated with coastal convergence.


Our hindcast model with full atmospheric and tidal forcing contains most of the physical processes required to represent the complex behavior of CSWs in the Arctic Ocean. However, we require more studies to disentangle the different processes so that we may move more closely to understanding how Arctic coastal trapped waves may change in future climates. These processes include the roles played by stratification, landfast ice, seasonality in storm events, regional differences, and their impact on other important processes such as diapycnal mixing. For example, we anticipate a high potential for wave-wave interactions in the Chukchi Sea where CSWs propagating from two different source regions converge. In the Canadian Arctic Archipelago, the complex coastlines and bathymetry undoubtedly reflect and scatter CSWs in interesting but presently unknown fashions. Seasonally changing stratification driven by ice melt and river discharge may alter wave type, behavior, and effects on ocean mixing and ice motion. As shown by Pickart et al. (2011), trapped waves at the shelf break propagating along the seasonal or permanent pycnocline are likely important components of the complete wave environments in these special regions. More accurate seafloor bathymetry grids will foster better model results, as will improvements to the atmospheric wind and pressure models that force the modeled ocean surface, and improvements to the representation of sea ice. Incorporating these additional complexities will improve the accuracy of models used for forecasting (for safety and marine operations considerations) and for assessing the overall response of the Arctic Ocean and sea ice as weather-band forcing changes in an evolving regional climate.
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The Arctic marine system is large and heterogeneous, harsh and remote, and now changing very rapidly, all of which contribute to our current inadequate understanding of its basic structures and functions. In particular, many key processes within and external to the Arctic Ocean are intrinsically linked to its freshwater system, which itself is undergoing rapid and uncertain change. The role of the freshwater system (delivery, disposition, storage, and export) in the Arctic Ocean has recently received significant attention; however, due to the fact that few studies are able to cover all regions and seasons equally, we still lack an accessible, unified pan-Arctic representation generalizing the impacts of freshwater on the upper Arctic Ocean where many biological and geochemical interactions occur. This work seeks to distill our current understanding of the Arctic freshwater system, and its impacts, into conceptual diagrams which we use as a basis to speculate on the impact of future changes. We conclude that an understanding of regional and seasonal variability is required in order to gain a pan-Arctic perspective on the physical-geochemical-biological state of the upper Arctic Ocean. As an example of regionality, enhanced stratification due to freshening will be more important in the Pacific influenced Amerasian Basin, which stores the bulk of the freshwater burden, while the Atlantic influenced Eurasian Basin will experience more consequences related to increased heating from advective sources. River influenced coastal regions will experience a mosaic of these and other biogeochemical effects, whereas glacial fjords may follow their own unique trajectories due to the loss of upwelling mechanisms at glacial fronts. As an example of seasonality, the continued modulation of the sea ice freeze-melt cycle has increased the seasonal freshwater burden in the deep basins dramatically as the system progresses toward ice-free summer conditions, but will eventually reverse, reducing the seasonal flux of freshwater by more than half in a future, perennially ice-free ocean. It is our goal that these conceptualizations, based on the current state-of-the-art, will drive hypothesis-based research to investigate the physical-biogeochemical response to a changing freshwater cycle in a future Arctic Ocean with greatly reduced ice cover.
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INTRODUCTION: THE ARCTIC OCEAN HAS TWO FRESHWATER LIDS, AND BOTH ARE CHANGING

The Arctic Ocean (AO, Figure 1) is a “beta” ocean, in that its salt-stratified halocline constrains and shapes its fundamental processes and functions related to stratification, circulation, and mixing (cf. Carmack, 2007). It is this freshwater (FW) feature that, in fact, allows an ice cover to form and persist by limiting the depth of seasonal heat exchange and mixing, and constrains the upward flux of nutrients to the euphotic zone. Together, the ice cover and halocline provide a shield (the solid and the liquid “lids”) to limit the vertical exchange of heat and wind energy with the upper AO. Under recent climate warming both lids are changing rapidly, but not in uniform, predictable, or well-understood ways. For example, an intensified hydrological cycle is anticipated to follow in a warming climate, and with sea ice decline, a greater fraction of the internal FW burden now cycles seasonally between the solid (ice) and liquid (halocline) lids, the latter of which has both a seasonal and perennial structure, as emphasized here. Further, it is now established that responses to climate change are decidedly regional, and that effects will be felt disproportionally among seasons (Polyakov et al., 2017, 2018, 2020). We focus here on these two “lids” as a central location for FW exchanges and cycling on seasonal and regional time and space scales, with particular emphasis on the upper ocean. Since we focus our discussion on the coupling between physics, geochemistry, and biology, we define the “upper” ocean as the seasonal surface mixed layer, where many of the FW-relevant interactions among these systems take place. Our aim is not to provide a review of the Arctic FW system, as this has been done recently (Carmack et al., 2015c; Haine et al., 2015; AMAP, 2017), but rather, our goal is to distill these syntheses and current state-of-the-art knowledge into a conceptualized view of the regionality and seasonality of FW in the Arctic Ocean. This is in order to make generalizations about how FW is affecting physical-geochemical-biological interactions from a pan-Arctic perspective, where possible. It also provides a starting point for hypotheses-driven research to address knowledge gaps and test future scenarios of an intensified hydrological cycle impacting an Arctic ocean with greatly reduced sea ice. Specifically we address: (1) the present role of the two FW lids and how they are already changing (section “Present State of the Regionality and Seasonality of Freshwater in the Arctic Ocean”); (2) the consequences of these changes to the physics of the upper ocean (section “Changing State of Freshwater in the Arctic Ocean”); and (3) how the changing upper ocean physics (warmer, altered stratification patterns) influences AO wide geochemical and biological functions and responses (section “Changing Upper Ocean Physics Influences Geochemistry and Biology Across the Arctic Ocean”). We dedicate the remainder of the paper to describing the regionality and seasonality of the effects of changing FW regimes on geochemical and biological systems of the upper AO (section “Regionality and Seasonality of Freshwater Sources Set the Geochemistry and Biology of the Seasonal Mixed Layer”), and project, via conceptualization, recent observations of freshening impacts on these systems into the future (section “Impacts of Continued Freshening of the Arctic Ocean on Physics, Geochemistry, and Biota”). We end by speculating as to the response of the upper AO systems to continued change to FW cycles that may ultimately lead to an ice-free AO (section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”).
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FIGURE 1. Map of the arctic marine system. (A) Polar projection of the Arctic Ocean showing a simplified version of bathymetry, highlighting the deep Amerasian and Eurasian Basins (AB, EB; dark shading) and shallow shelves (light shading), along with idealized Pacific Water (PW) inputs via Bering Strait (BS), Atlantic Water (AW) inflows via the Barents Opening (BO), and major river inputs with blue, red, and white arrows, respectively. Outflows from the AO via the Davis Strait (DS) and Fram Strait (FS) gateways are illustrated with purple arrows; and (B) the highly idealized hydromorphological domains redrawn from Bluhm et al. (2015), where the RCD refers to the Riverine Coastal Domain (see Carmack et al., 2015b, c), major inflow and outflow arrows as in (A).



Present State of the Regionality and Seasonality of Freshwater in the Arctic Ocean

The AO is a mediterranean sea that is forced by, and interacts with, the polar atmosphere, the vast surrounding drainage basins, and the subarctic Atlantic and Pacific oceans to the south (Prowse et al., 2015a, b). A fundamental difference, however, exists between the two marine source waters entering the AO: flows from the Atlantic side entering through the Nordic Seas are alpha-ocean derived, and remain temperature stratified within the West Spitsbergen current as far as 80oN, while those entering through the Bering Strait are beta-ocean derived and salt stratified, drawing upper ocean waters from the North Pacific well north of the Subarctic Front. Upon entering the AO, the Atlantic water (AW) subducts below the surface and forms the base of the AO halocline, while the Pacific water (PW), itself drawn from waters above the North Pacific halocline, subducts to add additional low salinity waters to what is termed “the halocline complex,” which spans the upper ∼225 m or more of the water column, depending on location. Together this sets the background for the so-called “double estuary” circulation of the AO, with incoming subarctic waters becoming both lighter and denser during their passage through the AO (Stigebrandt, 1985; Carmack and Wassmann, 2006), and thus, becomes the first determinant of AO regionality. Variations throughout the year in FW inputs and disposition, both external (rivers, net precipitation, and Pacific inflow) and internal (the sea ice freeze-melt cycle) set conditions for physical-chemical-biological coupling and thus underscore the requirement to also consider the seasonality of the FW cycle.

The AO FW system is traditionally examined through budget considerations, with efforts to reconcile and balance FW inputs, storage, and export of various sources via net precipitation, river discharge, Pacific inflow, Arctic outflow, and sea ice export (Aagaard and Carmack, 1989; Serreze et al., 2006; Tsubouchi et al., 2012; Carmack et al., 2015c; Haine et al., 2015). Limitations should be acknowledged. For example, budgets are most often calculated as an anomaly based on a reference salinity, typically relative to a salinity of 34.8, but regional constraints in the use of a reference salinity exist (cf. Carmack et al., 2008; Bacon et al., 2015; Schauer and Losch, 2019). Still, even with the crude resolution of budget integrations, the importance of regionality of FW storage is strikingly clear (see Figure 4 of Aagaard and Carmack, 1989). Furthermore, Proshutinsky et al. (2009) documented interannual variability in FW content in the Canada Basin in relation to atmospheric forcing, and Bacon et al. (2015) used a model-based approach to examine the seasonal variability of FW fluxes and storage within the AO. They show a summer peak in storage associated with snow melt derived river inflow, and a tendency to store FW in summer and release it in winter, hypothesized to be due to changes in wind-stress curl and to variations in Ekman pumping related to seasonal changes in air-sea-ice coupling.

Estimation of exchanges with the subarctic seas are most frequently based on measurements of transport through four major “gateways” (Fram Strait, Barents Sea, Bering Strait, and Davis Strait; Figure 1A), but the importance of expanding the FW system beyond the classical gateways to the subtropics and even the tropics has recently been stressed (Carmack et al., 2015c; Prowse et al., 2015a, b). Likewise, a full understanding of the atmosphere’s role in the AO FW system requires inclusion of the transport of moisture from the Atlantic to the Pacific by the northeast trade winds, and the subsequent transport of moisture by westerly winds into the Arctic drainage basins (Carmack and McLaughlin, 2011). Shifts in storm track patterns and jet stream structure will likewise alter the delivery of FW to the AO (Prowse et al., 2015a, b). Within the AO, winds and vorticity conservation control surface ocean circulation and therefore FW transport rates and pathways (as summarized by Haine et al., 2015). Although a primary FW input into the Arctic, no significant long-term change has been observed in atmospheric moisture transport over the last three decades (1979–2016), however, warming over the Arctic has resulted in the increase in precipitation in all seasons over this period, and a shift in the seasons has been observed, with the Arctic getting drier over boreal winter, spring, and fall; but wetter over boreal summer (Oshima and Yamazaki, 2017).



Changing State of Freshwater in the Arctic Ocean

The AO receives FW from three different external sources: direct precipitation (balanced by evaporation, P-E), runoff from land (RO), primarily via rivers, and through the inflow of Pacific Ocean water via Bering Strait (PW), which account for roughly 25, 47, and 28% of the contemporary liquid FW delivery to the Arctic Ocean, respectively (cf. Serreze et al., 2006; Holland et al., 2007; Haine et al., 2015). Pan-Arctic observations have indicated that FW inputs from all three sources have increased over the last several decades (e.g., Peterson et al., 2002; Overeem and Syvitski, 2010; Vihma et al., 2016; Woodgate, 2018). While within the AO, the liquid FW content has been increasing since the mid-1990s; concomitant with a persistent decline in sea ice extent, thickness, and volume (e.g., Kwok et al., 2009; Stroeve et al., 2012b; Krishfield et al., 2014; Rabe et al., 2014; Proshutinsky et al., 2015). These additional FW inputs, combined with a decline in storage within solid sea ice, and relatively constant FW export, have resulted in an 8 % increase in the liquid FW content of the AO over the first decade of the 2000s, compared to the 20 years previous; a trajectory which is projected to continue for the foreseeable future (Haine et al., 2015).

Internally, sea ice and the halocline both act as storage reservoirs for FW (Figure 2), which, coupled with a redistribution of solid FW from multi-year sea ice into seasonal sea ice, has consequences for FW distributions under changing circulation pathways. For example, more FW is stored in the central basins than on the shelves, and more in the Amerasian Basin (AB) than Eurasian Basin (EB; Carmack, 2000). Summer sea ice melt increases the liquid FW content of the surface ocean across the pan-Arctic by moving the FW burden from the sea ice reservoir into the halocline reservoir. This seasonal redistribution between the ocean’s solid and liquid “lids,” combined with changing circulation pathways that redirect FW from the EB (saltier) to the AB (fresher), act to regionally redistribute FW across the AO without increasing the total FW content within the AO (e.g., Wang et al., 2019). As summer sea ice extent continues to diminish, the FW burden from ice melt, recycled on an annual basis, has more than doubled since the 1970s and 1980s and now exceeds that of the other (external) sources (Table 1). In the 1980s, freeze-melt (F/M) was estimated to cycle ∼ 4 × 103 km3 yr–1 of FW into and out of the seasonal mixed layer of the deep polar basins (cf. Aagaard et al., 1981), on par with other FW inputs (Table 1). Currently, F/M cycles about ∼9 × 103 km3 yr–1 over the same area, and by ∼2050, assuming an ice-free summer (<10% ice cover) and full winter freeze up of the basin, the volume of FW cycled through the sea ice F/M system will reach a maximum (∼13 × 103 km3 yr–1), more than triple that of the next largest input to the AO (Table 1). The critical distinction here is that FW from sea ice melt creates a strong shallow halocline, essentially separating the euphotic zone from the permanent halocline, while brine released by freezing drives penetrative convection and mixing to the depth of the permanent halocline (Figure 3; e.g., Rosenblum et al., submitted). This is especially important in the central AB, as the nutricline is associated with the deeper, permanent halocline (see section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”), it is effectively separated from the euphotic zone, thereby strongly limiting primary productivity associated with the spring bloom without convective mixing. In a future sea-ice free state, the AO may no longer shunt FW through the sea ice freeze-melt cycle, with potential consequences of removing this FW component altogether (see discussion in section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”), and reducing the seasonal surface ocean FW flux by 60%, effectively making the future AO functionally similar to its neighboring subarctic oceans, particularly the North Pacific. This change in the annual freeze-melt cycle will likely overwhelm all other FW source changes with respect to processes controlling nutrient availability and physical-geochemical-biological coupling.


[image: image]

FIGURE 2. The Arctic Ocean’s two “lids”: sea ice and the halocline. Sea ice growth in winter adds salt to the surface ocean, driving penetrative convection to form the winter mixed layer (WML). In summer, freshwater (FW) is added to the mixed layer through seasonal contributions of sea ice melt, terrestrial runoff (RO) and the balance of precipitation-evaporation (P-E), which strongly stratify the surface ocean. This stratification limits the depth of wind mixing, allowing formation of a shallow summer mixed layer (SML). Below the SML, fractions of the previous season’s processes may remain; specifically, a cool remnant winter water (RWW) immediately above the base of the WML from the previous year. In the presence of sea ice with sufficient open water, a near-surface temperature maximum (NSTM) may form immediately below the SML by solar heating, capped by the cold, low salinity surface layer. These exchanges between the surface ocean layer and the sea ice “lid” occur across the Arctic Ocean, however, the additional FW associated with Pacific water (PW) enhances surface stratification in the Amerasian Basin (AB) and contributes to the difference between the halocline “lid” within the deep AB and that of the Eurasian Basin (EB); represented conceptually in (A,B), respectively. In both the Pacific and Atlantic sectors of the Arctic Ocean, warm Atlantic-derived waters (AW) form the base of the halocline. The water column above is comprised of multiple layers that define the seasonal and permanent haloclines, constrained by the horizontal interleaving of seasonally modified FW inputs. (A) In the Pacific sector halocline, PW inputs from the Bering Sea interflow, increasing stratification, and further constraining the depth of convection. Here, the winter convection penetrates down to the base of the Pacific Summer Water (PSW) and the sub-surface temperature maximum (Tmax), which in turn lies above the Pacific Winter Water (PWW) and the sub-surface temperature minimum (Tmin). Below PW lies lower halocline water (LHW), which likely forms on Siberian shelves. (B) In the Atlantic sector, the thickness and distribution of halocline layers is highly variable across the EB, but includes a cold halocline layer (CHL) and LHW layer above the warm AW layer. Both form as a consequence of sea ice formation and winter convective mixing events; CHL mostly within the basin and LHW on mostly on shelves with subsequent drainage into the basins (after Aagaard et al., 1981; Rudels et al., 1996; Steele and Boyd, 1998; Polyakov et al., 2013; Carmack et al., 2015a; Peralta-Ferriz and Woodgate, 2015).



TABLE 1. Freshwater fluxes to the Arctic Ocean, shown in Figure 2.
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FIGURE 3. Seasonal evolution of the Arctic Ocean “lids.” Cartoon depicting an idealized, 1-D seasonal progression of upper ocean stratification through the freeze-melt sea ice cycle, illustrating the formation of the seasonal halocline and its separation from the permanent halocline complex below. The structures shown are specific to the Amerasian Basin, but analogous reasoning holds for the Eurasian Basin. Here, vertical block arrows denote net heat flux (Q) out of (winter and fall) and into (spring and summer) the upper ocean; horizontal arrows labeled RO denote spreading of the runoff plume waters and horizontal arrows labeled PW denote interflowing Pacific Water; blue isolines illustrate the seasonal cycle of salinity stratification (see text); straight, upwards-directed arrows denote compensation upwelling from the PW (see text); wiggly, downward-directed arrows denote dense, brine rejection during sea ice formation (winter and fall); ellipses with arrows denote brine-driven convection; circles with arrows denote penetrative convection and entrainment across the upper boundary of the permanent halocline due to convection and shear; W is wind, shown here as intensified during fall transition. Green highlighted areas illustrate the relative location of phytoplankton biomass in the water column, while the lower panels illustrate the mean size distribution of phytoplankton within each season, based on an extrapolation of the nanoplankton/picoplankton ratio discussed by Li et al. (2009, 2013).


Many of the exchanges and modifications of FW in the AO occur within the seasonal mixed layer (ML) of the upper ocean (Figure 2). For the purposes of this paper, we consider the ML to have two seasonal configurations, summer and winter. Here the “summer mixed layer” (SML) is a near-homogeneous layer within which low salinity water from ice melt, runoff, and net precipitation is mixed downward in summer, primarily by the winds. The “seasonal halocline” is the layer of strong salinity gradient that lies immediately below the ML. Likewise, the “winter mixed layer” (WML) is the near-homogeneous layer of water that is mixed downward in winter, primarily by brine convection and winds (Figure 2). The permanent halocline is the suite of layers of strong salinity gradient immediately below the WML, that is formed and maintained primarily by advective mechanisms. The depth of the ML is directly influenced by its liquid FW content and has consequences for the amount of heat from air-sea exchange that is trapped in the surface ocean. As stratification increases with FW input, more heat can be trapped in progressively shallower layers. This in turn strengthens the ice-albedo feedback, such that when ice is removed, incoming heat is stored as sensible heat in the water column, rather than used as latent heat to melt ice (cf. Carmack et al., 2015a). Together, these two mechanisms mean that surface waters will warm faster in summer. For example, increased stratification associated with the accumulation of FW (meteoric water and sea ice melt) in the Beaufort Gyre (Toole et al., 2010) has resulted in the storage of heat from solar radiation in the near surface temperature maximum (NSTM) that now persists through the winter (Figure 2A; Jackson et al., 2010). Similar evidence of sub-surface warming is now also observed as NSTM formation in the EB (Figure 2B; Polyakov et al., 2013); however, the presence of this layer will likely be short-lived as weakening stratification in the EB may act to increase heat and nutrient fluxes from below (e.g., Polyakov et al., 2017). This strengthening of the stability of the upper water column may give a double whammy of (1) increasing total stratification (salinity and temperature), and (2) warming of the surface ocean, both of which have consequences for geochemical processes and biological systems.



Changing Upper Ocean Physics Influences Geochemistry and Biology Across the Arctic Ocean

Observation- and model-based discussions of biological change in the Arctic Ocean have generally followed two lines of inquiry. The first involves the joint but counter opposing roles of light and nutrient availability under conditions of sea ice decline and altered salt-stratification (e.g., Ardyna et al., 2011; Table 2). Implicit in these works is often the presumption of homogeneity in the lateral, vertical and temporal distributions of photosynthesizing species, and more-or-less uniform conditions of nutrient availability. The second involves the northward invasion of subarctic species or borealization (e.g., Polyakov et al., 2020). Implicit in these works is the presumption that new species entering local food webs take on the ecological function of the species they replace, with minimal cascading effects, and that regionality plays no constraining role. Our discussions below address these issues.


TABLE 2. The potential consequences of freshening on phytoplankton.
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The seasonal dynamics of water column stability and the development and growth of primary producers in the upper AO over the freeze-melt cycle are described in a conceptual model in Figure 3. This model is based on water mass conditions found in the AB, where nutrient-rich PW interflows to form the uppermost permanent halocline and nutricline (but note that similar reasoning for the separation of the seasonal halocline/euphotic zone and permanent halocline/nutricline holds for conditions in the EB). In winter (Figure 3, left-hand panel) surface heat loss and sea ice formation releases plumes of dense salty water into the underlying water column, resulting in a negative buoyance flux. These plumes then sink and entrain ambient surface layer waters, thus mixing downwards to the depth of the permanent halocline and nutricline. The combined effect of such penetrative convection and shear-induced mixing (cf. Farmer, 1975) allows mixing across the interface and some reset of nutrients into the upper AO. In spring (Figure 3, second panel), sea ice melt re-stratifies the upper ocean, and this, combined with light availability, results in a brief spring bloom, quickly drawing down nutrients made available during winter reset. In this case, however, the positive buoyancy flux greatly impedes the depth of effective mechanical mixing by the wind, thus separating the euphotic zone from the deeper lying permanent halocline and nutricline. In summer (Figure 3, third panel), low nutrient levels in the uppermost ocean suppress new production, resulting in the formation of a subsurface chlorophyll maximum (SCM) immediately above the nutricline maintained by interflowing PW (cf. McLaughlin and Carmack, 2010) where turbulent diffusion (cf. Randelhoff et al., 2020) between the two layers brings some nutrients just above the pycnocline. Finally, in fall (Figure 3, right-hand panel), the onset of freezing again rejects dense brine into the water column, first eroding the summer halocline, and then reaching deeper until limited by the permanent halocline. As such, enhanced productivity, e.g., a fall bloom, will not occur until the summer halocline is fully eroded (Nishino et al., 2020). A key point to note is that the volume of liquid FW involved in the seasonal stratification cycle is currently increasing (with increased summer melting of sea-ice, but current refreezing in winter). But, that cycle may soon reach a maximum (under ice-free summer conditions), and then vanish altogether should the AO enter a perennial ice-free state (see discussion in section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”).

Of course, increasing the total stratification of the halocline and warming the surface ocean will have consequences for geochemical processes and biological systems. The initial effects of increased stratification on primary producers has already been reported. Numerous studies indicate both a decrease in primary production and chlorophyll a biomass (Table 2; Coupel et al., 2012, 2015; Yun et al., 2016) and a shift to smaller phytoplankton (Table 2; Li et al., 2009; Tremblay et al., 2009; Ardyna et al., 2011; Fujiwara et al., 2014) in fresher, more stratified systems (mainly the Beaufort Sea, Canada Basin, and Canadian Arctic Archipelago). Warming has additional consequences. For example, warmer waters increase the metabolism of plankton communities, favoring picoplankton, or species with lower carbon biomass, over larger phytoplankton (Table 2; Tremblay et al., 2009; Coello-Camba et al., 2014a; Fujiwara et al., 2014; Neeley et al., 2018). Furthermore, due to lower activation energies, heterotrophic processes are likely to prevail with a warming surface ocean (Table 2; Vaquer-Sunyer et al., 2010; Holding et al., 2013). Increased temperatures, especially if the heat uptake is confined to shallower layers, may push surface water temperatures beyond the thermal limits of existing vertebrate taxa (Drost et al., 2016), and further stress Arctic residents by the northward migration of boreal species (see section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”). Numerous examples of boreal species invasions have already been documented (e.g., Friis Møller and Nielsen, 2019; Polyakov et al., 2020) whereby traditionally more sub-Arctic species are finding comfortable living conditions in warming waters. Blooms of the North Atlantic calcifying algae Emiliania huxleyi have been observed to follow the ever-encroaching polar front (Neukermans et al., 2018) possibly advected there due to increased current velocities (Oziel et al., 2020).




REGIONALITY AND SEASONALITY OF FRESHWATER SOURCES SET THE GEOCHEMISTRY AND BIOLOGY OF THE SEASONAL MIXED LAYER

As reviewed above, FW inputs to the AO from all sources have increased over the past few decades. These FW contributions are not distributed evenly, however, resulting in both regionality and seasonality of FW inputs across the AO. Importantly, this means that future changes to FW inputs will impact different regions differently, as summarized in Figure 4A and Table 3. Referenced to a salinity of 34.8, PW contributions through Bering Strait dominate the FW composition of inputs across the Pacific inflow shelf, but upon entering the deep basins, PW contributions remain mostly restricted to the AB and the North American interior and outflow shelves, making up only a small component of what exits the AO via Fram Strait. The absence of PW in the Atlantic sector (Atlantic inflow shelf, Eurasian interior shelves, and EB) results in regionally greater relative roles for direct inputs of P-E and RO components on upper ocean properties.
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FIGURE 4. Regionality and seasonality of freshwater sources to the Arctic Ocean. (A) Regionality of freshwater sources: Conceptual representation of the regionality of freshwater sources (Annual runoff, RO, primarily from rivers; Precipitation-Evaporation, P-E; and Pacific Water, PW) to the Arctic Ocean (AO) showing the fractional contribution of each local freshwater source, with literature sources in Table 3. Note: Pacific Inflow shelves average freshwater inputs were estimated based on mean annual RO and P-E as a component of the 1 Sv of PW entering through Bering Strait annually. Pacific Interior shelf freshwater components were estimated with RO and P-E inputs scaled to an average meteoric water content of 20% for Polar Mixed Layer. Amerasian Basin freshwater components were determined by averaging estimates for the Makarov Basin and the Canada Basin. Depending on the location of the Pacific-Atlantic front, the amount of PW in the Eurasian Basin can be quite variable. Here we have separated the Nansen Basin and the Amundsen Basin to illustrate the presence-absence of PW. For the Atlantic Outflow shelves, we separate the CAA and Nares Strait outflow via Baffin Bay and Fram Strait. In all regions, Sea Ice Melt is considered a mixture of freshwater sources and would have the same fractional composition as surface waters. It should also be noted that the freshwater composition of each region is, at best, a qualitative description based on the time interval and regional coverage of the referenced study, and, in most cases, the components were determined using different geochemical tracers, data sets from different seasons, and different methods. For further insight, please see the referenced studies. Central map as in Figure 1B. (B) Seasonality of freshwater sources: Conceptual representation of the seasonality of freshwater inputs to the AO, as in (a), with literature sources as in Table 3. Pacific Water inflow climatology from 1990 to 2004 (purple shaded area; top panel). River runoff to the AO (second panel from the top), including average combined daily discharge for Eurasian rivers: Severnaya Dvina, Pechora, Ob’, Yenisey, Lena, and Kolyma for the period of January 1st to July 31st, 2015 (green shaded area); 1980–1989 average for January to July (dark blue line). Arctic precipitation climatology (third panel from the top) from 1957 to 1990. Arctic Sea Ice Extent (bottom panel) includes 1981–2010 median (dark blue line) and interdecile range (shaded area).



TABLE 3. Regionality and seasonality of freshwater sources to the Arctic Ocean and projections for the future, literature sources for Figures 4, 7.
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Freshwater enters the AO in pulses, both to the shelf seas and central basins, and seasonal cycles dictate the delivery of FW from all sources, including PW inputs (Figure 4B and Table 3; Moore et al., 2018; note the PW FW flux is highly correlated with the volume flux through Bering Strait, Woodgate, 2018). River and PW inputs peak in early summer (June), whereas direct precipitation on the AO peaks later in September. Minima in FW inflows occur in early spring (April-May) for both rivers and precipitation sources, however PW inflows reach their minima in mid-winter (January). Freshwater is further cycled through the freeze-melt of sea ice while in the AO (Figure 4B), intermittently storing and releasing about 12% of the FW reservoir over seasonal and interannual time scales (Haine et al., 2015).

Expected future changes to the seasonality of inputs (e.g., increase RO in winter, Liljedahl et al., 2017; change in PW pathways into the central AO, Alkire et al., 2019; Krumpen et al., 2019) will have consequences not only for when FW enters each region, but for where these inputs are released and stored. For example, FW incorporated into sea ice within the Canada Basin is more quickly exported (>6 year residence time) compared to the liquid FW residing in the surface ocean (<11 year residence time; Yamamoto-Kawai et al., 2009). As well, an increased flux of RO into frozen estuaries with shallow coastal bathymetry can result in the increased retention of FW behind the landfast stamukhi ice zone in winter (McClelland et al., 2012), enhancing sea ice melt once this barrier breaks up in the spring (Nghiem et al., 2014). Overall, the regionality and seasonality of FW inputs, combined with the seasonal cycle of sea ice formation-melt, generate spatial and temporal heterogeneity in FW distributions across the AO, ultimately impacting the ML biogeochemistry most relevant for primary producers. In particular, FW inputs affect access to light (section “Regionality and Seasonality of Freshwater Dictates Access to Light”), nutrient and organic carbon availability (section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”), and the inorganic carbon composition of the surface ocean (section “Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean”).


Regionality and Seasonality of Freshwater Dictates Access to Light

In the AO, primary producers are constantly faced with trade-offs between the limited availability of light (discussed herein) and nutrients (see section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”). Access to light in surface waters is controlled by day length (time of year, latitude), by ice cover, and by turbidity in near-shore environments. The first major consequences of the changing FW “lids” is the effect of sea ice thinning and retreat on the light environment at a given latitude. Indeed, decreasing sea ice cover increases the ocean surface area available for primary producers to harvest light, and satellite-derived estimates of primary production (PP) indicate an increase in some areas experiencing more open water (e.g., Table 2; Arrigo et al., 2008; Arrigo and van Dijken, 2015), though there are many disputes about the robustness of estimates of PP from satellite derived products and their ability to predict harvestable or “new” production (cf. Randelhoff et al., 2020). Furthermore, light availability in the ever-expanding seasonal ice zone (SIZ) can be difficult to predict due to variability in light transmittance through different ice surfaces (Frey et al., 2011). However, simply adding more light does not translate into new PP everywhere. In situ observations fail to corroborate the direct light-PP relationship in some regions, in particular in those which are fresher and more nutrient depleted (Ardyna et al., 2011; Coupel et al., 2012). Furthermore, modeling studies also show disparities in the proportionality of new production and increase in annual photosynthetically active radiation (PAR; see Slagstad et al., 2015). The consequences of sea ice retreat, however, go beyond just changes in bulk productivity, as earlier sea ice retreat has the potential to change the phenology of blooms (Ji et al., 2013) and phytoplankton species composition (Neeley et al., 2018). Phytoplankton blooms have been reported to occur up to 50 days earlier in some areas of extreme ice retreat (Table 2; Kahru et al., 2011) which can create a mismatch situation for secondary consumers with established migration and life cycle patterns whom rely on spring blooms, particularly for the annual pulse of food rich in fatty acids (Søreide et al., 2010).

The place that regionality and seasonality may have the most pronounced impact on light availability is along the contiguous Riverine Coastal Domain (RCD, Carmack et al., 2015b; Figure 4A), which experiences large regional and seasonal fluctuations in both sea ice cover and terrestrial inputs. For ease of discussion, here we consider Greenland and other glacial fjords as part of the RCD, though there are physical mechanisms that control mixing present in some fjords that are not present along the majority of coastal river inputs (see discussion in section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon” below), nor are they necessarily contiguous with the broader pan-Arctic domain. Positioned at the marine and terrestrial interface, the RCD is an intermittent but contiguous, counter-clockwise propagating feature which aggregates multiple riverine inputs along a narrow (<15 km) band of the shallow (<10 m) Arctic coastal zone, thus creating a virtually continuous pathway for terrestrial inputs of sediment, nutrients, and carbon (see Carmack et al., 2015b). The regionality and seasonality of FW inputs to this zone has direct geochemical and biological consequences. River inputs peak when sea ice extent is only part way through its seasonal decline (Figure 4B). With this peak in discharge comes an increased flux of sediments into river estuaries and fjords (Holmes et al., 2002; Overeem et al., 2017), impacting organic material availability and light climate (via turbidity; Wiktor et al., 1998; Murray et al., 2015).

Regionality in drainage basin geomorphic features plays an important role in sediment delivery and dispersal by rivers. For example, rivers that drain areas of tectonism and active glaciation are associated with high annual sediment fluxes (e.g., Mackenzie river) whereas those draining lowlands tend to have low annual sediment fluxes (e.g., Yenisey, Lena, Ob’ rivers; Holmes et al., 2002). Coastal erosion is further responsible for a significant amount of sediment (and particulate organic carbon) along the coastal ocean. In regions with glacial drainage systems, both tidewater and inland glaciers also contribute sediments to the coastal ocean (Table 2; Murray et al., 2015; Overeem et al., 2017; Halbach et al., 2019), much of which contains calcium carbonate and thus can impact the alkalinity of glacial runoff (see section “Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean”). Light can be extremely limiting in high turbidity fjords, with photic depths <10 m (Murray et al., 2015) and extremely steep pycnoclines during the runoff season (Holding et al., 2019). Although the nutricline may be located much deeper, the phytoplankton in these situations are generally concentrated in the upper 10 m due to light limitation, making it difficult to establish an SCM (Holding et al., 2019) and hence primary productivity tends to be minimal and dominated by regenerated, rather than new, production (Randelhoff et al., 2020). Phytoplankton subject to high turbidity, however, may be highly adapted to low light conditions, and hence in the fall, when runoff ceases and turbid inputs lessen, phytoplankton move further down in the water column, close to the nutricline, and maintain minimal production despite short day length and low light levels from seasonally low sun-angle (Table 2; Holding et al., 2019).

Although an important contributor to the light climate of the RCD, much of the suspended sediment delivered by rivers, glaciers, and coastal erosion will be retained in the deltas and estuaries of the coastal shelf, with limited delivery off-shelf and into the deep basins. But there is regionality in this retention as well. For example, river-dominated delta systems can accumulate 8–10 times more material than marine-dominated estuary systems (Bring et al., 2016). Filtration of this suspended material through deltaic and estuary systems (and their inhabitants) represents a significant sink for terrestrial sediments in the nearshore region (Wassmann et al., 2004), and in some situations, these inputs have proven to be detrimental to zooplankton and benthic consumers (White and Dagg, 1989; Wlodarska-Kowalczuk and Pearson, 2004; Thrush et al., 2004; Arendt et al., 2011; Hutchison et al., 2016) although effects are generally local at the point source of sediment input. Still, transport of material out of the RCD can occur through tidal and turbidity currents, as well as through incorporation into sea ice (e.g., Nürnberg et al., 1994; Eicken et al., 2005), which can increase turbidity in the ML upon melt away from the shelf.



Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon

Even when light is not limiting, the presence or absence of FW in the surface ocean directly impacts the penetrating depth of seasonal mixing (see section “Introduction: The Arctic Ocean Has Two Freshwater Lids, and Both Are Changing,” Figure 2), with consequences for the accessibility of nutrients to sunlit surface waters. As described above, the depth of the ML is sensitive both to the physical conditions of the ocean surface (temperature, wind) and the stratifying effect of freshening, so it varies both seasonally and regionally (Figure 5). For example, the AO ML is deeper in winter (∼25 to > 50 m) than in summer (∼5–30 m), and its average extremes are greater in the eastern AO (up to 100+m maximum in winter in the EB), than the western AO (∼30 m maximum in winter in Canada Basin; Peralta-Ferriz and Woodgate, 2015). Freshening has been shown to have contributed to ML shoaling over the last three decades, with a larger impact observed in winter than in summer, and in the AB (20–40 m) compared to the EB (10 m; Peralta-Ferriz and Woodgate, 2015; Wang et al., 2019). And these extreme differences in stratification between the AB and EB may continue to diverge into the future (Polyakov et al., 2020). As FW is removed from the ML by sea ice formation over winter, the insulating effects of the sea ice cover progressively limit heat loss to the atmosphere (Rudels et al., 1996) and reduce wind-driven mixing, whereas penetrative convection by brine rejection helps to mix and homogenize the upper water column (Figure 3). Thus as the ML fluctuates over seasonal cycles, its ability to reach the depth of the nutricline to replenish surface nutrients is not assured (Figure 3). Without the annual disintegration of the summer mixed layer through convection induced by sea ice formation and brine export, nutrients cannot be replenished in the surface ocean (e.g., Nishino et al., 2020).
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FIGURE 5. Seasonal mixed layers across the basins. Basin averaged Nitrate (NO3, μM) profiles from “summer” (June-Sept; blue lines) and “winter” (Nov-Apr; red lines) plotted along a transect through the Arctic Ocean from the Southern Beaufort Sea (SBS) to the Barents Sea (BS). Nitrate data were sourced from the Codispoti Arctic Nutrient Atlas (Codispoti et al., 2011), and have been binned over 10 m depth intervals and averaged for their respective seasons, where data were available. Purple dashed lines indicate the average depth of the seasonal mixed layer “summer minimum” (thin line) and “winter maximum” (thick line) after Peralta-Ferriz and Woodgate (2015), green vertical lines (± SD) indicate the depth integrated average NO3 in the upper 250 m from summer data.


Away from terrestrial (rivers and coastlines) and shallow shelf (remineralization) inputs, discussed below, the accessible “store” of nutrients in the AO basins resides at different depths (Figure 5). If both light and nutrients are available, primary producers will utilize all available nitrate in the ML. So it is this combination of the phytoplankton uptake of nitrate, and the physical conditions of stratification which constrains nitrate from being mixed up from below, that define the nutricline; practically, this is the depth at which inorganic nitrate begins to increase >1 μM (Codispoti et al., 2013). Primary producers reduce nitrate concentrations in the ML annually, necessitating access to nutrient stores held below the ML to fuel new PP in the subsequent year (cf. Figures 3, 5). The SCM depth is the observable result of this balance, which is created when limits are reached in the water column from below (by nutrient limitation) and above (by light limitation), or as a result of lateral advection. Although depth-integrated nitrate inventories in the upper 250 m are relatively consistent across the pan-Arctic basins (green vertical lines, Figure 5), their accessibility by primary producers is set by the upper ocean FW inventory (through stratification), resulting in a non-uniform nutricline depth across the AO (Figure 5). The nutricline itself is “leaky” due to turbulent diffusion (Randelhoff et al., 2020) but this surface FW stratification limits the extent. More nutrients diffuse into the upper water column when stratification is reduced (e.g., by brine rejection and deepening of the ML; Figure 3), but may be further deepened when ice cover is reduced under a convergent wind-field. As an example, wind-driven convergence of FW in the Beaufort Gyre resulted in the deepening of the nutricline in the Canada Basin, driving the SCM deeper in the water column over time (Table 2; McLaughlin and Carmack, 2010).

Regionality and seasonality can also play dual roles in limiting ML nutrient concentrations across the AO. While the Atlantic side gateways deliver a greater loading of nitrate (and phosphate), these loadings are partitioned through a water column ∼80–800 m deep, limiting accessibility to the euphotic zone (Torres-Valdes et al., 2013). In contrast, Pacific-sourced nitrate (and phosphate) through Bering Strait has higher concentrations and is delivered to a shallower and thinner layer ∼60–220 m deep (Tremblay et al., 2015). Pacific water inflow to the AO reaches a maximum in the summer months (June, July; Figure 4B), when phytoplankton in the Bering and Chukchi Seas are able to efficiently utilize available nitrate (Cooper et al., 1997; Brown Z. W. et al., 2015), limiting major nutrient influx to the winter season when PW inputs are lower (Figure 4B). The volume flux of PW inputs also impacts the residence time of waters on the Chukchi Sea inflow shelf, with corresponding implications for nutrient availability. Observations of reduced flushing time (∼7.5–4.5 months) associated with increased PW volume flux (1990–2015) could ultimately have far-field implications on nutrient availability and primary productivity, due to shorter bottom water residence times (e.g., reducing the time for organic matter remineralization) and faster currents (e.g., increasing turbidity with sediment resuspension, more rapid advection of plankton; Woodgate, 2018). Adjacent to the Pacific and Atlantic gateways, winter mixing in the shelf seas plays an important role in replenishing ML nutrients by tapping into mid-depth reservoirs of Pacific and Atlantic derived nutrients (SBS, BS; Figure 5), as well as bottom waters that have accumulated nutrients through remineralization in shelf sediments (Brown Z. W. et al., 2015; Granger et al., 2018). Within the deep basins, the EB maintains the highest year-round surface nitrate concentrations, likely due to the persistence of ice cover for much of the year (Randelhoff et al., 2020), whereas deep winter mixing in both the Canada and Makarov Basins is unsuccessful at replenishing surface nutrients as stratification limits penetration to the nutricline (Figure 5).

Should nutrients be replenished in the ML over winter, stabilization of the upper water column with sea ice melt aids in forming a phytoplankton bloom in the spring. This is the classic condition along the ice edge or the Marginal Ice Zone (MIZ), especially in the Barents Sea (Wassmann and Reigstad, 2011). This is also seen in the shelf seas, where upwelling at the Beaufort shelf-break can replenish ML nutrients in the fall, and nutrients not used up by late season blooms precondition the surface ocean for primary producers the following spring (Table 2). This translates directly into an increase in the abundance of secondary consumers, however, immediately off-shore, salinity stratification remains unaffected (Tremblay et al., 2011).

Similarly, it has also been suggested that delayed freezing and increased wind strength in fall may promote additional nutrient availability for PP in the shelves or over the deep basins (see Loeng et al., 2005 their Figure 9.13 for background hypothesis). Indeed, an increase in occurrence of fall blooms has been observed over the last decade (Table 2; Ardyna et al., 2014). But in more strongly stratified regions (e.g., AB) the strength of the summer halocline will likely constrain wind mixing at shallower depths until sea ice begins to form and thus delay mixing across the nutricline until light conditions inhibit a productive fall bloom (Figure 3, right-hand panel). Thus, wind mixing alone will not break the stratification of the seasonal halocline in these regions (Nishino et al., 2020). Furthermore, there are large areas of the AO where an increased occurrence of fall blooms has not been observed (e.g., Barents Sea, Baffin Bay; Ardyna et al., 2014), as they are already commonplace. In AW-influenced regions, such as the Barents Sea, weaker stratification causes ice formation to occur later, or not at all, and winter vertical mixing is driven by convective cooling forces rather than brine rejection (Loeng, 1991).

Along the RCD, seasonal inputs of terrestrial nutrients can be regionally important to satisfy deficiencies in the marine nutrient budget. Inorganic nutrient concentrations tend to be highest during winter baseflow (Holmes et al., 2012), providing a source of nutrients for PP in the RCD and shelf seas as spring advances and light-limitation is reduced (e.g., day length increases, sea ice thins, sedimentation and erosion are low; McClelland et al., 2012). But these contributions of riverine nitrogen to new PP have been shown to be small at a regional scale, and estimated to be negligible at a pan-Arctic scale (Le Fouest et al., 2013). On the other hand, slow remineralization of riverine dissolved organic nitrogen makes riverine nitrogen a potentially important source for PP later in summer, and in open ocean waters away from the RCD (Tank et al., 2012b; Le Fouest et al., 2015). Many unknowns remain about the present and future importance of terrestrial nutrient input from rivers and there is an urgent need for more research on this topic as runoff becomes and ever-increasing source of FW to the AO.

Inputs from glacial melt have also been suggested as a source of macro- and micro-nutrients (e.g., silicate, iron, nitrogen, organic matter) to the RCD (Table 2; e.g., Hood and Scott, 2008; Bhatia et al., 2013; Lawson et al., 2014; Meire et al., 2016). However, apart from iron and silicate, other macronutrients concentrations are considerably lower in glacial melt compared with marine waters, and glacial melt may thus act to dilute rather than enrich the surface ocean (Hopwood et al., 2020). Moreover, as nitrate is generally the limiting nutrient in the AO, additional fluxes of iron are unlikely to have significant positive effects on PP, even at a local fjord scale (Hopwood et al., 2020). On the other hand, tidewater glacial fjords can have locally important mechanisms of upwelling at glacial fronts (Hopwood et al., 2018), bringing nutrients up from depth to contribute to prolonged late summer blooms (Juul-Pedersen et al., 2015), which can support entire ecosystem production (Table 2; Meire et al., 2017).

As discussed above, rivers also carry terrestrially derived organic carbon into the RCD, a nutritive food source for microbial communities. Particulate sediment delivery into river estuaries and deltas peaks in spring with FW discharge and dissolved organic carbon (cf. Holmes et al., 2002, 2013). Furthermore, POC fluxes due to erosion can be highly regional and temporally variable, and may exceed riverine inputs by as much as sevenfold (cf. Lantuit et al., 2013; McClelland et al., 2016). River inputs can also bring heat, facilitating the early melt-back of ice and sea surface warming (Dean et al., 1994), potentially pre-conditioning permafrost thaw in the advance of sea ice retreat and contributing to further sediment export.

Organic carbon inputs from permafrost thaw (coastal erosion, river inputs) and glacier and ice sheet melt have been the topic of much attention recently, due to the potential for these vast, labile carbon stores to be exported to the coastal ocean (Hood et al., 2015; McClelland et al., 2016; Le Fouest et al., 2018; Wadham et al., 2019). Carbon in river runoff, eroded permafrost sediments, and glaciers has been found to be highly labile to microbial communities (Table 2; Vonk et al., 2013; Paulsen et al., 2017; Sipler et al., 2017), causing both the quantity and quality of these inputs to influence ecosystem carbon cycling, and potentially converting large areas of coastal ocean into sources, rather than sinks, of CO2 (discussed further below; Terhaar et al., 2019). However, as with inorganic nutrients, glacial and ice sheet organic carbon concentrations are orders of magnitude lower than runoff from the large Arctic Rivers and coastal erosion (Hood et al., 2015; Paulsen et al., 2017; Hopwood et al., 2018; Wadham et al., 2019). Thus, while labile, glacial runoff contributions of allochthonous carbon are likely acting to dilute dissolved organic carbon concentrations (Paulson and Robson, 2019; Hopwood et al., 2020), and enhance particulate organic carbon in glacial fjords (Paulson and Robson, 2019). Organic carbon and nutrients from the Greenland Ice Sheet are likely to have little impact offshore; rather, their influence is likely limited to within local fjords (Hopwood et al., 2020).



Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean

Low temperature and salinity, combined with highly productive inflow shelves, predispose the AO to be a sink for atmospheric CO2 (e.g., Bates et al., 2006; Bates and Mathis, 2009; Cai et al., 2010; MacGilchrist et al., 2014). Persistent ice cover in the central basins (e.g., Canada Basin), however, limits air-sea CO2 exchange and acts as a semi-permeable barrier (Bates et al., 2006; Miller et al., 2011), and contributes to sustained pCO2 under-saturation (e.g., Jutterström and Anderson, 2010). Satellite observations and modeling studies suggest that the increased seasonally ice-free area over the shelf seas has allowed increased PP in recent decades (e.g., Zhang et al., 2010; Arrigo and van Dijken, 2015), thus enhancing the biological carbon pump and increasing the CO2 sink across the Pacific inflow and interior shelves (Manizza et al., 2013). However, similar increases in open water area on the Atlantic inflow shelf have seen a decrease in CO2 uptake capacity with warming. These observations reveal that a reduced ice cover does not necessarily lead to an increased CO2 sink (Manizza et al., 2013), in particular in the central AO basins (Cai et al., 2010; Else et al., 2013). Along the shelf seas, the net balance of CO2 sources and sinks is maintained by terrestrial organic matter (OM) input, marine OM production and respiration, retention or export of OM off-shelf, and the net air-sea exchange (Bates and Mathis, 2009).

The coastal zone, in particular the RCD, is a major site of both inorganic carbon inputs and modification, with implications for the inorganic carbon balance both within and away from the RCD. River and glacial runoff are generally characterized by low alkalinity, carbonate, and bicarbonate ion concentrations compared to marine waters, resulting in under-saturated conditions for aragonite along mixing gradients into coastal estuaries (Chierici and Fransson, 2009; Mathis et al., 2011; Yamamoto-Kawai et al., 2013; Fransson et al., 2015). Aragonite is the major building block of carbonate shelled organisms and its saturation state (Ω-aragonite) determines the ease at which CaCO3 mineral precipitates can be formed in solution. Regionality and seasonality further modulate the generally under-statured Ω-aragonite condition of river inputs. North American rivers tend to have higher alkalinity (higher Ω-aragonite values) than Eurasian rivers (Cooper et al., 2008; Tank et al., 2012a); furthermore, Ω-aragonite values are more diluted by high flows in spring compared to later in summer, with the highest values expected under-ice in winter (Tank et al., 2012a). Seasonal temperature fluctuations, and episodic events like storm-induced upwelling, will further influence these patterns, potentially causing some areas to transition between under-saturated and saturated states over the seasonal cycle (e.g., Mathis et al., 2011, 2012). In regions with glacial drainage systems, sediment contributions from both tidewater and inland glaciers can contain large quantities of calcium carbonate, contributing to increasing the alkalinity of the mixing marine waters, increasing Ω, and reducing the partial pressure of CO2 (pCO2; e.g., Fransson et al., 2015).

Both biogeochemical (e.g., respiration, photosynthesis) and physical (e.g., temperature fluctuations, air-sea exchange) processes contribute to altering the CO2 content, and thus the CaCO3 saturation state, of coastal surface waters as they are transported into the deep AO basins. In spite of this, the impacts of the regionality of river runoff are not confined to the local RCD. Due to differences in the composition of their drainage systems, North American and Eurasian river inputs can be traced by their (total) alkalinity concentrations (e.g., Yamamoto-Kawai et al., 2009); as such, terrestrially sourced alkalinity propagates across the AO with river waters and contributes to setting the CO2 uptake capacity of the ML in the central basins far away from the RCD (e.g., Yamamoto-Kawai et al., 2009; Tremblay et al., 2015).

The seasonal cycle of sea ice formation and melt further acts to redistribute inorganic carbon across the atmosphere-ice-ocean interface (Miller et al., 2011; Rysgaard et al., 2011). This leaves the sea ice depleted in CO2 but with excess carbonate (alkalinity) going into the melt season (Rysgaard et al., 2011; Brown K. A. et al., 2015). In spite of this excess alkalinity, sea ice melt is even more diluted than river inputs, imparting a greater effect of lowering marine Ω-aragonite values upon melting (e.g., Yamamoto-Kawai et al., 2009). River runoff and sea ice melt will contribute to surface ocean freshening at different seasonal intervals, however, with rivers reaching their peak discharge along the coastal margins in spring and sea ice melt reaching a maximum in late summer (Figure 4B), extending the input of low-Ω waters to the entire open water season.

Due to the complex and sensitive interplay between the FW cycle and the inorganic carbon composition of the upper ocean, the AO has been considered as a “bellwether” for the effects of global ocean acidification on biota (e.g., Fabry et al., 2009). The impacts of ocean acidification on biota are likely to appear in the AO before other areas of the global ocean, and include the potential fertilization of primary producers via increased CO2 (e.g., Hein and Sand-Jensen, 1997) and the dissolution effect of CaCO3 shelled organisms via acidification (e.g., Feely et al., 2004). There is evidence for and against fertilization effects (Table 2; Engel et al., 2013; Holding et al., 2015; Hoppe et al., 2018). Potential fertilization by CO2 is likely temperature dependent (Holding et al., 2015) and any positive effects on heterotrophic processes (e.g., Vaqué et al., 2019) may preclude effects on autotrophic processes resulting in a net-zero effect (i.e., Hoppe et al., 2018). Community composition change will likely also be altered as some taxa are favored in a high-CO2 environment (Coello-Camba et al., 2014b; Dutkiewicz et al., 2015; Schulz et al., 2017). Evidence for dissolution effects of ocean acidification on biota have largely been experimental (Hendriks et al., 2010), and few, if any, studies have observed impacts of OA on organisms in situ. Multiple lines of evidence are necessary to attribute impacts of environmental change (O’Connor et al., 2015) and as we have already begun to observe corrosive conditions in some areas of the Arctic (e.g., Mathis et al., 2015; Zhang et al., 2020), it will be important to look for evidence of OA affecting organisms in situ as well as experimentally. The recent AMAP Assessment on Arctic Ocean Acidification (AMAP, 2018) provides an overview of some of the possible impacts of future acidification on biota, including: changes in food quality altering trophic energy transfer; decreased calcification and shell diameter of foraminifera and pteropods; and general negative responses to acidification by gastropods, bivalves, copepods, and other crustaceans, including their larval stages (see Falkenberg et al., 2018 and references therein). While no observable impact or positive impacts have been documented in cold water corals and macroalgae, only a small proportion of these studies were performed with Arctic species.




IMPACTS OF CONTINUED FRESHENING OF THE ARCTIC OCEAN ON PHYSICS, GEOCHEMISTRY, AND BIOTA

Projections from global coupled climate models indicate that the upper Arctic Ocean will continue to freshen over the twenty-first century (e.g., Kattsov et al., 2007; Vihma et al., 2016; Shu et al., 2018), with consequences for the physics, geochemistry, and biota of the upper AO. From a pan-Arctic perspective, FW storage in the upper AO is anticipated to increase proportionally with FW input, impacting regional distributions of FW across the AO. Increased FW input and residence time is predicted to result in an overall shoaling of the seasonal halocline and a diversion of FW outputs from the Canadian Arctic Archipelago (CAA) toward Fram Strait (Pemberton and Nilsson, 2015). Outflow shelves continue to be the point of exit for all FW from the AO, with export of liquid FW via Fram and Davis Straits predicted to increase by the end of the century (Shu et al., 2018).

In addition to FW, further heat input to the AO is also anticipated. From the Pacific side, increasingly earlier arrival of warmer waters entering Bering Strait has been observed over the last two decades (Woodgate, 2018; Danielson et al., 2020) and is likely to continue, while the storage of heat in the near-surface of these waters advancing from the Pacific is expected to increase (e.g., NSTM, Jackson et al., 2010). On the Atlantic side, the suppression of vertical heat flux due to increased stratification is predicted to result in the advection of a warmer Atlantic layer (Pemberton and Nilsson, 2015; Nummelin et al., 2016). Within the AO, the seasonal cycle of sea surface temperature is predicted to amplify most in regions historically covered by sea ice, moving the seasonal heat sink of the F/M cycle directly into the surface ocean and contributing to continued surface warming through the twenty-first century (Carton et al., 2015).


Regionality

These anticipated changes in FW inputs, outputs, and cycling will exert different pressures on different AO hydromorphological domains (Figure 6). For example, inflow shelves will experience more prolonged exposure to solar radiation as sea ice extent continues to retreat. This may have the effect of increasing the surface area for PP (cf. Arrigo and van Dijken, 2015) at least until surface nutrient supplies are depleted (e.g., Vancoppenolle et al., 2013; Slagstad et al., 2015). Atlantic waters are anticipated to continue to warm and the redistribution of boreal species along this warming gradient will contribute to the “borealizetion” of the Arctic along the Atlantic water flow path (Polyakov et al., 2020). Sea ice retreat from the shelves will increase wind-driven shelf-basin exchange, thus contributing to increased nutrient fluxes and increased currents. In particular, some shelf-break slopes will experience increased upwelling, bringing deep nutrients up into exposed surface waters fueling PP in the fall and storing nutrients for the following spring (e.g., Tremblay et al., 2011; Slagstad et al., 2015), though this is not necessarily ubiquitous for all shelf break slopes across the Arctic (Randelhoff and Sundfjord, 2018).
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FIGURE 6. Regional impacts of future freshwater change. Predicted future changes in freshwater inputs and warming will have differing regional impacts to the upper ocean across the hydromorphological domains as discussed in the text (section “Regionality”). For example, the interior basins are anticipated to experience increased (Amerasian Basin, AB) and decreased (Eurasian Basin, EB) stratification due to the redistribution of sea ice melt water from the EB into the AB. Central map as in Figure 1B.


Much of the future freshening of the AO will be observable in the central basins (Canada, Makarov, and Amundsen; Shu et al., 2018), and as such, the deep Arctic basins will continue to diverge, with the AB further stratifying and the EB becoming less so (Polyakov et al., 2020). Further stratification in the AB may push primary producers further from the surface away from light toward exploitable nutrients (cf. McLaughlin and Carmack, 2010), while turbulent nutrient supply may be enhanced in the EB. The continued loss of sea ice and melt water stratification in the central basins are predicted to increase the AO CO2 – sink in the short term (Bates et al., 2006; Arrigo et al., 2008). However, there is evidence that this CO2 uptake capacity is limited (Cai et al., 2010; Else et al., 2013) and may already have been reached in the CB (Zhang et al., 2020). Continued warming of the stratified mixed layer (Carton et al., 2015), dilution of alkalinity (Woosley and Millero, 2020), increased microbial remineralization of organic material (Bates and Mathis, 2009), and a reduced biological pump (Li et al., 2009) will further reduce the surface ocean’s ability to take up CO2 from the atmosphere as FW inputs increase.

As the receiving zone for the majority of riverine input to the AO, the RCD will be the first zone impacted by up to an anticipated 50% increase in river discharge to the coastal margins projected in the coming decades (Figure 6; Bring et al., 2017). Continued freshening and warming of the terrestrial system will further result in changing sedimentation patterns. As discussed above, increased discharge will likely increase within-river sediment flux proportionally, which, combined with warming of underlying permafrost in the drainage basin, is likely to result in increased suspended sediment and organic matter fluxes to the coastal AO. Facilitated by permafrost thaw, coastal erosion is further susceptible to the changing seasonality of sea ice retreat and ocean warming. An earlier sea ice retreat in the spring, closer to peak river discharge, can result in higher insolation and warming of the coastal ocean, which contributes to increased permafrost thaw (Barnhart et al., 2014), whereas expansion of the ice free period in the fall increases the impact of fall storms and enhances coastal erosion rates due to increased wave action, in particular in areas where ground-ice content is high (Overeem et al., 2011; Barnhart et al., 2014). Warming and release of carbon and coastal erosion may enhance bacterial breakdown of this allochthonous material (e.g., Vonk et al., 2013; Sipler et al., 2017), while increased turbidity from sediment inputs may affect the light environment for primary producers (e.g., Wiktor et al., 1998; Holding et al., 2019).

Glacial fjords, especially around Greenland, are expected to experience continued glacier retreat. Retreat of tidewater glaciers will reduce the occurrence of upwelling (Hopwood et al., 2018), which bring nutrients to the surface waters of fjords and can support significant late summer productivity (e.g., Juul-Pedersen et al., 2015) and large marine foodwebs (e.g., Meire et al., 2017). Without these mechanisms for mixing, fjords may switch to lower-productivity systems, which are controlled by strong stratification and light limitation from turbid inputs (e.g., Holding et al., 2019).



Seasonality

Shifting seasonality in FW inputs are also anticipated to alter the timing of FW delivery to the upper ocean (Figure 7 and Table 3). Pacific water inputs to the AO are projected to increase for at least the first half of the twenty-first century (Shu et al., 2018), and although future shifts in seasonality are not clear, increases could be anticipated in virtually all seasons if trends continue to follow mooring observations from the last 25 years (cf. 2003–2015 climatology from Woodgate, 2018 vs. 1990–2004 climatology from Woodgate et al., 2005). The importance of the Pacific-Arctic pressure head in driving the volume flux (Woodgate et al., 2010), implies that increased inflows may follow projected seasonal decreases in Arctic sea level pressure, which are lowest in Nov-Dec (Vavrus et al., 2012). Note, however, that strengthened stratification as freshening continues to increase across the AO may contribute to a decreased pressure gradient, potentially leading to reduced PW influx (e.g., Nummelin et al., 2016).
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FIGURE 7. Seasonal impacts of future freshwater change. Predicted seasonal shifts in freshwater inputs to the Arctic Ocean will alter the timing of freshwater delivery to the upper ocean, as discussed in the text (section “Seasonality”). Here, dashed lines and shaded areas indicate the predicted relative seasonal changes with respect to the present-day conceptual representations presented in Figure 4B, following literature cited in Table 3. Pacific Water inflows (purple shading, top panel) are predicted to increase at least until the mid-twenty-first century, with anticipated increases in virtually all seasons if trends continue to follow mooring observations from the last 25 years. River runoff (green shading, second panel from top) can be expected to increase overall with a seasonal shift to increased discharge in early spring and late fall. Overall precipitation (light blue shading, third panel from the top) is predicted to continue to increase in all seasons, with the largest increases in the autumn and winter months. Sea ice concentration (dark blue shading, bottom panel) is anticipated to decrease in all seasons into the future.


An increasingly intense Arctic hydrological cycle will result in increased precipitation and evaporation, which peak in late autumn and winter (when evaporation peaks; Bintanja and Selten, 2014), making the future AO warmer, wetter, and cloudier (e.g., Vavrus et al., 2012). Along with a general increase in annual precipitation by the end of the twenty-first century, the largest increases are anticipated in the fall and winter months (Oct-March; e.g., Kattsov et al., 2007; Vihma et al., 2016). Furthermore, a diminished sea ice cover permits more atmosphere-ocean exchange throughout the year, but particularly in the winter. Increased evaporation and low cloud cover create a positive feedback mechanism that contributes to further warming of the surface ocean in the shoulder seasons (Huang et al., 2019), and with more evaporation, local precipitation becomes more important (Bintanja and Selten, 2014). River discharge is also anticipated to increase (e.g., Nummelin et al., 2016), with the most pronounced increases along the coasts of central and eastern Siberia and Alaska, north of 70°N (Bring et al., 2017). Seasonality in pan-Arctic river discharge is anticipated to continue following recent trends shifting to earlier peak flows and overall increased discharge, most notably in the fall and winter (Holmes et al., 2018; Ahmed et al., 2020). For example, mean model projections for the Lena and Mackenzie rivers show the most dramatic increases in discharge in April and May, whereas peak summer flows in June-July-August are predicted to reduce only marginally, shifting the seasonal distribution considerably earlier by the end of the twenty-first century (Gelfan et al., 2017). It is important to note that these projections consider river inputs only, glacial inputs are more complicated as they consist of a combination of solid ice discharge and surface runoff (derived from surface mass balance), which is driven by atmospheric processes, ocean processes, and albedo feedbacks among other things. On the Greenland Ice Sheet, solid ice discharge is becoming less prominent as glaciers retreat and thin, while surface mass balance is becoming increasing important, making up ∼60% of total discharge in recent decades (Shepherd et al., 2020). Similar to rivers, it is likely that the glacial runoff season will continue to lengthen on either side of the peak melt discharge, as it has been increasing at a rate of 2 days per year since 1972, with a total increase of 70 days (Mernild et al., 2011). Locally this will act to maintain shallow stratification of the fjords for a larger portion of the growing season.

Sea ice volume is also predicted to continue to decrease substantially, coupled with decreased ice formation in winter and longer open water seasons, shifting and dampening the seasonal fluctuations between solid and liquid FW storage in the surface AO. Recent predictions further indicate ice-free summer conditions are possible as early as mid-century (e.g., Stroeve and Notz, 2018; SIMIP Community, 2020). As discussed above, this reduced temporal extent of sea ice cover may continue to change bloom phenology, whereby blooms may occur even earlier (e.g., Kahru et al., 2011) causing a mismatch with zooplankton predators, or further increase the incidence of fall blooms (e.g., Ardyna et al., 2014) due to enhanced wind mixing with later sea ice formation.

The shifting seasonality patterns of FW inputs will also impact the CaCO3 saturation state of seawater (Ω) in the surface AO. Projections of continued increases in atmospheric CO2 will drive further decreases in surface ocean Ω (Zhang et al., 2020). However, the ocean’s response is not straightforward, and is seasonally dependent. Increased stratification due to a reduced, or absent, F/M cycle will reduce the seasonal dilution of the surface AO, which acts to lower Ω; while increased warming in the upper ocean and enhanced primary productivity act to increase Ω (Bates and Mathis, 2009; Zhang et al., 2020). The CaCO3 saturation state of the surface ocean thus follows the seasonal cycle of FW inputs, responding in parallel to a fresher future AO. Dilution of the surface ocean from increasingly earlier river inputs will extend the seasonal contribution of low-Ω waters, potentially beginning as early as March (Figure 7). As river inputs progressively shift their seasonality to earlier spring flows, sea ice melt dilution will add further to reducing Ω and increasing stratification in summer, while delayed freeze-up will stabilize the surface ocean even later into the fall. This expanded window of the seasonal input of low-Ω waters to the surface AO may now cover 2/3rds of the year. Continued FW stratification of the surface ocean will maintain surface water interaction with the atmosphere longer, contributing to increased CO2 uptake across the air-sea interface until equilibrium is reached. Stratification will also restrict nutrient replenishment, limiting PP and weakening the CO2 sink associated with organic matter export. Both of these responses to increased stratification will contribute to lower surface ocean Ω. Increased FW stratification, however, also contributes to a warmer surface ocean, thus seasonally increasing Ω, and potentially turning the AO into a CO2 source, until fall cooling begins and Ω (and pCO2) are again lowered. In a future perennially ice-free ocean, lacking a F/M cycle, the seasonal cooling of the surface ocean in winter would further reduce Ω; however, strong mixing by late fall and winter storms could successfully bring more low-Ω PW into the surface, preconditioning for an even lower Ω-state the following spring.




POTENTIAL FUTURE STATES OF THE UPPER ARCTIC OCEAN UNDER A CHANGING FRESHWATER SYSTEM

The evolution of our understanding of the upper AO over the last several decades has established that there is no “average” Arctic Ocean, but that regionality and seasonality set the physical and geochemical constraints upon which biological communities develop. First, FW plays a primary role in the regulation of upper ocean circulation and mixing processes. Second, the impacts of FW on geochemistry are dependent on the source, location, and timing of FW inputs, and as such, the characteristics of FW typically used to define it from a physical perspective (e.g., S < 34.8) are inadequate to distinguish its biogeochemical properties and importance in setting the geochemical state of the upper ocean. Third, the effects of FW on biological systems (Table 2) can be described as a combination of the indirect physical effects (e.g., changing light environment from sea ice and/or turbid inputs, stratification-mixing, upwelling at shelf breaks and glacial fronts) and direct geochemical effects (e.g., nutrient and carbon addition-dilution from FW runoff, sediment addition, changing inorganic carbon chemistry; Table 2), which are also dependent on FW source, regionality, and seasonality. As such, the physical, geochemical, and biological processes of the upper AO are intrinsically linked to FW fluxes through the AO, across global to local scales, and are at the mercy of their complex and changing state.

We now find ourselves standing at a precipice, where the AO FW system is trending away from its previous state and changing more rapidly than parameterization-based models can predict (e.g., Stroeve et al., 2007, 2012a; Wang and Overland, 2012; Box et al., 2019). Non-linear system responses add to this uncertainty (i.e., Lenton, 2012). This begs the question, “what if a future state of the AO FW system is one that does not include the seasonal presence of sea ice?” The FW burden from ice melt that is recycled annually in the central basins has approximately doubled since the 1980s, and this FW loading will persist into mid-century as we enter an ice-free summer state (section “Changing State of Freshwater in the Arctic Ocean,” Table 1; e.g., Stroeve and Notz, 2018; SIMIP Community, 2020). A future AO, experiencing another ∼40% more sea ice melt during the summer biological growing season will continue to impact physical, geochemical, and biological systems of the upper AO, undoubtedly with magnifying consequences for stratification and warming (as described in section “Impacts of Continued Freshening of the Arctic Ocean on Physics, Geochemistry, and Biota”). Yet, the trajectory of melt water increase cannot continue unabated into the future. Continued sea ice loss, in particular in the ice-recycling stronghold of the Beaufort Gyre, has the potential to alter the balance of the atmosphere-ocean coupling that constrains liquid and solid FW storage within this surface convergent system (cf. Proshutinsky et al., 2009). It should also be noted that the atmospheric Beaufort High and oceanic Beaufort Gyre are the only coupled anticyclonic systems (with enhanced FW storage) in the Northern (beta) Ocean (Carmack et al., 2015c), and that relaxation of this coupling will alter spreading pathways within the AO and may release excess FW into the subarctic North Atlantic, thus affecting meridional overturning (Proshutinsky et al., 2015). In a future, warmer and fresher AO, seasonal processes may no longer shunt FW through the sea ice freeze-melt cycle; leaving a perennially ice free AO without this significant seasonal redistribution of FW in the upper ocean. This scenario, once thought improbable, may already be beginning along the AO fringes of inflow shelves, where unprecedented winter sea ice loss has been observed in the Bering (Stabeno and Bell, 2019) and Barents (Schlichtholz, 2019) seas, and conceivably could expand into the Nansen Basin (cf. Aagaard and Carmack, 1994). Furthermore, modeling studies warn that a seasonal ice-free state is all but assured by the end of the twenty-first century (e.g., Jahn, 2018; Stroeve and Notz, 2018; Thackeray and Hall, 2019; SIMIP Community, 2020), and that perennially ice-free scenarios could follow closely behind (e.g., Bathiany et al., 2016). Such scenarios could contribute to a set of environmental conditions not observed since the Eocene and Pliocene (Burke et al., 2018).

In this uncertain future, many questions arise as to the stability of a new paradigm and its impact on the regionality and seasonality of FW in the upper AO. Questions about regional impacts include impacts of a redistribution of carbon and nutrients within the RCD and shelf seas, for example, without the restriction of the rigid-ice zone separating landfast and pack ice, would more nutrients and carbon be permitted to spread across shelf seas in winter, fueling an earlier PP pulse in spring? Would heterotrophic processes increase as more terrestrial organic material (and more sediment export) is available to be broken down? Within the Atlantic inflow and interior shelves and EB, were “atlantification” dominates (Polyakov et al., 2020), questions may surround changing productivity in a less stratified and stronger mixing environment, for example, could new hot spots of productivity emerge if upwelling is enhanced, bringing more nutrients to the surface in some shelf regions? Within the sea ice stronghold of the Beaufort Gyre of the AB, questions surrounding the persistence of stratification would dominate, for example, would the Beaufort Gyre intensify without the damping of its sea ice lid, retaining more FW within the gyre and further stratifying (suppressing nutrients inputs to the ML)? or will it relax, releasing more FW out of the AO, and reducing overall stratification in the AB (redeeming nutrient inputs to the ML)? And ultimately, questions surrounding communication of FW between the deep basins would arise, for example, would more FW get imported into the AB from the EB without sea ice or would the lack of ice export via the transpolar drift effectively cut off this component of FW exchanges between the two basins?

While the impacts of an absent freeze-melt cycle would manifest in the physical, geochemical, and biological processes across all AO hydromorphological domains (Figure 6), seasonal impacts are particularly uncertain for geochemical and biological systems. For example, over the sunlit spring-summer, would light limitation cease as long as insolation conditions are met? Or would the persistent salt-stratifying layer be so thick that it would physically separate phytoplankton from access to light by deepening the nutricline out of the summer photic zone, rendering these basins unproductive and heterotrophic? What is the consequence of altering fall and winter convective processes associated with sea ice formation on the shelf seas, is stirring from wind mixing and cooling sufficient to penetrate into the permanent FW stratification and supply nutrients to the upper waters in the absence of brine rejection? And critically, in an perennially ice-free system, what becomes of the seasonal refugia for sea ice associated species?

Recent Arctic Ocean change has been swift and future trajectories remain uncertain. A challenge remains to reconcile the pace of change with observable system descriptors; here, recognition of identifiable mileposts is useful, as we can look back at those we have already passed to gauge where we are going. For example, in 2012, the September sea ice minimum dropped to half of the historical average (1979–1990; National Snow and Ice Data Center, 2020) exposing much of the pan-Arctic shelf to wind forcing, enhancing shelf-break upwelling, and adding an excess seasonal FW load greater than that of annual river inputs, if the ice was, on average, 1.4 m thick (e.g., Kwok and Rothrock, 2009). The relatively long observational record from the Beaufort Gyre (BG) in the Amerasian Basin shows that surface ocean geochemistry, regional FW storage, and biological community composition have also passed key mileposts. In 2007, this region was the first deep basin to reach undersaturated conditions for aragonite at the surface, a condition that has persisted since (Zhang et al., 2020). In 2008, the FW content of the BG plateaued, after increasing steadily over the previous five years, and has risen only modestly to its peak in 2016 (Krishfield et al., 2014; Proshutinsky et al., 2019). As BG FW content rose over this early period (2003–2008), the abundance of picoplankton relative to nanoplankton in the upper ocean increased (Li et al., 2009), as smaller cell size classes became favored in an increasingly stratified and nutrient-depleted surface ocean, a transition with significant consequences for the biological pump. In subsequent years (2009–2012), as the trend toward increasing stratification and decreasing nutrient flux in the BG flattened, this index of community composition dropped and instead displayed greater interannual variability (Li et al., 2013), longer time series will bear out if these observations characterize a new steady state. As with these past mileposts, we anticipate future markers to emerge, frequently without warning, and ignoring the usual boundaries of regional domains and seasonal patterns. For example, one may anticipate inflow shelves that flicker toward seasonally, then perennially ice-free states; the arrival of peak river discharge to interior shelves months or more earlier; and the complete loss of ice cover from the central Arctic basins, which would then no longer export sea ice to the North Atlantic and sites of deep water formation. Such changes have the potential to completely transform AO ecosystems in their wake (e.g., Moore et al., 2018; Huntington et al., 2020).

In summary, the Arctic Ocean presents as vast and intractably complex; with a global influence not really warranted by its relatively small volume. The pace of change of the Anthropocene adds further challenge to deep understanding, and inherent non-linearity fully guarantees that the system will confound and surprise (Holling, 1973). We struggle to incorporate interdisciplinary science, but, as put by Beer (1980), “Interdisciplinary science often consists of individual disciplinarians standing in a circle, holding hands for comfort, while the problem of interest slips through the middle.” Faced with this challenge, we have attempted here to address the intractable by providing a unifying constraint based on freshwater, by defining regional domains based on a small but distinct number of hydro-geomorphological properties, and by recognizing that as much as any place on Earth, seasonality and its baggage of phenology governs process and network interactions. Within this more holistic, systems-level framework, we assert that rigorous reductionist experiments can be proposed and carried out, that the dots on our Arctic map will be connected by roads and rivers, and that perhaps we disciplinarians will more clearly see the problems of interest.
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In this paper, we investigate the seasonal and spatial variability of stratification on the Siberian shelves with a case study from the Laptev Sea based on shipboard hydrographic measurements, year-round oceanographic mooring records from 2013 to 2014 and chemical tracer-based water mass analyses. In summer 2013, weak onshore-directed winds caused spreading of riverine waters throughout much of the eastern and central shelf. In contrast, strong southerly winds in summer 2014 diverted much of the freshwater to the northeast, which resulted in 50% less river water and significantly weaker stratification on the central shelf compared with the previous year. Our year-long records additionally emphasize the regional differences in water column structure and stratification, where the northwest location was well-mixed for 6 months and the central and northeast locations remained stratified into spring due to the lower initial surface salinities of the river-influenced water. A 26 year record of ocean reanalysis highlights the region’s interannual variability of stratification and its dependence on winds and sea ice. Prior the mid-2000s, river runoff to the perennially ice-covered central Laptev Sea shelf experienced little surface forcing and river water was maintained on the shelf. The transition toward less summer sea ice after the mid-2000s increased the ROFI’s (region of freshwater influence) exposure to summer winds. This greatly enhanced the variability in mixed layer depth, resulting in several years with well-mixed water columns as opposed to the often year-round shallow mixed layers before. The extent of the Lena River plume is critical for the region since it modulates nutrient fluxes and primary production, and further controls intermediate heat storage induced by lateral density gradients, which has implications for autumnal freeze-up and the eastern Arctic sea ice volume.

MAIN POINTS


1.CTD surveys and moorings highlight the regional and temporal variations in water column stratification on the Laptev Sea shelf.

2.Summer winds increasingly control the extent of the region of freshwater influence under decreasing sea ice.

3.Further reductions in sea ice increases surface warming, heat storage, and the interannual variability in mixed layer depth.
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INTRODUCTION

Coincident with the retreating summer sea ice cover in the Arctic Ocean, primary production increased by 30% between 1998 and 2012, as suggested by satellite ocean color measurements (Arrigo and van Dijken, 2015). Longer open water seasons inarguably enhance the photosynthetic active radiation (PAR), which enhances the limiting role of nutrients in the future Arctic ecosystem. The supply of nutrients, however, apart from continental discharge, depends on vertical mixing rates and therefore is regulated by stratification on a Pan-Arctic scale (Randelhoff et al., 2020). Model projections by Slagstad et al. (2015) on the future state of the Arctic Ocean ecosystem predict only regional increases in new production such as along the continental slopes. The slope regions stand out as biological hotspots and are among the fastest changing Arctic regions (Bluhm et al., 2020), with increasing influence of the Pacific and Atlantic water inflows, which regionally reduces sea ice and weakens stratification (Polyakov et al., 2020a, b). Slagstad et al. (2015) predictions further imply that new production, despite increasing PAR, will not significantly change in most Arctic regions, due to stratification enhanced by ice melt and surface warming. The physical processes and conditions (vertical mixing and stratification) that provide the base for these projections, however, are generally not well-represented in large-scale models as intense measurement efforts are needed to observe the seasonal and interannual variability of stratification. These are unknown from most Arctic regions, in particular from the Siberian shelves, which are among those regions changing fastest in recent decades.

The Siberian interior shelf seas [Kara, Laptev and East Siberian Seas (ESS)] are characterized by freshwater runoff from large rivers and sea ice formation and melt (Williams and Carmack, 2015). Vast regions of these shelves are covered by landfast ice with frequent polynyas along the ice edge and large sea ice production rates (Preußer et al., 2019). The Ob and Yenisey Rivers (Kara Sea), the Lena River (Laptev Sea) and the Kolyma River (East Siberian Sea) are the four largest Siberian Asian Rivers (Shiklomanov et al., 2018) and control the surface salinity distribution on these shelves (Figure 1). In particular the Ob and Yenisey estuaries and the regions surrounding the Lena Delta feature vast areas with brackish surface waters, which form a near-contiguous fresh domain along the Arctic coasts (Carmack et al., 2015, 2016). Small parts of the Siberian river water may exit the Arctic southward through the western Bering Strait, while the majority of freshwater propagates northward via the Transpolar Drift and eastward toward the Beaufort Gyre (Morison et al., 2012), the freshwater storage system of the Arctic Ocean (Proshutinsky et al., 2009). Although different in volume, the rivers largely share their seasonality in discharge (Figure 2). Nearly 50% of the annual (Lena and Yenisey) runoff is shed between mid-May and mid-July around the spring freshet with the peak discharge occurring in early June. After a few weeks, runoff rates decrease and level out at reduced late-summer volumes before decreasing to a low winter baseline outflow. The Kolyma River outflow is nearly absent during winter, while the Lena and Ob Rivers maintain a base flow of ∼0.5 km3 day–1. The Yenisey’s winter runoff is comparatively large with ∼0.9 km3 day–1 between November and May.
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FIGURE 1. Sea surface salinity from the World Ocean Database. Note that the color scale limits minimum salinities to 20.
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FIGURE 2. Mean (1999–2019) daily river discharge from the major Arctic rivers (in km3 day–1) from ArcticGRO (Shiklomanov et al., 2018).


Sea ice critically controls the momentum transfer into the ocean and thus the vertical and lateral spreading of the river water. The sea ice conditions, sea ice retreat and the length of the open water period varies significantly by region. The Barents Sea is largely kept ice-free due to the prevalence of the warm Atlantic water, except for a smaller region in the northeast (Figure 3, see “Data and Methods” for figure details). In the Kara Sea, the ice retreats first near the Ob and Yenisey estuaries around the time of maximum river discharge in mid-June. The western Kara Sea becomes free of ice thereafter, with an eastward progressing sea ice edge that reaches the western Laptev Sea on average by late July. The conditions in the Laptev Sea are quite different. There, the ice first retreats in late May in the prominent polynya region north of the landfast ice edge (Bareiss and Görgen, 2005), while the rest of the shelf’s ice retreats on average 2 weeks later. In the southeastern Laptev Sea, the ice retreats simultaneous with the ESS coast, while the rest of the ESS remains on average ice-covered well into August. The warm Pacific water inflow drives the seasonal ice edge progressively northward from Bering Strait beginning in May. The vast ESS shelf presently features the shortest open water season, likely due to its remoteness from large freshwater and heat sources such as found in the Laptev and Kara Seas. The role of the large rivers on sea ice retreat is not entirely understood, but riverine heat is assumed to be important for at least kick-starting sea ice melt (Bauch et al., 2013; Whitefield et al., 2015; Janout et al., 2016a). For instance the Lena River temperature during July and August averages at 16°C (Juhls et al., 2020). The large sediment loads in river water as well as bio-optical properties such as colored dissolved organic matter (CDOM) can further change the absorption properties of the ice and ocean (Soppa et al., 2019), which likely explains the comparatively longer open water periods near the large Siberian rivers. Furthermore, the regional differences in open water days and timing of sea ice retreat (Figure 3) partly reflects the landfast ice that generally occupies the regions between the coast and the 20–30 m isobaths. The southern Laptev Sea features extensive landfast ice regions, although the landfast ice season is getting progressively shorter (Selyuzhenok et al., 2015). Sea ice thickness of the mobile ice cover decreases (Belter et al., 2020) and late winter ice export increases (Krumpen et al., 2013), which preconditions for early spring sea ice anomalies and overall results in longer open water seasons (Itkin and Krumpen, 2017; Krumpen et al., 2020). In summary, the Siberian shelves provide a non-uniform image regarding their sea ice conditions and retreat, which however play an important role in determining how wind can affect the fate and pathways of river runoff.
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FIGURE 3. (a) Mean (1992–2019) number of ice-free days (in days); (b) Mean (1992–2019) timing of sea ice retreat (in day of year).


The local sea ice melt in combination with the river runoff establishes some of the largest ROFIs (region of freshwater influence) on earth, shaping the local and regional oceanographic processes and ecosystems. The interannual variability in river runoff and in the timing of the spring freshet is comparatively small, whereas there is considerable variability of the ROFI extent on the middle and outer shelves, dependent on the atmospheric summer conditions (Shpaikher et al., 1972; Proshutinsky and Johnson, 1997; Semiletov et al., 2000; Dmitrenko et al., 2005; Bauch et al., 2009). While much knowledge can be gained from satellite studies regarding sea surface temperatures, ocean color or sea ice concentration, important sub-surface ocean parameters including stratification and vertical and lateral mixing of energy and matter rely on in-situ measurements obtained from shipboard expeditions and moored or autonomous measuring systems. In this paper we report on observations obtained during two hydrographic surveys from 2013 to 2014 to shed more light on the regional and temporal variability of stratification in the freshwater-dominated Laptev Sea. A seasonal component will be assessed by use of 3 year-round oceanographic moorings deployed in three different Laptev Sea sub-regions, while a long-term (1993–2018) perspective on stratification will be assessed by use of reanalyzed Mercator ocean parameters. The findings on stratification presented in the results section will be followed by discussions on freshwater contributions from individual rivers determined with dissolved radiogenic neodymium and stable oxygen isotopes, and the implications of changes in river runoff, distribution, and climate change-induced changes in stratification on oceanic heat storage and the regional ecosystem.



DATA AND METHODS


Ship-Board Hydrographic Surveys

Two expeditions to the Laptev Sea were carried out aboard the RV Viktor Buinitskiy. Transdrift 21 (Archangelsk to Tiksi, September 2013) and Transdrift 22 (Archangelsk to Archangelsk, September 2014) were both operated as part of the Russian-German “Laptev Sea System” partnership (Figure 4). Hydrographic measurements were obtained using a Seabird SBE19plusV2 Conductivity-Temperature-Depth (CTD)-recorder mounted on a water sampling carousel. The Seacat samples with 4 Hz and provides initial accuracies for temperature and conductivity of 0.005°C and 0.0005 S m–1, respectively. Additional CTD measurements were obtained using an Ocean Science Underway (U)CTD System. The UCTD samples with 16 Hz and allows the collection of hydrographic profiles while the ship is transitioning, and was used to collect hydrographic data at high spatial resolution. The UCTD sensors are manufactured by Seabird and record conductivity, temperature and pressure at accuracies better than 0.004°C and 0.002–0.005 S m–1. Arctic Ocean sea surface salinity (Figure 1) is based on data obtained from the World Ocean Database 2018, which is a collection of quality-controlled ocean profiles (Boyer et al., 2019). We extracted a total of 245,392 surface salinity measurements available north of 65°N for the period 1900–2018. Maps used in several of the figures were produced with the Matlab-based mapping toolbox M_Map (Pawlowicz, 2020).
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FIGURE 4. 2013 (red) and 2014 (blue) cruise tracks. Green stars indicate mooring locations.




Mooring-Based Measurements

Three oceanographic moorings used in this study were operated for 1 year between Septembers 2013 and 2014 on the central (76°N, 126°E, 45 m depth), northwestern (77.5°N, 116°E, 60 m depth) and northeastern (77.75°N, 131°E, 70 m depth) shelves, respectively. The official identifications for the three moorings were “Taymyr,” “1893,” and “Kotelnyy” (Janout et al., 2019), but for an easier geographic context, we refer to the three moorings as NW (northwest), CS (central shelf), and NE (northeast), respectively. The moorings were equipped with TRDI Workhorse Sentinel ADCPs (Acoustic Doppler Current Profilers) and up to five Seabird SBE37 CTD-recorders per mooring, evenly-spaced between ∼20 m and the sea floor (Table 1). Local sea ice information at the mooring sites was derived from the ADCP’s bottom track (ice track) function, which records valid ice drift and draft information when sea ice is present as a solid reflector.


TABLE 1. Mooring location and information.

[image: Table 1]
Earlier studies of the semidiurnal velocity structure on this shelf showed a close link between semidiurnal currents and stratification (Janout and Lenn, 2014), where an internal semidiurnal velocity maximum was generally found in the presence of a pycnocline, while the current structure was depth-independent when stratification was absent. Considering that sea ice pressure ridges can reach as far as 20 m below the surface in this region, the moorings are designed to remain below this safety depth. We hence cannot directly quantify stratification since we lack year-round temperature and salinity measurements from the important near-surface ocean. However, we qualitatively assess the water column structure by a combination of the available sub-surface hydrographic records and the full water column structure of the semidiurnal M2-tidal currents. We extract the harmonics by performing tidal analyses on the ADCP records using the Matlab-based T-Tide-toolbox (Pawlowicz et al., 2002). To resolve the fortnightly cycle due to the superposition of the solar and lunar semidiurnal tides, we run a 15 day moving analysis at each depth level and can thus produce a matrix of depth vs. time values of the relevant tidal harmonics. The Siberian shelves are located around the critical latitude of the M2-tide (∼74.5°N), which makes a separation of this constituent from inertial oscillations nearly impossible. Knowing that the semidiurnal current structure that will be used to assess the seasonal progression of stratification contains both inertial (f) and M2-tidal frequencies, we refer to them as semidiurnal currents for simplicity.



Sea Ice, Atmosphere, and River Runoff

Timing of sea ice retreat and length of the ice-free season was calculated based on ice concentration information provided by CERSAT (Centre ERS d’Archivage et de Traitement), which is a part of the French Research Institute for Exploitation of the Sea (IFREMER). The CERSAT product makes use of the 85GHz SSM/I brightness temperatures by means of the ARTIST Sea Ice (ASI) algorithm and is available on a 12.5 × 12.5km grid (Ezraty et al., 2007). The timing of sea ice break-up and freeze-up (Figure 3) in each year for the period between 1992 and 2019, is defined as the first day in a series of at least 10 days with a sea ice concentration of below and above 15%, respectively (Janout et al., 2016b). Meridional and zonal monthly wind speeds as well as monthly sea level pressure distributions were downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-I reanalysis (Dee et al., 2011). River discharge data was downloaded from the Arctic Great River Observatory (Shiklomanov et al., 2018)1.



Mercator Ocean Reanalysis

The GLORYS12V1 product (in the following referred to as Mercator) is the Copernicus Marine Environment Monitoring Service (CMEMS) global ocean eddy-resolving (1/12° horizontal resolution and 50 vertical levels) reanalysis covering the altimetry era 1993–2018. The model component is the NEMO platform forced at the surface by ECMWF ERA-Interim reanalysis. Mercator includes daily and monthly mean fields of temperature, salinity, currents, sea level, mixed layer depth and ice parameters from the sea surface to the bottom (Fernandez and Lellouche, 2018). In this paper, we use Mercator to complement our mooring time series with near surface information, and to contrast the hydrographic conditions between the often freshwater-influenced central Laptev Sea and the northwestern shelf in a long-term (1993–2018) context. The mixed layer is defined as the depth where the density is 0.125 kg m–3 higher than at 5 m, and we further apply a 2 day moving average filter to remove high-frequency variability, which is present in the data due to the large salinity gradients found on this shelf.




RESULTS


Case Study Lena River ROFI: Freshwater Distribution in 2013 and 2014

Both surveys were carried out during September when the Arctic sea ice is at its minimum, and neither survey encountered any sea ice in the Laptev Sea. The two summers were impacted by contrasting wind situations. The average (July–September) sea level pressure (SLP) distribution showed high pressure over the region in 2013, resulting in weak on-shore and westward-directed winds over the central Laptev shelf. In contrast, the 2014 summer was influenced by extensive low SLP centered over the Taymyr Peninsula (Figure 4), which led to some of the strongest southerly summer winds in the (1948–2019) ERA-I record (Figure 5). These contrasting prevailing pressure patterns resulted in notable differences in the shelf hydrography, especially in the surface salinity (0–10 m average, Figure 6). Minimum surface salinities were as low as 6 on the eastern Laptev Sea shelf in 2013, and salinities of 20 extended across much of the central shelf, with higher surface salinities only observed on the western shelf and near the shelf break in the northern Laptev Sea. In 2014, minimum surface salinities were ∼20 and limited to a small region in the east, while the rest of the shelf was much more saline and strongly contrasted with the conditions observed in the previous year. The water column structure sampled prior to deploying and recovering the moorings largely reflects the freshwater distribution (Figure 7). The northwest was outside of the Lena River influence in 2013, and surface salinities were high (32) with a mixed layer depth of >20 m. In 2014, Kara Sea freshwater impacted the region and mixed layers were shallower and surface salinities lower (<30). In contrast to the northwest, the central and northeast shelves featured shallow (∼10 m) mixed layers in both years, although lower salinities in 2013 in both regions. Upper layer temperatures were higher throughout the shelf in 2013, although this might be in part due to the 2 week later sampling period in 2014 under sub-zero air temperatures.
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FIGURE 5. Mean (1948–2019) zonal (top) and meridional (bottom) August and September winds (ms–1) from ERA-I. Red and blue bars highlight 2013 and 2014, respectively. The corresponding sea level pressure (mbar) patterns for 2013 and 2014 are shown in the lower panels.
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FIGURE 6. Sea surface (0–10 m) salinity from the underway CTD surveys in 2013 (left) and 2014 (right). The black stars indicate the mooring locations.
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FIGURE 7. Salinity (top) and potential temperature (bottom) profiles from deployment in 2013 (thick lines) and recovery in 2014 (thin lines) of the three moorings.




Seasonal Cycles and Regional Contrasts in Stratification

The freshwater content observed in the upper layers of the different sub-regions may also explain the temporal difference in stratification that became apparent in the moorings (Figures 8–10). The year-long records of the finely-resolved lower water column in concert with the vertical structure of semidiurnal (tides and inertial) currents, which strongly depend on stratification (Janout and Lenn, 2014), provides sufficient insights regarding the water column structures across the shelf. Additional information is gained from reanalyzed ocean temperature and salinity (Mercator). The beginning of the Northwest-record in September 2013 shows a steady cooling of the mid-water temperatures toward the freezing point, along with variable although steadily mixing salinities. The water column was well-mixed by mid-December, based on the properties from all five CTD recorders and based on the changing semidiurnal current structure from depth-dependent to homogenous (Figure 8). The Central conditions in September 2013 were considerably different. Twenty meter waters were warmer and fresher, and stratification was maintained under the ice until March/April 2014 (Figure 9). The water column was well-mixed for a maximum of 2 months, and quickly became stratified when the ice retreated in late May as highlighted by the increase in 20 m temperatures. Remarkably, mid-water temperatures remained above freezing for nearly 3 months after the onset of sea ice, and underline how stratification traps heat in the water column, as was recently shown to affect the winter bottom waters on the central shelf (Janout et al., 2016a). Similar to the central shelf, the Northeast-mooring remained stratified under the ice until March 2014 (Figure 10). Mercator salinities at this location suggest that slightly lower (1–2 psu) salinities remain in the upper 20 m year-round, but this is not evident from the current structure. Overall, these records nicely illustrate regional differences in stratification that are mainly related to the distance to freshwater sources, in particular the Lena River. Despite the strong initial stratification in 2013, stratification on the central shelf was finally eroded 5 months after the onset of sea ice. This may be attributed to shear-driven mixing induced by sea ice drift or due to tides that dominate the currents below the sea ice and provide an energy source for vertical mixing in winter (Dmitrenko et al., 2012; Janout and Lenn, 2014).
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FIGURE 8. Northwest Laptev Sea shelf mooring record of (a) semidiurnal currents (cm s–1) overlain by sea ice cover at the top of the panel; (b) salinity and (c) temperature from SBE37 microcats moored in different depths indicated by colored text in the panel; (d) salinity and (e) temperature (°C) vs. depth (m) from Mercator from Septembers 2013 to 2014.
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FIGURE 9. Same as Figure 8 but for the Central – mooring.
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FIGURE 10. Same as Figure 8 but for the Northeast – mooring.


Mercator provides interesting additions to the mooring records. Since a direct comparison between measured and reanalyzed salinities may not be favorable considering the overall data sparseness in this region, we are limited to a rough comparison between the Mercator salinity (hence density) structure and the structure of semidiurnal currents at all three shelf locations. The regional contrast between the Northwest and Central locations is nicely reflected by Mercator. In particular the water column structures at the Central-mooring looks remarkably similar, except for a pocket of slightly fresher water that remains present under the ice, which is above the CTD instrument depths but also not visible in the current structure (Figure 9). Sea surface temperature and sea ice concentration are assimilated in Mercator, and we hence assume a realistic onset of stratification induced by the seasonal sea ice retreat. Considering that the relevant forcing parameters for the variability of oceanographic parameters in these shelf regions are sea ice and summer winds, we find that Mercator is a valuable tool to study trends and variability of ocean parameters under changing environmental drivers.



A Long-Term (1993–2019) Perspective on Sea Ice, Winds, and Hydrography

We explore the 26 year-long Mercator ocean reanalysis record to investigate the interannual variability of water column structure on the Laptev Sea shelf. Sea ice and winds are the two primary parameters impacting hydrographic properties and water column structure. While sea ice insulates the water column from solar radiation and wind mixing, it also regulates salinity through melting and freezing. As is widely known, winds during summer determine the distribution of the large river plumes and therefore regulate stratification. Viewing the central Laptev Sea shelf in a 26 year-long context highlights general trends in ocean properties as well as specific anomalies in concert with anomalous sea ice and wind conditions. The Laptev Sea shelf transitioned from a nearly year-round ice cover in most (but not all) years in the 1990’s and early 2000’s to a seasonally ice-free shelf (Figure 11). Consequences of ice-free summers on the thermal environment are immediately apparent in high upper ocean temperatures (mean 0–10 m) exceeding 5°C in several recent years (2011–2014, 2018), in contrast to sub-zero degree ocean temperatures in ice-dominated summers (1993, 1996, 2001, 2004). Besides variability in sea ice, offshore and onshore-directed winds (removing or maintaining freshwater on the shelf) are directly reflected in the winter mixed layer depths (Figure 11). For instance, the strong stratification and presence of the Lena River water on the shelf maintained stratification and shallow mixed layers throughout the winter season 2013/2014. The contrasting winds in summer 2014 removed freshwater from the shelf and allowed for deeper mixing in the following winter 2014/2015 (Figure 11). While these effects can be seen for individual pairs of years with opposing summer winds, we can also identify a general shift toward deeper mixed layers after the mid-2000’s. The first half of the record remains largely year-round stratified (with exceptions in 1995/1996), while the second half features several years with weak stratification. This is directly related to extended open water seasons, which now increases the ability of winds to redistribute the river plume. The dispersion of the river plume under an ice cover follows ocean dynamics constrained by bathymetry, background flow and under-ice topography (Kasper and Weingartner, 2012). Without effective atmospheric surface forcing, this leads to undistorted discharge of freshwater onto the central and eastern shelf, as can be seen from the difference in mixed layer depth between the Central and Northwest-locations in strong ice years (1997–2003). The under-ice mixing may not be sufficient to erode the halocline and hence stratification is maintained year-round. In contrast, removing the ice cover leaves the river plume at the fate of surface winds. Offshore-favorable winds such as in 2014–2016 remove the surface freshwater and reduce the strength of the seasonal halocline. When this happens, convective forcing and wind- and tide-driven mixing is sufficient to erode stratification, often by early- to mid-winter. The impact of onshore vs. offshore winds in any particular summer is difficult to quantify, as anomalous winds during single summer months (July, August, or September) can sufficiently redistribute the freshwater plume. The summer of 2016 presents a unique example in this record, when strong eastward (and partly northward) winds prevailed throughout summer (July–September, Figure 11) under near-average sea ice conditions. These winds prevented the river plume from reaching the central shelf location entirely and led to a well-mixed water column already by fall. The summers of 2001 and 2002 were also dominated by offshore-favorable wind anomalies, but a heavy ice cover in 2001 weakened the wind-effect on the freshwater, while only average ice conditions in 2002 resulted in a well-mixed water column by January 2003. The presence or absence of low salinity surface water in fall and early winter has profound implications for the formation of dense shelf waters during freeze-up and the depth levels that they may reach depending on their density. Overall, the shift to more ice-free summers may likely increase the variability in water column structure due to a more variable wind-influence and overall higher chances for deeper mixed layers. Transitioning from heavily ice-covered to seasonally ice-free regions, such as the northwest Laptev Sea, results in changes in water mass formation and transformation due to enhanced sea ice formation in fall and early winter (Preußer et al., 2019). In fact, the near-bottom salinity record on the northwestern shelf (not shown) shows a shifting increase by 0.5 just before 2013, which could be related to the seasonal sea ice changes there (Figure 11).
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FIGURE 11. 1993–2019 Mercator record of winds, sea ice and hydrographic parameters. (a) U (black) and V (green) monthly mean July, August, and September ERA-I winds at 73.3°N, 127.5°E; (b) Yearly anomalies of days when sea ice was present in concentrations of >70% on the central Laptev Sea shelf (blue bars) and on the northwestern Laptev Sea shelf (red bars); (c) daily mean upper layer (0–10 m) temperature (°C); (d) maximum Brunt-Vaisala-frequency N2 (s– 2); (e) mean (surface-to-bottom) salinity; (f) mixed layer depth (m). Note thin lines in (d–f) show daily values, while the thick lines are smooth using a 3 month running mean filter.





DISCUSSION

The low-salinity water largely outlines the extent of the Lena River freshwater plume, as confirmed by a water component analysis based on combined dissolved radiogenic neodymium and stable oxygen isotope data obtained for the summers of 2013 and 2014 (Laukert et al., 2017). This analysis is in line with results from a principal components analysis based on stable oxygen isotopes and nutrients (Bauch and Cherniavskaia, 2018) and indicates river water fractions in 2013 between ∼40% on the central shelf and ∼75% in the southeastern Laptev Sea that almost exclusively can be attributed to the Lena River (Figure 12). The western and northwestern shelf with river water fractions of <25% was influenced by Kara Sea freshwater (i.e., Yenisey and Ob river water, Laukert et al., 2017), which enters the region through Vilkitsky Strait (Janout et al., 2015). In the southwestern Laptev Sea, Khatanga River freshwater may also have been present in surface waters in minor quantities, as indicated by deviating tracer data (Laukert et al., 2017). In 2014, maximum river water fractions were <50% and limited to the far eastern shelf and near the Lena River outflow. While the Lena River dominance was strongly reduced, the Kara Sea influence on the northwestern shelf increased to nearly 20%. The comparatively larger influence of the Lena plume in 2013 also controlled stratification throughout much of the shelf, in particular in the eastern and southeastern Laptev Sea where river water fractions were highest. There, the water column remained mostly stratified despite the low water depth (∼20 m) because tides in this region are weak (Fofonova et al., 2014; Janout and Lenn, 2014) and wind-driven mixing only occasionally breaks up the stratification (Hölemann et al., 2011; Shakhova et al., 2014). The relative contributions of temperature and salinity to stratification can be quantified by relating the stratification (Brunt-Vaisala-frequency N2) computed from the observed temperature profile and the vertical average of the measured salinity to the stratification computed from the measured CTD profile. Unsurprisingly, salinity controls >90% of stratification throughout most of the shelf in both 2013 and 2014 (not shown), except for the western and northwestern region farthest away from riverine sources, where temperature stratification becomes slightly more relevant (15–20%).
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FIGURE 12. Total river water fraction (in %) (color-coded dots) and contributions (in %) of individual rivers (numbers: first and second number quantify Lena and Ob/Yenisey contributions, respectively) based on a water mass assessment previously reported by Laukert et al. (2017) for the late summers of 2013 (left) and 2014 (right).


The water column structure and seasonal and interannual variability of stratification is a key regulator for the ecosystem’s physical and biogeochemical processes. In summer, the surface mixed layer (SML) in the Laptev and Kara Sea ROFIs shows generally low concentrations of dissolved inorganic nitrate and phosphate and thus only low to intermediate chlorophyll concentrations (Pivovarov et al., 2005; Demidov et al., 2014). In contrast, higher concentrations of these nutrients were observed in bottom waters of the ROFI below the pycnocline (Pivovarov et al., 2005). The strong stratification within the ROFI inhibits vertical mixing and consequently vertical turbulent nitrate fluxes (Randelhoff et al., 2020). Thus, the concentration of inorganic nitrogen, which decreases strongly during the spring bloom, remains at low levels in the SML (Pivovarov et al., 2005; Nitishinsky et al., 2007; Thibodeau et al., 2017). Compared with the inflow shelves of the Arctic Ocean, new primary production on the interior shelves of the Siberian Arctic (Kara, Laptev and ESS) is low (Sakshaug, 2004; Mosharov, 2010; Williams and Carmack, 2015). Remote sensing-based estimates of primary production in the Laptev Sea also indicate that despite the decrease in sea ice cover, primary production on the central shelf decreased between 1998–2012 (Arrigo and van Dijken, 2015) and 2002–2018 (Demidov et al., 2020).

Soppa et al. (2019) showed that the observed high concentration of CDOM in the Laptev Sea ROFI (Heim et al., 2014) has a significant effect on the underwater light field absorbing most of the solar energy in the uppermost 2 m of the water column. Thus, for surface salinities <10 the depth of the euphotic surface layer (1% PAR) is ∼5 m and thus within the SML (Sorokin and Sorokin, 1996). Consequently, below this depth no primary production is possible although the bottom water has high concentrations of nutrients (Mosharov, 2010). Outside of the Laptev and Kara Sea ROFIs, the depth of the euphotic zone exceeds 20 m (Sorokin and Sorokin, 1996; Demidov et al., 2014), reaching the depth of the nutricline at ∼20–30 m (Pivovarov et al., 2005). In these more transparent waters with sufficient light below the SML, a subsurface chlorophyll maximum (SCM) can develop during the summer, when the nutrients in the SML are depleted (Demidov et al., 2018). This phenomenon has already been described in other marginal seas of the Arctic Ocean that are strongly influenced by riverine input, such as the Beaufort Sea (Carmack et al., 2004). Due to the generally high content of light-absorbing substances in the Siberian Shelf Seas, the depth of the photic zone outside of the ROFI is also limited, thus limiting the potential water depths of SCMs to a relatively narrow layer between 20 and 30 m (Mosharov, 2010; Demidov et al., 2014).

The general surface circulation in the Laptev Sea is characterized by a cyclonic (eastward) flow pattern (Timokhov, 1994). This circulation causes an inflow of more saline water masses from Vilkitsky Strait and the Nansen Basin into the northwestern Laptev Sea while the salinity of the eastern Laptev Sea’s surface water is strongly influenced by the freshwater discharge from the Lena River. The strong sea ice formation additionally contributes to the comparatively higher salinity in the western Laptev Sea (Churun and Timokhov, 1995; Janout et al., 2017, Figure 11). The frontal system between the ROFI in the eastern Laptev Sea and the denser waters of the western Laptev Sea is of importance for the formation of an intermediate temperature maximum (ITM) that was frequently observed in fall and winter below the ROFI (Figures 13, 14). The ITM is characterized by relatively high temperatures (up to 5°C) and low nutrient concentrations (Pivovarov et al., 2005) and forms in summer at the surface of the western Laptev Sea. When the wind forces the buoyant river plume and meltwater westward or the western Laptev Sea waters eastward it overflows the denser warm surface waters of the western Laptev Sea. The (now) intermediate water mass below the ROFI is isolated from the atmosphere, and thus able to maintain the higher temperatures (thermal energy) longer than it could under fall and winter cooling within the SML. Traces of the ITM remain visible well into winter (Figure 9) and may then influence sea ice formation (Timmermans, 2015) and bottom water temperatures (Janout et al., 2016a).
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FIGURE 13. Example from intermediate temperature maximum observed during a survey in October 1995. The map shows the surface salinity distribution and location of two CTD profiles, shown in the respective colors in the lower panels (left: salinity; right: temperature).
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FIGURE 14. Same as Figure 13 but from a survey in September 1999.


With the overall increase in light availability under retreating Arctic sea ice, nutrients will become a more limiting factor for future primary production. Nutrient budgets depend on utilization and cycling and most importantly on the supply through lateral and vertical fluxes. These are controlled by stratification in most regions (Randelhoff et al., 2020), underlining the role of stratification as a key ecosystem parameter. Our investigation of the two and a half decade-long Mercator record suggests increasing variability and tentatively weaker stratification on the Laptev Sea shelf. This contrasts expectations of increasing stratification in other Arctic regions due to sea ice melt and thermal warming. The future ecosystem may experience an increase in PAR, but this will be countered by enhanced riverine input (Holmes et al., 2019), which may strengthen stratification and reduce the euphotic depth due to enhanced levels of CDOM. Further, considering that Atlantic water is the main source of nutrients along the Eurasian continental slope, shelf-basin exchange processes may gain importance within the Siberian shelf ecosystem. In addition, it remains an open question how changes in sea ice, brine production, and the eastward progression of the Atlantic water influence will affect the shelf-basin interaction along the continental slope (Anderson et al., 2017; Polyakov et al., 2017; Bluhm et al., 2020).



SUMMARY

We investigated the seasonal and interannual variability of stratification on the Laptev Sea shelf as a major Siberian ROFI (Figure 1). Detailed hydrographic surveys were carried out in 2013 and 2014 (Figures 6, 7) under contrasting summer winds (Figure 5), which led to clear contrasts in the freshwater distribution. Neodymium and stable oxygen isotope measurements helped to quantify freshwater contributions from individual rivers. The surveys were bridged by oceanographic moorings in three different shelf locations and highlight the transition period from a stratified to a well-mixed water column (Figures 8–10). The central shelf is generally influenced by the ROFI and remained stratified year-round except for a short 2 month period before the seasonal sea ice retreat in spring (Figure 9). In contrast, a northwestern shelf location outside of the ROFI becomes well-mixed by mid-December until sea ice break-up and therefore highlights the ROFI as a prime regulator for stratification (Figure 8). A 26 year-long record of reanalyzed Mercator ocean parameters was used to fill the upper ocean gap in the mooring measurements, as well as to investigate oceanographic properties under variable winds and changing sea ice conditions (Figure 11). The reanalysis highlights the shift from an often year-round ice-covered shelf before the mid-2000s to one that is largely ice-free in summer since then. The most obvious changes are reflected in increasing upper-ocean temperatures, which directly correspond to increasing solar input during the extended open water season. Less intuitive consequences include the enhanced variability in water column stratification. A near-permanent ice cover largely decouples the ocean from the atmosphere, and under-ice discharge of river water follows dynamic constraints bounded by bathymetry and background flow. Removing the summer ice cover puts the freshwater at the fate of surface winds, which then controls the freshwater distribution and hence the strength and persistence of water column stratification. The transition in the sea ice regime also marked a transition from predominantly year-round stratified conditions toward enhanced mixed layer depth variability and often well-mixed water columns after the mid-2000s (Figure 11).
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An important yet still not well documented aspect of recent changes in the Arctic Ocean is associated with the advection of anomalous sub-Arctic Atlantic- and Pacific-origin waters and biota into the polar basins, a process which we refer to as borealization. Using a 37-year archive of observations (1981–2017) we demonstrate dramatically contrasting regional responses to atlantification (that part of borealization related to progression of anomalies from the Atlantic sector of sub-Arctic seas into the Arctic Ocean) and pacification (the counterpart of atlantification associated with influx of anomalous Pacific waters). Particularly, we show strong salinification of the upper Eurasian Basin since 2000, with attendant reductions in stratification, and potentially altered nutrient fluxes and primary production. These changes are closely related to upstream conditions. In contrast, pacification is strongly manifested in the Amerasian Basin by the anomalous influx of Pacific waters, creating conditions favorable for increased heat and freshwater content in the Beaufort Gyre halocline and expansion of Pacific species into the Arctic interior. Here, changes in the upper (overlying) layers are driven by local Arctic atmospheric processes resulting in stronger wind/ice/ocean coupling, increased convergence within the Beaufort Gyre, a thickening of the fresh surface layer, and a deepening of the nutricline and deep chlorophyll maximum. Thus, a divergent (Eurasian Basin) gyre responds altogether differently than does a convergent (Amerasian Basin) gyre to climate forcing. Available geochemical data indicate a general decrease in nutrient concentrations Arctic-wide, except in the northern portions of the Makarov and Amundsen Basins and northern Chukchi Sea and Canada Basin. Thus, changes in the circulation pathways of specific water masses, as well as the utilization of nutrients in upstream regions, may control the availability of nutrients in the Arctic Ocean. Model-based evaluation of the trajectory of the Arctic climate system into the future suggests that Arctic borealization will continue under scenarios of global warming. Results from this synthesis further our understanding of the Arctic Ocean’s complex and sometimes non-intuitive Arctic response to climate forcing by identifying new feedbacks in the atmosphere-ice-ocean system in which borealization plays a key role.

Keywords: Arctic ocean, climate change, atlantification and pacification, multidisciplinary changes, future projections


INTRODUCTION

The role that oceanic warmth penetrating the Arctic Ocean from the lower latitude regions with major oceanic currents plays in the state of polar ocean and sea ice was realized over a century ago (see map of the Arctic Ocean with geographical names and pathways of major water masses in Figure 1). The first instrumental observations on this topic carried out by Nansen and his crew aboard Fram in the Eurasian Basin (EB; explanation of abbreviations used in the text are given in Table 1) in the early 1890s revealed the major features of water mass structure in the polar basins (Figure 2). They found warm (temperature > 0°C, Figure 2) and salty water of Atlantic origin (Atlantic Water, AW) which was distributed throughout the deep basins of the EB at intermediate depths (∼150-900 m). They also observed near-freezing and relatively fresh water in the ∼50 m surface layer and beneath, within the 50–150 m depth range, large vertical salinity and density gradients associated with halocline overlying the AW. This expedition also provided the first lists of species for the Arctic Ocean, and found the biodiversity to be very similar to the Atlantic Ocean (Sars, 1900). See also a nice overview of earlier works by Rudels (2011).
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FIGURE 1. Arctic Ocean map with identified regions. Eastern Eurasian Basin region (EEB), western Eurasian Basin region (WEB), Beaufort Gyre region (BG), and Chukchi Sea region (CS) are indicated (blue). The Lomonosov Ridge (LR), Novosibirskiye Islands (NI), Severnaya Zemlya (SZ), Franz Joseph Land (FJL), Svalbard (SV), Makarov Basin (MB), and Canada Basin (CB) are indicated (black). Pathways of intermediate Atlantic Water (AW) and Pacific Water (PW) are shown by red and purple arrows.



TABLE 1. Abbreviations used in the text.
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FIGURE 2. First instrumental observations in the central Arctic Ocean. Nansen’s expedition in 1893–1896 aboard “Fram” delivered first deep-water profiles of temperature from the Eurasian Basin thus providing vital background information for evaluation of recent changes in the Arctic Ocean.


Later expeditions provided further details to this general picture. Particularly, observations conducted in the Amerasian Basin (AB) from the Russian drifting station North Pole #2 (NP-2) in 1950–1951 documented a temperature maximum in the halocline above the AW depth range – a signature of summer water of Pacific origin (Gudkovich, 1955). Biological observations carried out during the NP-2 drift revealed that AW strongly influences the distribution of the zooplankton in the central Arctic (e.g., Brodsky and Nikitin, 1955). They also discovered Pacific species of zooplankton in the halocline layer as far as the North Pole, thus supporting the northern Pacific as the source for these halocline waters in the AB (Brodsky, 1956). Basin-scale Russian surveys conducted in the 1950s established the spatial extent of the Pacific Water (PW, Treshnikov, 1959). Based on the analysis of 230 available hydrographic stations, Coachman and Barnes (1961) concluded that the inflowing PW has little influence on ice conditions since summer PW transports very little heat to the interior and the winter PW is already near the freezing temperature (e.g., Figure 3). Moreover, later McLaughlin et al. (2004) and Steele et al. (2004) suggested that the relatively fresh and warm summer variety of PW at depths of 40-80 m and the colder and more saline winter variety of PW at depths of 80-220 m (Figure 3) greatly strengthen stratification in the halocline and inhibit heat exchange between the AW and the surface mixed layer (SML).
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FIGURE 3. Vertical profiles of winter (NDJFMA) potential temperature (θ, left column, °C, A,C,E,G) and salinity (S, right column, psu, B,D,F,H) for the central points of the four selected regions of the Arctic Ocean (regions are identified in the right column, their geographical locations are shown in Figure 1) from the 1970s (blue) and 2000s-2010s (red). CHL, NSTM, PSW, and PWW identify Cold Halocline Layer, Near-Surface Temperature Maximum, Pacific Summer Water and Pacific Winter Water.


The key point related to the present paper is that the influx of PW leads to a much more complex halocline in the AB. This is discussed in Bluhm et al. (2015) and illustrated in Figure 4 from Carmack et al. (2016) showing vertical sections of water temperature and salinity across major polar basins made in August–September 2014. The position of the Atlantic/Pacific halocline front is strongly constrained by topography, with its location alternating between the Lomonosov and Makarov ridges (Rudels et al., 1994; McLaughlin et al., 1996). The front itself serves as an underwater fence separating two – Amerasian and Eurasian – halocline domains (Figure 4). Pacific halocline waters are generally nutrient rich, oxygen depleted, and acidic/CO2-rich compared to Atlantic-origin halocline waters (e.g., McLaughlin et al., 1996). In addition, PW has also been associated with a dissolved inorganic nitrogen deficit, relative to phosphate, due to sedimentary denitrification on the highly productive Bering and Chukchi sea shelves (e.g., Jones et al., 1998). The relative distribution of these two distinct halocline domains has implications for supporting primary production within the Arctic Basins as well as downstream, in regions such as Baffin Bay and the North Atlantic (e.g., Yamamoto-Kawai et al., 2006).
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FIGURE 4. The Atlantic/Pacific halocline front identified by blue arrow that separates the two systems: the shaded ovals show the two – Amerasian and Eurasian – halocline domains (from Carmack et al., 2016). Observations (ship trajectory is shown in insert) are made in August–September 2014. Temperature (°C) is shown by color and salinity is shown by isolines.


The front between PW and AW roughly tracks the Transpolar Drift which moves ice and cold fresh upper ocean waters from the Siberian shelf across the central Arctic toward Fram Strait (e.g., Mysak, 2001). However, there are extended time periods when the AW/PW front and Transpolar Drift are shifted toward the Makarov Basin, reducing the PW domain so that AW spreads farther into the Arctic interior (McLaughlin et al., 1996; Morison et al., 2012). The major drivers of these pathway variations of currents and sea ice drift are alternating anticyclonic and cyclonic local atmospheric circulation regimes (Proshutinsky and Johnson, 1997; Mysak, 2001; Morison et al., 2012). The atmospheric Arctic Oscillation dominates large-scale changes in wind pattern causing shifts (strengthening or weakening) of the upper ocean circulation and ice drift in the BG (e.g., Petty et al., 2016; Armitage et al., 2018). Sometimes, in summer months, the BG has been reversing directions probably changing upwelling/downwelling and accumulation of surface heat (Proshutinsky and Johnson, 1997).

Both observations (e.g., Woodgate et al., 2001; Schauer et al., 2004; Polyakov et al., 2005) and modeling results (Karcher et al., 2003) indicate that AW fluctuations in the Arctic Ocean interior are also linked to the highly variable nature of the AW inflows, with abrupt cooling/warming events. The first evidence of strong, up to 1°C, AW warming was found in 1990 when a warm pulse entered the Nansen Basin (Quadfasel et al., 1991) and began its propagation around the Arctic perimeter, reaching the Makarov Basin by 1993 and the Canada Basin by 2000 (Carmack et al., 1995; Steele and Boyd, 1998; Morison et al., 1998). It was accompanied by a displacement of the PW/AW boundary toward the AB (McLaughlin et al., 1996; Morison et al., 1998). Another warm AW pulse was detected in Fram Strait in 1999 (Schauer et al., 2004) and later in the eastern EB in 2004 (e.g., Polyakov et al., 2005). The pulse peaked in 2007-08 when AW temperature was, on average, ∼0.2°C higher than in the 1990s.

Increasing warming of the AW was accompanied by weakening of the EB halocline (Steele and Boyd, 1998; Polyakov et al., 2010). By the mid-2010s, the system had passed a threshold beyond which the halocline in this part of the Arctic Ocean had lost its fundamental property of being an effective barrier for the AW heat. The combination of weaker stratification and shoaling of the AW, coupled with net loss in ice volume, has allowed progressively deeper winter ventilation in the eastern EB (Polyakov et al., 2017, 2020). This ventilation has resulted in enhanced upward AW heat fluxes, which were sufficiently large to contribute substantially to the diminished sea-ice cover in the eastern EB (Polyakov et al., 2017). Weakening of the halocline and accelerated loss of sea ice may increase primary production via enhanced nutrient availability (Nishino et al., 2008, 2013; Ardyna et al., 2014). Polyakov et al. (2017) called this transition in sea ice state and upper ocean stratification to conditions previously unique to the western Nansen Basin ‘atlantification.’

A distinct signature of climate change in the Pacific sector of the Arctic Ocean is the increase of influx and warming of the PW documented by mooring observations in Bering Strait since the 1990s (Woodgate, 2018). Even over cooling season, heat flux into the Chukchi Sea has increased by over 40% (70 EJ to 100 EJ for 2014–2018 relative to the prior climatology, Danielson et al., 2020). The increased PW heat flux through Bering Strait contributed to heating and sea ice loss in the AB (e.g., Shimada et al., 2006; Woodgate et al., 2010) when a doubling of heat flux from 2001 through 2007 was enough to explain a third of 2007 summer Arctic ice volume loss (Woodgate et al., 2010). However, since winter PW is colder, saltier, and denser, it underlies its summer counterpart (Figure 3) and has little effect on regional sea ice changes. Moreover, a significant fraction of winter PW is formed in the Chukchi Sea after Bering Strait (Danielson et al., 2020) and since there is much more heat in the shelf system now so (we speculate) the number of days to form dense winter PW has significantly decreased and its role in shaping regional environmental changes further diminished. Enhanced inflow of warm PW into the AB triggers a positive feedback mechanism (Shimada et al., 2006) in which diminished ice cover becomes more susceptible to atmospheric wind forcing furthering wind-driven transport of PW off the shelf and into the central basin (Woodgate et al., 2010; Timmermans et al., 2014). There are numerous examples of biological responses to increased PW inflow in the AB (Section “Biological Oceanography”) which attest to rapid ‘pacification’ of this region of the Arctic Ocean. In that, winter PW does not really contribute to the changes mediated by increased inflows from the northern North Pacific, especially for the upper ocean biology and it is the summer PW variety that matters.

These rapid and unforeseen changes in the Arctic climate system are complex, poorly understood, and require careful evaluation. Specifically, developing an insight into the role that the joint thermal and haline states of the ocean plays in enhancing oceanic upward heat fluxes in the EB is critical; this knowledge can improve seasonal sea ice predictions. The role of PW heat and freshwater influx through Bering Strait in shaping changes in the AB interior is not well constrained either. With this in mind, the overarching goal of this study is to further our understanding of Arctic climate changes associated with increasing impacts of Atlantic and Pacific inflows. Following this goal and using extensive updated archives of physical and chemical observations complemented by a thorough overview of biological observations and modeling experiments we evaluate changes over 1981–2017 in physical component of the Arctic Ocean and synthesize their impacts on geochemical and biological components of the Arctic climate system. Specifically, this study is distinct focusing on multidisciplinary changes which are mediated by increased inflows from the northern North Atlantic and North Pacific. We refer to these changes ‘atlantification’ and ‘pacification,’ respectively. We will refer to their joint effect as ‘borealization.’1



DATA


Archive of CTD and ITP Data

In this study we use Arctic Ocean observations collected, with a few exceptions, from 1981 to 2017; data from earlier years were used to place changes in the AW and halocline layers in 1981–2017 in a broader temporal context. This is an update of a data archive previously applied to describing long-term changes in the AW temperatures and Arctic freshwater content changes (e.g., Polyakov et al., 2004, 2008, 2013a, 2018). Temporal and spatial data coverage is shown in Supplementary Figures S1–S5. Aircraft and ship expeditions and year-round drifting stations provide data from the 1980s. Most observations prior to the mid-1980s were made using Nansen bottles. Typical measurement errors are 0.01°C for temperature and 0.02 for titrated salinity. In the late 1980s and the 1990s, icebreakers and submarines provided high-quality measurements covering vast areas of the central Arctic Ocean. A significant increase of oceanographic observations was achieved over the 2000s and 2010s (Supplementary Figure S1). Ship-based (mostly summer) measurements in the 2000s and 2010s were complemented by ITP (Ice-Tethered Profilers2) drifters, providing year-round extensive CTD (conductivity-temperature-depth) measurements in the upper ∼800 m. CTD/ITP instruments have good vertical resolution (1 m) and accuracy of temperature (0.001°C) and salinity (0.003 psu) measurements.



Satellite SSTs and Sea Ice Concentration

The Advanced Very High Resolution Radiometer (AVHRR) satellite archive includes global daily sea surface temperature (SST) and ice concentration with 0.25 × 0.25° resolution.3 The polar region is sparsely covered by in situ SST observations, therefore, the blended OISST (Optimum Interpolation Sea Surface Temperature) data set for the Arctic Ocean relies mostly on satellite data. This product utilized AVHRR measurements from the two satellite missions, NOAA-19 and METOP-A, both of them cover the Arctic Ocean with SST observations. Moreover, METOP-A was specifically designed by the European Space Agency (ESA) to monitor polar environment and has a lower polar orbit. Along with the 6-hourly Navy AVHRR SST data, to restore the SST in the marginal and perennial ice zones, sea ice concentration data are used to obtain proxy SST estimates. The conversion of sea ice concentration to SST is performed based on the NCEP (National Centers for Environmental Prediction) real-time sea ice product available at a 1/2° grid (Grumbine, 1996) using an empirically derived linear equation from Reynolds et al. (2007). These data are used to complement in situ ocean temperature observations (Supplementary Material).



Geochemical Observations

Observations of nutrient concentrations, including Silicates (Si(OH)4, herein Si), Nitrates (NO3–+ NO2–, herein N + N), and Phosphates (PO43–, herein P), as well as dissolved oxygen (O2), stable oxygen isotopes of seawater (δ18O), salinity, and temperature were accumulated from multiple sources spanning between 1981 and 2017. The primary source of nutrient data included the Arctic Nutrient Atlas compiled by Codispoti et al. (2013). Additional data sets were collected to supplement and extend the Codispoti Atlas (see Supplementary Material for full list of data sets). The data were restricted to latitudes ≥ 60°N and summer months (May through October), as the majority of geochemical measurements were collected during summer cruises. All geochemical variables were measured on seawater samples collected from bottles tripped at discrete depths during oceanographic expeditions. Temperature, salinity, and dissolved oxygen measurements were matched from CTD profiles to bottle trip depths. Additionally, discrete measurements of salinity and dissolved oxygen were also collected and used to check the accuracy of the sensor-based measurements.



Biological Observations

Given the lack of biological time series in the focus areas of the physical and geochemical analyses, the biological section instead primarily presents a brief literature review of biological changes on the Atlantic and Pacific inflow shelves of the Arctic. In addition, primary production was simulated using a numerical model, see section “Model Description.”



METHODS


Methods in Physical Observations


SML Depth

For each CTD and ITP profile we identify the depth of the surface mixed layer (SML) by identifying the depth at which the water density exceeds that at the ocean surface by 0.125 kg.m–3 (Monterey and Levitus, 1997). This definition was successfully used by Polyakov et al. (2013b) to study winter convection in the EB. For more details on definition of the SML depth see Peralta-Ferriz and Woodgate (2015). Within the SML, the average potential temperature θSML and salinity SSML are calculated for each profile. Using these estimates from all available stations within each region, a monthly mean seasonal cycle of θSML and SSML was calculated and subtracted from each individual estimate of θSML and SSML to form monthly anomaly time series.



Halocline Base Depth

For each CTD and ITP profile the lower halocline boundary is defined following Bourgain and Gascard (2011) who show that the density ratio Rρ = (α∂θ/∂z)/(β∂S/∂z) = 0.05 (α is the thermal expansion coefficient and β is the haline contraction coefficient, θ is potential temperature and S is salinity) may be used to identify the cold halocline base depth. This algorithm is used in Figures 12, 13. The depth of the 0°C isotherm defines the total halocline base depth; it is used in all other figures where the depth of the halocline base is required (Figures 7, 8, 14, 15 and Supplementary Figure S7).



Satellite-Derived SST

Regression-like relationships (offset and scaling) between satellite-derived SST and in situ θSML were built for each region (Supplementary Figure S6). SSTs were then used to fill gaps in situ data.



Characterizing Stratification

Stratification in the SML and halocline layer is quantified using Brunt-Väisälä buoyancy frequency (N), N2 = −(g/ρo)∂ρ/∂z, where ρ is the potential density of seawater, ρo is the reference density (1030 kg m–3), and g is the acceleration due to gravity. Change of N2 results from both variations of density contrasts between two vertical levels (Δσθ) and vertical stretching of halocline layer (ΔHhalo = – HSML). N2 and Δσθ provide similar spatial patterns, but maps of N2 are generally noisier so we used Δσθ for mapping.

The halocline is complex, typically consisting of several different water masses and N2 and Δσθ do not provide any information about changes in the halocline interior. Available potential energy (APE) is a good integral indicator of changes in halocline and SML strength (Polyakov et al., 2018). It is calculated as:
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where z2 is the surface and z1 is the depth of the halocline base, g is the gravity acceleration, ρref is potential density at the base of the halocline, and z is depth.



Regional Composite Time Series

The annual and summer regional time series are composed using a technique similar to the method used for analysis of long-term AW and freshwater content variability (Polyakov et al., 2004, 2008). Using this method, the area of each analysis region was divided into boxes matching the 0.25 × 0.25° satellite grid. Mean SML potential temperature (θSML), salinity (SSML), SML thickness (HSML) and mean halocline potential temperature (θhalo), salinity (Shalo), N2, APE and depth of its base (Hhalo) in these boxes were averaged within a given month and box to produce local seasonal cycles. The derived monthly values were used to remove the monthly climatology for all individual parameters. Next, these monthly anomalies were averaged to produce annual anomaly time series for each grid box. The resulting time series for each box were averaged again, taking into account the size of each box, to obtain an area-weighted single regional time series. This technique provides an accurate spatial representation of area-averaged indices, since these results are less skewed by heterogeneity of sparse data coverage.

Several time series from sub-Arctic seas and straits are used to show connections to the high-latitude regions. The northern Barents Sea time series was taken from Lind et al. (2018) for a spatially averaged, surface layer salinity over a subarea in the northern Barents Sea. The data set is based on annual, in situ salinity profiles, and the surface layer was identified as above the pycnocline which was defined as the maximum vertical salinity gradient.

The annual time series of Bering Strait water transport WBS is from the A2 mooring (Woodgate, 2018).



Mapping

Spatial distributions of oceanic parameters over selected periods of time are presented as individual colored circles with values taken directly from data profiles, thus avoiding errors associated with spatial interpolation. However, comparison of evolution between different time periods is made using spatially interpolated data. For interpolation and presentation of differences between time periods we used a 0.25° (latitude) × 0.75° (longitude) grid. Interpolation based on simple averaging of all available points within each grid cell and using a reverse distance weighting from the center of grid cells yielded essentially the same results and the latter used in Figures 6, 8, 11.

Analysis was carried out for the 37 years spanning 1981–2017, which is long enough for capturing climatic changes while maintaining relatively good data coverage and overlap with satellite-based observations. Finally we note that all statistical confidence intervals discussed in the text are provided for a 95% level.



Methods in Geochemical Observations

A strict protocol of quality control measures was performed on all data sets included in the collection. The details of these measures are described in the Supplementary Material. Maps of variable concentrations averaged over the halocline during two specific time periods (1981–2005 vs. 2006–2017) were constructed to assess geochemical changes in the Beaufort Gyre (BG), Chukchi Sea (CS), Eastern Eurasian Basin (EEB), and Western Eurasian Basin (WEB) regions. Changes in the spatial distributions of meteoric water (MW) and net sea ice meltwater (SIM) were investigated by combining observations of salinity, δ18O, N + N, and P in a water type analysis (Yamamoto-Kawai et al., 2008; see Supplementary Material). To determine whether the changes in nutrient concentration were controlled mostly by changes in advection and/or mixing (physical) versus remineralization (biological), measurements of N + N and O2 were used to calculate the semi-conservative parameter NO after Broecker (1974), (NO = 9 × [N + N] + [O2]), and preformed-NO3 after Emerson and Hayward (1995), (Preformed-NO3 = [N + N] - (O2saturation - [O2])/9). These two tracers provide an opportunity to assess the impact of physical processes; additional changes to oxygen and/or nutrient concentrations are generally assumed to be due biological processes.



Model Description

Lack of systematic biological observations in the central Arctic was partially compensated by the use of results of a numerical model. Particularly, the levels of pelagic primary production were estimated using the numerical model system called SINMOD, a 3D coupled model system incorporating hydrodynamic, ice, and ecosystem components (details can be found in, e.g., Slagstad and McClimans, 2005; Wassmann et al., 2006). In the present work we used a regional configuration with a model grid that covers the Nordic Seas and the Arctic Ocean with a 20 km horizontal resolution (Slagstad et al., 2015). The model uses atmospheric forcing from European Centre for Medium-range Weather Forecast (ECMWF4). Freshwater influxes from R-Arctic Net program are used for Russian, American and Canadian rivers. Greenland runoff was taken from Bamber et al. (2018). Norwegian runoffs from the Norwegian Water Resource and Energy Directorate (NVE5) and climatology applied for other rivers discharging freshwater into the Nordic Seas. Tidal forcing is included by specifying tidal elevation and current along the open boundary based on data from TPXO Tide Model.6 Open boundary conditions for chemical and physical model parameters are prescribed following Wassmann et al. (2010). Initial conditions are based on World Ocean Atlas (WOA) and World Ocean Circulation Experiment (WOCE) data climatology (Koltermann et al., 2011). The model simulations cover 1979–2017.

In addition, the SINMOD system was used in this study for projections of future Arctic climate system trajectories. For that, the model was run using atmospheric forcing data from an ensemble run of the global MPI-ESM model system (Notz et al., 2013) for the IPCC RCP 8.5 scenario. More information on the configuration is described in Armstrong et al. (2019).



Statistical Information

Statistical significance of linear trends was estimated using the Student t test. Statistical significance of means was evaluated using the standard error (SE) of the mean, SE = σ/(Neff)0.5, where σ is the standard deviation of the time series (sample) and Neff is effective sample size. Neff takes into account internal correlations (or the number of independent observations) and was estimated as Neff = N∗(1-r)/(1 + r) where N is the length of the time series and r is auto-correlation at lag = 1 (von Storch and Zwiers, 1999). Two SEs were used for evaluation of statistical significance of means at 95% confidence level.



RESULTS


Changes of Physical Parameters

In this section, we show pan-Arctic SML warming and contrasting regional differences associated with the loss of stratification in the upper EB halocline and strengthening of water column stability in the upper AB. Using statistical analyses and modeling, we partially attribute these changes to advection of anomalous Atlantic and Pacific waters from upstream locations into the Arctic Ocean interior – as indicated in the Introduction, we call these changes atlantification and pacification, correspondingly.


Regional Changes in the AW Layer

We start with analysis of changes in the AW layer – the most explicit manifestation of atlantification of the deep Arctic basins. We consider the record expanded back in time to the 1950s in order to place AW changes in the 1980s–2010s in the broader context.

The pan-Arctic time series of normalized AW core temperature (Figure 5), defined as the maximum temperature found within the AW layer is an update of Polyakov et al. (2004; 2012; 2013a) with additional data from the 1990s–2010s. The record shows that warming is the dominant signal since 1950 and is associated with a statistically significant linear trend of 0.21 ± 0.04 per decade evaluated by the least-squares best-fit method. The 1981–1995 was a relatively cool period as evidenced by its mean shown by blue horizontal line in Figure 5 (for details, see Polyakov et al., 2012). The warming began in the second half of the 1980s. Observations from the 1990s documented positive AW temperature anomalies of up to 1°C relative to temperatures measured in the 1970s throughout vast areas of the Eurasian and Makarov basins (Quadfasel et al., 1991; Carmack et al., 1995; Swift et al., 1997; Morison et al., 1998; Steele and Boyd, 1998; Polyakov et al., 2004). The 2000s showed the steepest AW temperature increase, with 2006 being the warmest year in more than a century long history of instrumental observations (Polyakov et al., 2013a). Newly available data from the 2010s demonstrate that the temperatures have reached a temporary equilibrium since the 2000s with a mean temperature of +0.95±0.28 in 2006–2017. These statistical estimates provide evidence for progressive atlantification of the Arctic Ocean interior from the 1980s into the 2010s.
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FIGURE 5. The Arctic Ocean normalized annual AW core temperature anomalies (from Polyakov et al., 2013a, extended by recent years). Red dotted lines show its 95% confidence interval defined by two standard errors. Numbers at the bottom denote the 5-yr averaged number of stations used in the data analysis. Horizontal blue lines show means over 1981–1995 and 2006–2017.


The spatial pattern of AW layer atlantification is shown in Figure 6. There is a strong basin-wide temperature increase in 2006–2017 compared with 1981–1995 (Figure 6C). Warming in 2010–2017 detected by CTD and ITP observations in the eastern EB is consistent with mooring observations that captured warming of the AW from the early 2010s. A consequence is that the eastern EB water temperature in 2018 was, on average, 0.5–0.7°C higher than in 2011 (Polyakov et al., 2020). Since changes of the AW core temperature and AW layer heat content are highly correlated (e.g., Polyakov et al., 2013a), we are not surprised to find consistent spatial patterns of temperature and heat content changes (Figures 6C,I, e.g., Polyakov et al., 2012). AW temperature changes were associated with basin-wide (except eastern part of the CS region and Fram Strait) shoaling of the upper boundary of the AW layer (Figure 6F, Polyakov et al., 2017, 2020).
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FIGURE 6. Averaged over (left column) 1981–1995 and (middle column) 2006–2017 AW core temperatures (A,B, θ, °C), depths of AW upper boundary (D,E, Hupper, m) and AW heat content density (G,H, Q, 108 J.m–3) and (right column) their difference (C,F,I).




Regional Changes in the Arctic Halocline

We next analyze pan-Arctic and regional changes in the Arctic Ocean’s halocline, constructing annual time series of halocline potential temperature θhalo, salinity Shalo, available potential energy APE, and depth of halocline base Hhalo (Figure 7). Spatial distributions of these parameters are averaged over 1981–1995 and 2006–2017 (Figure 8). Vertical profiles of decadal mean anomalies of potential temperature and salinity (relative to the 1980-2017 mean) and θ – S diagrams of decadal means are shown in Figure 9; as with our analysis of AW changes, we expand this analysis by adding anomalies in the 1970s which allows us to provide background information for changes in the 1980s–2010s.
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FIGURE 7. Annual pan-Arctic and regional halocline potential temperature θhalo (a–c), salinity Shalo (d–f), available potential energy APE (g–i), and depth of halocline base Hhalo (j–l). Solid lines connect dots with no gaps in between whereas dash-dotted lines are used to fill gaps. Dashed or dotted lines show standard errors at 95% confidence level; errors and trends for regional time series are shown in Supplementary Figure S7. In (b,e,h,k) red lines are used for AB and blue lines are used for EB. In (c,f,i,l) blue, green, yellow, and red lines are used for EEB, WEB, CS, and BG regions, respectively.
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FIGURE 8. Halocline (A,B) potential temperature θhalo, (D,E) salinity Shalo, (G,H) depth of the base Hhalo, and (J,K) available potential energy APE averaged over the 1981–1995 (left column) and 2006–2017 (middle column). Corresponding [2006–2017]–[1981-1995] differences are shown in right column (C) = b-a, (F) = e-d, (I = h-g, and (L) = k-j].
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FIGURE 9. Decadal changes in the (left) EB and (right) AB of the Arctic Ocean since the 1970s. Anomalies relative to 1980-2017 mean of (top) potential temperature θ, and (middle) salinity S and (bottom) θ -S diagrams for decadal mean θ and S profiles.


Over almost four decades, θhalo shows that thermal changes in halocline were weak (Figures 7a-c). Figure 9 provides evidence that the warming in the lower halocline and upper AW was stronger than in the underlying and overlying water layers, both in the EB and AB.

Freshening of the upper AB in recent decades is well documented (e.g., Proshutinsky et al., 2009; Carmack et al., 2016). Our observations complement these findings by quantifying trends of continuous and spatially homogeneous halocline freshening in the AB and its regions (both CS and BG) since 1980 (Figure 7, Supplementary Figure S7). We note that the AB halocline is a complex system, incorporating several different water masses with distinct physical characteristics (Figure 3) and formation mechanisms. For example, analysis of CTD and ITP observations from the AB revealed a 18% increase of Pacific Winter Water volume from 2002 through 2016 and a 70 m deepening of its lower boundary over 2003–2011 in the northeastern basin as a result of Ekman pumping and lateral flux convergence (Zhong et al., 2019). Observations over three decades (1987–2017) demonstrated doubling of heat in the BG halocline associated with lateral pumping and subduction of warmer waters from the Chukchi Sea where they were anomalously warmed due to local sea-ice retreat and intensive absorption of atmospheric heat by ice-free upper ocean (Timmermans et al., 2018).

Halocline salinity Shalo in the EB shows a positive trend which, however, is not statistically significant (Figure 7e). Distribution of the halocline salinity difference between 1980s and 1990s vs. 2000s and 2010s in the EB shows that the signal captured by the regional time series is consistent with the salinization of the EB (Figures 8, 9). We note that changes in Shalo are readily transferrable to freshwater content changes.

Following Polyakov et al. (2018), APE is used to document changes in stratification of the upper Arctic Ocean. Spatial patterns of APE show contrasting changes in two major Arctic Ocean basins associated with strengthening of stratification in the AB (positive values, including both CS and BG regions) and overall weakening in the EB (negative values, including both WEB and EEB) (Figures 8J–L). These regional tendencies are accelerated in the 2010s compared with the 2000s as evidenced by estimates of linear trends (Table 2). This spatial pattern is partially related to changes of the depth of the halocline base. This relationship is confirmed by a relatively high correlation (R = 0.75 for both AB and EB) between regional time series of APE and Hhalo. However, in section “Attribution of 1981–2017 Changes in the Arctic Ocean to Borealization” we provide arguments that freshening of the AB and salinification of the EB by advection from upstream locations also play a role. For example, the trend toward stronger stratification in the upper AB is consistent with continued freshening in this region and deepening of the surface fresh layer due to intensification of the Arctic high and wind-driven convergence of upper ocean currents (e.g., Proshutinsky et al., 2009; McPhee et al., 2009). Contrasting changes in the upper EB are consistent with the recent findings of atlantification in the eastern EB (Polyakov et al., 2017).


TABLE 2. Regional Arctic trends (per decade) in 1981–2017.
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Regional Changes in the SML

Moving from deeper to shallower layers, we next consider changes in the Arctic Ocean’s SML. Annual time series of SML potential temperature θSML, salinity SSML, and layer thickness HSML are shown in Figure 10. Standard errors at 95% confidence level are presented for each time series in Supplementary Figure S8. Estimates of trends are shown in Supplementary Figure S8 and Table 2.
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FIGURE 10. Regional annual Arctic Ocean surface mixed layer (SML) potential temperature, θSML, salinity, SSML, and thickness, HSML. Solid lines connect dots with no gaps in between whereas dash-dotted lines are used to fill gaps. EEB denotes eastern Eurasian Basin, WEB denotes western Eurasian Basin, CS denotes Chukchi Sea region, and BG denotes Beaufort Gyre region (see Figure 1 for definitions of the regions).


Over the last 37 years, the SML in all four regions became warmer as demonstrated by warming trends (Supplementary Figure S8, Table 2). SML warming in the EB in the most recent decade was accelerated relative to the 2000s whereas in the AB the warming rate decelerated. This dominant warming signal is consistent with the overall positive regional trends of the SML temperature estimated by Peralta-Ferriz and Woodgate (2015) for 1979–2012. The spatial pattern of SML temperature anomalies shows dependence on ice coverage, with enhanced warm anomalies in the areas of maximum ice retreat (Figure 11C). This is tied to the number of open water days (Frey et al., 2018) and is consistent with the amount of incoming solar radiation absorbed by the sea or ice surface with greater warming occurring in ice free areas and the pattern of satellite-derived sea surface temperature change (Timmermans and Ladd, 2018). Extensive overview (with numerous references therein) of regional impacts of the sea ice reduction on thermal state of the upper Arctic Ocean can be found in Carmack et al. (2015). Bintanja and Krikken (2016) provided a useful modeling perspective on the role of radiative forcing in shaping the upper Arctic Ocean warming.
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FIGURE 11. Averaged over (left column) 1981–1995 and (middle column) 2006–2017 SML (A–C) θSML, (D–F) SSML, and (G–I) HSML and (right column) their difference. Black line shows (A,B) 50% September sea ice concentration and (C) 30% sea-ice concentration difference.


In all regions but the EEB the SML experienced freshening over 1981–2017 (Table 2). Freshening and deepening of the SML in the AB (including CS and BG regions) is driven by a combination of enhanced sea-ice melt, redirection of Siberian riverine waters into the BG, and Ekman pumping due to anomalous atmospheric circulation of the Arctic High (e.g., Proshutinsky et al., 2009). We note here that the rate of freshening in both AB regions during the recent decade was comparable with that observed in the 1980s–1990s (Figure 10). The apparent increase of SSML in the EB was dominated by strong salinification over shallow Laptev Sea shelf (Figure 11F). Salinification of the EEB region since 1999–2000 led to almost as high EEB SSML as in the WEB – potentially a manifestation of atlantification of the EB (Figure 10). At the same time, the thickness of the SML increased in the EEB region since the late 1990s (Figures 10, 11); both SML salinification and thickening may be a signature of locally intensified sea-ice formation processes. We discuss the relative role of borealization in recent Arctic Ocean changes in the next section.



Attribution of 1981–2017 Changes in the Arctic Ocean to Borealization

Attribution of changes in the upper ocean (including halocline and SML) to borealization is not an easy task due to a host of local and remote forcings and complex feedbacks driving these changes.

However, concerning atlantification, our analysis confirms that at least in part the loss of stratification in the eastern EB halocline lies in processes originating upstream. Figure 12 (top) shows that changes of the halocline salinity, the main contributor to water column stability in the eastern EB, are well correlated with the lagged upper ocean salinity changes in the northern Barents Sea (Lind et al., 2018). The main drivers of the observed upper ocean salinity changes in the northern Barents Sea are sea ice changes in the western EB and eastern Barents Sea and Kara Sea (Lind et al., 2018), implying a similar response in the eastern EB. Sea ice changes in these regions are in turn closely linked to increasing AW temperatures (Årthun et al., 2012; Onarheim et al., 2014), and over the last decades the upstream AW temperatures have shown a substantial warming (Barton et al., 2018) as well as increasing salinities (not shown).
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FIGURE 12. Normalized (reduced to anomalies and divided by standard deviation SD) regional annual time series of (upper panel) EEB halocline salinity SEEB and upper northern Barents Sea (Bar) salinity SBar and (lower panel) CS halocline salinity SCS and Bering Strait (BS) water transport WBS (Sv, reversed sign is used for this time series). Time series for SBar is from Lind et al. (2018). Data for WBS time series are from BS a2 mooring (Woodgate, 2018). SBar and WBS time series are lagged by one year. Dash-dotted lines are used to fill gaps (interpolated values are not used for statistical estimates). Trends are shown by dashed lines; trends in the upper panel are based on annual salinity values whereas trends in the lower panel are computed using normalized anomalies.


The role of pacification in recent high-latitude oceanic changes is illustrated by Figure 12 (bottom) showing decreasing Shalo in the CS region resulting from an increasing influx of relatively fresh Pacific waters through Bering Strait (the latter leads by one year) over the past almost four decades. The same lagged correlation is found for the BG Shalo time series (not shown).

We further this analysis by considering the relative roles of advective (remote) vs. local atmospheric heat sources in warming of the BG halocline. In this analysis, we followed the approach used by Timmermans et al. (2018) who compared pentadal changes in total heat content in the BG halocline with the amount of atmospheric heat absorbed by the upper ocean in summer in the northern Chukchi Sea over 1987–2017. Via this comparison, they argued that doubling of the amount of heat stored in the BG halocline over the past three decades appears attributable to the local summer solar heating of the upper ocean due to sea ice losses and larger oceanic absorption of atmospheric heat. In that, the relative role of this heat source in comparison with oceanic heat carried by the transport of water through the Bering Strait was neglected. Here we complement their analysis via a direct comparison of these two sources of heat for the BG halocline warming.

Using our estimates of halocline temperature for the BG region (Figure 7c), we evaluate the amount of heat stored in the BG region (Figure 13A) and find a doubling since 1981, in agreement with Timmermans et al.’s (2018) estimates. Figure 13A also shows the annual amount of heat passed through the Bering Strait (Figure 3 from Woodgate, 2018) and heat pumped into the northern Chukchi Sea (NCS) from atmosphere in summer. Following Timmermans et al. (2018), for the latter we used the same area limited by 70–75°N latitudes and 190–210°E longitudes, monthly SST, and subduction rates of 0.2 Sv (1 Sv = 106 m3.s–1). Temperatures measured in the Bering Strait were lower than SSTs from the NCS; both were higher than halocline temperatures in the BG region (Figure 13B). From Figure 13A, we find that the advective source of heat exceeds the local atmospheric source significantly, by a factor of approximately 25.
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FIGURE 13. (A) Time series of the amount of heat accumulated in the BG region annually since 1981 (red), carried by Pacific waters through Bering Strait (green), and pumped into the ocean interior by summer (July–September) atmospheric heating (blue). (B) Annual mean water temperature of the BG halocline (red) and of Pacific waters passing through Bering Strait (green) and summer mean sea surface temperature (SST) of the northern Chukchi Sea (NCS, blue). (C) Relative contribution of Bering Strait (green) and NCS (blue) heat influxes to warming of the BG halocline. Broken lines are used to fill gaps. (D) Percentage of the PW increase that has entered the BG halocline layer (from SINMOD simulations). The red line shows linear trend.


We note that care should be exercised when comparing contributions of heat from different sources to changes of the total regional heat content. The relative contribution of influxes of heat from the Bering Strait and NCS region to BG halocline warming is estimated using Qsource = ρcp (Tsource – TBG)*Volsource*P/ΔQBG, where subscript BG refers to the Beaufort Gyre, source identifies either Bering Strait or NCS, ρ is the density of seawater (∼1030 kg.m–3), cp is the specific heat of seawater (∼3900 J.kg–1.K–1), T is temperature, Vol is an estimate of water transport across the Bering Strait (Figure 3D from Woodgate, 2018) or subduction rate of 0.2 Sv for the NCS (Timmermans et al., 2018), P is period of time (one year for the Bering Strait and three months for the NCS), and ΔQBG = 1.01 × 1019 J is the annual change of heat in the BG region over 1981–2017 evaluated using a linear trend. This formula assumes that a volume of source water with temperature Tsource substitutes the same volume of water in the BG with temperature TBG and confirms our earlier conclusion that the PW is potentially a greater source of heat for the BG warming compared with the local atmospheric heat fluxes (Figure 13C).

The utility of this comparison is limited, however, since this approach neglects heat losses on its way from each source to the BG interior. It is safe to assume that some portion of atmospheric heat pumped into the ocean locally, within the area of the Chukchi Sea slope, does not reach the BG interior due to ventilation of this heat back into the atmosphere in fall or storage of this heat in the upper ocean and later use to reduce the rate of sea ice formation. The fate of PW heat is not that clear either. For example, using reanalysis surface heat fluxes Danielson et al. (2020) demonstrated that the PW was losing up to 2.5 × 1020 J annually into the atmosphere (equivalent to ∼14 ± 1 W/m2, mostly pronounced in fall and winter) while traveling over the Chukchi shelf prior 2014 but in more recent years the heat loss was enhanced reaching 3.1 × 1020 J (∼18 ± 4 W/m2). These heat losses constitute up to 50–60% of the total amount of oceanic heat delivered into the Chukchi Sea through the Bering Strait (Figure 13A). An additional and poorly known PW heat sink is the contribution to regional summer ice melt. However, this heat loss can be roughly assessed by assuming that, in addition to atmospheric thermodynamic forcing, every summer oceanic heat melts ∼50% of 1.5–2 m of the Chukchi Sea ice cover (∼500,000 km2). This conservative approach yields ∼0.7–1.0 × 1020 J of PW heat losses reducing estimates of the amount of PW heat reaching the BG interior by additional ∼20%. Another constituent of the potential PW heat losses is the amount of PW heat advecting around the BG without mixing with ambient gyre waters because of being trapped within the upper slope boundary current. Using mooring observations, Brugler et al. (2014) estimated PW heat transport (referenced to −1.91°C) of the Beaufort shelf break jet. In 2002–2004 the annual heat transport was ∼0.5 × 1020 J, but in 2008-2010 it was reduced to ∼0.1 × 1020 J due to increased easterly winds (R. Pickart, personal communication). These estimates of heat losses compared with the overall heat gain by the influx of PW heat through the Bering Strait (Figure 13A) suggest that prior to 2004 the identifiable heat fluxes balanced, while in later years they increased to approximately 0.3 × 1020 J, which is sufficient to explain the observed warming trend of ΔQBG = 1.01 × 1019 J per year in the BG solely by pacification.

These estimates are in qualitative agreement with modeling results. SINMOD (Methods) was used to investigate the impact of pacification on changes in the BG. For that, the model was run twice. In one experiment, the PW transport across the Bering Strait was kept constant at 0.9 Sv. The second experiment repeated the first one but PW inflow across the Bering Strait increased from 0.9 Sv in 1992 to 1.1 Sv in recent years. The results from the simulations were used to estimate the percentage of PW entering the BG halocline layer due to anomalous PW influx (Figure 13D). This is calculated as the percentage of change in volumetric salinity in the BG halocline (PCSBG) compared to the increase in volumetric salinity influx across the Bering Strait:
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where dS is the difference in annual halocline salinity in the BG halocline between the two model experiments, Vhalo is annual volume of the halocline layer in BG, SPW is the annual salinity of inflowing PW, and VPW is the volume of increased inflow across Bering Strait between the two model runs. Figure 13D shows strong interannual variability and underlying positive trend of PCSBG which explains an increasing role of PW in shaping the thermohaline state of the BG interior. Particularly, in the 2010s, the simulated PCSBG was as high as 2–5% which, applied to the PW heat transport across the strait, yields 0.1–0.2 × 1019 J per year, sufficient to explain warming of the BG interior by pacification. This conclusion resonates with results of Shimada et al. (2006) and Serreze et al. (2016) who emphasized the important role of the oceanic heat inflow through Bering Strait for the sea-ice edge position in the Chukchi Sea and beyond into the Beaufort Sea. It also contributes a critical addition to findings of Timmermans et al., 2018 who suggested that local atmospheric heat is an important contributor to warming in the BG interior.

In the next section, geochemical data provide further insights to the ongoing pacification of the western Arctic Ocean.



Geochemical Oceanography

In this section, we assess changes in the concentrations of geochemical parameters (Figure 14) and water types (Figure 15) averaged over the halocline in each region between two time periods (1981–2005 vs. 2006–2017). The use of maps averaged over longer time periods reduces biases associated with insufficient spatial coverage of the specific regions on interannual timescales. We show the combined influences of warming and freshening on the distributions of geochemical parameters across the pan-Arctic, and the influence of altered circulation pathways on the expanded distribution of Pacific sourced nutrients into the northern CS, Canada Basin, and central Arctic Ocean.
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FIGURE 14. Geochemical observations in the halocline averaged over 1981–2005 (left column), 2006–2017 (middle column), and their difference (right column), including (A–C) silicates, (D–F) nitrates, (G–I) phosphates, (J–L) dissolved oxygen, (M–O) preformed NO3, and (P–R) NO. All variables are in mmol.m–3.
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FIGURE 15. Geochemical observations in the halocline averaged over 1981–2005 (left column), 2006–2017 (middle column), and their difference (right column), including (A–C) SIM, %, (D–F) MW, %, (G–I) O2 saturation, mmol m−3, and (J–L) O2 saturation, %.



Geochemical Changes in the Eurasian Basin

Although few geochemical data are available in the EEB and WEB during the first time period [1981–2005], some interesting observations can be made concerning changes between the two time periods for the areas where data are sufficient.


Dissolved oxygen

O2 concentration data are lacking across the EEB and WEB during the first time interval; however, the small area of coverage in the northern WEB indicates O2 increased slightly between the two periods (Figure 14L). O2 saturation (a function of temperature and salinity where saturation increases with decreasing salinity and temperature) decreased in the EEB and generally increased in the WEB between the two time periods (Figure 15I).



Nutrients

Generally, the concentrations of all three nutrients, Si (Figure 14C), N + N (Figure 14F), and P (Figure 14I), decreased across the EEB and WEB between the two time periods. Much stronger decreases in N + N are seen in the WEB and slight increases in Si and P are observed in the central EEB (Figures 14C,F,I). These trends are consistent with a general decrease in N + N and P in the central Arctic Ocean, but are in contrast to the increase observed in Si, preformed-NO3 and NO (Figures 14O,R). This higher NO, coupled with increased Si and P, could be associated with an increased influence of Pacific halocline waters in the central Arctic Ocean between the two time periods, as previously discussed (e.g., de Steur et al., 2013; Krishfield et al., 2014; Alkire et al., 2015).



Water types

Meteoric water decreased in both EEB and WEB regions, consistent with results presented by Morison et al. (2012) and Alkire et al. (2015) suggesting MW was diverted from the Eurasian to Canadian Basins. These changes in MW content in the EEB and WEB are accompanied by a general decrease in MW in the central Arctic Ocean and an increase in SIM, whereas the proportion of SIM decreased within the EEB and increased in the WEB (Figures 15C,F).



Geochemical Changes in the Amerasian Basin


Dissolved oxygen

The O2 concentration increased over most of the AB domain between the two time periods (Figure 14L). To investigate the potential causes of this O2 increase, the changes in O2 saturation and percent saturation were also plotted (see Figures 15I,L). The change in percent saturation matches the change in O2 concentration but differs considerably from the change in O2 saturation in some areas. For example, the southwestern corner of the Chukchi Sea exhibited declines in O2 concentration, saturation, and percent saturation, suggesting that warming temperatures (Figure 8) drove the oxygen decrease (i.e., the saturation decrease due to warming exceeded the saturation increase resulting from freshening). In contrast, the O2 concentration and percent saturation increased in the southeastern Beaufort Gyre region despite a decrease in saturation. This indicates that the warming effect on saturation also exceeded that of the freshening, but the O2 increased regardless, perhaps due to biological processes.



Nutrients

Concentrations of Si (Figure 14C), N + N (Figure 14F), and P (Figure 14I) decreased throughout most of the BG and the southeast portion of the CS between the two time periods. Increased mean nutrient concentrations are notable in the central Arctic Ocean (generally, the central and deep areas of the Amundsen and Makarov basins) and the northernmost regions of the Canada Basin and CS, in addition to a small area off the western coast of Banks Island (Si and N + N only). Similar to the changes in nutrients, preformed-NO3 largely decreased in the BG and southeastern CS, but increased in the central Arctic Ocean and the northernmost regions of the Canada Basin and CS (Figure 14O).

The broad decrease in nutrients and preformed-NO3 in the BG are likely direct consequences of the impacts of Ekman pumping and the reduced salinity/increased stratification observed in the halocline (Figures 7, 8, 14C,F,I,O). Prior studies have shown a deepening of the nutricline in the Beaufort Sea and Canada Basin resulting from the increase in stratification and suggested that the increase in the stability of the water column will prevent new nutrients from entering the region via vertical mixing (McLaughlin and Carmack, 2010).

Presumably, lateral advection has not changed in the BG in such a way as to increase nutrient concentrations; however, it may play a primary role in the northernmost regions of the Chukchi Sea and Canada Basin, and further into the central Arctic Ocean. These northern regions generally correspond with areas exhibiting a deepening of the halocline base (Figures 7, 8). In addition, these areas also coincide with the position of the bottom/recirculation edge of the Beaufort Gyre and/or observed changes in the Pacific Winter Water circulation (Zhong et al., 2019). Winter PW is characterized by high nutrient concentrations, preformed-NO3 and NO (Shimada et al., 2005; Nishino et al., 2008; Alkire et al., 2019) and alterations to its circulation pathway(s) may have impacted nutrient concentrations in the halocline in this region.

Similarly, the general decrease in nutrient concentrations over much of the BG and CS could be a consequence, at least in part, of the advection of low nutrient waters into the region. Freshening of the upper halocline would entail drawing near-surface waters from nearby regions (e.g., Bering, Chukchi, and East Siberian Seas) that might have been depleted of nutrients during transport (since they were previously at, or near, the surface). The increased stratification prevents vertical mixing of these (now nutrient depleted) waters in winter. Overall, this would result in a decrease of the mean nutrient concentrations of waters being supplied to the halocline. Freshening also increases the O2 saturation and, if nutrients were depleted in the waters that are contributing to the halocline, an increase in O2 concentrations due to biological production might be retained, partially explaining the general O2 increase over the study region.

In combination with potential nutrient drawdown, reduced nutrient concentrations could be a consequence of the specific sources of freshwater that are being accumulated in the halocline of the CS and BG regions. For example, increases in the contributions of meteoric water/river runoff and sea ice meltwater to the halocline, especially at the expense of nutrient replete Pacific halocline waters, would likely lower nutrient concentrations.



Water types

The MW distributions also indicate an overall increase, in agreement with work by Morison et al. (2012). The MW increase in the northern half of the study region might be indicative of an influence from Siberian river runoff (Yamamoto-Kawai et al., 2005, 2009; Alkire et al., 2010; Morison et al., 2012), increased freshwater flux through Bering Strait (Figure 12; Woodgate et al., 2012), or a consequence of Ekman convergence (e.g., Proshutinsky et al., 2009). Unfortunately, we cannot specify the sources of the MW increases with the available data.

The SIM fraction is seen to increase in the southeast region of the Canada Basin and eastern Beaufort Sea. This region is prone to thin ice and early break up due to persistent easterly wind forcing that advects ice out of the region in the fall and spring (Steele et al., 2015). Summer sea ice concentrations across the Arctic as a whole, and in particular in the Beaufort Sea, have decreased precipitously between the periods compared in our study [1981–2005] and [2006–2017]. We speculate that the strong increase in SIM observed in Figure 15C reflects the more persistent seasonal melt-back of sea ice in this region since 2006, and the general anti-cyclonic gyre circulation that drives ice from the north eastern portion of the basin to melt in the south, contributing to an increase in net SIM fraction.



Summary of Geochemical Changes Between 1981–2005 and 2006–2017

Although spatial coverage was limited, particularly over the EB, some patterns have emerged in the geochemical data. Dissolved oxygen concentrations increased over most of the Arctic (including AB, central Arctic Ocean, and WEB) but decreased in the EEB. These changes were primarily associated with opposing changes in the saturation, which were impacted by higher temperatures (decreasing saturation) and decreasing salinity (increasing saturation); the O2 typically increased where the salinity effect exceeded the temperature effect.

Nutrient concentrations, in contrast, generally decreased over most of the Arctic, except in the northern CS and Canada Basin, as well as the central Arctic Ocean, where concomitant increases in preformed-NO3 and the NO parameter suggest an increase in the influence of Pacific halocline water. The decrease in nutrient concentrations to the southern CS and BG could reflect increased biological utilization, a loss of winter PW to this region and/or increased influences from Atlantic halocline waters or Alaskan coastal waters (relatively low nutrient content). The decline in nutrients over the EB occurs despite the atlantification of the EEB and associated deeper vertical mixing. The possible mechanisms responsible for this unexpected decrease, such as enhanced uptake of these nutrients upstream in the Barents Sea and/or reduction of Siberian shelf water influences to the halocline, require further study.



Biological Oceanography

Biological ‘borealization’ is a consequence of the physical and chemical conditions and processes described in the above sections given many organisms or their larvae are either transported with the water they are living in or follow the environmental niches formed by water masses properties and related processes. A tight connection between physical-chemical and biological ‘borealization’ is, therefore, thought to be associated with altered water mass transport and, with it, the transport of taxa biomass, propagules and/or prey communities from boreal areas into the Arctic. Changes in light regime, and warming and freshening of the Arctic halocline also have consequences for biological borealization through its effect on primary productivity and cascading effects on subsequent consumer levels. In this section, we first discuss changes in primary production based on literature and numerical modeling approaches. Thereafter we review published literature documenting borealization with regard to changes in species distribution and ecosystem function. Given the lack of observational biological time series placed in the areas matching the physics and geochemical sections of this paper, the review of the higher trophic levels is restricted to shelf areas.


Borealization and Primary Production

Coincident with the sea ice retreat and the altered light regimes, substantial changes have occurred at the base of the food web in the Arctic Ocean over the last decades and these are likely to alter entire marine ecosystems. The productive season has been prolonged (Arrigo and van Dijken, 2015), and both open water and nearby under-ice advected blooms (Johnsen et al., 2018) and early pelagic under-ice blooms have been observed (Arrigo et al., 2012; Assmy et al., 2017). The presence of autumn blooms has increased across all shelf seas and by as much as 70% along the EB margin during the last decade (Ardyna et al., 2014). The steepest increase in open water chlorophyll-a concentrations (reflecting algal biomass, not production) over the years 2003–2016 for the entire Arctic has occurred during May in localized areas of the ice-free Barents Sea, with an overall positive trend averaging 0.79 mg m–3 yr–1 (Frey et al., 2017).

Beside the direct effects of light and nutrient concentrations, primary production is also impacted by changes in temperature and stratification, through their impacts on metabolism and nutrient supply, respectively. Generally, increasing temperatures increase metabolic rates including growth but also maintenance metabolism. This change must be balanced by nutrient availability to be turning into enhanced production levels. Nutrient availability is enhanced with decreasing stratification (as observed in the EB) and higher ocean surface-atmosphere interaction, but decreases with increasing stratification (as observed in the AB in Li et al., 2009). Consistent with observations, SINMOD predicted an increase in new primary production in both large parts of the EB as well as the perimeter of the AB over the last years (Figure 16). The highest primary production estimates per m–2 was in WEB and the growth in annual primary production was also higher in this region compared to the other regions. From around the year 2000, the model predicted increase in primary production in all regions. In EB, the increase was a result of both a longer productive season and in some regions increased vertical fluxes of nutrients due to changes in the water mass structure shown above and the mixing regime. The model also shows that in this region, changes in light conditions increased the productive season and that the increase in production followed the path of the nutrient rich PW.
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FIGURE 16. (a–c) Pan-Arctic (PA) and regional time series of mean annual primary production simulated by SINMOD. (d–f) Maps of simulated annual new primary production averaged over (d) 1981–1995, (e) 2006–2017 and (f) their difference. (g–i) Maps of simulated decadal mean sea surface temperature for (g) 2006-2015 and (h) 2090-2099 for the IPCC scenario RCP8.5 and (i) their difference. (j–l) Maps of simulated decadal mean new primary production for (j) 2006-2015 and (k) 2090-2099 for the IPCC scenario RCP8.5 and (l) their difference.




Effects of Atlantification on Consumer Trophic Levels

Coincident with warming, sea ice retreat and atlantification in the Atlantic Arctic gateway (i.e., southern area of the WEB, Figure 1) (see Section “Changes of Physical Parameters”), as well as with changes in primary production (section “Borealization and Primary Production”), substantial changes were also reported at consumer trophic levels in the Barents Sea. Changes in secondary production or growth have been observed with a doubling of the total biomass of the pelagic compartment, specifically krill and pelagic fishes, from the 1990s to the 2000s (Eriksen et al., 2017). Demersal commercial fish species such as Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus), saithe (Pollachius virens) and redfish (Sebastes spp.) have also shown positive trends in biomass through the last decades (Johannesen et al., 2012; Kjesbu et al., 2014; Bogstad et al., 2015; Haug et al., 2017).

Furthermore, substantial species distributional changes have been documented associated with the warming documented in section “Changes of Physical Parameters.” As for zooplankton, the favorable thermal habitat for boreal species such as the copepod C. finmarchicus and krill, has expanded northwards, whereas Arctic species (e.g., the amphipod Themisto libellula) have retreated further north (Zhukova et al., 2009; Orlova et al., 2010, 2015; Dalpadado et al., 2012; Eriksen et al., 2017). Observations show also recent northern expansions (141 km over 8 years) of boreal fish species such as capelin (Mallotus villotus), Atlantic cod, haddock, saithe and redfish through the last decade (Fossheim et al., 2015; Haug et al., 2017). In contrast and matching the warming trends shown above, Arctic fishes such as polar cod (Boreogadus saida) have declined in distribution area and biomass (Hop and Gjøsæter, 2013; Eriksen et al., 2015). In addition, expansion of boreal demersal species into the southern perimeter of WEB has resulted in increased predation pressure on the Arctic demersal fish community thereby altering the food web, reorganizing ecological communities and influencing ecosystem functions (Wiedmann et al., 2014; Fossheim et al., 2015; Kortsch et al., 2015; Frainer et al., 2017). Changes in functional characterization and food web configuration, driven by climate warming in general and atlantification in particular, have already transformed the Barents Sea ecosystem toward increased borealization (Fossheim et al., 2015; Kortsch et al., 2015).

Through the Fram Strait pathway, 30–50 kg C s–1 of zooplankton, primarily composed of C. finmarchicus (Basedow et al., 2018) are advected from the North Atlantic into the Arctic, a level of biomass that far exceeds local production. That biomass is transported eastward with the Arctic boundary current waters, contributing significantly to zooplankton biomass in the EB. Although the numbers of C. finmarchicus decline dramatically already in the Kara Sea, it has been observed in low abundances as far east as the East Siberian Sea (Ershova and Kosobokova, 2019). It is presumed that all C. finmarchicus biomass in the Arctic Ocean are allochtonous, since no reproduction or early life stages have ever been registered here for this species. The exact mechanism for this functional sterility is unclear, as is the exact northern boundary where this species is no longer able to complete its life cycle. However, increasing atlantification is likely to shift their biogeographical range northward and/or eastward, consistent with AW warming (Figures 5, 6). A 10-year time series in the Fram Strait showed that in recent years advected C. finmarchicus is developing faster, reaching later developmental stages by the end of the summer either due to earlier spawning or accelerated growth under warmer temperatures (Weydmann et al., 2018). Together with the above mentioned shifting patterns in primary production, this phenology change may lead to fundamental shifts in the biogeography of the Calanus complex in the Arctic Ocean in the future.

In the WEB, west and north of Svalbard, recent observations have revealed a marked epipelagic layer (< 50 m) dominated by copepods, krill and amphipods in addition to young-of-the-year fish advected northwards presumably fueling higher trophic levels (Knutsen et al., 2017). In addition, there is a distinct mesopelagic layer containing a range of larger organisms (krill, and amphipods and mesopelagic fish) associated with the AW between 200 and 600 m (Knutsen et al., 2017; Gjøsæter et al., 2017). This Atlantic mesopelagic layer is a continuation from the Norwegian Sea. With further atlantification, the biomass of this Atlantic mesopelagic layer may change, as can the patterns and structures of the layer. This might in turn imply changes in the pelagic ecosystem in the WEB.

As in the northern Barents Sea, northward expansions of the larger, mobile species are also documented in the WEB. Recent observations showed mackerel (Scomber scombrus) west of Svalbard (Berge et al., 2015), and Atlantic cod, haddock, capelin, Greenland Halibut (Reinhardtius hippoglossoides), redfish (Sebastes spp.) and shrimp (Pandulus borealis) are currently found as far north as the shelf break north of Svalbard (Haug et al., 2017). Although Atlantic cod in the region leaves the shelf break on feeding migrations (Ingvaldsen et al., 2017), they and the other demersal species cannot establish themselves in the deep Arctic Ocean, and any expansions are more likely to be eastwards than northwards (Hollowed et al., 2013).

Both the WEB and the northern Barents Sea shelf are home for several marine mammal species, some of them endemic, some of them ice-associated, and others seasonal migrants, and they respond differently to the warming and atlantification. Ringed seals (Pusa hispida) that are extremely dependent on sea ice seem to have followed the marginal ice zone in Svalbard that shifted from a position over the continental shelf northward to the EB (Haug et al., 2017). Such behavioral changes require increased energetic costs in finding food (Hamilton et al., 2015), and continued declines in sea ice are likely to result in further distributional changes, range reductions and population declines in this key Arctic species (Haug et al., 2017). The ice-associated harp seal (Pagophilus groendlandicus) has exhibited a significant decrease in body condition in the last decade, apparently with associated declines in pup production (Haug et al., 2017). Although this is likely associated directly with sea ice reductions, it has also been suggested that the species has been outperformed by the record-large cod stock in the area (Bogstad et al., 2015), supporting the earlier posed hypothesis that competition from northward expanding temperate area species may gain importance. Also, temperate marine mammals are showing northward expansions of their ranges (Skaug et al., 2004; Kovacs et al., 2011), which are likely to cause additional competitive pressure on some Arctic species, as well as putting them at risk of additional predation and diseases (Kovacs et al., 2011).



Effects of Pacification on Consumer Trophic Levels

In the Pacific Arctic gateway (CS region), evidence has also been accumulating over the past decade that representation of Pacific species and/or communities has increased. As in the Atlantic inflow areas, these are mediated through increased influence of Pacific-origin waters (Woodgate et al., 2012; Woodgate, 2018), though not all community shifts are readily tied directly to this cause, and some appear to be intermittent and related to periods of warmer and colder conditions. The evidence is primarily based on data from the Pacific Arctic shelves, namely the northern Bering, Chukchi and Beaufort Seas, where biological time series such as NOAA fisheries surveys (Stevenson and Lauth, 2019), the Distributed Biological Observatory (Grebmeier et al., 2010, 2018) and other comparisons from two or more time points or periods have become available. A lack of biological time series in the AB largely prevents any observations on potential pacification from these deep areas.

The first reported trans-Arctic transport of a Pacific diatom, Neodenticula seminae, into the Atlantic was associated with the increased flow of PW into north-west Atlantic (Reid et al., 2007). An important primary producer in the temperate Pacific including the Bering Sea (Katsuki et al., 2003), this species is thought to have been transported by the 1998/99 PW pulse along the Arctic boundary current and then likely through the Canadian Arctic Archipelago before it was picked up and tracked by the extensive North Atlantic continuous plankton recorder data set in 1999–2004 (Reid et al., 2007). Other trans-Arctic migrations (as were common during pre-glacial times in the Arctic) are expected in the future.

At the zooplankton level, a time-series compiled from a multitude of sources and covering the period from 1945–2012 showed the zooplankton community on the Chukchi shelf to have had Bering-Pacific biogeographic affinity throughout the record, but with warming and ice decline having increased the influence of the Bering-Pacific components (Ershova et al., 2015). Consistent with increased PW influx across the Bering Strait (Woodgate, 2018), zooplankton biomass increased overall – embedded in large interannual variation and gear-biases, mostly driven by increases in abundance of C. glacialis transported from the North Bering Sea. There is limited evidence of northward shifts in distribution of other Pacific copepod species, such as Metridia pacifica and Neocalanus spp.

Despite the increasing inflow of PW into the CS region, the long residence time on the broad and shallow northern Bering/Chukchi shelf serves as a significant impediment for range expansions of most pelagic Pacific species into the AB. While some Pacific zooplankton, such as Eucalanus bungii and Metridia pacifica are regularly observed over the Chukchi and Beaufort sea slopes in the BG and northern CS regions (Kosobokova et al., 2011; Smoot and Hopcroft, 2017) and even in the off the shelf of the East Siberian Sea (Ershova and Kosobokova, 2019), they never compose a significant portion of the plankton in the these regions, in contrast to C. finmarchicus. Just like C. finmarchicus, these Pacific species are only observed as late stages and are presumed to be sterile expatriates (Kosobokova et al., 2011). Even “pan-Arctic” species, such as C. glacialis may be represented by a separate population in the Pacific Arctic, which does not survive far past the shelf break. This is supported by the distribution of developmental stages, which in Pacific-origin water are composed only of late stages, suggesting absence of recent reproduction (Ershova et al., 2015), as well as, on the genetic level, the sharp boundary in distribution between “Pacific” and “Arctic” C. glacialis haplotypes (Nelson et al., 2009).

At the seafloor, northward shifts in otherwise persistent macrofaunal biomass hotspots in the northern Bering and southern Chukchi seas between 1998 and 2015 coincide with sea ice decline and ocean warming in those regions (Grebmeier et al., 2018). Community shifts were variable across the region in terms of taxonomic composition and patterns in trends, and are at least partially indirectly associated with hydrographic changes through their effect on sediment grain size composition. In addition, macrofaunal studies relate the discussed biological changes primarily to ice decline (Grebmeier, 2012; Grebmeier et al., 2018) which is linked to pacification in the CS. Shifts in relative dominance of certain indicator species (in this case two brittle star species) in the Alaskan Beaufort Sea between the 1970s and 2010s were also thought to be related to the strength of the boundary current, a transport pathway of pelagic larvae for the species more common in the CS (Ravelo et al., 2015). Whether any of these benthic shifts would perpetuate into the basin is doubtful given Pacific-affinity species are virtually absent in deep slope and basin areas of the CS and BG margins today and seem to have limited depth tolerance (Zhulay et al., 2019; Ravelo et al., 2020). As with holozooplankton, range expansions of largely immobile benthic animals are limited by residence time of their pelagic larvae on the CS shelf. While larvae of north Pacific species get carried through the Bering Strait (Ershova et al., 2019), it is unlikely that they can successfully settle to become adults outside of the Chukchi and western Beaufort Sea shelves.

In contrast to the Atlantic gateway, the so-called cool pool in the Bering Sea has so far kept commercial fish species out of the Chukchi and Beaufort Seas at harvestable levels (Norcross et al., 2010; Logerwell et al., 2015). The center of distribution of several Pacific fish and shellfish species, however, has moved northward between 1982–2006 related to the retreat of the Bering Sea cold pool obvious in warming bottom water temperatures (Mueter and Litzow, 2008). In the subsequent decade, northward range expansion has continued and is also suspected for additional commercial fish species such as Chinook salmon (Logerwell et al., 2015) with several stocks of fish and shellfish Bering flounder and snow crab evaluated to have the potential to reach the CS in commercially relevant numbers (Hollowed et al., 2013). After the virtual disappearance of the cold pool in 2018 it is suspected that low research catches in traditional fishing grounds could be related to fish having moved north (Cornwall, 2019; Huntington et al., 2020) which was confirmed for some species by a northern Bering Sea survey in 2019.

At even higher trophic levels, seabird composition changes from a more piscivorous to a more planktivorous community in the north-eastern Chukchi Sea from 1975–1981 to 2007–2012 are interpreted in light of the above mentioned increased availability of large zooplankton species and sea ice declines in that region (Gall et al., 2017). A combination of hydrographic and benthic community changes may be the basis for pacification in marine mammal distributions such as the northward shift of East Pacific gray whales which have increased the length of their stay in the Arctic region (Moore, 2016).



SYNTHESIS

Analysis of observations and modeling results reveals that fundamental changes in key components of the Arctic climate system have resulted from borealization. These changes are persistent in time, have large-scale spatial patterns, and are multidisciplinary by their nature. A brief synthesis of changes in the physical, geochemical, and biological components of the system and trajectory of the future changes is given below.


Summary of Arctic Changes Associated With Borealization


Changes in Physical Component

Strong warming in the SML has a pan-Arctic signature; this transformation of the upper ocean is driven by local processes and is not directly related to borealization. Increased SML temperatures, particularly in the marginal ice zone, have direct impact on biological rates (e.g., Krumpen et al., 2019). In contrast to the nearly ubiquitous pattern of warming in the SML, changes of salinity and stratification in Arctic halocline show striking regional differences. Particularly, in the EB, shoaling of the AW layer, driven by atlantification, brings nutrient rich waters closer to the surface; injection of saltier and denser water from the Barents Sea into the EB halocline (also driven by atlantification) makes the upper ocean less stratified and more susceptible to mixing. Overall, changes in the physical components in the EB establish more favorable conditions for higher biological productivity in the central basin. At the same time, as a result of local processes the upper central AB has become more stratified, thus constraining communication between the surface and underlying waters and limiting vertical mixing and the flux of nutrients to the surface layer. The effects of pacification are well pronounced at the basin’s periphery where PW enters.



Changes in Geochemical Component

Few data were available to assess geochemical changes in the WEB and EEB, but still suggest that O2 and nutrient concentrations generally decreased in the halocline despite the atlantification of the EEB and associated increased vertical mixing. In the data richer CS and BG regions, nutrient concentrations also decreased (except in the northern CS and Canada Basin) but O2 mostly increased. These changes can be explained by the overall reduction in salinity of the halocline by nutrient depleted waters. However, it is difficult to discern to what extent these changes are driven by the accumulation of low nutrient waters (e.g., in the Beaufort Gyre), changes in the advective pathways of nutrient-replete halocline waters, and/or suppression of vertical mixing; though all three processes likely contribute to some degree. Although the decrease in mean salinity of the halocline was widespread over the BG and CS regions and correlated strongly with the increased influx of Pacific water through Bering Strait, the geochemical analyses suggest that increased nutrients were generally restricted to the northern half of the CS and Canada Basin. Thus, the observed changes in the biogeochemical properties of the BG and CS are significantly influenced by modifications to the circulation pathways of the different varieties of Pacific halocline waters (probably mostly driven by remote factors), meteoric water/river runoff (local factor), and sea ice melt resulting from enhanced Ekman pumping and reduced sea ice cover (also mostly local factor).

In general, increased nutrient concentrations were only found in regions suspected of increased Pacific water influence (specifically Pacific Winter Water). The overall decline in nutrient concentrations within the Arctic halocline has important implications for biological production. While changes in stratification may have opposing impacts on the potential for vertical mixing in the EB and AB, the pattern of change in the mean nutrient concentrations within the halocline suggests any increases in primary production may be restricted to those regions that have experienced both an increase in PW influence and vertical mixing.



Changes in Biological Component

There is clear evidence for borealization (northward range expansions and associated ecosystem changes) of a series of invertebrate and vertebrate species including commercial species and their prey in both the northern Barents Sea and WEB (‘atlantification’) and CS (‘pacification’) regions. Regarding biomass levels, these changes are more substantial in the Atlantic inflow, especially considering levels of (potentially) harvestable species. The majority of the documented shifts are confined to the shelves while the further expansion into the basins is less documented and for many species not very likely. This is because very specific habitat requirements related to food availability, reproductive behavior etc. confine them to shelf areas. Substantial biomass inflow of primarily the boreal staple prey Calanus finmarchicus, however, arriving with the AW and getting carried into and through the WEB with the Arctic Circumpolar Boundary Current along the slope (Bluhm et al., 2020, this issue) could change the basin ecology if they would be able to survive in the deep polar basins in the future. Similarly, potential northward shifts in the distribution of mesopelagic organisms combined with observed and predicted increased primary production in the Arctic Basins may have the potential to shift the level of the current oligotrophic state, at least in the EB; but such scenarios are hypothetical at this point.



Feedback Mechanisms Induced by Borealization

Discussing recent changes in the eastern EB, Polyakov et al. (2020) identified a positive ice/ocean-heat feedback as an attribute of atlantification. In this feedback, increased winter ventilation of the ocean interior associated with declining sea-ice cover and weakening of halocline stratification enhances release of heat from the ocean interior to the sea surface resulting in further sea ice loss. This mechanism is somewhat analogous to the ice-albedo feedback, in which atmospheric warming leads to a reduction of ice and snow coverage and decreasing albedo, resulting in further snow and sea ice retreat (Manabe and Stouffer, 1980). Similarly, Danielson et al. (2020) and Tachibana et al. (2019) described and demonstrated positive feedbacks in the Pacific Arctic associated with enhanced oceanic heat content that triggers anomalous northward winds that in turn reduce sea ice growth and contribute to anomalous oceanic warming in the following year. Shimada et al. (2006) also suggested a positive feedback mechanism in which increased inflow of warmer PW also plays the key role in shaping diminishing sea ice cover.

As with the ice-albedo feedback, the contribution of the ice/ocean-heat feedback to long-term sea ice trends depends on a host of local and remote (borelaization-related) factors that affect vertical heat transfers across the ocean halocline to the upper layers and sea ice. The local forcings include sea ice concentration and thickness altering the intensity of winter convective mixing, baroclinic tidal response to changing stratification (Baumann et al., 2020), and wind stress impacts on sea ice and on AW upwelling. Polyakov et al. (2020) argued that the recent transition of the eastern EB in dominant mixing regime from slow, molecularly driven, double diffusion to more intense shear-driven mixing (an atlantification-related process) also affects the relative magnitudes of vertical heat fluxes. We add here that the effect of the ice/ocean-heat feedback is more far-reaching given that the sea ice affected by this feedback also alters ice-albedo feedback. The results are that multiple feedback mechanisms become a part of more general and powerful feedback (ice-albedo/ocean-heat feedback) incorporating interacting Arctic atmosphere, ice, and ocean. These feedbacks merge effects of local and remote forcings making them an efficient and powerful component of high-latitude climate change.



Borealization in the Future (Modeling Perspective)

The trajectory of Arctic borealization into the future was evaluated using SINMOD simulations with atmospheric forcing from MPI-ESM data for the RCP 8.5 scenario (e.g., Slagstad et al., 2011, 2015). While model limitations are acknowledged, there is no indication in model results that the Arctic Ocean interior will become cooler. The model showed increased water temperature in the inflow regions of both PW and AW forced by increasing air temperatures in Arctic and sub-Arctic regions and further reduction in sea ice cover (Figures 16g–i). According to the model, there is no sign of systematic slowing of the tendency for atlantification in the EB, which will continue over the next decades with a particularly large impact on water column structure and properties in the northern Barents Sea and along the inflow paths of AW (e.g., Slagstad et al., 2015). The model also projects some increase of water temperature on the Chukchi and Beaufort seas shelves and slopes. Because the inflow of PW through Bering Strait was kept constant in these experiments, however, the simulated changes in water temperature are forced by increasing air temperature and changing ice conditions in the proximity to the strait. Still, it is reasonable to assume that future changes in PW inflow rate and temperature will additionally impact the oceanographic conditions in the region.

By analogy with the currently observed integrative multidisciplinary changes in the Arctic Ocean, these projected changes in the physical component should have strong impact on the future state of geochemical and biological components of the Arctic climate system. Indeed, SINMOD has predicted that physical changes related to atlantification will lead to increasing new primary production along the major AW pathways (Figures 16j–l). In the AB, the model suggests that the strongest changes will occur along the slope and the path of inflowing nutrient rich PW. In the central AB, however, freshening will reduce nutrient availability and will limit new primary production (Figures 16j–l). Previous studies where SINMOD was run with an ice-free summer scenario in the Arctic Ocean, indicate that nutrient limitation will eventually set a limit to annual primary production in both the EB and AB (Slagstad et al., 2015). We note that even though the model predicts increasing production, in the Arctic Ocean it will be still low compared to that in subarctic seas where commercial fishery is important.

There is a tight coupling between the atmosphere, cryosphere and the ocean in the Arctic (e.g., Callaghan et al., 2011) that needs to be captured by the models in order to provide high quality predictions. Globally forced physical and biogeochemical models show similar trends but deviation between models (e.g., validity of vertical mixing algorithms, assumptions about nutrient distribution and the selection what autotrophic and heterotrophic organism) can be extensive. Regional, nested models do better. Previous comparison of observations and SINMOD data provided good agreement regarding ice cover and hydrography in the Atlantic sector of the Arctic (e.g., Slagstad et al., 2015). The skill of the biophysical models is in turn closely related to how well ice and ocean physics are represented. Uncertainties associated with future projections of primary production is thus tightly connected to uncertainties related to Earth System Models (e.g., Vancoppenolle et al., 2013; Slagstad et al., 2015). Predictions of primary production are sensitive to representation of light penetration through ice and water (e.g., Babin et al., 2015). Lee et al. (2016) compared observations of primary production and nitrate with output from 21 models. In general the models were found to reproduce the spatial variability of primary production in the Arctic relatively well, but also that there is a need for improving parameterization of biological processes.



CONCLUDING REMARK

A conceptual model of the substantial but fundamentally different changes in the physics and biology of upper 100–300 m of the two main basins of the Arctic Ocean that have occurred over recent decades is presented in Figure 17. And while both the Eurasian and Amerasian basins are forced by climate warming, they are structurally responding in almost opposite directions. Why is this? The incoming AW provides the base of the halocline complex while the inflowing PW interleaves the halocline complex. This sets the stage for the ‘double estuary’ state of the Arctic Ocean, such that AW leaving the Arctic is fresher and cooler than the AW that entered. As both subarctic (Atlantic and Pacific) sources are changing, and because an underwater barrier (the Lomonosov Ridge) largely confines the effects the PW to the AB, we argue that the AB now experiences pacification and the EB now experiences atlantification. Topographically steered slope currents will play a big role here, as transport and pathways may also change (Bluhm et al., 2020, this issue).
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FIGURE 17. Conceptual model of borealization of the Arctic climate system. (Left) Conceptual model of change of Arctic halocline strength and state of the AW and SML showing: (i) Decrease in time of sea ice, (ii) Enhanced impact of Arctic High on ocean circulation, (iii) Increase of thickness of SML and halocline in the AB and decrease in the EB, (iv) Increase of influx of warmer PW (PI), (v) Increase of influx of AW heat. Adopted from Polyakov et al. (2018). (Right) Conceptual model of the shifting borealization domains of biological communities in the Pacific and Atlantic inflow regions, showing: (i) increasing biomass of zooplankton in the CS region driven by increased inflow of PW, (ii) shifts of benthic biomass “hotspots” in the CS region related to sea ice decline, (iii) shifts in zooplankton, pelagic fish and marine mammal communities in the northern Barents from a dominance of Arctic to boreal species, (iv) range shifts of Atlantic demersal fish, such as Atlantic cod, with eastward expansions along the outer shelf, (v) earlier development of expatriate Calanus finmarchicus in inflowing AW into the EB. Zooplankton: illustrated with copepod symbol; Benthic: illustrated with brittle star and clam symbols; Calanus: expatriate copepod Calanus.


There are still fundamental questions about present-day and future high-latitude responses to anomalous, poleward transports from the northern North Atlantic and North Pacific. Just recently, high-latitude climate research entered the phase in which new, powerful feedbacks in the atmosphere-ice-ocean system were identified in which borealization plays a key role. Understanding and quantification of these feedbacks may be regarded as a grand challenge of the future of Arctic system science. Particularly, the complex interplay between physical, geochemical, and biological processes requires a fully holistic perspective on the evolution of the complete Arctic climate system into the future. Enhancement of observational networks and the improved sophistication and credibility of models is a high priority if we are to meet these challenges and to develop reliable forecasts of the future state of the Arctic climate system.
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Arctic Ocean primary productivity is limited by light and inorganic nutrients. With sea ice cover declining in recent decades, nitrate limitation has been speculated to become more prominent. Although much has been learned about nitrate supply from general patterns of ocean circulation and water column stability, a quantitative analysis requires dedicated turbulence measurements that have only started to accumulate in the last dozen years. Here we present new observations of the turbulent vertical nitrate flux in the Laptev Sea, Baffin Bay, and Young Sound (North-East Greenland), supplementing a compilation of 13 published estimates throughout the Arctic Ocean. Combining all flux estimates with a Pan-Arctic database of in situ measurements of nitrate concentration and density, we found the annual nitrate inventory to be largely determined by the strength of stratification and by bathymetry. Nitrate fluxes explained the observed regional patterns and magnitudes of both new primary production and particle export on annual scales. We argue that with few regional exceptions, vertical turbulent nitrate fluxes can be a reliable proxy of Arctic primary production accessible through autonomous and large-scale measurements. They may also provide a framework to assess nutrient limitation scenarios based on clear energetic and mass budget constraints resulting from turbulent mixing and freshwater flows.
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INTRODUCTION

Without upward mixing of nutrients, much of the ocean would harbor no life (Ambühl, 1959; Margalef, 1978); the Arctic Ocean is no exception. As dead algae and other particulate matter have the tendency to sink due to their higher density, nutrients are constantly removed from surface waters. Phytoplankton therefore relies on a resupply of nutrients to grow and re-build its standing stock every year. Consequently, primary production, occurring in the euphotic zone where light levels are sufficient to support net growth, is controlled by the vertical flux of new nutrients from below the photic zone each year and thus available to new production, i.e., uptake of allochthonous nitrate (see Supplementary Appendix and Dugdale and Goering, 1967).

While turbulence is an important factor for aquatic life everywhere, the Arctic Ocean is special in certain regards such as a ubiquitous sea ice cover and strong stratification (Aagaard and Carmack, 1989). Large summertime accumulation of meltwater from sea ice and terrestrial runoff has profound impacts on vertical mixing in the upper ocean (McPhee and Kantha, 1989; Randelhoff et al., 2017; Cole et al., 2018). In winter, brine rejection from freezing ice weakens stratification and creates turbulence (McPhee and Stanton, 1996). We will show throughout this paper that winter mixing is disproportionately important for setting mixed-layer properties.

Sea ice is often assumed to be a rather rigid lid (Padman, 1995) that shuts out a large portion of the sunlight as well as wind energy that could otherwise mix the ocean. With continued decline of sea ice extent and thickness in the 21st century (Comiso, 2012; Stroeve et al., 2012; Meier et al., 2014), the factors limiting Arctic marine growth will likely change. Such a transition in limiting factors usually leads to difficulties in predicting systems (Allen and Hoekstra, 2015). Indeed, Vancoppenolle et al. (2013) found that three different coupled biogeochemical general circulation models and their predictions for integrated Arctic Ocean primary production until the end of this century show diverging trajectories with opposite trends beyond a few decades from now. In their analysis, a prominent uncertainty concerned the evolution of the nitrogen pool in the photic zone. Yet since phytoplankton growth is a rate and not a stock, one should ideally measure the nitrogen flux, not its concentration at a given time, to determine primary production in the long term. Our lack of understanding of the vertical nitrate flux has resulted in the failure to consistently predict future Arctic Ocean primary production.

Stratification inhibits vertical mixing (Osborn, 1980) and consequently vertical turbulent nitrate fluxes. The Arctic Ocean can be divided into a weakly stratified Atlantic sector and a strongly stratified Pacific one (e.g., Carmack, 2007; Bluhm et al., 2015; Tremblay et al., 2015). Vertical turbulent nitrate fluxes are therefore routinely invoked to explain patterns of primary production across the Arctic, such as basin scale differences (Carmack et al., 2006; Tremblay et al., 2015; Randelhoff and Guthrie, 2016), but also an apparently increasing prevalence of fall blooms (Ardyna et al., 2014; Nishino et al., 2015) and even fjord scale differences depending on glacier morphology (Hopwood et al., 2018). These observations are mostly qualitative and rarely quantified with direct measurements. Whereas the vertical nitrate flux in the world ocean has received attention at least since the late 1980s (Lewis et al., 1986), dedicated measurements in the Arctic Ocean have only started to accumulate in the last dozen years. We use this opportunity to summarize the current state of knowledge and investigate the role of vertical turbulent nitrate fluxes in regulating Arctic marine productivity. Interestingly, we find that vertical mixing largely explains marine primary productivity at the pan-Arctic scale. Finally, we outline further research directions to unify physical constraints of Arctic Ocean primary production.



MATERIALS AND METHODS

This study compiles measurements and estimates of the upward vertical turbulent flux of nitrate in different locations across the Arctic Ocean. We present four new estimates of the turbulent vertical nitrate flux, along with a dozen more values derived from the literature. We further supplement the nitrate fluxes with a collection of vertical profiles of seawater nitrate concentration.


Compilation of NO3– Concentrations

The Pan-Arctic data base carefully compiled by Codispoti et al. (2013) was downloaded from the NOAA website under NODC accession number 0072133. An additional database covered the Canadian Archipelago using various ArcticNet and Department of Fisheries and Oceans Canada cruises, compiled in 2019 by Pierre Coupel. We included more winter data, notoriously scarce in the Arctic, by downloading data from the Chukchi shelf as presented by Arrigo et al. (2017). For each profile, we derived (1) the Brunt-Väisälä buoyancy frequency in the depth interval from 30 to 60 m as an indicator of the strength of stratification and (2) the surface nitrate concentration. For the latter, only profiles were used where the depth of the shallowest nitrate measurement was at most 15 m. The shallowest nitrate measurement was then extrapolated to the surface (0 m depth), after which values were averaged over the interval 0–15 m.



Compilation of Turbulent Vertical Nitrate Fluxes

In order to compile previously published estimates of vertical turbulent nitrate fluxes in the Arctic Ocean, we relied mostly on our knowledge of the literature, given the small amount of relevant publications. Additionally, we performed a search on Web of Science (Clarivate Analytics) using the search term TS = [(nitr∗ AND suppl∗) OR (nitr∗ AND flux∗) OR (nitr∗ AND mix∗)] AND TS = [(Arctic OR Polar) AND Ocean] AND TS = (vertical OR turbulen∗) AND WC = Ocean∗, which resulted in 95 publications that were individually screened for relevance. We only included measurements and estimates based on in situ observations.

The resulting list comprised just above a dozen flux estimates going back to less than 10 publications. To improve data coverage, we present new vertical nitrate flux estimates from the Laptev Sea, Baffin Bay, and Young Sound, as well as a re-calculation of published observations from the Chukchi Sea (Nishino et al., 2015). In order to not disrupt the flow of the main text, details of the respective methods and field campaigns are deferred to the Supplementary Appendix.

Briefly, our 3-week-long summer sampling campaign in Young Sound (a North East Greenland fjord) sought to quantify turbulent mixing, vertical nitrate supply, and new (nitrate-based) production in a fjord strongly stratified by meltwater from the Greenland Ice Sheet. From the Laptev Sea, we present a small selection of representative vertical profiles of nitrate concentrations and oceanic microstructure, collected in the years 2008–2018. From Baffin Bay, we made use of a novel year-long 2017–2018 time series of autonomous profilers, so-called biogeochemical (BGC) Argo floats (Biogeochemical-Argo Planning Group, 2016). These were specially adapted in order to function under the ice cover lasting from November to July. Based on the evolution of the upper-ocean nitrate inventory, we inferred the part due to vertical mixing. We further used a data set of nitrate concentrations and turbulent microstructure in the Chukchi Sea (Nishino et al., 2015) to calculate another estimate of vertical nitrate fluxes during early fall.

For the majority of those experiments, turbulence (microstructure) data were measured; just as was the case for the literature values. In some cases, turbulent mixing was inferred from current finestructure; see also the Supplementary Appendix. Nitrate fluxes were calculated across the nitracline, meaning by combining a nitracline-average turbulent diffusivity with the strength of the nitrate gradient. Individual methodologies may, however, vary regarding, e.g., choice of vertical layer or averaging procedures. According to our personal experience, such choices may make a difference for individual calculations, but less so for large-scale averages, and therefore we take the fluxes recorded in the literature at face value. A systematic assessment of potential methodological errors has to our knowledge, however, not been conducted. For a more detailed discussion of how vertical nitrate fluxes are measured, and in particular the uncertainties and caveats that come with each method, see the Supplementary Appendix.

For each of the estimates of the vertical turbulent nitrate flux across the nitracline and into the surface layer, we extracted the end-of-winter surface nitrate concentration either from the same publication or from related studies. We also classified each nitrate flux value as either “perennial stratification” or “winter overturning.” The former means that surface layer stratification persisted year-round; the latter means that the winter mixed layer was significantly deeper than the meltwater-stratified summer surface layer. The classification was done based on perusal of the available literature. The full rationale with a detailed description of the vertical layering in relation to the nitrogen budget is given in the Supplementary Appendix.

The specific references for each data point are given in the Supplementary Material. Our entire data set is presented in Table 1; note that it mixes vertical nitrate fluxes across different seasons, vertical levels, regions, and sample sizes.


TABLE 1. Nitrate fluxes observed in the Arctic Ocean.
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Comparison Between Nitrate Fluxes and Primary Production

We compared nitrate fluxes with new production (primary production based on assimilation of nitrate, see Dugdale and Goering, 1967) and export production. New production estimates were taken from Sakshaug (2004). Export production estimates were taken from Wiedmann (2015), who has compiled the vertical carbon export flux at 200 m depth. To enhance data coverage, we added measurements from two studies from the Central Arctic Ocean (Cai et al., 2010; Honjo et al., 2010). Details can be found in the Supplementary Material.

Both biomass and primary production are frequently given in units of carbon. To convert between units of carbon and nitrate fluxes, we employed a C:N ratio of 6.6 mol C: mol N, the so-called Redfield ratio (Redfield et al., 1963). This particular choice of C:N ratio may be criticized on the grounds that it varies depending on the type of organic matter and other environmental factors (Brzezinski, 1985; Tamelander et al., 2013), and that C:N ratios observed in the Arctic in particular are usually higher (Frigstad et al., 2014). However, turbulence measurements come with a much larger margin of error, with one detailed study giving the systematic bias between two different sets of microstructure probes, signal processing, and calibration procedures as within a factor of 2 (Moum et al., 1995). This is impressive for microstructure measurements but significantly larger than the precision with which the C:N ratio is frequently discussed in biogeochemical contexts. Therefore, by assuming a standard, constant C:N ratio, we make our results easy to adapt to other ratios should the reader want to change this number.



RESULTS


Seasonal Cycle of Surface Nitrate Concentration

Winter surface nitrate concentrations in the Atlantic sector reached high values around 11 μM (Figure 1). In the Central Arctic Ocean, concentrations stayed constant at roughly 1–3 μM throughout the year, whereas in the coastal Beaufort Sea they occasionally reached intermediate values in winter. Most regions of the Arctic however became nitrate limited (<1 μM) during the summer, with the exception of the Eurasian Basin, the Makarov Basin, and some regions in Southern Fram Strait.
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FIGURE 1. (A) Seasonal cycles of surface nitrate concentrations in different regions of the Arctic. (B) The delineation of these regions largely follows Codispoti et al. (2013) and Peralta-Ferriz and Woodgate (2015).




Nitrate Fluxes

Nitrate flux estimates are still scarce given that they require co-located measurements of both turbulence and nitrate concentrations; however, they approach Pan-Arctic coverage (Figure 2). Highest values (>1 mmol N m–2 d–1) were found in the Atlantic sector. The lowest values (<<0.1 mmol N m–2 d–1) occurred in the central basins (Canada Basin) and in Young Sound and the Laptev Sea, two locations strongly impacted by terrestrial freshwater.
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FIGURE 2. All nitrate flux compilation across the Arctic Ocean compiled for this study, irrespective of season and vertical levels. The smaller dots indicate single stations, whereas the big dots represent averages over larger time or space scales.




Nitrate Flux Seasonality

The seasonal cycle of surface nitrate concentration was also reflected in its upward fluxes (Figure 3). In areas where the water column overturned in winter, summer fluxes were an order of magnitude below winter values. A notable exception was observed at one station in the Barents Sea south of the polar front (Wiedmann et al., 2017), where the water was weakly stratified even in summer and hence nitrate fluxes were probably at least as high as in winter with 5 mmol N m–2 d–1 (Table 1), although sample size (N = 1) was not sufficient to draw further conclusions.


[image: image]

FIGURE 3. Vertical turbulent nitrate fluxes as a function of the month. Black lines mark the regions where the water column overturns in winter and orange those where it does not. Dotted lines reflect flux estimates based on small sample sizes (N), potentially not very representative of the regional or seasonal scale, whereas solid lines indicate data that are representative of a larger spatial or temporal scale.


Observations over a full seasonal cycle were only available in areas where the water column overturns, notably in the Barents sea and shelf slope area (Table 1). In contrast, in the non-overturning regions, fluxes were lower overall, but there is not enough data to test whether the seasonality itself is, in relative terms, really much weaker there.



DISCUSSION


Nitrate Fluxes as a Function of Stratification and Seasonality

The vertical nitrate flux (FN) in winter was remarkably well correlated with the pre-bloom nitrate surface concentration [NO[image: image]]0 (Figure 4A). A linear model [NO[image: image]]0 = 7.6 μM + 3.4 μM ⋅ log10(FN/mmol N m–2 d–1) yielded an adjusted R2 = 0.85 and p = 0.002 for the linear coefficient. Consequently, deep winter mixing, where it occurs, likely is a controlling factor of the annual nitrate inventory, expanding on direct measurements of a full annual cycle over the Barents Sea shelf break (Randelhoff et al., 2015). Our results quantitatively support the perception that vertical nitrate fluxes explain the seasonality of the upper ocean nitrate inventory, as has been surmised multiple times in the literature (see e.g., Carmack and Wassmann, 2006; Tremblay et al., 2015) based on general considerations of stratification and bathymetry.
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FIGURE 4. The surface nitrate inventory dominated by variations in turbulent mixing. The annual pre-bloom surface nitrate concentration graphed as a function of (A) the vertical nitrate flux during winter and (B) the strength of water column stratification in the upper 30–60 m depth interval. The bold curves show average nitrate concentration for a given strength of stratification for either of three bathymetry types. Vertical bars (horizontally slightly offset to increase readability) indicate the standard deviation of data for each bin. Data sources: (A) nitrate flux compilation, (B) nitrate profile database.


Stratification and bathymetry also governed pre-bloom surface nitrate concentrations (Figure 4B) and, by extension from the aforementioned, vertical nitrate fluxes. Stratification represents the resistance of the water column against overturning and vertical mixing, making its link to vertical nitrate fluxes explicit. As for bathymetry, locations with the same strength of upper-ocean stratification had on average consistently highest pre-bloom nitrate over the shelf slope (200 m < depth < 1500 m), lower on the shelves (<200 m), and lowest over the basins (>1500 m). These findings correspond to general expectations as rough or shallow topography lets currents interact with the bathymetry. Mixing in the Arctic has indeed been found to be especially elevated over the shelf slope (Rippeth et al., 2015). Tidal velocities are generally higher over the shelves than over the deep basins (Kowalik and Proshutinsky, 2013). The Arctic boundary current close to the shelf break may also provide opportunities for localized upwelling through interaction with topography or wind (Carmack and Chapman, 2003; Kämpf and Chapman, 2016).



Primary Production Constrained by Nitrate Fluxes


Annual Basin-Scale Productivity

Nitrate supply should constrain primary production. Regenerated production is a large if not dominant fraction of primary production where nitrogen is scarce and is therefore not directly related to nitrate fluxes, unlike new production, which relies on nitrate brought up from below the photic zone (Dugdale and Goering, 1967). In the absence of significant advection, new production is even stipulated to be similar to the upward nitrate flux based on conservation of mass alone (see Supplementary Appendix and Figure 9).

On annual time scales, both the upward nitrate flux in winter into the surface mixed layer, the particle export at 200 m depth, and new production (nitrate uptake) matched up reasonably well for Baffin Bay, the Barents Sea, the Southern Beaufort Sea, and the Central basin (Figure 5), both in regional patterns and order of magnitude. (Other regions lack estimates of the winter nitrate flux.) Indeed, annual budgets have to be closed if nitrate inventories are not to change in the long term. The relatively minor differences between export production, new production, and the vertical nitrate flux may reflect the extreme disparity of spatial and temporal scales of the different measurements. However, no study has systematically investigated all three quantities on annual to interannual time scales and at the same location.
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FIGURE 5. Annual nitrogen fluxes in the Arctic surface ocean. Winter average upward nitrate flux, new production, and vertical downward particle export (converted to nitrogen units using the Redfield ratio) at 200 m depth compared across four regions of the Arctic Ocean. Data sources: Nitrate fluxes, see Table 1; new production, Sakshaug (2004); export production, Cai et al. (2010), Honjo et al. (2010), and Wiedmann (2015). Error bars were systematically only available for nitrate fluxes.




Short-Term New Production

A different matter is whether or not during summer, upward mixing of nitrate limits the amount of new production in the short term. Here, the published literature gives a less clear picture (Figure 6A). Randelhoff et al. (2016) measured vertical nitrate flux and new production for both spring and summer in the marginal ice zone around northern Fram Strait. In spring, new production was considerably larger than vertical nitrate supply as nitrate was not yet depleted and hence did not limit photosynthesis. In summer, on the other hand, when the surface water was nitrate-depleted, new production was an order of magnitude smaller than nitrate supply, contrary to the hypothesis.


[image: image]

FIGURE 6. (A) New production incubations compared with upward nitrate flux for three case studies. Data sources: Nishino et al. (2018) and Randelhoff et al. (2016), this study (see Supplementary Appendix). (B) Annual cycle of dissolved (DON) and particulate organic nitrogen (PON) observed in the seasonal ice zone of Fram Strait. Shaded areas indicate the standard deviation. Data source: Paulsen et al. (2018), their Table 1.


A likely contribution to this discrepancy was the seasonal buildup of dissolved organic nitrogen (Figure 6B) observed during the same field campaigns by Paulsen et al. (2018). The nitrate uptake rate measurements by Randelhoff et al. (2016) only considered assimilation into the particulate pool due to methodological constraints. The simultaneous production of dissolved organic nitrogen could have diverted nitrate from the particulate to the dissolved production. However, even if there were an imbalance between supply and uptake of nitrate, the associated change in the nitrate concentration would be slow and necessitate Lagrangian measurements over weeks to detect them. Recycling of nitrogen in the microbial loop may turn out to be important when balancing nutrient fluxes with new production over short subseasonal time scales. Nishino et al. (2018) found good agreement between upward nitrate flux, nitrate uptake, and export of particulate organic matter, based on a case study in the Chukchi sea. This may represent geographic differences in the dynamics of the system, or even in the methodology. Nishino et al. (2018) used different methods from those of Randelhoff et al. (2016), even though they neglected assimilation into the dissolved nitrogen pool as well (Shiozaki et al., 2009).

Our measurements in Young Sound, North-East Greenland (see Supplementary Appendix), gave a diametrically opposed perspective: Here, vertically integrated new production was significantly above the vertical turbulent supply of new nitrate in this extremely quiescent fjord. Overall productivity in Young Sound is therefore likely limited by strong stratification and weak vertical mixing (Holding et al., 2019). Tidal mixing over the two shallow sills in concert with isopycnal mixing may contribute to overall upward nitrate supply (see e.g., Fer and Drinkwater, 2014), but terrestrial runoff may also contribute significantly to the nutrient cycling (Rysgaard et al., 2003) as nitrate concentrations in run-off water are higher than those measured in the sea surface (Paulsen et al., 2017). This scenario is likely specific to this fjord and cannot be generalized around Greenland as nitrate concentrations in Greenland Ice Sheet run-off often act to dilute surface nitrate concentrations (Meire et al., 2016; Hopwood et al., 2019).

In the same vein, but outside the Arctic Ocean, Law et al. (2001) and Rees et al. (2001) found that vertical mixing supplied only 33% of the nitrate demand at a North Atlantic site, in agreement with a study by Horne et al. (1996) in the Gulf of Maine. Even in the Mauritanian upwelling region, nitrate fluxes in excess of 100 mmol N m–2 d–1 accounted for only 10–25% of observed net community production (Schafstall et al., 2010). More extremely, Shiozaki et al. (2011) found that one location on the continental shelf of the East China Sea “exhibited a considerable discrepancy between the nitrate assimilation rate (1500 mmol N m–2 d–1) and vertical nitrate flux (98 mmol N m–2 d–1),” and they went so far as concluding that “the assumption of a direct relationship between new production, export production, and measured nitrate assimilation is misplaced, particularly regarding the continental shelf of the East China Sea.”

The scarcity of dedicated measurements that evaluate both nitrate fluxes, new production, and organic nitrogen pools at relevant space-time scales is a major impediment to evaluating the direct impact of nitrate fluxes on primary productivity in the Arctic on time scales of days. However, given the correspondence we observed between new production and vertical nitrate supply over annual Pan-Arctic scales, any mismatch between the two on sub-seasonal time scales may be caused by asynchronous evolution of the different nitrogen pools (Figures 6, 9B). Phytoplankton growth responses may also lag nutrient supply pulses, perhaps necessitating time series approaches when studying scales as short as weeks (Omand et al., 2012).



Nitrogen Limitation of Primary Production

Nitrogen scarcity plays a large role in constraining Arctic marine primary production (Moore et al., 2013; Tremblay et al., 2015). Nutrient limitation of phytoplankton growth is usually quantified in terms of a half-saturation constant (of a Michaelis-Menten kinetics), above which nutrient uptake rates benefit less and less from increasing ambient nutrient concentrations. Reported values of such half-saturation constants vary widely according to species and physiological state, but reasonable values usually range around orders of magnitude from 0.1 to 10 μM, but clustering around 1 μM (e.g., Eppley et al., 1969), with larger ones for larger cells (Chisholm, 1992) and values in the lower end for picophytoplankton (Cochlan and Harrison, 1991; Agawin et al., 2000). We infer that larger (usually bloom-forming) species are nitrate-limited in summer across large swaths of the Arctic, but not including some of the central basin, where summer surface concentrations are in excess of e.g., 5 μM in the Makarov and Nansen basins (Figure 7). These high nitrate concentrations in the Central Arctic are usually taken to indicate regionally important light limitation by perennial sea ice cover (Codispoti et al., 2013).
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FIGURE 7. Summer surface nitrate concentration.


A cautionary remark is in order regarding nitrate concentrations as indicators of potential growth. Since the nitrate supply, like phytoplankton growth, is a rate and not a stock, its present-day inventory alone does not yield sufficient information to infer possible limitations in future scenarios. Therefore the summer surplus nitrate observed in the central AO may only be available transiently while the ice cover shrinks, but not in a steady-state situation without summer sea ice.

In other words: If fall blooms are due to upward mixing of new nitrate, they increase new production in the short term. Whether such increases are long-term or if they instead serve to deepen the nitracline depends on the vertical mixing in winter. Similarly, a lengthening ice-free season or a more transparent ice cover lead to a deeper euphotic zone and could enhance growth in subsurface waters, richer in nutrients, but the resupply rate of nitrogen ultimately decides about potential lasting increases in new production.



Future Scenarios

Randelhoff and Guthrie (2016) provided estimates of end-of-century new production, given presently observed turbulence and potential future increases in the freshwater inventory observed in a numerical circulation model (Nummelin et al., 2015). They concluded that a potential increase in new production in the Amundsen Basin (if the system were to turn to nitrate limitation) may fall victim to future increases in vertical stability. Little is known about the future of seasonal and especially summertime stratification in the surface layer (Randelhoff et al., 2017).

Contrarily, Polyakov et al. (2017) posited that an ongoing Atlantification will lead to deeper winter convection in the Eurasian Basin. As Atlantic Water is also the principal source of heat in the Arctic Ocean, it has been implicated in recent sea ice loss (Ivanov et al., 2016; Polyakov et al., 2017), and hence could regionally relieve nutrient and light limitation at the same time (Randelhoff et al., 2018). The recent decreases of sea ice extent in Northern Fram Strait and north of Svalbard (Onarheim et al., 2018) indicate that such a process is already well underway. The analog may be happening in the Chukchi sea, where the Alaskan Coastal Current brings in both large amounts of heat (Woodgate et al., 2012) and nutrients (Torres-Valdés et al., 2013), but the published literature is less clear on the presence and effects of such a tentative advective borealization of the Chukchi sea.



Ice Cover and Wind-Driven Turbulence

The published literature is also equivocal on whether or not the decreasing ice cover will enhance turbulent mixing in the upper ocean. While less sea ice may enhance the input of wind energy into the ocean (Rainville and Woodgate, 2009; Dosser and Rainville, 2016), this energy may be dissipated at shallow depths due to the strong stratification (Lincoln et al., 2016). Reanalysis of conductivity-temperature depth and acoustic Doppler current profiler finestructure data has not shown trends in turbulent mixing in recent decades either (Guthrie et al., 2013; Chanona et al., 2018).

Broken-up, free-drifting sea ice in summer may enhance wind energy input into the upper ocean compared to ice-covered areas by enhancing surface roughness (Martin et al., 2016) but also decrease vertical turbulent mixing in the surface layer through the associated layer of meltwater (Randelhoff et al., 2016, 2017). Larger freezing rates, caused by increasing proportions of first-year ice, may increase upward mixing, but the potential effects on entrainment of nitrate into the surface layer has to our knowledge not been systematically studied. A major uncertainty in any future prognoses is the scarcity of large-scale surveys of the ice-ocean boundary layer.



Arctic Nitrate Fluxes in a Global Context

Based on a literature review (Table 2), Arctic vertical nitrate fluxes tend to be approximately one order of magnitude lower than in the rest of the world ocean (Figure 8). Even though study sites in the global ocean may be biased by measurements seeking to explain high biological productivity (most often as the result of strong mixing and upwelling), there is a considerable difference between new production in the Arctic Ocean and the world’s most productive areas.


TABLE 2. Nitrate fluxes in the global ocean, excluding the Arctic.
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FIGURE 8. Distributions (kernel density estimates) of observed nitrate fluxes based on Tables 1, 2. Note that these curves give each observation the same weight, regardless of areal or temporal scope.
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FIGURE 9. A simplified marine nitrogen cycle and idealized Arctic hydrography. (A) General schematic of a vertical profile of nitrate concentration, along with the respective portion of the nitrogen cycle that takes place in each layer. In this idealized case, there is a clear separation between the seasonal variations in nitrate concentrations in the surface layer which give rise to the seasonal nitracline, and the underlying perennial nitracline. (B) In areas with deep overturning into the waters of maximum nitrate concentration, the deep nitracline ceases to be meaningful. Instead, nitrate fluxes tap into high-nutrient water every winter. (C) Highly stratified areas do not see large seasonal excursions in surface layer nitrate concentrations or mixing depths.




CONCLUSION


Summary


(1)Determining nitrate fluxes is a laborious task. With measurements accumulating through the last 10 years, we are now approaching a Pan-Arctic baseline. In individual regions however, seasonal coverage remains patchy.

(2)Arctic nitrate fluxes are, on average, one to two orders of magnitude smaller than those observed elsewhere in the world ocean.

(3)The spatial patterns of the upper ocean nitrate inventory in the Arctic are well explained by vertical nitrate fluxes.

(4)On annual timescales, nitrate fluxes are a powerful tool to constrain export fluxes and new production, both of which are hard to measure autonomously.

(5)On weekly or shorter timescales, the relation between nitrate supply and new production is unclear, mostly due to lack of appropriate time series data. A certain asynchronicity between the different nitrogen pools may confound budget calculations.





Avenues for Further Research

Besides further aggregate scale (seasonal or basin-scale) measurements of the turbulent vertical nitrate flux, two avenues emerge from our conclusions.


(1)Advances in turbulence-ecosystem coupling will require dedicated or autonomous sampling and time series. Purely physics-oriented turbulence sampling often does not sufficiently resolve the biologically relevant surface layer.

(2)Prediction of upper ocean mixing and ice-ocean interaction depends on sea ice melt and freeze rates, expressed as buoyancy fluxes or in units of meters of freshwater equivalent per unit area. Yet, to our knowledge, this quantity is not routinely investigated as output of coupled ice-ocean circulation models and so no such data product exists that could aid in the extrapolation of Pan-Arctic patterns of the seasonal vertical nitrate flux.





Upscaling Primary Production Measurements

While currently publicly available datasets may be more comprehensive for new and export production than for nitrate fluxes, they possess some drawbacks concerning evaluating large-scale patterns. As incubations to determine new production are usually point measurements, averaging them is not trivial. Sediment traps, while measuring export fluxes at a single location, integrate the time dimension, and so are more representative, but also require a large logistic effort. Chemical tracer approaches (e.g., Moran et al., 2003) make the data acquisition phase easier, but still require water samples and are hence not easily amenable to autonomous exploration. In sum, current Arctic Ocean exploration does not scale well. Nitrate fluxes, on the other hand, can be estimated purely based on physical sensor data and hence with larger scope both in time and space.

Such turbulence measurements do not necessarily have to be conducted using microstructure profilers – mixing can also be estimated from current shear or density strain fine-structure with more standard instruments, which may work especially well in discerning relative magnitudes but can also be calibrated using regional microstructure estimates (Gargett and Garner, 2008; Guthrie et al., 2013; Polzin et al., 2014; Chanona et al., 2018). Parameterizations of this kind, relying on models of internal wave breaking, are most useful away from boundaries, in scenarios of perennial stratification where year-round background fluxes dominate (Randelhoff and Guthrie, 2016), and less so to characterize near-surface mixing. Other promising avenues are approaches based on turbulence structure functions (Wiles et al., 2006), high-frequency Acoustic Doppler Current Profiler measurements, or microstructure sensors deployed on moorings and gliders (Scheifele et al., 2018).

Turbulence also obeys tight physical constraints imposed by wind, tidal and other energy available for mixing, and by the freshwater (density) fluxes that cause background stratification. Nitrate fluxes may therefore be more easily constrained than plankton photophysiology that is notoriously variable across species and environmental conditions (e.g., Bouman et al., 2018).



Perspectives

This study has focused on vertical diffusive transport, largely ignoring other transport modes. Upwelling (Carmack and Chapman, 2003; Kämpf and Chapman, 2016), horizontal advection (Torres-Valdés et al., 2013), mesoscale eddy shedding (Watanabe et al., 2014), benthic processes (Renaud et al., 2015), and river biogeochemistry (Frey and McClelland, 2009) all likely affect Arctic Ocean primary production at least regionally. The fact that Pan-Arctic patterns of primary production can seemingly be explained without the need to invoke any of these mechanisms also showcases the stark contrasts between the different Arctic regimes that likely shadow intra-regional nuances.

Mesoscale turbulence can contribute to cross-shelf transport and nutrient supply in the Chukchi sea (Watanabe et al., 2014). Some studies suggest that eddies may also contribute to cross-shelf transport along the West Spitsbergen Current (Hattermann et al., 2016). Crews et al. (2018) found eddies may contribute to ventilation of halocline waters in the European Arctic, meaning they would be apparent in the upward vertical fluxes measured out of the halocline waters instead of contributing directly to mixed-layer nitrate pools. Johnson et al. (2010), working in the Subtropical North Pacific, stressed the importance of event-driven upward nitrate transport not easily captured by vertical diffusivities, and even the possibility of immediate utilization of nitrate in an otherwise diabatic isopycnal excursion, for example associated with a passing eddy. Attention is required summing these contributions, however, as there is a certain danger of double counting nitrate fluxes in eddies (Martin and Richards, 2001; Martin and Pondaven, 2003).

Advection with ocean currents manifests itself largely as transport with the Pacific and Atlantic currents that, e.g., Torres-Valdés et al. (2013) have discussed. For the most part, these currents are subducted under local (Arctic) water masses and can hence be accounted for as part of the vertical fluxes downstream. Randelhoff et al. (2016) have argued that as these currents come from further south where primary production starts earlier and terminates later, the surface waters they carry are as nutrient-depleted as the Arctic surface waters. This argument has, however, never been tested quantitatively. Similarly, upwelling along coasts, shelf breaks, in eddies, and at marine-terminating glaciers may contribute regionally to ocean productivity (Carmack and Chapman, 2003; Kämpf and Chapman, 2016; Meire et al., 2017). Arguments as to how exactly upwelling is caused and how it impacts nutrient fluxes have largely remained qualitative (Randelhoff and Sundfjord, 2018; but see Spall et al., 2014 for a careful modeling exercise).

Lastly, turbulent mixing is much more than only the vertical nitrate flux. It affects predator-prey interactions (Kiørboe, 2008), nutrient uptake rates at the cell level (Karp-Boss et al., 1996), light exposure of individual cells (Sverdrup, 1953), etc. In fact, mixing and variability is a resource in itself that can be exploited by different plankton life strategies (Margalef, 1978). These concepts may turn out to be important in particular when interpreting regional specifics such as biological hotspots. As methods advance and measurements accumulate, we expect that more efforts can be dedicated to studying regional phenomena in a Pan-Arctic unified manner.
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Arctic sea ice is shifting from a year-round to a seasonal sea ice cover. This substantial transformation, via a reduction in Arctic sea ice extent and a thinning of its thickness, influences the amount of light entering the upper ocean. This in turn impacts under-ice algal growth and associated ecosystem dynamics. Field campaigns have provided valuable insights as to how snow and ice properties impact light penetration at fixed locations in the Arctic, but to understand the spatial variability in the under-ice light field there is a need to scale up to the pan-Arctic level. Combining information from satellites with state-of-the-art parameterizations is one means to achieve this. This study combines satellite and modeled data products to map under-ice light on a monthly time-scale from 2011 through 2018. Key limitations pertain to the availability of satellite-derived sea ice thickness, which for radar altimetry, is only available during the sea ice growth season. We clearly show that year-to-year variability in snow depth, along with the fraction of thin ice, plays a key role in how much light enters the Arctic Ocean. This is particularly significant in April, which in some regions, coincides with the beginning of the under-ice algal bloom, whereas we find that ice thickness is the main driver of under-ice light availability at the end of the melt season in October. The extension to the melt season due to a warmer Arctic means that snow accumulation has reduced, which is leading to positive trends in light transmission through snow. This, combined with a thinner ice cover, should lead to increased under-ice PAR also in the summer months.
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INTRODUCTION

The Arctic is undergoing a period of profound transformation in response to anthropogenic warming, with the loss of the sea ice cover one of its starkest changes. Since the late 1970s, the summer ice cover has shrunk in area by 40%, whereas changes in winter have been much smaller, on the order of 10%. This loss in sea ice area has been accompanied by loss of the thick multiyear sea ice, which today makes up only 30% of the Arctic Ocean sea ice compared to 70% 40 years ago (Maslanik et al., 2011; Stroeve and Notz, 2018). These changes reflect thinning of the ice cover, which has thinned over the central Arctic basin by 65% since 1975 (Lindsay and Schweiger, 2015). While the 2012 sea ice extent minimum was striking, variability is increasing, in relation to a thinning ice cover (Goosse et al., 2009) and recent departures from average conditions during the transition seasons have become even more anomalous than in summer: Arctic sea ice extent (defined as the area with at least 15% sea ice concentration, SIC) in May and November 2016 fell nearly 4 standard deviations below the 1981–2010 long-term average (Stroeve and Notz, 2018). This represents a distinct change in the seasonality of the Arctic Ocean as the melt onset is happening earlier and the fall freeze-up later (Stroeve et al., 2014; Stroeve and Notz, 2018; Lebrun, 2019).

Shortwave radiation, and its visible fraction in particular, provides an essential control on the Arctic surface energy budget (Maykut, 1986; Perovich et al., 2007) and on microbial ecosystems (Wassmann and Reigstad, 2011). In addition, light transmitted under sea ice warms the upper ocean and in turn drives basal sea ice melt (e.g., Maykut and McPhee, 1995; Vivier et al., 2016).

In regards to ecosystems, light is the main energy source for the development of phytoplankton and sea ice algae. Together sea ice algae and phytoplankton form the base of the Arctic marine food web, sustaining directly sea ice associated macrofaunal and pelagic zooplankton (Kohlbach et al., 2016, 2017). The sea ice scape greatly affects the amount of light reaching the upper ocean. Sea ice and especially its snow cover are excellent reflectors, whereas melt ponds and open water within the pack effectively act as windows, increasing light supply to the surface ocean (Frey et al., 2011; Assmy et al., 2017). In turn, sea ice drastically attenuates light reaching the ocean surface, which would reduce the depth over which waters are biologically productive (Sverdrup, 1953; Horvat et al., 2017). On the other hand, the ice underside provides a highly variable and heterogeneous habitat for different ice-associated macrofaunal as well as certain zooplankton whose vertical migration is often triggered by food availability and periodic changes in light availability (e.g., Berge et al., 2014).

As the winter ends and the sun returns above the horizon again, light is the major factor controlling algal growth onset (Castellani et al., 2017) and production (Horner and Schrader, 1982). Ice algae are able to take advantage of low under-ice photosynthetic active radiation (PAR) levels during this time of year (Mock and Gradinger, 1999) at sites with a relatively low snow depth cover. Snow distribution in spring (March–April–May) is thus the major physical driver of ice algae phenology, and changes in sea ice and snow scape are expected to affect both phytoplankton and ice algal activity. The clearest example is provided by earlier ice retreat and delays in freeze-up, which have cascading impacts on light availability. For one, earlier melt onset allows light to enter the Arctic Ocean earlier and closer to the summer solstice than it used to, whereas delays in freeze-up have extended the light season into early winter, leading to visible Arctic planktonic activity earlier in spring and later into fall (Arrigo and van Dijken, 2011; Ardyna et al., 2014). The extended open water season not only increases the coupling between the ocean and the atmosphere, but additionally reduces the amount of time over which snow can accumulate on the sea ice (Webster et al., 2014; Stroeve et al., 2020). Other expected changes in sea ice scape, such as melt pond fraction and depth, currently challenging to detect (Zhang et al., 2018), would also influence marine autotrophs in polar seas in summer. Together these changes have important implications for the in-ice and under-ice biota, influencing light availability, ocean properties, and the timing of sea ice algae and phytoplankton blooms (Bluhm et al., 2017). These changes in sea ice scape are also accompanied by stratification and circulation changes, which also affect under-ice plankton activity, via the modulation of nutrient fluxes, critical to the total possible photosynthesis over the year (Vancoppenolle et al., 2013; Randelhoff et al., 2020). In other words, changes in the sea ice and snow characteristics alters phenology of primary productivity in the Arctic Ocean.

However, our understanding of how this sea ice changes impact primary productivity is still in its infancy. Our understanding of ecosystem function, sea ice, and upper ocean processes in the Arctic Ocean has been mostly derived from a multiyear ice setting, rather than the thinner first-year ice dominated Arctic of recent years. As a result, our current climate models use formulations of light transmission through sea ice in large part based on parameterizations for multiyear sea ice (e.g., Grenfell and Maykut, 1977; Fichefet and Morales Maqueda, 1997; Perovich et al., 2002; Briegleb and Light, 2007). Recent observations have shown that the transition from a multiyear to first-year ice-dominated Arctic Ocean has increased the amount of light reaching the upper ocean, with a threefold increase in light transmittance (Nicolaus et al., 2012). This was primarily a result from increased melt pond fraction over first-year sea ice compared to multiyear ice. Nicolaus et al. (2012) also found that energy absorption in first-year ice was 50% larger.

Quantifying the availability of light under the ice is key if we are to better understand how primary productivity functions in today’s Arctic, and how it may change in the future. Specifically, we need to better quantify the availability of PAR (400–700 nm) under the ice, and how this affects ecosystem function. This requires improved parameterizations of the light climate under an Arctic Ocean dominated by first-year sea ice with reduced winter snow cover and increased melt pond fraction in summer. The most comprehensive set of measurements from six years of in situ observations from spring to autumn were recently published by Katlein et al. (2019). These data, while still somewhat limited in both space and time, are improving our ability to derive robust relationships between ice conditions (e.g., thickness, melt pond fraction, snow depth) and light transmission.

To scale up to the pan-Arctic level, we must rely on satellite observations and model-produced data sets of the key system controls. Satellites provide several sea ice variables needed to quantify under-ice light, including (a) surface albedo, (b) melt pond fraction, (c) timing of melt onset, (d) SIC, (e) sea ice thickness (SIT), and (f) surface topography. A key limitation has been the snow depth on sea ice, which has generally been poorly mapped with satellites. This is particularly important before the melt season starts because snow depth plays a larger role than ice thickness in limiting light availability under the ice (e.g., Mundy et al., 2005). Nevertheless, several recent advances in modeling snow accumulation over sea ice have been made, using a combination of modeling with atmospheric reanalyses and satellite drift datasets (e.g., Blanchard-Wrigglesworth et al., 2018; Petty et al., 2018; Liston et al., 2020), as well as combining dual radar frequencies from satellite altimeters (e.g., Lawrence et al., 2018).

Another key limitation is the lack of ice thickness information in summer, as well as the temporal and spatial coverage during winter. Prior to the launch of ICESat-2, pan-Arctic SIT has mostly been monitored using satellite radar altimeter missions that span 1993 through present. These have been obtained at various temporal and spatial resolutions, but are entirely limited to the cold (non-melt) season (i.e., October through April). Since 2010, CryoSat-2 has provided monthly pan-Arctic SIT estimates (e.g., Laxon et al., 2013; Tilling et al., 2018). With the launch of ICESat-2 in September 2018, SIT may potentially also be retrieved in summer. Further, the combination of ICESat-2 and CryoSat-2 freeboards may give a direct estimate of snow depth (Kwok and Markus, 2018), but this strongly depends on the location of the dominant scattering horizon of CryoSat-2, which is unlikely to be from the snow/ice interface (e.g., Willatt et al., 2011). Other important sea ice features for quantifying light availability under the ice include (1) melt ponds, (2) ridges, and (3) leads. Each of these have been mapped using satellites with either limited success in the case of melt ponds (Tschudi et al., 2008; Rösel and Kaleschke, 2012; Scharien et al., 2017; Yackel et al., 2018), or not mapped over large spatial and long temporal scales in the case of leads (e.g., Eicken et al., 2006; Zakharova et al., 2015; Willmes and Heinemann, 2016; Lewis and Hutchings, 2019), and while surface roughness has been detected (e.g., Landy et al., 2015; Petty et al., 2016; Nolin and Mar, 2019), ridge height has yet to be retrieved from satellites. Nevertheless, ridged ice can be important biological hotspots (e.g., Fernández-Méndez et al., 2018).

Given that current uncertainties in the light limitation level (Popova et al., 2010), as well as nutrient uncertainties undermine confidence in primary production for the 21st century (Vancoppenolle et al., 2013), progress is needed on all fronts. This paper focuses on our capabilities for mapping light between 400 and 700 nm under ice with currently available satellite-derived products and state-of-the art light parameterizations, and suggests ways forward to fill important gaps to improve our understanding on how light transmission is changing in a changing sea ice environment. Given the limitations with today’s satellite products on a pan-Arctic scale, we are presently restricted to monthly means over the October to April time-period. Because of these inherent difficulties, we focus here on the CryoSat-2 time period (October to April, 2010 to 2018), and examine how accurately we can estimate under-ice light fields in a relevant manner for physical and ecosystem studies at the pan-Arctic scale. Prior to the melt season, snow depth will play the dominant role in limiting light entering the upper ocean (e.g., Katlein et al., 2019), and thus the focus is largely on how snow variability and change impact under-ice light levels. We further extend our time-period to May and July to examine how snow depth trends impact light transmission through snow as the snowpack begins to melt.



METHODOLOGY AND APPROACH


Solar Transmission Calculations

To map the under-ice light with the satellite products, we rely on a generalization of the approach proposed by Maykut and Untersteiner (1971) and Grenfell and Maykut (1977), based on a specification of apparent optical properties (AOPs), namely surface albedo (α) and vertical attenuation coefficients (κ), assuming a two-level Beer–Lambert exponential decay in the snow-ice system. This approach considers that the snow-ice system is comprised of two layers, which absorb most of the radiation, the so-called single scattering layer (SSL), and a lower layer, where, to a first approximation, the attenuation of light follows the Beer–Lambert Law (e.g., Maykut and Untersteiner, 1971). While the details of the formation of the SSL are not well known, it is observed to persist widely across melting sea ice (Untersteiner, 1961; Perovich et al., 2002; Light et al., 2015) and is thus assumed to form due to surface melting, with a thickness in the range of 1–10 cm (Light et al., 2008). Alternative approaches have also used three layers, by separating the sea ice column below the SSL into a ‘drained layer’ (DL), and one that is under the waterline (Light et al., 2015, see also section Appropriateness of Methodology).

Below, we model the snow-ice system as consisting of a series of 3 (2) layers, if snow is present (absent). On top of the system, we assume a thin, optically defined near-surface highly scattering layer (SSL) of thickness ho. Below the SSL, the remaining energy is absorbed according to the Beer–Lambert Law in the remainder of the snow (if any) and ice. The absorption of radiation in the SSL is described by the surface transmission parameter (io) (Maykut and Untersteiner, 1971; Grenfell and Maykut, 1977; Light et al., 2008).

The original parameterization of Maykut and Untersteiner (1971) considers a single surface type. Here we expand this formulation to incorporate various surface types in a single satellite pixel. To accomplish this, we express the transmitted, broadband irradiance (Ft, W m–2) available at the ocean-sea ice interface, as a function of the downwelling solar irradiance at the atmosphere-ice interface (Fo, W m–2), assuming a mix of n sea ice/snow/water types over the satellite pixel as a sum of the area fractions (Aj) of each ice type multiplied by the model-computed transmittance (Tj) (ratio of transmitted over incoming irradiance):
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For open water (e.g., leads), the transmittance is Tw = (1-αw), where the albedo of open water (αw) is typically around 0.07 (Pegau and Paulson, 2001). For other sea ice types, we use the two-level Beer–Lambert approach. In this context, for snow-covered sea ice, transmittance (Ts) reads:
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where hs is the snow depth and hi is the ice thickness. Similarly, for bare ice the transmittance (Ti) is:
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Finally, through melt ponds, we get:
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where α is the albedo, k is the attenuation coefficient, and io and ho correspond to the transmission parameter and thickness of the surface scattering layer that forms on top of snow, if present, or ice (if no snow is present).

Another difference from the original approach of Maykut and Untersteiner (1971) is that we use coefficients that were optimized based on observation-based transmittance data, over the entire shortwave range (0.2–4.0 μm). More precisely, the coefficients used in equations 1–4 were adjusted (Lebrun, 2019) using the GreenEdge dataset (Oziel et al., 2019; Randelhoff et al., 2019; Massicotte et al., 2019a). The GreenEdge field activities took place in 2015 and 2016 within a seasonal ice environment, and were focused on plankton and marine biogeochemistry in Baffin Bay. Two land-fast sea ice camps were set from April to July 2015/2016 near Qikiqtarjuaq Island on the west coast of Baffin Bay. A cruise onboard the CCGS Amundsen across the pack ice edge occurred in June-July 2016 in Baffin Bay. Two hundred and fifty eight combined observations of fast and pack ice thickness, snow depth, melt pond coverage, and above- and under-ice spectral irradiance, were retained and processed to adjust the parameter values summarized in Table 1. Adjustment was made in order to achieve a reasonable match between observed and retrieved shortwave transmittance (Figure 1), keeping the parameters within the uncertainty range, based on available observational studies (Perovich and Gow, 1996; Light et al., 2008; Järvinen and Leppäranta, 2011). As all Green Edge observations were made in seasonal ice, the optimized parameters have to be seen as representative of a first-year sea ice environment. Overall, the retrieved and transmittance show a reasonable match, but uncertainties remain large, especially at low transmittance. Processing and analysis are detailed in Lebrun (2019).


TABLE 1. Values of the parameters used in this study (based on adjustment to Green Edge observations, see Lebrun, 2019).
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FIGURE 1. Calculated versus observed transmittance (T), based on environmental and optical observations from the Green Edge field operations (two fast ice camps, one drift ice cruise in spring and summer 2015–2016, N = 258; Oziel et al., 2019; Randelhoff et al., 2019). Observed transmittance is the ratio of irradiance under sea ice to that above sea ice, both from radiometers deployed in situ. Calculated transmittance derives from equations 1–4, using observed values of snow and ice thicknesses, air temperature and melt pond coverage, and with input parameters from Table 1.


Note, for snow there are two values used, one for a dry snowpack and one for a wet snowpack (i.e., melt has begun). Note also that the thickness of the near-surface high scattering layer is assumed as 3 cm for snow and 10 cm for ice. However, the thickness of snow and ice can be less than these values. Observational evidence for attenuation in very thin snow and ice is sparse. To regularize attenuation in very thin snow and ice we assume it to be equivalent to the attenuation in the fully developed near-surface high scattering layer (h0 = 0.03) but reduced in proportion to the actual thickness.



Conversion From Solar Energy to Visible Quanta

Photosynthesis estimates rely upon photon counts in the visible wavelength range (QPAR, μE/m2/s, 0.4–0.7 μm) rather than upon solar energy in the solar waveband (FSW, W/m2, 0.2–4 μm). Both are tightly (practically linearly) related, hence the conversion from one to another is straightforward and often used in Earth System model applications. The relationship between QPAR and FSW can be decomposed as follows: (1) the conversion from solar to visible energy, (2) the conversion from energy to quanta. Formally, one gets:
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where FPAR/FSW and QPAR/FPAR can practically be considered as constants. Visible energy, visible quanta and shortwave energy fluxes are defined as (Morel and Smith, 1974):
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In temperate marine environments, these relationships are well constrained. The ratio of PAR to solar energy ranges overFPAR/FSW = 0.45–0.50, according to simulations with a radiative transfer model (Frouin and Pinker, 1995; Frouin and Murakami, 2007). A classical value for the visible quanta-to-energy ratio is QPAR/FPAR = 4.60 ± 0.03 J/μE (right under sea surface) decreasing to an average 4.15 J/μE within interior waters, based on a compilation of observations in temperate oceans (Morel and Smith, 1974). Therefore, over the ice-free fraction of the pixels, we use:
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In ice-covered environments, however, differences arise because of the presence of sea ice. Indeed, both ratios depend on the light spectral distribution, which is altered by snow and biogenic particles in sea ice. GreenEdge data offers a means to evaluate these relationships in ice-covered environments (Figure 2). GreenEdge spectral irradiance (W/m2/nm) observations feature 19 channels, with 10 nm bandwidth. Raw data were interpolated on 1-nm-wide bands, covering a reasonable part of the full shortwave range (320–800 nm).
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FIGURE 2. Observational constraints on the conversion from solar energy to visible quanta in ice-covered environments, based on spectral irradiance observations collected in the framework of GreenEdge (GE) program (+), and as retrieved from linear fits (lines). The left panel depicts the relationship in the visible range between quanta (QPAR) and energy (FPAR). The right panel depicts the relationship between energy in the visible range (FPAR) versus energy in the solar range (FSW). Observational values (+) are split between the two landfast sea ice camps in Qiqitarjuak (Qiq’15 and Qiq’16) and the drift ice cruise onboard the R/V Amundsen in Baffin Bay (Amu’16). Linear fits use coefficients corresponding to observation-based values (linear regression coefficient and mean ratio) and to classically used values, corresponding to open water situation (Morel and Smith, 1974, MS74; and Frouin and Pinker, 1995, FP95).


Under fast and pack ice environments, both relationships (QPAR/FPAR, FPAR/FSW) are nearly perfectly linear (R2 = 0.999, 0.994). The quantum-energetic ratio is slightly smaller than for ice-free waters: QPAR/FPAR = 4.44 ± 0.005μE/J. This is because the spectrum is shifted toward blue / green wavelengths, where photons are more energetic, hence one needs less photons per unit energy. A much clearer difference is that the fraction of energy in the visible is FPAR/FSW = 0.79 ± 0.003, i.e., much larger than in ice-free waters, because of the strong attenuation power of ice and snow for infrared radiation. Based on these considerations, over the ice-covered fraction of the pixels (regardless of the presence of snow or melt ponds), we use:
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Data Products

While several satellite-derived sea ice data sets now exist, many do not cover a long time-period, or cover the pan-Arctic region. In this paper we attempt to map light under the ice with currently available state-of-the art light parameterizations and pan-Arctic sea ice and snow products. Given the lack of pan-Arctic SIT information in summer, an important caveat is that we remain limited to the cold season and monthly means, while albedo, snow depth and ice concentration are all available at higher temporal resolution: daily to twice-daily time-steps. Further, pan-Arctic ice thickness estimates are currently limited to monthly means from satellites such as CryoSat-2. Finally, while some limited estimates of lead fractions and surface roughness exist, they are not available at the same temporal and spatial resolution needed for this study. Thus, in our snow depth distributions discussed below, we assume snow accumulated over level sea ice, though snow is redistributed and sublimated with winds (see Liston et al., 2020). The key data sets used are described below and will provide information on snow depth, SIC, SIT, surface albedo, incoming solar radiation and whether or not the snowpack is wet or dry.


Albedo and Solar Radiation

Visible satellites have provided observations of visible reflectance for several decades. A key sensor, the Advanced Very High Resolution Radiometer (AVHRR) has flown on several NOAA POES satellites, providing the potential to map surface albedo as far back as October 1978. AVHRR carries one visible channel, one near-infrared channel, one mid-infrared and two thermal infrared channels, from which surface albedo and surface temperature can be determined.

The AVHRR Polar Pathfinder Extended (APP-X) data set (Key et al., 2019), produces twice-daily (ascending and descending passes) estimates of broadband shortwave surface albedo for both polar regions. Here we use the data corresponding to local time of 14:00 GMT (ascending pass). While the surface can only be viewed during clear-sky conditions, a cloud masking algorithm and radiative transfer modeling is used to provide an all-sky (e.g., clear or cloudy) albedo at every satellite pixel. Further, this radiative transfer modeling is used to infer the daily averaged incoming solar radiation at the ground. Early evaluation of the data product was performed through comparisons with in situ observations collected during the yearlong Surface Heat Budget of the Arctic Ocean (SHEBA) experiment (Moritz et al., 1993). Results were summarized by Key et al. (1997). In short, biases with incoming solar radiation were on the order of 9.8 Wm–2, whereas surface albedo comparisons revealed a bias of 0.028 for the all-sky albedo. Clear-sky albedo conditions had smaller mean errors. While these errors were previously assessed, it is likely that the bias in albedo is larger than what was reported previously. Data for both variables are provided daily on a 25-km equal-area (EASE) grid.



Sea Ice Concentration and Timing of Melt Onset

Since the late 1970s, there have been a series of multi-frequency passive microwave sensors launched that today provide more than 40 years of brightness temperatures that can be used to map sea ice given the large dielectric contrast between open water and ice. Starting with the launch of the Nimbus-7 SMMR instrument in October 1978, and followed on with successive DMSP SSMI instruments (since July 1987) there have been daily (twice daily for SMMR) observations of the polar regions at a nominal spatial resolution of 25 × 25 km2. While several algorithms exist for retrieving SIC from these brightness temperatures (e.g., see Ivanova et al., 2015), we rely on the NASA Team sea ice algorithm (Cavalieri et al., 1997). This algorithm is produced in near-real-time by the National Snow and Ice Data Center (Fetterer et al., 2017).

While the accuracy of the SICs is generally high during the cold season, during summer its precision is downgraded due to liquid melt water on the snow and/or ice surface that causes the NASA Team algorithm to underestimate the true SIC as these areas will be interpreted as open water. As we are currently limited to the cold season because of the lack of SIT information once melt begins, the choice of algorithm is less important. Importantly, the sensitivity of the microwave emissivity to liquid water in the snowpack provides a means to flag if the melt has begun using the approach of Markus et al. (2009). Both the melt onset and SIC data sets are provided on a 25-km Polar Stereographic grid. All data sets are re-gridded to a 25-km equal area (EASE) grid.



Snow Depth

Snow depth has not been routinely observed from satellites. Some studies have relied upon passive microwave brightness temperatures used in the SIC algorithms to detect snow depth over first-year ice regions (e.g., Markus and Cavalieri, 1998; Comiso et al., 2003), yet results yield unrealistic snow depths in regions when snow melt has started and along the marginal ice zone (Stroeve et al., 2020). Other efforts have involved using atmospheric reanalysis data to model snow accumulation over sea ice, using simple (e.g., Kwok and Cunningham, 2008; Petty et al., 2018) to more sophisticated snow models (Liston et al., 2018, 2020). These have been implemented in either a Eulerian (Petty et al., 2018) or Langrangian framework (Kwok and Cunningham, 2008; Liston et al., 2020; Stroeve et al., 2020).

In this study we rely on SnowModel-LG (Liston et al., 2020) to generate snow-depth. SnowModel-LG is a spatially distributed snow-evolution modeling system that has previously been demonstrated to be capable of simulating high-resolution snow accumulation around ridges and snow dunes (Liston et al., 2018), and has recently been applied to map snow depth and density on a pan-Arctic scale using satellite-derived ice motion vectors in a Lagrangian framework (Liston et al., 2020; Stroeve et al., 2020). In short, SnowModel-LG consists of 4 sub-models:

(1) EnBal (Liston, 1995; Liston et al., 1999) calculates surface energy exchanges and snowmelt; (2) SnowPack-ML (Liston and Hall, 1995; Liston and Mernild, 2012) is a multi-layer snowpack model that simulates snow depth, density, grain size, and habit (e.g., wind slab, depth hoar), and temperature evolution of each storm-related layer. Density evolves as a function of air temperature, overburden pressure, time, and the presence of blowing snow (Liston and Hall, 1995; Liston et al., 2007). The latest version adds vapor-flux related metamorphism responsible for growing faceted crystals and depth hoar (Liston et al., 2020);

(2) SnowTran-3D (Liston and Sturm, 1998; Liston et al., 2007) simulates formation and distribution of snowdrifts that develop around topographic obstructions to wind. It simulates the horizontal snow-transport flux at each time step, as a function of surface shear stress from the wind, surface shear strength of the snow, and amount of snow available for transport; and

(3) SnowDunes (Liston et al., 2018) simulates high-resolution snow surface features such as dunes and sastrugi. Ice motion vectors derived from satellite play a key role in redistributing the snow for the pan-Arctic simulations.

In this study we use the daily snow depth and density product generated from MERRA-2 atmospheric reanalysis (Gelaro et al., 2017) together with ice motion vectors from Version 4 of the Weekly EASE grid sea ice motion vector data set (Tschudi et al., 2019). Comparison against various in situ data sets show SnowModel-LG simulations capture the observed spatial and temporal variability of snow accumulation (Stroeve et al., 2020). The data set spans August 1980 through July 2018 and is offered, as with the other products used, on the 25-km EASE grid.



Sea Ice Thickness

While we have more than 40 years of SIC observations from satellite, we do not have a similarly long-term SIT data set. Several satellite missions have provided insight into SIT using either radar (e.g., ERS1/2, Envisat, CryoSat-2) or laser altimetry (ICESat-1/2), though they are not consistent in time or spatial area covered. In this study, we focus on the 9 years of continuous ice thickness observations from CryoSat-2. As before, several different algorithms exist to retrieve SIT from CryoSat-2 (e.g., Kurtz et al., 2014; Tian-Kunze et al., 2014; Hendricks et al., 2016; Lee et al., 2016; Kurtz and Harbeck, 2017; Ricker et al., 2017; Tilling et al., 2018). Note that CryoSat-2 does not measure SIT directly but measures the ice freeboard, which together with snow depth, snow density and ice density can be converted into SIT. In this study we chose to use a new algorithm developed by Landy et al. (2020), which uses a Lognormal Altimetry Retracker Model (LARM) applied to CryoSat-2 returns, together with snow depth and snow density from SnowModel-LG to estimate SIT. The LARM algorithm is based on simulations of CryoSat-2 waveforms performed with a physical model for the SAR altimeter echo backscattered from sea ice (Landy et al., 2019). The physical echo model accounts for realistic variations in the sea ice surface roughness and radar backscattering properties, at the scale of the CryoSat-2 footprint, which affect the derived sea ice freeboard. Since SnowModel-LG has been run with both MERRA-2 and ERA-5 atmospheric reanalysis, an average of both is taken to represent the snow depth and density in the SIT-retrieval. Data are provided monthly on the 25 km EASE grid.



Use of a Heterogeneous vs. Homogeneous Snow Depth and Ice Thickness Distribution

An important issue to be aware of when using mean snow depth and ice thickness products for light transmission is that at 25-km grid scales, observations clearly show that snow depth and SIT do not follow simply mean values per grid cell (i.e., hi and hs). They instead follow a probability density distribution (PDF) with varying widths of distributions depending on time of year and ice type (e.g., Renner et al., 2013). Since thin ice or thin snow cover play an important role in light transmission we would underestimate light transmission by simply assuming mean values for hs and hi. In terms of SIT, models often parameterize the sub-grid-scale SIT variations by replacing hi by an ice thickness distribution (Thorndike et al., 1975) that has been discretized using fixed PDFs per thickness category (Hibler, 1984). However, several studies have highlighted the fact that ice thickness may have more than one mode, with bimodal distributions found in regions with both first-year and multiyear ice present (e.g., Haas et al., 2010). Based on airborne electromagnetic induction sounding (EM-bird) measurements reported in Haas et al. (2010), Castro-Morales et al. (2014) evaluated the impact of using 15 ice categories on the surface heat budget in the Arctic Ocean. This representation of ice thickness resolves more thin ice than the flat (e.g., same probability) seven thickness categories used in some sea ice models. Because not enough is known as to how ice thickness distributions may be changing as the ice cover has thinned and become more mobile (e.g., Rampal et al., 2009), we decided to model the ice thickness distribution through 15 ice thickness categories following Castro-Morales et al. (2014), such that the ice thickness is distributed between 0 and a thickness of 3hi with a bin width of 3hi/15 = 0.2hi.

As we have for SIT, snow depth is highly heterogeneous at small spatial scales.

Abraham et al. (2015) show for example that, for the same mean snow depth, this small-scale heterogeneity tends to increase transmission below sea ice because of the large contribution of thin snow. They tested various distributions (gamma, Rayleigh) and compared them to the assumption of a snow distribution between 0 and twice the mean snow depth, showing little difference. Thus, in this study we also assume a snow distribution similar to ice thickness but instead solve for the integral of the probability density function g(hs). For example, if we just consider the snow transmittance and assume snow is homogenous with mean thickness, the snow transmittance can be given by:
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To account for the fact that snow is heterogeneous, characterized by g(hs) we can write:

[image: image]

where A is snow concentration or area (fraction of grid-cell covered by snow). The first moment of g(hs) is the mean thickness:
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Using, the first integral above (Eq. 11) one then gets:
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Calculating transmittance with g(hs), we get:
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Many models assume that thin ice has a thinner snow pack, yet we lack the observations to fully support this assumption. Since we do not fully understand how snow depth distribution depends on ice thickness distribution we instead solve the full snow distribution per ice thickness category. Thus, including the ice thickness per thickness category hi,n, we obtain:

[image: image]



Implementation

Below we implement our transmission and PAR calculations using the monthly mean satellite products. Since there is little to no light during the winter months (November, December, and January), we focus on the months of October, February, March, and April for which there is some daylight along the sea ice pack margins (October and February) up to the point where there is daylight on a monthly pan-Arctic scale (March and April). To evaluate the influence of daily snow depth and albedo variability on under-ice PAR, we additionally fix the SIT based on the previous monthly mean, and change it at monthly time-steps from February to April for each year at three different locations, centered at the following locations but for a 5 × 5 grid cell area (or 125 km by 125 km): Chukchi Sea (72.97N/−171.29E); Beaufort Sea (78.45N/−150.23E); Laptev Sea (77.09N/119.79E). We implement both the homogenous snow and ice cases and heterogeneous distributions as discussed above, and examine their influence on the under-ice PAR. Further, since we have snow depth and albedo estimates through the summer seasons, we additionally investigate snow depth and albedo trends from 1982 to 2018 on light transmission to the top of the ice (i.e., through the snowpack) in February through July.

We conclude with a discussion on uncertainty of satellite and transmission parameters on the results. Specifically, for each month we additionally estimate locally the error in under-ice light transmittance as a function of uncertainty in the physical sea ice/snow parameters (ice thickness, snow depth, surface albedo, and SIC) as well as the attenuation properties (Table 2). These uncertainties are considered with respect to errors in the satellite retrievals (snow depth, albedo, ice thickness, and ice concentration) as well as the parameters used in the light calculations and are based on current knowledge. For the albedo, we assume an uncertainty of 0.05, higher than the accuracy reported in the APP-X data set, as a result of problems in handling the anisotropic reflectance of snow, particularly under large solar zenith angles (i.e., February). At the ice edge however, the errors may be larger given the fact that the ice edge is not well-resolved from passive microwave satellite data, and thin ice limitations from CryoSat-2 become important. This is discussed further in section “Appropriateness of Methodology.”


TABLE 2. Uncertainties used for sensitivity analysis of under-ice PAR to uncertainties in sea ice/snow physical properties and attenuation properties used in the Beer–Lambert approach.
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RESULTS


Pan-Arctic Under-Ice Light

Monthly mean (February to April and October) summaries of under-ice PAR, transmittance and the various input data from 2011 to 2018 are summarized in Figures 3–9, respectively. All of these results include both the snow and ice distributions as described in Section “Data Products.” The impact of using our modeled snow depth and thickness distributions compared to mean values per grid cell are discussed in section “Impact of Homogeneous vs. Heterogeneous Snow Depth and Ice Thickness Distributions.”
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FIGURE 3. Summary of the monthly mean under-ice PAR maps produced using the satellite-derived sea ice and modeled snow depth data for all months and all years from February 2011 to April 2018.
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FIGURE 4. Summary of the monthly mean transmittance produced using the satellite-derived sea ice and modeled snow depth data for all months and all years from February 2011 to April 2018.
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FIGURE 5. Summary of the monthly mean snow depth for all months and all years from February 2011 to April 2018.
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FIGURE 6. Summary of the monthly mean ice thickness for all months and all years from February 2011 to April 2018.
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FIGURE 7. Summary of the monthly mean sea ice concentration for all months and all years from February 2011 to April 2018.
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FIGURE 8. Summary of the monthly mean surface albedo for all months and all years from February 2011 to April 2018.
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FIGURE 9. Summary of the monthly mean incoming solar radiation for all months and all years from February 2011 to April 2018.


Some key results stem from these maps. First, in April there is a substantial amount of under-ice PAR (>10 μmol m–2 s–1) entering the Arctic ocean in the southerly locations (Figure 3). This is expected as there is more incoming solar radiation in these locations compared to the central Arctic and seasonally more in April than the other months evaluated. There is also less snow in these regions, often less than 8 cm, which combined with incoming solar radiation in excess of 400 Wm–2, allows for a larger light transmission (Figure 4) and therefore, under-ice PAR.

Second, interannual variations in the under-ice PAR are strongly linked to the snow depth variability (Figure 5). This is particularly true from February to April, whereas SIT largely contributes to October under-ice PAR variability (Figure 6). The lowest pan-Arctic snow accumulation in April for example occurred in 2013, resulting in an increase in under-ice PAR over larger parts of the central Arctic Ocean compared to other years (e.g., 4–10 μmol m–2 s–1 compared to on average 2–5 μmol m–2 s–1). Conversely, in 2011, snow depths across large parts of the Arctic Ocean exceeded 35 cm, which in turn limited the under-ice PAR to values less than 10 μmol m–2 s–1 most everywhere in the central Arctic. Spatially, interannual variability of under-ice PAR is large in the Beaufort Sea, reflecting large variations in snow depth in this region (e.g., compare 2016 to 2011).

While there is less light in February and March, thin snow and ice thickness in regions such as the Bering Sea, Sea of Okhotsk and Baffin Bay already allow for increased light transmittance and under-ice PAR values exceeding 20 μmol m–2 s–1. Similarly, in some years, under-ice PAR in the Chukchi and Beaufort seas are seen to increase to above 10 μmol m–2 s–1 already in February. Hancke et al. (2018) have recently showed that net growth in ice algae could be initiated at irradiances lower than 0.17 μmol m–2 s–1. Based on other studies, threshold values for onset of algal growth are in the range of 0.5–5 μmol m–2 s–1 (see Letelier et al., 2004; Tremblay and Gagnon, 2009; Leu et al., 2015). These maps suggest that light levels are higher than the lower threshold value in February for almost all regions of the Arctic Basin. This suggests that algal growth can start even at this early state in the season. If one considers a higher threshold than 0.17 μmol m–2 s–1 (e.g., Hancke et al., 2018), we find that, algal growth would happen between February and March at lower latitudes, then move northward in April, without reaching regions further north than 85° N. Only in 2012 and 2013 did light levels in the high Arctic (above 85° N) become large enough to initiate algal growth in April.

How do these results compare to published values? In the months of February to April, transmittance values remain below 0.01 in most of the Arctic, except for the shelf areas, where thinner ice and snow cover allow for larger transmittance values. In October, when ice is thinner and not much snow accumulated yet after summer melt, transmittance values are larger than 0.025. In situ measurements of light transmission before April–May are not available. However, in a recent compilation of under-ice light measurements, Katlein et al. (2019) report values of transmittance that do not exceed 0.01 in May. This is in agreement with the present estimations, except for the marginal areas. In these cases, though, the estimated transmittance values are still in the range of variability shown by Katlein et al. (2019) for the late spring-summer period. Between late April and early June (i.e., before melt onset), reported values of light transmittance range between 0.0006 and 0.003 (see Supplementary Figure S8 in Oziel et al., 2019), in agreement with the present results of T < 0.01. Another newly published data set described in Castellani et al. (2020) and available on PANGAEA1 shows a mode at transmittance values in May and June below 0.05, again in agreement with the estimates presented in this study.



Daily Evolutions From February to April 2012

As shown above, the use of the monthly means of each physical parameter gives a good evaluation of inter-annual changes in under-ice PAR on a monthly basis. However, for the timing of a bloom, daily estimates are preferred. Here we evaluate the influence of daily variations in snow depth and albedo on the under-ice PAR, but fixing the SIT to the monthly mean values and following the daily evolution of snow depth, incoming solar radiation and surface albedo. In particular, we are interested in when the daily PAR value increases above the threshold range of 0.5–5 μmol m–2 s–1. In other words, when plankton is susceptible to be more active. Such a light threshold value is purely indicative, since a light threshold for net photosynthesis is not well observationally constrained or even well justified. Depending on the value of the threshold in the explored range and on the rate of change in irradiance, the alleviated onset of algal activity varies by days to a few weeks.

Figure 10 shows the evolution of the under-ice PAR from 1 February to 30 April 2012, as well as the corresponding evolution of the snow depth and the albedo, for three randomly chosen locations in the Chukchi (72.97N/−171.29E), Beaufort (78.45N/−150.23E), and Laptev (77.09N/119.79E) seas. Note since the albedo and incoming solar radiation are centered around 14:00 GMT, these values represent the evolution at this time of day. Also shown is the algal growth range threshold (gray shading) based on Letelier et al. (2004) and Tremblay and Gagnon (2009). First, and as expected, we can observe the important day-to-day variations in amplitude of both snow depth and albedo and the influence these have on the under-ice PAR. Second, we notice the impact of the spatial variability of snow depth on the range of amplitude of the under-ice PAR between regions. As also shown in the monthly maps (Figure 9), less snow in the Laptev Sea compared to the Beaufort and Chukchi seas results in a substantial increase of the under-ice PAR earlier in the year. Finally, already by the end of February, the amount of under-ice PAR exceeds the lower threshold for initiating algal growth within the Chukchi Sea, though this is strongly controlled by the amount of snow on the ice and the albedo. In the Beaufort and Laptev sea locations, the lack of sunlight delays the timing of light under the ice until March, however, once there is sunlight, the under-ice PAR within the Laptev Sea location almost already exceeds the higher threshold for initiating algal bloom as the snow cover is considerably thinner than in the Beaufort Sea.
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FIGURE 10. Daily retrieval of the under-ice PAR using daily evolutions of the physical parameters starting on February 1 2012. Parameters shown are the snow depth and the albedo. Three locations are evaluated for a 5 × 5 pixel area around each center location: Chukchi (72.97N/−171.29E), Beaufort (78.45N/−150.23E), and Laptev (77.09N/119.79E) seas. Gray shading corresponds to range of thresholds for algal growth (0.5–5 μmol m–2 s–1).




Impact of Homogeneous vs. Heterogeneous Snow Depth and Ice Thickness Distributions

Here we examine the impact of computing light transmittance through a heterogeneous snow depth and SIT distribution compared to assuming mean snow depth and ice thickness values per 25-km grid cell. For these comparisons, we use a mean SIT per grid cell to only examine the snow distribution impact, and vice versa, a mean snow depth to examine the influence of the SIT distribution. Further, only the month of April is shown as it is the month with the largest amount of light transmission through the ice prior to melt onset. While results are largely insensitive to year, years with thinner snowpack, or thinner ice will show overall larger effects of including a distribution versus mean values.

As expected, for both the ice thickness and snow depth distributions, the amount of under-ice PAR increases compared to using mean values per grid cell (Figures 11, 12). This is because thin ice and snow transmit much more light than thick ice and snow. With our parameterizations, the mean transmission is always higher than the transmission calculated with mean thickness — a result already obtained by Abraham et al. (2015) — in turn increasing the overall under-ice PAR for each grid cell. Nevertheless, the differences in under-ice PAR remain small, especially over the central Arctic where PAR increases just slightly, between 0 and ∼2 μmol m–2 s–1 (∼5% relative difference, or percentage of the average under-ice PAR it represents). Castellani et al. (2017) report a threshold value for algal bloom of 1.78 μmol photons m–2 s–1 which is at the upper boundary of the differences of PAR in the central Arctic. The effect of using mean values per grid cell thus does not have large effects on algal bloom, at least in the central Arctic. It is different for coastal regions in the Arctic basin and also in the Barents Sea, characterized by generally thinner snow cover as well as thinner ice, where differences in under ice PAR are large enough (i.e., >5 μmol m–2 s–1, or >∼12.5% relative difference from the mean value) to impact the onset of algal bloom.
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FIGURE 11. Difference in monthly mean April PAR between using a heterogenous snow depth following Eq. 12 and assuming a mean ice thickness per grid cell versus a mean snow depth per satellite pixel.
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FIGURE 12. Difference in April PAR between using a mean sea ice thickness per satellite pixel versus a fifteen ice thickness categories ITD heterogeneously distributed between 0 and 3hi, as described in section “Data Products,” and assuming a mean snow depth per grid cell.


In regards to snow depth, increases in under-ice PAR above 4 μmol m–2 s–1 (10% of relative difference) are found mostly outside of the Arctic basin (i.e., Bering Sea, Baffin Bay, Barents Sea), but also at times within the Chukchi and Beaufort seas, as well as the Laptev and Kara seas that can reach 5 μmol m–2 s–1 (12.5% relative difference) or more. The largest increases in under-ice PAR within the Beaufort Sea are found in 2016, when there was relatively more transmittance of light as a result of less snow accumulation compared to other years (see also Figures 2, 4). Thus, the impact of using a snow depth distribution varies from year to year, depending on the average snow depth per pixel.

Similarly, for the ice thickness distribution versus mean SIT values we observe that larger differences on the order of at least 4 μmol m–2 s–1 occur when the sea ice is thinner, as for example close to the shelf but also in the Chukchi and Beaufort seas, especially during 2013, 2016, 2017, and 2018. As for Figure 10, April 2016 is the year when the differences between the SIT distribution and mean SIT per pixel are greater, especially in the Chukchi Sea with more than 5 μmol m–2 s–1 difference. This is due to the fact that for this year, the ice is overall thinner than for the other years. During some years and regions, the sub-grid scale SIT distribution results in larger increases in under-ice PAR compared to sub-grid scale snow depth distribution (i.e., 2013 in Chukchi and Laptev seas), and in others the reverse is true (i.e., 2012 and 2015 in Beaufort Sea). Considering the threshold reported by Hancke et al. (2018), these sub-grid scale variations in snow depth and ice thickness may be important in terms of timing of under-ice algal growth and thus more research on how best to represent sub-grid scale snow depth and ice thickness distributions is warranted, especially during this transition from a multiyear to first-year dominated Arctic Ocean, with corresponding changes in surface roughness.



Impact of Snow Depth Trends on Transmission Through Snow

So far, our assessments have focused on the CryoSat-2 time-period and during the time of the year for which thickness observations are available. To assess longer term changes in light availability, not just in autumn and spring, but also in summer, we can examine how changes in snow depth and surface albedo are impacting the amount of light transmitted to the top of the ice (i.e., through the overlying snowpack). In particular, we are interested in the impacts of changing snow accumulation on light availability when light first becomes available and until the snow melts off the ice. Figure 13 shows trends from 1982 to 2018 in SnowModel-LG snow depths forced with MERRA-2 atmospheric reanalysis from February through July (see also Stroeve et al., 2020). Overall, winter and spring snow depth is found to be declining throughout the Arctic Ocean marginal seas, with slightly positive trends north of Greenland. In particular, statistically significant negative trends (at 95% confidence interval) are seen throughout the Beaufort, Chukchi, East Siberian, Laptev, Kara and Barents seas in February to May (between 2 to 8 cm per decade, depending on location), that increase to cover most of the Arctic Ocean also in June, and the central Arctic in July. Positive trends (∼1–3 cm per decade) north of Greenland are not statistically significant, but agree with positive trends in albedo in this region (Figure 14). Since no trends in precipitation are revealed in the reanalysis precipitation themselves (Barrett et al., 2019), the reduction in snow depth in the marginal seas is most likely a result of later freeze-up and earlier melt onset (e.g., Stroeve and Notz, 2018) that reduce the time over which snow can accumulate, rather than a change in precipitation. It also reflects a reduction in multiyear ice, as the longer an ice parcel can accumulate snow, the deeper the snowpack tends to be (e.g., Liston et al., 2020).
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FIGURE 13. Snow depth trends (cm/yr) in February through July from 1982 to 2018 over Arctic sea ice as represented in SnowModel-LG (Liston et al., 2020) forced by MERRA-2 atmospheric reanalysis. Trends statistically significant at the 95% confidence level are indicated by black marks.
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FIGURE 14. Albedo trends per year in February through July from 1982 to 2018 over Arctic sea ice as derived from AVHRR. Note albedo trends are given for open water as well as ice-covered regions and thus large negative trends along the ice margins reflect in part earlier development of open water, while trends over the icepack in summer reflect also melt pond development. Trends statistically significant at the 95% confidence level are indicated by black marks.


At the same time, and not surprisingly, the surface albedo also exhibits generally statistically significant negative trends over most of the Arctic basin in May, June, and July, reflecting earlier melt onset, earlier ice retreat (i.e., open water) and melt pond development. Negative albedo trends in February to April are mostly confined to the regions outside the Arctic basin (e.g., Baffin Bay, Barents and Bering seas). Negative albedo trends outside of the central Arctic prior to melt onset are largely the result of a lack of winter sea ice in more recent years, as the trends include both sea ice and open water regions. Small positive trends are also observed in February and March (∼0.02–0.06 per decade) over the areas with sunlight in the central Arctic, larger in February than in March. None of these trends are statistically significant, yet we do find they are consistent with slightly positive trends in snow accumulation that are statistically significant north of the Canadian Archipelago. On the other hand, positive albedo trends may also reflect problems in the albedo estimates during this time of year. As seen previously in Figure 10, albedo in 2012 is seen to reach nearly 1.0 in the Chukchi Sea in February which exceeds the albedo for new snow (0.90, Wiscombe and Warren, 1980). This likely points to a problem in properly accounting for the anisotropic reflectance of snow, especially under oblique solar and sensor zenith angles found at this time of year. Positive albedo trends (∼0.01 to 0.02 per decade) in April may also reflect changes in cloud cover. The APP-X data product produces an all sky albedo, whereby the amount of solar radiation underneath clouds is modeled based on estimated cloud top height, temperature and ice versus water clouds. Problems in accurately detecting cloud cover and cloud properties, combined with overall increases in springtime cloud cover (e.g., Wang et al., 2012) and cloud thickness (Huang et al., 2019) will influence the amount of incoming solar radiation as well as the surface albedo through modification of the spectral distribution of the incoming solar radiation (e.g., Grenfell and Maykut, 1977; Grenfell and Perovich, 2008).

The regions with negative snow depth trends, combined with negative albedo trends will play a significant role in increasing light availability under the ice. While we do not have ice thickness during that time, we can estimate how these snow depth changes, together with albedo changes, impact light transmission through the snow pack. These results are summarized in Figure 15. The largest positive trends in transmittance under the snow, exceeding 0.06 per decade are found in June in the Chukchi Sea and then everywhere there is sea ice in July. However, already in February small positive trends in under-snow transmittance are observed, that are statistically significant in the Chukchi Sea, in the East Greenland Sea and north of Novaya Zemyla (∼0.01 to 0.03 per decade). By April, statistically significant positive trends in under-snow transmittance occur throughout the marginal seas of the Arctic Ocean, reaching 0.04 per decade in the northern Barents Sea. This will cause a shift of the production season onset to earlier times in the spring in these regions. This will in turn affect the lower trophic levels, since there might be a mismatch between high food availability and events such as reproduction and spawning (Durant et al., 2007). Moreover, since the trend in snow cover is not uniform throughout the Arctic, this might lead to not only a temporal, but also a spatial shift of growth onset.
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FIGURE 15. Under-snow transmittance trends per year computed using the albedo and snow depth in February through July from 1982 to 2018 over Arctic sea ice. Trends statistically significant at the 95% confidence level are indicated by black marks.




Uncertainty Analysis

As mentioned in section “Implementation,” we investigate the error of the under-ice PAR as a result of uncertainty on the physical sea ice/snow parameters used to compute the light transmission as well as the values used in the radiative transfer (Table 2). This evaluation was conducted for April of each year of the study and the resulting errors, averaged over the Arctic basin and for all 8 years (2011–2018) are summarized in Table 3. Overall, the uncertainty in the under-ice PAR from uncertainties in the physical sea ice or snow parameters ranges from ±1.5 to ±9.2 μmol m–2 s–1, or a relative error of ∼4–22%. The uncertainty of ±20% on the SIT, gives the lowest errors in the under-ice PAR, while an uncertainty of ±10 cm in snow depth gives the highest PAR errors. This is followed closely by a ±5% uncertainty in SIC with a 7.2 μmol m–2 s–1 or (17%) and ±0.05 uncertainty in the surface albedo, which results in 5.0 μmol m–2 s–1, or a relative error on the order of 12.2%. The larger impact of snow depth and albedo uncertainties relative to SIT on under-ice PAR agrees with Katlein et al. (2019), who found that ice thickness was an overall poor factor in determining overall light transmittance levels. Instead, snow cover was found to provide the primary limit on the amount of sunlight getting through the ice (i.e., less than 1% of light is transmitted below the ice in May), but light transmittance increases to 10% during the advanced phase of melt pond development, which is reflected in part by reductions in albedo during June and July (e.g., Figure 13). Uncertainties in ice concentration naturally allow for more (less) light absorption in open (closed) water areas.


TABLE 3. Impact of uncertainties in physical sea ice/snow parameters used as input to the Beer–Lambert law on under-ice PAR in μmol m–2 s–1.

[image: Table 3]On the other hand, uncertainties and relative errors for extreme values of the attenuation coefficients have lower overall relative errors compared to snow depth uncertainty, but errors can be as high as 10% for the large range in ice attenuation coefficients used. More important, however, are the large uncertainties in the under-ice PAR as a result of varying the io,snow, contributing to an under-ice PAR uncertainty of 7.5 μmol m–2 s–1, or relative error of 18.4%. In summary, uncertainties are within 20–30%, which is enough for a qualitative analysis of the pan-Arctic under ice light field, but not for a precise prediction of light levels in specific locations, nor for a precise prediction of timing for the bloom onset. Since the largest uncertainties are associated with snow properties (depth and io), this points to snow as the research area where most progress is needed.

Finally, the choice of SIC algorithm used can have a large impact in under-ice light transmission. While Kern et al. (2019) found on a pan-Arctic scale differences between algorithms may cancel out, the NASA Team SIC underestimate those retrieved from visible imagery (e.g., from the NASA Moderate Resolution Imaging Spectroradiometer (MODIS) by 5–10%, whereas SICs from algorithms such as the Bootstrap algorithm (Comiso et al., 1997) overestimate MODIS-derived SICs by a similar amount. Since the Bootstrap algorithm has higher SICs than those from NASA Team, this will reduce the amount of light reaching the ocean surface, especially in the marginal ice zone where the differences between the two algorithms are most pronounced.



APPROPRIATENESS OF METHODOLOGY

In this contribution, we attempt to compute under-ice light levels based on current satellite products, and try to identify uncertainty sources. In this context, the two-level Beer–Lambert approach was the simplest available scheme, which takes into consideration the exponential decay of light through the snow/ice/water media, and gives reasonable transmittance retrievals, as compared with a significant number (N = 234) of data points from the seasonal ice zone (see Figure 1). The setting of AOPs, such as attenuation coefficients, were tuned using field observations over first-year ice, and may not necessarily apply over multiyear ice. However, we found that at least in regards to κi, the value obtained of 1 m–1 differed little from classical multiyear ice derived values (1.5 m–1). These values are also in line with those of Grenfell and Maykut (1977) (see their Figure 5).

In terms of uncertainties in our under-ice irradiance calculations, the most important uncertainty source relates to non-existent or largely imprecise summer satellite products. In spring, when satellite products are less prone to error, uncertainties are smaller but still within 30% for each of the uncertainty sources. Next to surface albedo, snow in all its aspects appears as a dominant source of uncertainty. This includes the pixel-mean snow depth value, its sub-pixel distribution, and the description of radiative transfer within snow, which is underlined by the large errors on low transmittance values (see Figure 1), and also by the large impact on calculated under-ice PAR of the surface transmission parameter io within snow (see Table 3). The new SIT product, derived from ice freeboards processed with the LARM algorithm and using snow data from SnowModel-LG improves the detection limit of CryoSat-2 for thin ice, with a lower freeboard detection limit of ∼2.5 cm (Landy et al., 2020). As evidence for this enhanced thin ice detection, we find that ice thicknesses < 0.5 m make up around 45% of measurements across the October SIT fields, and thicknesses <0.25 m make up around 31% of measurements. While the attenuation coefficients for ice based on first-year ice field data may not be the same as for multiyear ice, uncertainty in ki played a smaller role than the uncertainty in io. These conclusions are in line with those of Katlein et al. (2019), which is based on a different observational dataset and with a slightly different approach.

To improve upon these uncertainties, calculations of under-ice light field would primarily benefit from more precise satellite products, spanning longer periods of the year (discussed further in “Looking to the Future”), in particular regarding ice thickness, snow depth and surface albedo. The sub-pixel distributions of ice characteristics are beyond reach for current observing systems. Yet these can at least be parameterized. For instance, Abraham et al. (2015) provide analytical calculation techniques to account for the sub-pixel snow depth distribution in under-ice light calculations. These can readily be used and at low cost. However, more research is needed to better understand what ice thickness distribution should be used as the ice cover has thinned and transitioned to a first-year ice regime. Generation of open water/leads, melt ponds and thick ice from ridging may differ from earlier studies, and in different regions of the Arctic, which will not only influence the ice thickness distribution, but also snow accumulation. Thus it remains unclear if a pan-Arctic representation of ice thickness and snow depth distribution is applicable as used in this study.

Regarding the formulation of the radiative transfer approach used, an easy recommendation would be to better constrain optical snow parameters from observations over various ice types, based on more observations, more precise, including more snow parameters. Another recommendation would be to use better representations of radiative transfer within snow and ice. Indeed, an easy objection to our methodology is that Beer–Lambert Law is overly simple and does not fully hold in snow, a highly scattering medium (Perovich et al., 2017). Another critique is that the surface scattering layer could be not as well defined in snow as it is in sea ice. While many studies have used the Beer–Lambert Law assuming an exponential attenuation of radiation with length of the medium (e.g., Maykut and Untersteiner, 1971; Bitz and Lipscomb, 1999; Castellani et al., 2017; Vancoppenolle and Tedesco, 2017), more physically elaborated approaches for radiative transfer in snow and ice do exist, in particular two-stream methods, such as such as the delta-Eddington scheme of Briegleb and Light (2007), which relies on the specification of intrinsic optical properties of snow and ice, namely scattering and absorption coefficients. Two-stream schemes have better theoretical foundations and enable the representation of a wider range of optical phenomena (Dang et al., 2019). Yet such schemes are also more complex, more expensive and require information on the vertical profiles of temperature, salinity, density and microstructure (gas, brine, minerals, and grain size), information we do not have from satellites. Hence, at this stage, the use of more elaborated approaches does not warrant lower uncertainties in under-ice light distribution.

Finally, the impact of impurities on transmitted light intensity could also be considered. In particular, ice algae may reduce transmitted light when sufficiently abundant. Here we decided not to take them into account, because we found their effect to be generally low as compared with uncertainties on under-ice transmitted light, and largely uncertain because of unresolved spatio-temporal variations in ice algal content. Significant effects may occur where and when algae are ∼30 mg chl m–2, and when snow is thin, which may occur in the Bering Sea, or during the season of algal bloom (generally after the month of April). One prerequisite before accounting for ice algae, would be to better constrain their abundance and spatial variability on scales relevant for our study.



LOOKING TO THE FUTURE

Massicotte et al. (2019b) show that to properly estimate primary production in the Arctic, we need to assess the spatial variability of sea-ice properties. By under-ice profiling platform (e.g., ROVs and towed nets) we can assess variability on a floe scale, but it is only by means of satellite products that we can provide important information on a pan-Arctic context. This study allows the characterization of the light field over an area large enough to capture the irradiance variability on a pan-Arctic scale. Furthermore, for the first time we are able to provide pan-Arctic maps of under-ice light at a spatial coverage and resolution of most sea-ice numerical models. Most large-scale sea-ice –ocean circulation models adopt the two layers Beer-Lambert approach to describe the radiative transfer, and they employ a SIT and snow depth distribution as in section “Impact of Homogeneous vs. Heterogeneous Snow Depth and Ice Thickness Distributions” to account for sub-grid variability. The present study is a first step in providing products that can be used to directly compare model outputs on a pan-Arctic scale. Moreover, for the first time, we quantify the effects of the sub-grid distribution on the under-ice light levels.

Ideally, we would want to additionally map the under-ice light field from February through October on a pan-Arctic scale, accounting for SIT changes in summer, advanced snow metamorphism, development of melt ponds, and properly account for snow accumulation around ridges. Unfortunately, we lack summer SIT data and melt pond information to extend the characterization of under-ice irradiance beyond April. Temporally, we have been limited by the availability of sea ice freeboard and thickness products. CryoSat-2 provides profiles of SIT observations across the Arctic on a daily basis, but only at the satellite sub-cycle of 30 days does it provide complete pan-Arctic coverage and current algorithms using radar altimetry remain limited to October through April. Since the change from complete darkness to enough sunlight for photosynthesis to occur can happen over a few days, daily coverage is needed. Blending of CryoSat-2 satellite retrievals with Sentinel 3A and 3B, can increase temporal resolution to 10-day frequency (Lawrence et al., 2019). Nevertheless, prior to the melt season, snow depth is arguably more important in limiting light availability and timing of ice algal blooms.

In summer, the most important data gaps to fill are the ice thickness and melt ponds. ICESat-2 offers the ability to provide sea ice freeboards in summer, yet the conversion to total SIT is difficult as this requires information on ice density which is highly variable during the summer melt season. Instead, one could consider using the ICESat-2 freeboards to represent the height of the strongly scattering surface layer (SSL). Typically, the layer has geometric depth 3 – 5 cm and effective scattering about two orders of magnitude larger than the interior ice. The ice between the SSL and sea level (‘drained layer’ DL) also has enhanced light scattering properties, typically one order of magnitude above that of interior ice (see Light et al., 2015, Table 1). Despite their small vertical extent, but because of their strong scattering, these two layers are estimated to have optical depth approximately two orders of magnitude larger than the entire portion of the ice that sits below sea level. Because light penetration will depend most strongly on the portions of the ice with the largest optical depth, it may be possible to estimate transmittance based on the thicknesses of the SSL and DL, as derived directly from summer freeboards. The assumption is that the optical depth of ice above freeboard is about many times more than the optical depth of ice below freeboard, and therefore the amount of ice floating above the water is more important for determining how much light reaches the ocean beneath the ice than the actual SIT.

Once the melt season starts and the snow disappears, melt ponds dominate the amount of light entering the upper ocean beneath the ice. Melt ponds develop in early summer of sizes typically < 10 m, and evolve into a temporally and spatially heterogeneous network of melt ponds intermixed by bare ice and snow-covered ice regions. While melt ponds are not difficult to detect using high resolution satellite imagery, such as that from meter-scale WorldView optical imagery (e.g., Wright and Polashenski, 2018), pan-Arctic coverage and long time-series are not available from such high resolution imagery. Instead, moderate resolution satellite sensors, such as the NASA Moderate Resolution Imaging Spectroradiometer (MODIS) satellite have been used to map melt ponds at a pan-Arctic scale (e.g., Rösel and Kaleschke, 2012). MODIS has a spatial resolution of 250 m for the first two visible channels and 500 m for the other five visible channels. Since the melt ponds have a relatively small size in relationship to the large footprint of the satellite image, several ice types are present within each satellite pixel, requiring some sort of spectral unmixing to retrieve the melt pond fraction. Spectral mixture analysis (SMA) (e.g., Tschudi et al., 2008; Rösel and Kaleschke, 2012) and Multiple Endmember Spectral Mixture Analysis (MESMA) (e.g., Yackel et al., 2018) have been used with limited success to map sub-pixel fractional area of surface types, yet reference spectra for ice types can vary considerably and cause large errors in melt pond fraction retrievals. Currently there are no up-to-date pan-Arctic melt pond products being provided by the science community.

Similarly, as the ice cover has transitioned from one dominated by multiyear ice year-round to one dominated by first-year ice, the dynamics of the ice cover have increased, creating more occurrence of ice fracture and lead formation (e.g., Rampal et al., 2009). Leads result in new ice formation, and thus thin ice with little to no snow cover, and thus play an important role in light transmission before the melt season starts. Evidence from an Arctic fjord found that 77–86% of incidence light from 0.4 to 0.7 μm was transmitted through leads (Taskjelle et al., 2016). Changes in albedo may in part reflect increased fracturing, leads and thin ice formation. On the other hand, evaluation of the APP-X data set shows non-physical artifacts in albedo that have an impact on the under-ice PAR calculations, and more improvements are needed to develop a long-term and reliable surface albedo product.

Finally, ridges play an important role in redistributing snow accumulation. While several approaches exist to quantify surface roughness from satellite, including laser altimetry (e.g., Landy et al., 2015; Petty et al., 2016), multi-angular optical imagery (e.g., Nolin and Mar, 2019), and SAR backscatter (e.g., Fors et al., 2016), the small footprint of the ICESat-2 ATLAS photon-counting instrument (∼15 m), together with dense along-track spacing (∼70 cm) and precise elevation measurements (<10 cm) will allow for mapping of ridge heights. This is because ICESat-2 will provide consecutive elevation measurements to define the ridge height and edges with sufficient precision. This information could be used in conjunction with SnowModel to map snow depth at high spatial resolution and then downscale to the pan-Arctic scale.



CONCLUSION

Arctic marine ecosystems have adapted to extremes in light conditions, taking advantage of the short time-period over which primary production can occur. Since satellites sensors cannot ‘see through’ the sea ice, the response of Arctic primary production to changes in sea ice and snow properties can only be determined with continuous in situ monitoring of algae and phytoplankton stocks, together with the main physical drivers affecting their phenology: under-ice light field, sea ice and snow properties, temperature and salinity of the ocean surface, nutrients and mixed layer depth. However, the lack of long-term data covering different regions and seasons makes this challenging at present. In this paper we have attempted to map one component important for ocean primary production, the light under the ice on a pan-Arctic scale using currently available satellite-based products on snow and ice conditions together with parameterizations established from cruises and other in situ observations. Our estimates of under-ice PAR are based on the Beer–Lambert Law, and our interactions of light with snow and ice are based on empirical parameterizations from in situ data collections that depend at the moment solely on the ice thickness and snow depth, whether or not the snowpack is melting, as well as the surface albedo. Key uncertainties in our under-ice PAR calculations relate to how precise current parameterizations are, how best to distribute the mean snow and ice thickness within a 25-km grid scale, as well as errors in satellite-retrieved variables of surface albedo, ice thickness and concentration, and how best to model snow accumulation.

During springtime, the high albedo of snow and its capacity to attenuate solar radiation means that snow depth variability largely controls under-ice PAR variability from year-to year, with some years showing increased light penetration especially in the Beaufort Sea in April. During October, ice thickness, albedo and lead fraction play a more important role as there is little snow on the ice. Ice algal in particular have adapted to very low light levels (e.g., Berge et al., 2015), with the first bloom happening in the bottom layer of the sea ice already in spring when light for photosynthesis becomes available. Thus, despite little light entering the Arctic Ocean in February and March, inter-annual snow depth variability can lead to more light availability even during these months that is enough to initiate algal growth, whereas long-term declines in snow depth over time may be shifting the timing of under ice algal blooms to earlier in the year. This has important implications on marine ecosystems, as ice algae are an early food source for certain pelagic grazers (e.g., Leu et al., 2015).

New satellite sensors, such as ICESat-2, could enable these under-ice maps to be extended to be year round, whilst on-going in situ field programs, such as EcoLight and MOSAiC, will allow us to refine the algorithms and more accurately predict light penetration through a range of snow and ice conditions. While there are significant challenges to overcome before we routinely produce daily pan-Arctic under-ice light maps using satellite observations, we feel new satellite-derived products and focused in situ campaigns are closing the gap.
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Sea ice in the Arctic Ocean (AO) has been undergoing dramatic changes during the last two decades. In addition, the water temperature of the inflow of Atlantic water masses at the gateway Fram Strait has recently increased. Long-term data may help to evaluate the impact of these physical changes on the biological processes in surface waters. Over a 25-year period, and mostly in summer, water samples were collected at discrete depths within the uppermost 100 m of the Fram Strait and other regions of the AO to investigate chlorophyll a (Chl a) and particulate organic carbon (POC) standing stocks. Stations sampled from 1991 to 2015 were located in the Fram Strait, Barents Sea (BS), on the Eurasian shelf, and over the Nansen, Amundsen, and parts of the Amerasian basins (AB). Discrete Chl a and POC measurements obtained during 33 and 24 expeditions, respectively, were integrated over the upper 100 m of the water column to monitor spatial and interannual variations in distribution patterns of standing stocks. In general, the highest Chl a and POC standing stocks were observed in the eastern Fram Strait (EFS) and in the BS, while the lowest biomasses were observed in the heavily ice-covered regions of the central AO, mainly in the Amundsen and ABs. Whereas summertime Chl a stocks sharply decreased northward from the Fram Strait and Barents Sea toward high latitudes, the decline in POC standing stocks was less pronounced. Over the sampling period, summertime Chl a stocks slightly increased in the EFS but remained more or less constant in the central AO. In contrast to Chl a, standing stocks of POC eventually increased over the last 25 years in the central AO, possibly as an effect of increasing air temperatures, decreasing sea ice extent and thickness, and increasing light availability. Moreover, variations in riverine discharge and in sea ice export within the Transpolar Drift may have contributed to the enhanced POC stock in the central AO surface waters. Overall, the objective of the present study was to provide baseline datasets of Chl a and POC to better track the effects of environmental changes due to global warming on the Arctic pelagic system.

Keywords: long-term data, summertime surface waters, chlorophyll a, particulate organic carbon, Fram Strait and Arctic Ocean


INTRODUCTION

The Arctic environment is in rapid transition and is severely impacted by climate change, with air temperatures increasing twice as fast in the Arctic as in other regions of the planet (Schiermeier, 2007; Serreze et al., 2007; IPCC, 2014, 2019). The effects of climate change are clearly visible in the Arctic Ocean (AO) through the recent massive reduction in sea ice volume and extent. Although sea ice remains present during the entire year in the AO, the summer minimum sea ice extent decreased from ∼ 6 millions km2 in the early 1990s to a record low of 3.4 millions km2 in 2012. The perennial decadal loss accounts to about 11% of sea ice extent (Comiso et al., 2017) and at this rate, nearly ice-free summers are predicted within the next 20–30 years for the AO (Nghiem et al., 2007; Wang and Overland, 2012; Liu et al., 2013).

Sea ice loss results in more light penetrating into the Arctic Ocean surface waters (Nicolaus et al., 2012). A resulting increase in primary productivity following the recent drastic reduction in sea ice has already been observed and is due to a longer phytoplankton growing season (Arrigo et al., 2008; Arrigo and Van Dijken, 2015). While Kahru et al. (2011) reported an earlier onset of phytoplankton blooms, Ardyna et al. (2014) observed and forecast an increase in the occurrence of fall blooms based on remote sensing observations in ice-free, open waters. However, fresher Arctic surface waters due to enhanced ice melt and larger riverine input, together with warmer water, lead to a more stabilized water column (Ardyna et al., 2013; Tremblay et al., 2015). A stronger water column stratification may prevent nutrient repletion into the sunlit surface layers, unless local upwelling of nutrient-rich waters brings nutrients to the surface (Codispoti et al., 2005; Tremblay and Gagnon, 2009; Tremblay et al., 2015). The interplay between less nutrients and more light for growth of primary producers in the changing Arctic surface waters is not well understood, as evidenced by massive under-ice blooms observed under less compact sea ice (Fortier et al., 2002; Arrigo et al., 2012, 2014; Assmy et al., 2017). Slagstad et al. (2015) predicted that productivity will remain low for Arctic waters until 2100 due to stronger stratification following ice melt and warmer water, except in regions of weak stratification such as the northern Barents Sea and the Kara Sea shelf break. In summary, the dynamics of nutrient supply and the impact of the changing freshwater budget are unknown for a warmer AO. Both may have a severe impact on the future standing stocks and on the biogeochemical processes in the pelagic system, with implications for the food web (Wassmann, 2011; Wassmann and Reigstad, 2011; Bluhm et al., 2015). Besides the consequences for the pelagic food web, the vertical export of particulate matter and carbon may affect the benthic organisms feeding on the nutrient-rich particle rain from above, modifying their distribution patterns (Boetius et al., 2013; Wiedmann et al., 2020).

In the Fram Strait, identified as the main gateway to the AO, water of Atlantic origin is transported northward via the West Spitsbergen Current to the AO on the eastern side, while sea ice of the AO is transported southward via the Transpolar Drift on the western side, where it leaves the AO on top of the cold Polar Water. The drastic thinning and shrinking of the sea ice in the central AO therefore also affects the Fram Strait, mainly east of Greenland (Hansen et al., 2013; Renner et al., 2014; Krumpen et al., 2015, 2019) while the Atlantic Water entering the AO via the Fram Strait has in turn an influence on the AO (Vernet et al., 2019; Wassmann et al., 2019). Mixing, eddies, and recirculating water of the warm West Spitsbergen Current add to the hydrographic complexity observed in the Fram Strait (Gascard et al., 1988; Walczowski, 2013; Von Appen et al., 2015). Increasing water temperature and heat flux have been observed in the West Spitsbergen Current off Svalbard during the last two decades (Schauer et al., 2008; Piechura and Walczowski, 2009; Walczowski, 2013; Walczowski et al., 2017) causing an increasing influence of warmer Atlantic waters (Atlantification) in the Arctic domain (Piechura and Walczowski, 2009; Beszczynska-Möller et al., 2012; Polyakov et al., 2017). In addition, a warm water anomaly in the eastern Fram Strait was observed from 2004 to 2008 (Beszczynska-Möller et al., 2012) that was accompanied by changes in phytoplankton species during summer and changes in vertical particle fluxes obtained with moored sediment traps during the entire year. Biogeographical shifts within higher trophic levels were also observed (Bauerfeind et al., 2009; Lalande et al., 2013; Nöthig et al., 2015b; Soltwedel et al., 2016; Gluchowska et al., 2017; Schröter et al., 2019). These changes due to slightly higher water temperatures may propagate through the Arctic food web, affecting predators and potentially reaching the central AO should the warming trend continue (Wȩsławski et al., 2006).

Here, time-series datasets of chlorophyll a (Chl a) and particulate organic carbon (POC) obtained from the Long-Term Ecological Research (LTER) observatory HAUSGARTEN (HG) and in the eastern and central AO were used to assess spatial and temporal variations in phytoplankton standing stocks, here expressed as Chl a and carbon stocks during summer. Sampling first started during the joint European Polarstern Study (EPOS 2) around Svalbard in 1991 and continued almost every year as part of a variety of expeditions (25 between 1991 and 2015) with varying focus on the Arctic physical and biological systems. The establishment of the HG observatory in 1999 and of the FRontiers in Arctic Monitoring (FRAM) in 2014 by the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI) has provided to obtain data on a routine yearly basis in the eastern Fram Strait, enabling the detection of long-term trends in environmental and biological parameters in the pelagic and benthic systems. Sampling in the other regions of the AO (eight expeditions between 1993 and 2015) were conducted less routinely as part of other projects.

For a comprehensive overview and comparison summer Chl a and POC are shown as standing stocks per square meter per station, integrated by means of concentrations obtained by discrete measurements at several depths between 0 and 100 m water depth. The Chl a and POC results presented here provide a baseline against which to assess natural variability and the impact of climate change on these AO regions. More precisely, the dataset was evaluated to analyze how the different geographical locations in the Arctic can be characterized by patterns of Chl a and POC content. Further, it is discussed whether increasing water temperatures and decreasing sea ice extent and thickness have affected Chl a and POC standing stocks during summer months.



MATERIALS AND METHODS

Seawater samples were obtained mostly between June and September during 33 expeditions from 1991 to 2015, with eight expeditions to the Arctic Ocean and 25 expeditions to the Fram Strait (Table 1). Almost all expeditions were conducted on board the research icebreaker RV Polarstern (Supplementary Table S1) except for a few expeditions on board RV Lance and Maria S. Merian (Supplementary Table S2). Not all regions/stations were revisited depending on the individual expedition plans (Figure 1 and Supplementary Tables S1, S2; see also PANGAEA data publisher for RV Polarstern expeditions)1.


TABLE 1. Bar chart of location and sampling month covered between 1991 and 2015.
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FIGURE 1. Stations occupied during the different summer expeditions on board RVs Polarstern, Maria S Merian and Lance to the Arctic Ocean and the Fram Strait between the years 1991 and 2015. Details for each expedition can be found in the Supplementary Tables S1, S2. The map was created using ArcGIS and based on the General Bathymetric Chart of the Oceans (GEBCO)-08 grid, version 20100927, http://www.gebco.net, with permission from the British Oceanographic Data Centre (BODC) with the help of Nadja Sandhop. More details can also be obtained by maps produced by AWI: https://maps.awi.de/map/map.html?cu=chl_a_water_ column_main#home.


All seawater samples were collected at five to eight water depths between the sea surface (2–10 m) and 100 m using a rosette equipped with a SEA-BIRD CTD system and 24 Niskin bottles (12 L). While the sampling depths were not always constant, samples were consistently taken at the surface, as well as above, in, and below the Chl a maximum (according to the fluorescence probe that was attached to the CTD) during casts, with 100 m being the deepest sample. Seawater subsamples were collected in PE bottles and filtered on board immediately after sampling. In few cases (<5%) samples were not taken in 100 m water depth. In these cases a 100 m value from nearby stations was used, or the values of 90 m were taken for the 100 m in order to always allow an integration from 0 to 100 m water depth.

Sampling for Chl a was conducted during 33 cruises (22 summers, at 864 stations, 6588 data points) while sampling for POC was conducted during 24 cruises (19 summers, at 472 stations, 2469 data points; Table 1, Figures 2, 3). Subsets of the dataset (mainly Chl a data) from the Fram Strait and the central AO have been published with a different focus elsewhere (Cai et al., 2010; Cherkasheva et al., 2013, 2014; Nöthig et al., 2015b; Soltwedel et al., 2016; Engel et al., 2019). All Chl a and POC data are available in PANGAEA (Chl a: Nöthig et al., 2015a, 2018 and POC: in prep., and Supplementary Table S4). In addition to the here presented integrated data of the different stations a table of the data of Chl a and POC concentrations measured at the discrete depths is attached in the Supplementary Material as an excel spreadsheet. Combined vertical profiles of the datasets for the different regions are shown with standard deviation in the supplements (Supplementary Figure S1).
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FIGURE 2. Chl a (mg m–2) integrated over 0–100 m water depth from 1991 to 2015. For more details see legend Figure 1.
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FIGURE 3. POC values (g m–2) integrated over 0–100 m water depth from 1991 to 2015. For more details see legend Figure 1.



Chlorophyll a

Chlorophyll a concentrations were determined from 0.25 to 2 L of seawater filtered onto glass fiber filters (Whatman GF/F) under low vacuum (<400 mbar). Filters were stored at −20°C until analysis. During 1991, 1993, and 1996 filters were analyzed on board; filters of all other cruises were analyzed in the home laboratory after the ship has returned to Bremerhaven about 3–4 months after the cruise. Pigments were extracted in 5–10 ml of 90% acetone. In order to destroy the cells, filters were treated with an ultrasonic device in an ice bath for less than a minute, and further extracted at 4°C for 2 h. After 2012 the cell disruption was carried out with a Precellys® 24. All filters were then centrifuged for 10 min at 5000 rpm at 4°C prior to Chl a measurement on a fluorometer (Turner Designs) using a modification of the method described in Edler (1979); Evans and O’Reily (1980).



Particulate Organic Carbon

Particulate organic carbon contents were determined by filtering aliquots of 1–10 L of seawater at low vacuum (<400 mbar) onto GF/F filters (pore size: 0.7 μm) pre-combusted for 4 h at 500°C. Filters were also stored at −20°C until analysis in the home lab after the ship has returned to Bremerhaven about 3–6 month after the cruise. Prior to analysis, filters were soaked in 0.1N HCl for removal of inorganic carbon and dried at 60°C. POC concentrations were determined with a Carlo Erba CHN elemental analyzer.



WebGIS

In this study we only use the data of Chl a and POC that were integrated from 0 to 100 m (Figures 2, 3). In addition to the here presented data on standing stocks, Chl a and POC (1991 to 2016) are displayed in WebGIS (licensed under CC BY 4.0) with another focus for instance Chl a concentrations in the Chl a maximum, Chl a mean concentrations obtained at 0–10 m and 0–50 m depths, and POC mean and integrated concentrations at 0–100 m depths. Furthermore, gridded interpolations of integrated Chl a values from 0 to 100 m were created for the long-term dataset of the Fram Strait on either a yearly basis or over selected time periods. In addition, sea ice concentrations and sea surface temperatures can be used as overlay. Further details are available at: https://maps.awi.de/awimaps/projects/public/?cu=chl_a_water_column_main#home.



Statistics

To evaluate differences of one or more regions in Chl a and POC concentrations, non-parametric Kruskal–Wallis tests were performed. For the significant Kruskal–Wallis tests, pairwise Wilcoxon tests were used to identify which sub-basins differed significantly to the others. A second analysis intended to compare the correlation between Chl a and POC in the Fram Strait and central Arctic Ocean sub-basins (Supplementary Table S3). For this, both concentrations were log-transformed and the regressions were tested by Pearson or Spearman tests (Spearman, 1904) following initial conditions (normal distribution, homoscedasticity).



RESULTS


Spatial Distribution of Chl a and POC Stocks

In order to assess differences in Chl a and POC standing stocks of different arctic geographical provinces during summertime, stations sampled were separated into seven sub-geographical regions: the ESF and the western Fram Strait (WFS), the Barents Sea (BS), the Eurasian shelf (ESf), the Nansen Basin (NB), the Amundsen Basin (AmB), and the Amerasian Basin (AB, including Makarov and Canada basins). The separation of the WFS and EFS was done by the 0° meridian. During most of the cruises, Polarstern sailed through partially or totally ice-covered regions, especially in the central AO (see also Figure 7, upper panel). The spatial distribution of Chl a and POC standing stocks showed a clear difference between the Fram Strait and Barents Sea with higher concentrations compared to all other regions, especially the AO sub-basins (Figures 2–4).
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FIGURE 4. (A) Sub-regions for the comparison of regional differences. Western Fram Strait (WFS), eastern Fram Strait (EFS), Barents Sea (BS), Eurasian shelf (ESf), Nansen Basin (NB), Amundsen Basin (AmB), and Amerasian Basin (AB, including Makarov and Canadian basins); (B) Chl a values (mg m–2) and, (C) POC values (g m–2) integrated over 0–100 m from 1991 to 2015. Black line represents the median; numbers in the brackets on the top are the 1st, 2nd (median), and 3rd quantile, n, number of data points.


The highest standing stocks of Chl a were observed in the EFS and in the BS (median 44.2 and 42.0 mg m–2, respectively), followed by the WFS with standing stocks nearly twice as low (median 26.3 mg m–2) (Figure 4B). In all other regions of the Arctic Ocean, Chl a concentrations were low, with median Chl a values of 14.3 mg m–2 for the ESf regions, 12.6 mg m–2 for the NB, 7.0 mg m–2 for the AmB, and 8.0 mg m–2 for the AB (Figure 4B).

Particulate organic carbon stocks displayed less spatial variability than Chl a. The highest median POC concentrations of 12.7 g m–2 was observed in the EFS. All other regions exhibited median concentrations below 8 g m–2, ranging between 2.3 g m–2 in the AB and 7.6 g m–2 in the WFS. The BS had median POC concentrations of 6.3 g m–2 similar to those in the WFS. For the ESf regions, the NB, and the AmB, the median POC concentrations were similar (4.9, 4.3, and 3.5 g m–2, respectively; Figure 4C).

The log transformed POC and Chl a data in the EFS were significantly correlated (Spearman test; p < 0.001). The WFS and the NB also showed a significant correlation. The correlations were much weaker in the BS (p = 0.19) and the ESf (p = 0.09), nearly no statistically significant correlations were found for the AmB and the AB (Figure 5 and Table 2). However, when all data are plotted a close relationship of the two parameters are obvious.
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FIGURE 5. Logarithmic relationship between Chl a and POC values for each sub-region sampled from 1991 to 2015. Statistics are shown in Table 2.



TABLE 2. Log POC/Chla correlations of samples taken during 19 summer expeditions with RVs Polarstern, Maria S Merian and Lance to the Central Arctic Ocean and the Fram Strait including parts of the Greenland Sea between 1991 and 2015.

[image: Table 2]


Long-Term Patterns of Chl a and POC Stocks

Due to the fact that we have not always taken samples during the same days and not always at the same positions during all expeditions direct comparisons are possible only locally. Nevertheless, in the areas where we had the highest sampling density, here for the Fram Strait and for the central AO, we detected differences which are possibly trends over the more than 20 years of study period. According to the duration of the respective expeditions (Table 1) we chose the stations in the EFS and WFS during July and the NB and AmB during August/September. Thus, only few Chl a and POC stock values obtained during the same time interval and in the same region were left to analyze long-term trends (Table 1 and Figure 6).
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FIGURE 6. Trends in upper: Chl a values (mg m–2) and lower: POC values (g m–2) integrated over 0–100 m water depth in the Fram Strait during July 1991–July 2015 and, the Eurasian Basin during August/September 1993–2015. Note the different scales.


In the EFS, an increase in Chl a stocks was observed until 2009, after which July median values decreased but never reached values as low as before 2000. Similar patterns were observed for POC stocks. No trends in Chl a stocks were observed for the WFS and the deep Eurasian Basin. Whereas in the WFS POC standing stocks showed no trends, we suspected an increase of POC in the central AO due to less sea ice. In order to assess the influence of shrinking sea ice on POC standing stocks in the central AO, data collected during the eight expeditions to the high Arctic regions were compared (Figure 7). The high latitude stations were separated into three zones (85°–90°N, 80°–85°N and < 80°N). An increase in the POC inventory was observed in all regions under reduced sea ice conditions, with the most pronounced augmentation observed north of 85°N. Chl a summer standing stocks were not shown because no such change was observed. In 2015 Chl a summer standing stocks were even lower than in other years due to a thick snow cover on top of the sea ice.
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FIGURE 7. Upper: Sea ice extent for investigated years during September and August, small dots indicate stations; lower: comparison of POC integrated 0–100 m water depth obtained in August and, September 1993 – 2015 (8 expeditions) at different latitudes (°N) in the central Arctic Ocean (85°–90° N, 80°–85° N and < 80° N). Data are available only for < 80° N for 1993, < 80°N and from 80° to 85°N for 1995, and from 80° to 85°N for 2008. Sea ice concentration were obtained from http://www.meereisportal.de (grant: REKLIM-2013-04); (Spreen et al., 2008).




DISCUSSION

While the AO is experiencing rapid changes, field measurements are relatively rare in the central AO due to the strongly limited accessibility, caused by thick multi-year ice (Polyak et al., 2010). Although the presented dataset includes data from the ice-covered central AO it has limitations due to heterogeneity of sampling areas particularly for the central AO. Summertime Chl a standing stocks decreased from the EFS, the BS and shelf regions toward the central AO basins (Figures 2, 4B), lowest values were recorded at the few stations sampled in the Amerasian Basins. A remarkable increase in Chl a and POC stocks during summertime was observed when a warm anomaly (Beszczynska-Möller et al., 2012; Lalande et al., 2013; Cherkasheva et al., 2014) passed through the EFS for a few years from 2004 to 2008 (Figure 6). A relevant explanation for this cannot yet be given (Soltwedel et al., 2016). Besides warmer Atlantic water masses reaching the EFS (Beszczynska-Möller et al., 2012) differences in sea ice exported out of the WFS may have had influences on the productivity of the phytoplankton, due to changes in the water column stratification (Mayot et al., 2020).

Another increase but only in POC standing stocks was observed in late summer 2012 close to the North Pole (Figure 6 bottom right), but the latter was not accompanied by higher Chl a standing stocks. In this context, it is important to note again that variations in the location and the timing of sampling during the various expeditions undoubtedly affected the interpretation of our data. As explained above, for an analysis of the long-term data (discussion below) we have selected only the months in which we had the longest time series and the best matches. These were July for Fram Strait and August/September for the central AO. Thus, the expeditions to the central AO have been carried out relatively late in the season after most of the primary production had already taken place, even at those high latitudes (Melnikov and Pavlov, 1978). The discrepancy between the expected main production phase (late May to July) and our sampling in August/September is evidenced by the peaks in sedimentation of organic matter (including sea ice algae) observed during June and July from sediment trap deployments (Fahl and Nöthig, 2007; Lalande et al., 2009, 2019). The year 2012 with the record sea ice minimum in the AO coincided with the observation of mass sedimentation of Melosira arctica aggregates that were seen on the sea floor during September (Boetius et al., 2013). Also recently, the rapid sinking of a Phaeocystis bloom due to ballasting with gypsum crystals from melting sea ice was observed already in May/June (Wollenburg et al., 2018). From those observations it is clear that our dataset can only give a snapshot for the summertime Chl a standing stock under almost 100% sea ice in the central AO. They can be regarded as a complement to satellite-derived Chl a data that cannot at all detect sympagic and under-ice blooms at high latitudes due to the high solar zenith angle and the ice coverage of most parts of the central AO. Overall, satellite-derived surface Chl a concentrations capture less than 20% of the entire variance in the Arctic Ocean surface waters (Matrai et al., 2013) which may change in the future due to less sea ice.


Spatial Distribution of Chl a and POC Stocks

Light and nutrient supply determine phytoplankton growth in all oceans and in polar oceans sea ice constitutes another influencing factor (Sakshaug et al., 1991; Leu et al., 2015). While the productive growth season is shorter with increasing latitude due to decreasing incident light and generally thicker sea ice with heavier snow cover (Massicotte et al., 2019) the amount of nutrients is the main factor limiting new production (Tremblay and Gagnon, 2009; Tremblay et al., 2015). Accordingly, the highest summertime Chl a and POC standing stocks were recorded at lower latitudes in the EFS and the BS during our expeditions. The EFS is under the influence of relatively warm modified North Atlantic water passing with the West Spitsbergen Current and exhibits almost no sea ice cover year-round. The BS and WFS in turn experience fronts where the Atlantic Water masses meet the Polar Water and have additionally a seasonally receding sea ice cover with a formation of marginal ice zones (Meier et al., 2014). The NB is ice-covered nearly all year with decreasing sea-ice thickness, increasing open water zones or zones with thinner sea ice with growing leads in the summertime (Maslanik et al., 2011). Regarding the Chl a and POC it represents the transition zone between high and very low Chl a standing stocks. The AmB and AB, i.e., the regions with the thickest sea ice and longest sea ice-cover duration, had extremely low standing stocks in the upper 100 m. Lowest Chl a concentrations were obtained when sampling was conducted in the completely ice-covered Amerasian Basin in 2011 (Figures 2, 4B and Supplementary Table S4). Very few standing stock data are available for the high Arctic regions. In agreement with our observations, Wheeler et al. (1996) reported low standing stock concentrations of Chl a in the water column of the Canada, Makarov, and AmBs (1–22 mg m–2) and in the NB (60 mg m–2). The Chl a standing stocks presented here were approximately twice lower for the AB and AmB and five times lower for the NB. This may be due to later sampling or to the earlier onset of blooms. Standing stocks for BS and Fram Strait are more in accordance with other investigations (Hop et al., 2006; Cherkasheva et al., 2014). POC data for the central AO are nearly absent.

Sea ice seems to strongly affect the distribution patterns of Chl a and POC content in the Fram Strait and central AO by controlling the timing of summer phytoplankton blooms (Janout et al., 2016). Besides the sea ice cover, a decrease in mixed layer depth, with potentially shallower mixed layers in melt water lenses at the northernmost stations, may also explain the integrated lower productivity in the central AO and AB, as lower surface nutrient concentrations due to stronger stratification, limited remineralization during winter, or limited advection of nutrient rich surface waters may also lead to the low standing stocks observed at high latitudes (Tremblay et al., 2015). Furthermore, nutrient availability in surface waters varies across the Arctic Ocean (Codispoti et al., 2013; Randelhoff et al., 2017). Rijkenberg et al. (2018) even reported an iron limitation during a summer bloom in the NB.

The Arctic sea ice summer minimum extent has declined by ∼50% since the late 1970s (e.g., National Snow and Ice Data Center, Colorado; Maslanik et al., 2011; Comiso et al., 2017). Marginal ice zones (MIZ) develop when Arctic sea ice melts during summertime or when warmer water encounters sea ice, as is the case in the Fram Strait and the Barents Sea. Biologically MIZ are now more often observed shifting toward the high Arctic. MIZ are described as regions where most of the primary production occurs in polar oceans, exhibiting short and intense phytoplankton blooms (Arrigo et al., 2012; Barber et al., 2015). These ice edge blooms may occur every year, but a lack of nutrients late in summer and above the deep basins along with substantial grazing pressure can also prevent the build-up of a considerable biomass (Falk-Petersen et al., 2000). In our investigations, the most productive zones were found at the dynamic ice edge of the Fram Strait where warm and nutrient rich Atlantic water partly recirculates at the surface and comes into contact with the sea ice cover of the western Fram Strait, resulting in a permanent MIZ, or, where short-term frontal systems/filaments bringing nutrients up by upwelling may lead to elevated summer production (Von Appen et al., 2018). Due to thinner sea ice leaving the Fram Strait off east Greenland (Renner et al., 2014) these filamental blooms may occur more frequently in the future, allowing higher Chl a and POC standing stocks. In the Barents Sea, a receding ice edge develops from south to north when warmer Atlantic water subducts the Polar water and forms the Polar Front moving northward during summer, with a band of higher productivity following the seasonal sea ice retreat. Here as well as in other regions, deep Chl a maxima can develop once nutrients are depleted in the shallow surface waters (Sakshaug et al., 1991; Strass and Nöthig, 1996; Owrid et al., 2000). In the central AO, intense under-ice blooms were recently observed very early in the season (May, June, July) when nutrient rich water of the Atlantic or Pacific oceans prevail under thin sea ice (Arrigo et al., 2014; Assmy et al., 2017). However, our data set might not have captured this type of events.

A significant correlation between Chl a and POC standing stocks was revealed in the Fram Strait and the Nansen Basin. POC concentrations in the upper water column of the Fram Strait were clearly linked to the phytoplankton biomass proxy Chl a. The correlation between Chl a and POC standing stocks decreased toward the Canadian side of the Arctic Ocean (Figure 5). Earlier blooms (Assmy et al., 2017) as well as variations in riverine discharge and in sea ice export within the Transpolar Drift (Krumpen et al., 2019) may have contributed to the lack of correlation between POC and Chl a in the central AO surface waters. As we sampled in late summer, POC stocks in those regions may be more independent of phytoplankton growth than of the given sea ice situation and river run-off. While the Chl a concentrations decreased more northward, heterotrophic carbon of both marine (Flores et al., 2019) and terrestrial origin (Krumpen et al., 2019) may have caused higher POC levels.



Long-Term Trends

The occurrence of a warm Atlantic Water anomaly from 2004 to 2008 in the EFS allowed us to speculate on the influence of increasing temperatures on the Chl a and POC standing stocks (Beszczynska-Möller et al., 2012; Nöthig et al., 2015b; Soltwedel et al., 2016). The Chl a concentrations showed a distinct biomass pattern before, during, and after the warm anomaly event (Figure 8). Before the anomaly (1991–2003), low Chl a biomass were observed in the WFS together with high Chl a biomass in the EFS, with an intermediate zone around the prime meridian (Figure 8). During the warm anomaly period (2004–2008), Chl a biomass were more evenly distributed across the entire Fram Strait (Figure 8). After the warm anomaly (2009–2015), summertime Chl a biomass were once again low in the WFS and higher in the EFS, but not as clearly defined as before the period of anomalously warm waters (Figure 8). The Chl a standing stock patterns indicates a relationship with the water temperature patterns of the surface waters (Walczowski et al., 2017). The warmer conditions probably induced more filaments/small fronts as described above (Von Appen et al., 2018) possibly leading to higher summertime production, meaning a longer production period, and therefore higher Chl a and POC standing stocks (Engel et al., 2019). Interestingly, the change of biomass in the surface layers as well as the shift in phytoplankton species reported from the Fram Strait in this warm period did not have a strong influence on the amount of carbon exported (Lalande et al., 2013). This has also been shown in two different model approaches by Forest et al. (2010); Vernet et al. (2017). In accordance with the change in the Chl a standing stocks during summertime, species compositions changed (Nöthig et al., 2015b). Temperature anomalies from five sites of the International Long Term Ecological Research (ILTER) network in the North-Eastern Pacific, Western Arctic Ocean, Northern Baltic Sea, South-Eastern North Sea and in the Western Mediterranean in 2000 and 2010 have also led to sudden changes in biodiversity of phytoplankton, benthic fauna and temperate reef fish at four of the five sites (Kröncke et al., 2019). We assume that our findings in the Fram Strait could possibly also reflect the larger atmospheric temperature anomaly of the northern hemisphere.
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FIGURE 8. Interpolation of Chl a values (mg m–2) integrated over 0–100 m water depth under (left) strong-ice-cover from 1991 to 2003, (middle) period of a warm anomaly from 2004 to 2008, and (right) reduced sea ice cover from 2009 to 2015.


Although having measured POC only at very few spots in the central AO, shrinking sea ice extent and much thinner sea ice in the central AO (Maslanik et al., 2011; Comiso et al., 2017) probably led to an absolute increase in POC standing stocks, particularly north of 85°N. Increases in POC stocks may be the result of larger areas of open water leading on the one hand to higher production (Arrigo et al., 2014) or may reflect, on the other hand, an increasing release of terrestrial and marine sediments transported with the Transpolar Drift into the upper water column due to the earlier sea ice melt (Eicken et al., 2000; Wegner et al., 2005; Lalande et al., 2014, 2019; Krumpen et al., 2019). Kinney et al. (1971); Gordon and Cranford (1985) reported about 1 g C m–2 in the upper 100 m in the AB in April/May in the late 1970s, most probably prior to a bloom (Wheeler et al., 1997). Wheeler et al. (1997) measured POC stocks nearly five times higher than these previous values of the 1970s in August 1994, however, filters were not acidified during their study and results may therefore also contain inorganic material. Nevertheless POC standing stocks reported by Wheeler et al. (1997) are similar to the POC stocks we obtained from 1991 to 2007. From 2011 to 2015, the POC standing stocks of the upper 100 m increased by a factor of two in our dataset, mostly north of 85°N (see Figure 6 bottom right, Figure 7) after the first record low in sea ice reduction in 2007. POC values were about two times higher in August in the Amerasian Basin than those obtained in April/May by Kinney et al. (1971); Gordon and Cranford (1985) hence, seasonality is of strong impact on POC concentrations. Our results may still lead to the assumption that POC stocks have possibly increased but very slowly over the last 20 years, probably due to different sea ice conditions and low nutrient inventories in the uppermost surface waters of the central AO. With the exception of the ice-free eastern Fram Strait, all regions investigated here fall into similar POC ranges previously observed in the AO (Wheeler et al., 1997). Thus, overall only small changes of POC standing stocks can be postulated over the last 20 years. On the other hand, summer sea ice extent has been nearly halved, and satellite-derived net primary production from open water has also doubled up to nearly twice as much in the upper water masses within the high deep Arctic (Arrigo and Van Dijken, 2015). There are only few other modeling results showing that a further reduction in ice cover only has a minor effect on the total carbon accumulation and storage of the AO (Armstrong et al., 2019). They claim that horizontal advection may possibly become more important. Advection of biomass of organisms from the North Atlantic into the NB have been investigated by Vernet et al. (2019) and Wassmann et al. (2019). Armstrong et al. (2019) postulated according to simulation results that the biological contribution to increased carbon storage accounts only to 0,024%, although the summer biomass is expected to double by the end of the century. Lawrence et al. (2015) concluded, based on simulations of primary productivity, that under low ice scenarios future spatial changes are associated with reduced surface nitrate concentration, increased light and deeper phytoplankton biomass maxima. These model results suggested a 10–30% increase in production in a seasonally ice-free AO by the end of the century. Slagstad et al. (2015) are predicting an increase in production on Arctic shelves areas, a decrease in production in the European Arctic and, only a slight change over the deep central AO. It is important to consider that the very deep AO is storing huge volumes of water with a fairly slow circulation and limited deep-water exchange. Therefore, the stored carbon will likely be isolated from the atmosphere for a long time. It is clear from the few different model projections for carbon production and storage that it is essential to continue with the observations of carbon stocks from field samples to study the future changes of the carbon cycle in the AO.



CONCLUSION

Chl a and POC standing stocks in the upper 100 m of the water column have been presented over a 25-year period (1991 to 2015) for several regions of the Arctic deep basins and the Fram Strait. Due to the lack of standardized long-term observation in the AO, too few data are available for a comprehensive comparison of all regions. Spatial and temporal variations in Chl a and POC stocks in the Arctic Ocean are assumed to follow sea ice distribution and water temperatures in the respective geographical regions. Our data show that the relationships are not so strong, partially due to natural variation in the composite of data presented here. Our data suggest that bulk productivity indicators like quantities of Chl a and POC show a certain resilience to increases in water temperatures and reductions in sea ice cover. Although their standing stocks may not drastically change in a future Arctic Ocean, ongoing variations in the composition and timing of biological processes of the pelagic system may have consequences on all trophic levels and for the vertical carbon flux exported out of the euphotic zone down to the benthic ecosystem of the deep Arctic Ocean.
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The growth of phytoplankton at high latitudes was generally thought to begin in open waters of the marginal ice zone once the highly reflective sea ice retreats in spring, solar elevation increases, and surface waters become stratified by the addition of sea-ice melt water. In fact, virtually all recent large-scale estimates of primary production in the Arctic Ocean (AO) assume that phytoplankton production in the water column under sea ice is negligible. However, over the past two decades, an emerging literature showing significant under-ice phytoplankton production on a pan-Arctic scale has challenged our paradigms of Arctic phytoplankton ecology and phenology. This evidence, which builds on previous, but scarce reports, requires the Arctic scientific community to change its perception of traditional AO phenology and urgently revise it. In particular, it is essential to better comprehend, on small and large scales, the changing and variable icescapes, the under-ice light field and biogeochemical cycles during the transition from sea-ice covered to ice-free Arctic waters. Here, we provide a baseline of our current knowledge of under-ice blooms (UIBs), by defining their ecology and their environmental setting, but also their regional peculiarities (in terms of occurrence, magnitude, and assemblages), which is shaped by a complex AO. To this end, a multidisciplinary approach, i.e., combining expeditions and modern autonomous technologies, satellite, and modeling analyses, has been used to provide an overview of this pan-Arctic phenological feature, which will become increasingly important in future marine Arctic biogeochemical cycles.
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HISTORICAL PERSPECTIVE: UNDER-ICE BLOOMS, AN OVERLOOKED PHENOLOGICAL FEATURE

The idea of phytoplankton blooms developing underneath an ice cover, also called under-ice blooms (UIBs), had been sporadically reported in the past (see below) but became widely accepted by the scientific community only after a massive UIB was reported in the Chukchi Sea (Arrigo et al., 2012, 2014). The hypothesis that light inhibits the development of phytoplankton blooms under a snow, ice, and ice algal cover had previously prevailed in the Arctic scientific community’s thinking. This assumption has likely led to significant errors in estimates of Arctic-wide production and phytoplankton phenology. For example, it was suggested that net primary production over Arctic shelves could be up to an order of magnitude larger than currently estimated from open water measurements (Arrigo et al., 2012). However, the assumption is not new. In fact, studies in the early part of the last century concluded that thick ice and low temperatures limited the development of phytoplankton under the central Arctic ice pack (Nansen, 1902; Gran, 1904; Sverdrup, 1929).

Noted by English (1961), it was Braarud (1935) who first put forward the idea that, although limited by light, phytoplankton can still grow under the Arctic pack ice. It was suggested that the use of phytoplankton nets with relatively coarse mesh size at the time may have missed the abundant but smaller sized fraction of the phytoplankton community. Confirming the hypothesis of under-ice phytoplankton production, Shirshov (1944) showed that a seasonal cycle of phytoplankton development occurred northeast of Greenland under the 3 m thick permanent ice pack with maximum chlorophyll a (Chl a) concentrations reaching 0.4 mg m–3 in the upper 20 m of the water column. Again, one of the limitations of this work was the use of nets to collect phytoplankton samples, the tool available at the time.

It was not until two decades later, during the 1957–58 International Geophysical Year (IGY) drift station expeditions, that the opportunity arose to observe annual cycles of phytoplankton standing stocks and production using the more modern techniques of the time. The end result of this work was nothing less than an incredible first glimpse of UIBs occurring in the central Arctic (Apollonio, 1959; English, 1961). Both studies demonstrated the progression of what we term “classical” UIBs, where bloom development begins slowly under a melting snow cover and fully develops under melt pond-covered sea ice. Unfortunately, both of these papers have remained in relative obscurity, the first having been published as a short note in the IGY Bulletin (Apollonio, 1959), and the second as a scientific report (English, 1961). In other words, both research papers are difficult to access using today’s online search engines, which limited their use in the flourish of papers on UIBs over the last decade. It is for this purpose that we include key data from these studies in Figure 1 to showcase their relevant observations.
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FIGURE 1. Historic (1957–58) UIBs in the Central Arctic Ocean. Time series of top of the atmosphere photosynthetically active radiation (PAR) for 83°N latitude, as well as snow depth, primary production and chlorophyll a concentration estimates during the 1957–58 International Geophysical Year (IGY) at Drift station Alpha (English, 1961; A) and Drift station Bravo (Apollonio, 1959; B). Primary production estimates were derived from 6 m water samples incubated for 6–12 h at 200 foot candles (∼4 μmol photons m–2 s–1) at Drift station Alpha (English, 1961) and via in situ bottle incubations for 24 h at Drift station Bravo (Apollonio, 1959), both studies using 14C tracer incubations. Data were extracted from figures in the respective publications using the shareware program DataThief III.


The two separate drift stations, Alpha and Bravo, drifting on opposite sides of the Beaufort High Gyre, showed surprisingly similar results (Figure 1). Both sites had a 3 m thick multiyear ice cover with hummocks reaching more than 9 m thick and ∼1% lead coverage (estimates by aircraft; Apollonio, 1959; English, 1961). At both sites, the observed UIBs were initiated during the snowmelt period in July after the solstice insolation peak and quickly ended when snow began to accumulate. This prevailing light limitation driven by the snow cover is particularly evident when comparing the 1957 and 1958 UIBs at Alpha station. A longer snow-free period during summer led to a longer lasting UIB. It is impossible to quantitatively compare integrated Chl a values between these years due to inconsistencies in sampling depths (Figure 1A). Melt ponds started to form during the first week of July at Alpha station in both 1957 and 1958, covering 15–30% of the ice pack surface. This melt pond coverage closely matches more recent reports for multiyear ice ranging from 6.8 to 25% (Fetterer and Untersteiner, 1998; Nicolaus et al., 2012; Huang et al., 2016). Of course, the most dramatic change is the loss of multiyear ice (MYI) and its replacement by first-ice year ice (FYI) and the resulting increase in light transmission during the melt period (Nicolaus et al., 2012; Horvat et al., 2017).

A comparison between Alpha and Bravo stations in 1957 suggests that production of phytoplankton biomass was greater at Alpha station, where the maximum Chl a concentration was >1.5 mg m–3 (Figure 1A; English, 1961) versus at Bravo station where it was only 0.37 mg Chl a m–3 just under the ice (Apollonio, 1959). Furthermore, while the integrated Chl a biomass was estimated over a depth interval of 100 m at Bravo station, the maximum biomass was only ∼21 mg m–2 versus the >30 mg Chl a m–2 estimated at Alpha station and only integrated over the upper 20 m. Similarly, averaged daily production, directly estimated by 14C incubation at Bravo station, was about half that of a more conservative estimate derived from the net Chl a accumulation rate at the Alpha station (Table 1). The central Arctic ice pack tends to be more convergent along the northern edge of the Canadian Archipelago (Haas et al., 2017). It is likely that drift station Bravo had more deformed (hummock) ice with a thicker ice cover and hence greater light limitation that would help to explain the observed lower Chl a concentrations. Both studies concluded that light limitation controlled under-ice primary production. In fact, English (1961) conducted a nutrient addition experiment and found no response, suggesting that nutrients were not limiting. However, Apollonio (1959) concluded that although light availability controlled phytoplankton production, the nitrogen-depleted upper 150 m water column, with NO3:PO4 ratios averaging 7:1 relative to the Redfield ratio of 16:1 (Redfield et al., 1963), would ultimately constrain the central Arctic to have one of the lowest productivities in the world even if light limitation was not a prime factor.


TABLE 1. Summary table of Pan-Arctic UIBs.

[image: Table 1]Since those early studies, UIBs in the Arctic have received a modest amount of attention based on the number of times those features have been described in the literature (Table 1 and Figure 2). Additional datasets from online and unpublished data sources confirm the occurrence of UIBs. Table 1 shows that after the IGY studies, there was a period of more than three decades before direct documentation of UIBs were published (e.g., Michel et al., 1993, 1996; Strass and Nöthig, 1996; Gosselin et al., 1997). However, it is clear that UIBs were occurring during this gap of published literature. In fact, UIBs were observed in the early 1960s in Jones Sound (Apollonio and Matrai, 2011) and from the mid-1980s to the 1990s near Resolute Bay in the Canadian Arctic Archipelago (Table 1). Reports of UIBs after the mid-1990s remained relatively sporadic (e.g., Yager et al., 2001; Fortier et al., 2002; Mundy et al., 2009; Leu et al., 2011) until the last decade when the occurrence of UIBs was documented for almost all Arctic and sub-Arctic marine regions (Table 1). The recent effort to improve our understanding of UIBs has led to dedicated scientific programs [e.g., Arctic-ICE (Mundy et al., 2014), FAABulous (Leu et al., pers. comm.), Green Edge (Oziel et al., 2019; Randelhoff et al., 2019), ICESCAPE (Arrigo et al., 2012), N-ICE (Assmy et al., 2017), SUBICE (Arrigo et al., 2017)] as well as the deployment of new monitoring technologies (Laney et al., 2014; Hill et al., 2018; Mayot et al., 2018; Boles et al., 2020; Randelhoff et al., 2020) and directed modeling efforts (e.g., Palmer et al., 2014; Zhang et al., 2015; Horvat et al., 2017; Lowry et al., 2018; Kinney et al., 2020). In this paper, we attempt to provide the state of the art of our knowledge of UIBs, by focusing on their ecology and environmental control, but also their regional specificities (in terms of occurrence, magnitude, and assemblages), which are shaped by the complexity of the rapidly changing Arctic physico-chemical environment. To this end, a multidisciplinary approach, i.e., combining expeditions and modern autonomous technologies (see “Box 1: New technologies: More insights on under-ice biogeochemical cycles and blooms”), satellite, and modeling analyses, has been used to provide an overview of this pan-Arctic phenological feature, which should become increasingly important in future Arctic biogeochemical cycles.
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FIGURE 2. Pan-Arctic distribution of documented UIBs. Mapped distribution of documented under-ice blooms from Table 1. Three time periods encompassing observation dates (before 1970, blue; 1971–2009, red; 2010–present, green) are highlighted based on discussion in the section “Historical Perspective: Under-Ice Blooms, an Overlooked Phenological Feature.” Numbers highlight the total separate years of UIB observations within each time period. For drifting and transect data collections, central latitude and longitude locations are used. Additional to Table 1, studies that demonstrated indirect evidence of UIBs (e.g., Lalande et al., 2014; Ha et al., 2015; Hussherr et al., 2017) are plotted.




CHANGING UNDER-ICE LIGHT REGIME, PRECURSOR TO UNDER-ICE BLOOMS?


Large-Scale Under Sea-Ice Light Regimes

As a consequence of a warming Arctic climate, Arctic sea ice melts earlier and more widely, leading to Arctic-wide reductions in sea-ice thickness and age (Kwok, 2018; Stroeve and Notz, 2018). Arctic sea ice is now predominantly thin, first or second-year ice, and large areas formerly covered by sea ice year-round are now ice-free in summer (Kwok, 2018; Stroeve and Notz, 2018). Arctic warming also leads to an earlier transition from snow- to melt pond-covered ice, which significantly reduces the albedo of the ice-covered Arctic Ocean (AO) earlier in the year, and closer to peak insolation of the annual solar cycle (Perovich et al., 2007). Reduced surface albedo due to a greater melt pond coverage of FYI compared to MYI (Nicolaus et al., 2012; Perovich and Polashenski, 2012) and reduced attenuation by thinner ice are crucial for the initiation of UIBs (Arrigo et al., 2012, 2014; Oziel et al., 2019; Ardyna et al., 2020). Together, these factors lead to a substantial increase in the availability of photosynthetically active radiation (PAR; 400–700 nm) for primary production in the ice-covered upper ocean, making widespread UIBs a possibility that was hypothesized by Mundy et al. (2009) and recently recognized (Horvat et al., 2017; Kinney et al., 2020).

Due to the lack of long-term observations of the under-ice light field, climate model hindcasts can provide a useful tool for examining trends in light availability in the ice-covered Arctic surface layer. Here, we analyze the ensemble climate model statistics from 11 historical (1850–2014) CESM2 simulations submitted to CMIP6 for each month between June and August (panels from left to right; Figure 3). Note that the CICE5.1 model used in CESM2 employs a Delta-Eddington scheme for reflection, absorption, and transmission of solar radiation as a function of sea-ice thickness, surface type, and sea-ice inherent optical properties. This scheme has been extensively validated, accurately reproducing optical properties of Arctic sea ice (Briegleb and Light, 2007; Light et al., 2008). Figures 3A–C show the total extent of sea ice and the total extent of the compact ice zone (CIZ), defined as the total area where the concentration of sea ice is greater than 80%, and thus the area where there is sufficient sea ice for UIBs to be relevant. The modeled trend in the loss of CIZ extent reflects and exceeds the loss in total sea-ice extent, resulting in a larger fraction of the Arctic being covered with low concentration sea ice (a result found across CMIP6 models), and little sea ice in CESM2 is considered “compact” by August.
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FIGURE 3. Modeled arctic-wide properties of under-ice light from CESM2. (A–C) Arctic sea ice extent (blue) and compact ice zone (red) for months June–August for the 11 CESM2 contributions to CMIP6. Ensemble mean value is bold line, individual ensemble members thin lines. (D–F) Average PAR flux through sea ice in compact ice areas. (G–I) Area of regions supporting light-limited UIBs to 20 m depth (black, left axis), and (blue, right axis) fraction of compact ice zone permitting such UIBs.


The remaining compact ice, however, is more transparent. The Arctic-average PAR flux (μmol photons m–2 s–1) through sea ice in the CIZ has increased dramatically (Figures 3D–F), doubling in June and July, when the transitions in sea-ice surface type are most dramatic. These model results are consistent with recent observations by Castellani et al. (2020) who measured the highest daily integrated under-ice PAR levels (i.e., 4.46–20.71 mol photons m–2 d–1) in the central Arctic in June–July. To estimate what fraction of the CIZ could support UIBs, we used a simple critical depth model (Sverdrup, 1953; and a threshold value for PAR flux of 34 μmol photons m–2s–1 with a 20 m deep mixed layer; see Horvat et al. (2017) for the choice of all parameters used here). Up to 2.5 × 106 km2 of the ice-covered AO permitted UIBs in June (Figure 3G), compared to 3.5 × 106 km2 in July (Figure 3H), despite the declining area of the CIZ in July (Figure 3B). During this month, in up to 100% of the CIZ, under-ice PAR levels were above the threshold of 34 μmol photons m–2s–1, which allows for net phytoplankton growth and biomass increase. Interestingly, large portions of the AO may have permitted UIBs in the surface layer in the past, amounting to about 2 × 106 km2 in July or between 30 and 40% of CIZ area (10–20% of total sea-ice extent). This can help explain why sporadic UIBs were recorded in the past (see the section “Historical Perspective: Under-Ice Blooms, an Overlooked Phenological Feature”). That is, historical light conditions could occasionally be sufficient for UIBs to develop, though their frequency has likely greatly increased over the past several decades.

The geographical pattern of modeled light field changes for the months of June to August also provides some interesting insights (Figure 4). The 2010–2014 average ensemble mean downwelling PAR through sea ice demonstrates that the regions permitting UIBs are confined to the periphery of the CIZ in June, but extend over most of the Arctic in July. This is a recent change; historically during July (Figure 4E), the areas supporting UIBs lay outside of the modern CIZ, and UIBs were only found on the periphery of the (historical) July CIZ. The difference between these two areas is largely broad-based and non-regional, with the signature of larger changes in sea-ice thickness and melt state rather than the imprint of regional variability.
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FIGURE 4. Geography of modeled light transmission through Arctic sea ice. (A–C) Ensemble-mean average PAR flux through sea ice for the modern (2010–2014) period from June to August. The white point of the colormap is the threshold value for initiating an UIB (i.e., 34 μmol photons m–2s–1) and used in Figures 3G–I. (D–F) Same, but for the historical period (1850–1900). Dashed contour is the modern ensemble mean compact ice zone contour in each month. The present-day CIZ contour is given as a black dashed line.


While the overall under-ice light availability increased with decreasing ice thickness over recent decades, small-scale sea-ice features such as the geometry of melt ponds at the ice surface, ridges, hummocks, leads, and the horizontal distribution of light absorbing ice impurities cause spatial heterogeneity in PAR transmission (Ehn et al., 2008, 2011; Light et al., 2008; Frey et al., 2011; Katlein et al., 2014, 2016; Matthes et al., 2019; Horvat et al., 2020). The resulting complexity of the under-ice light field creates difficulties in measuring and estimating light availability for UIB phytoplankton since algal cells drifting in under-ice surface waters are exposed to large variations in PAR throughout the day. Overlooking the complexity of the under-ice light field and its characteristic optical parameters can oversimplify model development and our general understanding of UIB phenology.



Small-Scale Heterogeneity in Light Propagation Through Arctic Sea Ice

After the return of the sun in spring, transmission of PAR through refrozen leads in the dynamic ice cover can trigger early season phytoplankton blooms beneath the still snow-covered sea ice (Assmy et al., 2017). Later, during melt pond formation, regional PAR transmission through FYI increases rapidly to 25–31% (Figure 5, Katlein et al., 2019; Matthes et al., 2020), which marks the potential onset of an UIB and, simultaneously, the termination of the ice algal bloom (Oziel et al., 2019). Earlier bottom ablation and termination of the ice algal bloom also improves the under-ice light climate for phytoplankton and can contribute to the initiation of UIBs (Mundy et al., 2014). Another key prerequisite for the initiation of an UIB is stratification of the surface layer induced by melt water addition (Oziel et al., 2019) as already suggested by Legendre et al. (1981).
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FIGURE 5. Schematic of under-ice light field during the sea ice spring melt. Changes in the depth of the euphotic zone (black dashed line), mixed layer (black solid line), and nitracline (gray solid line) are presented in relation to the ice surface melt progression and the development of an under-ice bloom (UIB) and subsurface chlorophyll maximum (SCM) from late spring to late summer. Regional average transmission [[image: image](PAR)] at the water surface is provided for various sea ice surface types, marginal ice zone, and open water, respectively. State of photoacclimation is given for under-ice and open water phytoplankton communities.


As the euphotic zone starts to deepen until enhanced light attenuation by blooming phytoplankton reverses this process (Figure 5, Oziel et al., 2019), the increasing difference in light transmittance through ponded versus bare ice, combined with the lateral spreading of photons within the ice layer, create large fluctuations of up to 43% in under-ice PAR levels for drifting phytoplankton communities in the upper ocean beneath landfast sea ice (Matthes et al., 2020). Higher light transmission through more transparent nearby structures (i.e., refrozen leads, melt ponds, and bare ice) impacts the vertical radiation transfer in the water column causing edge effects at the ice bottom and subsurface irradiance maxima beneath bare ice adjacent to melt ponds (Ehn et al., 2011; Frey et al., 2011; Katlein et al., 2016).

During the melt season, the under-ice light field can change over a relatively short time and, in turn, can cause a large error in regional estimates of under-ice PAR availability for marine primary production. Single-location transmittance measurements beneath one ice surface type may not be representative of the average PAR experienced by phytoplankton cells that drift at a different rate and direction relative to the overlying sea ice. Perovich (2005) was the first to define the spatial scale of the minimal variation in the partitioning of incident solar radiation as an “aggregate scale”. Using this approach, regional light transmission can be calculated as the sum of average transmission values for each surface type (melt ponds, bare ice, open water) multiplied by its areal fraction (e.g., Taskjelle et al., 2017; Katlein et al., 2019; Massicotte et al., 2019; Matthes et al., 2020).

Figure 5 highlights the complexity of the radiation field beneath the ice cover that creates large variations in the apparent optical properties, such as the diffuse vertical attenuation coefficient (Kd) and the average cosine coefficient (μd) of downwelling irradiance, which are used to calculate the depth of the euphotic zone and thereby the accessibility to subsurface inorganic nutrients for primary production. Subsurface maxima in PAR from higher light transmission through adjacent melt pond-covered ice alter the vertical light distribution, resulting in a non-exponential decrease in PAR with depth and difficulties in estimating Kd (Ehn et al., 2011; Frey et al., 2011; Katlein et al., 2016; Laney et al., 2017). Several studies investigated separation of the effects of water column attenuation from local spatial heterogeneity in transmittance through sea ice using semi-empirical models (Frey et al., 2011; Laney et al., 2017) or by deriving Kd from upwelling radiation (Massicotte et al., 2018). Besides a more robust Kd, the angular distribution of light in the surface water layer needs to be considered in the parametrization of the under-ice light field due to multiple scattering in the overlying snow and ice cover and/or enhanced backscattering of algal cells under bloom conditions (Ehn et al., 2011; Arrigo et al., 2014; Katlein et al., 2014; Pavlov et al., 2017). Considering this lateral photon transport, scalar radiometers with a spherical collector that capture PAR from all directions provide a more realistic measurement of light availability for primary production (Morel and Gentili, 2004; Pavlov et al., 2017; Matthes et al., 2019). If only downwelling planar PAR can be measured beneath the ice, a μd between 0.56 and 0.7 can be used to convert these measurements into downwelling scalar PAR (Arrigo et al., 1991, 2014; Ehn and Mundy, 2013; Katlein et al., 2014; Pavlov et al., 2017; Matthes et al., 2019).

Underestimating light availability in the ice-covered water column has large implications on the calculation of the euphotic zone (depths where PAR is >0.2–1% of surface PAR) or isolume (integrated daily irradiance of 0.4 mol photons m–2 d–1, Letelier et al., 2004) depths and the investigation of the UIB onset. During pre-bloom conditions, light availability limits photosynthesis and under-ice phytoplankton communities are acclimated to low-light conditions. In this time period, the impact of errors in the under-ice light field parametrization on calculated primary production rates is largest due to the linear relationship between the rate of photosynthesis and increasing light levels before reaching saturation levels (Matthes et al., 2019).



Physiological Phytoplankton Assemblage Responses to Varying Light Regimes

Phytoplankton are well acclimated to the low-light under-ice environment by maximizing light absorption and photosynthetic capacity (Palmer et al., 2011, 2013; Lewis et al., 2019). As light transmission increases through melt pond formation and sea-ice melt, phytoplankton cells modify their pigment composition (Hill et al., 2005; Johnsen et al., 2018; Kauko et al., 2019), the number and size of their photosynthetic units (Matsuoka et al., 2009, 2011; Lewis et al., 2019) and through those adjustments change their measurable photosynthetic parameters of the photosynthetic machinery to maximize light utilization. Changes in the photoprotective to photosynthetic pigment ratio of under-ice phytoplankton communities to acclimate to the changing light availability have been observed as blooms progress. During pre-bloom and early bloom conditions, intracellular concentrations of Chl a and accessory pigments increase, supported by the abundant nutrients in the surface layer required for biosynthesis (Geider et al., 1998; Lewis et al., 2019). Although the high nutrient availability further supports large cell sizes, phytoplankton cells are heavily packed with pigments resulting in reduced cross sectional absorption (when absorption is normalized to pigment) due to self-shading (package effect; Morel and Bricaud, 1981; Hill et al., 2005; Matsuoka et al., 2011). Nevertheless, these pre-bloom communities are well adapted to achieve high rates of photosynthesis for small increases in under-ice light levels through a high photosynthetic efficiency, α, typical of low-light environments, paired with a high maximum rate of carbon fixation, Pmax (Palmer et al., 2013; Lewis et al., 2019). Interestingly, the light saturation parameter, Ek, was found to be higher than the available average light intensity (Johnsen et al., 2018; Lewis et al., 2019). Lewis et al. (2019) concluded that under-ice phytoplankton communities are “primed” for later season increases in light availability. Hence, shade-acclimation allows algae to maximize their growth rate and to utilize the limited nutrient reservoir immediately once light levels increase through melt pond formation and ice melt. This acclimation strategy also enables phytoplankton to adjust quickly to the higher light conditions at ice edges (e.g., leads and polynyas; Palmer et al., 2011; Assmy et al., 2017; Lowry et al., 2018). In particular, pelagic diatoms were found to be able to rapidly acclimate successfully to drastically increased light conditions, in strong contrast to that of sea-ice diatoms (Kvernvik et al., 2020).

During bloom conditions at higher light intensities, under-ice communities increasingly synthesize photoprotective carotenoids (Hill et al., 2005; Joy-Warren et al., 2019; Kauko et al., 2019) and mycosporine-like amino acids (Elliott et al., 2015) that dissipate excess light energy as heat instead of channeling it to photosystems. This process of non-photochemical quenching enables a high degree of plasticity of the photosynthetic performance of bloom-forming species such as Phaeocystis, promoting its dominance under highly variable light regimes (Arrigo et al., 2010; Assmy et al., 2017; Joy-Warren et al., 2019). However, nitrate that is needed to synthesize proteins and pigments is often depleted during the late stage of an UIB, and thus impedes the photo-acclimation responses to increasing light levels by reducing the number of functional reaction centers and the photochemical efficiency of the photosynthetic machinery (Lewis et al., 2019, and citations therein). As shade-acclimated phytoplankton transition from a low-light regime beneath the ice into a high-light regime in open water, carbon fixation rates can decrease due to super-saturating light intensities (Figure 5, Palmer et al., 2011). According to the observations by Palmer et al. (2011), communities were able to acclimate to the high-light environment in the surface water after 4–10 days while phytoplankton at the subsurface chlorophyll maximum (SCM) remained shade-acclimated with comparable α and Pmax to those of under-ice communities.



CONTRASTED REGIONAL ENVIRONMENTAL SETTINGS FAVORING UIBS

The AO is surrounded by land and has a complex topography of shelves, slopes, basins, channels, and sills. These features strongly constrain ocean circulation, primarily driven by both wind and buoyancy processes (Timmermans and Marshall, 2020) and are influenced by the Atlantic and Pacific inflows. These warmer and saltier inflows are the main source of inorganic nutrients for the colder and fresher Arctic domain. Stratification is generally driven by salinity rather than temperature in the AO (beta rather than alpha oceans; sensu Carmack, 2007). Indeed, the AO generally acts as a freshwater reservoir especially in the anticyclonic Beaufort Gyre (Proshutinsky et al., 2019). Most (>50%) of this freshwater is received from rivers and, to a lesser extent, sea-ice melt and precipitation (Haine et al., 2015). Light availability above the sea-ice surface is dictated by the annual light cycle, which itself depends on latitude. However, the light transmitted to the ocean surface is controlled to a large extent by the properties of clouds (Bélanger et al., 2013), as well as sea ice and its overlying snow cover (see the section “Small-Scale Heterogeneity in Light Propagation Through Arctic Sea Ice”).

The occurrence of UIBs, like open water phytoplankton blooms, is governed by bottom-up (e.g., temperature, light and nutrient availability, water column stability) and top-down (e.g., zooplankton grazing, viral infection, parasite infestation) controls. UIBs appear to be an ubiquitous feature of the Arctic spring bloom (see the section “Historical Perspective: Under-Ice Blooms, an Overlooked Phenological Feature”), but the mechanisms underlying their formation, as well as their phenology and species succession may be diverse due to regional specificities. Here we synthesize the currently available knowledge on the atmosphere-snow-ice-ocean processes that have been shown to control UIB dynamics. This approach enables both an assessment of the relevance of regional specificities (bathymetry, tides), as well as the influence of changing environmental conditions (i.e., sea ice, snow, ocean circulation, wind regimes) for future developments in UIB distribution and phenology (Figures 6, 7).
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FIGURE 6. Schematic drawing of the regional environmental settings favoring UIBs. The present and future different environmental settings for upwelling system inflowing (A) Pacific and (B) Atlantic sectors, (C) the outflow shelves, and (D) the Central Arctic. The atmospheric, sea-ice, and the water column compartments are shown.
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FIGURE 7. Maps of the changes that occurred from 1984 to 2018 in sea ice and surface circulation versus unchanging geographic features (i.e., bathymetry). The green shading illustrates the shelf break (depth between 350 and 1200 m). The thinner the green band, the steeper the shelf break is. Dark gray: multiyear ice, medium gray: summer sea ice extent, light gray: winter sea ice extent, white: open ocean. The modern Seasonal Ice Zone (SIZ) is delimited by the winter sea ice extent and the summer sea ice extent which corresponds to the light gray area. Warm and salty currents carrying Pacific and Atlantic waters poleward are in red. Currents associated with fresher and colder Arctic waters are in blue. The UIBs case scenarios (A) and (B) are inflowing shelf systems (red), (C) is an outflowing shelf system (blue), and (D) corresponds to the central Arctic basins (from Figure 6). They are localized in the bottom panel. Note that the absence of MYI in the Canadian Archipelago is due to a land-influence limitation on the “age of sea ice” dataset (Tschudi et al., 2019).



Upwelling Systems

Wind-driven upwelling along the continental shelves, shelf breaks, and ice edges are a source of substantial change in water masses and cross-shelf transport (Williams and Carmack, 2015). They allow nutrient-rich subsurface water masses to shoal up to the surface over shelves. Such processes have been documented in several regions such as the Beaufort (Pickart et al., 2009; Jackson et al., 2015) and the Chukchi (Arrigo et al., 2014; Spall et al., 2014) seas. There, these upwelling systems are characterized by an eastward flowing Pacific shelf break jet overlying the offshore Atlantic boundary current (see Figures 6A, 7).

The continental slope of the Beaufort Sea appears to present the most favorable upwelling conditions (Carmack and Chapman, 2003) for inducing UIBs because: (1) the shelf break is the shallowest and steepest of the AO (see Figure 6A; Randelhoff et al., 2018); (2) the region is characterized by persistent zonal wind regimes determined by the atmospheric circulation patterns of the Beaufort High and Aleutian Low; and (3) upwelling along the Canadian continental slope of the Beaufort Sea is favored by northeasterly wind regimes oriented along the bathymetric slope (Kirillov et al., 2016) and a westerly inversion of the normally eastward-flowing Pacific shelf break jet (Spall et al., 2014). Thus, when the wind regime allows it, nutrients are upwelled from the Beaufort basin at depth (typically winter Pacific or Atlantic waters; Schulze and Pickart, 2012; Pickart et al., 2013) and stimulate primary production on the Beaufort shelf (Carmack et al., 2004; Tremblay et al., 2011; Ardyna et al., 2017). On the Atlantic side, the presence of warm and nutrient-rich Atlantic waters at the surface in the region north and west of Svalbard during winter has been attributed to upwelling (Falk-Petersen et al., 2015), but later oceanographic campaigns have not found such evidence (Randelhoff et al., 2018). The occurrence of wind-driven upwelling in the European sector is rather unlikely because the area is not subject to upwelling-favorable winds (i.e., northeast winds) and the shelf slope is much deeper (Randelhoff and Sundfjord, 2018). By contrast, the Atlantic sector is much more sensitive to vertical mixing, wintertime convection and advection (Lind et al., 2018).



Advective Systems of the Atlantic Sector

The European sector is the most dynamic region of the AO, particularly along the Atlantic waterway which closely follows the slope of the Barents Sea continental shelf. At the very end of one of the branches of the Atlantic Current (i.e., the Svalbard branch), the Atlantic waters flow beneath the more buoyant polar surface waters, which are generally sea-ice covered until spring. This is a place where UIBs have been documented (Figure 6B) but the most important evidence of UIBs in this region was reported during the N-ICE expedition (Assmy et al., 2017). The authors suggested that Atlantic waters could play a second order role in seeding polar surface waters with phytoplankton cells from below and that light penetration through leads is likely to be the main environmental driver behind initiation of the UIB. Other studies have highlighted advective origins of UIBs in the region north of Svalbard (Johnsen et al., 2018). The ongoing “Atlantification” of the region is weakening the cold halocline and could favor the shoaling of nutrient-rich intermediate Atlantic waters (Polyakov et al., 2017).



Outflow Shelves

The Arctic outflow shelves are highly heterogeneous (Michel et al., 2015). Arctic sea ice advected over the East Greenland shelf extends offshore from the shelf break. Mayot et al. (2018) argued that UIBs in this offshore region are the result of local processes and may contribute up to 50% of annual primary production. These UIBs that occur in the Canadian Archipelago are typically driven by mixing (nutrient availability) processes and increased light availability during the spring ice melt (Figure 6C). The most recent studies collecting time series under landfast sea ice in the Canadian Archipelago (Resolute Bay: Mundy et al., 2014; Baffin Bay: Oziel et al., 2019) also concluded that the biomass was locally produced on these shelves. These sea ice camp studies helped resolve early temporal evolution of UIBs and revealed different key processes. Both the deepening of the euphotic zone due to increased light transmission and mixing/stratification processes acted together to trigger and drive UIB dynamics. Snow accumulation on landfast sea ice plays a critical role for UIB development by controlling most of the light transmitted to the under-ice water column (Mundy et al., 2014). In fact, light attenuation is strongly dominated by snow compared to sea ice. Extensive melt pond formation at the end of the snow melt period concomitant with the early stabilization of the upper water column due to freshwater input led to UIB initiation. As phytoplankton progressively consume nutrients in the surface layers, mixing is again of major importance to tap into deeper nutrient pools to maintain phytoplankton growth. In the Canadian Archipelago or Baffin Bay, tidal energy was the main source of vertical mixing (Mundy et al., 2014) that was enhanced by the presence of complex bathymetric features such as sills and shoals (Michel et al., 2006) or “Fjord-like” systems (Oziel et al., 2019). The tidal-induced mixing controlled the magnitude and depth of the SCM (Mundy et al., 2014; Oziel et al., 2019; Randelhoff et al., 2019).



The Central Arctic Ocean

Under-ice blooms in the central Arctic have been scarcely sampled but the recent shift from a MYI to a FYI-dominated sea-ice regime increases the likelihood of UIBs to occur there (Horvat et al., 2017; Kinney et al., 2020). The first in situ evidence of UIBs in the central Arctic under FYI was recently documented (Laney et al., 2014; Boles et al., 2020). Although significant relative to background Chl a levels, these UIBs were characterized by low biomass (i.e., ∼0.5–1.4 mg Chl a m–3), which was similar in magnitude to the UIBs documented under MYI in the central Arctic by Apollonio (1959) and English (1961) (Table 1 and Figure 1). In these regions, surface layers are clearly both light and nutrient limited (Figure 6D). It is suggested that modal eddy-induced mixing could help sustain phytoplankton growth by providing nutrients from deeper Atlantic waters (Laney et al., 2014; Boles et al., 2020; Lewis et al., 2020).



DIVERSITY OF UNDER-ICE BLOOMS: PHENOLOGY, STRATEGY, ASSEMBLAGES


Origin and Initiation of UIBs

The initiation of an UIB requires a viable seed population of algal cells present in the euphotic zone of the water column under the ice. There are three potential seeding sources for UIBs: (a) algal cells in the water column, (b) vegetative cells or resting stages at the sediment surface, and (c) algal cells or resting stages entrapped in sea ice that are released during melt onset at the underside of the ice (Johnsen et al., 2020). Very little is known about the relative importance of these three different seeding strategies, but it likely varies strongly depending on mixing depth, bottom topography, and sea-ice conditions. In relatively shallow coastal areas, re-suspension of resting stages from sediment surfaces is considered to be an important source seeding the diatom component of the spring bloom (Hegseth et al., 2019). In deeper oceanic regions, however, pelagic and sea-ice melt seeding by vegetative cells surviving the winter in the upper part of the water column are probably the most important seeding sources. Other important taxonomic groups of UIBs such as Phaeocystis are not known to form resting stages, but they have been found in single cell state throughout the winter in surface waters (Vader et al., 2015). While taxonomic composition and maximum biomass of an UIB seems to be strongly correlated with the type and amount of nutrients available (e.g., the winter nitrate:silicate ratio; Ardyna et al., 2020), the environmental cue for bloom initialization is an increase in light intensity, often caused by snow melt onset (Oziel et al., 2019; Ardyna et al., 2020) and sloughing of the ice algal community (Mundy et al., 2014).

Winters in high latitudinal areas are characterized by the Polar night when the sun does not rise above the horizon. This leads to extended periods where ambient irradiances are not sufficient for in situ primary production in ice-free surface waters (Kvernvik et al., 2018), and even less so underneath sea-ice cover (see also the previous section “Physiological Phytoplankton Assemblage Responses to Varying Light Regimes”). Phytoplankton have adapted through various strategies to cope with these conditions, ranging from mixotrophy/heterotrophy, resting stage formation, and utilization of internal lipid stores to survival of vegetative cells with lowered metabolic activity (Johnsen et al., 2020). Phytoplankton communities during wintertime are characterized by very low cell concentrations and a predominance of small, flagellated cells, as well as heterotrophic dinoflagellates (Lovejoy et al., 2007; Błachowiak-Samołyk et al., 2015; Brown et al., 2015; Vader et al., 2015). Among the small flagellated cells, two species that periodically dominate phytoplankton assemblages in Arctic waters were found throughout the Polar night: Micromonas polaris and Phaeocystis pouchetii (Vader et al., 2015). Natural microalgal assemblages, and in particular diatoms, are able to survive extended periods of darkness from months to years (Zhang et al., 1998; McMinn and Martin, 2013), while retaining their ability to resume physiological activity quickly once light returns (Kvernvik et al., 2018; Lacour et al., 2019; Morin et al., 2020). Diatoms also seem to retain their photophysiological characteristics during extended periods of darkness relatively unchanged as compared to flagellates, which possibly enables them to utilize the returning light in early spring very efficiently (van de Poll et al., 2020). Furthermore, mixotrophy (i.e., via osmotrophic or/and phagotrophic processes) also appears to be a widespread strategy among dinoflagellates and other photosynthetic flagellate taxa, keeping them active throughout the polar night (McMinn and Martin, 2013). However, important photosynthetic flagellates (e.g., green picoeukaryotes), such as M. polaris, are likely to rely on other strategies to survive through polar winter that have not yet been identified (Vader et al., 2015; Jimenez et al., 2020). This highlights the need for further study in the field.



Variability in UIB Biomass and Community Composition

Along the continental margins of the AO, UIBs are generally dominated by pelagic centric diatoms of the genera Chaetoceros and Thalassiosira and/or the colonial stage of the haptophyte alga Phaeocystis, with UIB magnitude decreasing and the role of Phaeocystis increasing toward the Atlantic sector (Ardyna et al., 2020). This overall pattern can be primarily attributed to the larger nutrient inventory and more upwelling-favorable conditions in the Pacific sector and the low silicate relative to nitrate concentrations in the Atlantic sector, respectively (Ardyna et al., 2020). A study from Darnley Bay in the Canadian Beaufort Sea showed that upwelling favorable conditions at the ice edge of landfast FYI in combination with the snow melt onset and low ice algal biomass throughout the study period provided both ample nutrients and light, including surface stratification, to fuel a large UIB (Mundy et al., 2009) dominated by the pennate diatom Fragilariopsis oceanica (Mundy et al., 2011). Furthermore, advection of high phytoplankton biomass produced in adjacent open water likely increased primary production capacity under the sea-ice cover (Mundy et al., 2009). Moderate UIBs (max. Chl a concentration of 4.3 mg m–3), dominated initially by Micromonas sp. and diatoms and then by solitary (non-colonial) Phaeocystis, were observed in the Canadian Basin during the SHEBA ice camp in 1997/1998 (Sherr et al., 2003). A gradient in UIB biomass can be detected within the central AO, with the Amerasian Basins, particular the Beaufort Gyre, showing lower Chl a biomass than the Eurasian Basin (Laney et al., 2014) presumably due to the stronger haline stratification in the former. While light limitation in the central AO is progressively diminished by the shift from a MYI toward a FYI regime (Nicolaus et al., 2012; Horvat et al., 2017), the strong stratification limits nutrient input from below the halocline and will set an upper limit to UIB biomass accumulation. However, phytoplankton species are able to adapt their nutrient ratios, in addition to their photosynthetic parameters as discussed in the section “Physiological Phytoplankton Assemblage Responses to Varying Light Regimes,” in response to variable in situ nutrient concentrations, as shown for Arctic phytoplankton in the Chukchi Sea (Mills et al., 2015).

A synthesis of observations (Figure 8) contrasts algal composition and succession associated with the distinct regional environmental conditions described in the section “Contrasted Regional Environmental Settings Favoring UIBs.” Two expeditions were representative of the inflowing shelves describing the upwelling system in the Pacific sector (ICESCAPE cruise 2011 in the Chukchi Sea; Figures 8B,D) and the advective system in the Atlantic sector (N-ICE2015, north of Svalbard; Figure 8A). The other two expeditions were representative of the outflow shelves (i.e., the Canadian Arctic Archipelago, Resolute Passage 2010 and 2011; Figure 8C) and the central AO (North Pole expedition 2015; Figure 8E). All studies were conducted during the last decade, are thus representative of the new FYI regime, and cover the spring and summer season. One caveat common to these studies is that they were not following a Lagrangian design, i.e., following processes in the same water mass over time, but phytoplankton compositional patterns are still representative of the pre-bloom (except ICESCAPE) and bloom conditions. The N-ICE and North Pole expeditions in 2015 are representative of ice camps on drifting sea ice during the early spring to summer season while the Resolute Passage studies in 2010 and 2011 are representative of ice camps on landfast ice covering the late spring to summer season. The ICESCAPE cruise in 2011 is based on oceanographic transects from open to ice-covered waters in the Chukchi Sea during the month of July. The ice camp studies provide information on phytoplankton community composition prior to the UIB peak while information from ICESCAPE is limited to the peak of the UIB.
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FIGURE 8. Schematic drawing of different (A–E) under-ice phytoplankton blooms. The development of UIBs is divided in three distinct phases, i.e., the preconditioning, the under-ice bloom and the post-bloom period. The three potential seeding sources for UIBs are shown by the white arrows: algal cells in the water column, vegetative cells or resting stages at the sediment surface, and algal cells or resting stages from sea ice. The main environmental drivers controlling UIB dynamics are indicated in red. The size of the arrows is related to the importance of the processes. The main protist assemblages are depicted in the different white circles. The phytoplankton biomass is related to the transparency of the shape of the vertical dynamics of phytoplankton assemblages. The sea ice, water, and bottom compartments are also displayed.


All UIBs were dominated by diatoms with the exception of the N-ICE UIB which was dominated by P. pouchetii (Assmy et al., 2017; Figure 9). There is a gradual decrease in maximum phytoplankton bloom abundance from the shallower and more nutrient-rich Chukchi Sea and Resolute Passage toward the Atlantic sector and the central AO (Figure 9). Particularly, the central AO shows nearly two orders of magnitude lower peak abundances (Figure 9) as was also the case for AO production estimates and Chl a concentrations (Table 1). One common feature of all studies is that pennate diatoms and dinoflagellates dominated in the early phase of the UIB development. In particular Fragilariopsis and Pseudo-nitzschia species, but also other pennate diatoms commonly found in sea ice were prominent during the pre-bloom phase. Interestingly, pennate diatoms (Fragilariopsis) were also most abundant at the northernmost stations, deepest into the ice pack during the ICESCAPE cruise (Laney and Sosik, 2014), presumably representative of an earlier UIB stage. The switch in dominance toward pelagic diatoms, in particular species of the centric diatom genera Chaetoceros and Thalassiosira, and in the case of N-ICE, P. pouchetii, coincided with the snow melt onset and a large lead fraction, respectively, and water column stratification. The notable exception is the Resolute Passage 2011 UIB which remained dominated by pennate diatoms (Fossula arctica, Fragilariopsis cylindrus, F. oceanica, and Nitzschia frigida) throughout (see “Box 2: Other Under-Ice Bloom Scenarios”). Chaetoceros, Thalassiosira, and Phaeocystis usually dominate the spring bloom along the Arctic continental margin (Degerlund and Eilertsen, 2010). In particular, spore-forming species of the former two diatom genera [e.g., Chaetoceros gelidus (formery Chaetoceros socialis), Thalassiosira hyalina and Thalassiosira antarctica var. borealis] are important bloom formers that exhibit a boom-and-bust life cycle and can increase biomass from background to bloom levels within 2–3 weeks. The comparably low Chaetoceros and Thalassiosira abundances in the deep central AO during the North Pole expedition 2015 suggest that, in addition to the low nutrient levels, these taxa might also be limited by dispersal of resting spores from the shallow shelves. Interestingly, an “UIB” dominated by Chaetoceros and Thalassiosira species was also observed during the Russian drift station North Pole 22 from May to October 1975 (Belyaeva, 1980) following formation of melt ponds on top of the MYI, similar to that observed in the late 1950s (Figure 1, Apollonio, 1959; English, 1961). However, maximum centric diatom abundances in 1975 were two orders of magnitude lower and about one month later (late August) than during the North Pole expedition 2015. The general trend toward stronger dominance of cryopelagic and pelagic diatom species in the more recent years is also supported by a study covering the MYI to FYI transition in the central AO over the last 40 years (Hop et al., 2020).
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FIGURE 9. Under-ice phytoplankton assemblages. The map displays the spatially distributed taxonomic inventories for each station and each expedition. The bar plots show the taxonomic inventories. Integrated biomass (diamonds in the map) was measured for ICESCAPE 2011 and abundances (circles in the map) for the rest of the expeditions. The main assemblages are shown, i.e., centric and pennate diatoms, dinoflagellates, and flagellates. Note that N-ICE flagellates were dominated by Phaeocystis which was not separately counted in the other studies. Phytoplankton abundances for N-ICE 2015, NPE 2015, Resolute 2010, and 2011 are representative of the upper 2–10 m of the under-ice water column while phytoplankton biomass for ICESCAPE 2011 was integrated over a maximum depth of 41 meters. doy, day of year.


The general patterns described above are consistent with observations of UIBs in Baffin Bay in 2015 and 2016 during the Green Edge project (Oziel et al., 2019) with dominance of pennate diatoms and dinoflagellates during the early stages of UIBs and dominance of pelagic centric diatoms during the peak of the UIB. Notable exceptions are cryopelagic species belonging to the pennate diatom genera Fragilariopsis and Pseudo-nitzschia, which thrive both in sea ice and the water column (Hop et al., 2020), but are nevertheless usually outnumbered by centric diatoms of the genera Chaetoceros and Thalassiosira during the peak UIB phase.



Fate of UIBs

Intense grazing pressure is able to decimate phytoplankton biomass during the bloom peak or post-bloom phases (Sakshaug, 2004). Such large grazing pressure observed in summer requires a copepod community dominated by stage-V copepodites or adults which are relatively low in number during the early phase of an UIB (Sakshaug, 2004; Søreide et al., 2010; Daase et al., 2013). However, the UIB development is generally preceded by an ice algal bloom on which some zooplankton species are able to feed (Tourangeau and Runge, 1991; Wassmann and Slagstad, 1993; Hirche and Kosobokova, 2003; Wassmann et al., 2006; Søreide et al., 2008). Fortier et al. (2002) demonstrated that zooplankton can also feed well on released ice algae. Still, the time period of the developing UIB is often associated with a high flux of particulate organic carbon, mostly mediated by vertical sinking of ungrazed phytoplankton and ice algal cells (Fortier et al., 2002; Arrigo et al., 2014; Lalande et al., 2014, 2019). Similarly, Tamelander et al. (2008) suggested that ice algae can be an early food source for zooplankton and that the subsequent intense phytoplankton production exceeds the zooplankton grazing capacity, inducing a tight pelagic-benthic coupling. Overall, this suggests that in the early phase of an UIB, zooplankton are swamped by the abrupt increase in concentration and vertical flux of phytoplankton biomass. Hence, UIBs may represent an important and valuable food source for zooplankton grazers, including early recruitment stages, but they are likely not being controlled by grazing. In addition, sinking of UIB biomass could be an important food source for benthic ecosystems, especially on the shallow continental shelves. Export of a Phaeocystis-dominated UIB to the seafloor of the continental shelf north of Svalbard was significantly enhanced by ballasting of Phaeocystis aggregates by gypsum minerals released from melting sea ice (Wollenburg et al., 2018). Recent observations of mass sedimentation of the mat-forming sea-ice diatom Melosira arctica to the deep-sea floor of the central AO during the record summer sea ice minimum year 2012 suggest that cryopelagic-benthic coupling might be enhanced under the new Arctic sea ice regime (Boetius et al., 2013).



PERSPECTIVES

Sea-ice loss is the most prominent manifestation of climate-driven changes in the AO. The combined effect of advanced summer sea-ice melt, MYI disappearance (in terms of extent, thickness and volume; Kwok, 2018), and increase in storm frequency and intensity (Graham et al., 2017; Rinke et al., 2017) will strengthen atmospheric forcing on surface Arctic waters. It will promote wind-induced shelf-break upwelling and mixing events (Figure 6A; Pickart et al., 2013) but will also accelerate the demise of sea ice itself (Graham et al., 2019). Thinning sea ice, reduced snow cover, increased presence of melt ponds (generally associated with FYI), and/or increased lead formation will also increase under-ice light availability which could support larger UIBs under FYI (Figures 6C,D; see also Horvat et al., 2017). Such an increase in bloom magnitude could, however, be mitigated by the still uncertain increase in snow precipitation over the Arctic (Bintanja, 2018; Webster et al., 2018) and by nutrient limitation in the central AO (Codispoti et al., 2013; Fernández-Méndez et al., 2015). In contrast, there is also potential for increased rain precipitation earlier in the season (Bintanja and Andry, 2017), that can trigger mass release of the spring ice algal community and lead to a relatively short-lived and fast-sinking pennate diatom UIBs (see “Box 2: Other Under-Ice Bloom Scenarios”). Common among all scenarios is the likely increased pelagic-benthic coupling as a result of an earlier bloom with minimal top-down influence.

Sea-ice loss has also direct influences on the hydrodynamical conditions of the AO (Figure 7). Recent studies have shown an overall intensification of AO circulation. According to altimetric-derived satellite observations, surface geostrophic currents have doubled in both the Arctic basin (2003–2014; Armitage et al., 2017) and in the European sub-Arctic area (1993–2016; Oziel et al., 2020). The increased Atlantic inflow is suspected to be mainly driven by reduced sea-ice export through the Greenland Sea, resulting in lower sea surface height and intensified cyclonic gyre activity in the Nordic Seas (Wang et al., 2020). The Atlantic inflow is also largely affected by upstream alteration in the North Atlantic such as the increased influence of the sub-tropical waters due to the weakening of the sub-polar gyre (Hátún et al., 2017), which is responsible for the reduced nutrient concentrations, especially silicates, in the Nordic Seas (Rey, 2012). The overall intensification of the surface circulation will increase the potential for advection of new nutrients and organisms (Vernet et al., 2019), especially along the topographically constrained boundary currents (see Figure 6B). In general, the AO will be more dynamic, and because it is also baroclinically unstable, more meso-scale features will be produced (e.g., eddies, meanders, fronts). Consistent with this, the expansion and shift of the Beaufort Gyre (Regan et al., 2019) due to increased freshwater accumulation (+40% since 1970, Proshutinsky et al., 2019) is accompanied by an increase in eddy activity (Zhao et al., 2014, 2016; Armitage et al., 2020) and interruptions of the transpolar drift due to accelerating sea-ice melt (Krumpen et al., 2019). Over 2001–2014, annual Bering Strait volume transport from the Pacific to the AO almost doubled as well (0.7 × 106 to 1.2 × 106 m3 s–1; Woodgate, 2018).

Therefore, the rapid transformation of local water masses due to the increased addition of freshwater and Atlantic- and Pacific-derived waters will alter the large-scale AO stratification. Arctic stratification will determine to a large extent nutrient availability in the surface euphotic layer (Tremblay and Gagnon, 2009, Ardyna et al., 2011) and constrain the magnitude of UIBs (Ardyna et al., 2020). Stratification is expected to increase in the Beaufort Gyre (Toole et al., 2010; Figure 6A) but decrease in other regions (e.g., in the European sector; Polyakov et al., 2017; Lind et al., 2018; Figure 6B) for different reasons (i.e., increased advection, mesoscale activity, atmospheric forcing, and related processes such as upwelling). The fate of freshwater will ultimately depend on the atmospheric and ocean circulation, which has been mainly in an anticyclonic regime during the last two decades, allowing freshwater accumulation (Haine et al., 2015). However, if the atmospheric circulation over the AO were to shift to a cyclonic regime, freshwater export may increase and ultimately alter the UIB dynamics.



BOX 1: NEW TECHNOLOGIES: MORE INSIGHTS ON UNDER-ICE BIOGEOCHEMICAL CYCLES AND BLOOMS

Our understanding of UIBs in a changing Arctic environment is based on few year-round and multiannual observations at specific locations. Additional long-term monitoring programs are clearly required, as well as large scale and/or high spatial resolution data to study spatial variability and distribution of Arctic UIBs. In view of these requirements, it is generally recognized that autonomous observing systems are well suited to provide observations at spatio-temporal resolutions previously hard to assess in the AO (Lee et al., 2017; Smith et al., 2019; Figure 10), especially during the winter-spring and summer-fall transitions when sea ice is present.
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FIGURE 10 Under-ice observing systems. Schematic drawing of different observing systems that can be used to study spatial variability and distribution of Arctic UIBs: floats, gliders, moorings, ITPs, ROVs, and WARM buoys. Modified from artwork in Sansoulet et al. (2019).


The Argo Program, which maintains a global array of autonomous and freely drifting profiling floats, is extending its array into Arctic regions (Jayne et al., 2017; Roemmich et al., 2019). All Argo floats carry conductivity-temperature-depth (CTD) sensors to measure accurate vertical temperature and salinity profiles mostly between 1000 and 2000 m to the surface, every 5–10 days and for several years (Argo Steering Team, 1998). Several of them, called biogeochemical (BGC)-Argo floats, are equipped with additional sensors measuring other essential ocean variables (EOVs): Chl a concentration, suspended particles, oxygen concentration, nitrate concentration, pH, and/or downwelling irradiance (Biogeochemical-Argo Planning Group, 2016). These BGC-Argo core variables are quantified with operational and robust sensors, as well as with new and under development technologies (e.g., a miniaturized version of the Underwater Vision Profiler, Lombard et al., 2019; an underwater sea-ice detection sensor based on laser polarimetry, Lagunas et al., 2018). Recently, it has become possible to deploy BGC-Argo floats into seasonally ice-covered Arctic areas to study UIBs (Mayot et al., 2018; Randelhoff et al., 2020). While operating beneath the sea-ice cover, profiling floats collect vertical profiles of key biogeochemical variables, and transmit data after surfacing in open water. The presence of sea ice makes it difficult to geolocate ARGO float platforms, so under-ice trajectories are estimated using interpolation methods (Wallace et al., 2020). In order to prevent risk of colliding with sea ice, floats stop their ascent at 10 m and cannot provide near-surface information.

Other autonomous observing systems exist to study UIBs in seasonal ice zones, one of them being the Warming and Irradiance Measurements (WARM) buoy system (Hill et al., 2018; Figure 10). At deployment time in early spring, the float is placed on the surface of the ice and the cable lowered through a hole that is re-filled with ice and snow. After the sea ice melts in summer, the observing system is floating in open water until the next ice formation cycle begins in late fall. Similarly, UIBs can be studied with moorings deployed, for example, in fjords and equipped with analogous physical and bio-optical sensors (Leu et al., 2011). However, recorded data are mostly available only after the mooring is recovered.

In areas with multiyear ice, data transmission by Autonomous Underwater Vehicles (AUVs, e.g., gliders) is nearly impossible due to the lack of open water for surfacing. Ice-borne observing systems are preferentially deployed in such environments. For example, Ice-Tethered Profilers (ITPs) equipped with similar sensors as BGC-Argo floats can be used to study processes associated with UIBs (Krishfield et al., 2006; Berge et al., 2016; Laney et al., 2017; Boles et al., 2020). These platforms can provide multiannual datasets with a high-temporal resolution, as demonstrated by data collected in the Arctic Transpolar Drift and the Beaufort Sea (Laney et al., 2014). Such long-term monitoring is possible thanks to engineering efforts to improve buoy survivability in thin ice, during ridging events and seasonal freeze-up.

Other autonomous observing systems can be deployed during ice camps or ship surveys, in order to provide high temporal and/or spatial resolution datasets of UIB-related processes. AUV platforms equipped with physical and bio-optical sensors were deployed in marginal ice zones in Baffin Bay (Green Edge project with glider platforms) and north of Svalbard (Johnsen et al., 2018). Surveys of the under-ice environment have been increasingly undertaken with remotely operated vehicles (ROVs). ROVs enable remote sensing of difficult to access locations across a range of temporal and spatial resolutions and minimize the disturbance of the ice environment in contrast to traditional ice coring techniques. Observational capabilities of ROVs are manifold due to a wide variety of attached sensors performing physical, chemical, and biological measurements (Katlein et al., 2017), and deployment distances from several hundred meters to extreme tether lengths of 20 km beneath the sea-ice cover (Nereid-UI ROV, Bowen et al., 2014; McFarland et al., 2015). For the investigation of parameters driving UIBs in Arctic waters, ROVs equipped with spectral radiometers have been frequently used to map under-ice irradiance and transmittance beneath landfast sea ice and moving pack ice in the AO (Nicolaus et al., 2012; Nicolaus and Katlein, 2013; Katlein et al., 2014, 2015, 2019; Lund-Hansen et al., 2018; Matthes et al., 2020).

As an example of the efficiency of autonomous platforms in providing broad spatial coverage, recently deployed autonomous instruments all around the Arctic show the anticipated latitudinal gradient in annual Chl a accumulation (Figure 11). Because annual maximum values of measured Chl a concentrations ranged from 0.2–0.5 mg m–3 for ITP platforms to 7–20 mg m–3 for floats and WARM buoys, these annual time series were normalized to their local annual maximum Chl a concentration value in order to focus on the phenology of UIBs. According to these time series, accumulation of phytoplankton biomass beneath mobile sea ice first occurred at the southernmost locations (e.g., in April for the Greenland Sea, Mayot et al., 2018; end of May for the Chukchi Sea, Hill et al., 2018) and 1–2 months later at northern Arctic locations (>85°N, Beaufort Sea, Laney et al., 2014; Amundsen-Nansen Basins, Boles et al., 2020).
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FIGURE 11 Under-ice annual cycles of chlorophyll a concentration. Annual cycles of chlorophyll a concentration (proxy for phytoplankton biomass) collected under ice by different autonomous observing systems at different latitudes in the Arctic (∼73°N in Greenland Sea: Mayot et al., 2018; >85°N in Beaufort Sea: Laney et al., 2014; ∼85°N Amundsen-Nansen Basin: Boles et al., 2020; ∼73°N in Chukchi Sea: Hill et al., 2018). All annual cycles have been normalized (divided by their annual maximum values) and smoothed with a 10-days moving average. Data from floats and ITP platforms correspond to the average values collected between 25–35 m. Data from WARM buoys were collected at 5 m. For floats and WARM buoy time series, dashed lines represent periods when platforms were not sampling under ice.


Moreover, such annual cycle observations by autonomous systems revealed that significant phytoplankton biomass can accumulate in late spring after the melt onset, showing values as high as 15–40% of the annual maximum value observed in summer (Figure 11). These early increases in phytoplankton biomass frequently show short-term fluctuations. Upcoming concurrent measurements of Chl a concentration, water column mixing, PAR, and nitrate concentrations over a full annual cycle from more frequently deployed autonomous sampling platforms are needed to link and quantify the contribution of each individual bottom-up process to the observed short-term fluctuation in phytoplankton biomass. As pointed out by Laney et al. (2014), the impact of ice-algal Chl a on the Chl a fluorescence signal measured in the water column needs to be evaluated. Upward-looking cameras mounted on autonomous platforms can provide qualitative pictures of the ice–water interface and detect, for example, sinking aggregates of ice algae (e.g., Katlein et al., 2015; Hill et al., 2018; Johnsen et al., 2018). Finally, the drift of autonomous sampling platforms over large distances creates difficulties in the observation of UIBs in mobile pack ice over longer time periods. Some observed short-term fluctuations may be the result of the spatial variability in measurements from the drifting observing system used. An improved ocean observational effort in the pan-AO with an increased number of autonomous observing systems might overcome this issue (Smith et al., 2019).



BOX 2: OTHER UNDER-ICE BLOOM SCENARIOS

Here we briefly outline UIB scenarios that do not follow the “classical” UIB development as defined in the introduction.


UIBs During the Pre-melt Season

Although somewhat more moderate in terms of bloom magnitude, UIBs have been reported during the pre-melt season below sea ice with thin to moderate snow cover (<15 cm) in the Chukchi Sea (Lowry et al., 2018) or sea ice with thick snow cover (>40 cm) but an extensive fraction of open leads or leads covered by thin ice with thin snow cover in the Atlantic sector north of Svalbard (Assmy et al., 2017). However, in both cases, reduced vertical mixing and initiation of surface stratification, respectively, was a prerequisite for the UIB to form while extensive lead fraction under cold spring atmospheric forcing inhibited UIB formation due to convective mixing in refreezing leads (Lowry et al., 2018). Thus, water column stability, either induced by a stable water column below ∼100% sea-ice cover (no leads) (Lowry et al., 2018) or ceased convective mixing after leads have fully refrozen, in combination with Atlantic warm water influence on under-ice mixing processes (Assmy et al., 2017) are necessary conditions for UIBs to develop during the pre-melt season. In addition, the low but variable light conditions under the heavily snow-covered sea ice, crisscrossed with leads north of Svalbard, favored P. pouchetii over diatoms, facilitated by the high photosynthetic plasticity of the former species (Assmy et al., 2017).



UIBs Triggered by Extreme Meteorological Events

Depending on the mode of ice algal bloom termination, UIBs can be dominated by ice algae that continue growing in the water column and hence differ in bloom composition from the “classical” UIBs. A study from Resolute Passage in the Canadian Arctic Archipelago conducted in 2011 showed that rainfall triggered a rapid sloughing event of ice algae, dominated by pennate diatoms, followed by a pennate diatom-dominated bloom of the same species in the under-ice water column (Galindo et al., 2014). These observations were in contrast to the slower 3-week melt progression that led to an UIB dominated by centric diatoms of the genera Thalassiosira and Chaetoceros in the same region during the previous year (Mundy et al., 2014). In 2014 during another rapid melt event in Cambridge Bay, the planktonic diatom composition at the beginning of an UIB was very close to that of the ice algal community (C.J. Mundy, unpublished data), which was dominated by the pennate diatom N. frigida and the centric diatom Attheya sp. (Campbell et al., 2017). Thus, it is possible that the onset of the bloom was seeded in part by ice algae sloughing from the ice bottom. These observations led to the hypothesis that rapid surface melt rates caused by, e.g., a rain event, can influence the dominant taxa of an UIB via sea-ice seed populations (Galindo et al., 2014). Similar observations of UIBs dominated by pennate sea-ice diatoms of the genera Nitzschia, Fragilariopsis, and Navicula were made in Resolute Passage in 1994 and 1995 after a rain event and a heat wave, respectively, which led to rapid release of ice algae into the under-ice water column (Fortier et al., 2002). These results suggest that seeding from sea ice plays a minor role for UIB development, unless mass release of ice algae into the water column is triggered by extreme meteorological events (Fortier et al., 2002; Galindo et al., 2014). This is consistent with findings by Selz et al. (2018), based on in situ observations collected in the Chukchi and Beaufort Seas, suggesting that the sloughing of ice algae into the water column can only briefly increase the phytoplankton biomass. Ice algae have a high aggregation potential due to their sticky nature and high concentrations of gelatinous extracellular polymeric substances in sea ice (Krembs et al., 2002; Riedel et al., 2006; Meiners et al., 2008) leading to much lower residence time in the water column as compared to suspended phytoplankton (Riebesell et al., 1991). Such release events could partly explain observed short-term fluctuations in Chl a concentrations measured under ice in spring by autonomous platforms (see “Box 1: New technologies: More insights on under-ice biogeochemical cycles and blooms”).



Sea-Ice Meltwater UIBs

Other UIBs are restricted to the oligotrophic meltwater layer just below the sea ice (under-ice melt ponds sensu Gradinger, 1996) and usually numerically dominated by phytoflagellates belonging to the prasinophytes, prymnesiophytes, and/or chrysophytes (Gradinger, 1996; Mundy et al., 2011). Similar UIBs restricted to the upper 2 m below the sea ice and dominated by phytoflagellates, termed halocline flora, were observed by Bursa (1963) and Apollonio (1985) but characterized by a different species composition (Chlorella sp., Oocystis sp., Scenedesmus bijugatus, and Ochromonas sp.) and generally lower biomass. Although hosting an active microbial community, these under-ice melt pond assemblages are often dominated by few or even a single species and are distinctly different from the pennate diatom community dominating the bottom of sea ice (Gradinger, 1996). However, seeding from sea ice seems to play an important role in the initial stages of these UIBs until a unique community characteristic to this environment develops (Mundy et al., 2011). The vertical extent of these blooms is restricted to a few meters compared to the UIBs described above, which usually occupy tens of meters in the upper surface mixed layer. Even thinner (<1 mm) yet dense accumulations of up to 117 mg Chl a m–3 of the phototrophic ciliate Mesodinium rubrum at the ice–water interface, reminiscent of red tides of this species in open waters of temperate to tropical seas, have been observed below newly formed sea ice with little snow cover (Olsen et al., 2019). The highly motile and phototactic behavior of this ciliate in combination with convective mixing caused by brine rejection in growing sea ice enabled M. rubrum to bloom at the ice–water interface as long as the sea ice was growing.
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The large declines in Arctic sea-ice age and extent over the last decades could have altered the diversity of sea-ice associated unicellular eukaryotes (referred to as sea-ice protists). A time series from the Russian ice-drift stations from the 1980s to the 2010s revealed changes in community composition and diversity of sea-ice protists from the Central Arctic Ocean. However, these observations have been biased by varying levels of taxonomic resolution and sampling effort, both of which were higher in the early years at drift stations on multiyear sea ice (MYI) in the Central Arctic Ocean. We here combine the Russian ice-drift station data with more recent data to (1) identify common sea-ice protists (in particular diatoms) in drifting sea ice of the Central Arctic Ocean; (2) characterize the potential change in such communities over 35 years in terms of species number and/or community structure; and (3) relate those shifts to relevant environmental factors. In terms of relative abundance, pennate diatoms were the most abundant sea-ice protists across the Arctic, contributing 60% on average of counted cells. Two pennate colony-forming diatom species, Nitzschia frigida and Fragilariopsis cylindrus, dominated at all times, but solitary diatom species were also frequently encountered, e.g., Cylindrotheca closterium and Navicula directa. Multiyear sea ice contained 39% more diatom species than first-year ice (FYI) and showed a relatively even distribution along entire sea-ice cores. The decrease in MYI over the last decades explained the previously reported decreases in sea-ice protist diversity. Our results also indicate that up to 75% of diatom species are incorporated into FYI from the surrounding sea ice and the water column within a few months after the initial formation of the ice, while the remaining 25% are incorporated during ice drift. Thus, changing freeze-up scenarios, as currently witnessed in the Central Arctic, might result in long-term changes of the biodiversity of sea-ice protists in this region.
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INTRODUCTION

The age and extent of Arctic sea ice have dramatically declined over the last decades (Stroeve and Notz, 2018) with likely negative consequences for the diversity of flora and fauna that inhabit sea ice (Melnikov, 2005; Bluhm et al., 2017). The liquid-filled network of brine channels and pockets in sea ice is inhabited by a high diversity of organisms ranging from bacteria and Archaea to unicellular and multicellular eukaryotes, termed sympagic pro- and eukaryotes (Bluhm et al., 2017). Unicellular sympagic eukaryotes, called sea-ice protists here, are a phylogenetically diverse group which comprises photo-, mixo- and heterotrophic taxa (Booth and Horner, 1997; Melnikov et al., 2002; Poulin et al., 2011). Mixo- and heterotrophic taxa are commonly represented by species within the dinoflagellates and ciliates while the collective term ice algae is frequently used for phototrophic protists in sea ice which are generally dominated by diatoms. Species number estimates range from 1027 to 1276 taxa across the Arctic (Poulin et al., 2011; Bluhm et al., 2017). The diversity of sea-ice protists is influenced by geographic location (Niemi et al., 2011; Hardge et al., 2017a), season and the age of sea ice. The older the ice, the more complex its structure, leading to increased diversity of the sea-ice inhabiting flora and fauna (Melnikov, 2009; Hardge et al., 2017b). Within the sea ice, different communities are recognized both on horizontal (from local patchiness to geographic differences) and vertical (along the ice column or ridge) dimensions (Syvertsen, 1991; Horner et al., 1992; Fernández-Méndez et al., 2018). Bottom and sub-ice communities are characterized by a dominance of marine pennate diatoms and the mat-forming centric diatom Melosira arctica (Horner et al., 1992; Różańska et al., 2009; Fernández-Méndez et al., 2014; Poulin et al., 2014; Campbell et al., 2018), while surface melt pond communities may contain different freshwater taxa (Kilias et al., 2014), but usually in low biomass due to low nutrient concentrations on sea ice (Garrison et al., 2003). Brackish water melt ponds that have melted through the ice can sustain higher biomass through nutrient exchange with the underlying water column (Lee et al., 2011; Mundy et al., 2011) and are characterized by algal communities dominated by diatoms, including large algal aggregates (von Quillfeldt, 1997; Lee et al., 2011; Assmy et al., 2013; Fernández-Méndez et al., 2014, 2018). Diatoms, as well as the prymnesiophyte Phaeocystis pouchetii, can also be found at the snow-ice interface when the ice becomes flooded (McMinn and Hegseth, 2004; Fernández-Méndez et al., 2018). Landfast ice algal communities are distinct from offshore pack-ice communities (Mundy et al., 2011), reflecting the age (first-year) and structure (generally flat) of landfast sea ice as well as shallower water depth. Algal biomass is not uniformly distributed in sea ice, with patchiness related to snow depth, distribution of brine channels and ice melt on smaller scales (e.g., Mundy et al., 2007; Campbell et al., 2018; Lange et al., 2019) and different nutrient regimes on both small and larger scales (Gradinger, 2009; Dalman et al., 2019).

Changes in sea-ice extent and structure, and enhanced melting, affect organisms living inside the ice matrix. Light conditions under the ice are modulated seasonally by day length and locality, snow depth and other properties, ice thickness as well as particle content in the ice (Leu et al., 2015; Katlein et al., 2019). During the melt season, ponds develop on top of the ice and increase light transmission from 5–15% below white ice to 40–70% below ponds (Ehn et al., 2011; Katlein et al., 2019). A continuation of the observed decline in sea-ice extent and thickness will increase the amount of light penetrating into the Arctic Ocean (Nicolaus et al., 2012), which will further enhance melting and alter the upper ocean ecosystem (Flores et al., 2019). In particular the snow thickness on top of the ice controls light penetration and, thus, the accumulation of ice algal biomass, with highest biomass under thin snow cover (Leu et al., 2015). However, if snow and ice cover are very thin, the ice algae may receive damaging levels of irradiation during spring (Kauko et al., 2017), leading to under-ice blooms of phytoplankton (Arrigo et al., 2012; Assmy et al., 2017). Seasonal warming and desalination of sea ice during the melt season cause sloughing off of algae. Thin snow cover on the sea ice can cause early melt-out of the ice algal bloom (Leu et al., 2015). Thus, maximum biomass may be observed under intermediate thickness of snow cover (Mundy et al., 2005). In the Central Arctic Ocean, much of the primary production is often generated by sea-ice algae rather than phytoplankton (Gosselin et al., 1997; Fernández-Méndez et al., 2015), while they contribute an important but relatively small fraction in landfast ice and seasonal ice on shelf seas (Gradinger, 2009). Nevertheless, due to their early bloom, they form a significant food source for grazers (Søreide et al., 2010).

The overall response of ice algae to climatological forcing is complex due to the anticipated changes in ice characteristics but also to the increase in Arctic precipitation (Bintanja and Selten, 2014), the timing of precipitation relative to open water and ice-covered seasons (Merkouriadi et al., 2017) and whether the precipitation falls as snow or rain (Bintanja and Andry, 2017). In the Central Arctic, the sea ice has become thinner (Kwok, 2018; Stroeve and Notz, 2018) and the freshwater content and stratification of the upper water column have increased at least in the Amerasian Basin due to higher volumes of riverine run-off along the Arctic coast (Prowse et al., 2015; Polyakov et al., 2018). Increased snow load may lead to negative freeboard, giving rise to infiltration communities (McMinn and Hegseth, 2004; Fernández-Méndez et al., 2018), as frequently recorded from Antarctic sea ice (e.g., Robinson et al., 1997; Kristiansen et al., 1998). In late summer and autumn, the inherent thinner sea ice leads to melt ponds, which subsequently melt through making a connection with the underlying water which results in the development of new habitat and growth for sea-ice algae (Lee et al., 2011). The net effect of changes in the sea-ice regime on ice algal primary production for the Arctic remains uncertain, with large regional and latitudinal differences in seasonal sea-ice extent and thickness (Barber et al., 2015; Leu et al., 2015; Tedesco et al., 2019). Some modeling studies indicate a decrease in ice algal areal production on a pan-Arctic scale (Dupont, 2012; Duarte et al., 2017) while others forecast increasing values (Matrai and Apollonio, 2013).

Summer sea-ice extent in the Arctic Ocean has declined by over 30% since the satellite record began in 1979 (Vaughan et al., 2013; Meier et al., 2014; Perovich et al., 2018), which is over a similar period as this synthesis study. With declining multiyear ice (MYI) extent, the first-year ice (FYI) coverage has increased in relative proportion and importance, and large parts of the Arctic are currently devoid of sea ice for extended periods of time (Arrigo et al., 2011). Effects of reduction in sea ice on ice algal diversity are uncertain, but consequences for ice-associated taxa seem inevitable. This may especially be true in the Central Arctic where the transition from dominance of long-lived to short-lived sea ice has been most prominent (Stroeve and Notz, 2018). A decline in the number of sympagic eukaryote species has been suggested to occur between the 1980s and 2000s (Melnikov, 2009), and a change in community structure over four decades was also suspected (Bluhm et al., 2017). Since the dataset used in Bluhm et al. (2017) included few recent ice cores from the Central Arctic Ocean, we here expand their study by including data from 2000-2015. We build a meta-analysis on observations of generally broad distribution ranges of ice algal taxa in comparable habitats (Okolodkov, 1992; Poulin et al., 2011). Here, we aim to (1) identify common sea-ice algae and other single-celled eukaryotes (collectively termed sea-ice protists) of the Central Arctic Ocean; (2) identify and characterize the change in those communities over nearly four decades in terms of species number and/or community structure, and (3) relate those shifts to environmental variables.



MATERIALS AND METHODS


Ice Cores

The data considered in this meta-analysis are based on 224 ice-core samples originating from 14 field studies covering the time period from 1980 to 2015 (Table 1). There were 165 ice cores including the entire ice column (=whole cores) in the dataset. Each individual ice core including at least the ice-water interface (=bottom) section was considered as one sample (= replicate) in data analyses. The dataset consists of 101 MYI, and 123 FYI samples (Figure 1). While the focus of this study was on the Central Arctic basins, samples from north of Svalbard (near Yermak Plateau) were included to balance the decrease in sampling effort and level of taxonomic identification from the 1980s to the 2015.


TABLE 1. Samples from expedition, years, months and regions (Amerasian Basin [A], Siberian Shelf-Slope [S], Transpolar Drift [T], and North of Svalbard [N]).

[image: Table 1]

[image: image]

FIGURE 1. Sample overview. (A) Location, time period and number of ice cores used in this study binned using 2° resolution. Color indicates the decade when ice cores were sampled and size of a circle the number of ice cores. Black rectangles represent the regions used for data categorization. (B) Allocation of ice cores to ice type (first-year ice, multiyear ice) by decade. Numbers in brackets indicate the total number of ice cores for each ice type. The map was created using the PlotSvalbard package (Vihtakari, 2018) with GEBCO one-minute grid and Natural Earth data for bathymetry (https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_one_minute_grid/) and land shapes (http://www.naturalearthdata.com/downloads/50m-physical-vectors/).


Cores from different years were pooled to decadal scale for statistical analyses (with year 2000 being considered as part of the 1990s). Further, cores were classified based on ice type (MYI and FYI), month, geographic sampling region (Amerasian Basin, Siberian Shelf-Slope, Transpolar Drift, and North of Svalbard), solar elevation angle [a complementary angle of solar zenith angle; see Bluhm et al. (2018)] and field-measured ice thickness.



Datasets

Three separate datasets from different research institutes were included in the study (Table 1). These datasets differed in methodology, sample preservation and taxonomic identification protocols. Main data sources originated from the Arctic and Antarctic Research Institute (AARI), the Alfred Wegener Institute Helmholtz Center for Polar and Marine Research (AWI) and the Norwegian Polar Institute (NPI). The AARI data originated from Russian transpolar drift expeditions as well as the icebreakers CCGS Des Groseilliers and Akademik Fedorov from 1980 to 2011 (Table 1 and Figure 1). Sampling procedures have been described in detail in Melnikov et al. (2002) and Melnikov (2005). Sampling effort and level of taxonomic identification vary within the dataset, with generally more detailed sampling during the early expeditions (Table 1). Multi-year and FYI ice cores were collected with a 12-cm AARI-type ice auger and/or a 10-cm fiberglass-barrel CRREL-type corer. Cores were first sectioned into 10 or 20-cm segments, then transferred into one or two-liter plastic containers and finally melted in such containers at room temperature (20–22°C) for 4–5 h, with no addition of filtered seawater (Rintala et al., 2014). Subsamples of 100–200 mL from each ice section were preserved in formaldehyde buffered with sodium acetate (final formaldehyde concentration of ca. 1%). Samples for cell enumeration and species identification were settled in Zeiss-type settling chambers for at least 12 h before counting with a Zeiss inverted light microscope (Utermöhl, 1931). Russian taxonomic experts identified ice protist cells containing pigment from each ice core sample to the lowest possible taxonomic level. Horizontal transects across the bottom of the chamber were counted at 450× magnification for small, abundant organisms. The number of transects was dependent on the relative number of cells present in the chamber, but usually 1/10 of the chamber bottom was counted. A single transect through the center of the chamber was counted at 300× magnification for large, rare protists.

The AWI data were based on samples for species enumeration taken during the RV Polarstern PS78 TransArc expedition from 15 August to 23 September 2011. Three replicate ice cores within 1 m2 of sea ice were drilled with a 9-cm diameter corer (Kovacs Enterprises, Roseburg, United States) at each of stations PS78_218, PS78_222, and PS78_227 (Schauer, 2012). The bottom 5 cm was cut and melted in filtered sea water at 4°C. Sub-samples for microscopy were preserved in hexamethylenetetramine-buffered formaldehyde (final concentration 0.5%) and stored in brown glass bottles. For microscopic analyses, an aliquot of 20–50 mL was transferred to a settling chamber where the cells were allowed to settle for 48 h. Based on studies of Edler (1979), at least 400 cells of the dominant species or groups were counted with an inverted microscope. Ice protist cells were identified into groups and size classes of low taxonomic resolution (Supplementary Table S1).

The NPI ice core data were obtained during two sampling campaigns. First, the Norwegian Polar Institute’s Centre for Ice, Climate and Ecosystems (ICE) cruise on RV Lance in the marginal ice zone (MIZ) north of Svalbard from 28 April to 14 May 2011 [see Nomura et al. (2013) for details]. Second, the Norwegian young sea ICE (N-ICE) campaign between January and June 2015 when RV Lance was frozen into sea ice at about 83°N of Svalbard and allowed to drift with the pack ice to the ice edge at about 80°N (Granskog et al., 2016; Olsen et al., 2017a). During N-ICE, the age of the sampled ice (FYI and MYI) was determined from salinity profiles and ice thickness (Olsen et al., 2017b) and corroborated by the oxygen isotopic composition of the ice (Granskog et al., 2017). Only FYI cores were collected during the ICE cruise, and both ice types were collected during N-ICE where MYI was second-year ice. Ice cores were retrieved with 9 or 14-cm diameter corers (Mark II coring system, Kovacs Enterprises). During the ICE cruise, only the bottom 3 cm of the ice cores was analyzed for sea-ice protist taxonomy, while during N-ICE most cores (97%, Table 1) contained the entire ice column often with a 10-cm bottom section followed by 10–95 cm long segments up to the ice-atmosphere interface (=top). The sections were melted overnight at room temperature in opaque plastic containers with lids without addition of filtered seawater (Rintala et al., 2014). Samples for ice protist taxonomy were collected in 100 mL brown glass bottles and fixed with glutaraldehyde and hexamethylenetetramine-buffered formaldehyde at final concentrations of 0.1% and 1%, respectively. Samples were stored cool (5°C) and dark until analysis at the Institute of Oceanology Polish Academy of Sciences (IO PAN) by Magdalena Różańska-Pluta and Agnieszka Tatarek (N-ICE), and at the Norwegian Polar Institute by Philipp Assmy (ICE), who was trained at IO PAN in Arctic sea-ice protist identification prior to analysis of the ICE samples. Depending on the cell density of the sample, a volume of 10, 25, or 50 mL was settled in sedimentation chambers (Hydro Bios, Kiel, Germany) for 48 h. Cells were identified and enumerated using a Nikon inverted light and epifluorescence microscope (Nikon TE300, Ti-U and Ti-S, Tokyo, Japan) following Throndsen (1995) using magnifications 100–600× depending on the size of the organisms examined. A minimum of 50 cells of the most abundant species were counted, resulting in 95% confidence intervals being ±28% from the mean estimate (i.e., precision) assuming a normal distribution (Edler, 1979; Edler and Elbrächter, 2010). In order to aid species identification under light microscopy, selected samples from the ICE cruise were prepared for scanning electron microscopy (SEM). One set of raw samples was washed six times with distilled water to remove salt while another set of samples was additionally treated with potassium-permanganate and hydrochloric acid to remove organic matter. The latter treatment was used to clean the diatom frustules for better identification. The samples were then dried on round cover slips (10 mm in diameter), mounted on 12.5 mm diameter aluminum stubs (Plano GmbH, Wetzlar, Germany), sputter-coated with gold-palladium and observed with a Quanta FEG 200 SEM (FEI, Hillsboro, United States).



Taxonomic Nomenclature

Sea-ice protists were identified to the lowest possible taxonomic rank, which ranged widely from phylum, class, order, family, genus, and species to variety or forma levels. Further, the taxonomic nomenclature has changed considerably within the four decades of data coverage in this study causing difficulties in comparing ice protist communities over time. Taxon names reported in the original datasets were corrected, updated and unified using a three-step protocol. First, all reported taxon names were passed through the World Register of  Marine Species database (WoRMS Editorial Board, 2018) to confirm the validity of a name using the taxize package (Chamberlain and Szöcs, 2013) for R (R Core Team, 2018). Second, the returned taxon names were validated by protist taxonomy experts within the author team, and when needed, checked against the AlgaeBase database1, which represents more up-to-date classification of protist taxa than WoRMS, but is not programmatically available due to copyright restrictions. Finally, the taxon names were manually edited to make the taxonomic ranks across datasets as comparable as possible. Since the taxonomic ranks are not consistent within the compiled dataset, we use the term “taxa” when referring to all sea-ice protists and the term “species” when referring to species level or lower. Thus, our data analyses also include variety and forma as separate species entries.

Taxa were grouped based on classification to a higher taxonomic level or a common morphological characteristic into: centric diatoms, pennate diatoms, dinoflagellates, flagellates and ciliates. Within the identified flagellates, further groups were defined: chlorophytes, chrysophytes, cryptophytes, dictyochophytes, euglenophytes, prasinophytes, prymnesiophytes, raphidophytes, xanthophytes, choanoflagellates, Phaeocystis, and Pavlova. The original and corrected taxon names together with higher order groups are listed in Supplementary Table S1.



Data Analysis

Most studies reported species abundances as absolute abundances (cells L−1, expressed as L−1 from here on) except for the early 1980–1981 AARI data that provided percentage abundances (PA), and PAICEX-2007 data expressed as relative abundances (RA) on a scale from 1 to 5 (Table 1). Ice cores with less than five taxa (total of six cores) were removed from analyses because these cores were clearly outliers in the dataset representing conditions that were not comparable to other ice cores.

The original cell counts for ice core sections were converted to integrated cells per square meter of sea-ice estimates (Ab, unit expressed as m−2 from here on) for each taxon in an entire ice core as follows:
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Where yij is the cell count in m−3 (1000 × cells L−1) for ice-core section i and taxon j from a species abundance matrix Y=yij, of size (n×p) with sections of an ice core as rows (i =  1……n) and taxa as columns (j =  1…..p); hi the height of the ice-core section i in meters; and n the number of ice-core sections within a core.

Percentage abundances (PA) or relative abundances (RA) were first summed up by ice core and then converted to average abundance percentages (AP) by dividing with the overall sum of values within an ice core (see below):
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Where yj+ is row sum (i.e., the sum over all ice-core sections within a core) for taxon j; and Y++ is overall sum of the entire percentage or relative abundance matrix for an ice core.

The AWI and ICE-cruise datasets had 1-2 orders of magnitude higher total cell count estimates (with medians of 8.09 and 5.75 × 109 cells m−2, respectively) compared to AARI (median 4.22 × 107 cells m−2) and N-ICE (median 4.49 × 108 cells m−2). These differences may be explained by seasonal and spatial variability in sampling, and possibly by the differences in sample preservation, counting and abundance calculation methods. Further, the cell count estimates were strongly heteroscedastic and non-normally distributed when grouped using dataset identifier, ice type, year or decade. Despite the differing abundance values and metrics, the relative contributions of taxa within samples were likely comparable and therefore used in this study as explained below.



Abundance Metrics

Two abundance metrics were used: (1) Average abundance percentage (AP): the mean percentage contribution of a species to the total abundance of a sample, calculated as an arithmetic mean of percentages (Martin et al., 1946; Bluhm et al., 2018):

[image: image]

Where yij is the integrated, percentage or relative abundance value for taxon j in ice core i, and Yi+ the sum of all taxa (row sum) in ice core, and (2) Frequency of occurrence (FO): the proportion of samples containing one or more cells of a given taxon. The effect of a dataset which systematically did not identify a taxon was removed from the overall AP and FO estimates. The AP estimates were converted to proportions before data analyses.

We use set terminology (qualitatively) connected to the metrics. Abundance percentage (AP): abundance, abundant. Frequency of occurrence (FO): frequency, occurrence, common, rare, encountered. Number of taxa (or species): diversity, diverse, species-rich, uniform.



Statistical Methods

Higher than genus level taxonomic ranks were removed from the dataset for diversity and community analyses. A genus was excluded from species counts in diversity analyses if there were other species of the genus present in an ice core. Varieties were treated as separate taxa.

Species richness and vertical distribution of sea-ice protists were examined using generalized linear mixed models (GLMMs). The discrepancies in species identification, sampling effort and location made it difficult to compare species counts over decades or ice types. Consequently, the diversity analyses were restricted to diatoms only since these taxa are easier to identify, less affected by different sample fixation approaches and, thus, presumably less biased than flagellates, dinoflagellates and ciliates.

The explanatory variables selected for the comparison (region, dataset and season to correct for unbalances in the compiled dataset as well as ice type, decade and ice thickness as actual predictor variables) were all correlated. Since ice type (FYI versus MYI) was the most important factor describing diatom diversity, and ice type often formed interactions together with other explanatory factors, the analyses were run separately for FYI and MYI using each ice core as random intercepts to remove the bundled correlations. This procedure simplified the model fitting and removed model convergence and over-dispersion problems encountered using other variables to correct for biases in the dataset. The results echoed the understanding of the dataset established during the data exploration phase and did give similar Central estimates than more complicated models. The exception to the simplified GLMM fitting were the species richness models for vertical distribution, which were corrected by the proportion of protists in an ice-core section by using the proportions as random intercepts. Poisson family log-link function was used to linearize the GLMMs for species richness (count data), while binomial distribution was used for proportion data (Bolker et al., 2009; O’Hara and Kotze, 2010). The models were fitted using the lme4 (Bates et al., 2014) package for R statistical programming environment (R Core Team, 2018) and the Laplace Approximation routine (Bolker et al., 2009). Model estimates and confidence intervals were back-transformed to counts using the effects package (Fox, 2003). Changes in diatom diversity with ice thickness were curve fitted by local polynomial regression (LOESS fit). Multiple comparisons among variable levels were conducted using Tukey tests and Holm-adjusted p-values using the multcomp package (Hothorn et al., 2008). Due to the complex biased dataset, the GLMM results should be interpreted with caution especially if the significance level is close to the alpha limit (0.05).

The community composition was examined using principal component analyses (PCA) with square-root transformed abundance proportion matrix [[image: image]; equal to Hellinger transformation in Legendre and Gallagher (2001)] using the rda function from the vegan package (Oksanen et al., 2017). Higher than genus level taxonomic ranks were removed from the dataset prior to analysis, leading to genus, species and variety/forma being considered “taxa” (= columns) in the PCAs. Sampling region, original dataset and examined ice-core length explained much of the inertia in the unconstrained community PCA. Since these factors were not the explanatory variables of interest, they were removed by conditioning the PCA orientation (also called partial PCA). Explanatory variables were fitted to the PCA ordinations using the envfit function from the vegan package, and R2 values together with graphical presentation were used to examine the explanatory power of each variable.



RESULTS


Most Common Taxa

The total number of sea-ice protist species encountered in the combined dataset was 201 or 221 if varieties/forma were counted separately (Supplementary Table S1). These taxa originated from 120 genera. Pennate diatoms was the group with most species (with species and varieties/forma included) followed by centric diatoms, flagellates, dinoflagellates and ciliates (Table 2). The low species richness for flagellates and ciliates (13% of total number) likely reflects the difficulty of identifying these groups to species level using light microscopy and their fragility when it comes to melting procedure and sample preservation.


TABLE 2. Number of species within sea-ice protist groups for first-year ice (FYI), multiyear ice (MYI) and all samples (All).
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Pennate diatoms were present in almost all samples and were by far the most abundant group (measured as average abundance percentage, AP) in the entire dataset followed by flagellates, dinoflagellates, centric diatoms, chlorophytes, xanthophytes, and chrysophytes (Table 3 and Supplementary Table S2 for overview for all taxonomic groups). Flagellates and ciliates were frequent, although not very abundant, in all datasets except for the AARI dataset, from which flagellates were less abundant and ciliates missing. This likely reflected the method of direct melting of ice-core sections before fixation (I.A. Melnikov, pers. obs.). Pennate diatoms had higher abundance in MYI compared to FYI, and a similar pattern was present for chlorophytes (Figure 2). Dinoflagellates were generally more abundant in FYI than in MYI, although the diversity was rather similar.


TABLE 3. Sea-ice protists sorted by group recorded in the combined dataset for first-year ice (FYI), multiyear ice (MYI) and all samples (All).
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FIGURE 2. Mean abundance percentage (AP) versus frequency of occurrence (FO) of sea-ice eukaryote groups encountered in the dataset. (A) Coarse taxonomic grouping, (B) Finer taxonomic grouping for identified flagellates. Line separates values for first-year ice (FYI) and multiyear ice (MYI). The effect of a dataset, which systematically did not identify a certain taxon was removed from the AP and FO estimates.


Dominant species for each of the major taxonomic groups were: pennate diatoms: Nitzschia frigida and Fragilariopsis cylindrus; centric diatoms: Attheya septentrionalis; dinoflagellates: Polarella glacialis; flagellates: Groenlandiella brevispina; and ciliates: Mesodinium rubrum (Table 3). The relative contribution of Fragilariopsis cylindrus, Pseudo-nitzschia delicatissima complex and Polarella glacialis increased towards a FYI regime, whereas melt pond specialists, chlorophytes Chlamydomonas nivalis (also known as snow algae; see Procházková et al. (2019) for its taxonomic status) and Trochiscia cryophila, were abundant in MYI with no record from FYI in this dataset. The genus Nitzschia Hassall was common during the MYI years because Nitzschia was not identified to species level in the early AARI dataset and AWI samples. The centric diatom Melosira arctica had much higher frequency of occurrence in MYI, but because of its colonial form (i.e., colonies rather than individual cells were counted), the abundance counts were rather low. The same reason for low abundance also applied to Attheya spp., which are ephiphytic diatoms with patchy distribution. Attheya septentrionalis, which is ephiphytic on M. arctica, can be among the most common members of a sea-ice community, despite low occurrence of their most common supporting algae (von Quillfeldt et al., 2003).



Diversity

Diatom diversity was highest in MYI samples from North of Svalbard, followed by the Amerasian Basin samples (Figure 3A). There were no substantial differences in diversity among regions in FYI. The N-ICE samples had higher diatom diversity than the AARI samples in MYI, while the differences in FYI were unclear due to variable occurrences in samples, but AARI data appeared to have lower species richness than the other datasets (Figure 3B).


[image: image]

FIGURE 3. Diatom species richness over the regions (A) in the Amerasian Basin [A], Siberian Shelf-Slope [S], Transpolar Drift [T], and North of Svalbard [N], through datasets (B), ice thickness and type, with lines as LOESS fit (C), and through the four decades (D) included in the meta-analysis (“All” implies decades combined for first-year ice and multiyear ice). Light and dark blue dots indicate diatom diversity in first-year ice (FYI) and multiyear ice (MYI), respectively. Red dots indicate GLMM model estimates, with their 95% confidence intervals. Letters on top of x-axis represent multiple Tukey comparisons using the GLMMs, Holm correction and p-value limit of ≤0.05.


Ice thickness (x) was generally correlated with ice type (probability of ice being MYI [image: image], p = 0.002 for the slope, where x is ice thickness in meters), but did not explain variability in diatom species counts alone (Figure 3C). Ice type, on the other hand, was the best explanatory variable of diatom species number: diatom diversity was 39% higher in MYI than in FYI, based on respective Central estimates from GLMM of 16.3 and 11.7 diatom species (Figure 3D). The GLMM analysis (Supplementary Tables S3, S4) did not indicate long-term changes in diatom diversity for FYI, but diversity decreased in MYI from the 1980s to the 2000s (Figure 3D). From 2000 to 2015, the diversity in MYI increased again based on samples collected North of Svalbard. The decline in diatom diversity over decades in MYI was also detectable in the Transpolar Drift region, although low sample sizes and multiple confounding factors made the relationship non-significant (Supplementary Figure S1).

The diatom diversity was influenced by seasonality in FYI (Figure 4A), and this effect was best explained (and in contrast to the overall dataset not biased by sampling effort or method) by a subset of the N-ICE data that was collected from newly formed sea ice north of Svalbard from May to June 2015 (Figure 4B). The dataset demonstrated an increase in diatom diversity from the initial three species on average in beginning of May to approximately 20 species on average in the beginning of June within the same year and ice floe.
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FIGURE 4. Diatom diversity in first-year ice (FYI) and multiyear ice (MYI) (A) as well as N-ICE samples (B) related to day of the year. B Includes data for thin (<30 cm) newly formed ice North of Svalbard. See Figure 3 for further explanation of symbols and lines.




Community Composition

The sea-ice protist community, while partially overlapping, was clearly separated by dataset and sampling region as indicated by the principal component analysis (Table 4 and Figure 5). The percentage variability explained (32.9%) by the first two axes in PCA reflects that there were more species than stations in the analysis (thus, >30% inertia explained is considered high for this type of data). Fragilariopsis cylindrus, Navicula pelagica, Navicula transitans, Pseudo-nitzschia delicatissima complex, and Polarella glacialis were more abundant in N-ICE and ICE samples from North of Svalbard than in AARI and AWI samples from the Central Arctic. This caused partial separation in datasets (Figure 5B) and of regions (Figure 5C). Fragilariopsis oceanica and Nitzschia polaris were more abundant in the AARI dataset than in other datasets, while some pennate diatom genera such as Nitzschia and Navicula Bory were generally more abundant in the Central Arctic than North of Svalbard due to previously mentioned differences in taxonomic resolution. Decade, ice type and month were largely overlapping in the principal component analysis (Figures 5D–F). Since these factors were correlated with regional and dataset effects, their actual effect on the community structure was unclear (Table 4). Essentially, the samples from the 2010s overlapped with all other decades (Figure 5D), FYI encompassed that of MYI (Figure 5E), and the months of April/May encompassed all other months (Figure 5F). Conditioning the PCA reduced the explanatory power of the analysis, but also indicated that time (year and decade, correlated with ice thickness and type) and ice thickness (correlated with ice type) may have influenced the community composition (Table 4 and Supplementary Figure S2).


TABLE 4. Overview of explanatory variable fit to the Principal Component Analysis (PCA) ordinations in Figure 5 and Supplementary Figure S2.

[image: Table 4]

[image: image]

FIGURE 5. Principal component analysis of Hellinger-transformed ice protist taxon abundance matrix. (A) Overview of taxa (black dots and blue text) in relation to ice cores (gray crosses). Ice cores (i.e., samples) related to dataset (B), region (C), decade (D), ice type (E), and month (F), with colored envelopes encompassing different datasets.




Vertical Distribution of Sea-Ice Protists in Cores

The ice-water interface (=bottom) contained the highest average proportion of sea-ice protist cells in FYI while the average proportion was more uniform in MYI samples having the lowest average in the bottom section and higher values in the top and middle sections (Supplementary Table S5 and Figure 6). This general pattern changes when only focusing on diatoms, where bottom sections carried the highest diatom diversity in both ice types, although the diversity was not significantly different from middle and top sections in MYI.
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FIGURE 6. Vertical distribution of ice algae in ice cores, as abundance proportion of all species (A), and number of diatom species (B). Small dots indicate percentage of total abundance binned at 1% intervals. Light and dark blue dots represent the age of samples first year ice (FYI) and multiyear ice (MYI), respectively. Red dots indicate the median values and error bars median absolute deviation. Core sections are categorized as bottom 10 cm, bottom sections with cut point >10 cm, mid sections and top sections of the sea-ice column. Letters on top of x-axis represent multiple Tukey comparisons using the GLMMs, Holm correction and p-value limit of ≤0.05.




DISCUSSION


Taxonomic Inventories and Sampling Biases

The species richness of microalgae and other protists in sea ice is generally high, but the inventory of these single-celled eukaryotes is inconsistent among studies, which makes assessment of temporal changes challenging. The first pan-Arctic inventories based on morphological identifications reported 1027 single-celled eukaryotes inhabiting Arctic sea ice (Poulin et al., 2011; Daniëls et al., 2013). The subsequent synthesis by the Circumpolar Biodiversity Monitoring Program (CBMP) Sea Ice Biota Expert Network documented that increased effort still increases the inventory, which currently includes more than 200 additional taxa for a total of 1276 sympagic microalgae and other protists (Bluhm et al., 2017). This is considerably more than the 221 species, varieties and forma counted in this study, but many of the taxa in the inventory above were not eukaryotic algae (e.g., phototrophic bacteria), or not identified to species level, or with variable taxonomic resolution. Standard microcopy counts performed in this study did not take into account the diversity of smaller mixo- and heterotrophic microbial eukaryotes from sea ice. Molecular techniques, e.g., 18S meta-barcoding, indicate that the actual sea-ice protist community is even more diverse than the morphological taxonomic inventory suggests, including many protists that are difficult to identify with microscopy (Comeau et al., 2013; Kilias et al., 2014; Hardge et al., 2017a, b). Thus, the increased number of protist species occurring in sea ice in recent compilations is largely driven by changing scientific methods of species identification and not by changing ice regimes.

Differences between the datasets largely affect a true evaluation of long-term development of unicellular eukaryote diversity in Arctic sea ice. This is partly related to the different sampling and analyses approaches in the various studies, but also because different regions of the Arctic Ocean were sampled over time. This involves direct ice melt used for the NPI and AARI datasets and ice melt with the addition of filtered sea water as salinity buffer in the AWI dataset. Such differences in melting approaches cannot only affect activity estimates of sea-ice biota (e.g., Campbell et al., 2019) but also estimates of abundance and composition (e.g., Garrison and Buck, 1986; Rintala et al., 2014). While diatoms and other taxa with hard casings (e.g., silicoflagellates) are not impacted by osmotic stress in their morphology, delicate forms like naked flagellates might change their form (making them unrecognizable) or even dissolve or explode. Thus, with regard to our 35-year comparison, diatom occurrences provide the most robust data, while interpretation of changes in flagellate diversity could be biased due to the applied methodologies. In summary, the original dataset (and associated laboratory analysis) had the largest effect on the community composition and number of sea-ice protist taxa in our analysis, which calls for a more standardized method between several laboratories with regard to taxonomic analyses of microalgae and other eukaryotes in sea ice (e.g., Bluhm et al., 2017).



Diversity Patterns and Potential Environmental Drivers

Changes in diversity during the sampling period were linked to reductions in sea-ice thickness and concentration in the Arctic Ocean during the four decades. Multiyear sea ice has the highest diversity (species number) of sea-ice protists in the Arctic (Hardge et al., 2017a, b; van Leeuwe et al., 2018; this study). Thus, the dramatic decline of MYI over the last decades (Stroeve and Notz, 2018) has most likely led to decline in sea-ice flora and fauna diversity (Melnikov et al., 2002; Gradinger et al., 2010; Hardge et al., 2017a; Olsen et al., 2017b). Because of declining MYI cover, 80% of the cores in the 2010s were from FYI, which typically had lower protist diversity. This observation is concurrent with the generally lower diatom diversity in FYI-dominated Antarctic sea ice compared to Arctic sea ice (Lizotte, 2003). Based on our GLMM analysis of diatom species, we conclude that the diversity of sea-ice protists has decreased over 35 years through the relationship to MYI. This was also supported by the decline in the number of diatom species in MYI from the Transpolar Drift from 1980s to the 2010s and indicated by Melnikov (2018), who determined that the diversity of centric diatoms in the North Pole Region had decreased from 12 species in 2007 to three species in 2015, while pennate diatoms fluctuated during the same period, but showing no clear trend.

Regional differences were also apparent in the diversity patterns, specifically for MYI but not for FYI. Pennate diatoms were the most diverse group as is commonly observed in Arctic sea ice (Poulin et al., 2011; Leu et al., 2015; van Leeuwe et al., 2018). With the effect of dataset removed, the sampling region greatly influenced the sea-ice protist diversity in MYI with most diatom species in the area North of Svalbard followed by the Amerasian Basin as compared to the lower diatom species numbers in the Transpolar Drift and Siberian Shelf-Slope. This pattern likely relates to the overall current regime in the Arctic seas (Bluhm et al., 2017) and suggests a contribution by advection of Atlantic-origin species to the area around Svalbard and Pacific-origin species into the Amerasian Basin, which results in higher biodiversity in these regions. This advection effect could also explain the apparent resurgence in diatom species numbers in MYI from 2000 to 2015 after the pronounced decline in diatom diversity from the 1980s to the 2000s. The 2010s data all stem from the Atlantic-influenced region North of Svalbard, which is known to harbor characteristic protist communities (Metfies et al., 2016). Abelmann (1992) encountered the highest diatom concentrations in MYI in the Transpolar Drift between 83 and 86°N. A mechanistic explanation for this was the incorporation of protists over the Siberian Shelf and further accumulation during freezing and melting processes as the ice floes drift across the Arctic Ocean (Abelmann, 1992; Assmy et al., 2017; Hardge et al., 2017a). Backtracking used to determine origin and approximate age of sea ice as it drifts across the Arctic Ocean towards Fram Strait (Hop and Pavlova, 2008) showed that the recent Arctic warming interrupts the transport of ice rafted matter within the Transpolar Drift (Krumpen et al., 2019), which could explain the observed decline of diatom species numbers in MYI from the Transpolar Drift (Supplementary Figure S1).



Vertical Distribution and Seasonality of Algal Communities

Both algal community structure and biomass vary vertically within the ice sheet. Generally, bottom maxima of ice algae are often observed across the Arctic in terms of abundance, biomass, and activity (Duarte et al., 2015; Leu et al., 2015; van Leeuwe et al., 2018), with some exceptions (von Quillfeldt et al., 2003). The bottom 10 cm contains most of the ice algae, as indicated by our median values of 60%. In our estimates for vertical ice algae distribution, we calculated the percentage contribution of cells for each ice-core section and used these relative abundances to examine the vertical distribution, unlike in other studies that used absolute cell abundances (Gradinger, 1999, 2009). While our method might have given too much weight to some cores that contained few ice algae, the method is not biased by a few very high abundances during the peak ice algal bloom.

Seasonality affects ice protist diversity as well as their blooms and production (Barber et al., 2015). During the ice algal bloom, the bottom ice communities are predominantly represented by colonial pennate diatoms, e.g., Nitzschia frigida and Fragilariopsis cylindrus, while some solitary cells are also frequently encountered, e.g., Cylindrotheca closterium and Navicula directa. This effect of seasonality was strongest on diatom diversity in FYI while its effect on the number of diatom species was rather low in MYI. This difference can be attributed to the fact that MYI already starts with a seeding stock of ice-associated species incorporated during previous growth seasons (Olsen et al., 2017b), which was also reflected in the more evenly distributed diatom abundance along the ice column in MYI (Figure 6B). Pennate diatoms with a benthic lifestyle are particularly well adapted to the sea ice-environment and MYI provides a more stable and persistent habitat than the more ephemeral FYI, reflected in the high number of benthic diatoms unique to MYI (Supplementary Table S6). Benthic diatoms (diversity described by e.g., Karsten et al., 2012, 2019) can be incorporated into sea ice during ice formation and deep convection on the shallow shelves (Abelmann, 1992) as has been shown for shallow regions such as the Chukchi Sea (von Quillfeldt et al., 2003) and the Laptev Sea (Tuschling et al., 2000). The much higher diversity in benthic than pelagic diatom species could partly explain the generally higher diatom abundance in MYI compared to FYI. In contrast, during the colonization of FYI from the water column as the sea ice forms (Gradinger and Ikävalko, 1998; Różańska et al., 2008) or by exchange between the water column, melt ponds and the sea ice during brine rejection (Hardge et al., 2017b), many pelagic protist taxa are incorporated into the newly formed sea ice. However, the majority of species do not thrive in sea ice, with the exception of the cryopelagic species mentioned below, which is supported by the high proportion of typical pelagic taxa unique to FYI while they are notably absent among the taxa unique to MYI (Supplementary Table S6). This fits with the observation that the protist composition in newly formed sea ice resembles that of the underlying water column it was formed from, but as the ice becomes older, successional patterns tend toward dominance of typical ice-associated pennate diatoms (Kauko et al., 2018). Indeed, colonization of FYI by typical ice-associated taxa within the first month of its formation can account for approximately 75% of the diversity found in MYI as reflected in the steep initial increase in diatom diversity during May/June in the N-ICE dataset from an Atlantic-influenced environment (Figure 4B). This suggests that successional patterns in sea ice tend towards a typical ice-associated community within a few weeks of its formation. As many of the typical ice-associated diatom taxa are usually not very abundant in the water column, colonization from adjacent MYI floes (Olsen et al., 2017b) or resuspension of benthic or sedimented sea-ice diatoms during deep winter mixing over the shallow shelves (Abelmann, 1992; Tuschling et al., 2000) are likely important seeding sources for FYI.

Seasonal accumulation of biomass can also be found in the intermediate and surface sea-ice sections (Duarte et al., 2015; van Leeuwe et al., 2018), including recent observations of snow- infiltration communities at the snow-ice interface (Fernández-Méndez et al., 2018). The ice cores containing high abundances above the bottom 10-cm section were collected during the spring, summer and autumn (April to September). Using epifluorescence microscopy, Gradinger (1999) recorded vertical differences in species composition with diatoms dominating in the bottom layers and the more mobile and smaller flagellates in the ice interior. A data compilation carried out by van Leeuwe et al. (2018) further indicated vertical differences in sea-ice protists along the ice core. These findings are contrary to our studies where diatom diversity was more homogenous throughout the core, but we agree that sampling of only the bottom layer of ice cores may underestimate both biomass and diversity of protists (probably by 15-20%; Gradinger, 2009; van Leeuwe et al., 2018).



A Changing Sea-Ice Cover – The Future Protist Diversity?

The regime shift from a MYI-dominated towards a FYI-dominated Arctic Ocean (Stroeve and Notz, 2018) will not only result in a decline in sea-ice protist diversity, but will also change the relative composition of the sea-ice protist community (Hardge et al., 2017a, b), with apparent regional differences. Based on the frequency of occurrence and abundance data (Supplementary Table S2) one can infer preferences for MYI versus FYI for some of the more prominent species, which we have grouped according to known habitat predilection (Figure 7). The melt pond specialists, green microalgae Chlamydomonas nivalis and Trochiscia cryophila, show a clear preference for MYI, which is consistent with the fact that melt ponds on MYI are generally fresher than on FYI (Kim et al., 2018). Melt ponds on FYI tend to melt all the way through as the season progresses and incorporate microalgae from the water column and the bottom ice assemblage (Lee et al., 2011; Hardge et al., 2017b).
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FIGURE 7. Schematic habitat preference of sea-ice protists and associated taxa/groups. Pelagic and benthic diatom taxa are more associated with first-year sea ice, and most often incorporated during freezing. When sea ice melts the protists become part of the vertical flux.


Among the sea-ice specialist taxa, Nitzschia frigida is generally abundant in sea ice (both FYI and MYI), which has also been confirmed by 18S rDNA (Hardge et al., 2017a), while Attheya septentrionalis and particularly Melosira arctica seem to prefer MYI. The notion that N. frigida will continue to thrive under the new FYI regime in the Arctic can also be inferred from the prominence of its sibling species N. stellata, forming similar arborescent colonies in Antarctic FYI (Scott et al., 1994). The cryopelagic species Fragilariopsis cylindrus thrives both in the water column and in sea ice and seems to have a preference for FYI, which is consistent with its abundance in Antarctic sea ice (Scott et al., 1994). Furthermore, F. cylindrus has been used as a paleoproxy to reconstruct seasonal ice cover in the Southern Ocean over the geological past (Zielinski and Gersonde, 1997), but has also been assessed as an indicator for cold water primarily rather than sea ice (von Quillfeldt, 2004). Although Pseudo-nitzschia H. Peragallo is usually characterized as a pelagic diatom genus reflected in the generally low abundance percentage in FYI and MYI, the frequent occurrence of the P. delicatissima complex in FYI in the more recent ICE and N-ICE datasets suggests that species of this genus could adapt to a more cryopelagic lifestyle under the thinner and more ephemeral sea-ice regime.

Preferences for FYI and low or no occurrence in MYI can be attributed to species advected to the Arctic Ocean. This includes the prymnesiophytes Phaeocystis pouchetii and Emiliania huxleyi as well as the phototrophic ciliate Mesodinium rubrum and typical pelagic species with representatives in the centric diatoms, as shown here by Chaetoceros gelidus (formerly C. socialis), Conticribra weissflogii (formerly Thalassiosira weissflogii), Thalassiosira antarctica var. borealis, Porosira glacialis, and dinoflagellates. Emiliania huxleyi is a species of Atlantic and Pacific origin that is advected into the Arctic during extensive blooms in the Norwegian and Barents seas (Hegseth and Sundfjord, 2008; Oziel et al., 2020) and the Bering Sea (Iida et al., 2012). Recent genomic analysis indicates that E. huxleyi should be included in the ubiquitous coccolithophore genus Gephyrocapsa Kamptner (Bendif et al., 2019). Cells of the other mentioned species usually sediment out of the surface water column at the end of the phytoplankton spring bloom (Morata et al., 2011; Wassmann and Reigstad, 2011) and typically survive as resting spores in surface sediments (Eilertsen et al., 1995; Hegseth et al., 2019). Deep convective mixing during sea-ice formation over shallow coastal seas can result in resuspension of resting spores and/or vegetative cells and incorporation into newly formed sea ice, but these species do not seem to thrive in sea ice (Kauko et al., 2018). During the pelagic bloom typical phytoplankton species can be incorporated into sea ice during surface flooding and the formation of infiltration communities at the snow-ice interface (McMinn and Hegseth, 2004; von Quillfeldt et al., 2009; Fernández-Méndez et al., 2018). These have been commonly reported from the FYI-dominated Antarctic, but seem currently to be restricted to the Atlantic sector of the Arctic Ocean (Fernández-Méndez et al., 2018).



CONCLUSION AND OUTLOOK

Sea-ice protists are present in different compartments of the sea-ice ecosystem, including internal, ice-water interface, snow-infiltration layer and melt pond communities (Figure 7). The division between ice-associated and pelagic algae is not distinct since pelagic algae can be incorporated into sea ice. Protists of Atlantic or Pacific origin may also be present, such as Mesodinium rubrum and Emiliania huxleyi (Hegseth and Sundfjord, 2008; Iida et al., 2012; Olsen et al., 2019).

This meta-analysis confirms key findings from our recent data analysis (Bluhm et al., 2017) in several regards. First, sea ice is inhabited by a microalgal community which is taxonomically diverse and often dominated by diatoms in both abundance and species richness. Second, many microalgae have a widespread distribution across the Central Arctic. Finally, monitoring strategies can only yield unequivocal results on temporal trends if conducted with consistent methodology. Standardization of biodiversity sampling by ice cores has been suggested multiple times, for instance in the N-ICE project (Norwegian Polar Institute) and Nansen Legacy Sampling Protocol (2020).

A key finding is the higher biodiversity found in MYI in this pan-Arctic dataset. Since MYI is projected to continue to decrease and possibly disappear altogether (Stroeve et al., 2012), and ice-free summers may occur in the near future (Overland and Wang, 2013), a continued decrease in sea-ice protist diversity can be anticipated. In the future, there may be less diversity with respect to types of ice communities and those that still exist will have more or less the same species as in the water column. We can also expect changes and maybe enrichment in biodiversity due to increased inflow of Pacific and Atlantic species, enhancing their role in inflow areas (Carmack and Wassmann, 2006), including the contribution of brackish-water species. When some of us started working in the study area more than 30 years ago, the sub-ice community had the highest biomass while now this community is usually hard to find, at least in the Atlantic sector of the Arctic. Currently, interstitial communities typically appear at the bottom of the core and thick algal mats are less frequent below sea ice, but can still be observed within the Arctic Basin (Boetius et al., 2013). Melt pond and some sea-ice specialists are also likely to decline, while cryopelagic and pelagic species of both Atlantic/Pacific and Arctic origin are likely to increase in relative importance under the new Arctic sea-ice regime.
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The Arctic climate is changing rapidly. The warming and resultant longer open water periods suggest a potential for expansion of marine vegetation along the vast Arctic coastline. We compiled and reviewed the scattered time series on Arctic marine vegetation and explored trends for macroalgae and eelgrass (Zostera marina). We identified a total of 38 sites, distributed between Arctic coastal regions in Alaska, Canada, Greenland, Iceland, Norway/Svalbard, and Russia, having time series extending into the 21st Century. The majority of these exhibited increase in abundance, productivity or species richness, and/or expansion of geographical distribution limits, several time series showed no significant trend. Only four time series displayed a negative trend, largely due to urchin grazing or increased turbidity. Overall, the observations support with medium confidence (i.e., 5–8 in 10 chance of being correct, adopting the IPCC confidence scale) the prediction that macrophytes are expanding in the Arctic. Species distribution modeling was challenged by limited observations and lack of information on substrate, but suggested a current (2000–2017) potential pan-Arctic brown macroalgal distribution area of 655,111 km2 (140,433 km2 intertidal, 514,679 km2 subtidal), representing an increase of about 45% for subtidal- and 8% for intertidal macroalgae since 1940–1950, and associated polar migration rates averaging 18–23 km decade–1. Adjusting the potential macroalgal distribution area by the fraction of shores represented by cliffs halves the estimate (340,658 km2). Warming and reduced sea ice cover along the Arctic coastlines are expected to stimulate further expansion of marine vegetation from boreal latitudes. The changes likely affect the functioning of coastal Arctic ecosystems because of the vegetation’s roles as habitat, and for carbon and nutrient cycling and storage. We encourage a pan-Arctic science- and management agenda to incorporate marine vegetation into a coherent understanding of Arctic changes by quantifying distribution and status beyond the scattered studies now available to develop sustainable management strategies for these important ecosystems.
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INTRODUCTION

Rapid warming of the Arctic with associated melting of ice sheets, glaciers, and reduced extent and thickness of sea ice is causing major changes in high latitude coastal ecosystems (Pörtner et al., 2019). While sea-ice associated communities and endemic Arctic species are experiencing losses, benthic marine vegetation may respond positively to warming and loss of sea ice, which potentially allows more light to reach the seafloor (Krause-Jensen and Duarte, 2014; Filbee-Dexter et al., 2019). The Arctic marine vegetation does include some endemic species that depend on the low temperatures currently experienced in the Arctic (Müller et al., 2009; Wulff et al., 2009; Wilce, 2016; Küpper et al., 2016; Bringloe et al., 2020). However, a large component of macroalgae growing in the Arctic have a boreal origin, shaped through cycles of glaciation to unique assemblages in polar waters (Bringloe et al., 2020). Many of these macroalgae as well as eelgrass (Zostera marina), the sole seagrass species occurring in sub-Arctic areas, are characterized by optimum temperatures for growth which are considerably higher than those currently experienced in the Arctic (Müller et al., 2009; Wulff et al., 2009; Beca-Carretero et al., 2018). Higher temperatures are therefore likely to stimulate the growth of these species (Olesen et al., 2015; Marbà et al., 2017; Wilson and Lotze, 2019; Franke and Bartsch, unpublished data). However, while the combination of reduced sea-ice cover and warming is expected to stimulate growth of Arctic marine vegetation (Krause-Jensen and Duarte, 2014), sediments delivered with glacier runoff may locally increase water column light attenuation and, thereby, counteract the effect of reduced extent of sea ice on light availability (Bartsch et al., 2016; Bonsell and Dunton, 2018; Pavlov et al., 2019).

Benthic vegetation (including microalgae) has been estimated to contribute approximately 20% of the total marine primary production in the Arctic (Attard et al., 2016). Marine vegetation supports key ecosystem functions such as providing habitat that promote biodiversity and climate change mitigation and adaptation (Duarte et al., 2013; Smale et al., 2013; Filbee-Dexter et al., 2019), and changes in the distribution of these vegetated habitats will affect the functioning of Arctic marine ecosystems (Paar et al., 2016, 2019a; Marbà et al., 2018). Given the vast extension of Arctic permafrost coastline (34% of the global coastline), with 20% of the Arctic shelf areas being shallower than 20 m (Lantuit et al., 2012), changes in marine vegetation in this region should also be significant in a global context.

While there are clear global imprints of climate change on marine vegetation, with several reports on warming as a stressor at the equatorial edge of distribution (Raybaud et al., 2013; Filbee-Dexter et al., 2016; Wernberg et al., 2016), documentation is sparse for polar regions. A decade ago, a review of trends identified multiple responses of Arctic marine biota to climate change (Wassmann et al., 2011), but no reports for Arctic marine vegetation were available. Likewise, a review in 2013 of global imprint of climate change on marine life included no studies reporting realized responses of Arctic marine vegetation (Poloczanska et al., 2013), which are also lacking from the recent special IPCC Oceans and the Cryosphere report (Pörtner et al., 2019). In the interim, the focus on Arctic marine vegetation has intensified both in terms of research, monitoring effort, and assessment status of Arctic kelp forests (Filbee-Dexter et al., 2019). Several Arctic research programs address marine vegetation and while the Circumpolar Biodiversity Monitoring Program (CMBP) does not yet include a marine vegetation component, efforts to assess changes in marine vegetation are ongoing in Alaska, Arctic Canada (i.e., ArcticNet-ArcticKelp project, Hudson Bay coastal habitat research project (seagrass), Greenland (i.e., Greenland Ecosystem Monitoring1), Iceland, Svalbard Islands (Bartsch et al., 2016), and Arctic Russia (assessment of macrophytobenthos within the Arctic Centre program of preparation of ecological atlases of Russian Arctic seas, i.e., Maximova, 2016, 2017b). Thus, there is a need to compile available information on trends in marine vegetation across the Arctic.

The status of marine vegetation can be characterized through a variety of metrics that include species composition and diversity, distribution area, depth extent, abundance, productivity, nutrient content (e.g., Marbà et al., 2013), and phenology (e.g., Clausen et al., 2014; Blok et al., 2018). Trends can be assessed as site-specific changes over time in such parameters, and if information is available along a latitudinal gradient, changes in species occurrence can also be used to derive poleward migration rates (Poloczanska et al., 2013).

Here, we review, compile, and synthesize available time series on Arctic marine vegetation in relation to climate change with the aim of providing an overview of trends in distribution, abundance, and performance of intertidal and subtidal macroalgae and eelgrass in the Arctic. The focus is Pan-Arctic, encompassing all major coastal Arctic regions (Alaska, Canada, Greenland, Iceland, Norway/Svalbard, Russia). We supplement by modeling past (1940–1950) and current (2000–2017) potential distribution areas and associated distributional shifts of macroalgae in the region. We hypothesize that Arctic marine vegetation is exhibiting rapid change in response to warming and melting of the cryosphere in terms of polar expansion of distribution limits and changed local distribution, community composition, process rates, and associated ecosystem functions.



MATERIALS AND METHODS


Data Compilation and Analysis

We searched the literature to generate an overview of available trends on Arctic marine vegetation. We looked for studies reporting trends in macroalgae or seagrasses (eelgrass, Zostera marina) from the Arctic region as defined by the Arctic Council (Huntington, 2001), including Arctic Canada, Alaska, Greenland, Iceland, Norway/Svalbard, and Russia (Figure 1). Our major objective focused on locating time-series observations at a given site/area encompassing at least a 10-year span, which could be represented at a minimum by initial and final observations, although three or more data points over time provide more robust assessments. If a time series contained various sub-periods and trends, a trend was reported for each sub-period that fulfilled the above criteria. We also searched for the records (location, time) of species reported further north than the previous northernmost observation and potentially allowed estimating the migration rate (km yr–1) of the leading, poleward, biogeographical range (Poloczanska et al., 2013).
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FIGURE 1. Overview of compiled studies on pan-Arctic marine vegetation trends spanning at least 10 years and entering into the 21th Century. Trends are marked as increasing (green), declining (red) or no change (black) for subtidal macroalgae (circles), intertidal macroalgae (squares), and eelgrass (triangles). Northward migration is indicated by green arrow. If the site represents trends for more than one period, only the most recent is shown, and if this did not include the 21th Century, the site is marked by X. A line through a circle/square indicates that there are several sites along a gradient. The red line defines the Arctic region based on the Arctic Council definition (Huntington, 2001). Numbers refer to sites specified in Table 1. Close-up of study sites in Svalbard and Russian Barents Sea/White Sea. Main map from Huntington, 2001, Svalbard map from Norwegian Polar Institute.


We searched the web of Science (accessed 30 June 2019) using the search string: “[(“marine vegetation” or macroalga∗ or seaweed or kelp or seagrass or Zostera) and (Arctic or subarctic or polar) and (change or trend) and (Russia or Canada or Alaska or Greenland or Svalbard or Norway or Iceland)].” This rendered 84 hits, of which only 13 publications contained relevant information on time series of Arctic marine vegetation, while the remainder represented laboratory studies, referred to other organism groups or contained information on marine vegetation other than data on trends. Additional studies from Arctic regions, whether published or unpublished, were also compiled to yield a total of 39 Arctic sites (some of these including sub sites) with information on time series in one or more vegetation parameters (Figure 1 and Table 1).


TABLE 1. Overview of compiled timeseries for pan-Arctic marine vegetation spanning at least 10 years.
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For each time series, we noted location, tidal zone (intertidal or subtidal), vegetation type (macroalgae or eelgrass; species if relevant), metric/parameter (e.g., number of species, depth limit, biomass), direction of change [increase (I), decline (D), no change (N), polar migration (P), migration toward deglaciated sites (G)], whether climate drivers were identified [longer open water period (O), increased turbidity (T), reduced ice scouring (S), warming (W), not determined (nd)], and whether other potential drivers were specified [increase(i)/release(r) of eutrophication/pollution (Ei,r), harvesting pressure (H), sea urchin grazing (Ui,r), disease (Dr), and new volcanic habitats (V)]. An overview of trends was compiled for each region. Additional information and synthesis is provided in the Supplementary Information (SI) for Greenland (Supplementary Information I), Iceland (Supplementary Information II), Svalbard (SI-III), and Russia (Supplementary Information IV).



Modeling of Past and Current Potential Pan-Arctic Distribution Area of Macroalgae

Species distribution models (SDM), also known as habitat suitability models, bioclimatic envelope models, or ecological niche models (for review and definition see, e.g., Peterson et al., 2011) were used to estimate recent distributional shifts of Arctic marine macroalgae. These methods identify and describe correlation patterns between species occurrences and environmental data, and provide useful ecological understanding of large-scale biogeographic patterns by predicting regions of habitat suitability where it is likely for species to occur (Dormann et al., 2012). Among the numerous algorithms available (Peterson et al., 2011) we chose Boosted Regression Trees (BRT) and Adaptive Boosting (AdaBoost), two machine learning approaches that systematically retrieve high predictive performances (Elith et al., 2008; Assis et al., 2017) by fitting complex interactions between predictors and non-linear relationships, while avoiding overfitting through monotonic responses and optimal parametrization (Elith et al., 2008; Hofner et al., 2011).

To estimate recent distributional shifts of Arctic marine macroalgae, SDM were developed with the machine learning algorithms Boosted Regression Tress (BRT) and Adaptive Boosting (AdaBoost) fitting environmental predictors against distribution records (see Supplementary Information V). These algorithms were chosen because they fit complex interactions between predictors and non-linear relationships, while avoiding overfitting through monotonic responses and optimal parametrization (Elith et al., 2008; Hofner et al., 2011).

Biologically meaningful environmental predictors for macroalgae were extracted from Bio-ORACLE V2.1 (Assis et al., 2017); surface predictors for intertidal species and benthic predictors (i.e., along bottom) for subtidal species. Predictors were selected to reflect factors affecting the physiology of species (ocean temperature and salinity), disturbance (sea ice cover), and essential resources (nutrients as nitrate). These data were derived from the Global Ocean Biogeochemistry Non-assimilative Hindcast and the Global Ocean Physics Reanalysis of the European Centre for Medium-Range Weather Forecasts. To model subtidal species, predictors were clipped down to 30 m depth (the typical depth distribution of macroalgae), while for intertidal species, predictors were clipped with a continuous gridded mask delimiting global coastlines (e.g., Assis et al., 2017).

Records of brown macroalgae presence were compiled from the fine-tuned dataset of marine forests (Assis et al., 2020) for the Arctic marine realm (Spalding et al., 2007), as well as the temperate Northern Atlantic and Pacific realms, from which species might potentially shift poleward. For modeling purposes, the same amount of pseudo-absences as presences were randomly generated in cells where no presences were recorded (Barbet-Massin et al., 2012). To reduce the potential effect of spatial autocorrelation in the models, the spatial variability of predictors was tested as a function of distance. In this approach, a correlogram was built for intertidal and subtidal species to pinpoint the minimum significant correlated distances of predictors. These were used to prune the records of both datasets, by randomly choosing one record of occurrence from a pool of records found within such distances (e.g., Boavida et al., 2016).

A cross-validation framework using sixfold independent latitudinal bands (e.g., Assis et al., 2017) was implemented to tune the models by testing distinct parameter combinations of tree complexity (1–6), number of trees (50–1000, step 50), and learning rate (0.01, 0.005, and 0.001) for BRT, shrinkage (0.25–1, step 0.25), degrees of freedom (1–12), and number of interactions (50–250, step 50) for AdaBoost. Cross-validation also allowed assessing the performance and transferability of models with the area under the curve (AUC) and sensitivity (true positive rate; Allouche et al., 2006). Models were forced to produce positive monotonic responses while fitting nitrate, salinity, minimum temperature, cloud cover, and negative responses while fitting maximum temperature and ice thickness (Hofner et al., 2011; Assis et al., 2017; Gouvêa et al., 2020).

Distribution maps were developed by ensembling (mean function; Araújo and New, 2007) the outputs of both BRT and AdaBoost models using the optimal parameters. Maps were then reclassified to binomial responses - reflecting presence and absences – using a threshold maximizing the sum of specificity (true negative rate) and sensitivity (Jiménez-Valverde and Lobo, 2007; Assis et al., 2017). Range shifts were estimated, based on the change in potential distribution area of the intertidal and subtidal vegetation by comparing the past (period 1940–1950) and present (period 2000–2017) potential distributions. Because we lack data on benthic substrate composition (i.e., discrimination between rocky and sedimentary coastlines), the distribution maps reflect suitable habitats based on climate- and seawater conditions alone, and may therefore overestimate potential distribution areas.




RESULTS


Changes in Benthic Vegetation in Alaska (United States)

Arctic macroalgal habitats in Alaska have been studied for decades and three time-series exist between the cold temperate Aleutian Islands in the southern Bering Sea and the High Arctic Beaufort Sea (Figure 1). All time-series data relate to shallow subtidal eelgrass and macroalgal stands at depths less than 15 m (Table 1). Intertidal macroalgae are very abundant in the Aleutians, but the Beaufort Sea coast is devoid of intertidal algae because of ice scour. Overall, patterns in the abundance of subtidal marine vegetation are not correlated with regional climatic change with respect to temperature or ice extent, although there is some indication of northward migration of subarctic or boreal species.

A recent review of trends in kelp abundance include a long-term (>10 years) record of kelp abundance in the Aleutian Archipelago (Table 1, Site 1) that was included in Krumhansl et al.’s (2016) global change analysis of kelp abundance. The Aleutian Islands in Alaska have quantitative records of kelp abundance from the 1980s to 2016 and anecdotal records of high kelp abundance starting in the 1970s (Estes et al., 1998; Metzger et al., 2019). In this chain of islands, Adak Island has the most extensive and the longest time series of data (from 1987 to 2010) and shows a loss of kelp in the 1990s (Krumhansl et al., 2016; see Figures 1, 2). This was attributed to declining sea otter populations during this period, which triggered a dramatic increase in sea urchins that destructively grazed kelp forests creating barrens along the archipelago between the islands of Amchitka (179°E) and Adak (176°W) (Estes et al., 2004). Although sea otter abundances throughout the Aleutian Archipelago remain low and many kelp forests have not recovered, small patches of isolated kelp forests still persist over 800 km (from 173°E to 171°W) in shallow waters and on pinnacles around some of the islands (Konar et al., 2014). This suggests that top down control of sea urchins has been more important in driving kelp abundance compared to climate change.
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FIGURE 2. Time series of kelp density (Mean ± SD) in Aleutian Islands, Alaska: (A) Adak Island 1987–2009 (the most data-rich site, –176.6°W), (B) various sites in Aleutian Islands in 1994 and late 2000s. Data sourced from NCEAS dataset (Krumhansl et al., 2016).


Izembek Lagoon (Site 2) in the northeast Aleutian Islands, possess the largest eelgrass meadow along the Pacific Coast of North America, which covers about half the lagoon (15,000–16,000 ha) that has had stable area distribution over a 17-year study period from 1978 to 1995 (Ward et al., 1997). Trends from 2007 to 2018 are also reported as stable (Ward and Amundson, 2019) (Table 1 and Figure 1, Site 2). Overall, the lower Alaska Peninsula has 31,000 ha eelgrass (Hogrefe et al., 2014). Coastal Alaska represents both the northern- and western-most limits of Z. marina in the Northeast Pacific region and is also of phytogeographic interest because the meadows occur along the southern margin of what was once the Bering Land Bridge (Talbot et al., 2016). Increasing water temperature and decreased ice cover since 1943 (Petrich et al., 2014) suggest the potential for future expansion of the meadows.

Over 800 km north of the Bering Strait at the confluence of the northern Chukchi and western Beaufort Sea near Barrow (now Utqiaġvik, Alaska), qualitative beach collecting efforts between 1992 and 1997 documented live Saccharina latissima and Laminaria solidungula attached to mussels and cobbles after storm events (Feder et al., 2003). This occurred in an area where brown algae are not common although a kelp forest is well documented 60 km south of the area, in Peard Bay (Mohr et al., 1957). Feder et al. (2003) were not able to associate this change with warming and/or Arctic range extension, although genetic assessments of the mussels suggest they moved from the Bering Strait into the Chukchi Sea.

In the Beaufort Sea’s ‘Boulder Patch’ (Site 3), long-term records of kelp forest productivity exist for Laminaria solidungula at 10 sites during two periods: from 1976 to 1990 and from 1996 to 2015 (Bonsell and Dunton, 2018) (Figure 1 and Table 1, Site 3a). The ice-free season in this area increased by 17 days since 1979, leading the researchers to hypothesize that less sea ice would translate to more light reaching the seafloor and increased benthic macroalgal productivity. Yet, the time series data set shows there was no significant change in annual productivity over the entire 40-year time period. Bonsell and Dunton (2018) found no evidence that earlier ice break-up or a longer summer ice-free period resulted in an increase in kelp production. This lack of change was attributed to increased turbidity from winds and coastal run-off due to the extended period of open water and increased fetch from sea ice loss. Lower water clarity buffered any positive effects of reduced sea ice, greatly attenuating the amount of light reaching the seabed (Bonsell and Dunton, 2018). This data set is particularly comprehensive and is unique for the entire Arctic.

Wilce and Dunton (2014) described the benthic algal species composition of the Boulder Patch based on collections made between 1978 and 2012 (Figure 1 and Table 1, Site 3b). They state that, despite evident climate warming and sea ice loss, “by [2012], the impact of these changing physical environments on the composition of the Boulder Patch algal community had not yet become apparent.” Certainly, the relative isolation of the Boulder Patch from sources of immigrants from both the North Pacific (via the Chukchi Sea) and the North Atlantic (via the Canadian Archipelago) provides a long-term refugia for the established fauna and flora. Wilce and Dunton (2014) only reported four subarctic or boreal species that invaded the Boulder Patch community, two red algae and two green algae, but that no substantial change in the algal community had taken place.

Kelp abundance data from the Stefansson Boulder Patch (Krumhansl et al., 2016) includes a 5-year time series (2003–2007) of kelp biomass at multiple dive sites. Although this dataset does not meet the 10-year required time span, the documented average biomass level of 66.3 (±117 SD) g dw m–2 also showed no significant change over the 5-year period.



Changes in Benthic Vegetation in Arctic Canada

Macroalgae form dominant habitats along Canada’s extensive Arctic coastline and are found in areas that have experienced sea ice retreat of 2–15 km yr–1 and rapidly rising sea temperature (0.35°C ± 0.20 per decade) over the period 1986–2016 (Filbee-Dexter et al., 2019). Benthic marine algae of the Canadian Arctic have been studied intermittently since the early 19th century, yet early reports consisted mainly of little more than species lists (Lee, 1980) or single observation studies. Time series data allowing analysis of trends in distribution, community composition, and abundance are rare. One exception is a compilation of kelp data for northern Labrador and northern Quebec between 1978 and 2003, which show a distinct division between Arctic kelp communities and more temperate assemblages (Merzouk and Johnson, 2011). While there was no significant change over the period, the analysis was limited by relatively few data points distributed across multiple species, sites, depths, and regions (Merzouk and Johnson, 2011; Table 1 and Figure 1, Site 4). In general, marine Canadian Arctic ecologists are likely confronting the shifting baselines problem (Knowlton and Jackson, 2008), when the lack of baseline data sets prior to the onset of major environmental change renders change-detection difficult.

Further north in the Canadian Archipelago, algae diversity records from diving research at Cape Hatt, Baffin Island span 25 years (Cross et al., 1987; Küpper et al., 2016; Wilce, 2016). From 1981, 1982, 2004, and 2009, a total of 73 benthic algal species have been recorded. Of this total, 13 species were recorded in 1981/1982 that were not observed in 2004 and 2009, and 5 more species, including some of temperate origin, observed in 2009 were not found in 1982 (Table 1 and Figure 1, Site 5). Misidentifications and new techniques could potentially explain the different species lists between these periods, but the reduced diversity comes despite more advanced genomic techniques and assessment capability in 2009. In the same region in 2019, similar zonation patterns and communities of benthic algae were found compared to 1981 and 1982, although lack of historic biomass data for species prevents detection of changes in biomass and relative composition (K. Filbee-Dexter, personal observations and unpublished data). Interestingly there were no sea urchins recorded in 1982 at Cape Hatt and sea urchins were abundant in 2009 (Cross et al., 1987; Küpper et al., 2016), and 2019 (Filbee-Dexter et al., unpublished data), which could suggest increased abundances of these species.

Recent surveys from across 2500 km of the eastern Canadian Arctic show that the current macroalgal biomass and species composition are strongly related to sea ice cover, with larger macroalgal biomass and taller forests of Laminariales occurring in areas with longer open water periods (K. Filbee-Dexter et al., unpublished). This suggests loss of sea ice in the future could lead to increased benthic vegetation.

Eelgrass beds (Zostera marina) are not well documented in the Canadian Arctic, however, eelgrass is known to occur sporadically around the coast of Hudson Bay (Curtis, 1975). In James Bay, dense and extensive eelgrass beds have been documented since the 1970s (Curtis, 1975). During a 5-year survey of eelgrass (1986–1991) along the coast of James Bay in the Grande river area, Lalumière et al. (1994) observed large variations, both in density and biomass of eelgrass, with depth, season, and from year to year. Natural variability in climatic conditions appear to be responsible for these variations. However, from 1975 and 2013 there was a 75% loss of eelgrass along the east James Bay coast (Cree Traditional Knowledge, Consortium Genivar-Waska, 2017; Figure 1, Site 6). This decline was first reported by the Cree Nation from their observations while hunting and fishing. Since 1996, there has been less eelgrass habitat in James Bay, and the eelgrass health has declined (Lalumière and Lemieux, 2002). In 1998, a sudden, large-scale decline of eelgrass occurred along the entire east coast of James Bay and Hudson Bay. The decline was thought to be caused by a microorganism bloom stimulated by abnormally high spring temperatures, changes on the coast due to isostatic rebound, and other changes related to global warming (Lalumière and Lemieux, 2002). Furthermore, an altered growth and survival rate due to a decrease in salinity of James Bay waters was observed as a result of more frequent and larger freshwater discharges from the La Grande River (Short, 2008). Eelgrass in some places are sparse, but in other areas it has disappeared altogether. Some eelgrass remains healthy, but much of the eelgrass habitat in James Bay is impacted to some degree by low salinity waters, overgrowth of seaweeds, epiphytes, and by reduced water clarity (Short, 2019).



Changes in Benthic Vegetation in Greenland

Investigations of the diversity of intertidal and nearshore macroalgal communities in Greenland are sparse and sporadic since observations began in the late 19th Century (Rosenvinge, 1893, 1898). Nevertheless, the studies document that macroalgae occur from the southern tip at 60°N to 82 °N (Supplementary Table S1), and that kelps tend to grow deeper and faster toward the south where the open water period is longest (Krause-Jensen et al., 2012).

Information on macroalgal biodiversity from the original surveys (Supplementary Table S1) are compiled in a series of reports (Wegeberg, 2011, 2012a,b, 2013) and in a book that also reports new records (Pedersen, 2011). On basis of the surveys, we assessed potential changes in distribution of species in W. and E. Greenland from the first half of the 20th century (incl. Lund, 1959a, b; Wilce, 1964) to recent, a time gap of >50 years. We also assessed changes at Cape Farewell, a potential port for introduction of new species at the southern tip of Greenland over a 40-year period based on Pedersen’s (1976) survey in 1970 and a comparable (involving the same principal taxonomist Dr. Poul Møller Pedersen), but less intense survey in 2011 (Supplementary Table S1). As very few focused and systematic floristic surveys have been performed along the coasts of Greenland, only very prominent changes in common and characteristic macroalgal species can be detected. In addition to the floristic surveys, we included available time series for other metrics, such as growth parameters included in the Greenland Ecosystem Monitoring program (GEM, see footnote 1), which covers three regions (Nuuk in SW, Disko Bay in mid-W, Young Sound in NE).


Greenland’s West Coast

For Greenland’s west coast, the floristic investigation in North Star Bay (78°N) in 2011 (designed to assess potential impacts from the Thule Airbase; Wegeberg, 2011) reported a suite of species (23) that had not been reported at such high latitudes in the past (Andersen et al., 2005; Table 1 and Figure 1, Site 7). This may not necessarily reflect change, as the area had not been thoroughly investigated before the 2011-survey (Andersen et al., 2005). This first High Arctic survey documented Fucus vesiculosus among the 23 species which also included mostly filamentous species of Rhodophyta and Phaeophyceae. Since a conspicuous species as Fucus vesiculosus is expected to have been detected in less thorough earlier surveys, but was not, we propose that the finding of F. vesiculosus at North Star Bay in 2011 likely represents an expansion of the northern distribution from 73°N to 76°N since 1970, within 40 years (Pedersen, 1976; Wegeberg, 2011). This represents a northern migration rate of about 83 km per decade. Wilce (1964) did also not observe F. vesiculosus in the macroalgal communities at Qaanaaq (78°N), but reported a northern distribution limit for this species at 71°N. Fucus vesiculosus grows in the upper intertidal zone in Greenland (Høgslund et al., 2014; Thyrring et al., 2020) and, hence, is likely sensitive to changes in ambient environment, including ice scouring (Thyrring et al., 2020).

The intertidal habitat-forming macroalga Ascophyllum nodosum develops a biomass up to >30 kg m–2 near Nuuk (Ørberg et al., 2018), and has a reported northern distribution limit in the Disko Bay at about 69°N (Pedersen, 2011). The growth rate of this species has been quantified at several sites along Greenland’s west coast from Nuuk to the Disko Bay, and has been monitored annually at Nuuk and Disko Bay as part of the GEM program. Ascophyllum nodosum growth shows a positive trend in growth rate at Kronprinsens Ejland, Disko Bay, over the period 1957–2012 (Table 1 and Figure 1, Site 8, Figure 3), whereas time series from a site nearby (Qeqertarsuaq, Figure 1, Site 9), and a site further south along the west coast (Kobbefjord, Nuuk; Figure 1, Site 10) do not exhibit significant trends. Although growth rates oscillate, they tend to be higher in warmer years and warmer regions (Marbà et al., 2017).
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FIGURE 3. Time series of Ascophyllum nodosum tip growth at Kronprinsens Ejland, Disko Bay, Greenland (69°N). Circles represent growth observations and solid lines 3-year running means. Data from 1957–1958 and 1984–1985 are shown with open circles while more recent data are shown with filled circles. Adapted from Marbà et al. (2017) (http://creativecommons.org/licenses/by/4.0/).


Eelgrass, Zostera marina, also occurs in Greenland and has been studied on the west coast near Nuuk where it occurs in inner protected branches of the Nuup Kangerlua fjord system (64°N) with the first reported occurrence in 1830 (Olesen et al., 2015). Dating of sediments in Z. marina meadows along with analyses of the origin of organic matter in these sediments suggest that eelgrass has been expanding in these locations over the past century (Marbà et al., 2018; Table 1 and Figure 1, Sites 11, 12). Further expansion of eelgrass in the region is expected with increasing temperature as leaf formation rates are fastest in the warmest fjord branches (Olesen et al., 2015) and sexual reproduction also appears to be most successful in the warmer years, since the sites where eelgrass occurs are located near the thermal limit for eelgrass reproduction (Olesen et al., 2015; Blok et al., 2018).



South Greenland

In the Cape Farewell area in South Greenland, Pedersen (1976) registered 104 species in 1970 (entities currently accepted taxonomically in algaebase, Guiry and Guiry, 2020, assessed 7 February 2020), while 70 species (about two thirds) were observed in 2011 (Wegeberg, 2012a) (Supplementary Table S2). However, all of the conspicuous, habitat-forming species, such as fucoid and kelp species, that were recorded in 1970 were re-registered in 2011. Likewise, although ten species from the 2011-survey were not recorded in 1970, these were all relatively inconspicuous types (Supplementary Table S2). The species sampled in both 1970 and 2011 were identified by Dr. Poul Møller Pedersen with high taxonomic precision, so differences in identification are unlikely to have caused the differences in species number. It is more likely that the intensity and scope of sampling explains the differences in species number. For example, the relatively low number of species re-registered within Chlorophyta (Supplementary Table S2) is mainly due to lack of registration in 2011 of endophytes within this group, which were included in the 1970 survey. On this basis, we cannot verify changes in species composition within the 40-year gap between the two collections (Table 1 and Figure 1, Site 13).



East Greenland

Along Greenland’s East coast, no prominent changes in macroalgal species distribution were identified. Species observed by underwater video camera in 2016–2017 (S. Wegeberg and O. Geertz-Hansen, unpublished data), such as the kelp species Agarum clathratum, Alaria esculenta, Laminaria solidungula, and Saccharina spp., as well as the red algal species Coccotylus truncatus and Turnerella pennyi, reach the same northward distribution as described in the past, based on numerous but local and sporadic samples (Rosenvinge, 1898, 1910, 1933; Jónsson, 1904; Lund, 1959b; Table 1 and Figure 1, Site 14). While the generally northward currents on the west coast of Greenland (Buch, 2000) likely support fast northward migration rates, the overall southward currents in NE Greenland may, on the contrary, limit northward migration. In the recent floristic baseline study at Mestersvig, E. Greenland (72°N), Platysiphon verticillatus was registered (Birklund et al., 2006; Wegeberg, 2012b). This species, likely a component of High-Arctic biodiversity, has not been observed in Greenland since it was erected by Wilce (1962) on material from Qaanaaq (78°N) on the west coast. It is possible that (Lund (1959a, b), working on material from the same east coast area, Ella Ø, may have identified this species, found epiphytically on Fucus, as Punctaria plantaginea. Platysiphon verticillatus and P. plantaginea differ only in that the former has a long attenuated tip, therefore making it impossible to discriminate these two if the tip had been lost (both are found epiphytic on Fucus; Lund, 1959a, b; Birklund et al., 2006). Hence, we cannot conclude, on the basis of this evidence that P. verticillatus has expanded its distribution.

In Young Sound, NE Greenland, 74°N, the annual growth of Saccharina latissima has been estimated since 2003 as part of the GEM program. About 20 specimens are collected in early August every year at 10 m depth and the length of the new blade is measured as a proxy for annual growth (Borum et al., 2002; Krause-Jensen et al., 2012). Sea ice conditions in the fjord have been monitored for more than 70 years (Figure 4A), and show a significant increase in the duration of the ice-free season at a rate of 0.38 ± 0.082 (SE) days per year (p < 0.05, R2 = 0.26). This suggests an overall increase in light availability for kelp growth but with considerable interannual oscillations. The time series of annual kelp growth shows marked interannual variation over the period 2003–2019, which may mask the increase expected from increased light availability (Table 1 and Figure 1, Site 15; Figure 4B). However, considering that kelp is able to store and transfer energy between years so that annual blade growth is determined by the light climate (as estimated by ice-free duration) of the year of collection and the previous year, we find a significant relationship between the total ice-free days in the year of collection and the previous year and annual leaf growth (p < 0.05, R2 = 0.38, Figure 4C), confirming the relationship established earlier based on data from 2003 to 2011 (Krause-Jensen et al., 2012).
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FIGURE 4. Time series of kelp growth in relation to climate change in Young Sound, NE Greenland 74°N. (A) Changes in the duration of the ice free season in outer Young Sound over the period 1950–2019. (B) Average leaf length growth (±95% CI) of Saccharina latissima at 10 m depth in Young Sound over the period 2003–2019. (C) Relationship between leaf growth and ice-free season of the year of growth and the previous year. Data from the Greenland Ecosystem Monitoring Program “MarinBasis Zackenberg.”





Changes in Benthic Vegetation in Iceland

The intertidal areas of Iceland have an estimated cover of 1.008 km2, including skerries, island and beach ridges (Ottósson et al., 2016). Shores in Iceland range from very sheltered to heavily exposed. Apart from the southern coastline, the majority of shores are in bays and fjords and have little to moderate exposure. Sheltered innermost parts of fjords and lagoons frequently freeze over during the winter months but coastal drift-ice has become rare during the last decades in Iceland (Ogilvie and Jónsson, 2001; Simmonds, 2015), though Arctic sea ice occasionally drifts up to the northern and eastern shores.

Rocky shores with dominant macroalgae cover 28% (280 km2) of the coast (Ottósson et al., 2016). Macrovegetation on littoral sediments include eelgrass beds, which cover roughly 1% (11 km2) of the coast and are dominated by a narrow-leaved form of Zostera marina (Ottósson et al., 2016). Other, less dominant habitat types also exist on some coastal stretches. The algal vegetation on Icelandic shores has been relatively well known from the beginning of the 20th century (Jónsson, 1912), although trends in biomass or species composition changes for macroalgae have not been assessed for Iceland except for Surtsey (Table 1 and Figure 1, Site 16). There, macroalgae succession has been documented since the island, of volcanic origin, rose from the sea in late 1963. Existing data is relatively scattered in both space and time and much of it comes from surveys done in relation with human disturbances and environmental assessments at specific sites not involving trend surveys. These studies as well as other broad scale studies nevertheless establish a good baseline information (Supplementary Table S3) serving as a foundation for future studies on trends and patterns of macroalgae in Iceland.

It is very likely that Fucus serratus was introduced to Icelandic waters by man. The first record of an occurrence of F. serratus dates back to 1903 when the species was described in two locations in Iceland; Vestmanneyjar (63.4065, −20.2735) and Hafnarfjörður (64.0522, −22.0105) (Jónsson, 1903). In 1998 the species was found in Hvalfjörður (64.3775, −21.7331) (Thorarinsdottir et al., 2014), and confirmed in 2014 (IINH database, unpublished data) (Table 1 and Figure 1, Site 17), implying a relatively slow migration rate of just over 4 km per decade. Fucus serratus has extended its range in recent decades and can now be found on most of the western and northern shores of Reykjanes Peninsula as well as being prominent in Hvalfjörður (Ottósson et al., 2016). Whereas the range expansion of F. serratus may reflect its non-native origin, ocean warming may have facilitated its northward expansion.



Changes in Benthic Vegetation in Svalbard Fjords

The Svalbard archipelago is located at the interface of High-Arctic and boreal climate regimes (Svendsen et al., 2002; Hop and Wiencke, 2019) (Figure 1) (Supplementary Information III). Particularly, the west coast of Spitsbergen (the largest island of the Svalbard archipelago) receives considerable amounts of relatively warm Atlantic water via the West Spitsbergen Current while the eastern and southern part are under the influence of the cold Spitsbergen Polar current (Tverberg et al., 2019). West Spitsbergen is strongly impacted by environmental change. Since the year 2000, the average annual air temperature at Ny-Ålesund, Kongsfjorden, West Spitsbergen, has increased by 0.16°C per year, with most pronounced increases (0.32°C per year) during winter, and more moderate increases (0.06°C per year) during summer (Maturilli et al., 2019). All western fjords of Spitsbergen experienced a synoptic temperature increase in 1983–2009 (Tislenko and Ivanov, 2015). Based on these warmer temperatures, neither Kongsfjorden nor Isfjorden are representative High Arctic fjord systems, but rather harbingers of change for the future of Arctic fjord systems (Bischof et al., 2019).

Although the phytobenthic macroalgal community of Svalbard has been thoroughly studied since the 1870s (Kjellman, 1883a), and comprehensive species lists are available (e.g., Vinogradova, 1995a, b; Hansen and Jenneborg, 1996; Fredriksen et al., 2019), a strong spatial bias exists toward specific fjord systems. Up to now, a total of 197 species of macroalgae with 51 Chlorophyta, 76 Phaeophyceae and 70 Rhodophyta have been recorded for Svalbard. However, there is demand for taxonomic revisions and in depth-analysis of cryptic diversity in a series of macroalgal genera that may substantially change our perception of Arctic biodiversity and functionality, not only for Svalbard (Fredriksen et al., 2014, 2019). For Spitsbergen and other Arctic sites, the kelp Hedophyllum nigripes, described as Laminaria nigripes by Agardh (1868), has been confused with L. digitata for quite some time due to similar external morphology but their temperature demands are substantially different (Dankworth et al., 2020; K. Franke and I. Bartsch, unpublished data).

Data facilitating insights into emerging change have only recently become available for several western Spitsbergen fjord systems. Currently, there are only four studies that re-investigated sites with comparable methods that had been sampled 10 or more years before. The studies represent Hornsund and South Kapp area in southern Spitsbergen (Weslawski et al., 2010; Table 1 and Figure 1, Site 18, 19) as well as outer Isfjorden (Fredriksen and Kile, 2012; Table 1 and Figure 1, Site 20) and Kongsfjorden (Fredriksen et al., 2014; Bartsch et al., 2016; Table 1 and Figure 1, Site 21, 22) in West Spitsbergen. In addition, there is one photographic time series initiated in the 1980s that nearly annually documents the succession of hard-bottom communities including macroalgae in several fjords (Beuchel et al., 2006; Beuchel and Gulliksen, 2008; Kortsch et al., 2012; Table 1 and Figure 1, Site 23).

In Hornsund and the adjacent Sorkappland coast (76–77° N) intertidal macrozoobenthos and phytobenthos were quantitatively and destructively sampled in 1988 and the same stations were revisited with the same method 20 years later in 2007/2008 (Weslawski et al., 2010). The number of all intertidal species doubled, but the increase was even more pronounced for macroalgae. While there were only two species present in 1988 (Fucus and Pilayella), 12 more species were present in the later period, mostly comprising annual forms. This change was also reflected in a threefold increase in macroalgal biomass and a considerable increase in macroalgal percentage cover in 11 out of 12 stations. In addition, the length of Fucus fronds increased (though not significantly), and macrophytes advanced into the colder inner fjord parts and there was an upward shift of macroalgal species. Overall, the intertidal biocoenosis changed considerably between both time periods and although in Hornsund and Sörkappland colder waters still prevail, the changes were connected to sea-ice retreat and increased turbidity from melting glaciers (Weslawski et al., 2010; Table 1 and Figure 1, Site 18, 19).

At the same time, in 2007, Fredriksen and Kile re-investigated two different sites in the outer part of Isfjorden (Kap Linné and Ymerbukta) (Fredriksen and Kile, 2012) that had formerly been visited by Svendsen in 1954 and 1955 (Svendsen, 1957). While there were 39 intertidal macroalgal taxa recorded in 2007, there were 25 in the 1950s. Similarly, in the sublittoral, the new investigation recorded 81 taxa, while Svendsen had only found 50 taxa. In total, 24 more species were recorded in 2007 relative to the 1950s, but care has to be taken in interpreting these data as the increase may reflect a difference in precision, identification skills, sampling effort or focus between studies (Fredriksen and Kile, 2012; Table 1 and Figure 1, Site 20). Nevertheless, the study adds to an emerging picture of increased intertidal species richness accompanying the observed warming trend in western Spitsbergen.

Based on non-destructive photographic surveying at permanent monitoring stations at 15 m water depth, Kortsch et al. (2012) analyzed time-series of zoobenthos and macroalgal cover in Kongsfjorden and the more northern Smeerenburgfjorden. There were abrupt community shifts in Kongsfjorden in 1995 when the previously sparse filamentous brown algal cover suddenly increased to 80% and then fluctuated around 40%. A similar but less pronounced increase in macroalgal cover occurred in Smeerenburgfjorden 5 years later, in 2000 (Kortsch et al., 2012 summarized in Fredriksen et al., 2019). Sites that were dominated by calcareous red-algae showed substantial increase in cover by erect red and brown macroalgae (Phycodrys rubens, Desmarestia sp., Saccorhiza dermatodea) (Table 1 and Figure 1, Site 23). Kortsch et al. (2012) attributed the observed change to increasing seawater temperatures, and increased light availability resulting from reduced sea-ice cover.

An in-depth analysis of biomass and species composition changes at high spatial and taxonomic resolution can only be achieved by the labor-intensive analysis of dive surveys including destructive sampling. Such data are extremely scarce in general and on Svalbard only one site in Kongsfjorden (Hansneset, 78° 58.101′N, 11°57.793′E; Figure 1 Site 21) has been re-sampled 2012–2014 (Bartsch et al., 2016; Figure 5) to allow comparison with data from 1996/1998 (Hop et al., 2012). Although only two time-points are available for this specific site, these two studies represent the only detailed comparison of sublittoral depth-related macroalgal species composition and biomass over timescales of more than a decade. Contrasting to the benthic community composition in the early study, the more recent survey revealed a substantial increase in seaweed biomass, which was mostly driven by the kelp Laminaria digitata (Bartsch et al., 2016; Table 1 and Figure 1, Site 21). This increase in biomass was most prominent in shallow waters, where kelp biomass was 8.2-fold higher in the later study. Interestingly, for most of the big brown algae studied (Laminariales, Desmarestiales, Tilopteridales) the lower distribution limit has shifted upward, indicative for a degradation of light climate related to increased terrestrial run-off, resulting in high water turbidity in fjord systems with limited water exchange (Pavlov et al., 2019).
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FIGURE 5. Comparison of fresh weight (FW) m–2 of biomass-dominant seaweed species or groups along the depth gradient at Hansneset, Kongsfjorden (Svalbard), between 1996/1998 and 2012/2013. Green symbols and lines: 2012/2013 data. Orange symbols and dotted lines: 1996/1998 data. Regression curves are cubic-fit splines visualizing the general trend in biomass distribution. 2012/2013: 0 and 15 m (n = 3), 2.5, 5, and 10 m (n = 6); 1996/1998: 0 m (n = 2), 2.5 m (n = 4; original 1.5 and 2.5 m data combined), 5, 10, and 15 m (n = 3). Only genus names are provided. Desmarestia refers to D. aculeata. Euthora is synonymous to Callophyllis in Hop et al. (2012). Adapted from Bartsch et al. (2016) with permission.


Increased import of terrestrial sediments as a consequence of runoff under pronounced snow melting and precipitation is also reflected by a change in the invertebrate community composition associated with the kelp forest at the same site and study period. There was a significant increase in the abundance and diversification of filter feeders, deposition feeders, and an increase in omnivorous species (Paar et al., 2016, 2019a,b). Ecological network analysis of this kelp ecosystem at 2.5 and 5 m water depths from both time periods investigated parallel pathways, and the number of direct and indirect interactions suggest that the kelp belt ecosystem became more mature in 2012–2014 compared to 1996/1998 (Paar et al., 2019b). These authors also suggest that herbivory might become more pronounced in a warming Arctic. As abundance, depth distribution, and biodiversity of kelp forest systems are highly variable in space and time (Hurd et al., 2014), two-point comparisons have to be judged with care. In addition, in fjord systems with their pronounced abiotic gradient, benthic communities and dominance pattern change along the fjord axis, which is also the case for the macrophytobenthos of Kongsfjorden (Hop et al., 2016; Kruss et al., 2017).

Parallel to the increase in biomass reported by Bartsch et al. (2016), an increase in intertidal and shallow subtidal macroalgal species richness was reported for Hansneset (Fredriksen et al., 2014) when comparing data from 2012/2013 with those of Hop et al. (2012) from 1996/1998 (Table 1 and Figure 1, Site 21). In total, 42 macroalgal species were common for both periods. Fourteen of 58 species from 2012/2013 had not been recorded in 1996/1998 and 17 species from 1996/1998 were not recorded in 2012/2013. The most striking differences between both periods were the number of species from the intertidal and shallow subtidal zone that more than doubled in the later period (45 compared to 20 species). Although authors are aware of the difficulties inherent in qualitative species comparisons, they suggest that the increase might be due to the decrease in sea-ice formation and ice-scouring since 2006 at the site (Pavlova et al., 2019) and corroborate the intermediate disturbance hypothesis of Fox (1979).

In addition to the increased species richness in the intertidal and shallow subtidal, the overall functionality at Hansneset changed as evidenced by the significant decrease of the biomass of annual macroalgal species, the shifts in community structure, and food web functionality (Bartsch et al., 2016; Paar et al., 2016, 2019a,b). As the phytoplankton spring bloom is utilizing all available nutrients leading to near zero nitrate values (Piquet et al., 2014; Hegseth et al., 2019), later onset of spring blooms may result in elongated availability of macronutrients for macroalgal spring growth, potentially enhancing benthic primary productivity, although this has not been tested.



Changes in Benthic Vegetation Along Norway’s Main Coast and Associated Archipelagos

In the 1970–1980s, 1300 km of coastline in mid and northern Norway were overgrazed by sea urchins, which removed most vegetation (∼2000 km2 of kelp forest loss, Norderhaug and Christie, 2009). Recent studies covering more than 1,500−km coastline in northern Norway (65–70°N) document that large areas of sea urchin barrens have shifted back to kelp forests, in parallel with increases in sea temperature and predator abundances (Norderhaug and Christie, 2009; Christie et al., 2019; Table 1 and Figure 1, Site 24). In the northernmost and coldest region (around 70°N), kelp forests are recovering from open bedrock due to increased predation on sea urchins from the invasive “red king crab” (Paralithodes camtschaticus), which is shifting its range from Russia into Norway (Christie et al., 2019). These crabs move up from deep regions and remove sea urchins from exposed barrens. In areas beyond the range of king crabs (65–69°N) kelp forest recovery is generally slow (Table 1 and Figure 1, Site 25).

Further south, in mid Norway, the border between kelp forest-dominated areas and sea urchin barrens has moved 300 km north in the last four decades, from 63°20 N in 1980 to 65°30 N in 2007 (Norderhaug and Christie, 2009; Table 1 and Figure 1, Site 26). Warming temperature in this area is considered a key factor driving kelp recovery by limiting sea urchin settlement, recruitment (Fagerli et al., 2013), and driving increases in another predator, the “edible crab” (Cancer pagurus) (Norderhaug and Christie, 2009; Christie et al., 2019). Kelp forests (Laminaria hyperborea) in this entire region show clear differences in age, size, and growth along this environmental gradient, with tall forests of faster growing individuals in warmer mid-Norway transitioning to less tall forests of older, slower growing individuals toward the north (Rinde and Sjøtun, 2005; Pessarrodona et al., 2018). This suggests kelp forests in northern Norway, just above the Arctic circle, could become more extensive and larger with climate change.

Time series on Ascophyllum nodosum growth from Lofoten, Norway (69°N) show increasing trends over the period 1997–2010, while a shorter time series from Tromsø (that does not meet the 10-year timespan requirement) does not show any change (Marbà et al., 2017; Table 1 and Figure 1, Site 27).



Changes in Benthic Vegetation in Arctic Russia

The Russian Arctic coast can be subdivided into several regions significantly differing in environmental conditions and macrophyte floras and communities (for complete review, see Supplementary Information IV). These include (1) the southern Barents Sea; (2) the White Sea; (3) the Siberian continental coast (Kara and Laptev Seas eastward to West Chukotka); (4) high-latitude Arctic archipelagoes (Franz Josef Land, Novaya Zemlya, archipelagoes of small islands of the south-eastern Kara Sea, Severnaya Zemlya and New Siberian Islands); (5) the continental coast of Chukotka in the East Siberian and the Chukchi Seas (from Chaun Bay to Dezhnev Cape, including the Wrangel Island); (6) the Chukotka coast of the Bering Strait and the northwestern Bering Sea. Repeated observations on kelp and/or eelgrass communities are available for some of these areas as listed below.


The Southern Barents Sea

The southern Barents Sea can be further subdivided into the western and the eastern parts. The western part includes the shore eastward of the Russian – Norwegian border in the Varanger-fjord, Kola Peninsula. The eastern part includes the Chioshskaya Bay, and the continental coast and islands of the Pechora Sea. Only for the western part are multi-year observations on marine vegetation available, as summarized below. Climatic changes along the ice-free inshore waters of the generally rocky Murmansk coast mainly include increased water temperature in the last decades (Supplementary Information IV). The macroalgal flora and communities are generally similar to the northeast Atlantic ones, with some decrease of species richness. Kelp communities are dominated by Laminaria digitata, Saccharina latissima, and Alaria esculenta (Supplementary Information IV).

The Kola Bay (Table 1 and Figure 1, Site 28), the longest fjord-like bay of the Kola Peninsula, is housing the city of Murmansk (about 290,000 inhabitants in 2020) with a big harbor and several other harbors and terminals. It is considered as one of the most anthropogenically impacted areas north of the Polar Circle (Matishov, 2009). For this area, generally comparable data on the composition and spatial structure of macroalgal communities are available for 1909–1910 (Zinova, 1912, 1914), 1999 (Zavalko and Shoshina, 2008), and 2009 (Malavenda and Malavenda, 2012). In 2009, species richness of all groups of macroalgae in the southern and the middle part of the Kola Bay was lower than in 1909 but higher than in 1999. This decrease in comparison to 1909 affected all major biogeographic groups of species. The percentage of species with broad (including temperate and tropical areas) distribution was always low and did not show any trend of changes. Significant differences were reported for the spatial structure of macroalgal communities, i.e., the lower boundary of the belt of abundant vegetation had shifted to shallow waters. In particular, kelp communities extended to 10–12 m in 1909 while in 2009 the deepest kelps occurred at 4–5 m depth. These changes have been attributed to anthropogenic impact rather than to climate change (pollution, eutrophication and increasing turbidity of water), with some improvement in 2009 compared to 1999 (Malavenda and Malavenda, 2012).

Outside the Kola Bay there are few case studies of kelp communities in different periods. A particular inlet with observations in the early 1960s and the early 2010s is Guba Ivanovskaya (also known as Ivanovka) (Table 1 and Figure 1, Site 29), which is a fjordic lagoon on the north-eastern coast of Kola Peninsula (Blinova, 1964; Malavenda and Metelsky, 2013). It consists of three basins separated by shallow sills and narrow straits, and supports diverse macroalgal communities with a significant share of boreal species and four major algal associations in the mouth of the inlet and one in the inner lagoon. The survey in 2011 indicated no significant changes in species composition and distribution of algal associations (Malavenda and Metelsky, 2013).

The other repeatedly studied site is the small semi-enclosed fjord Guba Zelenaya (middle part of the Kola Peninsula Coast; Table 1 and Figure 1, Site 30). There, environmental conditions and benthic communities have been investigated in 1973 (Propp et al., 1975; Pogrebov et al., 1975) and again in 2015 (Deart et al., 2017). The seasonal water column stratification pattern remained unchanged but in 2015 summer temperatures were 0.2–0.5°C higher in the middle layers and 1–2°C higher in the upper layer (Deart et al., 2017). In 1973, the characteristic “urchin barren” with the kelp community developed only to about 3 m depth, while deeper communities were partly degraded and replaced by calcareous algae and an abundant sea urchin (Strongylocentrotus droebachiensis) population. In contrast, the kelp community in 2015 was more typical to other inlets of the coast. The zone of sea urchin abundance became restricted to a narrow range of the upper depths in the Alaria belt. The observed situation was interpreted as kelp community restoration from the barren state, facilitated by predation pressure of the introduced red king crab (Paralithodes camtschaticus) on sea urchins (Deart et al., 2017), similar to that observed in Northern Norway (Christie et al., 2019; see above).

Eelgrass (Zostera marina) meadows are very fragmentarily distributed along the coast of Varangerfjord and the Barents coast of Kola Peninsula. Limited observations indicate the persistence of one eelgrass patch in the inner lagoon of Guba Ivanovskaya from the 1960s to 2000s (Blinova, 1964; Simakova et al., 2016; see Supplementary Information IV).

The coasts of the Varangerfjord and the Kola Peninsula are likely directly affected by warming and some boreal species extended their range, such as the boreal kelp Laminaria hyperborea and the green alga Ulva lactuca. The first species, which was not recorded at the Kola Peninsula coast to the east of Varanger-fjord in the 1960s, became a common and association-forming species on the Kola coast in the 1990-2010s (Schoschina, 1997; Mikhaylova, 2010, 2012). The second species, common in Norway, sporadically occurred on the Kola Peninsula coast during the warm period in the 1930s, was not recorded in 1985 – early 1990s, but regularly observed between 2009 and 2017 (Malavenda et al., 2018; Table 1 and Figure 1, Site 31). However, the impact of climatic change on macroalgal communities is difficult to reveal due to limited long-term observations and several other important factors that can overshadow this influence, including anthropogenic changes in the harbor areas and the impact of sea urchins and their predators (such as the red king crab).



White Sea

The macroalgal vegetation of the semi-landlocked and seasonally ice covered White Sea are in many respects similar to the southern Barents Sea. Due to the isolation from the direct input of the Atlantic water, the regime of the White Sea is largely determined by regional scale processes. The effects of changing climate in the last decades is mostly attributed to variation in timing of winter sea ice cover and somewhat earlier spring warming of the inshore waters (Supplementary Information IV).

Most studies of kelp communities in the White Sea in the past were associated with their commercial exploitation since the early 20th century (Pronina, 2011; Table 1 and Figure 1, Site 32). Estimates of harvestable biomass are available for the entire White Sea or its subdivisions and show some decline from the 1940s to 1990s (Gemp, 1962; Blinova, 2007; Shoshina, 2012). In the last decades of the 20th century, the percentage of kelp communities with highest projective cover also decreased (Pronina and Repina, 2005; Pronina, 2011). This decline can be partly attributed to unsustainable methods of harvesting, that employed mechanical dredges until the 1980s (Pronina, 2011; Shoshina, 2012). However, the methodology of harvestable biomass assessment changed through time. By the 2000s, seaweed harvesting also decreased due to economic reasons while several regulation measures were introduced to achieve sustainability (Pronina, 2011).

Besides rough biomass estimates for applied purposes, there are few quantitative data on the inter-annual changes in the kelp communities of the White Sea. Mikhaylova (2000) presented a short-term (1994–1998, unfortunately interrupted since that time) monitoring series for the kelp community in Solovki Archipelago (Laminaria digitata and Saccharina latissima with red algae subdominants) that included detailed recording of a number of community characteristics. Most of them showed little variation that indicated this community to be in a close-to-climax state by the turn of the century.

Eelgrass (Zostera marina) is fairly common in the White Sea and performs a number of ecosystem functions. It underwent a drastic decline over the entire region (Table 1 and Figure 1, Site 33) in 1961 (Vekhov, 1992; Bukina et al., 2010; Maximova, 2017a) with some clear ecosystem consequences, such as drastic decline of fish populations [e.g., herring (Clupea harengus), three-spined stickleback (Gasterosteus aculeatus)] that use eelgrass meadows as a spawning habitat (Berger, 2001; Yershov and Sukhotin, 2015). It is likely that these eelgrass meadows suffered from the so-called “wasting disease” caused by the protist Labyrinthula macrocystis; this organism is present nowadays in healthy eelgrass populations (Maximova, 2017a). Although a site-by-site comparison with the pre-decline level is largely missing, several inlets and bays of the Karelian Coast known for an extensive eelgrass coverage have been observed to house significant meadows in the early 2010s (Bukina et al., 2010; Simakova et al., 2016; Maximova, 2017a; Table 1 and Figure 1, Site 34). However, in the fjordic lagoon Babie More, known for particularly extensive eelgrass meadows until 1961 (Vekhov, 1992), the meadows have practically not recovered, and in the early 2010s declined further compared with the 1998–1999 surveys (Simakova, 2016). As a semi-isolated waterbody, Babie More may be particularly susceptible to incrasing air temperatures although no relevant series of surface water temperature and salinity exists.

The time series of intertidal coverage of eelgrass at Ryazhkov I. (northern Kandalkasha Bay, Kandalaksha State Nature reserve) extends from 1973 up to present although published data are limited by the year 2009 (Shklyarevich, 2014; Table 1 and Figure 1, Site 35). A general positive trend of increasing eelgrass coverage reached its maximum by the early 2000s and the coverage has appeared to fluctuate thereafter.

More regular seasonal monitoring series of intertidal communities with a significant contribution of eelgrass exists for two small inlets near the Cape Kartesh Marine Biological Station (south-eastern Kandalaksha Bay) since 1987 (Naumov, 2013; Savchenko and Naumov, 2020; Table 1 and Figure 1, Site 36). The eelgrass shows a trend toward increasing biomass in the lower intertidal zone from the late 1980s to the 2000s. This trend is superimposed by 4–5 years cycles, occasionally disturbed by irregular episodes of intensive ice gouging during the break of fast ice in spring. The pattern of cycles does not follow the multi-year dynamics of temperature and salinity and most probably reflects auto-oscillations although the general trend partly corresponds to the increase of average temperature (Savchenko and Naumov, 2020). However, the spring – early summer appears to be the most critical season for eelgrass populations in the White Sea and the risk of stimulation of “wasting disease” by some combination of climatic factors in that season remains (Maximova, 2017a).



High Arctic Archipelagoes


Novaya Zemlya

Novaya Zemlya Archipelago separates the Barents Sea and the Kara Sea. The environmental conditions and the macroalgal flora differ on both the Barents and the Kara sides and in the north and the south of the archipelago. The major climate change related impact on the marine vegetation may be related to the significant retreat of glaciers and changing timing of seasonal ice cover (Supplementary Information IV). Unfortunately, only historical descriptions of macroalgal associations of the west coast of the archipelago (Flerov, 1932; Sorokin and Peltikhina, 1991) and fragmentary recent observations from both coasts are available (see Supplementary Information IV).

The only site for which some material for studying the macroalgal species composition dynamic exists is Ledianaya Gavan Bay (the place of Willem Barents’s expedition wintering in 1596/1597) (Table 1 and Figure 1, Site 37). It was investigated three times: in the 1870s (Kjellman, 1883b), 1990s (Shtrik et al., 2000), and the 2000s (Shoshina and Anisimova, 2013). The united list includes 41 species. The dominant species of bottom vegetation did not change during the 125 years: kelp (Laminaria digitata, Saccharina latissima), Fucus distichus, and 9-11 species of Rhodophyta (Maximova, 2016; Supplementary Information IV).



Franz Josef Land

Franz Josef Land (FJL) with its 192 large and small islands (over 80% of land covered by glaciers) is the northernmost archipelago in the Eurasian sector of the Arctic. Manifestations of changing climate are expressed particularly as the shrinkage of sea ice cover in the coastal waters, the increase of glacial discharge, and decrease of the area of marine terminating glaciers (Supplementary Information IV).

Franz Josef Land hosts the most high-latitude known kelp communities, first recorded by Nansen (1897) in the northern part of the archipelago in the 1890s, which was a significantly colder period than today (Supplementary Information IV). Kelp communities occur across the archipelago; although they had not been recorded in the areas where permanent fast ice was present in 1970 (Golikov and Averintsev, 1977). No repetitive observations of these sites have been done in recent years when these inshore areas may become ice-free in summer. The only site with published repetitive observations is Tikhaya Bay at Hooker Island (Table 1 and Figure 1, Site 38) where macroalgal communities were first studied in 1991, showing extensive kelp communities (Averintsev, 1992; Averintseva, 1994). In 2013, no kelp community was found, possibly as a result of increased siltation due to intensification of glacier melting (Gagaev et al., 2019).




Bering Strait and the Northwestern Bering Sea

The northwestern Bering Sea as part of the Russian Arctic is considered here in the restricted sense to include the Bering Strait and the Anadyr Gulf. This region is characterized by a variety of shore types, coastal processes, and productive waters of the Anadyr Current. Seasonal ice cover has declined with a particularly strong negative trend in the early winter and spring (see Supplementary Information IV). In the Anadyr Liman (the external part of the Anadyr River estuary), the northernmost site on the Asian Arctic coast, intertidal eelgrass (Zostera marina) meadows were first discovered in 1971 and repeatedly recorded in 2011–2015 (Simakova et al., 2016; Table 1 and Figure 1, Site 39).

In summary, a variety of conditions along the Eurasian Arctic coastline suggest variable response of kelp and eelgrass communities to climate change (Table 1). These communities themselves are well understudied and there is an urgent need to revisit the historically surveyed sites in the Russian Arctic (Supplementary Information IV) to document the current situation, comparing it to the baseline information on habitats, species composition, vertical structure, and biomass of macroalgal assemblages.




Modeled Potential Past and Present Pan-Arctic Macroalgal Distribution Area

The marine forests dataset (Assis et al., 2020) retrieved 275,154 occurrence records for 31 intertidal species and 552,542 records for 233 subtidal species throughout the Arctic and temperate Northern Atlantic and Pacific realms. The spatial correlograms showed predictors positively autocorrelated at distances between 11 and 14 km, depending on the datasets (Supplementary Figure S4). These distances pruned records to a final database of 2085 records of intertidal species and 3731 records of subtidal species. The models using the optimal parameters identified in cross-validation showed good potential for temporal transferability (CV Sensitivities > 0.85; CV AUC > 0.8; Supplementary Table S4), and their combination in a unique ensemble largely matched the known distribution of Arctic intertidal and subtidal macroalgae (Assis et al., 2020) (Sensitivities > 0.85, AUC > 0.85; Supplementary Table S4 and Supplementary Figure S5).

The models included multiple environmental predictors. For both intertidal and subtidal species, maximum ocean temperature and sea ice cover had a prominent role in explaining distributions (relative contributions > 5%). The distribution of subtidal species was further largely explained by nutrients and salinity (salinity only identified as important by BRT algorithm). Substrate conditions were, however, not considered.

Within the geographic boundaries defined by the Arctic Council, models developed for present conditions (2000–2017) predicted 140,433 km2 and 514,679 km2 of suitable habitats for intertidal and subtidal species, respectively, i.e., a total potential distribution area of 655,111 km2 (Figure 6 and Tables 2, 3). This potential area in north appears to be underestimated. For example, we report time series of Saccharina latissima growth in Young Sound, NE Greenland at 74° N, which is approximately ∼4 degrees of latitude north of the modeled range limit. Extensive surveys in East Greenland also documented widespread occurrence of marine vegetation in fjord systems between 72 and 74°N in the 1931–1932 (Thorson, 1933), which is approximately 10° of latitude beyond the estimated 1940–1950 range in East Greenland. The model also does not predict the kelps in the Russian high Arctic Franz Josef Land, New Siberian Islands, and Wrangel I, documented in the 1970s before on onset rapid warming and ice loss. This underestimation likely reflects the limited macroalgal presence data from the High-Arctic for model input as well as failure to capture polynya areas. The models inferred a gain in suitable habitats between 1950 and present times of 10,468 km2 (8.1%) and 158,747 km2 (44.6%) for intertidal and subtidal species, respectively (Figure 6 and Tables 2, 3). Across Arctic sectors, Canada represents the largest potential macroalgal distribution area followed by Russia, Alaska, and Greenland, however, Svalbard shows the largest relative gain in potential distribution area and N. Norway and Iceland the smallest (Figure 6 and Tables 2, 3). Modeled polar migration rates average 23.1 km decade–1 for intertidal algae and slightly less, 18.3 km for subtidal algae; with the largest sector-specific rates modeled for intertidal algae in Russia and subtidal algae in Canada (Figure 6 and Tables 2, 3).
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FIGURE 6. Sea ice conditions and suitable habitat areas for intertidal and subtidal macroalgae predicted for the past (period 1940–1950) and the present (period 2000–2017) in terms of temperature, ice conditions nutrients and salinity, not substrate conditions. Black line depicts the geographic boundaries defined by the Arctic Council.



TABLE 2. Past (period 1940–1950) and present (period 2000–2017) potential pan-Arctic intertidal brown macroalgal distribution areas (km2), and associated area increase and polar migration rate of key habitat-forming macrovegetation, assessed based on niche modeling for the pan-Arctic region and by Arctic sector (based on the Arctic Council definition of the Arctic, Huntington, 2001).
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TABLE 3. Past (period 1940–1950) and present (period 2000–2017) potential pan-Arctic subtidal brown macroalgal distribution areas (km2), and associated area increase and polar migration rate of key habitat-forming macrovegetation, assessed based on niche modeling for the pan-Arctic region and by Arctic sector (based on the Arctic Council definition of the Arctic, Huntington, 2001).
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While the model does not address substrate conditions, information on the spatial occurrence of hard substrate allowed a coarse adjustment of the modeled macroalgal distribution to reflect areas that support epilithic communities. Lantuit et al. (2012) reported that 35% of Arctic coastlines facing the Arctic Ocean are lithified, but did not address the wider Arctic coastline. Young and Carilli (2019) provided a more complete global estimate of coastal cliffs (52% of coastlines), including estimates by country, which we therefore used, although cliffs are not equivalent to rocky shore. For most of our study area, national cliff estimates were available, and where lacking (Alaska, Iceland) we used the global average. On this basis, the substrate-adjusted modeled potential pan-Arctic distribution area of macroalgae represents about half of the overall modeled area (340,658–351,915 km2, Table 4).


TABLE 4. Information on substrate conditions for Arctic coastlines and potential distribution area adjusted by substrate conditions.
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DISCUSSION: PAN-ARCTIC PANORAMA

The Arctic permafrost coastline accounts for an estimated 34% of the global shoreline with 20% of the shelf area having shallow (<20 m) depth (Lantuit et al., 2012). This region represents an enormous potential habitat for marine macrophytes, although we recognize that substrate conditions, which are still not well described, affect habitat suitability. Our distribution model quantified the potential current suitable habitat at 655,111 km2 within the Arctic Council definition of the Arctic, based on sea ice, temperature, nutrients, and salinity but not substrate conditions (Figure 6 and Tables 2, 3). Demarcation of the modeled area that solely incorporates shorelines with coastal cliffs reduces the potential distribution area to about half (340,658 km2). However, even along sedimentary coastlines, macroalgae occur on scattered stones (e.g., in Young Sound, Greenland), and sedimentary coasts also provide habitat for eelgrass (Z. marina) as reported for protected coastal stretches in inner regions of the Nuuk fjord system, as well as for several sites in Russia, Alaska, and Canada. Although the model is conservative in that we could not reproduce observed distribution in all regions (such as the northernmost sites), it provides the first Arctic overview of potential marine vegetation habitat, and an important framework for integrating further observations.

While only a handful of macrophytes occurring in the Arctic may be considered endemic Arctic species, most are boreal and temperate species (Hop et al., 2012; Wilce, 2016), persisting through cycles of glaciation, leading to unique assemblages in polar waters (Bringloe et al., 2020). The prediction that warming alone and declining ice cover has led to a northward expansion of marine macrophytes along Arctic shores (Krause-Jensen and Duarte, 2014) has mainly been informed by space for time substitutions. These patterns of change along latitudinal gradients show increased algal growth and size with decreasing latitude along the coast of Greenland (Krause-Jensen et al., 2012) and Norway (Christie et al., 2019). Our macroalgal habitat model assessed, based on modeled changes in key habitat conditions, that the potential suitable area for Arctic macroalgae has expanded by about 8.1% for intertidal algae and 44.6% for subtidal algae over the past 60–70 years, with the largest relative increase in Svalbard and the smallest in N. Norway and Iceland (Figure 6 and Table 2).

We collated observations of Arctic marine vegetation spanning at least 10 years from 39 locations across the pan-Arctic region (Table 1 and Figure 1). The majority of the series (i.e., 38) extend into the 21st century, when Arctic warming has greatly accelerated and lead to a new historical minimum of sea ice extent in 2012 (Pörtner et al., 2019), with even lower ice cover through the spring of 20202. The compiled observations of trends extending into the 21st Century were distributed across the Arctic coastlines, with three locations in Alaska, three in Canada, nine in Greenland, two in Iceland, six in Svalbard, four in Norway and eleven in Russia, thereby providing a pan-Arctic assessment (Figure 1 and Table 1). These reports of change were derived from multiple metrics, including changes in community composition and species’ northern biogeographic boundaries, growth, density, biomass, and production. However, despite these disparities, the data allowed evaluation of the consistency of reported changes with those expected with Arctic warming.

Of the 38 time series extending into the 21st Century, 22 (58%) showed an increasing trend and/or migration of the leading biogeographical edge toward north/deglaciated areas, 15 (39%) showed no obvious trend and only 4 (11%) showed a negative trend. We therefore conclude that the prediction that macrophytes are expanding in the Arctic is supported, adopting the IPCC+ confidence scale (Shapiro et al., 2010), with medium confidence (i.e., 5–8 in 10 chance) of being correct. Where several consecutive time series are available for the same site, only the most recent is included in this statement, and because three sites showed combined responses, the percentages do not sum to 100%.

The observed changes encompassed shifting ranges (6 out of the 38 time series) including poleward migration of temperate species in response to higher temperature/reduced sea ice in Alaska, Greenland, Iceland, and Russia, as well as expansion of macroalgae to new areas available for colonization with glacier retreat (e.g., Svalbard Fjords, Table 1). Colonization of new areas upon glacier retreat have also been reported from Antarctica (e.g., Quartino et al., 2013; Clark et al., 2015; Deregibus et al., 2016). However, more subtle changes within the habitats, such as changes in macroalgal dominance patterns or productivity were common responses to climate change (18 out of the 38 time series). Hence, the time series documented examples of faster vegetation growth or larger fronds/biomass/cover with warming and/or longer open water periods in both Greenland, Canada, Norway, Svalbard, and Russia (Table 1). Likewise, there are records of changed species composition over time across all Arctic regions. Overall, the multiple compiled time series confirmed the predictions of increased growth, biomass, and northward expansion of species. There are also observations of local reduction in macrophyte cover due to increased turbidity in glacier discharge areas in the Beaufort Sea (Bonsell and Dunton, 2018), Svalbard fjords (Bartsch et al., 2016; Paar et al., 2016), and Franz Josef Land, Russia (Gagaev et al., 2019) (Table 1).

Of the observations that reported contraction or no change in algal composition, distribution and/or abundance, some were associated with the existence of local pressures, such as severe eutrophication/pollution (e.g., Kola Bay), harvesting (e.g., White Sea), eelgrass wasting disease (e.g., White Sea), or sea urchin grazing (e.g., Aleutian Islands, N. Norway coast, Svalbard, Russia Barents Sea coast) (Table 1). Temperate kelp forests experience regular declines due to bursts of sea urchin grazers, often related to predator losses (Ling et al., 2015). Sea urchin populations have been reported to experience such blooms along the Aleutian Islands (Estes et al., 2004; Konar et al., 2014), along the Northern Norwegian coast extending into the Arctic (Christie et al., 2019; Norderhaug et al., 2020), and along the Russian Barents Sea coast (Deart et al., 2017), leading to kelp declines. Blicher et al. (2007) reported sea urchin populations to increase with decreasing sea ice cover along Greenland’s coast, suggesting that their abundance, along with those of macroalgae, may increase with reduced sea ice in a warming Arctic. Paar et al. (2019b) also reported increased abundance and grazing by sea urchins in Svalbard in recent warmer years (2012–2014) compared to earlier periods (1996–1998) and Küpper et al. (2016) reported recent appearance of sea urchins in the Canadian Archipelago, where they were absent in the past, but formed extensive barrens further south near the subarctic boundary in Labrador (Adey and Hayek, 2011). However, sea urchin decline has been reported recently along the Norwegian (70°N) and the Russian Barents Sea coast with the introduction of the king crab (Deart et al., 2017; Christie et al., 2019) and warming-driven increases in the edible crab in mid Norway (63–65.5°N), both predators to sea urchins (Christie et al., 2019). Sea urchin proliferations and decline may deviate changes in Arctic kelps from the predicted effects of climate change. The reported sea urchin changes may be themselves related to warming, either by directly affecting sea urchin life cycles or those of their predators. Although these interactions with climate change are being studied (e.g., Christie et al., 2019), the complexity is still poorly understood and needs attention as a possible important driver of changes in Arctic macroalgae in the future.

Poloczanska et al. (2013) document an average global poleward expansion of the leading edge of macroalgae of 52 km (0.47° latitude) decade–1, with maximum rates up to 165 km (1.49° latitude) decade–1, but did not include any observations from the Arctic region. Here we reported polar expansion of Fucus vesiculosus along Greenland’s west coast of 83 km (0.75° latitude) decade–1, despite dispersal potential for intertidal key species being relatively limited (Serrão et al., 1997; Dudgeon et al., 2001; Capdevila et al., 2018). Our modeled results infer potential polar migration rates for Arctic macroalgae (1940/1950 – 2000/2017), based primarily on increases in ocean temperature and loss of sea ice, of up to 106 km decade–1, with an average of 23.1 km decade–1 for intertidal algae and slightly less, 18.3 km for subtidal ones (Tables 2, 3).

The poleward spread of the biogeographical limits of boreal macrophyte species requires suitable, northward flowing currents, dispersal vectors, and availability of suitable substrates, which are not considered in our niche-based models. For instance, suitable current systems to support poleward transport of macrophyte propagules are present along the coasts of Svalbard, Barents Sea, the Bering Strait (Pickart et al., 2005), and Western Greenland (Rysgaard et al., 2020). Dispersal vectors include floating substrata, such as buoyant algae, wood or especially plastic (Thiel and Gutow, 2004; Wȩsławski and Kotwicki, 2018), since the Arctic Ocean is a dead end of floating plastics in the North Atlantic branch of the thermohaline circulation (Cózar et al., 2017). Migratory seabirds, such as brent geese feeding on intertidal eelgrass, or herbivorous fish feeding on marine vegetation, may also potentially serve as dispersal vectors, independent of current direction (Clausen et al., 2002; Ruz et al., 2018). Shipping is also a well-known dispersal agent. The contrast between observed expansion of macrophytes along Western Greenland and lack of such reports for Eastern Greenland is consistent with the different current systems along these coasts, while the distribution model, which ignores current patterns, reports larger expansion of potential macroalgal areas for Eastern –rather than for Western Greenland. The currents systems are characterized by a poleward transport along Western Greenland and the equatorward East Greenland Current that transports large volumes of ice and Arctic meltwater (Buch, 2000). The East Greenland Current maintains cold water temperature and also prevents the poleward dispersal of macrophytes. The important biogeographic significance of the contrast between Western and Eastern Greenland current systems is reflected in large-scale population genetic patterns for the kelp Saccharina latissima, which show that Eastern and Western populations are disconnected (Neiva et al., 2018).

Changes in macrophyte habitats in the Arctic, involving a poleward expansion and increased productivity with climate change, are of significance as these habitats supply a range of ecosystem functions (Smale et al., 2013). Seagrass, but also macroalgae, support carbon sequestration (Duarte et al., 2013; Krause-Jensen and Duarte, 2016; Pedersen et al., 2020) and, therefore, increased distribution of these habitats contribute to buffer climate change. Arctic eelgrass meadows may not sequester and store as much carbon as seagrass meadows elsewhere (Marbà et al., 2018), but large carbon stocks may accumulate over time, which will require conservation measures to maintain organic carbon sequestration. Macrophyte beds are also important sources of production for coastal food webs, as well as habitat for numerous species. For example, exported kelp carbon plays an important role in supporting Arctic benthic food webs (Petrowski et al., 2016; Vilas et al., 2020). High macrophyte productivity over the long Arctic summer days also raise locally the pH, thereby potentially providing refugia from ocean acidification to vulnerable calcifiers (Krause-Jensen et al., 2016). Moreover, expansive eelgrass meadows, such as those in Alaska with biomasses of up to 1.5 kg dw m–2 (McRoy, 1970) are important feeding areas for migratory water birds. Arctic eelgrass meadows and macroalgal forests also provide important habitat for fish (Dean et al., 2000), such as the role of eelgrass meadows and kelp forests as nurseries for juvenile cod (Gotceitas et al., 1995; Dean et al., 2000) and other fish species (Brand and Fisher, 2016), and as habitat used by schools of adult saith and pollack (Norderhaug et al., 2020).

The compilation of trends in Arctic marine vegetation reported here provides a first baseline for evaluating future changes, and contributes directly to the CMBP by gathering comparable circumpolar long-term dataset to determine pan-Arctic baseline biodiversity conditions and evaluate habitat changes with changing climate. The compiled data are still limited and biased in their spatial resolution due to differences in research infrastructure and accessibility across the Arctic. Data sets typically represent single community surveys scattered in space and time, but nevertheless provide valuable baseline information for upcoming and urgently needed further studies. We encourage the Arctic research community and monitoring programs to increase the frequency, as well as the spatial coverage, of assessments to generate time series that are robust to assess trends, rather than comparing dispersed observations in time, which may confound oscillations with trends. For instance, the Greenland Ecosystem Monitoring Program includes annual assessments of kelp growth in Young Sound (NE Greenland) and intertidal macroalgal growth in Kobbefjord (SW Greenland) since 2003 and 2012, respectively (see footnote 1), which allow identification of potential trends.

Advances in remote sensing and under-ice observation technologies may also relax constraints for direct observations under challenging Arctic conditions. For instance, fixed, continuously recording cameras and unmanned aerial vehicles, drones, are now being used to map intertidal vegetation in the Greenland Ecosystem Monitoring Program. These technologies can be used to improve data availability moving forward, but cannot compensate for paucity of records in the past. Where such past records are absent, sediment records may provide evidence of change, including coupled sediment chronologies and stable isotope analyses, which provided evidence for an expansion of eelgrass meadows in SW Greenland (Marbà et al., 2018). Advances in sediment eDNA analyses, supported with increasing libraries for eDNA assessments of Arctic macrophytes (Ortega et al., 2020), coupled with sediment chronologies, can also provide insights into changes in Arctic macrophytes over the past century, thereby compensating for the paucity of records.

The synthesis of changes in Arctic macrophytes presented here underlines a scope for a pan-Arctic science agenda to quantify actual and potential large-scale distribution of marine vegetation beyond the scattered study sites now available. Our assessment provides medium confidence for the predicted expansion of Arctic macrophytes with climate change, which is likely to accelerate in the future with rapid Arctic warming and ice melting. These changes will have important ecosystems consequences, given the major ecological roles that macrophyte habitats play. Some species of brown macroalgae are also common food items used by Inuit communities (e.g., Fucus sp., Alaria esculenta, Saccharina longicruris) (Ainana and Zagrebin, 2014; Rapinski et al., 2018). Understanding changes in macrophyte habitats is, therefore, of importance for Arctic communities. While abrupt Arctic changes are a matter of concern (Duarte et al., 2012), most attention at the ecosystem level have focused on responses of pelagic systems and charismatic and commercial fauna, and macrophyte habitats have received very limited attention. Our assessment should help incorporate macrophytes into a coherent understanding of Arctic changes, and into sustainable management strategies to avoid biodiversity losses.
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Continental slopes – steep regions between the shelf break and abyssal ocean – play key roles in the climatology and ecology of the Arctic Ocean. Here, through review and synthesis, we find that the narrow slope regions contribute to ecosystem functioning disproportionately to the size of the habitat area (∼6% of total Arctic Ocean area). Driven by inflows of sub-Arctic waters and steered by topography, boundary currents transport boreal properties and particle loads from the Atlantic and Pacific Oceans along-slope, thus creating both along and cross-slope connectivity gradients in water mass properties and biomass. Drainage of dense, saline shelf water and material within these, and contributions of river and meltwater also shape the characteristics of the slope domain. These and other properties led us to distinguish upper and lower slope domains; the upper slope (shelf break to ∼800 m) is characterized by stronger currents, warmer sub-surface temperatures, and higher biomass across several trophic levels (especially near inflow areas). In contrast, the lower slope has slower-moving currents, is cooler, and exhibits lower vertical carbon flux and biomass. Distinct zonation of zooplankton, benthic and fish communities result from these differences. Slopes display varying levels of system connectivity: (1) along-slope through property and material transport in boundary currents, (2) cross-slope through upwelling of warm and nutrient rich water and down-welling of dense water and organic rich matter, and (3) vertically through shear and mixing. Slope dynamics also generate separating functions through (1) along-slope and across-slope fronts concentrating biological activity, and (2) vertical gradients in the water column and at the seafloor that maintain distinct physical structure and community turnover. At the upper slope, climatic change is manifested in sea-ice retreat, increased heat and mass transport by sub-Arctic inflows, surface warming, and altered vertical stratification, while the lower slope has yet to display evidence of change. Model projections suggest that ongoing physical changes will enhance primary production at the upper slope, with suspected enhancing effects for consumers. We recommend Pan-Arctic monitoring efforts of slopes given that many signals of climate change appear there first and are then transmitted along the slope domain.

Keywords: biological communities, boundary current, climate change, connectivity, continental slopes, pan-Arctic, shelf-basin exchange, vertical and cross-slope gradients


INTRODUCTION: MOTIVATION AND DEFINITIONS

Continental slopes are a ubiquitous tectonic feature of the global ocean, long recognized for their central climatological and ecological roles at the interface of shelves and basins (Springer et al., 1996; Colloca et al., 2004; Azzellino et al., 2008; Bertram et al., 2017). In general, slope system dynamics are associated with strong vertical and cross-slope gradients that contrast with along-slope bands of relatively more uniform conditions (Cacchione et al., 2002). This situation strongly applies to the Arctic Ocean, as was first noted by oceanographer and geographer Gakkel (1957). Using geomorphological and visual observations from aerial reconnaissance, he identified the Arctic circumpolar continental slope and emphasized its dynamic ice regime, along-slope circulation, and enhanced winter heat loss (Gakkel, 1957). Also recognizing the distinct role of slopes, zoologist Uspenskiy (1973) introduced the term the Arctic ring of life, referring roughly to the continental slope region and highlighting its biological richness compared to adjacent shelf or basin areas, specifically noting more frequent observations of higher trophic level predators including polar bears and narwhals. Given this role, Arctic slopes can be considered as their own pan-Arctic contiguous domain (i.e., functional unit, Carmack and Wassmann, 2006) when considering holistic functioning of the Arctic Ocean. This requires, however, an integration of earlier findings into a pan-Arctic perspective, which currently is lacking.

Regionally focused physical and biological studies targeted around the perimeter of the Arctic basins including at the Barents Sea slope (e.g., Wlodarska-Kowalczuk et al., 2004; Pérez-Hernández et al., 2017; Renner et al., 2018), the Siberian slopes (e.g., Kosobokova et al., 1998; Polyakov et al., 2007; Kosobokova and Hirche, 2009; Janout et al., 2017; Ershova and Kosobokova, 2019), the Chukchi Sea slope (e.g., Grebmeier and Harvey, 2005; Grebmeier et al., 2009), and the Beaufort Sea slope (e.g., Pickart et al., 2013a,b; Majewski et al., 2017; Smoot and Hopcroft, 2017). Here we seek to summarize these and other findings through a pan-Arctic data synthesis and literature review. We begin by introducing relevant terminology and morphological slope structure.

The continental slope is that region starting seaward of the continental shelf break which globally is often marked by the 200 m isobath (but see modification below) and a strong sloping angle (typically > 4°) of the seafloor. The continental slope extends to the continental rise of the ocean floor which often is at ∼2000—2500 m or where the angle becomes <∼1°25′ (Hay, 2016). Combined, the shelf, slope and rise are commonly referred to as the continental margin. As in other regions of the globe, the slopes of the Arctic Ocean are intersected by numerous canyons, troughs, ridges and straits, resulting in complex morphological, oceanographic and biological structures (Jakobsson et al., 2012). Arctic Ocean here refers to the ocean area bounded by Bering Strait on the Pacific side, by landmasses in the Arctic Ocean interior, and by Fram Strait and the western Barents Sea shelf break on the Atlantic side (Figure 1A). The geological history of the Arctic Ocean has resulted in shelf-break depths that lie at as little as ∼60 m in places off the Siberian shelves to ∼400 m off the Barents Sea (Jakobsson, 2002; Figure 1B). The upper boundary of the continental rise in the Arctic ranges from ∼2000 to 3000 m depending on location (Jakobsson, 2002). For the purpose of this paper we generally focus on the slope depth range of ∼200-2500 m (starting at ∼400 m in the deeper Barents Sea). This area constitutes roughly 6% of the total Arctic Ocean area.
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FIGURE 1. The Pan-Arctic slopes. (A) Upper slope domain (blue), here shown as the 400–800 m band, and lower slope domain (red), here shown as the 800–2000 m band. (B) Bathymetric cross sections representing pan-Arctic slopes. Transect locations match those in Figure 2 (with the exception of transect 9) and have been centered so that X = 0 is on the 1000 m isobaths for consistency. Sections are trimmed to show –150 to +250 km from the 1000 m isobath. Gray shows the whole profile while brown is the section that overlaps with temperature transects in Figure 2; black is land. Black horizontal lines mark the slope range focused on in the present paper; gray line marks the lower boundary of the Atlantic Layer (designated as the lower boundary of the “upper slope domain”). (C) The three dimensions of Arctic continental slopes considered in this paper: (1) along-slope (azimuthal) along the basin perimeter, (2) vertical (ocean surface to seafloor), (3) cross-slope (from the shelf break off-shore down slope).


Property gradients in the narrow band above the slope region are expressed in three directions that we use as guiding structure throughout the present paper: (1) the along-slope (azimuthal) direction around the entire Arctic perimeter, and (2) the vertical direction (downwards) from ocean surface to the seafloor, and (3) the cross-slope (radial in the Arctic) direction from the continental shelf break down-slope (Figure 1C). Beside the three directions, we further distinguish two vertical zones: the upper slope (approximately 200-800 m on the Pacific side and approximately 400–800 on the Atlantic side), and the lower slope (approximately 800-2500 m) (Figure 1A). The basis for this designation is the dominance of sub-Arctic inflows from the north Atlantic and north Pacific that flow around the basin perimeter above the upper slope (details in section “Physical Oceanography of Arctic Slopes;” Carmack and Wassmann, 2006). The lower boundary of the upper slope is associated with the bottom of the Atlantic layer, defined conventionally - yet somewhat arbitrarily - by the 0°C isobath. The lower slope then begins with the transition to the Arctic Deep Water (Aksenov et al., 2011; Pnyushkov et al., 2018), extends to the approximate transition to the continental rise, and is associated with greatly declining and less advected biomass (Kosobokova et al., 2011; Vedenin et al., 2018).

Once we have described bio-physical features along the above gradients and zones, we integrate physical (section “Physical Oceanography of Arctic Slopes”) and biological (section “Gradients in Biological Communities at Arctic Slopes”) information to conceptualize the ecological functions that Arctic continental slopes add to the Arctic Ocean system in section “Functions of the Slope: System Connectivity vs. Separation.” Some of these functions result from the geomorphology of continental slopes in general (Nash et al., 2004; Levin and Dayton, 2009), and others from specific regional hydrographic settings in the Arctic in particular. These functions can act through both connecting and separating processes between adjacent shelves and basins. Finally, in section “Towards a Future Arctic Slope System,” we summarize ongoing climatic changes overlying the Arctic slopes; specifically warming (Polyakov et al., 2020a, this issue) and sea ice loss (Kwok et al., 2013), and then briefly present a modeling exercise to investigate potential associated biological changes.



PHYSICAL OCEANOGRAPHY OF ARCTIC SLOPES


Along-Slope: Boundary Currents

The Arctic continental slopes provide a “handrail” for incoming sub-Arctic waters, meaning the slope topography steers these waters counterclockwise (cyclonically) around the basin perimeter. The most prominent pan-Arctic circulation feature transporting inflowing Atlantic Water (AW) is the Arctic Circumpolar Boundary Current (ACBC), which funnels Atlantic-origin water as a narrow, contiguous stream that encircles all Arctic Basins (Aagaard, 1989; Rudels et al., 1994; Aksenov et al., 2011). Similar dynamics hold for incoming waters of Pacific origin, but these are more complicated and largely retained within the Amerasian Basin (McLaughlin et al., 1996; Shimada et al., 2006; Pickart et al., 2009, 2013a,b; Aksenov et al., 2016). Such boundary currents are common to continental slopes globally (Huthnance, 1981) but are especially strong in the Arctic owing to the joint effects of the increase in Coriolis force with latitude and the exposure to ice-cover. The ACBC initially forms from the entry of warm and saline AW through Fram Strait (as the Fram Strait Branch) and then flows along the northern Barents Sea slope. A second branch of AW crosses the Barents Sea (the Barents Sea Branch), then enters the Arctic Ocean, mainly through St. Anna Trough, where the two branches remerge in the northern Kara Sea slope (Hanzlick and Aagaard, 1980). These are then joined by the drainage of Siberian Shelf waters before continuing around the Arctic Ocean perimeter (Aksenov et al., 2011). This circulation pattern extends through the full depth of the pan-Arctic continental slope. Current velocities, however, are strongest at the upper slope, especially along the Barents Sea slope (peak flow rates of >20 cm/s), and noticeably weaker in deeper water and along the basin perimeter on the Amerasian side (Aksenov et al., 2011; Pnyushkov et al., 2015; Menze et al., 2019). In the surface layer, the subsurface ACBC can be opposed by wind-driven circulation, such as the clockwise-flowing Beaufort Gyre (Proshutinsky et al., 2009).

To demonstrate the progressive evolution of AW properties while flowing counterclockwise along the upper pan-Arctic slope we here use a near-synoptic view of the Arctic shelf-to-slope structure in summer, 2015, in temperature sections (Figure 2), and temperature/salinity plots (Figures 3A,B), and vertical salinity profiles (Figure 3C). Initially, AW outcrops at the surface in Fram Strait and north of Svalbard; typically, in winter (Randelhoff et al., 2018; Renner et al., 2018). When sea ice melts, either due to contact with the inflowing warm AW, or due to solar input during spring and summer, a cold and fresh (and less dense) surface layer develops (Untersteiner, 1988; Rudels et al., 2013, 2014). When this happens in summer, there is substantial solar heating of the shallow, seasonal surface layer, making it even warmer than the AW below (e.g., north of the Svalbard slope) [Figures 2(1), 3A(1); note that an expanded temperature and salinity range would reveal warmer and fresher varieties of surface water north of the Svalbard slope]. Slightly further east the core of the AW subducts and becomes capped by the cold and fresh near-surface layer [Figures 2(2), 3A(2)], and subsequently cools and deepens during its translation along the slopes of the Barents and Kara Seas [Figures 2(3), 3A(3),B]. Just upstream of 95°E at St. Anna Trough, the Barents Sea-modified branch of AW debouches the continental slope region and interacts with the Fram Strait Branch. As a result, the AW core is further cooled, with maximum temperatures decreasing by at least 1°C, while also gradually freshening [Figures 2(4,5), 3A(4,5)]. Further east in the Laptev Sea in particular, cold and saline waters created in strong polynyas that form in winter and spring (Bareiss and Görgen, 2005) cascade down the continental slope and contribute to the halocline complex (Aagaard et al., 1981; Martin and Cavalieri, 1989; Ivanov and Golovin, 2007; Walsh et al., 2007). Numerous canyons and passages in the Severnaya Zemlya region (100-110°E) (Shokalsky Strait, Vilkitsky Strait) guide the export of these cold and dense waters toward the slopes (Janout et al., 2015, 2017). The injection of these waters then results in further cooling of the AW as it continues eastward along the Siberian shelves [Figures 2(6), 3A(6)]. At the same time, large rivers dilute the Arctic Ocean surface and strengthen the fresh cap over the AW as it propagates eastward along-slope. Note that prior to leaving the Nansen Basin the salinity gradient below the core (i.e., Tmax) of AW is negative, thus permitting salt-fingering, while beyond 135°E it is positive. Upon reaching the Chukchi Sea the joint effects of the Pacific Water (PW) inflow and the clockwise wind field over the Beaufort Sea result in a further deepening of the AW core [Figures 2(7,8), 3A(7)]. Beyond this point the AW begins its exit into the Greenland Sea via the western Fram Strait and the East Greenland Current (Rudels et al., 2012; Håvik et al., 2017). During its propagation along the Arctic slopes, the AW thus decreases from a >3°C warm, several hundred-meter-thick layer near the inflow region to a thinning, <1°C-layer that is centered around a depth of 400 m along the slope of the Canada Basin (Figures 4A,B). Also, along this transit the salinity of the core layer, referenced to the surface, freshens substantially from about 35.0 to 34.8 (Figure 3B), the density decreases slightly from about 27.94 to 27.92, while stratification (i.e., Brunt-Vaisala buoyancy frequency) of the overlying water column increases by a factor of 3-10 (cf. Polyakov et al., 2018).
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FIGURE 2. Pan-Arctic potential temperature transects of the Arctic shelf-to-slope structure in summer of 2015 showing Atlantic Water (AW) position over the slopes; transects are the same as in Figure 1. Warm AW near the surface in Fram Strait / north of Svalbard (1, 2) becomes capped by a colder and fresher surface, and gradually cools and deepens along the slopes of the Barents, Kara, and Laptev Seas (3, 4, 5). Canyons and passages bring cold and dense shelf water to the slopes, further cooling the AW on the E Siberian shelf (6). Pacific Water inflow and clockwise wind fields over the Beaufort Sea result in further deepening of the AW core (7, 8) before beginning to move towards exiting via western Fram Strait and the East Greenland current. We lack oceanographic data from transect (9) in Figure 1.



[image: image]

FIGURE 3. Water mass structure over pan-Arctic slopes. (A) Temperature/Salinity diagrams for selected slope transects 1-8 shown in Figure 2 for temperature range –2–4°C and salinity range 32.0–35.2. Individual stations are color-coded by longitude and refer to transect locations in Figure 2. Numbers in circles (from 1 to 11), in contrast, refer to the following noteworthy features: (1) crossing the Fram Strait Branch (FSB) northwest of Svalbard prior to encountering ice and Arctic surface water, (2) flowing north of Svalbard subsequent to mixing with and subduction of the core of AW below Artic surface water, (3) the core of AW as it continues to cool and freshen along the Barents Sea slope, (4) water from the Barents Sea Branch (BSB) entering via the St. Anna Trough and converging with the FSB, (5) the warm core of the FSB is cooled, freshened and displaced offshore by the BSB, (6) continued cooling and freshening of the AW core along the Siberian shelves, (7) after crossing the Lomonosov Ridge into the Amerasian Basin, (8) the Atlantic-Pacific halocline front where the gray dashed line indicates the mixing line leading to bottom water in the Nansen basin, (9) the T/S correlation curve for modified AW in the BSB prior upon entering the slope domain through St. Anna Trough, and 10) the maximum salinity reached by Cold Halocline Water. (B) T/S for salinity range 34.2–35.2. Orange: T/S from 95°E. The red dashed line indicates a straight line tangent to σ0 = 27.94 kg m–3; the point at which this line crosses the freezing temperature yields the maximum salinity that surface waters can reach without triggering the caballing instability (34.53) (cf. Fofonof, 1956). (C) Vertical profiles of salinity for slope stations at transects 1-8 from Figure 2, showing progressive freshening. Stars show the depth of the AW core (Tmax) at each station location; note the progressive deepening of the AW core layer as the boundary current progresses around the Arctic basin.
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FIGURE 4. Conceptual model showing connecting functions of Arctic continental slopes. (A) Idealized structures of the single boundary current at the Eurasian (Siberian) slope and (B) multiple currents at the Amerasian (Beaufort) slope with upper circle denoting shallow, eastward directed flow of Pacific Summer Water, middle circle showing westward directed flow of colder Pacific Winter Water along the upper slope, and lower circle denoting eastward directed AW. The Eurasian view is from the west to the east; the Amerasian view is from the east to the west. Dashed lines denote velocities, while solid lines depict temperature; depth is shown as a square root scale. (C) Upwelling circulation across a shelf with a shallow shelf break, typical of interior shelves. Here the wind is directed into the panel such that the offshore Ekman transport (pink arrow) is compensated by an onshore flow across the shelf/slope boundary (blue arrow); in this case drawing cooler and presumably nutrient-rich waters onto the shelf. Also shown is a transient shelf/slope break jet, or bottom-boundary layer, also directed into the panel. (D) Brine release during sea ice formation and brine-driven circulation across a shelf and down slope. Q is heat flux (Q) and stars indicate frazil ice formation. Inset profiles are shown for density (ρ) and velocity (v). Circles with dots denote flow out of the panel while circles with crosses denote flow into the panel.


Boundary currents also form along the Pacific Arctic slopes because of inflowing PW through Bering Strait, but with different flow patterns than those of the AW (Figure 4B). Incoming PW is strongly modified by seasonal processes while crossing the broad Bering and Chukchi Sea shelves, so that it arrives at the shelf slope boundary as either Pacific Summer Water (PSW; relatively warm and fresh) or Pacific Winter Water (PWW; colder and more saline) (Weingartner et al., 2005; Pickart et al., 2016). Much of PSW exits via Barrow Canyon, while smaller fractions exit through Herald Canyon and Central Channel (Weingartner et al., 2017). Some fraction turns eastward as a subsurface flow at ∼40-80 m along the shelf-slope boundary, referred to either as the Beaufort Undercurrent (Aagaard, 1984) or shelf-break jet (Pickart et al., 2005; Figure 4B). This thermohaline feature differs from the highly transient, wind-driven jet that forms at the Pacific Arctic slopes during upwelling and downwelling events (Williams and Carmack, 2015). The remaining fraction of PSW exiting through Barrow Canyon is drawn offshore into the Beaufort Gyre (Shimada et al., 2006) or ejected off-slope by mesoscale eddies (cf. D’Asaro, 1988; Mathis et al., 2007). In addition to PW joining the shelf-break jet, recent studies indicate that a portion of the PWW turns westward over the slope, forming a boundary current that appears to follow the clockwise circulation pattern of the Beaufort Gyre (Corlett and Pickard, 2017; Spall et al., 2018; Li et al., 2019). Long-term observations in the Canada Basin showed an increase in PWW volume by 18% from 2002 to 2016 (Zhong et al., 2019), thus underlining the increasing role of PWW as a sub-surface freshwater source to the Beaufort Gyre.

In contrast to the dynamic shelf break and upper slope described thus far, the lower slope lacks large gradients and is comparatively quiescent. Below the core of AW and to the depths of the Lomonosov and Alpha-Mendeleev ridges, potential temperature decreases and salinity increases slightly to the seabed along the lower slope (Timmermans et al., 2003; Björk and Winsor, 2006). The lower slope has current velocities that are generally below 2 cm/s and is dominated by smaller-scale processes (Bluhm et al., 2015 and references therein). Visual evidences of abundant and persistent animal tracks despite low faunal densities support the notion of extremely low flow rates (Zhulay et al., 2019). Overall, little is actually known about the lower slope environment and more work is required to characterize it.



Vertical and Cross-Slope Structure and Processes

The water column above the slopes is generally salt-stratified, with relatively fresh surface water and a halocline above the Atlantic Layer (Figure 3C). Specifically, the combination of freshwater inputs (seasonal sea ice melt, river water, glacial melt water), surface warming and wind-driven mixing result in a seasonal mixed layer (approximately 40-60 m thick). Underneath it, the halocline complex with (Amerasian slopes) or without PW (Eurasian slopes) (McLaughlin et al., 1996; Rudels et al., 2004) forms a boundary that inhibits upward mixing of nutrients (Codispoti et al., 2013), but see section “Separation Generates and Maintains Structure.” Multiple steps in the halocline reflect the different sources that supply water to the halocline, e.g., sea ice melt, river discharge, net precipitation, Pacific inflows and Siberian shelf drainage (Brown et al., 2020). The Atlantic Layer below (to ∼800 m) is warmer and saltier than the underlying Arctic Ocean Deep Water at the lower slope (Aagaard et al., 1985; Rudels et al., 2012). Variations in the vertical stratification resulting from this layering are primarily a result of the interplay of the warm and salty AW, sea ice melt, incoming rivers and the PW inflow, leading to distinct regimes in vertical stratification along the pan-Arctic slope. These can be tied directly to the shelf typology as discussed by Carmack and Wassmann (2006) and Bluhm et al. (2015): At the slope of the Atlantic inflow shelf region north of Svalbard/Barents Sea where AW seasonally extends fully to the surface, a halocline is initially lacking and is first established by the interaction of AW with sea ice melt water (Figure 3C). At the slopes of the interior shelves subsequent to the St. Anna Trough Siberian river water reaches the slopes, and brine-enriched Siberian shelf waters flowing off-shelf form additional halocline waters. At the slopes of the Pacific inflow shelf (the Chukchi Sea) and into the Pacific Interior shelf (Beaufort Sea) the combined effects of the PW inflow and the Beaufort Gyre circulation greatly increase vertical stratification. And finally, at the slopes of the outflow shelves (the Canadian Arctic Archipelago and the northern Greenland slopes) vertical stratification is thought to remain largely unchanged until waters exit along East Greenland. Increasing glacial runoff to the East Greenland shelf, however, may in the future not only increase the local stratification and is likely to speed up the coastal circulation for instance in the wind- and buoyancy-forced East Greenland Coastal Current (Sutherland and Pickart, 2008), but also already has the potential to reach the outer shelf and boundary currents (Hendry et al., 2019). Overall, the outflow shelves are strongly impacted by liquid and solid freshwater export from the Arctic Ocean (Michel et al., 2015), and will likely continue to receive additional freshwater loads from glacial runoff with not yet understood impacts on the slope system.

The above described progressive cooling and freshening in the along-slope direction from Eurasian to Amerasian slopes involves numerous vertical and cross-slope displacements of water mass layering and frontal zone structures. For example, vertical displacements, forced by winds, tides, eddies and seasonal heating and cooling all give rise to significant (>1°C) temperature fluctuations at any given location on the upper slope (Baumann et al., 2018). Properties of the upper slope domain are especially impacted by cross-slope mechanisms that act to break the dynamic barrier between shelves and the Arctic Ocean’s interior, such as upwelling and brine drainage (see section “Connectivity”) (Figures 4A,B). Cross-slope exchange is especially amplified at sudden topographic junctions (straits, canyons, relaxations in the slope angle, etc.). One example is where Barrow Canyon intersects the Beaufort/Chukchi Sea continental slope at nearly a right angle, and where on average 25-50% of northward flowing PW exits the Chukchi shelf (Itoh et al., 2013; Weingartner et al., 2017). Downcanyon flow can only partially adjust to the sharply turning isobaths when the canyon abuts the slope, thus leading to an overshoot and injection of shelf waters onto the upper slope or into the basin. Consequently, regions of cross-slope flow often are associated with the formation of energetic eddies that carry mass, heat, and biogeochemical constituents from the shelf regions to the slope and the basin interior (Gawarkiewicz and Chapman, 1995; Mathis et al., 2007; Hattermann et al., 2016; Våge et al., 2016; Pnyushkov et al., 2018). Another example occurs in the Mackenzie Trough off the Canadian Beaufort shelf, where upwelling-favorable winds draw Atlantic waters as much as 400 m or more up canyon, which subsequently collapse back into the basin, generating eastward propagating internal Kelvin waves along the slope (Carmack and Kulikov, 1998). Slope angle also appears to govern contrasts in shelf-basin exchange; for example, the basin seaward of the steep Laptev Sea slope shows comparatively little signal of Laptev Sea shelf waters egressing seaward, suggesting that shelf-basin exchange here is constrained. In contrast, further east along the wide East Siberian slope, enhanced transport of shelf waters into the basin is found (Anderson et al., 2017). These exchange windows are particularly relevant near the large rivers, as freshwater is an important contribution for the water column stratification of the Arctic Ocean (Carmack et al., 2016), as discussed further in section “Functions of the Slope: System Connectivity vs. Separation.”




GRADIENTS IN BIOLOGICAL COMMUNITIES AT ARCTIC SLOPES

Gradients in standing stock, community composition, and production are prominent at slope areas, both vertically in the water column and across-slope for both pelagic and seafloor communities. Spatial patterns in primary production levels reflect oceanographic patterns and processes described in section “Physical Oceanography of Arctic Slopes,” and contribute to driving spatial patterns in standing stocks across trophic levels [of which we here consider zooplankton and benthos (section “Gradients in Primary Production and Lower Trophic Level Biomass”), and fishes, seabirds and marine mammals (section “Higher Trophic Level Biomass and Distribution”) and their community composition (section “Community Structure and Biodiversity Trends”)]. Geographical variation in each trophic level is discussed beginning at the Atlantic gateway slope and proceeding eastward around the basin perimeter, as data coverage allows.


Gradients in Primary Production and Lower Trophic Level Biomass

The hydrography over the slopes described above, combined with the steep depth gradient, provide the backdrop for biological gradients along and across the Arctic slopes. In the along-slope direction, levels of primary production vary as a result of gradients in nutrient concentrations, supply and sources. The AW inflow is the primary nutrient source for the Eurasian Arctic slope (Codispoti et al., 2013) and these advective inputs fuel gross primary production levels above the slope northwest of Svalbard of 0.1-0.9 mg C m–2 d–1 (May and August, Svensen et al., 2019), with annual estimates of ∼70-100 g C m–2 year–1 for that area (Slagstad et al., 2011; Frey et al., 2018). In the slope areas of the Siberian and North-American interior shelves, the large rivers add only limited amounts of nutrients (specifically nitrogen and silicic acid, Codispoti et al., 2013), but introduce substantial loads of CDOM and inorganic sediments which can degrade the light regime and limit primary production (Popova et al., 2012). As a result of this and increasing distance from sub-Arctic inputs along the basin perimeter, primary production levels at the slope in these interior shelf regions are less than ∼30 g C m–2 year–1 (Slagstad et al., 2011; Matrai et al., 2013). By comparison, near the Pacific inflow, nutrient-rich PW enhances production to levels of ∼170 g C m–2 year–1 on the Chukchi slope (Hill et al., 2018). Then, production drops off sharply in the Beaufort Sea (∼90 g C m–2 year–1, Hill et al., 2018) and over the slopes towards the Amerasian Basin (∼15-30 g C m–2 year–1, Carmack et al., 2004; Frey et al., 2018). Primary production levels along the slopes of the outflow shelves are comparatively poorly quantified, but tend to be lower than in inflow shelves (∼60 g C m–2 year–1 and dropping off beyond the slopes; Matrai et al., 2013; Michel et al., 2015; Frey et al., 2018). We note, however, that changes in primary productivity are ongoing and predicted (see section “Towards a Future Arctic Slope System”) and unusual peaks in algal biomass were for example recently observed along the Greenland Sea slope (Frey et al., 2019).

Enhanced abundance and biomass of zooplankton, benthos, and upper trophic level consumer communities are apparent over the inflow slopes and to some degree beyond. For zooplankton, this enhancement is evident in cross-slope transects of integrated mesozooplankton biomass in both the Eurasian and Amerasian sectors of the slope (Figure 5A). Vertically integrated biomass levels from surface to near-bottom increase from 1 to 7 g dry weigh (DW) m–2 near the shelf-break to 5-15 g DW m–2 over the slope (Figure 5A). Vertically, zooplankton concentrations are highest in the 50-200 m layer (Kosobokova and Hirche, 2009), suggesting the higher values over the slope are not merely a bias of integration depth. In the along-slope direction biomass is highest near sub-Arctic inflows, in particular close to the core of the Atlantic inflow (Kosobokova and Hirche, 2009; Kosobokova, 2012; Basedow et al., 2018). This biomass dense area (peak measured at 24 g DW m–2 NE of Severnaya Zemlya; Kosobokova and Hirche, 2009) is dominated by the expatriate copepod Calanus finmarchicus which, after its injection north of Svalbard, is transported along-slope far into the slope areas of the interior Siberian shelves (Kosobokova and Hirche, 2009; Kosobokova, 2012; Wassmann et al., 2015). Similarly, zooplankton biomass in surface layers in the western part of the Beaufort Sea slope is enriched by Pacific zooplankton inputs at the Pacific inflow (Berline et al., 2008; Smoot and Hopcroft, 2017). Here, copepods in the genus Neocalanus in particular contribute advected biomass that is highest in the upper portion (200-500 m) of the Atlantic Layer (Smoot and Hopcroft, 2017) where biomass levels are comparable to the slope in the Atlantic inflow (Figure 5A). Within the western Beaufort Sea, biomass of these Pacific species declines moving eastward.
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FIGURE 5. Biomass distribution of biological components over slopes. (A) Vertically integrated dry weight biomass of mesozooplankton over slopes (20 to bottom depth of ≥1000 m) at marked transects from shelf cross slope, showing enhanced biomass over slopes; data from multinet samples covering surface to near-bottom in discrete layers (single hauls from Kosobokova and Hirche, 2009, and averages of multiple hauls from Smoot and Hopcroft, 2017); isobaths show 200, 400, and 2000 m; not different data ranges along the vertical axes. (B) Macrobenthic biomass declining over shelf-cross-slope sections at marked transects, but with enhanced biomass near Pacific (blue lines/box) and Atlantic (red line/box) inflows. Gray lines/box: Laptev Sea; data are means of typically at least three replicates per location from 0.1 m2 van Veen grab samples from Grebmeier (2012) and 0.02 m2 box core samples from Vedenin et al. (2018); isobaths show 400 and 2000 m. Transect numbers do not match those in Figures 1, 2.


Benthic and demersal fish biomass generally declines with depth across the slopes towards abyssal plains. This trend applies to all size fractions including macroinfauna (≥0.5 or 1 mm, inside sediment; Figure 5B) (Wlodarska-Kowalczuk et al., 2004; Bluhm et al., 2011; Grebmeier, 2012; Grebmeier et al., 2015; Vedenin et al., 2018), mega-epifauna (benthos in trawls or on photographs) (Ravelo et al., 2020, Jørgensen et al., unpubl. data), and demersal fish (Majewski et al., 2017; Norcross et al., 2017), with a less pronounced decrease for the smaller meiofauna (≥32 μm – 0.5 or 1 mm; Vanreusel et al., 2000; Wei et al., 2010). The underlying reason for benthic biomass declines with depth is primarily the diminishing vertical flux of particulate organic matter (i.e., food particles) with increasing depth (Wiedmann et al., 2020, and references therein). Macrofaunal biomass drops off from peaks of 10-20 g C m–2 on inflow shelves (Grebmeier, 2012), and <1 g C m–2 on the interior Laptev Sea shelf (Vedenin et al., 2018), to an average ∼0.5 g C m–2 at the upper slope and <0.2 g C m–2 at the lower slope (Wlodarska-Kowalczuk et al., 2004; Bluhm et al., 2005, 2011; Grebmeier et al., 2006; Nelson et al., 2014; Vedenin et al., 2018; estimated from replicate van Veen grab or box core samples at discrete sampling depths). Gross estimates of wet weight (WW) biomass of epibenthic and demersal fish at the Amerasian slope decrease from 2 to 20 kg WW 1000 m–2 at the outer shelf to generally <5 kg WW 1000 m–2 at 1000 m, with fish biomass contributing generally <15% to total biomass (Norcross et al., 2017; Ravelo et al., 2020; estimated from trawl hauls at discrete depths). In slope areas near advective inflows from the Atlantic and Pacific, however, the down-slope profile in biomass exhibits a peak at the depth of the shelf break where benthic biomass can be enhanced (Figure 5B). In the PW inflow specifically, macrobenthic biomass is clearly elevated at the head of Barrow Canyon (Grebmeier, 2012), and a tongue of elevated biomass tracks the outflowing nutrient and particle-rich PW along the upper slope of the western Beaufort Sea to roughly 150°W (Bilyard and Carey, 1979; Dunton et al., 2005; Ravelo et al., 2015). The active fishery on the deep-water shrimp Pandalus borealis at the upper slope north of Svalbard (Misund et al., 2016; Haug et al., 2017) gives testimony of enhanced biomass at the Atlantic inflow slope area as well, although exactly comparable numbers are yet unpublished.



Higher Trophic Level Biomass and Distribution

For the most abundant Arctic fish, Boreogadus saida (Polar cod in European and Arctic cod in North American nomenclature), biomass of certain age classes also appears to be elevated along the upper Arctic slopes. This pattern is, however, so far only confirmed for the Amerasian slopes (Crawford et al., 2012; Geoffroy et al., 2015; Majewski et al., 2016; Logerwell et al., 2018) where biomass levels are higher in the western Beaufort than farther east; it remains unclear if this “cod belt” is a pan-Arctic phenomenon. In the along-slope direction, distribution patterns of (pelagic) B. saida larvae and juveniles were highest over slope areas in the central Kara, the Laptev and East Siberian seas as well as seasonally in the eastern Beaufort Sea (Suzuki et al., 2015; Mishin et al., 2018), while they were more abundant at the coast in the Barents and southwestern Kara Seas. Peaks in older B. saida biomass are documented for the mouths of Barrow and Mackenzie canyons, but with occurrence generally all along the slope of the Beaufort Sea (Crawford et al., 2012; Logerwell et al., 2018). Evidence for B. saida concentrations west of the Canadian Arctic Archipelago into McClintock Channel could be suspected based on observations of belugas echolocating for prey in the AW layer in that region (Carmack pers. obs.). In the vertical direction, the band of enhanced polar cod biomass in the Beaufort Sea is located where the relatively warm PSW and upper Atlantic Layer encroach the bottom along the continental slope (Parker-Stetter et al., 2011; Crawford et al., 2012; Majewski et al., 2016). This peak, reaching estimates of >150,000 individuals hectare–1 (August; Parker-Stetter et al., 2011), is in part driven by the vertical segregation of age classes with large, adult fish aggregating in those layers, albeit with some seasonal variations (Geoffroy et al., 2015). Peak densities and/or biomass coincided with waters above 0°C (Crawford et al., 2012; Majewski et al., 2016), suggesting a possible role of this comparatively warm upper slope habitat from a thermal optimum perspective (Drost et al., 2014), in conjunction with zooplankton prey concentrations. On the Eurasian inflow slope, no comparable concentrations of B. saida have been reported, but several observations perhaps indirectly point to concentrations of B. saida abundance over Eurasian slopes: First, a mesopelagic layer encountering the seafloor at upper slope depths contains large zooplankton and a variety of fish species (250-600 m, Knutsen et al., 2017) including – and seasonally dominated by - B. saida (Geoffroy et al., 2019). And second, young Greenland halibut follow the continental slope and concentrate in the warmer (–0.6 to 1.2°C) water layer between ∼400 and 780 m in St Anna and Voronin Troughs, where they actively feed on polar cod as their dominant prey (Dolgov and Benzik, 2017).

Continental slopes and shelf breaks with their associated frontal zones attract high numbers of foraging seabirds in many high latitude oceanic regions (e.g., Ainley and Jacobs, 1981; Baird and Mormede, 2014). Examples from temperate and sub-Arctic regions include: little auks in the NE Atlantic (Follestad, 1990), Cassin’s auklet Ptychoramphus aleuticus in NE Pacific (Bertram et al., 2017; Wilkinson et al., 2018), and northern fulmars Fulmarus glacialis and fork-tailed storm-petrels Oceanodroma furcata in the Bering Sea (Schneider, 1982). While in the Arctic the role of slopes for higher trophic levels has not yet been summarized, we find that seabird accumulations at shelf break and continental slope area have in fact been documented for several species at both the Eurasian and Amerasian slopes. This is particularly the case for the small yet enormously numerous planktivorous Arctic endemic little auk, Alle. Little auks in Svalbard preferably fed far from the colony north of Svalbard in the marginal ice zone; with highest bird densities found over the slope area (concluded from data by Jakubas et al., 2017). Further east in the Kara and Laptev Seas, breeding distribution of the little auk also showed that nesting colonies were disproportionately located on coasts proximal to the shelf break (concluded from data by Gavrilo et al., 2011). This observation was consistent with Amélineau et al. (2016) who clearly demonstrated that slope waters off East Greenland were selected as profitable foraging area by the little auk irrespective of sea ice conditions, although these birds had to commute some 100 km from their breeding colonies to these preferred feeding grounds at the slope. These little auk distributions are influenced by the availability of large, lipid-rich copepod prey (Jakubas et al., 2017 and references therein), which we show can be concentrated in these slope regions. Attraction to shelf break areas was also documented for Ross’s gull Rodostethia rosea by Hjort et al. (1997), who – during their Arctic Ocean crossing - found maximum concentrations of this species in the area where the shelf break is cut by St. Anna Trough. In the same area, Nansen already found these gulls to be common and locally numerous in the summer of 1895 (Collett and Nansen, 1900). For ivory gulls, the post-breeding staging areas are restricted to the marginal ice zone (Gilg et al., 2010), yet these staging areas also largely coincide with the continental slope from north of Svalbard to the east of the Severnaya Zemlya Archipelago (data from Gilg et al., 2010; Gavrilo et al., 2011). Examples of seabird concentrations at the slope of the Pacific inflow have also been documented. Total seabird abundance of both sea surface feeding bird species (kittiwakes Rissa tridactyla, short-tailed shearwaters Ardenna tenuirostris and Arctic terns Sterna paradisaea) and diving species (thick-billed murre Uria lomvia, horned puffin Fratercula corniculata and auklets Aethia spp.) peaked at the mouth of Barrow Canyon and the adjacent upper slope of the Beaufort Sea (Kuletz et al., 2015, 2019; Moore and Kuletz, 2019). We pose that for some of these seabird species (e.g., the little auk) the shelf break might be potentially more important than sea ice distribution. This hypothesis draws attention to the slope area in the context of Arctic climate change, since topographically controlled and biologically important oceanographic features could be resilient even under conditions of a shrinking sea ice cover. To test this hypothesis, further studies of birds distribution patterns in slope areas are warranted.

Patterns in marine mammal distributions are largely consistent with the described patterns in bird observations at Arctic continental slopes. In the area of western Fram Strait and north off Svalbard bowhead whale and narwhal sightings were also associated with slope regions (Storrie et al., 2018; de Boer et al., 2019). Seasonally occurring whales such as blue whales were also seen at the shelf break (Falk-Petersen et al., 2015; Vacquié-Garcia et al., 2017) argue that shelf-break upwelling in that area (particular the part called Whaler’s Bay) and associated dense occurrence of Calanus spp. copepods may have sustained the once high abundance of bowhead whales in that area. Similarly, extensive surveys for marine mammals along Amerasian Arctic slopes revealed several marine mammal hotspots associated with the continental slope of the Beaufort Sea and especially with canyon areas and strong oceanographic fronts (Moore et al., 2010; Okkonen et al., 2011; Moore and Kuletz, 2019). Specifically, hotspots for bowhead whales Balaena mysticetus, gray whales and beluga whales were located at the mouth of Barrow Canyon at the Chukchi Sea slope, or along the slope of the Beaufort Sea between Barrow Canyon and Mackenzie Canyon. For bowhead whales in particular, a shelf-break front in the Barrow Canyon area, when present under certain conditions, is thought to enhance feeding conditions on zooplankton for those whales (Okkonen et al., 2011; Citta et al., 2015). Occurrence of beluga whale aggregations in the Beaufort slope region (Hauser et al., 2015; Stafford et al., 2018) has been linked to prey concentrations of B. saida and zooplankton also associated with local advection and upwelling processes (Hauser et al., 2018). All of these findings suggest that slope and canyon bathymetry is a functionally important feature for many higher trophic level species.



Community Structure and Biodiversity Trends

As with biomass, the composition of biological communities (i.e., the members of all populations of species in a given area) vary strongly in their composition in the vertical and cross-slope dimensions, and to a lesser extent along-slope, both in the global ocean (Buhl-Mortensen et al., 2012) and in the Arctic. In all biological compartments, slope communities differ markedly from those on the shelves. Around the Arctic Basin perimeter, a vertical zonation of clearly distinct communities is identifiable across trophic levels as water depth increases from the shelf break to basin depths, from zooplankton and pelagic fishes in the water column to benthos and demersal fishes at the seafloor. For zooplankton communities, this vertical structure is evident near the slope but then extends horizontally throughout the basins, with epi-, meso-, and bathypelagic communities being correlated with vertical water mass structure (Figure 6A; Kosobokova et al., 2011; Smoot and Hopcroft, 2017). In surface waters and into mesopelagic layers, the expatriate fraction of the community can be used to track the strength of influence of Atlantic (e.g., Oithona atlantica, Calanus finmarchicus, Meganyctiphanes norvegica) and Pacific (e.g., Neocalanus spp., Metrida pacifica) water masses as they spread along the slope perimeter (Hirche and Kosobokova, 2007; Kosobokova and Hirche, 2009; Nelson et al., 2009, 2014; Kosobokova and Hopcroft, 2010; Wassmann et al., 2015).
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FIGURE 6. Biological community structure for coast-to-basin transects for (A) meso-zooplankon (modified from Kosobokova et al., 2011) and (B) benthic epifauna (upper panel: modified from Ravelo et al., 2020, lower panel: Jørgensen et al., unpubl. data). Non-metric multidimensional scaling plots show community shifts for shelf (light blue), upper slope (mid blue), and (partial) lower slope. For meso-zooplankton each circle represents one discrete depth layer of a multinet haul overall covering surface to near-bottom depth; stippled lines denote three sampling expeditions for the most part representing the three indicated slope areas. For benthic epifauna, each circle represents a single demersal trawl haul for a shallower Amerasian shelf-slope transition (upper panel; beam trawl) and a deeper Eurasian shelf-slope transition (lower panel; Campelen shrimp trawl); trawl depth was limited to ca. 1000 m.


Benthic invertebrate communities also shift in community structure vertically (Figure 6B), with vertical shifts inherently tied to cross-slope gradients at the seafloor. As with zooplankton, taxonomic shifts often occur to other species or families within the same class or phylum, rather than to entirely different organisms at the phylum or class level. Down-slope community shifts in infaunal macrobenthos below the halocline, for example, are documented through changes in dominant polychaete and bivalve species on both Amerasian slopes (Chukchi and western Beaufort Sea: Bilyard and Carey, 1979; Pirtle-Levy, 2006; Grebmeier, 2012; Nelson et al., 2014) and Eurasian slopes (west of Svalbard: Wlodarska-Kowalczuk et al., 2004, Laptev Sea and north of Svalbard: Vedenin et al., 2018; Table 1). Large single-celled foraminifera become biomass dominant down-slope towards the basin (Bluhm et al., 2005; Grebmeier et al., 2006). Among the larger epibenthos, slope communities are characterized by deep-water echinoderms common to Eurasian and Amerasian slopes (Table 1, Beaufort Sea: Ravelo et al., 2020; north of Svalbard: Jørgensen et al., unpubl. data; Fram Strait: Soltwedel et al., 2009). North of Svalbard at the upper slope (here 400-800 m) commercially fished hyperbenthic deep-water shrimps occur in high densities on soft-bottom substrate. Suspension-feeding Geodia sponges dominate the interspersed hard-bottom (Jørgensen et al., 2020) reflective of the high-flow environment of the boundary current in this area (see section “Physical Oceanography of Arctic Slopes”), and different suspension feeders extend to the mid-slope (800-1500 m). Suspension-feeders are also more prominent in the Barrow Canyon outflow than on adjacent slope regions coinciding with the high velocity of transport of particle-rich water required to sustain them (Grebmeier, 2012; Pisareva et al., 2015). Outside the immediate inflow regions, slope regions tend to have high proportions of deposit-feeding taxa (Iken et al., 2005; Bell et al., 2016) reflecting fine sediment organic carbon deposition on slopes from shelves. On the lower slope to the rise, various smaller sponges, sea anemones, crustaceans, and sea cucumbers are characteristic epifaunal taxa at both Eurasian and Amerasian slopes. Glacial dropstones reach slopes and adjacent basins alike and house higher diversity than the otherwise dominating soft sediments (Bergmann et al., 2011; Meyer et al., 2016; Zhulay et al., 2019).


TABLE 1. Example of benthic species characteristic for the slopes.

[image: Table 1]Communities of demersal fish on the slopes also shift in taxonomic composition from the adjacent shelf areas on both Eurasian and Amerasian slopes with differences also between upper and lower slope communities. Characteristic for the upper slope are high contributions of polar cod, the snail fish Liparis tunicatus and various eelpout species on the Pacific inflow slope (Beaufort Sea slope, Rand and Logerwell, 2011; Majewski et al., 2017; Norcross et al., 2017). At the Atlantic inflow, larger fish species are characteristic of the upper slope, such as Greenland halibut Reinhardtius hippoglossoides, Atlantic cod Gadhus morhua and the redfish Sebastes mentella (Bergstad et al., 2018; Jørgensen et al., unpubl. data); in warm years these species even reach as far as the Kara Sea slope (Dolgov, 2013). On the mid to lower slope Arctic skate Amblyraja hyperborea, and the snail fish Liparis fabricii join Greenland halibut and the eelpouts, in both Atlantic and Pacific inflow areas (Beaufort Sea: Majewski et al., 2017; Barents Sea: Bergstad et al., 2018., Jørgensen et al., unpubl. data; Kara Sea: Dolgov, 2013). The major transition in fish species composition at the Atlantic inflow area north of Svalbard occurs between the slope (>∼500 m) and the upper slope/shelf break assemblages (<500 m) with more Arctic species in the deeper and more boreal species in the shallower community (Bergstad et al., 2018). A similar transition is equally distinct on the Amerasian slopes and interior Kara Sea slope, though it occurs shallower (matching the shallower shelf break ∼200 m), with typical Arctic shelf taxa such as Myoxocephalus, Artediellus, and other sculpins, alligatorfish Aspidophoroides (formerly Ulcina) olrikki and related species disappearing at upper slope depths (Logerwell et al., 2011; Dolgov, 2013; Majewski et al., 2017; Norcross et al., 2017). Several fish species of the slopes extend into the basin (Stein et al., 2005; Zhulay et al., 2019), though few surveys have sampled beyond 1500 m due to logistical and time constraints. A difference between Amerasian and Eurasian slopes is that commercial densities of certain fish and shrimps reach the Eurasian inflow slope north of Svalbard.

Finally, biodiversity and biogeography patterns across some ecological groups also show distinct gradients from the shelf down the slope, which may have implications for potential dispersal trajectories of new and potentially invasive species entering the Arctic Ocean. Zooplankton biodiversity peaks beyond the shelf break and in vertical layers between 200 and 2000 m over slopes (and in the basins) (Kosobokova et al., 2011; Kosobokova, 2012; Smoot and Hopcroft, 2017; Ershova and Kosobokova, 2019). The lower slopes stand out in that endemic zooplankton species begin to be more numerous than on the shelves (Markhaseva, 1998; Markhaseva and Kosobokova, 1998; Andronov and Kosobokova, 2011; Kosobokova et al., 2011). As discussed above, expatriate zooplankton initially follow boundary currents, but then decline with increasing distance from the inflow source areas. For benthos, diversity may also be higher at the upper- and mid- slope than on adjacent shelves and basins (Wlodarska-Kowalczuk et al., 2004; Vedenin et al., 2018), and the fraction of endemic species increases at the lower slope (Bluhm et al., 2011; Mironov et al., 2013). Similarly, fish species richness is higher at the upper slope than adjacent shelf and slower slope in the Beaufort Sea (Majewski et al., 2017) and northern Kara Sea (Dolgov and Benzik, 2017). Biogeographically, the Arctic continental slope seafloor is primarily the domain of species of Atlantic-Arctic affinity, cosmopolitan deep-sea and – at the upper slope – amphiboreal species, while Pacific-Arctic species are largely absent in and below the Atlantic Layer, even on the Amerasian side (benthos: Bilyard and Carey, 1979; Krylova et al., 2013; Zhulay et al., 2019; Ravelo et al., 2020; fish: Dolgov, 2013; Mecklenburg et al., 2016).




FUNCTIONS OF THE SLOPE: SYSTEM CONNECTIVITY VS. SEPARATION

In this section we show that the geomorphological setting and physical processes reviewed in section “Physical Oceanography of Arctic Slopes” define the ecological functions that govern biological patterns described in section “Gradients in Biological Communities at Arctic Slopes.” These functions are a consequence of the slope’s role as both a connector and as a separator, in each of the three dimensions, along-slope, cross-slope and vertically (cf. Figure 1C).


Connectivity


Along-Slope: Boundary Currents as Sub-Arctic Messenger

Along-slope connectivity of energy, material properties and organism transport around the basin perimeter and partly into the basin interior is primarily mediated through the ACBC, and to a lesser extent through the various and highly variable Pacific inflow boundary currents. This “plumbing system” effectively enhances along-slope transport, a key functional feature affecting the Arctic Ocean’s sea ice, climate and ecosystem structure at and far beyond the slope region (Wassmann et al., 2015). Given the way this flow is dynamically constrained to follow isobaths, it follows that the steeper the slope, the more tightly constrained and intense the transport (e.g., Polyakov, 2001; Aksenov et al., 2011). For example, the Laptev Sea is steeper, and the boundary current is hence more constrained than at, for example, the East Siberian Sea slope.

For ecosystem productivity, the boundary current system is a very effective conduit of sub-Arctic nutrients, detrital particles, and living phytoplankton, zooplankton and fish larvae (Nelson et al., 2009; Torres-Valdés et al., 2013; Gjøsæter et al., 2017; Knutsen et al., 2017; Hop et al., 2019). The species composition within this flow changes along-slope, with numbers of Atlantic/Pacific taxa decreasing and proportions of Arctic ones increasing. Given that the copepod Calanus finmarchicus is incapable of reproduction during its transit along-slope (Hirche and Kosobokova, 2007) biomass gradually diminishes through consumption and natural mortality (Wassmann et al., 2015). At the slope north of Svalbard, for example, its proportion is ∼40% while it drops to 5% or less at the New Siberian Islands (Kosobokova, 2012); low numbers of C. finmarchicus reach as far as the East Siberian Sea slope (Ershova et al., 2019). Estimates of the amount of biomass injected into the slopes at the inflows are on the order of 1.75 million tons of zooplankton DW year–1 (∼0.8 million tons C year–1) in the Pacific inflow (Springer et al., 1996; Wassmann et al., 2015). Estimates for the Atlantic inflow were even higher than that (0.5 million tons C year–1 for C. finmarchicus alone, Basedow et al., 2018, or 0.9 million tons C year–1 of C. finmarchicus and C. glacialis combined, from model estimates, Wassmann et al., 2015). It is the persistent through-flow of these zooplankters that ensures plentiful feeding opportunities for their predators (Wassmann et al., 2019).

Several factors contribute to variability and loss of material transport along the boundary current path and these pertain, one, to the water transport, and two, to the transport of its material load. Loss of water and biomass from the boundary current occurs at intersections with ocean ridges (e.g., the Lomonosov, Alpha-Mendeleev, and Northwind Ridges), through flow instabilities that eject water into the basin interior (e.g., eddies, intrusion), and through relaxed slope steepness (releasing the tightness of the flow). The combined effects of these contribute to the downstream weakening of the boundary current. For example, the intersection of the Lomonosov Ridge with the slope and reduced slope angle towards the Amerasian Basin serve to bifurcate the boundary current and send a fraction across the basin as part of the Trans-Polar Drift (Rudels et al., 1994; McLaughlin et al., 1996). Likewise, the complex topography of the Chukchi Borderland acts to bifurcate the boundary current into two branches, one flowing north and the other through a gap south of the Northwind Ridge. Similarly, the PW inflow and its material loads may be weakened or even reversed by the clockwise (i.e., counter-opposing) wind-driven Beaufort Gyre and plumes of slope-constrained PW may be lost to the Amerasian Basin interior (e.g., Shimada et al., 2006). The magnitude of pelagic biomass transport within the boundary current on in the Atlantic inflow is seasonally variable which is related to seasonally changing vertical distribution of these zooplankton rather than variations in water transport (Basedow et al., 2018). Model simulations suggest that variability is also possibly related to variation in upstream source regions of the zooplankton (Wassmann et al., 2019). In the Pacific inflow changes in water temperature associated with sea ice retreat correlate with zooplankton biomass in the boundary current at the Chukchi Sea slope, and into the Canada Basin (Itoh et al., unpubl. data). Grazing on the algal bloom, natural mortality, consumption of copepods by fish, seabirds and mammals and other trophic relationships all also contribute to reduced biomass transport in the boundary current as the distance from the inflow decreases.



Cross-Slope “Leaks” Facilitate Connectivity

Earlier we outlined that a number of cross-shelf processes manage to break through the barriers of the along-slope fronts. One of these is shelf-break upwelling, a globally common phenomenon (Kämpf and Chapman, 2016) where surface waters above the shelf are driven offshore by upwelling favorable winds - in the Arctic generally easterlies - or by ice drift, to be replaced by deeper waters overlying the slope that are drawn onshore (Figure 4C). In the Arctic setting, halocline and upper AW is moved upwards cross-slope onto the shelves, facilitated by the rapidly changing water depth above the slope during situations of upwelling-favorable wind (Carmack and Chapman, 2003; Cottier et al., 2007; Williams et al., 2008; Pickart et al., 2009, 2013a,b; Okkonen et al., 2009; Williams and Carmack, 2015; Randelhoff and Sundfjord, 2018). Convergence or divergence of isobaths along the slope can also result in locally intensified upwelling through acceleration or deceleration of isobath-following flows (Williams and Carmack, 2008). In particular, submarine canyon-cutting slopes result in very sharp changes in the direction (curvature) of isobaths, and the dynamics of isobath-following flows and thus can intensify upwelling and downwelling across the shelf-slope boundary (Carmack and Kulikov, 1998; Williams et al., 2006; Williams and Carmack, 2008). Deeper shelves like the Barents Sea, in contrast, are less likely to experience upwelling (Randelhoff and Sundfjord, 2018). The topic has been a key research focus around the Arctic due to strong implications for heat budgets, nutrient transport and primary production (cf. Tremblay et al., 2014). Phytoplankton production is enhanced by upwelled nutrients in the Beaufort Sea (Tremblay et al., 2011, 2014) and such blooms are thought to boost grazing zooplankton biomass (Tremblay et al., 2011; Falk-Petersen et al., 2015) and benthic carbon demand (Tremblay et al., 2011). Falk-Petersen et al. (2015) hypothesize that upwelling with subsequent zooplankton biomass increase could be partly related to high bowhead whale numbers during the whaling period on the northern Svalbard shelf break. The current literature suggests that the relative roles of advected vs. upwelled nutrients and particulate constituents shift along the slopes from a large role of the former at inflow slopes to a larger role of the latter at interior slopes.

Downwelling, in contrast, occurs when westerly winds over open water or drifting ice force surface waters above the shelf and slope onshore, thus drawing sub-surface shelf waters from offshore over the slope and into the basin (Sverdrup et al., 1942). Functions associated with downwelling are less well understood and draw less attention than those of upwelling. If sustained over a summer, ice-free period, downwelling may precondition winter conditions by forcing low salinity and nutrient poor waters onshore and constraining the seaward spreading of incoming river waters. If sustained over a sufficiently broad region, downwelling may thereby help the Riverine Coastal Domain (cf. Carmack et al., 2015) to remain intact along the coastline; thus, we hypothesize, supporting along-shore transport of material properties and coastal organisms including meroplankton and fish (cf. Griffiths et al., 1983; Craig, 1984; Fechhelm et al., 2007). Similar to upwelling, we suspect this process may be more prominent along narrow and shallow shelves.

In addition to wind-driven upwelling and downwelling, density-driven flows resulting from brine drainage during sea ice formation also provide a connection pathway between the shelves and the slope domain (Aagaard et al., 1981; Melling and Lewis, 1982; Schauer et al., 1997; Figure 4D). Not only do these waters provide important contributions to the halocline complex and potentially to the ventilation of the deep Arctic Ocean (Aagaard et al., 1985; Aagaard and Carmack, 1994; Rudels et al., 1994), but they also drive contour-following currents along the slope with the descending plume turning to the right by the Coriolis force (Chapman and Gawarkiewicz, 1995). Dense water formation is particularly prominent in polynyas, sea ice formation factories that occur in all coastal regions around the Arctic (Ito et al., 2015) where heat flux and frazil ice formation are great (Figure 4D), and in shallow water where less dilution takes place. Densification of surface waters and subsequent sinking and off-shelf flow outside polynyas are episodic and difficult to observe, but also occur. Dense water production hotspots include the northeastern Kara Sea and northwestern Laptev Sea, where modeling studies (Ivanov and Golovin, 2007) discussed cascading of dense shelf waters down the continental slope to a depth of ∼400 m. The depths to which these winter-formed dense waters can reach depend on plume entrainment rates, upper ocean salinity prior to freeze-up (i.e., preconditioning) and ice production rates, which are both quite high in that region. However, with their close proximity to the large Arctic rivers, surface waters are becoming increasingly fresher (Janout et al., 2020, this issue), and thus even strong ice formation rates may not sufficiently densify these shelf waters to flow far down the slope. Densification and drainage are especially complex near the numerous topographic features (submarine valleys, troughs, canyons) that are too deep to locally form dense water by brine convection, but which can collect dense water and serve as drainage pathways (Janout et al., 2017).

Physical processes facilitating downwelling (dense-water formation and wind) can transport organic and inorganic material to depth, thus enhancing the biological carbon pump in the shelf-break region. We suggest that fixed carbon and organic detritus, both in surface waters and in advected waters associated with the ACBC, can in fact exhibit enhanced export from surface and intermediate waters to the deep Arctic basin, where it can be sequestered for the long-term. Removal of fixed carbon, as well as dissolved CO2 by these physical processes should increase the air-sea gradient in inorganic carbon and lead to greater uptake of CO2 from the atmosphere. The relative importance of these processes and the inverse, where upwelling brings inorganic carbon and perhaps even organic material to the surface, has not been addressed on a basin-wide scale.

Organic and inorganic constituents are also transported cross-slope with transport pathways associated with turbidity plumes, eddies interacting with the seafloor, and internal waves (Fohrmann et al., 2001). This cross-slope transport is – on Arctic and global slopes - reflected in enhanced content of total organic carbon in the sediment associated with a higher percentage of silt and clay sediments as fine particles settle out on the slope regions (Grebmeier et al., 2006; Mathis et al., 2014). Depending on location around the basin perimeter, composition of organic matter delivered to slopes has differing proportions of marine vs. terrestrial sources, with higher terrestrial fractions in areas where river influence reaches the slope (Fahl and Stein, 1997), i.e., generally in interior slopes, thus affecting food quality for benthic consumers (Bell et al., 2016). For example, water from the Mackenzie River, the Arctic river with the highest load of terrestrial organic matter (Rachold et al., 2004), provides a carpet of presumed refractory material that reaches the Beaufort Sea slope (Magen et al., 2010; Bell et al., 2016). At inflow (upper) slopes, in contrast, marine-derived carbon has a larger role (Magen et al., 2010; Divine et al., 2015). That this material is efficiently incorporated into the food web is, for example, also indicated in enhanced biological oxygen consumption in the sediments of the upper slope in and near Barrow Canyon and reaching down-slope with even a small increase at depths just past 2000 m (Moran et al., 2005; Grebmeier et al., 2006; Grebmeier and Barry, 2007, their Figure 6). In addition to this carbon supply, internal waves can mobilize sediments (Fahrbach and Meincke, 1982), thereby contributing to structuring seafloor communities since they respond to grain size composition (Ravelo et al., 2015).

We note that not all forcing mechanisms have uni-directional outcomes, for example upwelling and downwelling winds act primarily in the cross-slope direction, but will also have an along-slope function by generating a transient, along-slope jet in the direction of the wind along the upper slope (Williams and Carmack, 2015; Figure 4C). This is because over the upper slope there is less water for the wind to accelerate than in deeper waters farther offshore, and so the acceleration is greater there, leading to faster flow (the transient jet). This effect is more pronounced for shallow shelf-breaks where there is less water to accelerate over the upper slope (Randelhoff and Sundfjord, 2018). Functionally, the formation of transient, shelf-break jets associated with upwelling and downwelling may transport biota, and winnow and re-suspend sediments along the upper slope (cf. Williams and Carmack, 2015), again with effects on benthic community composition given their substrate affinity.



Vertical Connectivity at the Slope by Differential Weakening of Vertical Stratification

In general, halocline stratification throughout the Arctic Basins strongly constrains the vertical exchange of heat, nutrients, oxygen, biogeochemical tracers and other properties (McLaughlin and Carmack, 2010; Nishino et al., 2019; Randelhoff et al., 2020). At the slopes, however, stronger currents infer greater vertical shear and thus stronger mixing between AW and the overlying halocline compared to adjacent basins, and this results in a relative weakening of vertical gradients of temperature and salinity at the slope (Polyakov et al., 2020). The rapidly decreasing intensity of horizontal currents with depth, i.e., strong vertical shear, is a robust feature of the pan-Arctic along-slope boundary current; examples include: northeast of Svalbard (Ivanov et al., 2009), St. Anna Trough (Dmitrenko et al., 2015), the eastern Eurasian Basin slope (Pnyushkov et al., 2018), and the Alaskan Arctic slope (Li et al., 2019). Moreover, baroclinic tides are amplified over steep topography (e.g., Rippeth et al., 2015; Luneva et al., 2015), and thus also contribute to strong vertical shear. Stronger vertical shear of mean and tidal currents over the Arctic slopes is one important contributor to enhanced mixing, for which the characteristic signature is reduced vertical stratification within the halocline and AW layers (Pnyushkov et al., 2018). Weakening of oceanic stratification in the halocline thus allows greater vertical transfer of AW heat and other scalar properties. These patterns of weakened temperature and salinity gradients represent proxies for exchange of nutrients and other biogeochemical variables through the halocline. For example, the progression of the boundary current eastward displays a cooling of the AW (section “Along-Slope: Boundary Currents”) and a concurrent warming of the halocline, implying heat transfer upwards (Polyakov et al., 2010). We suggest that this process is accompanied by vertical flux of nutrients and other biogeochemical properties, and hence helps enhance levels of new production above the slope regions. These fluxes are not trivial to estimate given that uptake by phytoplankton, nitrification and horizontal advection may seasonally contribute to overall fluxes (Randelhoff et al., 2015). These authors argue, however, that the vertical nutrient flux component dominates during fall and winter when light levels limit phytoplankton growth, but that the relative roles of vertical and advective fluxes would vary along the Arctic slopes. They further suggest that this vertical nitrate replenishment in winter could potentially support increased production with decreasing sea ice in the inflow slopes in the future (also see section “Towards a Future Arctic Slope System”).




Separation Generates and Maintains Structure


Fronts Provide Biological Concentration Mechanism Along and Cross-Slope

Oceanic frontal zones are natural water mass boundaries often expressed by steeply sloping isolines of temperature and salinity; fronts are typically maintained by either divergent or convergent water movement. The Arctic fronts of interest here are (1) along-slope fronts created by the density structure associated with the ACBC, (2) cross-slope fronts occurring at sites of subduction of incoming sub-Arctic waters, or of lateral injection of sub-surface waters at canyons (St. Anna Trough and Barrow Canyon), and (3) front associated with shelf-break jets, both surface and near-bottom. Due to the sustained intensity of the boundary current system these frontal zones are maintained and can act as an effective barrier between the abyssal ocean and shelves (Tverberg and Nøst, 2009). For example, analysis of 2013–2015 cross-slope mooring observations in the eastern European Basin revealed that currents, even in the very surface layer, are mostly aligned with the underlying topography throughout all averaging periods, regardless of wind direction (Baumann et al., 2018). Such fronts are found around the pan-Arctic slopes and appear to facilitate concentration of pelagic prey, as is also well-described for fronts globally (Pakhomov and McQuald, 1996; Genin, 2004; Trudnowska et al., 2016). As a result, horizontal property gradients establish hydrographic fronts that are observed along the AW pathway following the continental slope of the Eurasian Basin. The front at the eastern flank of the St. Anna Trough extends vertically throughout the entire water column with a strong horizontal density gradient (Dmitrenko et al., 2014) and is associated with bird concentrations (section “Gradients in Biological Communities at Arctic Slopes”). Similarly, Bauch et al. (2014) observed a front at the continental slope of the Laptev Sea separating shelf and basin waters, and hypothesized that the front is maintained by the ACBC. Also, a strong front near the shelf-break at the southern edge of Barrow Canyon is maintained under certain conditions and concentrates zooplankton which in turn attracts feeding groups of bowhead whales (Okkonen et al., 2011). Such zooplankton concentrations, explained through sharp density gradients (Prairie et al., 2012; Trudnowska et al., 2016), in turn explain the widespread aggregation of certain planktivorus seabirds and marine mammals (section “Gradients in Biological Communities at Arctic Slopes”) at the Arctic inflow slopes.



Light, Hydrography, and Depth Gradients Maintain Vertical Domains

While vertical connectivity is enhanced over slopes compared to the basins (section “Vertical Connectivity at the Slope by Differential Weakening of Vertical Stratification”) we briefly stress here that for the food web at slopes, vertical gradients in light, food supply and hydrographic properties remain strong, maintaining strong functional gradients in the vertical. The combined effects of primary productivity constrained to upper water, consumer biomass peaks in form of a ‘lipid belt’ of enhanced zooplankton and – regionally – polar cod, strong vertical flux attenuation prevalent anywhere in the global ocean, and the strong belts of boundary currents, the upper slope is clearly separated from the lower slope. Within it, the euphotic zone is distinct from the basins through enhanced mixing as shown in “Vertical Connectivity at the Slope by Differential Weakening of Vertical Stratification.” Clearly separated, the lower slope is generally more characteristic of global deep-sea conditions in terms of low food supply, a community structure of more detrital and predatory taxa, and hydrographic stability. The described down-slope processes and possibly enhanced carbon pump, however, set this zone apart from the adjacent basin conditions.





TOWARDS A FUTURE ARCTIC SLOPE SYSTEM

In summary, we have shown that the Arctic continental slope is a distinct and dynamically active domain of the Arctic Ocean, manifest as narrow, horizontal bands with specific combinations of physical, chemical and biological properties that encircle the basin perimeter. Though spatially occupying only a small fraction (∼6%) of the Arctic Ocean surface area, this domain exerts a disproportionately large influence on the overall functioning of Arctic Ocean ecosystems. Along-slope advective inputs from sub-Arctic seas create and maintain gradients, especially at the upper slope, in water mass and biotic properties moving along the basin perimeter in boundary currents that facilitate connectivity. The associated near-continuous carbon injections moving along-slope support multiple trophic levels in the water column (Wassmann et al., 2015), but also enhance food supply to the underlying seabed. The lower slope, in contrast, is a quiescent, low energy environment, less susceptible to climate forcing, and with comparatively low biological stocks and activity. Connectivity, both cross-slope and vertical, is generated by processes cutting through the boundary currents such as shelf break upwelling/downwelling and brine drainage, particularly through canyons (Figures 4C,D). Transport of organic and inorganic matter is associated with these processes, providing a mechanism to enhance biological productivity subsequently attracting multiple trophic levels. Vertical connectivity also results from generally weaker stratification at the slopes than in the adjacent basins through shear and turbulent mixing, enhancing upward nutrient fluxes. At the same time, however, salt-stratification, light attenuation (determining the euphotic zone) and water depth (indirectly affecting vertical flux of organic matter) maintain distinct hydrographic layers, biological communities and production regimes. Water mass boundaries at fronts along-slope and cross-slope near canyons tend to be places where biological concentrations occur, often evident in predator-prey associations.

These factors contribute to the upper Arctic slope domain exhibiting signals of a changing climate rapidly and acutely because the upstream signals of change originating in sub-Arctic source waters and inflow shelves are rapidly propagated by the ACBC (Polyakov et al., 2020a, this issue). For example, the Arctic slope has warmed, as shown by an increase in the AW core temperature since 1980 (Figure 7). This trend, however, is not spatially uniform, as warming rates in the western Eurasian Basin (0.03°C per decade) exceed those in the Amerasian Basin (0.01°C per decade) by a factor of 2-3, although along this track there has been little change of water transports over the past two decades (2003–2018; Pnyushkov, Polyakov et al., pers. com.). Freshening is also visible in the AW core over the slope regions of the Amerasian Basin while AW salinity over the Eurasian Basin slopes shows a uniformly increasing trend (Figure 7), consistent with the ongoing Atlantification of that part of the Arctic Ocean (e.g., Polyakov et al., 2017, 2018). Polyakov et al. (2020a, this issue) also documented that the halocline in both the Eurasian and Amerasian basins has shown a clear warming tendency, while salinity trends differ, increasing in the Eurasian Basin whereas the Amerasian Basin halocline has become increasingly fresher. Thus, the two basins and their slopes are structurally responding in opposite directions, reflected in weakening halocline stratification over the Eurasian Basin slope and strengthening over the Amerasian Basin slope areas. As a result, more favorable conditions are now established for higher biological productivity at the Eurasian Basin’s margin while at the same time, conditions at the upper slope in the Amerasian Basin experiences increased constraints to vertical mixing and the flux of nutrients to the surface layer. The increased influx of warmer PW through Bering Strait since the early 1990s (Woodgate et al., 2006; Woodgate, 2018) implies enhanced along-slope PW transports of nutrients, pelagic biomass and propagules of benthic biota in the Amerasian Basin. There is, however, no direct observational evidence for this intensification above the slope. Benthic indicator species are, in fact, now actually distributed less far to the east than previously (Ravelo et al., 2015) which these authors suggested could be related to prolonged reversals of water flow from east to west reported by von Appen and Pickart (2012). Instead, sea-ice retreat in summer and stronger air-sea coupling may be detaching a greater fraction of this water from the shelf-break current into the basin interior (Shimada et al., 2006).


[image: image]

FIGURE 7. Increase of AW core temperature (defined by potential temperature maximum) and associated salinity from 1980 to 2015 over the Arctic slope from 1980 to 2015. Locations are shown by red transects. Solid blue lines connect annual measurements with no gaps in between whereas dash-dotted lines are used to fill gaps. Light blue dots show original data taken from CTD profiles. Red lines show linear trends, their values complemented by statistical significance at 95% are also shown.


Sea ice decline, in particular, has acted to accelerate the previously existing processes of shelf-slope exchange, including shelf-break upwelling and downwelling (Carmack and Chapman, 2003), cross-slope flow of brine-enriched dense water (Janout et al., 2017), and downslope transport of organic matter (Fahl and Stein, 1997). Now, the seasonal ice edge retreats well beyond the slopes into the basin in many regions (Figure 8), whereas only a few decades ago, seasonally ice-free waters were limited to near-shore regions along the periphery (Stroeve et al., 2012; Kwok et al., 2019). The decline in ice cover exposes waters and drifting ice above the slope to enhanced wind and radiative forcing, and thus both upwelling and downwelling favorable winds can now drive increased cross-slope exchange. This trend of increased exchange has demonstrated the potential to increase the flux of nutrient-rich, sub-Arctic Atlantic and Pacific waters onto the shelf, and potentially increase primary production (Tremblay et al., 2011; Spall et al., 2014).
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FIGURE 8. Decline in ice concentration over the slopes (here defined by the 400 m isobath) between 1980 and 2018. Ice concentration sampled at the locations shown in the map; average ice concentration between June 1 and December 31 showing increase of open water over the observation period in summer months.


Multiple processes were mentioned that may increase primary production over the slopes. To evaluate such potential changes on the pan-Arctic scale, we used the regional coupled physical and biological SINMOD system, run with atmospheric forcing data from the global MPI-ESM model system (Notz et al., 2013). Except for this forcing, the configuration is otherwise similar as presented in Slagstad et al. (2015). To eliminate interannual variability, the change is calculated by subtracting the decadal mean annual primary production over the period from 2090 to 2099 from the mean annual primary production over the period from 2006 to 2015. Simulated yearly primary production in the Arctic is particularly sensitive to how well the sea ice is represented by the ESM (Slagstad et al., 2011, 2015) and therefore the future projection of new production depends on future projection of summer sea ice cover. An ensemble simulation of the IPCC RCP 8.5 scenario that predicts a sharp decline in ice cover in September after 2050s (Notz et al., 2013) alters primary production (Figure 9). The magnitude of the change in production will depend on the forcing scenario, but qualitatively the results are consistent whether we run with forcing from other EMSs or do more idealized blue Arctic scenarios (Slagstad et al., 2015). The results can be summarized in the Eurasian Arctic as an increase in new primary production in the northern Barents Sea and along the inflow path of AW north of the Barents Sea and further along the western Eurasian slope. Along the western Eurasian slope there is a projected increase of 20-40 g C m–2 year–1 from today’s values of 70-100 g C m–2 year–1 with peaks in increase projected for the eastern Barents and western Kara seas. The Amerasian slope values are projected to increase by 10-20 g C m–2 year–2 from today’s values of generally <30 g C m–2 year–1, with highest projected increase for the Laptev and East Siberian and lowest for parts of the Beaufort Sea slopes. With the projected change in ice conditions, the productive season will be longer though phytoplankton growth may eventually become nutrient limited. The strong stratification in parts of the Arctic constrains turbulence levels (Randelhoff et al., 2015), and future increases in new production will, therefore, depend on an increase in vertical fluxes of nutrients. SINMOD projects this to occur mainly in the northern Barents Sea and along the Siberian slopes due to weakening of the halocline and deeper mixing with underlying AW above the slope, a trend that is already taking place in these regions (Polyakov et al., 2017; Lind et al., 2018). These projected patterns are rather consistent with the patterns in documented increases in primary production and algal biomass in the last decade (Lewis et al., 2020), where these authors in fact suggest that regional influx of new nutrients played a role. Simulations also show a high projected increase in new production in the Chukchi Sea related to changes in ice conditions, a trend that again is in agreement with satellite based observations (Arrigo and van Dijken, 2015; Frey et al., 2019). Whether and to what extent this new production would reach the slopes and how that might relate to the increased volume transport of nutrient-rich water through Bering Strait from 0.7 to 1.2 Sv since the 1990s (Woodgate, 2018) warrants a thorough analysis.
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FIGURE 9. Modeled change in annual primary production by the end of the century compared to the present climate based on SINMOD results for the RCP8.5 scenario. Predictions show peak increases (oranges and reds) partially coinciding with the continental slopes along the Atlantic inflow and Siberian slopes and enhanced production (yellow) over essentially the entire slope band.


Microbial and consumer communities above continental slopes are presented with changed proportions of carbon sources as well as temperature regimes. A new mix of carbon sources can be expected given the combination of the predicted increase in primary production, decrease in ice cover (and hence likely ice-algal production), potentially changed cross-slope transport of organic carbon delivered with sea ice, river run-off and permafrost (Holmes et al., 2002, 2012; Krumpen et al., 2019), and perhaps even macroalgal carbon reaching some slopes from nearby island groups with rocky shores. Overall, consumer responses are difficult to predict. Some changes would support increases in consumer production and biomass: increased pelagic primary production, upwelling, higher temperatures and associated enhanced survival and subsequent reproduction of advected zooplankton. In contrast, other changes might reduce production capacity, e.g., smothering by down-slope inorganic particles, increased metabolic demands related to temperature increase, and reduced food quality with increased fractions of terrestrial matter. In addition, the consumer communities at slopes themselves are beginning to change, at least near the sub-Arctic inflows. Penetration of sub-Arctic Atlantic communities farther into the Arctic along-slope is documented for inflow shelves (e.g., Fossheim et al., 2015), and is now emerging also for at least individual surveyed species at the matching slopes. For example, recent studies found Greenland halibut Reinhardtius hippoglossoides to be distributed much further eastwards from the northern Barents Sea to the Kara Sea and Laptev Sea (Borkin et al., 2008; Sentyabov and Smirnov, 2010).

In conclusion, the distinct functions of the Arctic slope domain and the ongoing changes in this domain should be incorporated into future Arctic conceptual models and research planning. Based on the role of the slope in climate changes, both as an early warning network and as pathway of upstream change to the entire Arctic marine system, we recommend an interdisciplinary, international slope study be conducted in order to synoptically characterize connecting and separating processes over slopes. The developing international Synoptic Arctic Survey (SAS) for example, composed of regional shelf-to-basin transects for multidisciplinary studies into the Arctic Basin and recommended interdecadal follow-up along time-series lines (Paasche et al., 2019) can yield valuable pan-Arctic slope information on the status and change of the Arctic marine ecosystem also along slopes. Given the growing appreciation for the role of the numerous troughs and canyons, vertical and lateral physical and biological exchange and mixing mechanisms of AW with peripheral waters are crucial study subjects to understand the future of the Arctic ecosystem. Also, a suite of slope transects should monitor the potential arrival of invasive species or those expanding their current distribution range as is already seen along the Atlantic inflow slope.
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Remineralization of organic matter at the seafloor is an important ecosystem function, as it drives carbon and nutrient cycling, supplying nutrients for photosynthetic production, but also controls carbon burial within the sediment. In the Arctic Ocean, changes in primary production due to rapid sea-ice decline and thinning affect the export of organic matter to the seafloor and thus, benthic ecosystem functioning. Due to the remoteness and difficult accessibility of the Arctic Ocean, we still lack baseline knowledge about patterns of benthic remineralization rates and their drivers in both shelf and deep-sea sediments. Particularly comparative studies across regions are scarce. Here, we address this knowledge gap by contrasting benthic diffusive and total oxygen uptake rates (DOU and TOU), both established proxies of the benthic remineralization function, between shelf and deep-sea habitats of the Barents Sea and the central Arctic Ocean, sampled during a RV Polarstern expedition in 2015. DOU and TOU were measured using ex situ porewater oxygen microprofiles and sediment core incubations, respectively. In addition, contextual parameters including organic matter availability and microbial cell numbers were determined as environmental predictors. Pan-Arctic regional comparisons were obtained by extending our analyses to previously published data from the Laptev and Beaufort Seas. Our results show that (1) benthic oxygen uptake rates and most environmental predictors varied significantly between shelf and deep-sea habitats; (2) the availability of detrital organic matter is the main driver for patterns in total as well as diffusive respiration, while bacterial abundances were highly variable and only a weak predictor of differences in TOU and DOU; (3) regional differences in oxygen uptake across shelf and deep-sea sediments were mainly related to organic matter availability and may reflect varying primary production regimes and distances to the nearest shelf. Our findings suggest that the expected decline in sea-ice cover and the subsequent increase in export of organic matter to the seafloor may particularly enhance remineralization in the deep seas of the Arctic Ocean, altering benthic ecosystem functioning in future climate scenarios.

Keywords: sediment oxygen uptake, organic matter, central Arctic Ocean, shelf, deep-sea, pan-Arctic, Laptev Sea, Beaufort Sea


INTRODUCTION

A major function of benthic ecosystems is the turnover of organic matter, mainly driven by microorganisms (Glud et al., 1998), which we refer to as the “benthic remineralization” function (Link et al., 2013b). This remineralization is crucial for the replenishment of nutrients to the water column (Canfield, 1993) and determines the amount of buried carbon in the seafloor (Archer and Maier-Reimer, 1994). It is dependent on exported organic matter from the upper water column to the seafloor, which constitutes a crucial food source for benthic communities. This is especially valid for 95% of the seabed (67% of the Earth’s surface), where the absence of light impedes primary production (Jørgensen and Boetius, 2007). It is therefore not surprising that benthic remineralization rates are dependent on water depth (Wenzhöfer and Glud, 2002). On a global scale, 15–50% (Glud, 2008) of the pelagic primary production finally reach the seafloor on the shelf, while the deep sea only receives about 1 – 5% of the exported organic matter (Klages et al., 2004; Smith et al., 2008). From these 1 – 5%, only 1 – 2% are remineralized within a few days, while the remaining proportion is turned over very slowly and gets finally buried in the seabed (Turley and Lochte, 1990; Jørgensen and Boetius, 2007).

Shelf seas in the Arctic Ocean are generally known to have higher turnover rates than deeper areas of the central Arctic (Clough et al., 2005; Grebmeier et al., 2006; Link et al., 2013b). In the latter, the perennial sea-ice cover further hampers primary production and thus, the export of organic matter to the seafloor (Bleil and Thiede, 1990; Grebmeier, 2012; Fernández-Méndez et al., 2015). Sea-ice cover in September is currently estimated to decline by 43 to 94% by 2100 (IPCC, 2013) and production regimes are predicted to change with sea-ice decline (Arrigo et al., 2008). This will ultimately affect benthic ecosystem functioning, as the quantity and quality of organic matter exported to the seafloor changes, enhancing benthic remineralization and carbon burial (Arrigo et al., 2008; Bauerfeind et al., 2009; Lalande et al., 2014; Sørensen et al., 2015; Hoffmann et al., 2017). This has previously been stressed by Boetius et al. (2013), who reported that sea-ice thinning may result in an increased export of ice algae to the deep-sea floor, triggering an increase in benthic turnover rates at latitudes >87°N. Arctic deep seas are still largely covered by sea ice on a perennial basis, whereas the presence of sea-ice on the shelves is highly seasonal (Bleil and Thiede, 1990). Thus, it is unclear if changes in benthic remineralization in the Arctic will develop differently on the continental shelves compared to the deep basins.

Benthic remineralization can be studied by measuring sedimentary oxygen uptake (Wenzhöfer and Glud, 2002; Glud, 2008; Link et al., 2013b). The latter can be assessed by measuring either total sedimentary oxygen uptake rates (TOUsed) or diffusive oxygen uptake (DOU) rates and reflects heterotrophic activity (and thus remineralization) in the absence of primary producers. TOUsed is an indicator of the total benthic carbon mineralization, including oxygen consumption induced by macrofauna (Rasmussen and Jørgensen, 1992; Glud, 2008). In contrast, DOU is calculated from oxygen microprofiles profiles in the sediment and mainly assesses microbial respiration (Glud et al., 1994; Wenzhöfer and Glud, 2002). Since macrofauna is dominant in shelf sediments, whereas bacteria and meiofauna dominate at greater depths (Rowe et al., 1991) the differences between TOUsed and DOU should decrease with increasing water depth (Glud et al., 2000; Glud, 2008; Sørensen et al., 2015).

Besides differences in TOUsed and DOU, benthic remineralization rates between shelf and deep-sea habitats may also vary depending on the Arctic region, hampering pan-Arctic predictions based on local studies. For example, benthic remineralization rates are ultimately dependent on a combination of factors, of which water depth and chlorophyll pigments in the sediment (as an indicator of phytodetritus) were shown to be the most important ones (Boetius and Damm, 1998; Bourgeois et al., 2017). However, the availability of phytodetritus is dependent on regional factors, such as nutrient availability and sea-ice conditions (Grebmeier et al., 2006; Arrigo et al., 2008; Hoffmann et al., 2018).

A few studies have recently improved our understanding of benthic oxygen uptake and the respective influence of environmental predictors in the Arctic Ocean (Cathalot et al., 2015; Bourgeois et al., 2017; Hoffmann et al., 2017, 2018). Still, the prevailing lack of measurements in the central Arctic Ocean (as well as for the Russians Seas and main Arctic rivers) stresses the need for further investigations in these areas to provide a benchmark and to confirm and sharpen models of pan-Arctic sedimentary oxygen demand and food supply.

To estimate the impact of environmental changes on benthic remineralization as an important ecosystem function, we need to set a baseline for sediment oxygen consumption rates in shelf and deep-sea habitats and identify drivers for regional differences across the Arctic. Here, we address this knowledge gap by contrasting benthic oxygen uptake (TOUsed and DOU) and selected environmental parameters between the Barents Sea Shelf and the deep central Arctic Ocean, and comparing those to previously published measurements from the Beaufort and Laptev Sea. We specifically address the following three questions: (1) How large are variations in TOUsed, DOU and environmental parameters among the Barents Sea shelf and the central Arctic deep sea? (2) How much of the variability in TOUsed and DOU can be explained by environmental proxies and microbial abundance? (3) How do variations in benthic activity and environmental parameters among shelf and deep seas compare across different regions in the Arctic Ocean?



MATERIALS AND METHODS


Study Area

The Arctic seas are characterized by low water temperatures, seasonal ice cover among most shelf seas and long lasting ice cover above the basins. Furthermore, seasonal fluctuations in solar irradiation determine patterns of primary production (Piepenburg, 2005). Differences in primary production found in the literature illustrate a latitudinal gradient, representing the distinctness between Arctic shelf and deep seas (Codispoti et al., 2013). Primary production rates vary from highest values in the Barents Sea, with 110 g C m–2 a–1 (Sakshaug, 1997), to lowest values found in the central Arctic, where for the Lomonosov Ridge values of 18 g C m–2 a–1 have been estimated (Harada, 2016).

Stations in the Barents Sea and central Arctic Ocean were investigated during RV Polarstern expedition PS 94 between August and October 2015, hereafter referred to as “this study.” During the cruise, a total of 12 stations were sampled, five of which located on the Barents Sea shelf and seven in the central Arctic deep-sea basin (Table 1 and Figure 1). Shelf stations are hereafter also referred to as Barents Sea and deep-sea stations as the central Arctic Ocean. In Tables 1, 2, station names are reported following the regulations of the PANGAEA data repository; throughout the text, we only report the station numbers (e.g., 20 instead of PS94/020-2).


TABLE 1. List of stations and metadata of PS94.
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FIGURE 1. Map of stations sampled for this study (PS94) and comparative datasets from two previous surveys from the Laptev and Beaufort seas. (A) Stations sampled for this study during RV Polarstern expedition PS94 in 2015 (stations on the map indicated by stars), (B) stations sampled in the Beaufort Sea in 2008 and 2009 (stations indicated by squares), and (C) stations sampled in the Laptev Sea during RV Polarstern expedition PS80 in 2012 (stations indicated by circles). The underlying bathymetric chart was provided by Jakobsson et al. (2012).



TABLE 2. Range of all parameters assessed during PS94 (min/max).

[image: Table 2]Some stations in the central Arctic deep sea are particularly noteworthy. One of them constitutes station 32, which was measured at 3167 m water depth, situated at the foot of the Barents Sea slope. The Barents Sea is considered a “flow through shelf”, a major passage for waters from the North Atlantic which enter the central Arctic Ocean. It comprises 49% of the total pan-Arctic shelf primary production (Sakshaug, 2004; Wassmann et al., 2006). Another exceptional deep-sea station (66) was located on the edge of the Gakkel Ridge, on top of the Karasik Mountain. This site is comparatively shallow with 656 m, but also unique in its setting on top of a lapsed volcano. Stations 105 and 130 are situated on the Lomonosov Ridge. At the time of sampling, all shelf stations (except station 21) had no ice cover, while deep-sea stations were ice-covered (Table 1).

In order to investigate regional differences in DOU, TOUsed and environmental parameters, we further analyzed comparable measurements from the Beaufort (measured 2008/9) (Link et al., 2019) and the Laptev Sea (measured in 2012) (Bienhold and Boetius, 2016, 2018a,b; Wenzhöfer et al., 2018). For information on the methods used by both studies to measure the parameters presented in this article, we refer to the respective publications.



General Sampling

Undisturbed sediment samples were collected by deploying both a multiple corer (MUC) (Barnett et al., 1984) and a giant box corer (GBC) (Table 1). The MUC was equipped with eight core liners, each with an inner diameter of 9.4 cm and 50 cm length. After MUC retrieval, replicate sediment cores with a visibly intact sediment surface were chosen for further laboratory analysis. The GBC retrieves an undisturbed and coherent patch of seafloor sediments (50 × 50 × 30 cm) with bottom water on top. Replicate cores were taken from the GBC on board by using the same core liners as for the MUC. Overall, six replicate cores where taken from the MUC and the GBC, respectively, three of which were used for measuring diffusive oxygen uptake rates and selected environmental parameters (see sections “Chlorophyll Pigment Analyses,” “Total Organic Carbon,” and “Microbial Cell Numbers”) and three to derive total oxygen uptake rates. The selected cores were closed with a bottom lid and carefully pushed up with an extruder, so that the overlying water phase had a height of about 15 cm. Afterward cores were brought to the laboratory for further analysis of diffusive and total oxygen uptake rates, as well as for taking sediment samples for the subsequent analysis of environmental parameters. Bottom water temperature and salinity were derived from CTD (conductivity, temperature and depth) measurements, which were taken at the same location as MUC or GBC samples. CTD data (Rabe et al., 2016) and all further data from this study are available from PANGAEA (Kiesel et al., 2019).



Diffusive Oxygen Uptake

We assessed diffusive oxygen uptake rates by measuring ex situ porewater oxygen microprofiles in retrieved sediment cores. After retrieval and preparation on deck, three cores were immediately taken to a temperature-controlled water bath and kept at a constant temperature of 2°C. After placing the cores in the water bath, a magnetic stirring device was implemented in each core to homogenize the overlying water column and to create a diffusive boundary layer (DBL) that was similar to in situ conditions (Wenzhöfer et al., 2001).

In each of the three sediment cores one oxygen microprofile was measured within the first 2 to 3 h after core recovery (n = 3 per station), except stations 32, 87, 105, and 123, where only two profiles could be obtained. Two types of fiber-optical needle sensors, OXR50 (tip diameter 50 μm, response time (t90) < 2 s) and OXR230 (tip diameter 230 μm, response time (t90) < 2 s; both from Pyroscience, Germany) were used. All sensors were two-point calibrated (zero and 100% air saturation) at 2°C with bottom water taken from the rosette. Afterward, the sensors were connected to a Firesting O2 oxygen meter (Pyroscience, Germany). Oxygen microprofiles were measured with a vertical resolution of 100 μm controlled by a motor-driven micromanipulator, with resting time per data point of 5 s. Total profile length was programmed to be 6.5 cm. Examples of four microprofiles are shown in the Supplementary Material (Supplementary Figure S1).

The diffusive oxygen uptake (DOU in mmol m–2 d–1) was calculated from the obtained microprofiles using the linear O2 concentration gradient in the DBL applying Fick’s first law of diffusion (Jørgensen and Revsbech, 1985; Glud et al., 1994; Boetius and Damm, 1998; Wenzhöfer and Glud, 2002; Jørgensen et al., 2005):
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where D0 (cm–2 s–1) is the molecular diffusion coefficient, recalculated to the temperature of the water bath and its salinity, taken from Schulz and Zabel (2006). C (μM) is the solute O2 concentration at depth z (cm) within the DBL.



Total Sedimentary Oxygen Uptake (TOUsed)

Total Sedimentary Oxygen Uptake rates were assessed by conducting sediment core incubations. After MUC retrieval and sediment core preparation on deck, three cores were taken to a dark, temperature-controlled laboratory that was refrigerated to 2–4°C. Incubation procedure generally followed the approach described by Link et al. (2013a, b). At the onset of each incubation, sediment cores were carefully topped with bottom water from the same station, taken from the rosette. Additionally, three control cores, which were exclusively filled with bottom water, were established. Cores were acclimatized for 6 to 8 h, while being saturated with air to avoid suboxic conditions during incubation (Link et al., 2013b). After acclimatization, cores were hermetically closed and a magnetic stirring device was implemented in each core. The magnetic stirring device was used to homogenize the water column without resuspending the sediment as turbulence or currents are known to affect benthic oxygen uptake rates (Hall et al., 1989; Link et al., 2013b). Oxygen was periodically measured a few centimeters above the sediment surface, with an optical sensor spot attached to the inner liner wall and measured with a non-invasive optical probe (Fibox 3 LCD, PreSens, Regensburg, Germany). Measurements were repeated every 5 to 6 h for overall 2 to 4 days. Only those measurements were considered, where oxygen concentration had not fallen below 70%, in order to avoid the influence of suboxic conditions on the oxygen uptake rates. TOU (mmol m–2 d–1) from the retrieved sediment core and overlying bottom water was calculated from the slope of the linear regression of the oxygen concentration change (dC) over the incubation time (dt), taking the area enclosed by the microcosm (Ach) as well as the bottom water volume Vbw into consideration (Link et al., 2011, 2013a,b).
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To estimate the total sedimentary oxygen uptake (TOUsed), TOU was corrected for the bottom water oxygen uptake (BWU).

[image: image]

An example of a time series core incubation showing the linear regression of oxygen consumption over time is shown in the Supplementary Material (Supplementary Figure S2).



Fauna Mediated Oxygen Uptake (FOU)

Since DOU mostly assesses microbial respiration (Glud et al., 1994; Wenzhöfer and Glud, 2002) and TOUsed additionally involves oxygen consumption by meio- and macrofauna, we used the difference between both (TOUsed–DOU) as a proxy for fauna-mediated oxygen uptake (FOU, Wenzhöfer and Glud, 2002). Since different sediment cores were used for the calculation of DOU and TOUsed, we subtracted mean DOU of each station from mean TOUsed of the same station, which is why only one replicate per station exists. Using the difference between TOUsed and DOU as a proxy for FOU has been suggested previously by many studies, which have shown that FOU correlates with the biomass of benthic fauna (Archer and Devol, 1992; Glud et al., 1994, 1998; Wenzhöfer and Glud, 2002).



Chlorophyll Pigment Analyses

Three subsamples from three different cores were obtained per station, taking the top first cm of sediment using cut-off 5 ml plastic syringes. Samples for chlorophyll pigment analyses were stored dark and frozen at −20°C until further analyses in the home laboratory. Chlorophyll pigments were extracted from 1 ml sediment in 90% acetone, after addition of glass beads and grinding in a cell mill (Vibrogenzellmühle VI 6, Edmund Bühler GmbH). Extraction was repeated three times. After each extraction, samples were centrifuged and after each of the three extraction steps, 2 ml of supernatant were collected and combined for the subsequent measurement. Concentrations of chlorophyll a and phaeopigments (after acidification with 20% hydrochloric acid) were determined with a Turner Trilogy fluorometer (Turner Designs), equipped with a “Chlorophyll a – Acidification fluorescent module” (excitation at 485 nm, emission at 685 nm). The sum of chlorophyll a and phaeopigments (Phaeo) is expressed as chloroplast pigment equivalents (CPE). The proportion of chlorophyll a from CPE (% Chl a) is an indicator of the freshness of phytodetritus (Pastor et al., 2011). Pigment concentrations are provided in μg ml–1 sediment.



Total Organic Carbon

Three subsamples from three different cores were also obtained per station, taking the top first cm of sediment using cut-off 20 ml plastic syringes. Samples were stored frozen at −20°C until further analyses in the home laboratory. Samples of at least 1 g were lyophilized and homogenized using a mortar and pestle. The total carbon content of sediment samples was determined in about 20 mg of dried sample material by combustion and gas chromatography with a Carlo Erba NA-1500 CNS elemental analyzer. An aliquot of the freeze-dried sample material was acidified with hydrochloric acid (6–10 mol l–1) to remove the fraction of inorganic carbon and to determine the total amount of organic carbon (TOC).



Microbial Cell Numbers

For the determination of prokaryotic cell numbers, 1 ml sediment was fixed with sterile filtered formalin/seawater at a final concentration of 2% and stored at 4°C until further analyses in the home laboratory. Samples were 4,000-fold diluted and filtered on 0.2 μm polycarbonate filters, stained with acridine orange (Meyer-Reil, 1983), and counted using an epifluorescence microscope (Axiophot II Imaging, Zeiss, Jena, Germany). For each sample, 30 random grids from two replicate filters were counted and averaged.



Statistical Analyses

All stations were categorized by region, i.e., separating samples from this study (central Arctic and Barents Sea), the Beaufort Sea (Link et al., 2013a, 2019) and the Laptev Sea (Bienhold and Boetius, 2016, 2018a,b; Wenzhöfer et al., 2018), and further divided into shelf (ranging from 45 m – 520 m) or deep-sea (5200 m – 546 m) sites, which in the following we refer to as habitats. Stations of this study varied from 265 to 395 m on the shelf and from 656 to 4262 m in the central Arctic deep sea. In the Beaufort Sea, 19 stations on the shelf varied from 45 to 400 m and from 546 to 596 m in the deep sea (five stations). Stations in the Laptev Sea varied from 57 to 520 m on the shelf (four stations) and between 774 and 3437 m in the deep sea (six stations). For a summary of the stations and parameters sampled in each region see Supplementary Table S1 in the Supplementary Material. The differentiation between shelf and deep-sea sites of all three regions was based on water depth and topography.

We tested for significant differences in benthic oxygen uptake (DOU and TOUsed) and environmental parameters (Chl a, CPE, % Chl a, TOC, and microbial cell numbers) between shelf and deep-sea habitats (Question 1). The same approach was used in order to test for differences between the three regions (Question 3). None of the parameters were normally distributed or homoscedastic. We thus used a non-parametric Kruskal–Wallis test to test for differences between the three regions and a Wilcoxon rank sum test to test for differences between the two habitat types, i.e., shelf and deep sea.

Additionally, a partitioning of the variation in DOU (n = 11) and TOUsed (n = 8) measurements between different environmental parameters was performed across all stations from this study (including both shelf and deep-sea stations). We tested different variation partitioning models using the following combinations of environmental parameters to explain variations in DOU and TOUsed. Models 1–3 included CPE or Chl a or % Chl a, TOC, microbial cell numbers and bottom water temperature. Models 4–6 included CPE or Chl a or % Chl a, TOC and microbial cell numbers. Chl a, Phaeopigments and CPE were inherently all highly correlated (Pearson correlation >0.9, p < 0.01 for all pairwise comparisons), while % Chl a was not correlated to any of the other pigment parameters. Variation partitioning models were thus tested using CPE as an estimate of total pigments and Chl a as well as % Chl a as an indicator for fresh phytodetrital material. CPE and Chl a were log10-transformed to normalize their distribution prior to subsequent analyses. In this paper, we only refer to those models, which were overall statistically significant (models 1 and 2), while the results of other models are provided as Supplementary Material (Supplementary Table S2). We did not include water depth in the models, since our data shows the bimodal distribution between shelf and deep sea. For discussion purpose only, we did, however, test the simple correlations between water depth and DOU, TOU as well as the environmental parameters (see Supplementary Figure S3). For additional information about covarying parameters we also tested for simple correlations between microbial cell numbers and DOU, CPE, phaeopigments and Chl a. Variation partitioning was conducted according to Legendre (2008). Analyses were performed in RStudio version 1.1.447, using the package vegan (Oksanen et al., 2019) and custom R scripts.



RESULTS


How Large Are Variations in TOUsed, DOU and Environmental Parameters Between the Barents Sea Shelf and the Central Arctic Deep Sea?


Benthic Activity (DOU, TOUsed, and FOU)

During this study, highest DOU rates were measured on the Barents Sea shelf. Here, DOU ranged from 0.16 mmol m–2 d–1 at stations 2 and 21 (265 and 390 m) to 1.13 mmol m–2 d–1 at station 21 (390 m), with a mean value of 0.59 mmol m–2 d–1. At deep-sea stations in the central Arctic, values varied from 0.12 mmol m–2 d–1 at station 101 (3995 m) to 0.45 mmol m–2 d–1 at station 32 (3164 m), which is situated at the foot of the Barents Sea slope (Table 2). Mean DOU in the deep sea was 0.23 mmol m–2 d–1. The Wilcoxon rank sum test revealed that DOU on the shelf was significantly different from the deep sea (p = 0.0015) (Figure 2).
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FIGURE 2. Benthic oxygen uptake and environmental parameters measured during PS94. Differences between shelf and deep-sea habitats are shown. The bottom and top of the box refer to the 25th and 75th percentile, respectively. The centreline constitutes the median and the upper and lower whiskers are calculated as the upper and lower boundary of the box + 1.5 ∗ the interquartile range. Data points outside this range are plotted as outliers. TOUsed, Total oxygen uptake; DOU, Diffusive oxygen uptake; CPE, Chloroplastic pigment equivalent; TOC, Sediment total organic carbon content; Chl a, Sediment chlorophyll a concentration; Phaeo, Sediment phaeopigment concentration; FOU, Fauna mediated oxygen uptake.


On the shelf, benthic activity measured by means of TOUsed was higher compared to DOU. In the Barents Sea, TOUsed rates ranged from 1.47 to 5.7 mmol m–2 d–1, both measured at station 2. Mean TOUsed across shelf stations was 2.53 mmol m–2 d–1 (Table 2). In the deep sea, TOU ranged from 0.13 to 2.52 mmol m–2 d–1, with a mean of 0.9 mmol m–2 d–1. The result of a Wilcoxon rank sum test clarified that the difference between shelf and deep-sea stations was statistically significant (p = 0.0019) (Figure 2).

The importance of macrofauna on sedimentary oxygen uptake, as expressed in FOU, was not significantly different between the Barents Sea shelf and the central Arctic Ocean (Wilcoxon rank sum test p = 0.057) (Figure 2). Highest FOU was measured at station 2 (2.56 mmol m–2 d–1), while lowest FOU was assessed at station 130 on the Lomonosov Ridge (0.24 mmol m–2 d–1). Second lowest FOU was found at station 87 (0.28 mmol m–2 d–1), located at the North Pole. Two deep-sea stations exhibited above average FOU rates. These were station 32 (0.51 mmol m–2 d–1), situated at the foot of the Barents Sea slope and station 105 on the Lomonosov Ridge (0.82 mmol m–2 d–1) (Table 2).



Environmental Parameters


Phytodetritus (chlorophyll pigments)

As for DOU and TOUsed, Chl a concentrations on the shelf were significantly different from concentrations in the deep sea (Wilcoxon rank sum test p < 0.0005) (Figure 2). On the shelf, the lowest concentration was measured at station 161 (395 m) exhibiting 0.86 μg ml–1, while the highest concentration was 4.12 μg ml–1, measured at station 21 (390 m) (Table 2). Mean Chl a concentration on the shelf was 2.22 μg ml–1. In the deep sea concentrations were considerably lower. Here, values ranged from 0 (0.003) to 2.1 μg ml–1 at stations 101 and 66, respectively, and mean concentration was 0.29 μg ml–1.

Phaeopigment concentrations were higher compared to Chl a concentrations, exhibiting mean values of 4 μg ml–1 on the Barents Sea shelf and 0.33 μg ml–1 in the central Arctic deep sea. This difference was statistically significant (p < 0.0005) (Figure 2). On the shelf, phaeopigment concentrations ranged from 1.19 μg ml–1 to 6.3 μg ml–1 and in the deep sea they varied between 0.03 μg ml–1 at station 101 and 1.58 μg ml–1 at station 32 (Table 2).

Chloroplast pigment equivalents on the shelf ranged from 2.76 μg ml–1 at station 149 to 9.55 μg ml–1 at station 1, with a mean concentration of 6.22 μg ml–1. Similar to phaeopigments, minimum concentration in the deep sea was measured at station 101, exhibiting 0.03 μg ml–1, while maximum concentrations were found at station 32, with 2.09 μg ml–1 (Table 2). Mean concentration in the deep sea was 0.51 μg ml–1. The difference between CPE concentrations on the shelf and in the deep sea was significant (Wilcoxon rank sum test p < 0.0005) (Figure 2).

In contrast to any other parameter analyzed in this study, the difference in % Chl a between shelf and deep-sea habitats was not statistically significant (Wilcoxon rank sum test p = 0.98) (Figure 2). % Chl a ranged between 20% (station 161) and 57% (station 149) on the shelf. Mean % Chl a on the shelf was 35%. In the deep sea, values scattered from 9% at station 101 to 80% at station 66, which was measured at the top of the Karasik Mountain at 656 m water depth (Table 2). Mean % Chl a in the central Arctic deep sea was 38%.



Total organic carbon

On the shelf, total organic carbon ranged from 9.27 μg mg–1 at station 161 to 26.51 μg mg–1 at station 2. Average TOC concentration on the shelf was 19.48 μg mg–1. In the deep sea, values scattered from 4.76 μg mg–1 to 23.53 μg mg–1 at stations 101 and 32, respectively (Table 2). Here, mean TOC concentration was 10.1 μg mg–1. The difference between shelf and deep sea was found to be significant (Wilcoxon rank sum test p < 0.0005) (Figure 2).



Microbial cell numbers

On the Barents Sea shelf, microbial cell numbers varied from 1.78 × 109 cells ml–1 sediment at station 161 to 3.84 × 109 cells ml–1 sediment at station 2 with an average of 2.51 × 109 cells ml–1 sediment. In the deep sea, cell numbers were lower and ranged from 0.44 × 109 to 2.21 × 109 cells ml–1 sediment at stations 66 and 32, respectively (Table 2). Mean microbial cell number in the deep sea was 0.9 × 109 cells ml–1 sediment. The difference in microbial cell numbers was significantly different between shelf and deep-sea stations (Wilcoxon rank sum test p = 0.018) (Figure 2).

Overall, highest mean values in Chl a and CPE were measured at station 21, whereas highest values for TOUsed, TOC and bacterial cell numbers were found at station 2 (note that TOUsed was not measured at station 21). Station 2 and station 21 were 480 km apart and located at 265 m and 390 m water depth, respectively. Most of the parameters in the deep sea peaked at station 66, situated on top of the Karasik Mountain (TOUsed, Chl a, % Chl a) and station 32 (DOU, CPE, Phaeo, TOC, microbial cell abundance), the latter situated at the foot of the Barents Sea slope.



How Much of the Variation in TOUsed and DOU Can Be Explained by Environmental Proxies and Microbial Abundance?

Variation partitioning models were tested using different combinations of environmental parameters (Table 3). The model explaining most of the variation in DOU across shelf and deep-sea habitats included CPE, TOC, and microbial cell numbers. The overall model explained 64 % of the total variation in DOU (p = 0.035), with CPE explaining 33% (p = 0.03) and co-variation between all fractions summing up to 31%.


TABLE 3. Results of partitioning the variation in DOU and TOUsed across shelf and deep-sea stations sampled during Polarstern expedition PS94 (only significant models are shown; for other models tested, see Supplementary Table S2.

[image: Table 3]For TOUsed the best model included Chl a, TOC, and microbial cell numbers. The overall model was significant (p = 0.008), with Chl a explaining a significant fraction of the variation in TOUsed (56%, p = 0.007). Total co-variation between parameters was 44%. TOC and microbial cell numbers alone did not have significant explanatory power, neither in the models for DOU nor for TOUsed. Bottom water temperature did not explain additional variation in the models we evaluated. Of the environmental parameters tested, chlorophyll pigments (CPE and Chl a) were thus the only parameter with explanatory power. It needs to be noted that the overall number of samples was relatively low (n = 11 for DOU, n = 8 for TOUsed), and results thus need to be treated with caution.

Microbial cell numbers were significantly correlated with Chl a, Phaeo and CPE, respectively (Figure 3), and had a weak but significant relation with DOU (Figure 4).
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FIGURE 3. Correlation of chlorophyll pigments with microbial cell numbers. The gray area around the linear model in each panel plot represents the 95% confidence interval. All correlations are statistically significant (p < 0.005). In the figure, multiple R2 is shown. Adjusted R2 for Chl a = 0.5; Phaeopigments = 0.38 and CPE = 0.47.
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FIGURE 4. Correlation of DOU with microbial cell numbers. The gray area around the linear model represents the 95% confidence interval. Multiple R2 = 0.24, Adjusted R2 = 0.19, p = 0.046.




How Do Variations in Benthic Activity and Environmental Parameters Among Shelf and Deep Seas Compare Across Different Regions in the Arctic Ocean?


Benthic Activity (DOU and TOUsed)

Diffusive oxygen uptake measurements were available for stations from this study and from the Laptev Sea (Table 4 and Figure 5). In contrast to this study, the Wilcoxon rank sum test revealed that the difference between shelf and deep-sea stations was not statistically significant in the Laptev Sea (p = 0.1). We note, however, that only six values (three per category) were available for this region, which may have compromised the power of the test. The regional comparison revealed similar DOU rates on both shelf habitats (Wilcoxon rank sum test p = 0.43) and significant differences between both deep-sea habitats (p = 0.049). Higher DOU rates in the deep Laptev Sea coincided with higher concentrations of Chl a and CPE (Table 4 and Figure 5). Mean water depth of deep-sea stations measured during this study was 2413 m compared to 2213 m in the deep Laptev Sea.


TABLE 4. Comparison of benthic oxygen uptake and environmental parameters in shelf and deep-sea habitats across the regions of this study, the Laptev and Beaufort Sea.
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FIGURE 5. Comparison of benthic oxygen uptake and environmental parameters across the regions of this study (purple boxes), the Laptev (orange boxes) and Beaufort Sea (green boxes). Differences between shelf and deep-sea habitats are shown. The bottom and top of the box refer to the 25th and 75th percentile, respectively. The centreline constitutes the median and the upper and lower whiskers are calculated as the upper and lower boundary of the box + 1.5 * the interquartile range. Data points outside this range are plotted as outliers. TOUsed, Total oxygen uptake; DOU, Diffusive oxygen uptake; CPE, Chloroplastic pigment equivalent; TOC, Sediment total organic carbon content; Chl a, Sediment chlorophyll a concentration; Phaeo, Sediment phaeopigment concentration.


Total sedimentary oxygen uptake rates were available for stations from this study and the Beaufort Sea (Link et al., 2013a, 2019). As for this study, TOUsed in the Beaufort Sea was significantly different between shelf and deep-sea habitats (Wilcoxon rank sum test p < 0.0005). However, similar to DOU, differences between both shelf seas were not statistically significant (Wilcoxon rank sum test p = 0.14). In contrast to DOU, TOUsed rates among both deep seas ranged in the same order of magnitude (p = 0.54). Despite similar TOUsed rates, mean water depth and distance to the shelf were considerably higher in the central Arctic compared to the deep Beaufort Sea.



Environmental Parameters


Phytodetritus (chlorophyll pigments)

As for stations in the Barents Sea and the central Arctic, we also found significant differences in Chl a between shelf and deep-sea habitats for the other two regions investigated (p = 0.01 in the Laptev Sea and p < 0.0005 in the Beaufort Sea). However, regional differences were identified for both shelf (Kruskal Wallis test p = 0.0007) and deep-sea habitats (Kruskal Wallis test p = 0.002). Highest concentrations for both habitats were detected in the Laptev Sea, while lowest Chl a values were found in the deep Beaufort Sea.

The comparison of phaeopigments between shelf and deep-sea habitats also revealed significant differences in the Laptev as well as Beaufort Sea (Wilcoxon rank sum test p = 0.02 and <0.0005, respectively). Moreover, regions differed significantly in phaeopigment concentration in both shelf and deep-sea habitats (Kruskal Wallis p of both <0.0005).

Differences in CPE concentrations between shelf and deep-sea habitats in the Laptev and Beaufort Sea were also statistically significant (Wilcoxon rank sum test p < 0.0005 in both regions). In addition, CPE was also significantly different between the regions, which was valid for both, shelf and deep-sea habitats, respectively (Kruskal Wallis test p < 0.0005 for both habitats). Highest concentrations were detected in both habitats of the Beaufort Sea and lowest concentrations were detected for stations located in the central Arctic Ocean.

Differences in % Chl a between shelf and deep-sea habitats varied between regions. While we did not find significant differences between the Barents Sea shelf and the central Arctic Ocean in this study, % Chl a differed significantly between shelf and deep-sea habitats in the Laptev Sea (Wilcoxon rank sum test, p = 0.01) and in the Beaufort Sea (p < 0.0005). It is thus not surprising that differences between shelf and deep-sea habitats of the three regions were also significant (Kruskal Wallis test <0.0005 for both habitats). The highest % Chl a was measured on the Laptev Sea shelf, while lowest percentages were detected in the deep Beaufort Sea.



Total organic carbon

Difference in TOC concentrations between shelf and deep-sea habitats were statistically significant for this study and the Beaufort Sea (Wilcoxon rank sum test p = 0.03), but not for the Laptev Sea (p = 0.91). The comparison between the three regions revealed significant differences among the shelf seas (Kruskal Wallis test p = 0.01) and non-significant differences between the deep seas (p = 0.11). On the Barents Sea shelf, TOC concentrations were more than two-fold higher compared to stations on the Laptev Sea shelf, whereas the Beaufort Sea ranged almost in the middle between the two (Table 4 and Figure 5).



Microbial cell numbers

Microbial cell numbers were available for this study and the Laptev Sea (Table 4 and Figure 5). As for this study, the difference in microbial cell numbers between shelf and deep-sea habitats was found to be significant in the Laptev Sea (Wilcoxon rank sum test p = 0.01). While microbial cell numbers on the shelf stations ranged in the same order of magnitude between both regions (Wilcoxon rank sum test p = 0.81), the deep Laptev Sea had significantly higher numbers compared to the central Arctic deep sea (p = 0.045).



DISCUSSION


Exceptions in Shelf-to-Deep-Sea Differences Are Related to Regional and Local Environmental Characteristics

Our findings support previous studies, which found water depth to be among the most important variables determining the distribution of available resources and thus, the performance of benthic remineralization (Boetius and Damm, 1998; Bourgeois et al., 2017; Hoffmann et al., 2018).

Most parameters analyzed during this and the comparative studies (besides % Chl a and FOU for this study and DOU and TOC in the Laptev Sea), were significantly different between Arctic shelf and deep-sea habitats (Figure 5 and Table 4). Furthermore, despite of the bimodal distribution of water depths sampled in this study, most of the parameters were significantly correlated with water depth (Supplementary Figure S3; excluding DOU in the Laptev Sea, Chl a and % Chl a for this study, TOC in all three regions and microbial cell numbers for the Laptev Sea and this study).

Exceptions in the relationship between water depth and our measured parameters were identified in the Laptev Sea. Here, our results show that DOU and TOC did not differ between shelf and deep-sea habitats. While TOC was found to range in the same order of magnitude between both habitats, DOU was twice as high on the Laptev Shelf compared to the deep sea (Figure 5 and Table 4). Due to the limited number of replicates, we assume that the Wilcoxon rank sum test was flawed, not rejecting a null hypothesis that was actually false (type II error).

Similar TOC concentrations between shelf and deep-sea habitats were observed before in many continental margin areas of the world’s ocean (Walsh et al., 1985; Archer and Devol, 1992). Archer and Devol (1992) suggested three possible explanations for this phenomenon, including (1) higher rates of organic carbon remineralization on the shelf compared to the deep sea; (2) the shelf sweep hypothesis (much of potential carbon flux to shelf sediments may be swept away by energetic currents and deposited in areas of lower energy) and (3) the dilution of organic carbon on the shelf by loads of non-organic terrigenous material (Walsh et al., 1985; Archer and Devol, 1992). Our data support the idea that higher rates of organic carbon mineralization on the Laptev Sea shelf compared to the adjacent deep sea may have caused the comparatively low concentrations of TOC on the Laptev Sea shelf. However, we cannot exclude the possibility that explanations (2) and (3) have also contributed to similar TOC concentrations on the Laptev Sea shelf and its adjacent deep sea.

In contrast to DOU and TOC, we hypothesize that similar % Chl a values between shelf and deep-sea measurements of this study is a result of comparatively high shares of fresh algal material exported to the central Arctic at the time of sampling. This reasoning is supported as % Chl a in the central Arctic ranged in the same order of magnitude compared to measurements of the Laptev and Beaufort Sea shelf (Table 4). Furthermore, Hoffmann et al. (2018) measured mean % Chl a of 10% at average water depths of 1805 m, which is less than half of what we report for the central Arctic Ocean in this study. Studies found that in the deep sea, microbially mediated respiration dominates (Glud et al., 1994; Wenzhöfer and Glud, 2002; Donis et al., 2016), whereas on the shelf benthic infauna can elevate oxygen fluxes by a factor of three relative to molecular diffusion (Glud et al., 2000). Consequently, the relative importance of meio- and macrofauna (as expressed in FOU) on benthic oxygen uptake at the deep-sea stations 32 and 105, situated at the foot of the Barents Sea slope and the Lomonosov Ridge, respectively, may indicate recent (ice) algal deposits (Boetius et al., 2013; Hicks et al., 2017). At station 105 this hypothesis can be backed up by above average % Chl a, which we use as an indicator for the freshness of the deposited organic material.

The comparison of benthic activity and environmental parameters in shelf and deep-sea habitats in this study revealed that seafloor topography and proximity to land may sometimes superimpose the effect of water depth, which has been suggested before for benthic carbon mineralization rates measured in hadal trenches (Luo et al., 2018). This is indicated by the comparison of oxygen uptake rates and the concentrations of environmental parameters between stations measured on the central Arctic Lomonosov Ridge (101, 105), and at the bottom of the Barents and Laptev Sea slopes. Even if stations at the bottom of the slope were at least an order of magnitude deeper compared to the Lomonosov Ridge, we found higher oxygen uptake rates as well as higher concentrations of chlorophyll pigments (excluding % Chl a), TOC and microbial cell numbers (Table 2). We ascribe this to the close proximity to the shelves of the Barents and Laptev Sea and lateral transport of organic matter nourishing higher benthic oxygen uptake rates (Walsh et al., 1985; Jahnke et al., 1990; Archer and Devol, 1992).

Another example for the importance of distance to the nearest shelf is provided by the analysis of microbial cell numbers. On the shelf, abundances were within the same range between the Barents and Laptev Sea (2.51 × 109 and 2.33 × 109 cells ml–1 sediment, respectively). In the deep sea, however, we found much higher abundances in the Laptev Sea (0.94 × 109 and 1.65 × 109 cells ml–1 sediment in the Barents and Laptev Sea, respectively). Since mean water depth of the Laptev deep-sea stations (2213 m) in fact compares to the deep-sea stations sampled during this study (2413 m), we argue that stations in the Laptev Sea are generally closer to the shelf (on average 92 km compared to 562 km in this study), which has likely affected the availability of organic matter and thus benthic activity (Table 4).

Seamounts, however, may be far away from continental shelves, but due to their hydrography and hydrodynamics, yet sustain rich benthic communities and are furthermore considered to be areas of elevated productivity, particularly in otherwise oligotrophic seas (Dower et al., 1992; Mouriño et al., 2001; White et al., 2007). The Karasik Mountain, for example, is far away from any continental shelf (station 66). This lapsed volcano rises from the middle of the Eurasian Basin and constitutes an oasis in terms of comparatively high concentrations of Chl a and TOC and of elevated benthic activity (TOUsed). Some replicates showed even higher TOUsed rates, Chl a and TOC concentrations than some stations on the shelf, which were only about half as deep (Table 2).

The shortage of available organic matter and concurrent lower benthic activity with increasing distance from the shelf may be particularly pronounced in the Arctic Ocean. The multiyear sea-ice cover above the deep-sea basins impedes primary production and thus exacerbates the already scarce availability of labile organic matter (Piepenburg, 2005; Grebmeier, 2012). In the central Arctic Ocean, ice algal production can contribute up to 60% to net primary production between August and September (Fernández-Méndez et al., 2015). It is not yet clear, whether ice-algal contribution to productivity is on the rise with thinning sea-ice, or whether it will decline due to overall sea-ice reduction (Fernández-Méndez et al., 2015). However, the increase in ice-free areas during summer and the retreat of the sea-ice melting edge far beyond the continental shelf seas (Stroeve et al., 2007; Comiso et al., 2008), will affect pan-Arctic primary production (Kahru et al., 2016). An increased export flux of organic matter to the deep-sea floor may thus alter the magnitude of differences in ecosystem functioning between Arctic shelf and deep seas observed here. This idea is supported by the discovery of deposited ice algae at the central Arctic deep-sea floor and concurrent increases in benthic oxygen uptake (Boetius et al., 2013). We note, however, that limited nutrient availability in the vast central Arctic Ocean will likely remain a major factor that may limit the projected increase in primary production (Slagstad et al., 2015).



Variations in Benthic Activity Are Mostly Driven by the Availability of Phytodetritus

In this study, benthic oxygen uptake (DOU and TOUsed) across both habitats (shelf and deep sea) was mostly driven by concentrations of phytodetritus (CPE or Chl a) and TOC, as proxies for the availability of organic matter. This is in line with findings of previous studies from the Arctic (Clough et al., 2005; Bourgeois et al., 2017; Hoffmann et al., 2018). However, other studies have suggested that bottom water temperature and the quality of the phytodetritus (here assessed as % Chl a) instead of the overall presence of organic matter are the most important drivers of benthic oxygen uptake (Belley et al., 2016; Kotwicki et al., 2018). The similar quality of phytodetritus across both habitats (opposed to organic matter content) in this study indicates a secondary role of phytodetritus lability/freshness for explaining the variations in benthic oxygen uptake rates.

Bacterial cell numbers did not explain variations in benthic oxygen uptake (Table 3), although there were clear differences in microbial cell numbers between habitats (Figure 2), with a positive relationship between the abundance of bacteria and chlorophyll pigments (Figure 3). This is in line with previous studies that have indicated positive relationships between the presence of organic matter and bacterial abundances and related remineralization activity (Smith et al., 1997; Boetius and Damm, 1998; Turley and Dixon, 2002). The correlation between DOU and microbial cell numbers shows a marginally significant relationship between the two parameters (Figure 4). The week correlation illustrates the strong variability of DOU on the shelf. The three strongest outliers at high DOU rates were all measured on the Laptev Sea shelf, while the strongest outlier in the lower range of DOU rates was measured at station 20, situated on the Barents Sea shelf. The lack of a clear relationship between bacterial abundances and oxygen uptake in our study may indicate that a higher availability of organic matter on the shelves increases cell-specific activities rather than total abundances, the latter of which are also controlled by viral lysis (Orcutt et al., 2011; Orsi, 2018). In addition, the presence of benthic fauna (especially meio- and macro-fauna) plays a role (Piot et al., 2014) and has been shown to co-vary with benthic activity in previous studies, while bacterial abundance did not (Hoffmann et al., 2018). Benthic fauna could, however, not be considered in this study. In addition, the permeability of sediments may affect benthic oxygen uptake, with higher uptake rates in cohesive sediments (Fuchsman et al., 2015; Hicks et al., 2017). We did not determine sediment properties in this study, but based on visual inspection all samples were composed of fine-grained, muddy sediments.

In summary, our results support the claim that climate change driven alterations in organic matter input to the Arctic seafloor may most explicitly affect the deep-sea regions, as these are yet characterized by very limited resource availability due to comprehensive sea-ice cover. As a consequence of increased availability of organic matter at the deep-sea floor, we expect benthic activity (DOU, TOUsed, and FOU) to be elevated, potentially diminishing differences (in benthic activity and environmental parameter: phytodetritus, TOC and microbial cell numbers) between Arctic shelf and deep seas during this century.



Regional Differences in Benthic Activity and Environmental Parameters in Relation to Primary Production Regimes

In addition to the general differences in benthic parameters between shelf and deep-sea habitats, our study further confirmed regional variations. These include differences in DOU and microbial cell numbers between the central deep Arctic Ocean and the deep Laptev Sea, TOC on the shelves of all regions, as well as chlorophyll pigments across both habitats and all regions (Table 4). We have also shown that phytodetritus, most of all CPE, is a good predictor of benthic remineralization in shelf and deep-sea habitats, as it explained most of the variation within DOU (and TOUsed) (Table 3). The indicators for phytodetritus were indeed significantly different between both habitats and all three regions.

The varying concentrations in phytodetritus, however, do not necessarily reflect the patterns of primary production in the different regions. In general, primary production illustrates a latitudinal gradient across the Arctic Ocean and is highly dependent on several factors, such as season (light availability), the relatively large share of area covered by continental shelves (less sea ice, available nutrients, inflow of terrigenous organic material) (Jakobsson et al., 2003), sea-ice distribution and thickness (Arrigo et al., 2008; Comiso et al., 2008; Boetius et al., 2013), and nutrient availability (Macdonald et al., 1998; Maslowski et al., 2004; Sakshaug, 2004).

It was shown that highest overall primary production can be found in the Barents Sea, where rates of 108 Tg C a–1 (Pabi et al., 2008) and 132 Tg C a–1 (Arrigo and van Dijken, 2011) were measured. Also Codispoti et al. (2013) have described the Barents Sea as one of the most productive seas within the Arctic Ocean, only exceeded by the Bering and southern Chukchi Sea. However, measurements of net primary production per unit area suggest highest primary production rates in the Laptev Sea, being higher compared to both the Barents and Beaufort Seas (121 g C m–2 a–1, 110 g C m–2 a–1, and 71.3 g C m–2 a–1, respectively) (Arrigo and van Dijken, 2011). On the other hand, primary production rates are temporarily highly variable and highest variabilities were assessed in the Laptev and Beaufort Sea (Pabi et al., 2008). This may help explaining why our measurements of phytodetritus do not necessarily reflect the estimated rates of primary production found in the literature. For example, we measured highest concentrations of CPE in the Beaufort Sea, even though studies have deemed primary production in the Beaufort Sea as comparatively low for an Arctic shelf (Hill et al., 2018). Differences in phytodetritus content between the deep-sea stations of the Beaufort, Laptev and the central Arctic Ocean in fact did reflect the patterns in primary production rates presented above, as primary production was found to be lowest in the central Arctic Ocean (<11 – 18 g C m–2 a–1) (Boetius and Damm, 1998; Sakshaug, 2004; Fernández-Méndez et al., 2015).

In summary, the varying concentrations in phytodetritus on the three analyzed shelves did not reflect integrated patterns of primary production found in the literature. This observation, however, is limited by the coarse scale of patterns compared: primary production patterns are not integrated across the same shelf area we used in our study, and have neither been reported from the same year. Moreover, the rates of vertical export of phytodetritus from the productive ocean layers to the seafloor may differ as well. For example, the low % Chl a values in the Beaufort sediments compared to the Laptev and central Arctic indicates highly degraded material and thus a higher loss of phytodetritus during vertical export. In the future, obtaining primary production and vertical export measures at the fitting scale of benthic uptake sampling could clarify this relationship across Arctic regions.

Other studies in hadal trenches have shown that benthic carbon remineralization (which we show is highly dependent on the availability of phytodetritus) follows patterns in primary production (Luo et al., 2018). However, the analyzed hadal trenches are not covered by sea-ice and the presented rates in primary production for the Arctic Ocean often do not take ice-algal production into account (Pabi et al., 2008; Hill et al., 2018). Watanabe et al. (2019) have estimated pan-Arctic ice-algal production between 1980 and 2009 in the Eurasian Basin, the Canada Basin and the Chukchi and Barents Sea. They found that ice-algal production was lowest in the otherwise highly productive Barents Sea and comparatively low in the central Arctic Ocean (Eurasian Basin). Higher rates were modeled instead for the Laptev Sea and the Canadian Polar shelf. The reason for the comparatively low ice-algal production in the Barents Sea may be that sea-ice does not extend over the entire Barents Sea region and low under ice production in the central Arctic can be explained by the presence of yet comprehensive and thick sea-ice during the studied period (Watanabe et al., 2019). This suggests that the correlation between primary production and benthic ecosystem functioning is more complex in the Arctic Ocean, where ice-algal production has to be considered. In perennially sea-ice covered regions, such as the central Arctic, this will become even more important in the future. Measurements from Fernández-Méndez et al. (2015) have shown that ice-algal production contributed up to 60% of net primary production in the central Arctic during the record sea-ice minimum of 2012. We therefore argue that benthic ecosystem functioning in regions with a currently high sea-ice cover (mostly deep-sea habitats of higher latitudes) will be particularly prone to substantial alterations. These alterations are likely to occur well before the mid of the century, for which an ice free Arctic Ocean during summer has been projected (Notz and Stroeve, 2016). Due to the contribution of ice-algae, net primary production will already be boosted by sea-ice thinning and areal decline.

It is therefore reasonable to assume, that expected changes in ecosystem functioning will differ regionally, depending on primary production regimes (including ice-algal production), sea-ice cover and water depth, but may be particularly pronounced in the nutrient-starved central Arctic Ocean. This finding emphasizes the urgent need for baseline data from pan-Arctic regions, which will allow a better assessment of future changes and their consequences for the pan-Arctic marine ecosystem.



CONCLUSION

Here we demonstrate that most of the measured benthic ecosystem parameters in the Arctic Ocean differ significantly between shelf and deep-sea habitats. The availability of organic matter, in form of phytodetritus, was the main driver for the patterns observed in benthic oxygen consumption, while bacterial abundance (as well as bottom water temperature) was not a good predictor, possibly indicating the influence of macro-organisms on remineralization in sediments. Indications for the latter were found at stations with high amounts of fresh phytodetritus, which were accompanied by high FOU rates, possibly indicating the exploitation of fresh algal material by benthic fauna.

Bacterial abundances were only weakly correlated with DOU rates. Instead, higher DOU rates may be the result of increased cell-specific activity, triggered by the availability of chlorophyll pigments.

Due to generally low organic matter concentrations compared to other regions of the Arctic Ocean, the projected sea-ice decline may particularly boost benthic remineralization in the central Arctic Ocean, diminishing the differences between benthic shelf and deep-sea habitats. This study indicates first shifts in the input of organic matter to benthic systems in this previously mostly ice-covered area. We speculate that benthic ecosystems in the Arctic Ocean will respond to an increase in organic matter with shifts in benthic ecosystem functioning.
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Half of the Arctic Ocean is deep sea (>1000 m), and this area is currently transitioning from being permanently ice-covered to being seasonally ice-free. Despite these drastic changes, it remains unclear how organisms are distributed in the deep Arctic basins, and particularly what feeds them. Here, we summarize data on auto- and heterotrophic organisms in the benthic, pelagic, and sympagic realm of the Arctic Ocean basins from the past three decades and put together an organic carbon budget for this region. Based on the budget, we investigate whether our current understanding of primary and secondary production and vertical carbon flux are balanced by the current estimates of the carbon demand by deep-sea benthos. At first glance, our budget identifies a mismatch between the carbon supply by primary production (3–46 g C m−2 yr−1), the carbon demand of organisms living in the pelagic (7–17 g C m−2) and the benthic realm (< 5 g C m−2 yr−1) versus the low vertical carbon export (at 200 m: 0.1–1.5 g C m−2 yr−1, at 3000–4000 m: 0.01–0.73 g C m−2 yr−1). To close the budget, we suggest that episodic events of large, fast sinking ice algae aggregates, export of dead zooplankton, as well as large food falls need to be quantified and included. This work emphasizes the clear need for a better understanding of the quantity, phenology, and the regionality of carbon supply and demand in the deep Arctic basins, which will allow us to evaluate how the ecosystem may change in the future.

Keywords: Arctic Ocean basins, carbon budget, carbon demand, deep-sea benthos, mismatch, primary production, pelagic consumption, vertical carbon export


INTRODUCTION: THE ARCTIC OCEAN BASINS FROM A SEAFLOOR PERSPECTIVE

More than half of the world’s surface is covered by oceans deeper than 2000 m (Smith et al., 2009), which means that most of the sea floor experiences deep-sea conditions. In this permanently cold, dark, soft-bottom dominated, high-pressure environment, food supply is sparse and mostly limited to the vertical flux of particles from the sunlit surface waters. In the deep basins of the central Arctic Ocean (AO), with a mean depth of 2748 m (Jakobsson et al., 2004), the food limitation for benthic organisms is even more extreme than on the global average. During one to six months each year, dependent on latitude, the polar night precludes primary production in the AO’s surface, and even once the sun returns, sea ice, often covered by snow, tends to prevent irradiance to penetrate deep into the water column (Nicolaus and Katlein, 2013). In addition, nutrient concentrations in the euphotic zone are often low, largely because of the strong pycnocline in the Arctic basins (Gosselin et al., 1997; Gradinger, 2009; Bluhm et al., 2015). Dependent on the match or mismatch between the primary production and sympagic and pelagic grazers (Søreide et al., 2013), either high quality algal biomass or pelagic “leftovers,” such as fecal pellets or heavily reworked marine snow, will sink to the sea floor as food supply for the benthos (Iken et al., 2005; Wassmann and Reigstad, 2011; Boetius et al., 2013; Lalande et al., 2019).

As the sea ice cover in the AO declines, discussions about the potential exploitation of fish stocks and mineral resources in that area increase (Coakley et al., 2016; Shephard et al., 2016). A major challenge in these debates are, however, the relatively poor records on the diversity and quantity of life present in the AO basins and at its seafloor. One particularly large knowledge gap is the question what feeds the benthos in the AO basins. We approach this question here by investigating the quantity of carbon that was necessary to sustain benthic organisms in the basins during the past decades. By putting together a carbon budget (detailed information on how data were compiled in the Supplementary Material), which compiles the current understanding of surface carbon production, carbon requirements of ice-associated and pelagic grazers, as well as the carbon export, we evaluate whether the budget is balanced with the estimated carbon demand of deep-sea benthos.



A CARBON BUDGET FOR THE ARCTIC OCEAN BASINS


Deep-Sea Benthos and Its Carbon Demand

The benthic carbon demand is often determined via benthic oxygen consumption, which is tightly linked to the carbon supply, the standing stock of benthic life, and benthic metabolic activity levels. In the following section, we first synthesize current knowledge about the benthic biomass in the AO basins and then give an estimate of the benthic carbon demand. In our assessment, we include microbes (specifically bacteria), meiofauna, macrofauna, as well as megafauna, and present their biomass in grams carbon (g C) per m2 from the AO basins ≥1000 m (further details in Supplementary Material). Compiled estimates for carbon demand (g C m−2 yr−1) from the literature were mostly assessed in sediment community incubations of sediment cores ex situ, although this often underrepresents megafauna (Piepenburg et al., 1995).

With the exception of bacteria, biomass of benthos inhabiting the deep AO basins tends to be lower than benthic biomass on adjacent shelves and margins. As the water depth increases over the slopes, the benthic biomass decreases by a factor of ∼5–20 (Figure 1) due to decreasing abundance of organisms (Levin et al., 2001; Bluhm et al., 2011; Degen et al., 2018; Vedenin et al., 2018), as well as by declining body sizes (Wei et al., 2010). Even though the position of the marginal ice zone determines the primary production, which in turn influences the benthic biomass distributions (Degen et al., 2018; Rybakova et al., 2019), benthic organisms of all size fractions populate the AO basins (MacDonald et al., 2010; Bluhm et al., 2011; Degen et al., 2018; Vedenin et al., 2018; Rybakova et al., 2019). This clearly reflects that there must be sufficient carbon input to sustain their present densities.
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FIGURE 1. Biomass of benthic macrofauna in the Arctic Ocean basins and adjacent areas (data compiled from Bluhm et al., 2015; Degen et al., 2018; Vedenin et al., 2018). Note biomass values for depths ≥500 m are included in the figure to show the decline from the upper slope to the central basins. The 1000 m isobaths is depicted as a black line.


As in other deep-sea areas, bacterial communities tend to dominate the benthic biomass in high latitude systems (Deming and Yager, 1992), with Gammaproteobacteria and Flavobacteria being most abundant (Bienhold et al., 2016; Rapp et al., 2018). Standing stocks of benthic bacteria in the top 10 cm of sediments in the Arctic deep-sea are within the range of 0.5–2 g C m−2 (Boetius and Damm, 1998). These bacteria respond to input of organic matter (e.g., algal aggregates or chitin) within days to weeks, by rapidly increasing their activity and oxygen demand as well as by changing the bacterial community composition depending on the organic matter source (Hoffmann et al., 2018). Benthic bacteria may, thereby, consume more phytoplankton-based detrital carbon than benthic macrofauna in some deep-sea areas (Glud, 2008; Sweetman et al., 2019). In turn, bacteria are a relevant food source to the benthos and their standing stock is relatively invariant because it is controlled by grazing. Even though still largely overlooked, marine fungi are additional contributors to the benthic microbial food web (Morales et al., 2019), and there is increasing evidence that fungi also play a role in carbon cycling in Arctic food webs (Hassett et al., 2019). While little is known about fungal biomass in the Arctic deep-sea, sediments from 5000 m in the Indian Ocean had fungal mycelia of an estimated biomass of 7–54 μg C g−1 sediment dry weight (Damare and Raghukumar, 2008).

As in all soft-bottom systems, benthic meiofauna in the AO basins mainly consist of unicellular foraminifera (Wollenburg and Mackensen, 1998) and multi-cellular nematodes (Soltwedel, 2000; Vanreusel et al., 2000; Schewe, 2001; Hoste et al., 2007). Observations suggest that meiofaunal densities range mostly from <100,000–4,000,000 individuals (ind.) m−2 (≥1000 m) with a mean density around 500,000 ind. m−2 below 3000 m (Bluhm et al., 2011 and literature cited therein; Soltwedel, 2000; Vanreusel et al., 2000; Schewe, 2001; Soltwedel et al., 2009a, b; Hoffmann et al., 2018). The few meiofauna biomass estimates available report <0.5–22 g C m−2 (nematodes only, Vanreusel et al., 2000) and ∼0.2–0.4 g C m−2 (Pfannkuche and Thiel, 1987). Macrofaunal communities in the AO basins are dominated, as soft-bottom sediments worldwide, by polychaetes, crustaceans, and bivalves, although the proportions of these taxa vary regionally with regard to species numbers and biomass (Clough et al., 1997; Wlodarska-Kowalczuk et al., 2004; Bluhm et al., 2005, 2011; Degen et al., 2018; Vedenin et al., 2019). Our compiled data set suggests that macrofauna abundance ranges from <10 to ∼3000 ind. m−2 (>1000 m: mean ∼ 640 ind. m−2; >3000 m: mean ∼220 ind. m−2). Macrofaunal biomass ranges from 0 to 4.4 g C m−2 with an average of 0.5 g C m−2 below 1000 m (Figure 1). The epifaunal megabenthos is often dominated by brittle stars, sea cucumbers, and zoarcid, liparid, and rajid fishes in soft sediments of the AO basins (Bergmann et al., 2011; Taylor et al., 2016; Rybakova et al., 2019; Zhulay et al., 2019). Abundances are mostly ≤1–5 ind. m−2 (Rybakova et al., 2019; Zhulay et al., 2019), but epifaunal densities may be enhanced at hot spots on glacial drop stones (mainly by cnidarians and sponges, Meyer et al., 2016; Zhulay et al., 2019). Given that Arctic deep-sea epifauna is primarily assessed photographically, their biomass estimates are even sparser than abundance estimates, but new estimates yield <0.001–0.2 g C m2 (≥1000 m; Rybakova et al., 2019; Zhulay et al., 2019). Hyperbenthic taxa such as benthic jellyfish, ctenophores, highly mobile polychaetes, and mysids have been documented in the AO basins (MacDonald et al., 2010; Zhulay et al., 2019), but estimates of their abundance, biomass, or carbon demand are lacking. Fish densities are also low and sparse, with estimates of <1 per 60 min ROV transect (Stein et al., 2005), or 260 fishes km−2 in the 500–1000 m range (Majewski et al., 2017).

Food limitation in the AO basins is not only reflected in low abundance and biomass levels but also in the food web structure. The degraded nature of most organic matter at the deep-sea floor and the generally low current velocities result in high proportions of deposit-feeding organisms, even though suspension-feeders, predators, and other feeding types are also represented (Iken et al., 2001, 2005; Bergmann et al., 2009). That refractory nature of the food is also reflected in enriched stable nitrogen isotope values of deposit feeders and predators in particular (Iken et al., 2005; Bell et al., 2016). Trophic markers and observational evidence, however, also suggest that some taxa graze on freshly produced food such as ice algal matter that must have rapidly fallen down to the deep sea floor, and observations of surface-deposit feeding sea cucumbers support this notion (MacDonald et al., 2010; Boetius et al., 2013).

To sustain the above presented biomass levels, the benthos in the AO basins requires matching carbon inputs. In the compiled studies, benthic carbon demand in depths 1000–5590 m ranged from 0.2–23 g C m−2 yr−1 (Table 1). The median of lowest and highest values across studies was 1 g C m−2 yr−1 and 10 g C m−2 yr−1, respectively, and highest values were generally found near Atlantic and Pacific inflow areas. In addition, benthic carbon demand tends to decrease with water depth, and increase with increasing surface production (reviewed in Bourgeois et al., 2017; Hoffmann et al., 2018). We presume that food supply variation must be assumed to be the major driver of the variability in the carbon demand, even though methodological differences cannot be excluded either. Additionally, it is a challenge that the available carbon demand estimates are primarily based on measurements from the summer months. Applying those to the entire year, as we did here, may be overestimating the actual values. In summary, we suggest, however, that a range of 1–10 g C m−2 yr−1 is representative of the benthic AO carbon demand, with values away from the slope mostly estimated below 5 g C m−2 yr−1.


TABLE 1. Summary of benthic carbon demand in the AO basins ≥1000 m.
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Primary Production

Autotrophic primary producers in the AO basins are found in and attached under the sea ice (ice algae) as well as in the water column (phytoplankton). Diatoms have traditionally been considered to be important primary producers in both realms, and two ice algae species in particular, Melosira arctica and Nitzschia frigida are found in high abundances (Booth and Horner, 1997; Melnikov et al., 2002; Olsen et al., 2017; Hop et al., this issue). Recently, however, the contribution of pico- or nano-autotrophs to the algal biomass and the production in the AO is increasingly acknowledged (Vader et al., 2014; Metfies et al., 2016; Wang et al., 2019). As in other oceans, autotrophic primary production in the AO basins is largely driven by the availability of light and nutrients. In terms of light, the period suitable for pronounced primary production becomes shorter with increasing latitude, because the light climate is not only modulated by the presence of the sun, but also the ice cover (Zenkevitch, 1963; Leu et al., 2011). The first accumulation of biomass in the AO basins occurs most often in form of a sea ice bloom, while the pelagic bloom tends to follow some weeks later when ice and snow melt around mid-July (Ardyna et al., 2013; Leu et al., 2015). In addition, the primary production in the AO is regulated by the nutrient availability. Surface concentrations of nitrate, the commonly limiting nutrient, tend to be low, but also a pronounced variability in surface concentrations can be found in the AO (Figure 2). As nutrient concentrations strongly depend on advection and vertical mixing processes (Codispoti et al., 2013), higher surface concentrations can be found in the regions affected by advection of Pacific or Atlantic derived waters. In contrast, in most of the Beaufort Gyre, where a strong halocline prevents the upward nutrient flux (Randelhoff et al., 2017), algal productivity is more limited (Gradinger, 2009; Slagstad et al., 2015).
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FIGURE 2. Compilation of nitrate concentrations (μmol nitrate L1, gray filled circles) in the Arctic basins and adjacent oceans (at stations with a bottom depth >1000 m). Data extracted from the World Ocean Database 2018. Extrapolated nitrate concentrations includes also shallower areas.


Primary production can be estimated in various ways. Tracer incubation and oxygen consumption studies of melted sea ice or water samples are still the only methods to estimate direct carbon production (Kirchman et al., 2009; Campbell et al., 2017; Kromkamp et al., 2017). These snapshot measurements are very small-scale, but they are necessary to calibrate and validate model outputs (Popova et al., 2010; Slagstad et al., 2015) and satellite estimates (Pabi et al., 2008; Ardyna et al., 2013). Satellite remote sensing has been used to estimate primary production on a large scale by using ocean color data coupled to an ecosystem model (Arrigo and van Dijken, 2011; Babin et al., 2015), although satellite coverage, clouds, and sea ice restrict primary production estimates to the ice-free regions of the AO basins. Alternatively, inorganic nutrient budgets (most often based on nitrogen) or nutrient uptake rates can also be used to assess the annual algal production (Luchetta et al., 2000), because new primary production cannot exceed a certain maximum amount defined by the available nutrients (Bluhm and Gradinger, 2008; Mills et al., 2018).

Both ice-associated and pelagic production takes place in the AO basins. The overall sea ice cover, ice thickness, and snow thickness determine the amount of light available for both types of primary production, and thus the relative contribution of ice-associated and pelagic algae to the total primary production. In the AO basins, primary production by sea ice algae has only been found to be higher than pelagic production (integrated over the euphotic zone) in very dense ice cover (>90%) (Fernández-Méndez et al., 2015: ice algal primary production (PP): 0.5–1.5 mg C m−2 d−1, pelagic PP: 0.1–0.5 mg C m−2 d−1; Gosselin et al., 1997: ice algal PP: 57 mg C m−2 d−1, pelagic PP: 30 mg C m−2 d−1). Otherwise, pelagic production (integrated down to euphotic depth of 22–85 m) tends to exceed ice algal production (Fernández-Méndez et al., 2015: ice algal PP: 0.1–13 mg C m−2 d−1, pelagic PP: 0.1–60 mg C m−2 d−1; Gosselin et al., 1997: ice algal PP: 2–69 mg C m−2 d−1, pelagic PP: 52–272 mg C m−2 d−1). So far little is understood about the role of under-ice blooms (Gradinger, 1996; Arrigo et al., 2012; Assmy et al., 2017). As the sea ice thins, conditions allowing under-ice blooms may, however, become more frequent in the central AO (Horvat et al., 2017), and recent field measurements with a remotely operated vehicles suggested that these blooms may contribute up to 939 m g C m−2 d−1 to the overall primary production (Massicotte et al., 2019).

Overall, approximating the annual primary production from point measurements in the field or from budgets of spatially variable nutrient concentrations is challenging because estimates from different regions and seasons need to be pooled and integrated over the whole growth season. Nevertheless, the complied estimates of the primary production in the AO basins reveal a very similar range of 3–46 g C m2 yr−1 (mean 13 g C m−2 yr−1), irrespective of the method used (Table 2). Based on the daily production rates presented above, we presume that pelagic production substantially contributes to this total production. Compared to primary production levels in the productive Arctic inflow shelf regions (annual primary production >70 g C m−2 yr−1), the production in the AO basins is, however, at least half to one order of magnitude lower (Codispoti et al., 2013; Varela et al., 2013).


TABLE 2. Annual primary production estimates in the Arctic Ocean (AO) basins.

[image: Table 2]


Abundance and Carbon Demand of Under-Ice Fauna and Zooplankton

A wide range of nano- to macro-sized ice-associated and pelagic consumers are found in the AO basins, but micro- (20–200 μm, Sieburth et al., 1978) and mesozooplankton (200–2000 μm, Sieburth et al., 1978) play a central role (Thibault et al., 1999). As grazing preferences of these organisms determine the proportion and quality of carbon that will eventually reach the seabed in the AO basins, we present here an overview of the important consumers.

Seasonal and multiyear sea ice in the Arctic provides not only a platform for ice-associated primary production, but also to various ice-associated consumers. Some small taxa reside in the ice matrix (e.g., Nematoda, Acoela, Harpacticoida, Rotifera, Bluhm et al., 2018), while others, such as amphipods, use the bottom of the sea ice as a hard substrate and are important consumers of ice algae (abundances: few individuals to >500 ind. m−2) (Hop et al., 2000; Werner, 2000; Gradinger and Bluhm, 2004; David et al., 2017). In addition, analyses of lipids and isotopes showed that pelagic grazers, such as Calanus glacialis and C. hyperboreus also graze to a considerable extent on sea ice algae (Kohlbach et al., 2016).

Microzooplankton in the deep Arctic basins consist of unicellular and multicellular eukaryotic taxa, including heterotrophic flagellates, ciliates, dinoflagellates, rotifers, and small copepods (<1 mm). Their biomass is on average 0.48 g C m−2 (0–50 m) (Sherr et al., 1997; Olli et al., 2007; Kilias et al., 2014). Ciliates and dinoflagellates can consume a substantial fraction of primary production in the upper water column, but their grazing impact varies greatly (0–120% of daily phytoplankton growth, Sherr et al., 2009). They can also be mainly bacterivorous or omnivorous (Sherr et al., 2009).

The diversity and abundance of mesozooplankton including their seasonal and regional variation has been extensively studied in the AO during recent years (Mumm et al., 1998; Kosobokova and Hirche, 2000, 2009; Auel and Hagen, 2002; Ashjian et al., 2003; Hopcroft et al., 2005; Olli et al., 2007; Lane et al., 2008; Kosobokova and Hopcroft, 2010; Kosobokova et al., 2011; Kosobokova, 2012; Smoot and Hopcroft, 2017). The deep AO sustains during summer a mean mesozooplankton biomass of ∼6 g dry weight (DW) m−2 (range: 1–24 g DW m−2), which corresponds to 2.4 g C m−2 (Kiørboe, 2013), and a mean abundance of 150,000 ind. m−2 (range: <10,000–300,000 ind. m−2) (Kosobokova and Hirche, 2009; Kosobokova et al., 2011). Winter data are largely lacking, and therefore not included here. The predominant mesozooplankton group in terms of biomass and abundance are copepods (Kosobokova, 2012) with the key species in terms of biomass being C. hyperboreus, C. glacialis, C. finmarchicus, and Metridia longa. While C. hyperboreus dominates the biomass, with up to 97% in the basins, C. glacialis, M. longa, as well as the advected expatriate C. finmarchicus are important contributors to the biomass closer to the slopes (Figure 3) (Kosobokova and Hirche, 2009; Kosobokova, 2012).
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FIGURE 3. Compilation of depth-integrated zooplankton biomass in the Arctic Ocean basins. Data were collected in the summer-autumn periods of 1975–2015 (data compiled from Kosobokova and Hirche, 2009; Bluhm et al., 2015; Ershova and Kosobokova, 2019) and converted from biomass (g dry weight m−2) to carbon (g C m−2) using the conversion of g C = 0.4 * g dry weight (Kiørboe, 2013). The 1000 m isobaths are depicted as a black line.


Only few zooplankton species permanently inhabit surface waters where primary production takes place (e.g., Oithona similis). Others solely reside in the mesopelagic zone (Raskoff et al., 2010; Kosobokova et al., 2011), and a third group utilizes the surface and deep parts of the water column by performing daily and/or seasonal vertical migrations. The latter behavior represents a mechanism of active carbon transport between the surface and the deep ocean, with amplitude and time of ascent and descent being species- and stage-specific (Geynrikh et al., 1983; Conover, 1988; Ashjian et al., 2003; Kosobokova and Pertsova, 2005; Kosobokova, 2012; Darnis and Fortier, 2014; Kvile et al., 2019). The well known Calanus genus is for example often considered “epipelagic”, but it performs seasonal migration and resides dormant at depth for 8–9 months each year (Kosobokova, 1999; Ashjian et al., 2003; Hirche, 2013; Darnis and Fortier, 2014). In areas with large overwintering populations, C. hyperboreus transfers annually 3.5–6 g C m−2 to the deep ocean, a value comparable with the flux of detrital carbon (the “lipid pump,” Visser et al., 2017). These overwintering C. hyperboreus aggregations right above the seafloor (≤2000 m) (Auel et al., 2003; Hirche et al., 2006) may serve as a direct food source for mobile benthic animals, such as amphipods or demersal fish.

Interlinked with the zooplankton life cycles and their depth distribution is also their dietary preference. Traditionally, the Calanus species in the Arctic have been considered to be “herbivores”; however, likely only C. hyperboreus is a true herbivore (Forest et al., 2011; Campbell et al., 2016). The species C. finmarchicus and C. glacialis consume a wide spectrum of prey, and are more accurately categorized as omnivores (Hansen et al., 1993; Ohman and Runge, 1994; Hirche and Kwasniewski, 1997; Iken et al., 2005; Campbell et al., 2009). Other pelagic copepod key species (e.g., Metridia longa) are active year-round and adjust their feeding modes depending on food availability, switching to a non-algal diet during parts of the year (Haq, 1967).

The complex feeding modes and life history strategies of ice-associated grazers and zooplankton in the AO basins and the rare field observations make it challenging to estimate their annual carbon demand, and give an estimate on how much carbon remains to be potentially exported to the benthos. In Table 3, we compiled carbon demand and ingestion estimates for different ice-associated and pelagic consumers. However, the total carbon demand cannot be approximated by adding up these individual values because various consumers also prey on each other. As an alternative we estimate here the sympagic and pelagic carbon demand by quantifying the grazing on new primary production. This assumption is of course limited, because (1) we cannot in all instances be certain to which extent new production is grazed, and (2) grazing does not result in a true loss of carbon from the system. Only respired carbon is truly “lost” from the system, while the remaining fraction is used in secondary production feeding higher trophic levels. For reasons of simplification, we assume a highly efficient food web in the deep AO basins, which respires consumed carbon entirely. In addition, we presume that the fraction of new production that is not grazed in the pelagic system sinks to the benthos.


TABLE 3. Compilation of ice-associated and pelagic consumers’ carbon demands.
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Vertical Carbon Flux

Sparse field data on vertical carbon export are available from short-term sediment trap deployments from a ship or from the ice, from estimates of the carbon flux from radionuclides in seawater, or from bottom moored long-term sediment traps. Most often, surface-tethered sediment traps and radionuclide pairs (mainly 234Th/238U, 210Po/210Pb) are used to determine the vertical carbon flux in the uppermost 200–300 m over the course of one day to few weeks (Cai et al., 2010; Honjo et al., 2010; Lalande et al., 2014; Roca-Martí et al., 2016). Moored long-term sediment traps are usually deployed to estimate the flux at greater depth (few 100 to >1000 meter) during many months or a year (Fahl and Nöthig, 2007; Lalande et al., 2009b; Hwang et al., 2015), and allow investigating seasonal trends rather than short-term events.

Overall, the estimated carbon flux in the AO basins is low (120–285 m: <1.5 g C m−2 yr−1, 1550–4090 m: <1.0 g C m−2 yr−1, Table 4), and its magnitude depends on various factors, such as ice thickness, melting period, snow cover, latitude dependent light climate, surface nutrient concentration, and the sediment trap deployment depth. The general sedimentation pattern estimated from long-term sediment traps deployed in Arctic shelf regions and the southern Lomonosov Ridge suggests a daily vertical flux of <5 m g C m−2 d−1 (∼200 m) during most of the year. Only during the ice break-up, sedimentation rates tend to abruptly increase to up to 55 m g C m−2 d−1 (Fahl and Nöthig, 2007; Lalande et al., 2009b). We expect a similar pattern of seasonality in the AO basins, but presume that the quantity of the flux would be even lower.


TABLE 4. Annual estimates of the vertical carbon flux in the Arctic Ocean basins.
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Besides large aggregates, fecal pellets are a vehicle of vertical carbon export. During the algal growth season, consumer abundance increases (Zenkevitch, 1963; Leu et al., 2011) and the ice-associated and pelagic system becomes more heterotrophic (Wassmann, 2011; Wassmann and Reigstad, 2011). With the succession of zooplankton species throughout the growth season the contribution of different fecal pellet types changes seasonally (Matsuno et al., 2016). Fecal pellets, however, only contribute to the carbon export when their sinking velocity is high enough to prevent remineralization in the surface layer. Fecal pellets of larger animals, such as Calanus spp. or larvaceans, tend in general to sink faster than those of microzooplankton. Furthermore, the carbon content and sinking rates depend on feeding rates, food assimilation, and the diet of consumers (Turner, 2015). Pellets produced from a diatom-dominated diet have been found to sink faster because of the ballasting with heavy silicate shells than pellets produced from soft-bodied phytoplankton (Leah and Hans, 1998). Undamaged fecal pellets of Calanus sink at rates of about 5–220 m d−1 (Turner, 2002), and would, in theory, reach the sea floor within several weeks. However, a large proportion of pellets is also consumed or broken up while sinking. It has been previously believed that some copepods species are coprophagous (Auel and Hagen, 2002) and can act as a “coprophagous filter” (Gonzalez and Smetacek, 1994), counteracting the export of carbon in form of fecal pellets. Recent studies, however, conclude that filtering copepods actively reject fecal pellets. During this rejection process, they break them into smaller pieces, reducing the sinking velocity of the fecal pellet carbon, and exposing the fragments also to degradation by bacteria and dinoflagellates (Poulsen and Kiørboe, 2005; Iversen and Poulsen, 2007; Poulsen et al., 2011; Svensen et al., 2014; Turner, 2015). Thus, copepods likely play the role of coprorhexy, rather than coprophagy. Minipellets produced by dinoflagellates may also contribute to the vertical carbon flux (Nöthig and Bodungen, 1989; Wassmann et al., 1991), but it is still unclear to which degree minipellets are consumed and remineralized in the pelagic realm. Overall, microzooplankton and small mesozooplankton in the deep Arctic basins appear to play an important role in fragmenting and degrading sinking material, helping retain carbon in the pelagic zone, rather than contributing substantially to vertical carbon export. In support of this, a study conducted in the Makarov Basin during August, found that the majority of sinking material in the short-term traps (∼80%) was of detrital origin, which could not be classified any further (Olli et al., 2007). It must be assumed that this matter was degraded through various zooplankton activities.

When combining the estimates of the vertical carbon flux in AO basins based on field observations (sediment traps), a vertical export of 0.08–1.50 g C m−2 yr−1 can be assumed at 120–200 m depth (Table 4). This estimate is slightly lower than the suggested downward carbon flux of 1.5–3 g C m−2 yr−1 based on the upward nitrate flux (Randelhoff and Guthrie, 2016). The discrepancy between the two estimates can be explained by the design of sediment traps, which underestimate the flux of very large, rare particles. Furthermore, the estimation of Randelhoff and Guthrie (2016) refers to the vertical carbon flux at the nitracline (located shallower than 100 m), while the data compiled in Table 4 refer (in most instances) to the vertical carbon flux at 200 m. As zooplankton reduce the carbon flux with depth, a somewhat higher carbon flux at shallower depth than at greater depth matches our current understanding of the vertical carbon flux. In addition, at approximately 3000 m and below, the vertical carbon flux was even lower, amounting to 0.01–0.73 g C m−2 yr−1 (Table 4).



A Carbon Budget for the Arctic Ocean Basins

According to the classical concept by Eppley and Peterson (1979), new production equals approximately the export production (export out of the euphotic zone), and thus the amount of carbon that is annually available for pelagic and benthic grazers below the euphotic zone. When we contrast here the benthic carbon demand in the deep AO basins with the estimates of the primary production, the zooplankton carbon demand, and the vertical carbon flux, there seems to be an imbalance between the carbon supply and demand versus the current understanding of the vertical carbon flux (Figure 4). Due to the wide ranges of all estimates, and the various unknown abundances and metabolic rates of organisms from bacteria to mammals, it is challenging to quantify the extent of this gap. However, similar conclusions of estimated vertical carbon flux being insufficient to meet benthic carbon demand have been drawn for the European continental slopes in the Atlantic (Lampitt et al., 1995), the northwest Atlantic (Smith, 1978), the California continental margin (Jahnke et al., 1990), the Canadian Arctic shelf (Amundsen Gulf, Forest et al., 2011; Beaufort Sea, Renaud et al., 2007), and also the Arctic basins (Klages et al., 2004). The mismatch between the carbon flux and the benthic carbon demand may result from either an overestimation of the benthic demand, or from an underestimation of the true carbon flux by the currently available observations. We discuss both alternatives in the following section.
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FIGURE 4. Carbon budget of the central Arctic Ocean basin including the annual mean production, annual ice-associated, pelagic, and benthic carbon demand as well as the vertical carbon flux. The white arrows with orange edge represent particulate organic carbon flow between producers and consumers. The microbial loop and bacterial DOC demand (purple arrows) are not discussed in detail in this work, but are included here to show a complete picture. aChemosynthesis may be a local, benthic carbon source. bAdditional, and so far largely not quantified carbon sources are advection, export of large, fast-sinking algal aggregates, migrating or dead copepods, and large food falls.




WHAT FEEDS THE BENTHOS IN THE ARCTIC OCEAN BASINS? TOWARD BALANCING THE CARBON BUDGET


Uncertainties in Estimates of Benthic Carbon Supply and Demand

The AO basin is an open system, and the carbon for the benthos in this area may be partially provided by advection from the shelves and sub-Arctic regions. The large Arctic rivers entrain a substantial amount of dissolved and particulate material derived from terrestrial and freshwater systems into the AO (McClelland et al., 2016). Various studies have found carbon of terrestrial origin in sediment traps at the shelf break, the edge of the AO basins, as well as in the center of the Canadian Basin, the Nansen Basin, and the Amundsen Basin (O’Brien et al., 2006; Fahl and Nöthig, 2007; Forest et al., 2007; Watanabe et al., 2014; Hwang et al., 2015; Nöthig et al., unpublished). In addition, advected marine carbon may arrive from the Atlantic and Pacific Oceans (Wassmann et al., 2015) as well as from the shallow Arctic shelf seas (<200 m), which make up approximately half of the area of the AO (Bluhm et al., 2015). Irrespective of the source, it is still discussed how allochthonous carbon can reach the middle of the AO basins. One possibility of lateral transport is incorporation of organic material into sea ice, which drifts across the AO basins (Wegner et al., 2017). As the distances that these ice “rafts” travel before melting become shorter in a warmer Arctic, the role of this kind of carbon transport may diminish in the future (Krumpen et al., 2019). Moreover, neritic zooplankton and re-suspended carbon from the shelves may be laterally transported into the AO basins by eddies (Mathis et al., 2007; O’Brien et al., 2011; Watanabe et al., 2014). Hwang et al. (2015) estimated that 45–69% of the sinking carbon in the central Canadian Basin may be laterally advected, but as these observations are lacking from other regions of the AO basins, it is challenging to definitely quantify to which extent laterally advected carbon supports the benthos. Finally, the quality of the transported material must also be taken into account: mostly detritus was found in sediment traps deployed at the southern end of the Lomonosov Ridge (Fahl and Nöthig, 2007). This poses the question whether the carbon that is entrained by rivers (McClelland et al., 2016) and/or resuspended on the shelves and slopes and laterally advected to the AO basins, has a sufficient nutritious value for the benthos. Most likely, the C: N ratio of the material is high, and it provides a poor nitrogen source.

Chemosynthetic processes at the deep-sea floor may act as an alternative, local carbon source for the benthos. The extent of chemosynthesis has not been quantified in the AO basins to date, but hydrothermal vent activity may occur along the Gakkel Ridge (Edmonds et al., 2003). As shown in cold-seeps south of Svalbard, chemosynthesis-based carbon can provide a substantial carbon source for dominant macrobenthos (Åström et al., 2019), and this could locally be the case for the Gakkel Ridge as well.

In addition to the gaps in the quantification of carbon supply to the AO benthic ecosystem, the understanding of life cycles and longevity of deep-sea benthos – and thus their true annual carbon demand – is very limited (Degen et al., 2015). The benthic carbon demand estimated in this work must therefore be taken as a very rough estimate. Arctic benthos rely far less on lipid reserves than zooplankton (Graeve et al., 1997), and seem to use different strategies to survive periods of poor food supply. Studies in low- and mid-latitude deep-sea areas found that the low water temperatures at the sea floor lead to low, energy saving metabolic rates in benthos (Childress et al., 1990). In addition, mobile deep-sea organisms are very efficient at finding the sparse food available (Iken et al., 2001; Blankenship and Levin, 2007), and highly flexible in their choice of food (Blankenship and Levin, 2007). When they find food, these organisms can consume a great quantity very fast, and utilize the consumed food efficiently in their long intestine systems (Smith and Baldwin, 1982). Despite such adaptations, benthos seems to experience temporary starvation as indicated by the high δ15N signatures observed at the long-term observatory HAUSGARTEN in the Fram Strait (Bergmann et al., 2009). Thus, the imbalance in our carbon budget may originate from both an underestimation of the carbon supply by lateral advection or chemosynthesis, as well as by an overestimation of the benthic carbon demand in artificial, experimental conditions.



Uncertainties Related to the Vertical Carbon Export

Despite the potential uncertainties related to the benthos itself, we suggest that the major imbalance in our carbon budget is caused by an underestimation of the vertical carbon flux. The few available long-term sediment trap studies from the AO basins represent the vertical flux in approximately 10 m2 (=0.00000024%) of the basins (Jakobsson et al., 2004). These data reveal that annual carbon flux is characterized by long periods with a weak “drizzle,” alternating with short periods of higher sedimentation (Fahl and Nöthig, 2007; Lalande et al., 2019; Nöthig et al., unpublished). The duration of these short-term sedimentation events is still not clearly determined. A long-term sediment trap study north of the Laptev Sea showed that during two-weeks in the period of the ice break-up, 50–85% of the annual carbon flux sank out at 850 m (Lalande et al., 2009a). The lack of a finer temporal resolution leaves the question unanswered if an even heavier “rain” of carbon flux took place during an even shorter period. From the currently available data, we may therefore underestimate the carbon flux, because the really big sedimentation events so far have not been captured. Furthermore, it has been suggested that sediment traps may underestimate the vertical carbon flux when it takes place in form of large particles (Lampitt et al., 2001), because sediment traps are not designed to collect these types of particles. These particles, however, occur frequently in the AO. Scuba divers have observed aggregates of M. arctica under the sea ice already in the 1970s (Melnikov, 1997), and such aggregates were also observed in the deep AO in 2012 (Boetius et al., 2013), although their complex 3D structures make the quantification of their biomass still challenging. Due to their large size, these aggregates have a high sinking velocity, and result in an effective sympagic-benthic coupling, because they bring a substantial amount of high quality (nitrogen-rich) biomass (up to 156 g C m−2) to the sea floor. Presuming the annual benthic carbon demand of 1-10 g C m−2 (section “Deep-Sea Benthos and Its Carbon Demand”), one annual ice algae sinking event, probably taking place within few days, would be enough to feed the local benthos for a whole year. In the light of the currently thinning multiyear ice cover (Kwok, 2018), it is challenging to forecast whether sinking ice algae aggregates will also provide a carbon source to the benthos in the future. Under-ice phytoplankton blooms seem to become more abundant (Horvat et al., 2017), but they seem to be only exported into the deep sea when ballasted with cryogenic gypsum (Wollenburg et al., 2018). Despite potential microbial gardening (Mayor et al., 2014), it is therefore unlikely that slower sinking algal aggregates and marine snow particles provide as much carbon to the benthos as the thick and fast sinking aggregates of M. arctica, which mainly grow under multiyear ice (Syvertsen, 1991; Boetius et al., 2013).

As stated before, the life cycles and abundances of various pelagic organisms are defectively accounted for and so is their impact on the vertical carbon flux. Among the pelagic organisms especially poorly studied are appendicularians (Larvacea), jellyfish, and ctenophores. Studies conducted in temperate and sub-polar regions suggest that appendicularians can considerably contribute to the carbon cycling, because they have (1) high filtration rates, (2) graze upon small particles (<20 μm, Herwig et al., 2004), (3) produce fast sinking fecal pellets, and (4) their houses contribute to the formation of marine snow (Deibel, 1988; Bochdansky and Deibel, 1999; Acuña and Kiefer, 2000; López-Urrutia et al., 2003; Winder et al., 2017). Massive abundances of the appendicularian Oikopleura vanhoeffeni and their fecal pellets during late winter have contributed considerably to the vertical carbon flux in the ice-covered Beaufort Sea (Sampei et al., 2009). It is conceivable that appendicularians play a similar role in the deep Arctic basins, because they have also been observed in the Amundsen Basin (86°N, fall 2016, K. Kosobokova, pers. comm.) and in the Canada Basin (Raskoff et al., 2005, 2010). Comparably, jellyfish and ctenophores can at times contribute substantially to the zooplankton community in the upper 100 m of the AO basins during summer (Raskoff et al., 2005, 2010; Purcell et al., 2010; Wang et al., 2014; David et al., 2015), and prey on various copepod species (Purcell et al., 2010), but their impact on the carbon export is practically unknown.

Abundance and biomass data of Arctic mesozooplankton, and especially copepods in the AO have been extensively studied, but even their role in the biological carbon pump is not entirely understood. One distinct example is the sub-Arctic copepod C. finmarchicus, which is advected to the AO (Hirche and Kosobokova, 2007; Kosobokova, 2012; Wassmann et al., 2015, 2019). Peaks of biomass northeast of Svalbard and north-west of Severnaja Zemlja demarcate the gateways where C. finmarchicus populations enter the Arctic. Individuals of this species represent an allochthones carbon source to the AO, which declines from 5–7 g dry weight m−2 (ca. 2–2.8 g C m−2) at the slopes of the northern Barents Sea to < 0.01 g C m−2 in the Eurasian Basin south of 82°N and < 0.008 g C m−2 north of 86°N (Kosobokova and Hirche, 2009). Even though C. finmarchicus can currently not reproduce and complete its life cycle in the central Arctic, it can contribute up to 30% to the total zooplankton biomass over the continental slope (Bluhm et al., unpublished; Hirche and Kosobokova, 2007) and may be an important consumer of microalgae in the surface (Kosobokova and Hirche, 2009; Kosobokova, 2012; Wassmann et al., 2015). When dying off, the accumulated lipid reserves can sink to depth, and most likely represent another important carbon source. Though less prominent than C. finmarchicus, other expatriate holoplanktonic and meroplanktonic taxa follow the same inflow pathway and experience a similar fate (Sherr et al., 1997; Matsuno et al., 2014; Onda et al., 2017; Ershova et al., 2019). Advection of carbon, often in form of micro-, mero-, and mesoplankton also plays an important role on the Pacific side of the Arctic, though the lower volume transport from the Pacific into the Amerasian Basin causes less biomass advection than on the Atlantic side (Kosobokova et al., 2011; Nelson et al., 2014; Wassmann et al., 2015; Basedow et al., 2018; Moore et al., 2018; Ershova et al., 2019). As described before, lateral transport by shelfbreak eddies may then advect the planktonic expatriates further into the AO basins (Mathis et al., 2007; O’Brien et al., 2011; Watanabe et al., 2014).

Non-consumptive mortality and sinking of zooplankton is rarely measured in sediment traps and accounted for in carbon flux estimates, yet it may comprise up to 30% of total zooplankton mortality (Tang and Elliott, 2014). Measurements of zooplankton north of Svalbard in January showed that up to 95% of Calanus between 300 and 2000 m (Calanus spp. abundance: 12,750 ind. m−2) were dead, many of them still containing substantial lipid sacs (Daase et al., 2014). The causes of these mortality events are poorly known, but possible causes are life cycle features (i.e., depleted lipid stores due to reproduction), diseases, parasites, food depletion or environmental stress (i.e., due to advection from warmer regions, Tang and Elliott, 2014). Regardless of the cause, these mass mortality events may be a considerable source of biomass sinking to the seafloor in the AO basins.

In addition, fresh carbon may also reach the deep-sea benthos in form of dead, large-bodied fauna of all kinds, a phenomenon termed food falls (Stockton and DeLaca, 1982). In the Fram Strait, food falls of large crustaceans and a fish have been observed (Klages et al., 2001; Soltwedel et al., 2003), and they may also occur in the AO basins. Polar cod otoliths have for example also been found at the sea floor of the Amerasian Basin (B.A. Bluhm, pers. observation). This may suggest a frequent export of dying or dead Polar cod, the most abundant Arctic fish (densities in some parts of the Eurasian Basin: 5000 ind. km2) (David et al., 2016). Similarly, top predators, such as belugas (Suydam et al., 2001), bowhead whales (Reeves et al., 2014), and ringed seals (Hamilton et al., 2015) occur at times in the AO basins and may provide, when dying, a very occasional, but immense carbon inputs to the benthos. Detailed succession studies of large food falls from the Fram Strait show that large food falls tend to attract amphipods within minutes (Klages et al., 2001; Premke et al., 2006; Soltwedel et al., 2018), but also enhance the meiofauna biomass (mainly nematodes) in the weeks after the food fall (Soltwedel et al., 2018). As abundance estimates, however, lack for most populations of marine mammals in the AO basins, it is impossible to assess the impact of large food falls for the vertical carbon export (Marz, 2010).

Neither large food falls nor massive sedimentation events of microalgal aggregates nor zooplankton carcasses are accounted for in estimates of vertical carbon flux with sediment traps. Including these additional fluxes may allow closing the gap in the carbon budget presented in this work. In addition, it is equally important to take into consideration the quality of the exported biomass. High quality food may only be provided by short-term, local massive sedimentation events while the constant drizzle brings down highly degraded, low quality material sinking out most of the year.

Overall, we conclude that further quantitative work is needed to fully assess carbon fluxes across the ecosystem in the AO basins, an ecosystem which is characterized by pronounced seasonality and spatial variability. In our opinion, studies on the abundances, the life cycles, and the metabolic rates of a wide range of sympagic, pelagic, and especially benthic organisms are crucially needed to get a better understanding for the interwoven ecosystem structures in the AO basins. Moreover, quantifying the intensity of carbon advection, benthic carbon production, as well as the downward carbon flux in the form of ice algae aggregates may help to close the knowledge gap unraveled in the present work. Autonomous underwater vehicles with cameras as well as autonomous platforms including acoustic sensors may help study the ice underside and the vertical flux of large algal aggregates, which are undersampled in sediment traps. We think these steps forward are necessary to understand the current ecosystem in the AO basins, and to predict how changes in the sea ice, the primary production, and the grazer community may change the carbon supply to the benthos in the AO basins – a system, which is today already affected by anthropogenic waste (e.g., microplastic, Kanhai et al., 2019), and may be exposed to deep-sea mining in the future (Ludvigsen et al., 2017).
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This study (PS94, 2015) Laptev Sea (2012) Beaufort Sea (2008/2009)

DOU (mmol m=2 d~ 1) Shelf 0.59 0.82 /
Deep Sea 0.23 0.36 /
TOUsgeg (Mmol m=2 d—1) Shelf 2.53* / 4.41%
Deep Sea 0.88 / 1.08
Chla (g mi=1) Shelf 2.22% 3.02* 2.3*
Deep Sea 0.29 0.76 0.15
Phaeo (g mi—1) Shelf 4% 7.44* 11.29*%
Deep Sea 0.33 3.23 4.59
CPE (ngmi~7) Shelf 6.22* 10.45 13.59*%
Deep Sea 0.51 3.99 4.74
(%) Chla Shelf 215 30.18* 11.79*
Deep Sea 23.84 19.54 3.21
TOC (ng mg™") Shelf 21.47* 9.77 15:3*
Deep Sea 10.58 10.8 13
microbial cell numbers (10% mi~1) Shelf 2.51% 2.33* /
Deep Sea 0.94 1.65 /

Mean values were calculated based on stations and per each subarea. Bold letters indicate that significant (p < 0.05) differences between the regions were found,
whereas an asterisk indicates significant differences between shelf and deep-sea habitats. TOUsgq, total oxygen uptake; DOU, diffusive oxygen uptake; CPE, chloroplastic
pigment equivalent; TOC, sediment total organic carbon content; Chl a, sediment chlorophyll a concentration; Phaeo, sediment phaeopigment concentration; FOU, Fauna
mediated oxygen uptake.
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DOU TOUgeq

Model 1 Overall model ¥ n.s.
CPE 33%* n.s.
TOC n.s. n.s.
Microbial cell numbers n.s. n.s.
Total covariation 31% =

Model 2 Overall model * o
Chla 29%* 56%
TOC n.s. n.s.
Microbial cell numbers n.s. n.s.
Total covariation 31% 44%

Entries indicate % of variation explained by environmental parameters in the
different models. **p < 0.01, *p < 0.05, n.s. — p > 0.05 not significant.





OPS/images/fmars-07-00426/fmars-07-00426-t002.jpg
Station Depth Category DOU TOUgeq FOU Chla Phaeo CPE % Chl a TOC Microbial cell

(m) (mmol (mmol (mmol  (pgml~') (wgml~') (ngmi?) (ng mg™1) numbers

m-2d-1) m-2d-') m-2d-") (10° mi-1)
PS94/001-2 373 Shelf 0.36-0.47 1.68-2.4 .72 1.29-3.25 3.25-6.3 454-955 28-34 25.12-25.54 1.86
PS94/002-2 265 Shelf 0.16-0.57 1.47-5.7 2.56 2.53-3.13 3.35-6.04 6.20-9.17 34-46 24.76-26.51 3.84
PS94/21-2 390 Shelf 0.16-1.13 NA A 244-412 416-5.08 7.31-9.20 33-48 18.52-21.28 2.91
PS94/032-10 3167 Deep sea  0.29-0.45 0.88 0.51 0.28-0.506 0.7-1.58 0.98-2.09 24-28 20.66-23.53 2.21
PS94/066-2 656 Deep sea NA 0.13-2.52 A 0.27-2.1 0.07-0.61 0.34-0.95 36-80 5.29-13.25 0.44
PS94/087-2 4262 Deepsea 0.14-0.19 0.29-0.59 0.28 0.121-0.14  0.06-0.2 0.18-0.34  40-67 4.93-12.62 0.71
PS94/101-10 3995 Deepsea  0.12-0.22 NA A 0.003-0.01 0.08-0.07  0.03-0.1 9-29 4.76-6.05 0.46
PS94/105-2 1001 Deep sea  0.27-0.29 1.00-1.2 0.82 0.07-0.09 0.11-0.13 0.20 35-44 5.86-11.09 0.81
PS94/123-2 4118 Deep sea  0.18-0.21 NA A 0.119-0.24 0.33-0.38 0.45-0.62 27-39 10.76-11.17 0.73
PS94/130-4 867 Deep sea 0.2-0.27 0.2-0.61 0.24 0.059-0.38 0.13-0.58 0.25-0.96 24-66 6.156-14.37 1.23
PS94/149-5/6 301 Shelf 0.56-1.11  2.21-8.15 .66 1.57-2.10 1.19-6.09 2.76-8.19 26-57 12.15-15.03 217
PS94/161-6 395 Shelf 0.23-0.87 NA A 0.86-1.01 2.39-3.57 3.25-4.44 20-30 9.27-9.45 1.78

Besides microbial cell numbers (only one replicate), three replicates were measured for every parameter (dataset published in PANGAEA; Kiesel et al., 2019). TOUseq,
total oxygen uptake; DOU, diffusive oxygen uptake; CPE, chloroplastic pigment equivalent; TOC, sediment total organic carbon content; Chl a, sediment chlorophyll a
concentration; Phaeo, sediment phaeopigment concentration; FOU, Fauna mediated oxygen uptake; NA, not assessed.
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Station Sampling Date Latitude Longitude Sea-ice Depth (m)Habitat Bottom Bottom

Device Cover (%) Temp. (°C) sal. (Psu)
PS94/001-2 MUC 18.08.2015 75°0.055'N 30°0.333°E 0 373 Shelf 1.64 35.06
PS94/002-2 MUC 19.08.2015 76°40.579" 30°0.213°E 0 265 Shelf 1.69 35.05
PS94/021-2 MUC 21.08.2015 80°59.762¢ 28°58.324‘E 60 390 Shelf 0.72 34.88
PS94/032-10 MUC 22.08.2015 81°51.409¢ 30°54.656‘E 99 3167 Deep sea -0.74 34.95
PS94/066-2 GBC 01.09.2015 86°42.756" 61°21.732'E 100 656 Deep sea 0.22 34.88
PS94/087-2 MUC 08.09.2015 89°55.482¢ 120°33.864'E 100 4262 Deep sea -0.93 34.94
PS94/101-10 MUC 14.09.2015 87°29.807‘N 179°54.151°E 90 3995 Deep sea -0.25 34.95
PS94/105-2 GBC 16.09.2015 86°58.665° 146°50.676°E 90 1001 Deep sea -0.25 34.89
PS94/123-2 MUC 22.09.2015 85°03.575¢ 137°36.566'E 95 4113 Deep sea —0.93 34.93
PS94/130-4 MUC 24.09.2015 85°0.926‘N 151°45.503°'E 100 867 Deep sea -0.07 34.89
PS94/149-5/6 MUC 07.10.2015 74°19.132 23°48.340'E 0 301 Shelf 2.05 35.05
PS94/161-6 MUC 08.10.2015 72°44.062° 22°49.248'E 0 395 Shelf 4.8 35.11

Bottom water temperature and salinity were obtained from the conductivity, temperature and salinity (CTD) probe. This data is available from PANGAEA (see Rabe et al.,
2016). Habitat type was classified in order to conduct the comparative analyses between shelf and deep-sea environments and is based on topography. MUC, multicorer,
GBC, giant box corer.
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Abbreviation Explanation

Geographical names

EB Eurasian Basin

AB Amerasian Basin

EEB Eastern Eurasian Basin
WEB Western Eurasian Basin
BG Beaufort Gyre

CS Chukehi Sea

NCS Northern Chukchi Sea
Natural layers and water masses

SML Surface Mixed Layer
AW Atlantic Water

PW Pacific Water

MW Meteoric Water

SIM Sea Ice Meltwater
Chemical parameters

N+ N Nitrates

Si Silicates

P Phosphates

Oo Dissolved oxygen
Other miscellaneous

ITP Ice-Tethered Profiler
CTD Conductivity — Temperature — Depth
APE Available Potential Energy

SST Sea Surface Temperature
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EEBregion = WEB region CS region BG region

Arctic surface mixed layer

OsmL, °C 0.05 0.01 0.05 0.03
SsmL 0.05 -0.18 —0.83 —0.89
Hgp, m 2.8 —04 -0.9 2.1
Arctic halocline

Bhalo, °C —0.05 —0.22 0.06 0.00
Shalo 0.02 —0.03 —0.17 —0.11
Halo, M 26 5.3 23.9 13.2
APE, 1075 ym=2 0.0 0.0 0.5 0.5

(Top) Surface mixed layer (SML) trends of potential temperature, 6smi, Ssalinity,
Ssmu, and SML thickness, Hgwy. (Bottom) Halocline trends of potential temper-
ature, Onalo, Salinity, Shaio, depth of the halocline base, Hnalo, halocline squared
buoyancy, N2, and available potential energy, APE. ltalic marks trends that are not
statistically significant.
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Region (with station

name used in cited Water Trap Annual carbon

literature) depth (m) depth (m) flux (g C m=2yr1) References

Lomonosov Ridge 1712 150 1.5 Fahl and Nothig (2007)
Northwind Abyssal Plain 1975 190 0.023 (1950 wmol C) Watanabe et al. (2014)
East Siberian Sea Slope 1460 260 0.395 Lalande et al. (2019)
Nansen Basin 3600 285 0.76 Lalande et al. (2019)
Amundsen Basin 4240 240 0.64 Lalande et al. (2019)
Canada Basin (B96-200 m) 3600-3800 200 0.084 Honjo et al. (2010)
Canada Basin (S97-120 m) 273-3850 120 0.59 Honjo et al. (2010)
Nansen Basin 3600 3465 0.24 Nothig et al. (unpublished)
Amundsen Basin 4240 4090 0.24 Nothig et al. (unpublished)
Lomonosov Ridge 1712 1550 1.02 Fahl and Nothig (2007)
Canada Basin (Station A) 3825 3100 0.73 £0.41 Hwang et al. (2015)
Canada Basin (Station B) 3821 3056 0.42 £0.22 Hwang et al. (2015)
Canada Basin (Station C) 3722 2878-3047 0.33 £0.49 Hwang et al. (2015)
Canada Basin (Station D) 3518 2878 0.20 £0.14 Hwang et al. (2015)
Canada Basin (CD04-3067 m) 3824 3067 017 Honjo et al. (2010)
Nansen/Amundsen Basin Depth >1500 m export from Polar Mixed Layer (<100 m) 1.5-3 Randelhoff and Guthrie (2016)

Same raw data in Fahl and Néthig (2007) and Lalande et al. (2019), but two different ways of calculation (average vs. integrated means).
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Published rates

Seasonal carbon
demand

Annual carbon demand

References

Ice-associated
consumers

Sea-ice meiofauna
lce-associated amphipods

Pelagic consumers
Bacteria (0-50 m)

Bacteria (0-20 m)

Heterotrophic community
in water 0-50 m (incl.
bacteria, algae, and
microzooplankton)®

Annual mesozooplankton
grazing (multiyear ice)
Carbon demand of large
copepod population
(1.5-2gDW m=2)

Ingestion: 0.1 gCm=2 yr~1
Ingestion rate: 9.3 pg Chla
m=2 d=1 of mixed
amphipod community in
Greenland Sea?

Respiration rate:

Winter:2.4 £2.3mgCm~3 d-"

Summer:7.8 £ 5.5 mg
Cm=3d!

Carbon demand estimate:
4-11mgCm=3d-!
Respiration: Mid-winter
(124 d): 15 £145gCm—2
Fall/winter (91 d):25 + 18 g
Cm—2

Summer (150 d):
59 + 41 gCm2

Summer: 160 mgCm=2d~"

during summer

Summer (120 d):
0.031 g C m=2 season™!

Winter (245 d): 1.2757gC
m~2 season™!

Summer (120 d):
13.8-799 C m~2 season™"
Summer (120 d):

9-23g Cm™2 season™!

Summer (60 d):
9.6 gCm~2in 60
season™' ¢

Ingestion: 0.1 g C m=2 yr~1
0.031gCm2yr1b

15-136gCm=2yr!

80gCm 2y

1gCm2yr1

Gradinger (1999)

Michel et al. (1996), Werner
(1997), Berge et al. (2012)

Sherr and Sherr (2003)

Olii et al. (2007)

Sherr and Sherr (2003)

Sakshaug (2004)

Olii et al. (2007)

Details on the assumptions and calculations made here are presented in the Supplementary Material. 2POC: Chl a = 28 (sea ice algae during spring, Michel et al.,
1996). PHigh lipid contents during winter suggest that amphipods in the Arctic may survive this season without grazing (Berge et al., 2012). °Not pre-screened, but no
zooplankton seen after incubation. Duration of seasons given in literature. 9Total carbon demand based on respiration experiments.
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Note that the compilation does not reflect a complete inventory of published estimates, but instead provides examples of estimations based on different techniques and

Annual PP (g C m—2 yr—1)

10

1-16
>11
0.6-17 (average: 9.4 + 3.6)
13
13
16
14.2

Method/Comment

Net community production
Net community production
Net community production

Net particulate C production, assuming
algal growth season of 120 days

Net primary production, assuming algal
growth season of 120 days

Seasonal estimates from an empirical
model: before bloom peak: 59.2% of
primary production, after bloom peak:
40.6%, during winter: 0.2%

In situ plus satellite (satellite estimates
limited to ice- and cloud free pixels)

Based on phosphate budget
Based on phosphate fluxes
Based on nitrogen budget
Based on nitrogen budget
Based on dissolved O
Based on dissolved Oy
Model output

Citation

Codispoti et al. (2013)
Codispoti et al. (2013)
Tremblay et al. (2015)
Wheeler et al. (1996)

Gosselin et al. (1997)

Ardyna et al. (2013)

Hill et al. (2013)

Fernandez-Méndez et al. (2015)
Sakshaug (2004)

Fernandez-Méndez et al. (2015)
Bluhm and Gradinger (2008)

English (1961) cited in Pomeroy (1997)

Mel'nikov and Pavlov (1978) cited in Pomeroy (1997)

Slagstad et al. (2015)

approaches. When information about the estimated growth length season was given in literature, we included it in the table.
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Carbon demand as reported min. carbon max. carbon min. annual max. annual Depth range (m)

(mmol 02 m~2 d~! unless demand demand carbon demand carbon demand (only >1000 m
Region noted otherwise) (mgCm-2d-1) (mgCm-2d-1) (gC m—2yr1) (gC m—2yr1) reported) References
Barents Sea margin 1.85-3.68 17.09 34.00 6.24 12.41 1010-2577 Hulth et al. (1994)
N/NE of Svalbard
Barents Sea margin 0.008-0.013 ml Oy 17.10 27.80 6.24 10.15 2500-3920 Pfannkuche and Thiel
NE of Svalbard 50 cm—2 h~! (1987)
Barents Sea margin 7 mmol O, m=2 h~1 1.55 0:57 1010 Piepenburg et al. (1995)
NE of Svalbard
Laptev Sea margin 0.05-0.50 0.46 4.62 0.17 1.69 1104-3427 Boetius and Damm
and Eurasian Basin (depth-integrated) (1998)
Eurasian Basin 0.34-0.41 (bare sediment) 3.14 3.79 1.15 1.38 3589-4808 Boetius et al. (2013)
(56-6 in algal aggregates)
Eurasian Basin 0.29 10.0 1020-5420 Estimated from Degen
etal. (2018)
Chukehi Sea 0.88-6.95 8.13 64.22 297 23.44 1003-3274 Grebmeier and Cooper,
margin and 2014
Amerasian Basin
Chukchi Sea 0.29-2.99 2.68 27.63 0.98 10.08 1000-3648 Clough et al. (1997)
margin and
Amerasian Basin
Fram Strait 0.5-1.9 4.62 17.56 1.69 6.41 1056-2558 Hoffmann et al. (2018)
Fram Strait 0.06-0.95 0:55 8.78 0.20 3.20 1304-5590 Cathalot et al. (2015)
Norwegian Sea 1.2-450mgC m=2 d~' 1.20 45.00 0.44 16.43 1428-3299 Ritzrau et al. (2001)
Basin

Adjacent deep-sea regions in the Fram Strait and Norwegian Sea are presented for comparison.
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Fram Strait/ Greenland Sea
Cem.ral Arctic Ocean
* no POC data

Fram Strait/Greenland sea, Central Artic Ocean, *no POC data. No samples were taken during 1992, 2002 and, 2005, respectively. No POC data are available during
1994, 1998 and, 2006, respectively. Detailed information about the respective cruises are available in the Supplementary Tables S1, S2.
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Date Albedo + 0.05 Snow depth + 10 cm SIT + 20% SIC+ 5% Kice extremes Ksnow €xtremes io,snow €xtremes

0.5-1.5m™! 4.3-40 m~! (0.18-0.63)
PAR PAR PAR PAR PAR PAR PAR
April + 5.0 (+12.2%) +9.2(+22.5%) +1.5(3.7%)  +7.2 (+17.0%) +4.1 (+10%) +2.2 (+5.4%) +7.5 (+18.4%)

Relative error in % is also included. Results for April averaged over 2011 to 2018.
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Parameter Uncertainty

Snow depth (hs) +10 cm?

Sea ice thickness (h;) +20%P

Sea ice concentration (SIC) +5%°

Surface albedo (o) +0.05

Ice attenuation (kjce) Ranges from 0.5 to 1.5 m=1d.e

Snow attenuation (Ksnow) Ranges from 4.3 m ~' for dense Antarctic
snow to 40 m=" for newly fallen snow

io,snow 0.18 (white ice — clear sky)/0.63 (blue ice —
cloudy sky)’

a| jston et al., 2020; PLandy et al., 2020; ©Kern et al., 2019; 9Perovich and Gow,
1996; ®Light et al., 2015; fGrenfell and Maykut, 1977.
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Water - 0.35 n.a.
Snow 0.30 0.03 10 (dry)/7 (wet)
Bare Ice 0.30 0.10 1.0
Melt Ponds 0.56 n.a. n.a.

io Is the surface transmission, he is the thickness of the medium and k is the
extinction coefficient.
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Ordinary PCA Conditioned PCA

Type Variable R? P PC1 PC2 R? P PC1 PC2
Categorical Year 0.54 0.00 0.27 0.00
Dataset 0.39 0.00 0.00 1.00
Decade 0.37 0.00 0.14 0.00
Region 0.31 0.00 0.00 1.00
lce type 0.21 0.00 0.05 0.00
Month 0.06 0.00 0.07 0.00
Continuous Year 0.65 0.00 1.00 —0.06 0.07 0.00 —0.66 -0.75
lce thickness 0.65 0.00 —0.89 0.47 0.11 0.00 0.80 0.60
Decade 0.56 0.00 0.99 —0.10 0.05 0.00 —0.53 —0.85
Solar angle 0.33 0.00 0.94 —0.34 0.02 0.15 0.51 —0.86
Core length 0.28 0.00 0.07 1.00 0.00 1.00 —0.78 —0.62

Type indicates the type of explanatory variable. PC1 and PC2 indicate the principal components for linear gradient arrows. The statistics between factors and vectors
are incomparable. The p-value indicates fit (null hypothesis being that the explanatory variable centroids [categorical] or linear gradients [continuous] do not fit to the
ordination) and should not be used to draw conclusions similarly to classical null hypothesis-based comparisons.
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Taxon AP FO AP FO AP FO
Centric diatoms 5.4 85.9 7.7 87.1 6.4 86.5
Attheya septentrionalis (@strup) Crawford 0.3 35.0 2.0 53.5 10 43.3
Chaetoceros gelidus Chamnansinp, Li, Lundholm & Moestrup 0.8 38.2 0.1 5.9 0.5 23.7
Chaetoceros tenuissimus Meunier 0.1 13.8 0.0 1.0 0.1 8.0
Conticribra weissflogii (Grunow) Stachura-Suchoples & Williams 08 415 0.0 0.0 0.3 22.8
Melosira arctica Dickie 0.0 1.6 1.7 19.8 0.8 9.8
Porosira glacialis (Grunow) Jorgensen 0.8 39.8 0.0 0.0 0.4 21.9
Thalassiosira decipiens (Grunow ex Van Heurck) Jorgensen 0.0 0.0 0.2 156.8 0.1 71

Thalassiosira antarctica var. borealis Fryxell, Douchette & Hubbard 0.9 431 0.0 5.9 0.5 26.3
Thalassiosira nordenskioeldii Cleve 0.0 6.5 1.1 35.6 0.5 19.6
Thalassiosira spp. 0.3 20.3 0.5 10.9 0.4 16.1
Pennate diatoms 49.8 98.4 71.6 100.0 59.4 99.1
Fossula arctica Hasle, Syvertsen & von Quillfeldt 1.0 431 2.0 3.0 1.5 25.0
Fragilariopsis cylindrus (Grunow ex Cleve) Frenguelli 1.7 71.5 2.5 46.5 7.6 60.3
Fragilariopsis oceanica (Cleve) Hasle 0.5 23.6 6.6 515 3.3 36.2
Navicula pelagica Cleve 2.1 48.8 2:5 24.8 23 37.9
Navicula transitans Cleve 3.0 64.2 0.3 41.6 1.8 54.0
Nitzschia frigida Grunow 1.2 87.0 174 B84 13.9 728
Nitzschia neofrigida Medlin 0.2 8.9 3.3 24.8 1.6 16.1
Nitzschia polaris Cleve 0.4 4.9 3.6 28.7 1.8 15.6
Nitzschia spp. 1.0 19.5 11.6 65.3 5.8 40.2
Pseudo-nitzschia delicatissima (Cleve) Heiden 71 74.0 1.3 26.7 4.5 527
Dinoflagellates 18.0 94.5 24 50.5 141 751
Gymnodinium gracilentum Campbell 0.3 16.3 0.0 4.0 0.2 10.7
Gymnodinium spp. 2.1 56.9 0.1 12.9 12 37.1
Heterocapsa spp. 0.6 30.1 0.0 3.0 0.3 17.9
Polarella glacialis Montresor, Procaccini & Stoecker 8.3 65.9 0.8 16.8 4.9 43.8
Flagellates 25.7 93.0 18.3 78.2 224 86.5
Chlamydomonas nivalis (Bauer) Wille 0.0 0.0 2.0 32.7 0.9 14.7
Cryocystis brevispina (Fritsch) Kol ex Komarek & Fott 0.0 0.0 1.6 17.8 0.7 8.0
Cryptomonas spp. 0.2 20.3 0.0 1.0 0.1 11.6
Dinobryon spp. 1.1 415 0.1 9.9 0.7 272
Groenlandiella brevispina Kol 2.0 2.4 2.1 13.9 2.0 7.6
Octactis speculum (Ehrenberg) Chang, Grieve & Sutherland 02 5.7 0.1 23.8 0.2 13.8
Phaeocystis pouchetii (Hariot) Lagerheim 0.2 14.6 0.0 4.0 0.1 9.8
Pterosperma spp. 0.1 7.3 0.1 13.9 0.1 10.3
Pyramimonas nansenii Braarud 0.5 19.5 0.0 3.0 0.3 121
Trochiscia cryophila Chodat 0.0 0.0 3.3 27.7 1.5 12.5
Ciliates 1.3 59.5 0.1 55.0 il 58.8
Mesodinium rubrum Leegaard 0.8 20.3 0.0 0.0 0.4 1.2

AP: average abundance percentage; FO: frequency of occurrence.
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Dataset Expedition Years Months Regions Unit MYI Ice (cm) Depth (m) Total Whole

AARI NP-22 1980, 1981 3,4 AST per 100 280 (35) 1284 (1407) 33 0
AARI NP-24 1980 3 T per 100 313 (0) 4183 (0) 5 0
AARI SHEBA 1997, 1998 1-3, 9-12 A =1 82 216 (100) 3331 (745) 17 15
AARI Arctic-2000 2000 8,9 A L1 100 213 (56) 2228 (581) 10 10
AARI NP-33 2005 5-8 T L 100 225 (60) 2594 (799) 5 4
AARI NP-34 2006 1-4 T L 0 131 (15) 4275 (49) 5 5
AARI PAICEX-2007 2007 4 T rel 100 232 (38) 4270 (12) 9 9
AARI PAICEX-2008 2008 4 T L 20 190 (42) 4300 (3) 5 5
AARI PAICEX-2010 2010 4 T L 50 208 (46) 4233 (20) 2 2
AARI PAICEX-2011 2011 4 T [~ 67 171 (43) 4181 (9) 3 3
AARI NP-40 2013 5 A L 100 205 3666 1 1
AW TransArc 2011 8 AT [ 33 191 (53) 3956 (203) 9 0
NPl ICE-2011 2011 4,5 N [~ 0 88 (22) 970 (639) 5 0
NPI N-ICE-2015 2015 1-6 N [~ 15 53 (54) 1319 (593) 115 111

Unit indlicates original unit in the dataset (per = abundance percentage, rel = relative abundance from 1 to 5, and L~ = cells per liter). MY! indicates the percentage of
samples from multiyear ice, the rest being samples from first-year ice. Standard deviation in brackets is given for ice thickness (Ice) and water depth (Depth). Total refers
to the total number of ice cores (=samples), and Whole the number of whole cores covering the entire ice column.
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Example taxa at upper slope

Yoldiella lucida (ES)
Thyasira dunbari (ES)

Bathyaster vexillifer Ophiopleura
borealis (AS, on shelf in Barents)
Pontaster tenuispinus

Zoantharia (AS)

Geodia spp. (ES)
Sebastes mentella (ES)
Liparis spp.

Pandalus borealis (AS)

Example taxa at lower slope

Melinnopsis arctica
Galathowenia fragilis
Avricidea spp.

Gorgonocephalus sp. (ES, on
shelf in AB)

Umbellula encrinus
Saduria sabini
Amblyraja hyperborea

Reinhardtius hippoglossoides, various Zoarcidae including Lydodes spp.

Pacific affinity species are essentially absent. AS, taxa so far mentioned from
Amerasian slopes; ES, taxa so far mentioned from Eurasian slopes.
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Station Name Station Type Longitude (°E) Latitude (°N) Start Date N r Observed Variance Ratio RMSE (cm)
Variance (cm?)
Ny-Alesund 1 TG 11.95 78.93 10/1/18 43766  0.44 7.2 111 2.0
Andenes 2 TG 15.15 69.32 1/1/14 17505 0.32 14.8 0.47 25
Honningsvag 3 TG 25.98 70.98 10/1/18 43812 0.41 10.6 1.07 2
Vardo 4 TG 31.03 70.34 10/1/13 43812  0.65 17.0 0.46 2.3
Amderma B TG 61.7 69.8 10/1/14 25373 0.44 53.9 0.36 5.0
Ostrov Diksoon 6 TG 80.3 73.5 1/1/14 16950 0.57 100.1 0.92 7.0
Cape Sterligova 7 TG 88.9 75.4 11/1/14 17883 0.74 117.9 0.94 5.9
Cape Chelyskin 8 TG 104.3 7.7 1/1/14 18086 0.33 32.2 0.4 4.2
KH 9 M 125.29 74.72 10/1/12 17809 0.73 157.5 0.34 6.6
A3 10 M 191.03 66.33 10/1/10 8257 0.77 2721 0.33 8.4
Nome 11 TG 194.56 64.5 10/1/14 77482 091 512.7 0.73 6.8
Red Dog 12 TG 195.94 67.58 10/1/14 42645 0.84 367.7 0.58 8
BC2 13 M 200.05 70.93 10/1/11 9001 0.72 247.7 0.31 8.6
NE60 14 M 201.45 7218 10/1/18 18169 0.44 64.6 0.14 5.7
Prudhoe 18 TG 211.47 70.41 10/1/14 76894  0.79 96.3 0.39 4.7
Tukyouaktuk 16 TG 227.01 69.44 10/1/13 27345  0.86 125.0 0.92 4.3
Ulukhaktok* 17 TG 242.24 70.74 10/1/11 11563 0.14* 29.2 0.26 4.2
Thule 18 TG 292 76 10/1/11 68872 0.14 70.5 0.22 6.5
Alert 19 TG 297.68 82.49 10/1/17 9532 0.32 9.0 0.37 22
Ittoggortoormiit 20 TG 338.02 70.48 10/1/11 60985  0.41 81.9 0.16 6.2

All correlations significant with p < 0.001. *Maximum correlation for Station 17 is 0.51 and occurs at a lag of —25 h, suggesting a possible timing issue with this record.
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Arctic sector Coastal cliffs Modeled present macroal- Substrate-adjusted modeled

(% of coastline) gal area present macroalgal area
(km?) (km?)
Pan-Arctic region 52 655,111 340,658
Alaska 52 126,469 65,764
Canada 63 165,075 103,997
W. Greenland 62 83,315 51,655
E. Greenland 62 27,122 16,816
Iceland 52 41,427 21,542*
Svalbard 21 13,678 2,872
N. Norway 56 53,853* 30,159*
Russia 4 144,170 59,110
Sum of national estimates 655,111 351,815

Substrate conditions are reported as percentage of cliffs by nation or, where no national data was available (Alaska, Iceland), based on global average (52%)
(Young and Carilli, 2019). Total macroalgal areas, calculated as the sum of intertidal and subtidal areas, represent upper bounds because of overlap between the two due
to the coarse resolution of the model. This was most pronounced for Norway and Iceland (marked by *) where the model could not distinguish between intertidal and
subtidal areas.
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Arctic sector Past area Present area Areaincrease Polar migration Warming rate avg/max
(km?) (km?) (%) (km decade™") (°C decade™")
Pan-Arctic region 355,932 514,679 44.6 18.3 0.009/0.154
Alaska 76,197 89,005 16.8 15.4 0.028/0.119
Canada 90,263 164,296 82.0 89.4 0.002/0.023
W. Greenland 40,025 54,297 35.7 43.2 0.020/0.154
E. Greenland 10,576 23,164 119.0 78.6 0.009/0.119
Iceland 20,714 20,714 0.0 - 0.030/0.135
Svalbard 3,407 9,262 171.9 18.5 0.006/0.052
N. Norway 26,928 26,928 0.0 - 0.088/0.138
Russia 87,823 127,014 44.6 33.9 0.007/0.017

The associated warming rate is computed overall and by sector and listed as average (avg)/maximum (max) by region.
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Arctic sector Past area Present area Area increase Polar migration Warming rate
(km?) (km?) (%) (km decade™1) avg/max
(°C decade™)
Pan-Arctic region 129,964 140,433 8.1 231 0.009/0.154
Alaska 36,936 37,464 1.4 = 0.028/0.119
Canada 779 779 0.0 = 0.002/0.023
W. Greenland 24,151 29,018 20.2 41.6 0.020/0.154
E. Greenland 3,969 3,959 0.0 - 0.009/0.119
Iceland 20,714 20,714 0.0 - 0.030/0.135
Svalbard 1,008 4,416 338.0 23.1 0.006/0.052
N. Norway 26,928 26,928 0.0 = 0.088/0.138
Russia 15,490 17,156 10.8 106.4 0.007/0.017

Intertidal areas typically represent upper bounds as the cell size of the model is often larger than the belt of intertidal algae. The associated warming rate is computed

overall and by sector and listed as average/maximum by region.
o

historically surveyed sites in the Russian Arctic (Supplementary
Information IV) to document the current situation, comparing
it to the baseline information on habitats, species composition,
vertical structure, and biomass of macroalgal assemblages.

Modeled Potential Past and Present

Pan-Arctic Macroalgal Distribution Area

The marine forests dataset (Assis et al., 2020) retrieved 275,154
occurrence records for 31 intertidal species and 552,542 records
for 233 subtidal species throughout the Arctic and temperate
Northern Atlantic and Pacific realms. The spatial correlograms
showed predictors positively autocorrelated at distances between
11 and 14 km, depending on the datasets (Supplementary
Figure S4). These distances pruned records to a final database
of 2085 records of intertidal species and 3731 records of subtidal
species. The models using the optimal parameters identified in
cross-validation showed good potential for temporal transferabil-
ity (CV Sensitivities > 0.85; CV AUC > 0.8; Supplementary
Table S4), and their combination in a unique ensemble largely
matched the known distribution of Arctic intertidal and subtidal
macroalgae (Assis et al., 2020) (Sensitivities > 0.85, AUC > 0.85;
Supplementary Table S4 and Supplementary Figure S5).

The models included multiple environmental predictors. For
both intertidal and subtidal species, maximum ocean temper-
ature and sea ice cover had a prominent role in explaining
distributions (relative contributions > 5%). The distribution of
subtidal species was further largely explained by nutrients and
salinity (salinity only identified as important by BRT algorithm).
Substrate conditions were, however, not considered.

Within the geographic boundaries defined by the Arctic
Council, models developed for present conditions (2000-2017)
predicted 140,433 km? and 514,679 km? of suitable habitats for
intertidal and subtidal species, respectively, i.e., a total potential
distribution area of 655,111 km? (Figure 6 and Tables 2, 3).
This potential area in north appears to be underestimated. For
example, we report time series of Saccharina latissima growth
in Young Sound, NE Greenland at 74° N, which is approx-
imately ~4 degrees of latitude north of the modeled range
limit. Extensive surveys in East Greenland also documented
widespread occurrence of marine vegetation in fjord systems
between 72 and 74°N in the 1931-1932 (Thorson, 1933), which is
approximately 10° of latitude beyond the estimated 1940-1950

1atcy dVClasC 4LJ.1 K111 uciauc
less, 18.3 km for subtidal algae; with the largest sector-specific
rates modeled for intertidal algae in Russia and subtidal algae in
Canada (Figure 6 and Tables 2, 3).

1UL 1L uual cusac alu busuuy
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(80) Guba Zelenaya 69.21°N, 1973 vs. 2015 s Species composition 12 W Ur Pogrebov et al., 1975; Propp
34.78°E Kelp depth limit et al., 1975; Deart et al., 2017

(81) Kola Peninsula  Coastline 1960-1990 vs. s Laminaria hyperborea, P W nd Mikhaylova, 2010, 2012;
coast between: 2009-2017 Ulva lactuca Malavenda et al., 2018
69.40°N,
33.50°F;
69.05°N,
36.10°E

White Sea

(82) White Sea The sea within:  (a) 1940-1980s s Harvestable biomass D@ nd H Gemp, 1962; Mikhaylova,
(general) 66.70°N, (b) 1980-1990s Harvestable biomass, D? nd H 2000; Pronina and Repina,
33.90°E; cover 2005; Blinova, 2007;
66.50°N, Shoshina, 2012
33.63°E;
66.50°N,
38.50°E;
64.00°N,
38.00°E

(83) White Sea The sea within:  (a) 1960-1970s e Eelgrass distribution/ D2 nd D Vekhov, 1992; Maximova,
(general) 66.70°N, (b) 1970-2000s abundance 12 2017a
33.90°F;
66.50°N,
B83.63°E;
66.50°N,
38.50°F;
64.00 °N, 38.00
°E
(34) Karelian coast ~ White Sea coast Pre 1960 vs. late e Eelgrass 12 (except W Dy Bukina et al., 2010; Simakova,
between: 2000s/2010s distribution/abundance one site: 2016; Simakova et al., 2016;
69.75°N, Babie Maximova, 2017a
32.00°E; More)
65.75°N,
35.00°E
(85) Ryazhkov | 67.02°N, 1973-2009 e Eelgrass cover 12 W Dy Shklyarevich, 2014
32.55°E
(36) S.E. (1) 66.35°N, 1987-2019 e Eelgrass biomass |2 W nd Savchenko and Naumov,
Kandalaksha Bay ~ 33.60°E 2020
(2) 66.34°N,
33.62 °E
High Arctic archipelagoes -Novaya Zemlya
(37) Ledianaya 76.29°N, 1870s vs. 2000s S Species composition N2 nd nd Kjellman, 1883b; Shtrik et al.,
Gavan 68.28°E 2000; Shoshina and
Anisimova, 2013

High Arctic archipelagos — Franz Josef Land

(38) Tikhaya Bay, 80.34°N, 1991 vs. 2013 s Kelp distribution DS T nd Averintsev, 1992; Averintseva,

Hooker Island 52.78°E 1994; Gagaev et al., 2019

Bering Strait and the northwestern Bering Sea

(89) Anadyr Liman  64.75°N, 1970s vs. 2011/15 e Eelgrass presence N nd nd Simakova et al., 2016
—177.63°W

Timeseries are numbered (1-39) with indication of geographic position, study period [separate time series representing the same location are indicated by (a) and (b);
where the study period involves a baseline versus (vs.) a later period, this is indicated], vegetation type ["Veg. type,” i.e., intertidal macroalgae (i), subtidal macroalgae (s),
eelgrass (e)], and metric (density, biomass, composition etc.). For each timeseries, the direction of vegetation change (“Veg. change”) is reported as either “No change
(N),” "Decline (D),” "Increase (I),” "Polar migration (P),” or "Migration toward deglaciated sites (G).” Cases of combined N and P or G indicate that despite observations of
migration, there is no major change in composition.

@Indicates that the assessment of veg. change is based on formal analysis/statistical assessment of repetitive studies in similar sites/regions with largely comparable
information. Information on climate change (Clim. change) as potential driver of veg. change is reported as “Longer open water period (O),” “increased turbidity
(T),” “Reduced ice scouring (S),” “Warming (W),” or “not determined (nd).” Reports of other potential drivers of veg. change are listed as increaseg/release) of
“eutrophication/pollution (E;),” “harvesting pressure (H),” “sea urchin grazing (U;,),” “disease (Dy),” or “arrival of new volcanic land (L).” References of observed veg.
change are given. Trends entering the 21th Century are mapped in Figure 1.
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Jénsson, 1903;
Thorarinsdottir et al., 2014,
IINH database, unpublished
data

Weslawski et al., 2010

Weslawski et al., 2010

Fredriksen and Kile, 2012

Bartsch et al., 2016; Paar
etal, 2016

Fredriksen et al., 2014

Beuchel et al., 2006;
Beuchel and Gulliksen,
2008; Kortsch et al., 2012
Beuchel et al., 2006;
Beuchel and Gulliksen,
2008; Kortsch et al., 2012

Norderhaug and Christie,
2009
Christie et al., 2019

Norderhaug and Christie,
2009
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Norderhaug and Christie,
2009
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Marba et al., 2017
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Zavalko and Shoshina,
2008; Malavenda and
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and Metelsky, 2013





OPS/images/fmars-07-00606/fmars-07-00606-t003.jpg
Regionality of freshwater sources (Figure 4A) RO P-E PW

Atlantic Inflow shelves (Barents, Kara Seas) Alkire et al., 2017 Alkire et al., 2017

Atlantic Interior shelves (Laptev Sea, East Siberian Sea) Alkire et al., 2017 Alkire et al., 2017

Pacific Inflow shelves (Bering Strait and Chukchi Sea) Alkire et al., 2017 Alkire et al., 2017 MacGilchrist et al.,
2014

Pacific Interior shelf (Beaufort Sea) Alkire et al., 2017 Alkire et al., 2017 Yamamoto-Kawai
etal., 2010

Amerasian Basin (Canada Basin, Makarov Basin)

Nansen basin
Amundsen basin

Atlantic outflow shelves

Makarov Basin Alkire et al., 2015
Canada Basin

Alkire et al., 2017

Yamamoto-Kawai Alkire et al., 2017 Yamamoto-Kawai

etal., 2008
Jones et al., 2008
Alkire et al., 2015

Alkire et al., 2017
Alkire et al., 2017

et al., 2008

CAA & Nares Strait Azetsu-Scott et al., Alkire et al., 2017 Azetsu-Scott et al.,
2012 2012
Fram Strait Dodd et al., 2012 Alkire et al., 2017 Dodd et al., 2012

Seasonality of freshwater sources (Figure 4B)

Pacific water inflow climatology 1990-2004
Average combined daily discharge for the Eurasian Rivers (green shaded area)

Woodgate et al., 2005
Holmes et al., 2015

and 1980-1989 average for January to July (dark blue line)

Precipitation over the Arctic Ocean climatology (1957-1990) Yang, 1999

Arctic sea ice extent (1981-2010 median and interdecile range)

National Snow and Ice Data Center, 2018

Future projections of freshwater inputs (Figure 7)

Pacific water inflows

River runoff

Precipitation
Sea ice

Increased inflows are projected to at least mid-twenty-first century (e.g, Shu et al., 2018), here the monthly projections are based on the
observed mean monthly increases in PW over the last 25 years (cf. Woodgate, 2018 vs. Woodgate et al., 2005)

Future inputs based on average monthly projections for the Lena and Mackenzie Rivers by the end of the twenty-first century after
Gelfan et al. (2017)

Monthly increases are based on ensemble-mean projections to the end of the twenty-first century after Vavrus et al. (2012)
Monthly decreases are based on ensemble-mean projections to the end of the twenty-first century after Vavrus et al. (2012)
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Freshwater source (present)

Pacific water (PW)2

Runoff (RO)?
Precipitation-evaporation (P-E)?
Freeze-melt (F/M)°

Trajectory (speculated)®
F/M (1981)¢

F/M (2050)¢

F/M (mid-2100)

Fluxes of freshwater (order of magnitude)

~2.5 x 103 km?3 yr—1

~4 x 10 km? yr~?
~2 x 10 km3 yr~1
~9 x 103 km?3 yr—1

~4 x 10% km® yr~
~13 x 108 km3 yr—!
~0 x 10 km3 yr~?

aFrom Haine et al. (2015) (2000-2010). P Present day estimate of first year ice (FYI)
thickness with snow cover over the “deep polar basins” determined from Dumas
et al. (2005) and Box et al. (2019) (1.69 m); scaled to the proportion of FYI to
multiyear ice (MY]) after Kwok et al. (2009) (68% FYIvs. 32% MYI). ¢Here we confine
our estimates to the “deep polar basins” (8 x 108 km?) after Aagaard et al. (1981).
9Projecting warming trends from Box et al. (2019) yields a FYI thickness of 1.61 m
(after Dumas et al., 2005) then presuming all this ice melts completely in summer.
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Potential consequences of
freshening

Reduction of sea-ice cover

Increased heat in the freshened
surface layer

High turbidity from river or
glacial runoff

Stratification of the water
column

Upwelling at shelf break due to
lack of ice cover

Upwelling induced by tidewater
glacier melting

Changing carbonate ion
composition (ocean
acidification)

Mineral nutrient imports from
freshwater runoff

Organic carbon imports from
freshwater runoff

Community composition shifts

Phenological shifts

Range shifts

Effect

Indirect- changing light
environment

Indirect- reduced sea ice
cover and/or freshening
warms surface ocean

Indirect- suspended
sediment in runoff

Indirect- stratification

Indirect- shelf upwelling

Indirect-upwelling at glacier
fronts

Direct geochemical effect

Direct geochemical effect

Direct geochemical effect

Direct- warming; Indirect-
stratification

Indirect- longer open water
season

Indirect- northward
migration of species

Season

Spring,
Summer, Fall

Spring,
Summer, Fall

Spring,
Summer

Summer

Fall and the
following spring

Summer

Spring,
Summer

Spring,
Summer

Spring,
Summer

Summer

Spring, Fall

Spring,
Summer

Region

Shelf seas
mainly MIZ

Pan-Arctic

RCD

Basins, mainly
AB

Shelf break

RCD, esp.

Greenland

Pan-Arctic

RCD

RCD

Pan-Arctic

EB, Barents
Sea

Barents Sea

What is changing (result
of change)

Increased primary
production due to increase
in light availability

Increased metabolism of
plankton, shift to smaller
cell communities

Suspended sediment limits
light, leads to reduced
primary production
Stratification reduces
turbulent nutrient flux
causing reduced primary
production

Increase nutrient flux to the
photic zone, increased
primary production
Increase nutrient flux to the
photic zone, increased
primary production

Harm to calcifying species
and potential fertilizing
effect of CO»

Additional nutrients in
runoff, increase in primary
productivity

Additional carbon input,
increased heterotrophic
metabolism

FW brings on changes in
community structure

Longer open water season
causes earlier blooms and
later fall blooms

Warming and increasing
current velocity bring
Atlantic phytoplankton
further North

Confidence

Medium confidence (low
agreement, robust
evidence)

Medium confidence (high
agreement, medium
evidence)

Medium confidence (high
agreement, limited
evidence)

High confidence (high
agreement, robust
evidence)

Low confidence (limited
evidence)

Medium confidence (high
agreement, medium
evidence)

Low confidence (low
agreement, medium
evidence)

Low confidence (low
agreement, medium
evidence)

Medium confidence
(medium agreement, limited
evidence)

Medium confidence (high
agreement, medium
evidence)

Low confidence (limited
evidence)

Medium confidence (high
agreement, medium
evidence)

Examples

Rysgaard et al., 1999;
Arrigo et al., 2008; Pabi

et al., 2008; Grebmeier

et al., 2010; Ardyna et al.,
2011; Coupel et al., 2012;
Petrenko et al., 2013;
Arrigo and van Dijken, 2015
Tremblay et al., 2009;
Vaqguer-Sunyer et al., 2010;
Holding et al., 2013;
Coello-Camba et al.,
2014a; Fujiwara et al., 2014
Wiktor et al., 1998; Murray
et al., 2015; Halbach et al.,
2019; Holding et al., 2019
Mclaughlin and Carmack,
2010; Coupel et al., 2012,
2015; Bergeron and
Tremblay, 2014; Steiner

et al., 2016; Yun et al.,
2016

Tremblay et al., 2011

Juul-Pedersen et al., 2015;
Meire et al., 2017;
Hopwood et al., 2018
Engel et al., 2013; Holding
et al., 2015; Falkenberg

et al., 2018; Hoppe et al.,
2018

Hood and Scott, 2008; Le
Fouest et al., 2013, 2015;
Reisdorph and Mathis,
2015; Meire et al., 2016;
Hopwood et al., 2020
Vonk et al., 2013; Paulsen
et al., 2017; Sipler et al.,
2017

Li et al., 2009; Tremblay

et al., 2009; Ardyna et al.,
2011; Fujiwara et al., 2014;
Neeley et al., 2018

Kahru et al., 2011; Ardyna
etal., 2014

Neukermans et al., 2018;
Oziel et al., 2020

The “Effects” are described as either direct effects of freshwater or indirect effects due to a changing freshwater regime. The “Region” of the AO and “Season” in which these effects are most likely to occur, as well as
the potential “Result of Change” are listed. The “Confidence” in these changes is determined based on the amount of evidence and the level of agreement between sources of evidence, following the IPCC guidelines

for expressing uncertainty (see Mastrandrea et al., 2011). The examples of the effects of freshening listed are discussed in context throughout the text.
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