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The northern coast of Svalbard contains high-arctic fjords, such as Rijpfjorden (80°N 22°30′E). This area has experienced higher sea and air temperatures and less sea ice in recent years, and models predict increasing temperatures in this region. Part of the West Spitsbergen Current (WSC), which transports relatively warm Atlantic water along the continental slope west of Svalbard, bypasses these fjords on its route in the Arctic Ocean. In this setting, it is of interest to study the structure of water masses and plankton in the Atlantic Water Boundary Current. This study describes physical and biological conditions during summer (July–August, 2010–2014) from Rijpfjorden across the shelf and continental slope to the Arctic Ocean. Atlantic water (AW) resides over the upper continental slope and occasionally protrudes onto the shelf area. The interplay between the intrusion of AW and meltwater affected the chemical balance of the region by making the carbonate chemistry variable depending on season, depth and distance along the gradient. The pH (aragonite saturation) varied from 7.96 (0.99) to 8.58 (2.92). Highest values were observed in surface waters due to biological CO2 uptake, except in 2013, when meltwater decreased aragonite saturation to <1 in surface waters on the shelf. All years were characterized by post-bloom situations with very low nutrient concentrations in Polar Surface Water and subsurface chlorophyll a maxima. In such circumstances, phytoplankton optimized growth near the limit of the euphotic depth, where the algae still had access to nutrients. In terms of biomass, the protist community was dominated by nanoplankton (2–20 μm), in particular dinoflagellates and ciliates. The prymnesiophyte Phaeocystis pouchetii and diatoms often prevailed at subsurface depths associated with the chlorophyll a maximum. The boreal Calanus finmarchicus and Oithona similis dominated AW over the slope and outer shelf, whereas Calanus glacialis and neritic zooplankton (Pseudocalanus, Parasagitta elegans, and meroplankton) dominated cold water masses inside Rijpfjorden. Continued climate warming is expected to increase the contribution of boreal species and pelagic production in the Arctic Ocean.
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INTRODUCTION

Svalbard is located in a transition between boreal and Arctic biogeographic zones. This is most pronounced along the west coast of Svalbard, where the West Spitsbergen Current (WSC) transports Atlantic water (AW) northwards and where its influence is well documented on both protists (Piwosz et al., 2009, 2014; Hegseth et al., 2019) and zooplankton communities (Hop et al., 2006, 2019; Svensen et al., 2011; Vogedes et al., 2014; Soltwedel et al., 2016; Gluchowska et al., 2017b; Ormanczyk et al., 2017). North of Svalbard the Atlantic influence remains substantial as the AW Boundary Current turns eastwards, passing the Yermak Plateau, supplying AW, heat, nutrients and carbon along the upper continental slope en route to the Nansen Basin of the Arctic Ocean (Cokelet et al., 2008; Renner et al., 2018). However, due to the wider and shallow shelf north of Svalbard, the contact between fjords and the core of the Atlantic water is less direct than along the west coast. Fjords along the north coast therefore maintain a more Arctic signature. The northern coast of Svalbard is lined with high-Arctic fjords, such as Rijpfjorden (80°N 22°30′E) that face the Arctic Ocean. Rijpfjorden is a cold system influenced by Arctic Water (ArW) for most parts of the year (January–July), and covered by sea ice for 6–8 months. The pelagic ecosystem of the fjord varies seasonally (Leu et al., 2011; Weydmann et al., 2013), not only because of the seasonal variation in local radiation, but also due to occasional inflow of Atlantic-origin water during summer to late autumn (Wallace et al., 2010).

Continued climate warming with increased “Atlantification” is expected to advance the loss of sea ice in the Eurasian Basin (Polyakov et al., 2017). It will also influence the rate of change in the marine ecosystem on a seasonal basis as the part of the year with ice-covered ocean shortens and open water with associated processes (e.g., wind-driven mixing, air-sea exchanges) will become a more dominant feature of the Arctic Ocean, particularly along the shelves and ice edges and during summer and autumn. Increased heat and volume transport from northward flowing currents affect the phenology and development rates of plankton (Søreide et al., 2010). Water temperature strongly influences the geographical, vertical and seasonal distributions of plankton and can be particularly important for species at the edge of their thermal optimum range (Greene et al., 2003).

The AW Boundary Current affects not only the Arctic Ocean thermal conditions and sea ice cover (Beszczynska-Möller et al., 2012; Onarheim et al., 2014), but also the stocks and structures of biotic communities from primary producers to higher trophic level consumers, through the supply of nutrients and drifting organisms (Kosobokova and Hirche, 2009; Bluhm et al., 2015; Wassmann et al., 2015). High biomass of both boreal and Arctic zooplankton is transported along this route (Kosobokova and Hirche, 2009; Wassmann et al., 2015; Gluchowska et al., 2017a; Basedow et al., 2018). Models and temperature records from moorings suggest that the area north of Svalbard will be particularly affected by ocean warming due to increased advection of heat within the WSC, and because of atmospheric warming (Slagstad et al., 2011, 2015; Polyakov et al., 2017). This will also influence the position of the southern extent of the pack ice and its seasonal retreat off the shelf (Onarheim et al., 2014; Polyakov et al., 2017), and will add to the observed loss in sea ice extent and thickness for the Arctic Ocean (Barber et al., 2015). In this setting, it is of particular interest to study the transition of water masses, nutrients, ocean acidification (OA) state and plankton from the fjord, via the shelf and continental slope into the deep Arctic Ocean. As part of the ICE-project (NPI) we extended an established transect in Rijpfjorden northwards across the Atlantic and ArW masses on the shelf and continental slope to 3000 m depth in the Nansen Basin. The crossing of the pelagic zone of the AW Boundary Current is based on summer data along the Rijpfjorden-Arctic Ocean transects from 2010 to 2014 (Figure 1). Thus, we here provide baseline conditions for the pelagic system in this part of the Arctic Ocean, which are crucial for identifying and interpreting future changes in the area north of Svalbard. This transect was the most northern and eastern crossing of the AW Current as part of the Carbon Bridge project, and our study is the first to present physical, chemical and biological data along a transect from a fjord to the Arctic Ocean. Because of challenging ice conditions, no repeated transect studies have been carried out previously from fjords at 80°N. Based on our knowledge, we expected to find a post-bloom situation with nutrient limitations in the upper part of the water column during our summer sampling campaigns, and predominance of Arctic zooplankton in ArW masses (e.g., inside cold Rijpfjorden) and boreal zooplankton in the AW Boundary Current.
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FIGURE 1. Map of the study area. (A) Atlantic and Arctic Water currents around Svalbard (Vihtakari et al., 2019, modified from Eriksen et al., 2018). The study region is highlighted in a black rectangle. (B) Detailed location of transect stations during the 4 years. Black rectangles indicate the regions used in data categorization and gray lines represent the consolidated pack ice (>9/10 ice concentration) for each year. In 2014, the pack ice was present along the entire study area, and sampling was possible only in Rijpfjorden. (C) Average depth (± standard deviation), with waffle chart presenting the contribution of different water masses, and the number of stations for each region, represented as gray boxes. The waffle charts are arranged in 10 × 10% grid, with each cell representing 1% of water mass contribution. The number of stations for each year are represented as gray boxes.



MATERIALS AND METHODS

Sampling

Physical, chemical and biological data including hydrography (temperature and salinity), nutrient concentrations, carbonate chemistry, and chlorophyll a (Chl a), as well as protist and zooplankton composition and abundance were collected during annual summer cruises to Rijpfjorden and the adjacent Nansen Basin of the Arctic Ocean with R/V Lance on 17–29 August in 2010, 16 July–3 August 2012, 26–30 July 2013, and 27–29 July 2014 (Table 1). Chlorophyll a, nutrients and protist abundance and biomass were determined for the depths of 0, 10, 25, 50, 100 m, and Chl a maximum when it differed ( ± 5 m) from the standard depths. Occasionally, samples were collected from depths differing from those listed above. Dissolved inorganic carbon (DIC), pH and total alkalinity (AT) were determined, for carbonate chemistry, during 2012–2014. In 2014, sampling was limited to four stations in Rijpfjorden and inner shelf, because of heavy ice further out on the shelf. Stations along the sampled transects were categorized into four regions: fjord, shelf, continental slope, and off-shelf (Figure 1), each of the regions representing a different environmental setting.

TABLE 1. Overview of water chemistry parameters.
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Ice Cover

The location of dense, consolidated (9/10) sea ice north of Rijpfjorden was estimated from vectorized ice maps from the Norwegian Meteorological Institute (MET Norway1), for a time close to mid-date of each sampling campaign (Figure 1).

MET Norway ice maps are interpreted manually from Synthetic Aperture Radar data from several available earth observing satellites2.

Hydrography

Oceanographic measurements and water samples were collected using a ship-board CTD probe attached to a Rosette-sampler with 12 Niskin bottles (SBE911 plus, Sea Bird Electronics, Bellevue, WA, United States). The CTD is calibrated by Sea Bird Electronics annually before each sampling season. Photosynthetically Active Radiation (PAR, 400–700 nm) was measured with planar sensors (Biospherical Instruments Inc.), one mounted on the CTD Rosette for underwater PAR measurements (2012–2014) and one mounted on the front deck of RV Lance for reference measurements of incoming PAR (2014). Euphotic depth was defined as the depth with PAR closest to 0.48 μmol photons m-2 s-1. The threshold value was an average of 0.1% surface PAR (sPAR) for the four CTD casts with sPAR information in 2014. The depth of maximum stratification was defined as the depth of maximum squared buoyancy frequency (N2), which was calculated with the oce package (Kelley and Richards, 2018).

Four different water masses were identified based on a modified classification from Pérez-Hernández et al. (2017): Atlantic Water (AW) was defined using the temperature threshold >1°C and salinity >34.87; Arctic Intermediate Water (AIW) was defined using the same salinity threshold and temperature range of [-1, 1]; Winter Cooled Water (WCW) was defined following Cottier et al. (2005) with a temperature threshold of < -0.5°C and salinity threshold of >34.4 (excluding the AIW data points); Remaining salinity and temperature values were assigned to Polar Surface Water (PSW, Figure 2).
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FIGURE 2. Temperature-salinity plot of all CTD casts in the study. Colors indicate regions and water types are illustrated using polygons (PSW, Polar Surface Water; AW, Atlantic Water; AIW, Arctic Intermediate Water; WCW, Winter Cooled Water). The marginal plots show the density distribution of 1 m binned salinity (x-axis) and temperature (y-axis) values.



Carbonate Chemistry and Ocean Acidification State

Carbonate chemistry parameters were calculated from DIC and total alkalinity (AT) values that were analyzed after the cruises at the Institute of Marine Research (IMR Tromsø, Norway) following the method described in Dickson et al. (2007). DIC was determined using gas extraction of acidified samples followed by coulometric titration and photometric detection using a Versatile Instrument for the Determination of Titration carbonate (VINDTA 3C, Marianda, Germany). The AT was determined by potentiometric titration with 0.1 N hydrochloric acid using a Versatile Instrument for the Determination of Titration Alkalinity (VINDTA 3D, Marianda, Germany). Routine analyses of Certified Reference Materials (CRM, provided by A. G. Dickson, Scripps Institution of Oceanography, United States) ensured the accuracy of the measurements, which was better than ± 1 μmol kg-1 and ± 2 μmol kg-1 for DIC and AT, respectively. We used DIC, AT and nutrient concentrations as input parameters in a CO2-chemical speciation model (CO2SYS program; Pierrot et al., 2006) to calculate other variables in the carbonate chemistry, such as pH, fugacity of CO2 (fCO2), saturation state of aragonite (ΩAr) and calcite (ΩCa). The calculations are based on the carbonate system dissociation constants (K∗1 and K∗2) estimated by Mehrbach et al. (1973), modified by Dickson and Millero (1987), and the HSO4- dissociation constant from Dickson (1990).

Inorganic Nutrients, Chlorophyll a, and Protist Community Composition

Inorganic nutrient samples (2010–2014) were frozen and later analyzed at UiT The Arctic University of Norway by standard seawater methods using a Flow Solution IV analyzer (O.I. Analytical, United States). The analyzer was calibrated using reference seawater from Ocean Scientific International Ltd., United Kingdom. Detection limits were 0.02 μmol L-1 for nitrate+nitrite (NOx), 0.01 μmol L-1 for phosphate and 0.07 μmol L-1 for silicic acid. The set of samples from the inner fjord from 2012 was analyzed at IMR. These samples were collected in 20 mL scintillation vials, fixed with 0.2 mL chloroform and stored refrigerated until sample analysis approximately 3 months later. Nitrite, nitrate, phosphate and silicic acid were measured spectrophotometrically at 540, 540, 810, and 810 nm, respectively, on a modified Scalar autoanalyzer. The measurement uncertainty for nitrite was 0.06 μmol L-1 and 10% or less for nitrate, phosphate and silicic acid.

To estimate Chl a concentrations, seawater samples of 100–500 mL were filtered through 25 mm GF/F filters (Whatman), extracted in 100% methanol for 12 h at 5°C on board the ship and measured fluorometrically with an AU10 Turner Fluorometer (Turner Design, Inc.) according to the method by Parsons et al. (1984).

Seawater subsamples for protist enumeration were settled in 50 mL Utermöhl sedimentation chambers (Hydro-Bios, Kiel, Germany) for 48 h. Protists in the subsamples were identified and enumerated at 100–600× magnification using an inverted Nikon Ti-S light microscope. The organisms were identified to the lowest taxonomic level possible and grouped into size-classes. In cases when detailed identification was not possible, specimens were assigned to higher-rank taxa, incertae sedis (i.e., protists, but not determined to higher rank) or three size classes (3, 3–7, and >7 μm) in case of unidentified flagellates (Flagellates indet.). Counts of the dominant organisms in each sample were always well above the recommended number of 50 counts per sample. Protist abundance per liter was calculated considering the area of the investigated chamber surface, chamber volume and proportion of total chamber surface area to the ocular field of view area. When possible, dominant taxa were measured and the mean cell size was used to calculate the biovolumes from equivalent geometrical shapes (Hillebrand et al., 1999). When detailed measurements were not possible, mean biovolumes were taken from HELCOM database or from http://nordicmicroalgae.org. The biovolume was converted to cellular carbon content in μg C cell-1 using published carbon conversion factors (Menden-Deuer and Lessard, 2000).

Mesozooplankton Community Composition

Stratified vertical net hauls to collect zooplankton samples were performed with a multiple plankton net (MultiNet, Hydro-Bios, Kiel, Germany) consisting of five nets with 0.25 m2 opening and 200 μm mesh size. The depth strata sampled were: 0–20, 20–50, 50–100, 100–200, and 200 m–bottom, or 0–20, 20–50, 50–200, 200–600, and 600 m–bottom in deeper water. The lower limit of the deepest layer sampled was set at 20 m above the bottom. Samples were preserved in 4% final concentration hexamethylenetetramine-buffered seawater formaldehyde solution immediately after collection. The organisms were identified and counted under a stereomicroscope equipped with an ocular micrometer, following sample examination procedures recommended by Postel (2000). Each sample was first scanned for macrozooplankton (organisms with total length >5 mm), which were picked out, identified and counted for the entire sample. The remaining mesozooplankton size fraction (<5 mm) was suspended in a fixed volume of water, from which 2 mL subsamples were taken using a large-volume automatic pipette with tip cut to make 5 mm opening (an equivalent of Stempel pipette). At least three subsamples were examined thoroughly under a stereomicroscope during this part of sample examination, and the total number of individuals recorded, identified and enumerated was never less than 500. The rest of the sample was searched in order to identify and enumerate numerically less important taxa. Zooplankters were identified to species or the lowest taxonomic level possible, including identification of the developmental stages whenever feasible. Calanus spp. were identified to species for each developmental stage based on morphology and size according to the criteria from Kwasniewski et al. (2003).

Original zooplankton data represent abundance values of zooplankters per unit volume (ind. m-3) for each sampled depth strata (see above). Abundance values were converted to biomass estimates (mg dry mass m-3) using species-specific dry mass values gathered from published sources or measured by the authors (see Hop et al., 2019 for details). The biomass for each organism in each layer was summed up and converted to depth-averaged biomass at a station using the following equation:
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where ai is the biomass of species a at depth stratum i, di is the sampled distance for depth stratum i in meters, and n is the number of depth strata in net haul at a station. Dry mass was converted to carbon using conversion factors of 0.5 for crustaceans and chordates, 0.3 for meroplankton, and 0.1 for gelatinous taxa (Table 3).

The Shannon-Wiener diversity index and evenness as well as abundance-biomass ratios, were calculated for zooplankton from each of the four regions (Figure 1) and for the two main water masses – Atlantic Water and ArW (including all sub-types listed in Figures 1, 2). All identified zooplankton taxa were considered for these calculations. Regarding the four regions, abundance data were vertically integrated using the above equation for each station and sampling instance, and then averaged over all the stations included in each of the four regions. Calculations were then performed on the averaged data. The abundance of taxa in each water mass was computed from the product of the total abundance of a given taxa in a sample and the fraction of each water mass in the water sample. These calculations were done over all the available samples leading to average abundance of each taxa per water mass weighted by the two main water mass fractions. Abundance data were used to compute the Shannon-Wiener diversity index, based on natural logarithm and natural digits, nats. ind-1 as measurement unit, and evenness. Biomass data were averaged following the same method as for abundance data, allowing the calculation of abundance-biomass ratios.

RESULTS

Ice Cover

The sea ice extent varied considerably between summers (Figure 1B). In 2010 and 2012, the ice edge was situated over the continental slope while in 2013 it had retreated further northwards over the deep basin. The summer 2014 was distinctively different. Sea ice covered the entire shelf down to the coast of Nordaustlandet with only parts of Rijpfjorden being ice-free.

Water Mass Distribution

The study area is influenced by relatively warm AW transported in the Svalbard branch of the WSC, flowing at subsurface depths along the continental slope into the Arctic Ocean, as the AW Boundary Current, and by colder and fresher Arctic surface waters transported with the Transpolar Drift and Arctic coastal waters (Figure 1A). The relative contribution of the four different water masses identified in this study varied depending on region (Figure 1C). Polar Surface Water and WCW were present along the entire transect. WCW was the dominant water mass inside the fjord, occupying the deeper part of the fjord basin (Figure 3), but its relative contribution declined toward the shelf with only minor contribution to continental slope waters. Polar Surface Water was generally restricted to the upper 100 m of the water column, and the presence of this water mass lead to a stratified water column from the fjord system out to the continental slope (Figure 3). The temperature of the PSW was the coldest in the last 2 years of the time series. In 2013, the water in the upper 50 m was generally colder and fresher than in July 2012, and PSW was coldest in 2014, the year with most extensive ice cover. In contrast, in 2010, sampling along the transect was conducted later in the season than in the other years, thus, the PSW had received the largest surface insolation, which had warmed the water up to nearly 4°C. Penetration of AW onto the shelf was evident in 2010–2013, but made a relatively minor contribution to the water mass budget. The main core of AW was located over the upper continental slope (typically between the 500 and 1000 m isobath) with temperature reaching 3°C and salinity >35.0. The extent of AW differed among years, as can be appreciated from the varying positions of the T = 1°C, S = 34.87 isolines (Figure 3). Atlantic Water remained a prominent water mass off-shelf, where AIW dominated. Distribution of AIW showed an opposite trend to WCW; it declined toward the continental slope and shelf and was absent inside the fjord (Figure 1).
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FIGURE 3. Temperature and salinity along transects from inner Rijpfjorden to the deep Arctic Ocean, in July–August 2010, 2012, 2013, and 2014. Gray horizontal line at 0 m indicates the extent of consolidated pack ice, and they gray line on top of the gridded values is the depth of maximum stratification. The section from 2014 was limited to Rijpfjorden because of heavy sea ice. Vertical dashed lines indicate individual CTD casts.



Carbonate Chemistry and Ocean Acidification State

The pH-values and the aragonite and calcite saturation states (ΩAr, ΩCa) showed large spatial variability (Figure 4). In 2013, pH and ΩAr were relatively high in the surface water along the transect from inside the fjord to shelf slope and off slope, compared to further down in the water column. The variables most relevant for ocean acidification, pH and ΩAr (ΩCa) varied between 7.96 and 8.58, and 0.99 (1.53) and 2.92 (4.68), respectively (Figure 4). The highest pH and ΩAr were found at the surface and local spots coinciding with depleted nitrate and phosphate concentrations for all years. The lowest ΩAr of about 0.99 was observed in the bottom water off the slope in 2013 and was close to 1 (near undersaturation) in the upper 10 m on the shelf. The ΩAr horizon, where ΩAr < 1, was located at 2000 m depth in the off-slope area. The highest pH (8.58) and ΩAr (2.92) were observed in the fjord in the upper 20 m in 2014.
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FIGURE 4. pH and aragonite saturation (ΩAr) along the Rijpfjorden transect, July–August 2012–2014. Gray horizontal line at 0 m indicates the extent of consolidated pack ice.



The pH and ΩAr values varied between years in the upper 200 m along the Rijpfjorden transect (Figure 4). Generally, ΩAr values were higher at the surface decreasing toward the bottom, except for in the fjord and shelf in 2013.

Nutrients and Chlorophyll a Concentration

Nitrate and nitrite (NOx) concentrations were low or at detection limit in the upper 25–50 m of the water column in all years and increased below 50 m depth (Figure 5). NOx was strongly correlated with PO4 and Si(OH)4 with Pearson’s correlation coefficients of 0.93 and 0.90, respectively. The nutrient status, as indicated by the NOx:PO4 ratio, was related to water masses (Figure 6). Polar Surface Water showed the lowest NOx:PO4 ratio, well below Redfield (N:P = 16:1), indicating nitrogen as the putative limiting nutrient and an increase in nitrogen limitation toward the fjord. Shoaling of the nutricline was observed at the upper slope in 2010, 2012 and 2013 with elevated NOx concentrations at 25 m depth. In 2010 and 2012, elevated surface NOx concentrations were observed at the northernmost ice-covered stations.
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FIGURE 5. Nitrate and nitrite (NOx) (left panels) and Chlorophyll a (right panels) concentrations along the Rijpfjorden transect. Size of bubbles relates to concentration (mmol m-3 and mg m-3, respectively). Thin line in left panels indicates depth of maximum stratification with minimum and maximum levels specified (colors and numbers). Thin gray line in right panels indicates euphotic zone depth (i.e., CTD depth with PAR value 0.47 μmol photons m-2 s-1, which is 0.1% of surface radiance value for the CTD with surface irradiance measurement). The thick gray horizontal line indicates the extent of consolidated pack ice.




[image: image]

FIGURE 6. Nitrogen/phosphorous ratio (NOx:PO4) in different water masses (AW, Atlantic Water; AIW, Atlantic Intermediate Water; WCW, Winter Cooled Water; PSW, Polar Surface Water), along the Rijpfjorden transect. The horizontal gray line indicates the Redfield ratio.



Chlorophyll a concentrations were generally < 1 mg m-3 in surface waters and showed distinct subsurface maxima coinciding with the bottom of the euphotic zone (Figure 5). The depth of maximum stratification was always shallower than the euphotic zone (no PAR data available for 2010) indicating that phytoplankton growth was not light-limited. In 2014, there was a marked sub-surface bloom, with deep Chl a max at 30–40 m depth, in the outer part of the fjord while the situation further out is unknown due to the lack of measurements in that year. Depth-integrated (0–50 m) Chl a standing stocks ranged from 9 to 233 mg m-2 (Supplementary Figure S1). The subsurface bloom in 2014 is reflected in the high Chl a standing stocks of 209 and 233 mg m-2 inside the fjord and the inner shelf, respectively, while the range in the other years was much more confined (9–48 mg Chl a m-2).

Protist Abundance, Biomass, and Composition

Overall, 321 taxa were identified with 141 to species, 121 to genus and 59 to class. The number of taxa varied between years. In 2010, the highest number of 166 taxa was observed: 76 inside the fjord, 86 on the shelf, 135 over the continental slope and 66 off-shelf. In 2012, nearly as many taxa were observed (164). In that year, the fjord also had fewer taxa than shelf waters, whereas off-shelf waters hosted higher number of protists than the continental slope (145 versus 67). In 2013, the lowest protists richness was recorded (94). In spite of heavy ice conditions in 2014, as much as 129 taxa were observed that year, surpassing the number of taxa observed in this part of the transect the previous years.

The most frequently occurring taxa (F > 90%, sizes < 30 μm) were; choanoflagellates (Monosiga sp.), flagellates of unknown taxonomic affiliation and nutritional mode (flagellates indet.), dinoflagellates (Gymnodinium galeatum, Gymnodinium sp., 5–10 μm and 10–20 μm, respectively), the heterotrophic cryptophyte Eucocryptos marina and the ciliate Lochmaniella oviformis.

Protist abundance and biomass ranged from 2.21 × 102 to 1.39 × 107 cells L-1 and 0.1–633 μg C L-1 depending on depth and year (Supplementary Tables S1, S2). The biovolume of the observed cells (μm3) ranged from 1 to 827 × 103 μm3 (mean 2.1 × 103 μm3). In terms of abundance, species within the nanoplankton size range (2–20 μm) dominated the protistan assemblage, with most prominent taxa being prymnesiophytes (15.9–60.3%), flagellates indet. (10.6–33.0%), chrysophytes (4.3–13.2%) and cryptophytes (1.3–13.7%), the latter two combined under “other” (Supplementary Figure S2). In total, their pooled share ranged from 70.7–82.6%. The common and important members of protistan plankton – dinoflagellates and diatoms – contributed with only 1.7–3.7 and 1.4–12.6% to overall abundance, respectively. However, in terms of biomass, dinoflagellates were the dominant component of protist biomass and standing stocks (0–50 m) in all years (Figures 7, 8). Athecate (naked) dinoflagellates belonging to the Gymnodiniales were particularly prominent. Ciliates also contributed a significant share of protist biomass and were represented by both aloricate (in particular Lohmanniella oviformis, Leegaardiella sol, Laboea strobila, and Mesodinium rubrum) and loricate (in particular Parafavella obtusangula, Ptychocylis acuta, and Acanthostomella norvegica) ciliate species. Prymnesiophytes, mainly represented by Phaeocystis pouchetii, and diatoms were often predominant at subsurface depths (Figure 7). Diatoms contributed only significantly to protist biomass in the subsurface bloom on the inner shelf station in 2014 (Figures 7, 8). The dominant species in the subsurface bloom were Fragilariopsis oceanica and Shionodiscus bioculatus (formerly Thalassiosira bioculata).
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FIGURE 7. Average contribution of major protists groups to total protist biomass (μg C L-1) along the transect from Rijpfjorden to the Arctic Ocean for 2010, 2012, 2013, and 2014. Samples have been binned vertically to [0, 5], [5, 10], [10, 15], [15, 30], [30, 40], and [40, 50] m depth groups.
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FIGURE 8. Depth-integrated (0–50 m) protists and mesozooplankton carbon standing stock (g C m-2) in the four regions (F, fjord; Sh, shelf; CS, continental slope; OS, off-shelf) along the transect from Rijpfjorden to the Arctic Ocean in 2010, 2012, 2013, and 2014.



Protist standing stocks in the upper 50 m exceeded zooplankton standing stocks in 2010 and 2014 on all sampled regions, and on the continental slope and off-shelf in 2012 and 2013, while zooplankton standing stocks exceeded protist standing stocks inside the fjord and on the shelf in those years (Figure 8).

Mesozooplankton

In general, zooplankton was more abundant in the fjord and on the shelf than on the continental slope and off-shelf regions, for both meroplankton (Cirripedia nauplii, Echinodermata larvae, Bivalvia veligers) and holoplankton (Table 2). Copepods dominated the zooplankton community in terms of abundance, with Calanus glacialis being the most common copepod in 2012–2014 and Oithona similis dominating in 2010 (Figure 9). Among non-copepods, meroplanktic taxa dominated in terms of abundance in 2012–2014, whereas Fritillaria borealis tended to overrun the community in 2010. Among pelagic predators, chaetognaths were most common, with Parasagitta elegans dominating in the fjord and Eukrohnia hamata in the open water.

TABLE 2. Mean zooplankton abundance (ind. m-3) and standard deviation of major taxonomical groups and 16 most abundant taxa across the four areas of the study.

[image: image]


[image: image]

FIGURE 9. Barplot showing zooplankton abundance (ind. m-3) and species composition at stations sampled along the transects in 2010, 2012, 2013, and 2014. X-axis shows distance of each station from the head of Rijpfjorden. Left column shows composition of most common copepod species. Second left column shows the same but excludes O. similis to enhance readability of other species. The two right columns show species composition of most common non-copepod species.



There were significantly negative relationships between the abundance (log transformed) of C. finmarchicus, C. glacialis, C. hyperboreus, Pseudocalanus spp., O. similis, copepod nauplii, P. elegans, meroplankton, Oikopleura sp., and Limacina helicina and the distance to the head of Rijpfjorden, i.e., the abundance of these species decreased toward the open water (Supplementary Figure S3). In reverse, the abundance of Microcalanus spp., Metridia longa, Ostracods, E. hamata, Triconia borealis, and Themisto abyssorum increased toward open water. The abundance of Oithona atlantica, F. borealis, Aglantha digitale, and Themisto libellula showed no significant trend in distribution along the transect, but in case of the last two species firm conclusions cannot be made because of typically low species abundance.

A comparison of distribution of water masses and zooplankton shows that C. glacialis, P. elegans, and Mertensia ovum occurred in higher numbers in WCW inside the fjord, than outside in association with open ocean water masses (Table 2). The AW along the slope had high abundance of boreal C. finmarchicus, O. similis, and T. abyssorum as well as other oceanic species such as E. hamata and Microcalanus spp.

Zooplankton biomass per unit volume (mg dry mass m-3) was highest inside Rijpfjorden and on the shelf, but dropped at the shelf break (Figure 10A). Outside the fjord, the deeper strata had the largest zooplankton biomass. Zooplankton carbon standing stocks (0–50 m) were dominated by Calanus spp. across all regions and years (Figure 8). Only inside the fjord and on the continental slope in 2010 was the contribution of O. similis comparable to that of Calanus spp. (Figure 8). Among the Calanus species, C. glacialis contributed the most to the total biomass of mesozooplankton in the fjord and on the shelf (Figures 10B, 11A), while its contribution to total zooplankton biomass decreased at the shelf break and further into the deep Arctic Ocean. Calanus finmarchicus contributed 19% of the total Calanus biomass inside the fjord, but in the core of the AW at shelf and intermediate depth of the continental slope, C. finmarchicus and C. glacialis contributed in similar amounts to the Calanus biomass (30–40%; Figure 11B). Calanus hyperboreus contributed generally less to the Calanus biomass in the fjord and on the shelf (∼10%), but contributed substantially off the shelf (70%) (Table 3 and Figure 11C).


[image: image]

FIGURE 10. Zooplankton distribution for data from all years combined. (A) Mean total mesozooplankton biomass (mg m-3) and (B) average composition of main groups along the section from Rijpfjorden to the Arctic Ocean. The data are binned using a 10 km horizontal grid and the maximum and minimum vertical range of binned MultiNet samples. The radius of the dots in A is scaled to average biomass (mg m-3, legend giving the range of averages) and the fill is scaled to coefficient of variation. White fill indicates only one sample from a given location. The height of error bars indicate the maximum and minimum vertical range of binned MultiNet samples, while the width of the error bars indicates the width of horizontal binning. Empty space indicates that sample from that stratum was lost.
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FIGURE 11. Biomass (mg m-3) of the three Calanus species along the transect from Rijpfjorden to the Arctic Ocean with data from all years combined. (A) C. finmarchicus, (B) C. glacialis, and (C) C. hyperboreus. See Figure 10 for explanation of figure elements.



TABLE 3. Mean zooplankton biomass (mg dry mass m-3) and standard deviation of major taxonomical groups and 18 taxa with most biomass across the four areas of the study.
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The Shannon-Wiener diversity indexes for fjord, shelf, slope and off-shelf regions were 2.04, 2.14, 2.05, and 2.36 nats ind.-1, respectively, whereas corresponding evenness values were 0.49, 0.53, 0.45, and 0.52. The number of taxa for those four regions were: 64, 57, 96, and 95. Thus, higher diversity, was found toward the open ocean and this was reflected in higher diversity index for AW (2.20) than ArW (2.07). Abundance-biomass ratios for the distinguished regions were: 134, 145, 110, and 114 ind. mg-1. This indicates that the average size of zooplankton taxa was smaller in the fjord and shelf than over the slope and open ocean, which likely reflected the substantial contribution of small-sized Oithona similis and meroplankton closer to the coast.

DISCUSSION

Variations in Atlantic Water Boundary Current

The AW Boundary Current has been shown to vary considerably on small temporal and geographical scales, both when comparing nearby transects from the same cruise (Pérez-Hernández et al., 2017) and from mooring time series (Renner et al., 2018). Short-term variability due to meandering (Pérez-Hernández et al., 2017) as well as eddies (Våge et al., 2016; Crews et al., 2017) affect the position and extent of the AW core. It is therefore difficult to diagnose variability in e.g., advected volume of AW to the region based on single transects occupied in different years; the only published time-series from moorings in the boundary current are from summer 2012–2013 (Renner et al., 2018), hence covering only part of the period between the 2012 and 2014 cruises presented in this study.

The results of the Regional Arctic System Model (RASM), a fully-coupled sea ice-ocean model for the Arctic (Cassano et al., 2017), indicate that the sea ice concentration and volume during the 8 months preceding the survey were the highest in 2014 and 2010 and the lowest in 2013, compared to the average during 1997–2016. On the other hand, anomalies in net heat transport, calculated for a fragment of the study section from the edge of the shelf to the 1000 m isobaths, for the 100–600 m layer, were the highest in 2012 and the lowest in 2014. This suggests that the amount of Atlantic water transported eastward into the Arctic Ocean was the largest in 2012 and the least in 2014.

Sea ice cover and the position of the Marginal Ice Zone (MIZ) are strongly dependent on the position and depth of the AW Boundary Current as well as wind conditions in case of the MIZ position. Warming of the AW and heat loss to the atmosphere are the major drivers of sea ice reduction in this area, whereas local winds showed no significant temporal trends (Onarheim et al., 2014). Regional sea ice cover does have a profound impact on surface layer temperatures, melt water volume and hence onset of the spring bloom and consumption of nutrients (Søreide et al., 2010). In this respect, summer 2014 stands out as very different from the preceding years in that the sea ice cover persisted until late summer in the region. Over other parts of the Arctic, sea surface temperatures were not particularly unique in 2014, except for cooler-than-average conditions in the northern Barents and Kara seas where the ice remained extensive compared to recent summers3.

Physical-Chemical Setting

The PSW layer was characterized by low salinity due to sea ice melt and, potentially, glacier run-off inside the fjord, and extended across the entire study area. Nutrients and Chl a levels were low and pH and ΩAr values were high in PSW indicative of the summer post-bloom situation and the Chl a maximum was situated at the bottom of the euphotic zone coinciding with the nutricline. This indicates that phytoplankton optimized growth near the limit of the euphotic depth, where the algae still had access to nutrients. The subsurface Chl a maximum is a prominent feature in the Arctic Ocean during summer (Arrigo et al., 2011; Ardyna et al., 2013).

Doming of the isopycnals associated with the AW inflow at the shelf break and over the upper slope resulted in elevated NOx concentrations toward the surface (Randelhoff et al., 2015) reflected in elevated subsurface Chl a levels, relative to the other stations in 2010 and 2013. The low NOx:PO4 ratio in PSW, well below the 16:1 Redfield ratio, indicates that nitrogen was the limiting nutrient in summer, which is in accordance with nitrogen being the main limiting nutrient of primary production during summer in the Arctic Ocean at large (Codispoti et al., 2013; Vancoppenolle et al., 2013). Nutrient versus salinity plots (Supplementary Figure S4) suggest that the fjord, shelf and continental slope are biogeochemical sinks for NOx and silicic acid in PSW, which was the water mass with the lowest NOx:PO4 molecular ratios. The sharp increase in nutrients in PSW for salinities >33 shows that higher salinity water types are the main nutrient source for this region and not freshwater drainage from land or from glaciers; higher salinity waters were found near the lower boundary of the PSW layer.

Variations in Chl a Biomass and Protist Community Composition

The low surface Chl a concentrations and a protist community dominated by nanoplanktonic dinoflagellates (gymnodiniales), ciliates and prymnesiophytes are typical for the late summer post-bloom situation in the high-Arctic (Owrid et al., 2000; Piwosz et al., 2009, 2014; Kubiszyn et al., 2017). During these oligotrophic conditions, the protist plankton is characterized by a regenerating community that efficiently recycles nutrients between small autotrophs and their protozoan grazers. Inter-annual differences in Chl a levels can largely be attributed to differences in the length of the open water season. Year 2010 in our data was characterized by the lowest surface nutrient and Chl a concentrations as sampling this year was latest in the season (mid to end of August), which was also reflected in elevated surface temperatures. In contrast, the high Chl a concentrations at the outer fjord and inner shelf in the coldest year 2014 were associated with large amounts of pack ice in the neighboring Arctic Ocean and proximity to the ice edge. Interestingly, the two dominant diatoms Fragilariopsis oceanica and Shionodiscus bioculatus in the subsurface blooms in 2014 are both cryo-pelagic species (Syvertsen, 1991; von Quillfeldt, 2000; Fernández-Méndez et al., 2018) indicating that they might have originated from sea ice. However, the fact that the Chl a maxima were found at subsurface depths with surface nutrients already largely depleted indicate a late bloom situation. Prymnesiophytes (in particular Phaeocystis pouchetii) and diatoms often had a higher biomass-share at subsurface depths. Access to elevated nutrient concentrations associated with the nutricline is the most likely explanation for the distributional patterns of these two taxa. The post-bloom P. pouchetii dominance has also been reported from other areas, such as waters adjacent to west Spitsbergen (Smoła et al., 2017).

Variations in Zooplankton

The zooplankton community in northern Svalbard waters consists of a mixture of boreal, boreo-Arctic, Arctic and ubiquitous species (Daase and Eiane, 2007; Blachowiak-Samolyk et al., 2008), and the community composition along the transect did not deviate from this pattern. Shannon-Wiener diversity and number of taxa were higher toward the continental slope and Arctic Ocean than on the shelf and inside Rijpfjorden. This partly reflected higher values of Shannon-Wiener diversity in Atlantic water, where one tends to find higher diversity of boreal species as well as the presence of Arctic species. The ubiquitous copepod O. similis dominated in terms of numbers, while biomass was dominated by Calanus spp., with the Arctic shelf species C. glacialis dominating inside Rijpfjorden where PSW and WCW prevailed. The Atlantic C. finmarchicus, which is advected into Rijpfjorden along with AW waters (Falk-Petersen et al., 2008), constituted a similar biomass to C. glacialis on the shelf and over the continental slope, in association with the AW Boundary Current. The biomass of C. glacialis on the continental slope was comparable to that of C. finmarchicus, which was not as expected since its contribution in terms of abundance was relatively low (Table 2). The smaller boreal species was about 4 times more abundant than C. glacialis over the continental slope. However, because the biomass of C. glacialis is on average 3.2 times the biomass of C. finmarchicus, as for older life stages CIV-AF (Falk-Petersen et al., 2009), its low abundance results in relatively high biomass (Table 2). North-east of Svalbard, C. finmarchicus may still contribute 40% to the total mesozooplankton biomass (Kosobokova, 2012) before its biomass diminishes rapidly en route to the Nansen Basin, to approximately 10%. There, the contribution by C. glacialis is higher, about 19% (Kosobokova and Hirche, 2009).

Seasonal changes in Rijpfjorden have been described with regard to zooplankton abundance (Leu et al., 2011; Weydmann et al., 2013). Calanus glacialis dominates inside the fjord and at the shelf during all seasons, whereas C. finmarchicus increases toward the shelf break, with the highest numbers found in the core of the AW at the shelf break during autumn (Weydmann et al., 2013; NPI unpubl. data). Small copepods (O. similis, O. atlantica, Microcalanus spp., Pseudocalanus spp., and T. borealis/Oncaea spp.) make up a large fraction of the relative abundance during all seasons, especially in autumn and winter, but contribute little to the total biomass. During winter, the zooplankton community in the fjord is dominated by smaller copepods such as Pseudocalanus spp., and Calanus species, with C. glacialis making up 40% of the biomass (Weydmann et al., 2013). The occurrence of C. finmarchicus in Rijpfjorden is likely dependent on replenishment, in summer and autumn, by inflowing Atlantic water and less on local production. Weydmann et al. (2013) observed late developmental stages in September-October, indicating that this boreal species most likely overwinters in Rijpfjorden. There have also been observations showing high abundance of C. finmarchicus in January (Daase et al., 2014, 2018). This is most likely associated with stronger advection of Atlantic waters in autumn and winter (Basedow et al., 2018; Renner et al., 2018). However, the winter mortality of Calanus spp., can be high (e.g., Daase et al., 2014), and abundance of C. finmarchicus has been found to be very low in spring and early summer (Leu et al., 2011; Weydmann et al., 2013). Physical conditions in Rijpfjorden, such as sub-zero temperatures and a seasonal ice cover causing algal blooms and reproductive events for zooplankton to occur later in the season (Leu et al., 2011; Daase et al., 2013), likely put constrains on this boreal species.

The zooplankton composition showed variability among years. High abundances of O. similis and F. borealis occurred in 2010. The high abundance of O. similis indicates that conditions may have been favorable for omnivorous grazers in summer of 2010 compared to the other years. One likely explanation is that sampling was conducted relatively late in 2010 (mid-August), thus the zooplankton community was in a different state of its annual cycle and many of the larger Calanus species might have already started their seasonal descent to greater depths. Furthermore, O. similis is known to preferentially feed on motile prey such as ciliates and dinoflagellates (Svensen and Kiørboe, 2000), which dominated protist standing stocks in 2010. Fritillaria borealis often appears in pulses, which has been related to its high fecundity and growth rates resulting in short generation time (Hopcroft and Roff, 1995). Populations of larvaceans have also been reported to increase rapidly in response to bacterio- and nanophytoplankton blooms (King, 1982). Sampling in 2010 likely coincided with such a larvacean “bloom.” If this is a common occurrence in Rijpfjorden, and was just missed in the other years, is unknown.

The abundances of zooplankton in Rijpfjorden were generally low in 2014 compared with the other years. Low temperature and late ice break up likely led to less favorable conditions for growth and development. The abundance of C. glacialis has been shown to vary with the timing of ice break up, with cold years potentially leading to a mismatch between recruitment and spring bloom with reduced reproductive success and survival (Søreide et al., 2010; Leu et al., 2011). This would also negatively affect boreal species, such as C. finmarchicus. However, this did not seem to affect the recruitment of the benthic community, as meroplankton abundance was quite similar between 2012, 2013, and 2014. The lowest meroplankton abundance was observed in 2010, but sampling that year was conducted later in the season when the development of benthic larvae had most probably advanced beyond pelagic life stages.

The zooplankton community in Svalbard waters and the Arctic Ocean can be considerably influenced by Atlantic expatriates (Wassmann et al., 2015). Time series data from the core of WSC in Fram Strait indicate that an increase in warming will likely lead to an increase in Atlantic and ubiquitous species such as C. finmarchicus and O. similis, respectively (Weydmann et al., 2014; Gluchowska et al., 2017a). During a warm event in 2011, there were more young copepodids of C. finmarchicus in the WSC (Gluchowska et al., 2017a). Basedow et al. (2018) estimated that approximately 500,000 tons C y-1 in form of C. finmarchicus are transported through Fram Strait into the Arctic. A considerable part of this biomass is transported along the continental margin north of Svalbard, with some redistribution onto the shelf including Rijpfjorden. The abundance of C. finmarchicus in the upper 600 m in the off-shelf region varied between 10,600 ind. m-2 in 2013, 13,800 ind. m-2 in 2010 and 39,400 ind. m-2 in 2012. These value are lower than what Basedow et al. (2018) observed in August 2014 in the core of the WSC west of Svalbard (28,000–118,000 ind. m-2), although the 2012 values fall into the lower range of those observations. The transport time from Fram Strait to the western Nansen Basin is about 3 weeks (Hattermann et al., 2016). Based on our lowest and Basedow et al. (2018) highest estimates we can assume that minimum 10% of the C. finmarchicus abundance transported along the west coast reaches the area north of Rijpfjorden, but based on mean values for our observations and the range reported in Basedow et al. (2018) it could be higher, likely around 30%. A decrease in abundance between the west and north coast is to be expected as the WSC is splitting into different branches north of Svalbard and some of these recirculate into Fram Strait (Hattermann et al., 2016; von Appen et al., 2016). Part of this loss can also be associated with grazing by populations of larval fish and other pelagic zooplanktivorous grazers (e.g., jellyfish and amphipods) following the AW flow (Basedow et al., 2018). The zooplankton have to pass concentrations of Atlantic cod (Gadus morhua) and their prey, as well as mesopelagic concentrations of fish and predatory zooplankton at the NW corner of Spitsbergen and along the northern continental shelf (Ingvaldsen et al., 2017; Knutsen et al., 2017). Diel vertical migration for mesopelagic predators in Fram Strait involved the lower part of the north-flowing AW (Gjøsæter et al., 2017). Seabirds, such as the little auk (Alle alle), prey on Calanus spp. in the upper part of the water column (e.g., Hovinen et al., 2014).

The population of C. finmarchicus diminishes further as it is transported eastward along the Siberian shelf, and this species has not yet been observed to reproduce successfully in the Arctic Ocean (Hirche and Kosobokova, 2007; Kosobokova and Hirche, 2009). Thus, it is believed that the population of this species is maintained because of continuous advection (Wassmann et al., 2015). However, recently some zooplankton have shown reproductive activity at high-Arctic latitudes, including krill Thysanoessa raschii and the pelagic amphipod Themisto compressa (Buchholz et al., 2012; Kraft et al., 2013). With increased warming, C. finmarchicus may potentially produce two generations in 1 year, by populations inhabiting Atlantic waters in the WSC along the west coast of Spitsbergen (Gluchowska et al., 2017a), and this second reproduction may result in the presence of active, older developmental stages in the middle of winter in surface waters in Fram Strait (Basedow et al., 2018), even if the chances of these instars to survive are probably limited. Furthermore, changes in generation length and population turnover time due to climate warming may diminish the differences in size and lipid content between C. finmarchicus and C. glacialis and make the Calanus-based food chains more efficient (Renaud et al., 2018).

With regard to ocean acidification effects on northern and Arctic crustacean zooplankton, no studies have shown severe effects. Runge et al. (2016) found no effects of elevated CO2 on vital rates of C. finmarchicus. Bailey et al. (2017) determined that early life stags of C. glacialis were largely unaffected by increased CO2, and Thor et al. (2018b) found no maternal or direct effects of ocean acidification on egg hatching for this species. Weydmann et al. (2012) also found that CO2-induced seawater acidification had no significant effect on egg production of C. glacialis. However, Thor et al. (2018a) detected negative effects of OA on scope for growth in C. glacialis copepodid stage IV at pH 7.87, and Weydmann et al. (2012) noted delayed hatching and possibly reduced overall hatching success for this species at lower pH of 6.9. Opstad et al. (2018) showed little effect of ocean acidification (high CO2 levels, low pH) on the northern krill T. inermis. However, the low ΩAr saturation value (0.98) observed in surface waters in this study may affect the aragonite-shelled pteropod L. helicina, which has a critical ΩAr limitation of 1.4 (Bednarsek et al., 2014).

Nutritional Status and Successional Stage of High-Arctic Plankton Communities During Summer

Although we do not have information on the nutritional mode of the different protist taxa, it can be assumed that the majority of ciliates and a large fraction of dinoflagellates were characterized by heterotrophic or mixotrophic feeding modes. The same applies to the unidentified flagellates. Thus, with the possible exception of the subsurface blooms in 2014, the planktonic communities along the transect from Rijpfjorden into the Arctic Ocean were net heterotrophic which is consistent with net community production measurements for the Svalbard region in summer (Vaquer-Sunyer et al., 2013). The protist carbon to Chl a ratio was generally well above 50, which indicates nutrient limitation but also that a large fraction of the protist biomass was composed of heterotrophs. The 4 years included in this study cover a seasonal gradient from the late bloom phase in the heavy ice year 2014 characterized by subsurface blooms of diatoms and Phaeocystis pouchetii and low biomass of larger copepods likely due to less successful recruitment (Leu et al., 2011), to the late post-bloom phase in 2010 characterized by low protist standing stocks, the larger copepods residing at depth and the zooplankton community predominated by small-sized taxa (e.g., Oithona similis, and Fritillaria biorealis; Supplementary Figure S5). The years 2012 and 2013 fell somewhere in between these two scenarios and had the highest surface zooplankton standing stocks. Our study illustrates how differences in ice cover can modulate phyto- and zooplankton phenology and that the late summer plankton community observed in 2010 might expand over a larger temporal window with the ongoing “Atlantification” of the eastern Arctic.

Future Perspectives

Future warming and reduced ice cover may lead to conditions that are more favorable with regard to survival of Atlantic expatriates in the Arctic Ocean. Rijpfjorden will likely change with climate warming in a direction to resemble Kongsfjorden, as it appeared during the cold years prior to 2006 (Hop et al., 2019; Tverberg et al., 2019). If climate warming continues with temperatures in the range predicted by models (Slagstad et al., 2011, 2015), then Rijpfjorden will continue to develop into a warmer system with higher contribution of boreal species. Thus, it should be continually monitored and models should be applied to the data to forecast regime shifts and resilience in this high-Arctic fjord (Griffith et al., unpublished).
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FIGURE S1 | Depth-integrated (0–50 m) Chl a standing stocks (mg m-2) along the transect from Rijpfjorden to the Arctic Ocean for 2010, 2012, 2013, and 2014. Chl a standing stocks are averaged for each region.

FIGURE S2 | Average contribution of major protist groups to total protist abundance (cells L-1) along the transect from Rijpfjorden to the Arctic Ocean for 2010, 2012, 2013, and 2014. Samples have been binned vertically to [0, 5], [5, 10], [10, 15], [15, 30], [30, 40], and [40, 50] m depth groups.

FIGURE S3 | Relationship between log transformed abundance (ind. m-3) of common zooplankton species and distance from head of Rijpfjorden. Lines are linear regression lines. ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05. Left column shows species whose abundance decreases with distance from the head of the fjord, middle column shows species that increase in abundance with distance to the fjord. Right column shows species with non-significant trends (p > 0.05) in abundance along the transect.

FIGURE S4 | Relationship between nutrient concentrations and salinities for different regions and water types (light blue = Polar Surface Water (PSW), purple = Winter Cooled Water, red = Atlantic water and dark blue = Arctic Intermediate Water). Lines indicate Local Polynomial Regression (LOESS) fits for PSW and linear regressions for other water types with > 4 observations.

FIGURE S5 | Depth-integrated zooplankton carbon standing stock (g C m-2) in the upper (0–50 m) and lower (50-bottom) water column in the four regions [fjord (F), shelf (Sh), continental slope (CS) and off-shelf (OS)] along the transect from Rijpfjorden to the Arctic Ocean in 2010, 2012, 2013, and 2014.

TABLE S1 | Mean abundance (cells 103 L-1) and standard error for the main protist taxa for consecutive years and regions of the Rijpfjorden transect. Values are depth-weighted means for the upper 50 m [∗ – Abundance < 10 cells L-1].

TABLE S2 | Mean carbon biomass (μg C L-1) and standard error for the main protist taxa for consecutive years and regions of the Rijpfjorden transect. Values are depth-weighted means for the upper 50 m [∗ – Biomass < 0.01 μg C L-1].

TABLE S3 | Mean zooplankton abundance (ind. m-3) and standard deviation for all taxa presented in the 4 years and areas of the study. Taxa presented with < 0.1 ind. m-3 in any of the four areas or years are not included. Empty cells indicate that the species was missing from the particular area. All life stages are included, except when stages (CI-CV) and adult females (AF) are specified for accounts concerning these particular life stages.

TABLE S4 | Mean zooplankton biomass (mg dry weight m-3) and standard deviation for all taxa presented in the 4 years and areas of the study. Taxa presented with < 0.1 mg m-3 in any of the four areas or years are not included. Empty cells indicate that the species was missing from the particular area. All life stages are included, except when stages (CI-CV) and adult females (AF) are specified for accounts concerning these particular life stages.

FOOTNOTES

1 http://polarview.met.no/

2 http://polarview.met.no/documentation.html

3 http://nsidc.org/arcticseaicenews/2014/09/
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Species Fjord Shelf Cont. slope  Off-shelf
Copepoda 1635.0 & 1662.0 1647.2 + 474.8 473.4 £+ 494.5 136.2 £+ 64.1
Oithona similis  729.0 + 1255.2 471.9 +355.3 200.3 £ 312.4 29.9 £ 31.9
Calanus 4548 £ 4715 348.0+263.0 219+229 35+27
glacialis

Calanus 150.7 £102.3 301.56+164.5 852+882 9.4+6.3
finmarchicus

Pseudocalanus 125.1 +£146.2 283.2+281.0 35.4+60.5 26+1.6
spp. (CI-CV)

Pseudocalanus ~ 24.5 £41.0 49+93 0.7 £ 0.7 0.0+ 0.0
acuspes (AF)

Copepoda 108.2 £ 145.3 188.0+170.0 42.1+329 92+120
nauplii

Microcalanus 3.0+19 8.3+8.8 285+ 145 24.7+12.0
spp.

Calanus 20.9+24.8 145+125 59+ 3.7 49+0.8
hyperboreus

Triconia 36+13 6.9 +8.7 168+ 121 13.6+17.4
borealis

Oithona 21+£33 129+ 135 9.4+ 11.8 1.1+08
atlantica

Metridia longa 3.6+34 40+34 122+76 100+1.7
Amphipoda 1.2+1.1 0.6+05 25+1.1 26+0.8
Euphausiacea 41+6.8 1.7+16 11+£08 1.5+08
Decapoda 0.1+£0.2 0.3+0.3 02+0.3 04+04
Isopoda 13+14 0.8+1.1 12+05 1.2+07
(manca larvae)

Ostracoda 0.6+0.8 01+0.2 26+ 1.7 3.8+1.1
Cirripedia 59.0 £ 51.0 61.0+176.6 0.1+0.1 0.1 £0.1
Cnidaria 1.0+£1.2 1.1+09 20+ 14 2.4+06
Ctenophora 26+ 3.0 09+0.6 02+0.2 05+0.5
Chaetognatha

Eukrohnia 1.4+£12 20+1.0 45+1.3 41+0.7
hamata

Parasagitta 3.8+43 23+1.1 0.3+0.5 0.0£0.0
elegans

Pseudosagitta 02+0.3 05+0.3
maxima

Polychaeta 9.4+11.6 9.0+ 7.1 31+15 2.7+05
Nemertea 0.5+08 0.0+ 0.0

Bryozoa 0.0+ 0.1 0.1+0.2

(cyphonautes

larvae)

Mollusca 38.3 +68.8 19.1 £23.9 39+66 0.7+0.8
Bivalvia veliger 19.0 £47.9 8.7+ 13.0 1.9+4.2 0.1 +0.1
Limacina 17.56 £28.0 9.4+ 12.0 1.7+24 0.2+0.3
helicina

Echinodermata 105.5 4+ 129.5 364.8+374.7 20.7+394 08+1.1
Chordata 1451 £2756 101.2+151.1 284 +445 49+28
Fritillaria 1411 4+£276.3 91.9+139.8 264+445 28+24
borealis

Oikopleura 40+28 9.3+ 11.7 20+ 1.0 22+18
spp.

Empty cells indicate that the taxon was missing from the particular area. Values
of 0.0 ind. m~% indicate that the taxon was present but with less than 0.05 ind.
m~3. Stages (CI-CV) and adult females (AF) are indicated when observations were
limited to those. For more details, see Supplementary Table S3.
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Species Fjord Shelf break Off-shelf C:DM
Copepoda 75.3+636 61.3+292 286+75 247+12 0.5
Calanus glacialis  56.2 +£53.5 431 +£27.7 54+51 12+04
Calanus 71+4.4 91+£34 65+£65 1.0+£05
finmarchicus

Calanus 75+9.9 56+45 49+18 58+05
hyperboreus

Paraeuchaeta 05+14 34+38 567+£19
barbata (AF)

Paraeuchaeta 25+15 387+£1.0
norvegica (AF)

Paraeuchaeta 02+03 0.0+ 0.1 1.7£10 21+£0.1

spp. (CI-CV)

Oithona similis 1.8+ 3.1 12+09 05+08 0.1+0.1
Amphipoda 51+6.0 42+387 7.7+£387 47+27 05
Themisto libellula 156+24 32+£34 42+£32 12+1.0
Apherusa 156+£12 02+0.5 1.8+£14 09416
glacialis

Euphausiacea 6.6 £ 16.9 1.6+23 12+13 1.3+09 0.5

Meganyctiphanes 4.3 £ 12.2 05+1.0 02+£04 01+£02
norvegica

Decapoda 0.1 £0.1 0.3+0.6 12+24 B32+32 0.5
Ostracoda 0.0+£0.1 00+£00 04+£03 06+£02 05
Cirripedia 0.7+0.6 0.7+ 2.1 0.0+£00 0.0+£00 05
Cnidaria 19+44 1.7+ 21 88+63 120+13 0.1
Dimophyes 04 +11 61+42 91+£07

arctica

Ctenophora 34 +£50 1.1+£0.7 02+£02 05+£07
Mertensia ovum 3.0+52 09+0.7 01+02 04+£07
Chaetognatha 19+18 23+18 125+9.7 21.3+94
Eukrohnia 11+£1.8 14+17 68+21 71+04
hamata

Pseudosagitta 544+87 1839+90
maxima

Polychaeta 0.0+ 0.0 00+£00 03+£09 08+£11 0.3
Nemertea 0.0+ 0.0 0.0+0.0 0.3

Limacina helicina 4672 3.0+3.2 05+0.7 0.1+£01
Clione limacina 30+16 09+09 01+£083 09+15
Echinodermata 0.1+0.1 04+£04 00+£00 0.0+£0.0 0.3
Chordata 1.0+£11 05+04 03+£06 03+£0.3 0.5

Empty cells indicate that the taxon was missing from the particular area. Values of
0.0 mg m~¢ indicate that the taxon was present but with less than 0.05 mg m~3.
Stages (CI-CV) and adult females (AF) are indicated when calculations/observations
were limited to those. Carbon:Dry mass (C:DM) conversion factors are indicated for
groups or species. For more details, see Supplementary Table S4.
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Region Water Temp DIC AT €0, NO, PO, Si(OH)4 Chla

and  depth  (°C) sal pH  (umolkg™") (umolkg™") (natm) 2 (mmolm=3) (mmolm-3) (mmolm=3) (mgm-3)
year  (m)

Fjord and shelf

2010 <50 2714 83210 14£24  02+02  14%10 03+02
2010 >50 -04+17 345+02 05+07  02+01 17+08 0203

2012 <50 09+12 339+09 83+0.1 2050+49 2268+41 211435 23402 10412 02£02 07+04 1425
2012 >50 -03£10 847+01 82£04 2142434 28049 28658 1.7+03 55+38 08+04 21+15 4658
2018 <50 -02+07 8365+10 82+0.4 2039+104 2206+105 273+100 1.8+05 06+13 0101 07+06 06+08
2018 >50 -06+12 347+02 82+0.1 2152432 2312415 290+44 17402 32+24 04+02 15+12 0100
2014 <50 -08+05 333417 83+01 19154258 21234256 177473 22+04 26+34 0303 1214 32+49
2014 >50 -15+02 346+02 81+00 2150+23 2294+13 297+22 16401 89+13 0701  42+07 03+02
Cont. slope and off-shelf

2010 <50 08£1.7 335+13 20+19 02+0.1 11£07  02+02
2010 >50 09+16 349+01

2012 <60 05+14 337+11 18+21 02+02 16+10 06+06
2012 >50 06+16 349£0.1 10322 09£02 60£25 02%01

2013 <50 -01+12 338+10 82401 2026+113 2205+92 242+99 19+04 1.8%29 02+02 13+£12 07£07
2013 >60 03+13 349+0.1 81+£00 2169+10 2310+ 8 347+23 144+02 70+26 0.7+£0.1 36+18 1.0+1.2

Region (see Figure 1), year and water depth-aggregated mean values (+ standard deviation) for temperature (Temp), salinity (Sal, and other parameters explained in text.
The depth limit of 50 m was chosen as an approximation of the euphotic depth,





OPS/images/fmars-06-00181-g003.jpg
2010

2012

2013

2014

Depth (dbar, log scale)

Depth (dbar, log scale)

, log scale)

Depth (dbar

Depth (dbar, log scale)

Temperature A °C Salinity
-18-10 1 2 3 24 <32 33 34 35
Fjord Shelf Continental slope  Off-shelf Fjord Shelf Continental slope  Off-shelf

04 \ (o i 0
20+ o /\(\\\i 20+
50 1 ; ‘ ' 50 1

100 4 1004

200 4 2004

500 500 1

1000 4 e 1000 1

2000 1 2000 1

40004 . . . . . , 40004 . . . . . )
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 0
204 201
504 501
100 4 1004

200 2004
500 5001

1000 4 Ellsssrilonsueems 10001

2000 1 2000

—

40004 . . . . . 1.4000- i . . i . ' 3
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 @ . 04
204 20
504 = 504
100 4 1004
200{ 2004
500 500

1000 4 10004

2000 1 2000 1

40009 . ) . i . , 400091 : . i . : )
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 0

4 T

204 A 204 :

50{ ™ 50 ~
1009 1004
200{ . 200{ %

500 500 1

1000 4 10004

2000 1 2000 1

40009 i . i . . , 40001 . . : . . 1
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280

Distance from the head of Rijpfjorden (km)

Distance from the head of Rijpfjorden (km)





OPS/images/fmars-06-00181-g004.jpg
2012
Depth (dbar, log scale)

2013

Depth (dbar, log scale)

2014
Depth (dbar, log scale)

pH 82  >84 Ar 1 15 2 25329
Fjord Shelf Continental slope Fjord Shelf Continental slope

0- 0- =
20 20
50 50 4
100 1 100 1
200 200 1
500 500 1
1000 1 1000 1
2000 1 2000

4000 4000 - - - - )

0 0 20 50 100 150 200
04 0
201 20
50 50 4
100 1 100 1
200 200
500 500 1
1000 1 1000 1
2000 1 2000

4000 r - - . 4000 . - - - )

0 20 50 100 150 0 0 20 50 100 150 200
04 04
20 20 4
50 50
100 1 100 1
200 200
500 500 1
1000 1 1000 1
2000 1 2000 1

4000 - - - - 4000 - - - - )

20 50 100 150 0 0 20 50 100 150 200

Distance from the head of Rijpfjorden (km)

Distance from the head of Rijpfjorden (km)





OPS/images/fmars-06-00181-g005.jpg
2010

2012

2013

2014

NOy 00305 () w0 Q 15 mmol m® Chlorophyll a 0O 2() 4 Q >6 mgm?
Fjord Shelf Continental slope  Off—shelf Fjord Shelf Continental slope  Off—shelf
0 PYS s B . o o O 04 a O ° ° o o o o o
3 0
< . ]
S 20 20 o o0 O
(] o Q o) o
o 504 50 1 o ° o o o o
Q o
. 1004 o O 1004 o o
<
2 2004 200 1
5]
£ 500 500 1
T
A 1000+ NE 1000 1
2000{ —  0.0003 (min) 2000 4
-~ 0.0020 (max)
4000 4000
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 [e] o o °0 coo oo @ o 00 04 o o oo 000 00 ® o] o
o B o o) Se o O oo 000 00 @ @ o o
[ E 4
2 P o o g 5 2030 @ © c ° O rp 2R B g s
Q W
® 50{ o o O O @ C 50+ o) o O Fo S @ ___—e_ 08
S 100{ o & O @ @ © © OC 1001 O o @o 00 ® - —
{ S
g wo] O QOO ©@ G =
8]
< 5004 500 4
<
- 0O ® «
S 1000+ N2 1000 1
20004 —  0.0005 (min) @ 2000 1
-~ 0.0023 (max)
4000 4000
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 o{ G O o o o oo O
. . O o o o o [e]
_ o — & o o o o 06 6
% 2071 .. . o O -o O 201 oo o @) O ¢} Oo ©
® 50{ o o o O O OO 50{ So_a O 0O __—80 -0
=) 00 e O
8 100 ° 98 O O joo%s o i & wa @
_
< 200 é 200 1
g O
£ 500 O 500 4
)
S 10004 N2 1000 1
20004 —  0.0008 (min) 2000 4
-~ 0.0026 (max)
4000 4000
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280
0 S 04 @ o O
E)\ 0. . " @ O (@)
§ 201 o0 O O 20 1 @)
@ 50 (§ §X ) 50 1 )
=
S 100 %{) 100{ oo
= 00
& 200 200 1
Keo)
8]
= 5004 500 1
a
@ 10001 > 10001
a N
2000 —  0.0039 (min) 2000 1
-~ 0.0153 (max)
4000 4000
0 20 50 100 150 200 250 280 0 20 50 100 150 200 250 280

Distance from the head of Rijpfjorden (km)

Distance from the

head of Rijpfjorden (km)





OPS/images/fmars-06-00181-g006.jpg
NO,:PO, ratio

154
l 8

& e

101 -
5 -

0 T

Fiord Shelf Continental slope  Off-shelf
Region

Water mass E] AW E] AW E wew E PSW





OPS/images/fmars-06-00181-i001.jpg





OPS/images/fmars-06-00181-g001.jpg
Latitude (decimal degrees)

Arctic chan B) = C) Off—shelf

ansen Basin

(3392+445m)

Water type Number of

stations
2013 )

3

-81.9

. L .
H 012 1314

=

2012 Continental slope

o
A
(=]
b = (970+737m)
e
201
A
o
o

| o o
F81.2
o A N . B E—
o 10 12 13 14
Shelf
145+44m
o A ( )
B a
2014 A [80.6
® 10 12 13 14
g@a O
oL/, Fjord
A (205+36m)
- | S e
3
" ! R
~ °ﬂ
/ Nordaustlandet % =
! o S n S0 .
10 24 20.4 222 HNEEEEEEEE 10 12 13 14
Longitude (decimal degrees) Year
Ocean current Year Other data ‘Water mass
—» Atlantic O 2010 Very closed (9/10) pack ice . Attt Winter cooled
. O 2012 edge (symbol for year) water
el : : Arctic intermediate Polar surface
A 2013 Stations / year and region

water

O 2014 water





OPS/images/fmars-06-00181-g002.jpg
Potential temperature (°C)

Region

®
©
©
Density
255 26 26.5 27 275
5 TPswW AW
41 - .'ﬁlf'f -
- -
3 af
2 -
1 -
O .
_1 - . - vl
_2 T T T
32.0 325 33.0 33.5

Practical salinity

Fjord

Shelf

Continental
shelf

Off-shelf





OPS/images/fmars-06-00181-g007.jpg
2010
Depth (m)

n
(&)

351

50 4

2012
Depth (m)

o

-
o (5]

2013
Depth (m)

2014
Depth (m)

101
151

Fjord

Shelf

% B

\V
4 Ya Q
'l," [ €

cee

Continental slope

Off—shelf

ET €C 2

6 € O
0o ¢ 9
e O O

@
i A W/ /) V WV \V/ " [ %
fwv % g @ 920 € @
e & & % .. %8
e @ LS (1)) 9 |
¢ € G @& Vil W 0
¢ € ¢ & VI COU ¢
“© 6 4 " WIOED » ¢
¢ 0 0UES OC ¢
O € ¢ ' CEG UC 90 &
G0 ¢ @ 00
o8 ¢ ¢ g
162 O @ 00
106 @ G ¢ 00
we ¢ o 6o |
] ‘% ‘.‘ % Protist group
"‘ = D?atoms
"“ “ “ [ Ciliatesg
. Prymnesiophytes
.A!" {. ') = (F)I::]g:llates

Distance from the head of Rijpfjorden (km)





OPS/images/fmars-06-00181-g008.jpg
12

10

Mesozooplankton
[ 1non copepods

[ ] other crustaceans
[ other copepods
I Calanus spp.
Protists

[ ] other protists

[ ] Flagellates indet.
[ ] Prymnesiophytes
- Ciliates

] Dinoflagellates

I Diatoms

FShCSOS FShCSOS
2010

FShCSOS FShCSOS
2012

-i nd nd nd nd
T T

FShCSOS FShCSOS
2013

FShCSOS FShCSOS
2014





OPS/images/fmars-06-00181-g009.jpg
Abundance (ind m®)

2010

5000 - Copepods Copepods, excl. O.similis
1500
4000 A
3000 A 1000 4
2000 1 =
500 A
1000 1 I
0 T T T T ,!ﬁ'—‘— 0 - =T
18 34 70102130153165184 204 18 34 70102130153165184 204
2012
5000 1
1500 A
4000 A1
3000 1 1000 A
2000 1
500 A
1000 1
0 — e e —— = 0
16 35 63103114 147158170176196197 254 300 16 35 63103114 147158170176196197 254 300
2013
5000 1
1500 A
4000 A
3000 - 1000 A
2000 1
500 A
1000 HH
LBl BTE- e | S
16 21 75103136167178188199 16 21 75103136167178188199
2014
5000 1
1500 A
4000 A
3000 1 1000 A
2000 1
500 1
1000 A
0 '_'-'—H
16 21 35 63 16 21 35 63
Fjord Shelf Cont. slope  Off-Shelf Fjord Shelf Cont. slope  Off-Shelf
Distance from head of Rijpfjorden (km) Distance from head of Rijpfjorden (km)
[ 0. similis [ Microcalanus spp. |Jili] C. finmarchicus

[ 0. atlantica
[ Pseudocalanus spp. [l others

[ M. longa

B c. glacialis
I c. hyperboreus

Non-copepods

selected non-copepods

1200 30 -
1000 {
800 - 20
600 -
400 10
200 H
18 34 70 102130153165184 204 18 34 70 102130153165184 204
1200 - 30
1000 - —
800 - 20
600 -
400 10
200
0+ A 0-
16 35 63103114 147158170176196 197 254 300 16 35 63103114 147158170176 196 197 254 300
1200 1 30
1000 - =
800 - 20
600 -
400 A 10
200 1 ﬂ H II .. i
0 . ’_\ e T‘@ —— 0 -
16 21 75103136167 178188199 16 21 75103136167 178188199
1200 1 30
1000 -
800 20
600 -
400 10
200
o LElHIE
16 21 35 63 _ 16 21 35 63 _
Fjord Shelf Cont. slope  Off-Shelf Fjord Shelf Cont. slope  Off-Shelf
Distance from head of Rijpfjorden (km) Distance from head of Rijpfjorden (km)
[] Meroplankton I E. hamata [] Ostracoda
[ F borealis [ P elegans [ 7. abyssorum

I oikopleura spp. M Crustaceans

I others






