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The impact of the rapidly changing Arctic on zooplankton community structure and seasonal behaviour is not yet understood. Here we examine 6 months of under-ice zooplankton observations from the N-ICE2015 expedition (January to June 2015) in the Nansen Basin and on the Yermak Plateau north of Svalbard. Stratified sampling in the water column was done with MultiNet during the entire expedition, and sampling in the upper 5 m below sea ice was performed during April-May by divers using a hand-held net. Hydrographic conditions were dominated by northward-flowing warm and saline Atlantic Water at intermediate depth, and southward-flowing cold Polar Surface Water in the upper 100 m. The mesozooplankton was dominated by copepods. Most numerous were the small ubiquitous Oithona similis in the upper 200 m, with Microcalanus spp. and Triconia borealis further down the water column. Calanus finmarchicus dominated among the Calanus species while Metridia longa was also numerous. The most abundant deep-water copepods were Paraeuchaeta spp. and Spinocalanus spp. Arrow worms (Chaetognatha) and comb jellies (Ctenophora) were the most numerous non-copepods. The mesozooplankton community was more dependent on surrounding water mass characteristics, such as salinity and depth, than geographical location. Algal food availability, which was closely linked to seasonality, explained the community changes seen in surface waters in May and June due to seasonal ascent and recruitment. Seasonal changes from winter to spring mostly involved an increase in the herbivorous C. finmarchicus and its nauplii in the upper 200 m of the water column coinciding with the peak of the phytoplankton bloom in late May. The Yermak Plateau and adjacent Nansen Basin were characterised by oceanic North Atlantic and Arctic species, many of which are deep water specialists. Despite the late onset of the spring bloom due to consolidated sea ice, both North Atlantic and Arctic species successfully reproduced in the study area. This explains the species-rich mesozooplankton community in this region as opposed to the less productive central Arctic Ocean. Future prospects of less sea ice and earlier onset of the bloom will likely be positive for the overall secondary production by both Arctic and boreal zooplankton in this region.
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INTRODUCTION

One of the main factors influencing the zooplankton community at high latitudes is strong seasonality. At 80°–82°N, the period of polar night without sunlight lasts for up to 4 months, although marine organisms may experience darkness for longer time depending on sea ice and snow cover (Cohen et al., 2020). The polar night is characterized by primary production close to zero, which is followed by a short and intense primary production season when the sun returns and the ice melts in the spring. Organisms living at high latitudes have adapted to the extreme seasonality and shortage of food (Conover and Huntley, 1991; Hagen and Auel, 2001). Diapause or reduced activity and metabolism during winter, combined with storing large lipid reserves are important adaptations of Arctic zooplankton (Varpe et al., 2009). The strong seasonality in primary production results in a short and pulsed appearance of the large, predominately herbivorous calanoid copepods in surface waters during the spring (Falk-Petersen et al., 2009). However, the annual timing of the copepod ascent from diapause differs from year to year and among regions (Daase et al., 2013). Further, depending on the bottom depth and closeness to land, massive outbursts of meroplankton may occur at the onset of the spring bloom or shortly after (Stübner et al., 2016). The Arctic Ocean is poorly explored since winter darkness, weather and sea ice conditions make it logistically challenging to access without expensive infrastructure. Most zooplankton studies in the Arctic Ocean are therefore performed in late summer-autumn when sea ice is at its minimum (Conover and Huntley, 1991; Conover and Siferd, 1993; Auel and Hagen, 2002; Kosobokova and Pertsova, 2005; Daase et al., 2008; Søreide et al., 2010; Hirche and Kosobokova, 2011; Freese et al., 2016; Ershova et al., 2021). Knowledge about the mesozooplankton community structure and development during the winter-spring period at the main entrance to the Arctic Ocean proper is particularly needed to investigate the expansion of boreal zooplankton into the Arctic Ocean (Wassmann et al., 2015).

Mesozooplankton studies from the Yermak Plateau and adjacent Nansen basin show that this area is rich in mesozooplankton compared to the other Arctic Ocean basins and is characterised by a mix of boreal/North Atlantic and Arctic species as well as deep-water specialists (Kosobokova et al., 1998; Mumm et al., 1998; Auel and Hagen, 2002; Hirche and Kosobokova, 2007). Calanus copepods, the dominant contributor to mesozooplankton biomass in this region and elsewhere in the Arctic Ocean (Ashjian et al., 2003; Ershova et al., 2021), descend to depth during the autumn after accumulating sufficient energy for overwintering (Falk-Petersen et al., 2009; Daase et al., 2013). They remain at depth (>300 m) during the dark winter and ascend in the spring (Darnis and Fortier, 2014), probably in response to increased light levels below the sea ice (Kowalczuk et al., 2017; Pavlov et al., 2017) or depletion of lipid reserves (Irigoien, 2004). Internal biological clocks, such as circadian clocks, can also play a major role in termination of diapause (Häfker et al., 2018). A mismatch between the algae bloom and presence of Calanus spp. in surface waters might reduce their reproductive success and subsequent survival of offspring (Leu et al., 2011; Daase et al., 2013). The seasonal migratory behaviour and physiological state of the zooplankton in the spring are important biological factors in this ecosystem because much of the energy flow in the pelagic system relies on the reproductive success of Calanus spp. and their subsequent population growth (Falk-Petersen et al., 2007). Plankton (autotrophs and heterotrophs) are the producers and the first-order consumers of the marine food webs and they respond rapidly to environmental changes with potential cascading trophic implications for the marine ecosystem (Falk-Petersen et al., 2007; Blachowiak-Samolyk et al., 2008; Wassmann and Reigstad, 2011; Darnis et al., 2012; Hop et al., 2019b). The Arctic is rapidly changing; the thicker multiyear ice cover is turning into a thinner and largely seasonal first-year ice cover and there is an increase in temperature of inflowing Atlantic Water (Beszczynska-Möller et al., 2012). These changes will likely impact the Arctic primary production and, hence, also the secondary production and the energy flow through the system (Polyakov et al., 2020).

Data collected during the N-ICE2015 expedition (The Norwegian young sea ICE expedition), a 6-month drift with the sea ice in the Arctic Ocean with a research vessel in 2015 (Granskog et al., 2018), provided a unique opportunity to study the distribution and development of zooplankton during the winter-spring period below sea ice. The N-ICE2015 time series of zooplankton community composition is the first of its kind from the dynamic Atlantic sector of the Arctic Ocean. Even though we understand many physiological processes of the Arctic zooplankton community, especially those related to migration, we still have insufficient knowledge of the links to environmental variables. Our study follows the natural course of events over seasons in the same year, while gaining spatial information from the drift tracks. This approach enables us to unravel some of the factors driving zooplankton behaviour and strategies in a rapidly changing region of the Arctic Ocean. Here we describe the zooplankton community along with changing environmental conditions in the Atlantic sector of the Arctic. We determined the vertical and horizontal distribution of zooplankton in the Nansen Basin and the Yermak Plateau area in order to assess the role of seasonal and oceanographic variability on the mesozooplankton community development during the winter-spring period. Winter-spring transition is the most critical time in zooplankton life history since this is, for many species, the main mating and reproduction season which is energy demanding and sensitive to individual’s energy status, and therefore drives fitness. Of particular interest is the temporal match of zooplankton’s presence in the surface waters and blooms of ice algae and phytoplankton, after the long and food-poor winter, as well as assessing the accumulated lipid stores and timing of reproduction.



MATERIALS AND METHODS


N-ICE2015 Expedition and Area Description

The study was part of the N-ICE2015 expedition onboard R/V Lance between January and June 2015. The expedition completed four drifts in the Arctic Ocean north of Svalbard, during which the ship was moored each time to a sea ice floe (Figure 1). On each floe, an ice camp was set up and biogeochemical, oceanographic, atmospheric, sea ice, and snow data were collected (Granskog et al., 2016). For the purpose of marine ecological studies, samples of zooplankton, phytoplankton and ice algae (Assmy et al., 2017; Olsen et al., 2017; Fernández-Méndez et al., 2018) were collected throughout the period.
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FIGURE 1. Zooplankton sampling stations during the four ice drifts during N-ICE2015. Floe 1 drift (10 February), Floe 2 drift (7, 14, and 21 March), Floe 3 drift (25 April, 3, 10, 18, 24, and 31 May) and Floe 4 drift (9, 16, and 19 June). The black line indicates the 10%+ ice edge on 28 May.


The N-ICE2015 expedition took place both in the Nansen Basin and over the Yermak Plateau, north-east of Fram Strait (Figure 1). Fram Strait is the only deep passage for water exchange between the North Atlantic Ocean and the Arctic Ocean, and its oceanography is dominated by northward flowing warm and saline Atlantic Water (AW) at intermediate depth on the east side and a southward flowing cold Polar Surface Water (PSW) in the surface on the west side (Rudels et al., 2000). The inflow of AW splits into two main paths as it hits the Yermak Plateau, with one recirculating in Fram Strait (von Appen et al., 2016) and the second directing eastward north of Svalbard. This flow of Atlantic Water north of Svalbard subdivides into the Svalbard Branch (or Atlantic Water boundary current) which follows the south-east side of the plateau (Renner et al., 2018), the Yermak Branch which circles anticyclonically around the Yermak Plateau, and the Yermak Pass Branch across the Yermak Plateau (Koenig et al., 2017). The Yermak Plateau is a local hotspot for vertical mixing affecting the primary production and hence the zooplankton production in the area (Padman and Dillon, 1991; Rudels et al., 2000; Daase and Eiane, 2007). The Floe 1 drift of the N-ICE2015 expedition lasted 38 days in January-February, passing over the Nansen Basin and the northern edge of the Yermak Plateau in deep waters (>3,000 m depth; Table 1). The Floe 2 drift lasted 24 days and passed over deep water in the Nansen Basin during February-March. The Floe 3 drift lasted the longest, for a period of 49 days from April to the end of May, from the northern slope of the Yermak Plateau to the southern edge of the Plateau. The majority of the zooplankton samples were collected during this third drift, which occurred in waters of 1,000–2,000 m depth with a shallower mixed layer and higher water temperatures than further north-east (Meyer et al., 2017b). Finally, the Floe 4 drift lasted 16 days and covered a similar track southeast of the Floe 3 drift over the Yermak Plateau. More details for each floe drift can be found in Meyer et al. (2017b).


TABLE 1. Sampling stations for zooplankton with nets of mesh size 200 μm during N-ICE2015.
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Water Masses, Chlorophyll a in Water Column and in Ice Cores

Six different water masses were identified using the classification by Rudels et al. (2000): Polar Surface Water, warm Polar Surface Water, Atlantic Water, Modified Atlantic Water, Intermediate Water, and Nordic Deep Water. For details, see Hydrography and Water Masses in Meyer et al. (2017b). The water-mass analyses were based on data from the ship CTD (Sea-Bird Electronics SBE911) and IAOOS buoys profiler (MSS-90 microstructure profilers). Mixed-layer depth was defined based on seasonal density criteria: in winter, it was defined as the depth in each profile where the potential density first exceeded the density at 20 m depth by 0.01 kg m–3. In spring, it was defined as the depth in each profile where the potential density first exceeded the near-surface value by 0.003 kg m–3 (see Meyer et al. (2017a) for details). Seawater samples for chlorophyll a (Chl a) were collected with 8 L Niskin bottles attached to a Sea-Bird rosette water sampler. A known volume of seawater from distinct depths was filtered on 25 mm GF/F filters (Whatman). Chlorophyll a was extracted in 100% methanol for 12 h at 5°C and measured fluorometrically using a Turner Fluorometer 10-AU (Turner Design, Inc.). Phaeopigments were also measured by fluorescence after acidification with 5% HCl (Holm-Hansen and Riemann, 1978). Chlorophyll a was measured, in the same manner as for seawater, from the bottom 10-cm layer of ice cores collected during 10 February-19 June. Sectioned cores were put into cleaned opaque plastic containers with lids and melted overnight at room temperature without addition of filtered seawater (Rintala et al., 2014).



Zooplankton Sampling and Taxonomical Analyses

Mesozooplankton was sampled from 10 February to 19 June (Table 1). Samples from the water column were collected during the entire study period with a Multiple Plankton Sampler (MultiNet type Midi, Hydro-Bios Kiel), consisting of five closing nets with 0.25 m2 square opening and 200 μm mesh size, pulled at a speed of about 1 m s–1. During 7–21 March, ice conditions were so severe that it was impossible to keep an opening in the ice next to the ship for deployment of the MultiNet. During this period, a WP-2 ring net with opening of 0.25 m2 and 200 μm mesh size was used instead, and samples were taken from four layers down to 1,000 m depth. Samples from underneath the sea ice were collected by scuba divers from 21 April to 19 May by use of a hand-held square net (25 cm × 25 cm, 0.125 m2) with 200 μm mesh size net bags. Horizontal transects of 80 m, swimming at about 1 m s–1 from the dive hole with return, were conducted at 0, 1, and 5 m below the sea ice, with three replicates per depth. Samples for taxonomical analyses were preserved with a 4% hexamethylenetetramine-buffered seawater formaldehyde solution immediately after collection.

All nets had the same mesh size, but net selectivity for the swim net is likely different from the vertically-hauled nets (MultiNet and WP-2). The swim net will sample more efficiently the water layer below sea ice, and results are therefore presented separately in tables and figures. The results from vertically-hauled nets are presented together, since their selectivity is similar, although the vertical resolution is more limited with the use of WP-2 net.

The organisms were identified and counted under a stereomicroscope equipped with an ocular micrometre, according to standard procedures (Harris et al., 2000; Kwasniewski et al., 2003). Typical mesozooplankters (organisms with total body length <5 mm, including most of Copepoda, juvenile stages of Pteropoda, Euphausiacea, Ostracoda, and Amphipoda) were identified and counted in sub-samples obtained from the fixed sample volume by pipette (approximately 500 individuals). Large zooplankters (organisms with body length >5 mm, including the largest Copepoda, Pteropoda, Euphausiacea, Ostracoda, Amphipoda, Decapoda, Appendicularia and Chaetognatha) were sorted out and identified from the whole sample. The three different Calanus species were differentiated based on morphology and prosome lengths according to Kwasniewski et al. (2003). Correct determination of C. finmarchicus and C. glacialis has been improved with genetic testing (Gabrielsen et al., 2012; Choquet et al., 2018), with some discrepancies relative to prosome length-based identification of the two species (Kwasniewski et al., 2003). However, it is assumed that the number of mis-determinations for this study is low (<10%) because the most northern Calanus spp. has clearer separation of their prosome length ranges (Choquet et al., 2018).

Calanus nauplii are not possible to determine to species according to size (Daase et al., 2011). Additional molecular analyses of Calanus nauplii were therefore conducted to identify which species being the main recruitment contributor. DNA was extracted following the HotSHOT protocol and species identification was done using six nuclear markers type InDels (Insertion or Deletion motifs) scored on a 3500xL genetic analyser (Applied Biosystems); see Smolina et al. (2014) and Choquet et al. (2017) for further methodological details. Up to 100 Calanus nauplii were randomly picked and analysed from each depth strata in June (the peak nauplii season). From these nauplii, the proportions of nauplii belonging to each of the Calanus species were calculated and applied to the quantitative community samples to estimate the abundance. Nauplii species were also determined genetically in February to see which Calanus species were producing eggs in winter.

Abundances of zooplankton were converted to biomass based on established conversion factors for zooplankton taxa (Hop et al., 2019b). Cnidarian and Ctenophores are listed with abundances only, and were not included in the calculations of total biomass because they were not sampled representatively by the MultiNet and have no reliable biomass conversion factors.



Lipid Content

Lipid content was measured for specimens of all three Calanus species that were picked out from samples from depth layers varying between 0 and 600 m. Copepods collected from 10 March to 3 June were photographed from lateral view through a stereo microscope (Leica MSV266) equipped with a photo adapter and a Leica MC170 HD camera. Lipid sac area and prosome length were measured from the pictures using imageJ (Schneider et al., 2012). Total lipid content (TL, mg) was estimated from lipid sac area (A, in mm2) with equation from Vogedes et al. (2010):
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Data Treatment and Statistics

A canonical correspondence analysis (CCA) using CANOCO v5 (ter Braak and Šmilauer, 2002; Greenacre, 2016) was performed to reveal relationships between distribution of mesozooplankton and environmental variables. CCA is a constrained ordination analysis of taxon data, where the imaging of the taxa distribution pattern is constrained by the relationship between the taxa’s occurrence and environmental factors established using a linear model. The mesozooplankton abundance matrix used as input in the CCA included 111 taxa in 63 depth-stratified samples. The original data were used without transformation. The environmental variables included in the analysis were: date (Julian day), distance to shelf break (nm), mean depth of sampled layer (m), salinity, mean water temperature (°C) in sampled layer, water column Chl a (mg m–2), and Chl a concentration in the bottom 10 cm of ice (mg m–3). The contribution of the environmental variables was evaluated using Monte Carlo permutation test with 999 permutations and only variables that significantly (p < 0.05) explained the species composition were included in the CCA ordination model. The length of the environmental arrows and their orientation on the biplot indicate the relative importance of the variable to each axis, and the angle between arrows indicates the correlation between individual environmental variables. The distance between the samples (circles) approximates the dissimilarity of their species composition measured by the Euclidian distance. The closer the samples are clustered together, the more similar their species composition. For simplicity, only the 25 species with the largest fit value to the axis are shown.



RESULTS


Seasonal Changes in Water Masses, Chlorophyll a and Zooplankton Abundance

During winter, the N-ICE drift was in an area showing classic Arctic Ocean properties: a cold (<0°C) relatively fresh and deep mixed Polar Surface Water down to 100 m, warmer and more saline Atlantic Water and Modified Atlantic Water between 100 and 500 m, and Intermediate Water and Nordic Deep Water down to 1,000 m depth and below (Figure 2).
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FIGURE 2. Chlorophyll a standing stock of phytoplankton (mg m–2) and ice algae in the bottom 10 cm of sea ice (mg m–3) during the N-ICE2015 drift (upper panels). Vertical distribution of water masses and abundance of key zooplankton species at different depth ranges: 0–50 m, 50–200 m, 200–600 m, and 600 m to deepest sample. Water-masses are labelled by colour: Atlantic Water (AW), Modified Atlantic Water (MAW), Polar Surface Water (PSW), warm Polar Surface Water (PSWw), Intermediate Water (IW) and Nordic Deep Water (NDW) following definitions by Rudels et al. (2000). Lack of colour indicates a lack of hydrography data, most notably between drifts and at depth. Overlain the water masses colour scale is a contour of the mixed-layer depth (black line). Zooplankton abundance axes are scaled to fit each figure, for better discrimination between groups, with the sum of abundance (ind. m–3) indicated above bars. Seafloor depth indicating topographic features is shaded in grey.


Hydrographic conditions changed significantly after 25 May, when the ship drifted over the Yermak Plateau (800–1,000 m depth), where the Atlantic Water was thicker and closer to the surface, while the mixed surface layer was thinner, fresher and warmer. The standing stock of Chl a in the surface water started to increase from early May, with the steepest increase happening after 25 May when the mixed layer was thinner, reaching maximum concentration on 31 May with 200 mg Chl a m–2. The highest surface values of Chl a reached 7.5 μg L–1 on 2 June (Assmy et al., 2017). The Chl a in the bottom layer of the sea ice started to increase from early May, peaking on 24 May with 11.6 mg m–3 in the bottom 10-cm sea ice.

The most pronounced change in zooplankton community was the appearance of the large calanoid copepods Calanus finmarchicus, Calanus glacialis as well as copepod nauplii in surface waters from early May (Tables 2A, 3). The CI and CII stages of copepods that showed the earliest increase in surface waters were those of Calanus hyperboreus, whereas those of C. glacialis appeared a week later. The largest increase in copepod nauplii was observed just after the peak in Chl a standing stock, on 9 June (Figures 2, 3A). However, from samples collected by divers from right below the sea ice, the increase in Calanus nauplii had already started in early May (Figure 4). The total abundance of copepods (excluding nauplii) in MultiNet samples from the upper 50 m varied from 12 to 380 ind. m–3 from February until the end of May and then increased rapidly to 1950 ind. m–3 on 19 June, mainly due to an increase in abundance of C. finmarchicus and C. glacialis (Table 2A and Figure 3A), which reached 1440 and 160 ind. m–3, respectively. Calanus hyperboreus contributed less to abundance (about 30 ind. m–3 from 31 May), but more to biomass because of its size (Figure 3B). Part of the zooplankton proliferation in the surface 50 m in June was due to presence of small species, such as Oithona similis (230 ind. m–3), Microcalanus spp. (45 ind. m–3) and Pseudocalanus spp. (36 ind. m–3), which were also collectively abundant (140 ind. m–3) in the intermediate layer from 50 to 200 m (Table 2B and Figure 3A).


TABLE 2. Abundance of main zooplankton taxa (ind. m–3) in the Arctic Ocean at 0–50 m depth (A), 50–200 m depth (B), and 200 m to near bottom (C).
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TABLE 3. Zooplankton taxa abundance (ind. m–3) for swim-net samples collected by divers from 21 April to 19 May 2015.
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FIGURE 3. (A) Abundance (ind. m–3) and (B) biomass (dry mass, mg m–3) of main zooplankton taxa sampled with plankton nets (MultiNet and WP-2) in different water layers (depth ranges) from 10 February to 19 June, 2015. Note variations in scale for the different depth layers. The bottom depth on 19 June was 548 m.
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FIGURE 4. Abundance (ind. m–3) and biomass (dry mass, mg m–3) of main zooplankton taxa in the upper 5 m below the ice, collected with swim nets by scuba divers, from 21 April to 19 May 2015.


Other zooplankton species in the upper 50 m included the hyperiid amphipod Themisto abyssorum and appendicularians Oikopleura spp. In June, meroplankton increased in abundance when the ship drifted closer to the continental shelf (Figure 3A). Cirripedia dominated the meroplankton, followed by larvae of Polychaeta, and Echinodermata. Juvenile forms of Euphausiacea and Pteropoda (Limacina helicina), and Ostracoda were present in moderate numbers in most of the water column during the entire sampling period (Tables 2A–C).

The species composition and abundance of zooplankton in the two deepest layers (200–600 m and 600-bottom) changed little throughout the seasons (Figures 2B, 3A). The total abundance of copepods below 200 m varied from 36 to 76 ind. m–3 (Table 2C). The deep samples were dominated by smaller species (body length <1 mm) such as Oithona similis, Triconia borealis and Microcalanus spp. as well as by typical deep-water and large-bodied species, such as Heterorhabdus norvegicus, Gaetanus brevispinus, Paraeuchaeta norvegica and several Spinocalanus species. Other zooplankton was represented mainly by chaetognaths (Eukrohnia hamata), Oikopleura spp., Euphausiacea nauplii and larvae, and, to a lesser extent, by adult Thysanoessa inermis (Table 2C).

The biomass contributions of smaller copepods were minor despite their high abundance, while that of larger copepods dominated. In the surface waters (0–50 m), the increase in biomass in late May was mainly attributed to increased abundance of C. finmarchicus and partly C. glacialis (Figure 3B). This increase could be seen in mid-May in the intermediate layer (50–200 m) and in early May in the deepest layers (200 m-bottom). The increase in C. finmarchicus was especially large at the last sampling station on 19 June (Tables 2A,B and Figure 2), when the drift had approached the shelf break and the core of the Atlantic Water inflow. In the intermediate layer between 200 and 600 m, other zooplankton such as Clione limacina and Thysanoessa spp. together with larger copepods Paraeuchaeta spp. and C. hyperboreus contributed most to the overall mesozooplankton biomass. The biomass in the intermediate layer ranged from 15 to 51 mg m–3, except for low values on 21 March, when the ship was frozen completely into the sea ice and net sampling became difficult (Table 2). Biomass in the deepest layer ranged from 5 to 20 mg m–3 during winter, with an increase in late April to 54 mg m–3, which also corresponded to a change in the location of the ship from deeper to shallower waters (Figure 2). Metridia longa, Paraeuchaeta spp. and E. hamata, comprised a large fraction of the total biomass, and typical deep-water species H. norvegicus, G. brevispinus, and P. norvegica were also present (Supplementary Table 1).



Zooplankton Distribution in Relation to the Environmental Variables

The CCA showed that six of the tested environmental variables significantly explained the species distribution (Table 4). The total variation (inertia) was 2.318 and together these variables account for 48.7 % of the variance in the species distribution. Salinity explained the largest part (19.6%) followed by mean depth (8.5%), standing stock Chl a in the upper 50 m (7.2%), Chl a in the bottom 10 cm sea ice (6.3%), temperature (4.1%) and date (3.0 %). The first and second canonical axes explained 48.8 and 19.9% of the variance in the species data restricted by the environmental variables and 23.8 and 9.7 % of the total variance, respectively. Mesozooplankton in the surface waters (Figure 5A, blue and green sample marks) showed two distribution patterns, illustrated by the presence of two clusters, where the late May and June samples differed from the samples earlier in the season, and their arrangement was strongly related to the concentration of Chl a in the upper 50 m. In contrast, mesozooplankton in waters deeper than 200 m, and especially below 600 m (Figure 5A, purple and black sample marks), did not change much from winter to spring with the environmental factors studied, which is documented by the grouping of all samples collected in deep waters into one cluster.


TABLE 4. Results of forward selection of environmental variables in CCA analysis.
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FIGURE 5. CCA biplots of (A) samples of mesozooplankton abundance (coloured circles) and environmental variables (arrows) and (B) species and environmental variables (arrows). Environmental variables are listed in Table 4. The first canonical axis explains 49% of the variation explained by the selected environmental variables. The second axis explains 20% of the variation explained by the selected environmental variables. In panel (A), the size of the sample circles reflects the count of species within the sample, the greater the size the higher species diversity within that sample. Samples from different depth layers are in different colours. The different colours of the species in panel (B) indicate the predominant trophic level of that species; herbivores are marked in green, carnivores in red and omnivores in blue and undefined in black. For simplicity reasons, only the 25 species with the largest fit value to the axis are shown. Some of the species’ names are given as abbreviations, the full names are given in Supplementary Table 2.


Temporal and spatial distribution of zooplankton species was also assessed with regards to their trophic levels, determined from literature (i.e., main trophic level of a species during spring-summer, even though it may change seasonally), with three groups: herbivores, carnivores and omnivores identified (marked green, red and blue, respectively, in Figure 5B). Surface samples in spring were typically dominated by herbivores such as Calanus spp., and larval stages of euphausiids (calyptopis and furcilia). Cirripedia nauplii were present in these spring samples as well, but absent from all deep samples and surface samples earlier in the season. The deep-water samples showed larger species diversity and were characterised by omnivorous species such as Gaetanus tenuispinus, Scaphocalanus magnus, Neomormonilla minor, Spinocalanus spp., Oncaea spp., Pseudocalanus spp. and Metridia longa, as well as carnivorous species, such as Paraeuchaeta spp. (including females of three species, P. norvegica, P. glacialis and P. barbata).



Lipid Stores and Reproduction in Calanus spp.

Calanus finmarchicus was present in low numbers in February and March, dominated by copepodids of stage IV and V (CIV and CV), likely overwintering stages, and a few adult females were also present (Supplementary Figure 1). Calanus glacialis was similarly distributed with depth and represented by similar stages as C. finmarchicus throughout winter and spring, but was more concentrated in surface waters compared to C. finmarchicus from mid-May. Calanus finmarchicus females peaked in abundance later than C. glacialis, and female C. glacialis were largely gone by the end of May when the phytoplankton biomass peaked. Few lipid data on C. finmarchicus CV and females were collected before June, but a distinct increase in lipid content from low winter values (March) was observed when algal food arrived in June (Figure 6). For C. glacialis, no trend in lipid content could be identified during the winter-spring transition, and samples varied considerably. Calanus hyperboreus was generally distributed deeper than the other two Calanus species and at lower abundance, but aggregated at the surface after mid-May, after which both CVs and females increased their lipid reserves (Figure 6). The amount of lipid reserves was most related to size of the specimens as indicated by prosome length, with C. finmarchicus being the smallest, C. glacialis intermediate, and C. hyperboreus the largest and most lipid-rich of the species (Supplementary Figure 2).
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FIGURE 6. Total lipid in stage CV and AF (adult females) of three Calanus species over time, collected from the upper water column along the drifts (bottom depth of collection tow varies between 600 and 50 m). Boxplots present the following data: rectangle extent indicates the interquartile range (IQR), the 25 and 75% percentile, the middle line indicates the 50% quantile (the median), the whisker length extends to the last value within 1.5*IQR, and outlier points beyond this are indicated as points.


Young stages of C. hyperboreus (CII-CIII) were present in deep water (>200 m) from February, whereas CI appeared in the upper part of the water column at the end of April (Supplementary Figure 1). This coincided with the arrival of copepod nauplii in the upper 50 m beneath the sea ice from late April (Table 2A). Their abundance increased to 236 ind. m–3 in the 5-m layer below the ice at the beginning of May (Table 3 and Figure 4). Copepod nauplii reached approx. 1,000 ind. m–3 in the upper 50 m in early June (Table 2A). Thus, most of the seasonal signal was associated with the upper water layers, with the largest increase toward the end of the expedition (after 31 May), when the abundance of zooplankton (nauplii and larval forms excluded) increased rapidly from 390 to 1940 ind. m–3 in the upper 0–50 m layer and from 170 to 650 ind. m–3 in the 50–200 m layer below.

Molecular identification of Calanus nauplii in June showed that C. finmarchicus nauplii totally dominated in the upper 600 m with only a few C. hyperboreus and C. glacialis nauplii present in the upper 100 m (Figure 7). Calanus nauplii below 600 m depth were all identified as C. hyperboreus, and those present in April were mostly of the same species. Copepodid stages CI and CII peaked in surface waters by 31 May for C. hyperboreus and then a week later for C. glacialis. All young stages of C. finmarchicus increased in surface waters from 9 June at the onset of Floe 4 drift, which was still over 2,000 m depth but closer to the shelf and with the influence of Atlantic Water higher in the water column (Figure 2).
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FIGURE 7. Abundance (ind. m–3) of Calanus nauplii sampled with MPS from bottom to surface in five depth layers on 16 June, 2015. Species composition estimated from genetically identified samples collected with MultiNet from the same depth layers immediately after the community samples (Figure 3).




DISCUSSION


Changes in Zooplankton Community From Winter to Spring

During the N-ICE2015 sea ice drift, we moved from thicker pack-ice conditions above deep waters in winter to thinner ice near the outer ice edge and shelf during late May. Mesozooplankton in the upper and midwater layers consisted of advected Atlantic expatriates, such as C. finmarchicus, Scolecithricella minor, Heterorhabdus norvegicus and Oithona atlantica. The Atlantic Water core follows the continental slope north of Svalbard at depths from below the mixed layer down to 800 m depth (Meyer et al., 2017b), and we likely drifted into an area of more C. finmarchicus with a mixed assemblage of young stages, in late May-early June. The increase in C. finmarchicus and other zooplankton in late May and early June most likely reflected the vessel’s drift over an area with more Atlantic Water inflow combined with zooplanktons vertical seasonal migration to the surface in time for the rising primary production in surface waters.

Calanus finmarchicus is transported with Atlantic Water into the Arctic, and about 30% of its abundance likely continues eastwards in the Atlantic Water boundary current (Basedow et al., 2018; Hop et al., 2019a). The zooplankton is eventually carried into the Nansen Basin and the central Arctic Ocean (Kosobokova et al., 2011), with diminishing contribution by C. finmarchicus being subsequently replaced by C. glacialis and C. hyperboreus toward the central Arctic Ocean (Hirche and Mumm, 1992; Mumm et al., 1998; Kosobokova and Hirche, 2009; Ershova et al., 2021).

The variation in copepods and other zooplankton in the deep layer observed in this study likely reflected spatial changes including ocean depth due to our drift rather than seasonal and temporal patterns. However, some reduction in abundances of C. glacialis and C. finmarchicus were observed in the deeper layers when these species increased in the upper layers after mid-May (Supplementary Figures 1A,B).

Holoplanktonic Ostracoda, which are typically mesopelagic, were more abundant in deeper water and toward the end of the drift. Presence of meroplankton, the larval stages of benthic organisms, from Echinodermata, Gastropoda and Cirripedia, likely coincided with the drift over the Yermak Plateau (<1,000 m), and toward the continental shelf with the resultant proximity to benthic communities.

The sub-ice layer of ice algae started to develop in the area in late April (Kowalczuk et al., 2017), with rapid increase in algal biomass from mid-May below both first-year and second-year sea ice, and with maximum biomass around 21–23 May (Olsen et al., 2017). Ridges of first-year ice and infiltration layers between ice and snow are important habitats for ice algal growth, and the peak in Chl a biomass was found in ridges in the middle of May (Fernández-Méndez et al., 2018). The pelagic bloom peaked in early June, about 2 weeks after the peak of the ice-algal bloom (Assmy et al., 2017). The sudden increase in Chl a at the end of May coincided with a distinct change in the hydrographic conditions as the research vessel drifted south over the Yermak Plateau, where the Atlantic Water layer was thicker, reaching closer to the sea ice, with a very thin layer of fresh and cold water from ice melt on top. In June, the high Chl a in sea ice reflected infiltration by phytoplankton as well as accumulation of detritus (Kowalczuk et al., 2017).

The ice algae build-up in the ridges in mid-May and a week later below flat ice might have fuelled the reproduction of Calanus species and the following growth and development of nauplii observed in May. The reproductive success of some herbivorous zooplankton, such as C. glacialis, depends on a match between the timing of ice algae and phytoplankton blooms and specific life-history events, with ice algae fuelling gonad maturation and egg production, and the phytoplankton bloom providing food for development and growth of the succeeding offspring (Søreide et al., 2010). Females of C. glacialis likely benefitted from the ice algae bloom, rather than the phytoplankton bloom. Very few C. glacialis nauplii were present in June, and females had disappeared by mid-May, one to two weeks prior to the peak phytoplankton bloom. Calanus glacialis can switch from capital to income breeding when food becomes available, and the maximum potential for income breeding was therefore most likely not achieved for C. glacialis in this region. The larger C. hyperboreus is known to reproduce in winter, decoupled from the spring bloom (Hirche, 1997; Halvorsen, 2015). This is supported by our finding of nauplii and younger copepodids of this species in February. The presence of C. hyperboreus nauplii as late as June is interesting since this suggests that this species can produce eggs from November to June in this region (Halvorsen, 2015; this study) or potentially this could be explained by two different C. hyperboreus populations that co-exist in this area, one local and one advected with different timing of reproduction.

Spawning in the upper water layer underneath the ice likely happened in C. glacialis and C. hyperboreus before the algal bloom. At low ambient temperatures, e.g., in Polar Surface Water (<0oC), it takes about a week from spawning to egg hatching and another 10 days for the nauplii to develop to the first feeding stage, N3 (Daase et al., 2011; Weydmann et al., 2015). Species identification of younger developmental stages of Calanus needs to be validated by molecular methods, since there is a potential for misidentification (Daase et al., 2011; Gabrielsen et al., 2012; Choquet et al., 2017). Samples collected by scuba-divers underneath the ice showed an increase in copepod nauplii already in the beginning of May, during the early part of the ice algal bloom. The increase in copepod nauplii in the upper water column was also seen in samples from vertical net hauls from mid-May onward. The nauplii subsequently increased in surface waters until the beginning of June, in the wake of the peak in Chl a standing stock, providing a continuous supply of Calanus nauplii due to differences in timing of egg production among the three species.

The copepod nauplii observed in May most likely were C. glacialis, while those detected in June were genetically identified as C. finmarchicus and were three to five times more abundant in the water column. The North Atlantic C. finmarchicus is known to reproduce later than the Arctic shelf species C. glacialis, since it relies on freshly ingested food for egg production (Hirche, 1990; Swalethorp et al., 2011). In our study, C. glacialis females peaked in abundance earlier than C. finmarchicus, which is in line with this sequence in reproduction. The dominance of C. finmarchicus in this study, however, was likely due to the influence of Atlantic Water in this region and the continuous supply of C. finmarchicus from northward flowing Atlantic Water (Basedow et al., 2018).



Timing of Seasonal Vertical Migration

The large herbivorous Calanus spp. copepods perform seasonal vertical migration, overwintering at depth (Hirche, 1997; Falk-Petersen et al., 2009; Darnis and Fortier, 2014), while the omnivorous copepods, such as the large-bodied Metridia longa and small-bodied Oithona similis, Triconia borealis and Microcalanus spp. are believed to remain active year-round, not carrying out extensive seasonal migration (Lischka and Hagen, 2005). During the spring, Calanus spp. ascend to the upper water layers, but the timing varies with latitude and environmental conditions (Ashjian et al., 2003; Daase et al., 2013; Darnis and Fortier, 2014). Their ascent is most likely triggered by changes in light levels (Cohen et al., 2015), but could also be influenced by intrinsic factors, such as the circadian clock (Häfker et al., 2017, 2018), and the depletion of lipid reserves (Falk-Petersen et al., 2009). Zooplankton, and Calanus spp. in particular, are also known to perform diel vertical migrations (DVM), which are coordinated during winter-spring, but uncoordinated, limited or non-existent during the Arctic summer (Blachowiak-Samolyk et al., 2006; Cottier et al., 2006; Berge et al., 2009). Our sampling was generally during the day and not set up to account for DVM; this could have contributed to larger variability in our stratified samples, but not influenced the overall seasonal patterns. The three Calanus species overwinter at different depths in the study area, with C. hyperboreus descending to the deepest horizons (below 1,000 m in some areas, less in others), C. finmarchicus going less deep (600–1,000 m) and the shelf-species C. glacialis staying within the upper 300 m (Hirche, 1997; Vinogradov, 1997; Ashjian et al., 2003; Falk-Petersen et al., 2009; Darnis and Fortier, 2014). Calanus hyperboreus and C. glacialis can overwinter in the Arctic Ocean. The situation for C. finmarchicus is uncertain (Kosobokova et al., 2011), although we found overwintering stages in our samples from the Nansen Basin. The currently known overwintering region for the populations found in this study likely extends along the continental slope from northern Norway to Spitsbergen, in the eastern regions of the Norwegian and Greenland Seas (Halvorsen et al., 2003; Edvardsen et al., 2006).

The different centres of distributions for zooplankton species, their respective depths of overwintering and subsequent advection during early spring may affect their seasonal appearances in the Arctic Ocean, particularly in the upper water masses. Calanus spp. advected from the south are likely more advanced in their development than Arctic-hatched Calanus, which may influence the stage composition (Supplementary Figure 1). Our data indicate seasonal changes in abundance down to 200 m, whereas below this depth the variability is more likely related to changes in geographical locations. The biomass of C. hyperboreus and C. finmarchicus started to increase at 50–200 m depth in early May and in the upper 50 m a week later, with rapid increase in abundance toward late May. The zooplankton “wake-up call” after overwintering at depth, thus, seems to be in early May in the European sector of the Arctic Ocean, followed by an increase in biomass in the upper part of the water column toward the end of May. The increases in Calanus nauplii and meroplankton were also attributable to the shelf and shallow water settings in spring, such as those at the Yermak Plateau. These coastal domains are generally much more productive than the deep oligotrophic Arctic Ocean domain (Wassmann et al., 2015).

The observed increase in copepod nauplii underneath the sea ice just prior to the ice algal bloom, and the high numbers of nauplii and young copepodid stages during the peak in pelagic Chl a, indicate a match between reproduction of the main herbivorous species and the ice algal and phytoplankton blooms in the study year. However, in addition to the timing of reproduction relative to the timing of blooms, the reproductive success also depends on the bloom magnitude, duration and quality (Daase et al., 2011; Leu et al., 2015). During the N-ICE2015 drift, the phytoplankton bloom beneath the pack ice was dominated by the haptophyte Phaeocystis pouchetii until early June when diatoms had increased to half of the standing stock (Assmy et al., 2017). Sediment trap samples revealed that the bulk of the collected material was P. pouchetii aggregates, and that the species export rates increased during the bloom. Few faecal pellets in the sediment trap samples indicated low grazing rates or potentially rapid degradation due to microbial activity (Svensen et al., 2012). Phaeocystis pouchetii is generally not considered palatable by zooplankton because of the formation of large aggregations and its chemical composition (including e.g., exopolymers), but it can be ingested by large copepods such as Calanus spp. (Njestgaard et al., 2007). The contribution by diatoms at the bloom peak was likely more important for the young stages of Calanus spp. Thus, the timing of seasonal vertical migration happens in anticipation of the presence of algal food, but what is available seems rather unpredictable. It was apparent in our study, particularly from the dive samples, that the Calanus copepods arrived below the sea ice before the ice-algal and phytoplankton blooms started.



Lipid Content and Match for Reproduction

The lipid content of Calanus spp. is related to individual body size, with the largest specimens having the highest lipid content (Falk-Petersen et al., 2009; Renaud et al., 2018; Supplementary Figure 2). The energy content of zooplankton is proportional to their lipid content, and together with species abundances indicate their share of the energy pool at the secondary trophic level. The most important storage lipid for these species is wax esters, which represent a high-energy lipid (Lee, 1975; Sargent et al., 1981; Sargent and Falk-Petersen, 1988; Vogedes et al., 2010). The biosynthesis of specific long-chained fatty acids and wax esters is a special adaptation of Calanus spp. and some other zooplankters to cope with the strong seasonality in food availability (Sargent and Falk-Petersen, 1988; Hagen and Auel, 2001; Graeve and Greenacre, 2020). Capital breeders, such as C. hyperboreus and C. glacialis, contain enough lipids for gonad maturation and egg production, and can spawn without feeding (Falk-Petersen et al., 1990; Varpe et al., 2009; Schultz et al., 2020). However, C. glacialis can switch to income breeding when food becomes available and typically use ice algae as a high-energy nourishment source during spring to ensure early gonad maturation and reproduction (Søreide et al., 2010; Leu et al., 2011). As an income breeder, C. finmarchicus is dependent on ingesting food, most preferably from phytoplankton (autotrophic protists) at the end of May-beginning of June, to fuel reproduction (Varpe et al., 2009). The increase in total lipid in Calanus from May to June may indicate that they fed on the abundant Phaeocystis pouchetii, even if this species is not a preferred diet item (Njestgaard et al., 2007). They could also have been feeding selectively on the less abundant diatoms. During the peak of the bloom, when diatoms contributed about half of the standing stock, they likely represented an important food source for the developing copepodids.



CONCLUSION AND OUTLOOK

Sea ice is retreating in the Arctic Ocean and the duration and thickness of ice cover are decreasing regionally, with longer periods of open water and more leads in the pack ice (Barber et al., 2015; Polyakov et al., 2017). Thinner sea ice facilitates more ice algal growth (Matrai and Apollonio, 2013), while more open water early in the season may result in less ice algae (Barber et al., 2015). Earlier sea-ice melting causes more light to penetrate in the water column and can result in early and possibly longer phytoplankton bloom below sea ice (Assmy et al., 2017; Pavlov et al., 2017). The question is whether this causes a mismatch for seasonal zooplankton ascent and reproduction (Søreide et al., 2010). Thinner ice, more melt ponds and leads imply that more light is transmitted into the water column. If this happens in early spring, it is likely to trigger an earlier “wake-up call” for zooplankton at depth. Berge et al. (2020) have shown that artificial light affects zooplankton behaviour down to 200 m depth, and changes in natural light conditions can likely be sensed by zooplankton even deeper. The winter-spring “wake-up call” for zooplankton, likely mediated by seasonal changes in light, caused zooplankton to increase rapidly in the upper water layers in late May, with reproduction timed for the onset of the plankton bloom. Thus, with less sea ice in the Arctic Ocean, we anticipate zooplankton to arrive earlier in the upper part of the water column to match earlier algal blooms. We also expect that the contribution of ice algae to zooplankton diet in the Arctic Ocean will become less important because of shortened duration of their presence and reduced availability of growth supporting substrate (the sea ice). This will likely favour, to various degrees, all three Calanus species since nutritious algal food will arrive earlier and the productive season will be longer enabling C. hyperboreus to shorten it’s life cycle. C. glacialis females to be present when food is plentiful to maximize egg production and C. finmarchicus to increase its likelihood to reproduce and grow large enough before the productive season ends. With continued ocean warming the life cycle of C. finmarchicus may be sustained in the Arctic Ocean. The deeper zooplankton fauna, below 200 m depth, is expected to persist into the future with little change in communities.
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Supplementary Figure 1 | Depth distribution of developmental stages of (A) Calanus finmarchicus, (B) C. glacialis, and (C) C. hyperboreus. Note that the scale of the abundance (ind. m–3) changes where there are red numbers.

Supplementary Figure 2 | Total lipid (mg) in relation to prosome length (mm) for Calanus finmarchicus, C. glacialis and C. hyperboreus, with their respective stages CIII-CV and adult females (AF).

Supplementary Table 1 | Zooplankton taxa abundance (ind. m–3) for each seasonal time period (drifts).

Supplementary Table 2 | Full taxon names of the abbreviated names used in Figure 5B.

Supplementary Table 3 | Abundance of main zooplankton taxa (ind. m–2) in the Arctic Ocean at 0–50 m depth (A), 50–200 m depth (B) and 200 m to near bottom (C). Sampling was done with MultiNet, except in March (drift 2), when samples were taken by WP-2 net from 0–85 m and 85–200 m. Both nets had mesh size 200 μm. In March, RV Lance was frozen into the sea ice, the echo sounder could not be operated and the bottom depth was not recorded but estimated from maps. The bottom depth exceeded 2,500 m for all three stations (∗).
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Thysanoessa longicaudata
Euphausiacea naupii & larvae

Dimophyes arctica
Agantha digiale
Beros cucumis
Eukrohnia hamata
Parasagita clegans
Pseudosagitta maxina
Okopeura spp.
Frilaria boreals
Polychasta lanvae
Echinodermata larvae

10-Feb

82800
18.7860

3071
200-50

40
30
30
50
30
10
20
40
10
10
10
10
10
60
10
10

00
00
00
10
00
10
00

00
00
00
20
00
00
10
00
00
00

7-Mar

83.2500
231500

2500°
20085

500
330
30
80
20
20
30
30
00
10
20
30
20
20
10
00

10
00
10
50
00
00
00

10
00
00
30
00
10
10
00
10
00

14-Mar

83.2500
231500

2500°

760
280
30
40
20
30
30
40
00
00
20
30
30
70
10
00

10
00
00
40
00
00
00

10
00
00
40
00
00
10
10
00
00

21-Mar

816233
192717
2
2500°
200-50

170
60
180
30
40
10
00
40
30
20
10
00
00
20
00
20

00
00
00
20
00
10
00

00
00
00
40
10
00
10
10
00
00

25-Apr

82,6350
87783
3
1438
200-50

430
100
70
20
10
10
40
60
20
10
10
10
10
40
10
30

10
00
00
40
00
10
00

10
00
00
40
00
10
00
00
00
00

3-May

819138
122657
3
1536
200-50

620
70
80
40
40
10
30
20
60
30
10
10
10
40
10
50

20
00
00
40
00
10
00

00
10
00
40
10
10
00
00
00
00

10-May

81,5844
10,6884
3
1809
200-50

1820
100
130
10
10
10
50
20
60
10
00
10
10
40
00
40

00
00
00
20
00
00
00

00
00
00
30
20
10
10
10
00
00

18-May

81.3216
9.4078
3
1310
200-50

1250
80
140
20
20
20
60
20
50
00
00
10
00
40
00
10

10
00
00
40
00
00
10

00
00
00
30
10
00
00
00
00
00

24-May

80,8976
85227
3
998
200-50

410
260
190
10
20
10
40
50
10
40
10
00
00
20
00
10

10
00
00
20
10
00
10

00
00
00
40
00
00

120
10
10
00

31-May

80,6982
64119
3
785
200-50

17.0
270
70
60
10
20
40
40
40
30
10
00
00
10
00
16.0

20
10
00
30
10
10
20

00
10
00
50
10
00
50
00
10
12,0

9-Jun

81,0045
14.8722
4
2017
200-50

230
240
130
1.0
20
100
50
30
20
10
10
10
10
00
10
350

10
00
00
30
10
00
10

10
10
00
30
00
00
30
10
20
70

16-Jun

805310
7.0412
4
835
200-50

9.0
430
260
40
140
60
50
40
90
20
10
10
00
10
10
190

10
00
00
20
10
00
30

10
00
00
40
20
00
10
10
10
20

19-Jun

80,1926
7.1560
4
548
200

540
833
83
13
43
163
30
27
a7
a7
10
00
00
00
o7
180

1.7
00
00
27
10
03
20

o7
00
03
40
00
00
23
13
00
180
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Date (2015) f0Feb  T-Mar  14-Mar  2-Mar  25-Apr  GMay  10-May  18-May  24-May Oi-May  oJum 16 19Jun
Latitude ON) 82280 83250 83250 81623 82635  B1914 B34 81322 8089 60698 81095  BOSI 80193
Longhude () 1878 28150 23150 19272 8778 12266 10688 9407 853 6412 14872 7941 7.1
Dit 1 2 2 2 3 3 H 3 3 3 4 4 4
Bottom depth () 3071 2000 200 2500° 1438 1536 1809 1310 908 785 2017 85 58
Sampled depth () 2600-200 1000-200 1000-200 1500-200 1300-200 1600-200 1700-200 1250-200 900-200 730-200 1900-200 730-200 500-200
Copepoda
Microcalans spp. 30 80 120 142 178 191 167 201 86 180 106 101 170
Metrida fonga 13 50 50 27 48 6 50 45 63 60 36 90 110
Triconia boreals 10 10 10 a5 78 73 a7 72 124 35 5 20 20
Paraeuchaeta spp. 25 40 40 03 53 50 55 56 36 55 40 43 40
Calanus hyperboreus 57 50 60 07 50 9 50 a4 36 30 40 8 30
Othona simits 12 a5 30 236 24 19 a7 52 10 10 12 20 10
Calanus finmarchicus 13 00 10 68 35 33 a6 49 36 as 14 60 20
Oncasa spp. 13 25 50 7 34 34 25 29 27 10 25 8 10
Pseudocalanus spp. 10 00 00 85 27 21 23 20 20 15 02 20 10
‘Spinocalanus spp. 10 20 35 7 25 24 20 20 6 10 12 10 0
Galarus giacials 08 05 00 10 0 o7 08 04 06 00 07 5 10
Other copepods 162 190 165 65 178 144 211 128 188 130 185 108 90
Copepoda naupli 10 10 10 40 10 "6 20 24 14 20 7 27 30
Other crustacea
Amphipoda Themisto abyssorum 03 10 05 03 10 03 03 10 16 02 02 5 10
Eusinus holmi 02 00 00 00 00 00 o7 00 00 08 08 00 0
‘Scina boreals 00 10 05 00 00 00 00 00 00 00 10 00 00
Gyciocars guieimi 08 00 00 00 00 o7 00 06 00 00 00 00 00
Euphausiacea Euphausiacea naupli 02 05 10 00 00 00 03 00 06 43 12 35 10
Thysancessa ongicaucata 0.0 05 00 03 00 00 10 00 00 00 00 08 10
Isopoda Isopoda a7 20 40 20 43 43 a5 30 63 83 50 70 60
Ostracoda Ostracoda 20 10 20 20 43 a7 40 30 51 63 3s 55 60
Other phyla
Gridaria Dimophyes arctica 02 10 10 34 10 08 10 10 10 10 10 10 0
Botrynema elinorae 10 10 10 00 10 10 10 06 10 10 10 10 00
Agantha dgitale 00 00 00 07 10 08 [ 04 10 08 02 08 10
Hydrozoa medusa 10 00 10 00 10 04 10 06 00 00 08 00 00
Beroe cucumis 00 00 05 00 00 04 03 06 04 08 00 08 10
Clone lmacina 00 05 00 00 06 06 5 12 04 8 00 8 00
Evkrohnia hamata 10 25 a5 14 40 43 a3 40 40 a5 a5 a8 40
Parasagita clegans 10 10 10 00 04 08 o7 10 00 00 08 00 00
Pseudosagita maxina 00 00 00 00 06 00 00 00 00 00 00 08 10
Chordata Okopleura spp. 8 15 20 03 04 10 7 06 06 10 10 8 20
Frttaria borealls 00 00 05 10 04 00 10 04 00 08 08 08 10
Polychasta lanvae 00 05 05 00 06 06 o7 06 06 00 00 5 10
Echinodermata lrvas 00 00 00 07 00 00 00 00 00 10 02 10 0

Sampling was done with MuliNet, except in March (dfift2), when samples were taken by WP-2 et from 0-85 m and 85200 m. Both nets had mesh size 200 mm. In March, RV Lance was frozen into the sea ice, the
‘echo sounder could ot be operated and the bottom depth was not recorded but estimated from maps. The bottom depth exceeded 2,500 m for all three stations (). For alternative values of abundance (ind. m~2),
see Supplementary Table 3.
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Date (2015)

Latitude (N)
Longitude ()

Bottom depth (m)
Sampled depth layer (m)

Copepoda
Calanus fismarchicus AF
Calanus fismarchicus CV
Calanus fismarchicus CV
Catanus glacialis AF
Catanus glacialis OV
Microcalanus spp.
Pseudocalanus minutus AF
Pseudocalanus spp. CV
Pseudocalanus spp. CIV
Oithona similis

Gopepoda naupli

Other copepods

Other taxa

Themisto libelluia
Mertensia ovum
Okopleura pp.

Other taxa.

21-Apr

82.0851
16.2825
2139
05
Mean  SD

000+000
002:+007
000000
000000
002007
329160
002:+007
007+0.14
007 £0.10

103.16  35.66

14.64 £3.02
0.49+004

004009
002007
0.16:+026
0.13+002

26-Apr.

82.4700
15.2001
1301
05
Mean & SD

016+0.17
004+009
029.+027
002007
002007
342167
1.47 £0.67
1.00 £ 0.24
0584058

159.53 % 39.92
17.68 £ 10.30

081£002

009018
047 £037
033024
031+004

1-May

819883
134717
1511
05
Mean  SD

0.02+007
000000
0.41£023
007£0.14
002007
258172
027+022
0244034
0164026

107.84 % 63.45
50.44 + 5787

038+004

0494088
1184 1.10
004000
031+003

3-May

819138
12.2657
1536
05
Mean £ SD

008015
005014
023036
005014
0.00+000
293275
058+066
038045
0.15+030

106.43  69.48
23656 + 202.36

0.43+004

015018
148 £0.93
028+037
0.05+0.01

7-May

817033
127117
1968
05
Mean  SD

002+007
004+009
0244024
000000
009018
1184045
043047
007 £0.10
004£009
4544 1751
13,58 + 6,63
013+002

007 £0.10
1.24 %090
018+ 0.19
007 001

9-May

815617
11.4717
1928
05
Mean £ SO

0.44.£057
064059
244£110
022034
031030
007 £0.10
027£030
041020
0094011
30711493
4.02£2.30
022001

1384151
1164084
1.47 £1.08
018003

11-May

814350
99644
1655
05
Mean  SD

1114095
060053
087 +052
038078
013047
007 £0.14
020026
024034
071£064
26364825
12.07 % 4.07
080+004

036028
084071
7.84£5.28
027 +002

13-May

813870
88033
1122
05
Mean & SD

168+ 1.17
289+205
491x211
0314036
009+015
016+0.19
424£224
031+033
0334032

12051 % 36.52
5424203
1.18 £ 0,09

0224029
044.£040
0.71+053
022+003

19-May

81.4267
91983
1235
05
Mean & SD

1,64 £2.05
1.51£1.16
318118
1624 2.49
058+065
000000
049+035
0184021
004009
48.96 +20.38
827 +5.45
909113

043047
053049
549258
024+003

Data given as mean and standard deviation for 3 repicates from just below sea ice (0 m), 1m, and 5 m depth (9 repicates in total for each samping event). Species that contributed <1 ind. m~ for al samples were.
grouped together as “Other copepods” and *Other taxa.”
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Explanatory variable Explained (%) Contributed (%) P

Salinity, mean for sampled layer 19.6 39.1 0.001
Depth (m), mean for sampled layer 8.5 17.0 0.001
Chla 50-0 (mg m~2) 7.2 145 0.001
Chl a bottom 10-cm ice (mg m—3) 6.3 12.5 0.001
Temperature (°C) 41 8.2 0.001
Date (Julian day) 3.0 5.9 0.001
Distance to shelf break (nm) 1.4 27 0.064

Total explained by selected variables 48.7
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Date (2015) Time Latitude [N] Longitude [E] Bottom depth (m) Ice floe Gear Depth intervals (m)

Depth stratified sampling of zooplankton

10.02 12:00 82.2799 18.7864 3071 1 MultiNet 2600-600-200-50-20-0
07.03 13:28 83.2500 23.1500 2500 2 WP-2 1000-600-200-85-0
14.08 15:03 82.1330 21.0170 2500 2 WP-2 1000-600-200-85-0
21.03 14:12 81.6233 19.2717 2500 2 WP-2 1500-600-200-50-20-0
25.04 16:00 82.4709 15.2901 1301 3 MultiNet 1300-600-200-50-20-0
03.05 11:30 81.9138 12.2657 1536 3 MultiNet 1600-1000-600-200-50-0
10.05 07:30 81.5344 10.6884 1809 3 MultiNet 1700-600-200-50-20-0
18.05 07:00 81.3216 9.4078 1310 3 MultiNet 1250-600-200-50-20-0
24.05 12:15 80.8976 8.5227 998 3 MultiNet 900-600-200-50-20-0
31.05 11:50 80.6982 6.4119 785 3 MultiNet 730-600-200-50-20-0
09.06 14:05 81.0945 14.8722 2017 4 MultiNet 1900-600-200-50-20-0
16.06 10:00 80.5310 7.9412 835 4 MultiNet 730-600-200-50-20-0
19.06 18:40 80.1926 7.1560 548 4 MultiNet 500-200-100-50-20-0
Under ice sampling of zooplankton

21.04 15:00 82.9351 16.2825 2139 3 Swim-net 0,1&5

25.04 13:00 82.4272 15.2857 1342 3 Swim-net 0,1&5

01.05 14:00 81.9883 131717 1511 3 Swim-net 0,1&5

03.05 10:30 81.9138 12.2657 1536 3 Swim-net 0,1&5

07.05 13:30 81.7033 12.7117 1968 3 Swim-net 0,1&5

09.05 14:00 81.5617 11.4717 1928 3 Swim-net 0,1&5

11.05 156:30 81.4359 9.9644 1655 3 Swim-net 0,1&5

13.05 14:00 81.3870 8.8033 1122 3 Swim-net 0,1&5

19.05 15:00 81.4267 9.1983 1235 3 Swim-net 0,1&5
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Date (2015)
Latitude (°N)
Longiude PE)

ort

Bottom depth (m)
‘Sampled depth (m)
Gopepoda

Other crustacea
Amphipoda
Ostracoda
Cirriped
Euphausiacea

Other phyla
Cnidaria

Ctenophora

Chaetognatha

Chordata

Mollusca
Echinodermata
Annelida

Catanus finmarchicus
Oithona simills
Catanus glacialis
Galanus hyperboreus
Pseudocalanus spp.
Microcatanus spp.
Metrida longa.
Tiiconia borealis
Paracuchasta spp.
Oithona atlantica
Spinocalanus spp.
Oncaea spp.
Scolecithricella minor
Heterorhabolus norvegicus
Other copepods.
Gopepoda naupli

Themisto abyssorum
Apherusa giacialis
Ostracoda
Ciripedia naupli
Thysanoessa longicaudata
Euphausiacea naupli

Aglantha digitale
Dimophyes arctica
Beroe cucumis
Mertensia ovum
Eukrohnia hamata
Parasagitta slegans
Pseudosagta maxima
Oikopleura spp.
Fiilara borealss
Limacina helcina veliger
Echinodermata anvae
Polychaeta larvae

10-Feb

82.280
18.786
1
3071
50-0

1.0
28
08
04
06
14
10
04
00
00
10
04
00
00
22
10

06
00
6
00
00
00

00
00
00
00
12
00
00
00
00
00
00
0.0

7-Mar

83.2500
231500
2
2500°
850

20

1020
20
20
20
20
20
10
50
00
20
10
10
10
50
00

10
00
60
00
00
00

00
00
00
00
20
00
00
20
10
00
00
0.0

14-Mar

83,2500
23,150

2
2500°
80

20
620
20
10
00
50
30
00
30
10
00
00
10
00
30
00

10
10
20
00
00
00

10
00
00
00
10
00
00
10
00
00
00
00

21-Mar

816233
19272

2

2500°
50-0

76
76
16
22
36
78
62
14
28
12
10
10
06
10
92
10

10
10
40
00
06
00

06
10
06
00
40
00
06
00
06
00
00
04

25-Apr

82,6350
87783

3
1438
50-0

28
1306
10
14
18
150
34
30
14
18
08
04
00
00
16
468

06
00
24
00
00
00

00
00
00
00
04
00
00
04
00
00
00
00

3-May

819138
122657

3

1536
50-0

40

1720

20
40
60
20
40
20
50
1.0
10
1.0
10
00
1.0
50

10
00
20
10
00
00

1.0
00
00
00
30
00
00
10
00
00
10
0.0

10-May

815344
10,6884

3
1809
500

68

1128

a6
14
36
80
18
14
22
1.0
04
04
00
00
24
360

00
00
06
00
06
00

06
00
00
00
14
00
00
86
00
12
04
00

18-May

813216
0.4078

3
1810
500

126

1232
60
24
36
78
10
36
12
12
12
12
00
04
a6

1816

08
00
a6
00
06
06

00
00
00
00
28
06
00
44
00
00
00
00

24-May
80,8976
85227
3
998
50-0

662
116
54
66
1.4
64
08
18
12
04
04
04
00
00
08
492

06
00
16
10
00
00

00
04
00
00
06
00
00

1442
00
00
00
06

31-May
80,6982
64119
3
785
50-0

2002
8.6
270
32

44
a2
52
24
04
04
00
00
00
04
20
4192

14
00
18
10
00
36

04
00
00
00
30
06
00
52
00
00
58
68

9-Jun

81.0945
148722
4
2017
50-0

3154
%6
1288
206
17.4
40
a4
a4
00
08
06
00
08
08
06
1050.4

16
00
06

34
06

2.4

00
04
08
20
46
06
00

692
190
06
106
3.0

16-Jun

805310
7.9412
4
835
500

6512
149.0
267.0
262
212
24
08
00
00
00
00
00
00
04
24
550.2

16
00
12
22
00
138

06
04
00
00
30
12
00
60
22
06

%38
0.0

19-Jun

80,1926
7.1560

548
500

1439.0
2306
1586
%4
450
24
34
20
00
54
00
00
00
00
08
5502

28
00
00
24
06
70

00
00
00
00
24
00
00
88
56
12

550
00





