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The Arctic Ocean is changing rapidly with respect to ice cover extent and volume, growth season duration and biological production. Zooplankton are important components in the arctic marine food web, and tightly coupled to the strong seasonality in primary production. In this study, we investigate zooplankton composition, including microzooplankton, copepod nauplii, as well as small and large copepod taxa, and primary productivity in the dynamic Atlantic water inflow area north of Svalbard in May and August 2014. We focus on seasonal differences in the zooplankton community and in primary productivity regimes. More specifically, we examine how a shift from “new” (nitrate based) spring bloom to a “regenerated” (ammonium based) post bloom primary production is reflected in the diversity, life history adaptations and productivity of the dominant zooplankton. North of Svalbard, the seasonal differences in planktonic communities were significant. In spring, the large copepod Calanus finmarchicus dominated, but the estimated production and ingestion rates were low compared to the total primary production. In summer, the zooplankton community was composed of microzooplankton and the small copepod Oithona similis. The zooplankton production and ingestion rates were high in summer, and probably depended heavily on the regenerated primary production associated with the microbial loop. There was clear alteration from dominance of calanoid copepod nauplii in spring to Oithona spp. nauplii in summer, which indicates different reproductive strategies of the dominating large and small copepod species. Our study confirms the dependence and tight coupling between the new (spring bloom) primary production and reproductive adaptations of C. glacialis and C. hyperboreus. In contrast, C. finmarchicus appears able to take advantage of the regenerated summer primary production, which allows it to reach the overwintering stage within one growth season in this region north of Svalbard. This suggests that C. finmarchicus will be able to profit from the predicted increased primary production in the Arctic, a strategy also recognized in small copepod species such as O. similis. We speculate that the ability of the copepod species to utilize the regenerated summer primary production and microbial food web may determine the winners and losers in the future Arctic Ocean.
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INTRODUCTION

The extreme seasonality of polar marine ecosystems is widely recognized. During winter, the sun is below the horizon (polar night) and the lack of light prevents phytoplankton growth. In seasonally ice-covered regions, the spring bloom of primary producers usually initiates after sea ice melting and lasts only a few weeks, until the surface nitrate is depleted. When nitrate is depleted and stratification prevents new influx of nitrate, phytoplankton will use alternative nitrogen (N) sources, such as ammonium and urea (Kristiansen et al., 1994). The shift from “new” nitrate (NO3-) to regenerated forms of N such as ammonium (NH4+) is known as the dichotomy of “new” and “regenerated” primary production [sensu
Dugdale and Goering (1967)], respectively. The fraction of new primary production to total (new and regenerated) primary production is defined by the f-ratio. From the perspective of the grazer communities, the source of nitrogen triggers different autotrophic communities (Shilova et al., 2017). The nutrient replete spring-scenario is typically dominated by large phytoplankton cells (such as diatoms) utilizing nitrate as their N source, and the post bloom phytoplankton community is often dominated by smaller cells that grow efficiently on recycled N and dissolved organic carbon (Paulsen et al., 2018). This transition from spring bloom to post bloom is also associated with a change in phytoplankton lipid composition, with higher contributions of the essential polyunsaturated fatty acids (PUFAs) during spring bloom than during post bloom (Parrish et al., 2005; Leu et al., 2006).

The strong seasonality in food quality and quantity has direct implications for the grazer communities. Most obvious is perhaps the direct effect on the large herbivorous copepods, with life cycles tailored to utilize the short and intense spring bloom for reproduction and lipid synthesis (Falk-Petersen et al., 2009). For example, the large Arctic Calanus hyperboreus reproduce in winter, prior to the productive season (Falk-Petersen et al., 2009; Kvile et al., 2018), C. glacialis reproduce prior to and during the ice algae bloom (Varpe et al., 2009; Søreide et al., 2010) and C. finmarchicus has its main reproductive period during the open water spring bloom (Hirche, 1996; Pedersen et al., 2001). When the large Calanus species have built sufficient lipid storages, they enter diapause at depth to survive the long and less productive winter season. When leaving the surface habitat, a niche is created for the smaller copepod species with different life history strategies (Hansen et al., 1999; Svensen et al., 2011). Therefore, the shift in major primary productivity regimes from spring to summer can also be reflected in the grazer communities both with respect to feeding and reproductive strategies. While a number of studies at high latitudes focus on the zooplankton community composition and life history adaptations during the ice algae- and open water spring bloom (Søreide et al., 2010; Leu et al., 2011; Feng et al., 2016), there has been less focus on links between the zooplankton and microbial food webs at the end of the summer when the large Calanus spp. leave the surface waters (Hansen et al., 1999; Svensen et al., 2011). Likewise, small copepod taxa, nauplii and microzooplankton are often not well represented due to predominant use of plankton nets targeting the larger size-fraction of the plankton community. Presently, the Arctic climate is undergoing rapid changes with potential severe effects on the ecosystem. With an already documented earlier sea ice-melt and delayed sea-ice formation in the Barents Sea and Arctic Ocean (Onarheim et al., 2018), the future Arctic Ocean is expected to experience an increase in open water area, increased light transmission to the surface ocean, and a prolonged growing season for phytoplankton (Arrigo and Van Dijken, 2011). A 20% increase of total annual net primary production from 1998–2009 has already been documented (Arrigo and Van Dijken, 2011). However, it is not clear if this increase is based on new or regenerated production. During summer with stratified water masses, a large fraction of the increased production is likely to be fueled by regenerated nutrients (Randelhoff et al., 2016). A direct consequence is a shift from larger to smaller phytoplankton cells (Li et al., 2009), which again will affect the composition of the grazers. The seasonal shift from new to regenerated production and the consequences for zooplankton life history adaptations has not received sufficient attention in Arctic regions.

We investigate seasonal differences in the zooplankton community and in the primary productivity regimes in the Atlantic water inflow area north of Svalbard. Also, we evaluate how a shift from “new” (nitrate based) spring bloom to a “regenerated” (ammonium based) post bloom situation is reflected in the diversity, life history adaptations and productivity of the major zooplankton. We approach this by investigating the composition of the total zooplankton community in the upper 100 m in May and August and by evaluating estimated production and ingestion rates of the main grazers in light of new and regenerated primary production in this area. By applying different zooplankton sampling tools that catches both the large (MultiNet) and small (Go-Flo water samplers) copepods, as well as microzooplankton (Niskin type water samplers), we present a more comprehensive picture of the zooplankton community in spring and summer, taking into account the role of zooplankters representing a wider spectrum of size fractions.

MATERIALS AND METHODS

Study Area and Hydrography

This study was conducted at six “process stations” (where the ship stayed at the station for 30 h to allow rate measurements), located in the Atlantic inflow area north of Svalbard in May (P1, P3, P4) and August (P5, P6, P7) in 2014 (Table 1 and Figure 1). In both study periods, the stations were located along the ice edge, and we aimed for sampling as far north and east as possible without breaking far into the fast ice (Figure 1). Due to adverse ice conditions, only stations P1 and P5 represent one spatial location sampled twice (P1 sampled in May and P5 in August), but in this study we focus more on seasonal than spatial differences. This dynamic area, following the continental slope north and west of Svalbard, is characterized by advection of warm, saline and nutrient-rich Atlantic Water (Randelhoff et al., 2016, 2018; Renner et al., 2018). The strong influx of warm Atlantic water makes this area relatively ice-free. The ice-extent during our study was variable, ranging from 0% at P5 to 90% at P6 in August (Figure 1) and the distribution of drift ice was strongly influenced by wind fields (Randelhoff et al., 2018).

TABLE 1. Overview of process stations in May and August 2014, providing date sampled, latitude, and longitude at the arrival of the station and depth at the start (arrival) and end of the station.
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FIGURE 1. Map of the Atlantic inflow area north of Svalbard, showing the ice extension and sampled stations in May and August. Maps were generated using GSHHG data from the National Oceanic and Atmospheric Administration (US) and ice data were provided by the Norwegian Ice Service (MET Norway) for the dates May 23, 2014 and August 12, 2014. The maps were modified from Wilson et al. (2017).



Hydrographic properties of the water column were obtained with a CTD (conductivity, temperature, depth) sensor system (Seabird SBE-911 plus) mounted on a General Oceanics rosette sampler, equipped with 8-L Niskin bottles and a Seapoint Fluorometer. Physical (temperature, salinity, density, photosynthetically available radiation, PAR) and biochemical properties (inorganic nutrients, fugacity of CO2), of the water column were obtained for all stations, and are presented elsewhere (Randelhoff et al., 2018). In this paper, to characterize the environment, we present only the temperature within the upper 100 m of the water column where the bulk of the primary production processes take place. In May, stations P1, P3, and P4 were relatively similar with regard to temperature, with surface temperatures (0–10 m) between -1 and 1°C. Warm Atlantic water was found below 10 depth, with temperatures from 2.5 to 3.5°C (Figure 2). In August, the water at station P5 was warm, 6°C, and the water column was mixed within the 0–100 m. At station P6, a layer of cold water <-1°C was found in the upper 50 m, on top of warmer Atlantic water. At station P7, the cold layer was restricted to the upper 10 m (Figure 2).
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FIGURE 2. Temperature (°C) in the upper 100 m at stations P1, P3, and P4 in May and P5, P6, and P7 in August 2014.



Particulate Organic Carbon and Chlorophyll a

Water samples for particulate organic carbon (POC) and chlorophyll a (Chl a) were collected with Niskin water bottles from 1, 5, 10, 20, 30, 40, 50, 75, 100, and 200 m depth. Triplicate subsamples of 100–500 mL were filtered onto pre-combusted Whatman GF/F filters for POC, while triplicate subsamples of 5–300 mL were filtered onto Whatman GF/F filters for Chl a concentration measurements. The POC and Chl a filters were analyzed according to procedures described in Paulsen et al. (2018). For each station, we present the POC and Chl a concentration in the upper 100 m as integrated values (by trapezoid integration).

Primary Production

Primary production rates were measured using the 14C method (Steemann Nielsen, 1952). Seawater was sampled at 1, 5, 10, 15, and 30 m to characterize the water mass both within and below the mixed layer (9–15 m) (Randelhoff et al., 2018). Samples were incubated in situ by deploying the experimental bottles attached to a line that was anchored to an ice floe. At each depth, two light bottles and one dark bottle were incubated for approximately 22 h. Ten μCuries of 14C-labelled bicarbonate was dispensed into each bottle, and a Time Zero bottle filtered immediately in order to account for adsorption processes. In addition, for each depth, a 100 μL aliquot was sampled into a 6 mL scintillation vial in order to estimate the initial 14C-bicarbonate concentration by fixing 14C with 0.1 mL 6N NaOH. After the incubation, 200 μL of 20% HCl was dispensed into each scintillation vial containing 2 mL of seawater in order to release any inorganic 14C remaining in the sample. After 24 h, 5 ml of Ultima Gold (Perkin Elmer, United States) was added and the samples stored in the dark until 14C activity was measured with a Perkin Elmer scintillation counter. Primary production was calculated as 14C incorporation into the sample, measured in units of disintegrations per minute (Vernet et al., 1998). Dissolved inorganic carbon was measured in every sample, and 1.05 was used as the discrimination factor between incorporation of 14C and 12C. The 14C incorporation in the light bottle was corrected by subtracting the 14C incorporation in the dark bottle.

New and regenerated primary production was estimated by experimental determination of phytoplankton uptake of nitrate (NO3-) and ammonium (NH4+), respectively. The uptake measurements were conducted by incubation experiments during both cruises, as described in Randelhoff et al. (2016). From the uptake ratios of nitrate and ammonium, the f-ratio was calculated, defined as the fraction of nitrate (NO3-) uptake to the total N uptake (NO3- + NH4+). Hence, an f-ratio of 1 means that all the production can be considered as “new” (nitrate-based) while an f-ratio of 0 imply that all the production was “regenerated.”

Microzooplankton

In this study we use the term microzooplankton sensu lato, defined as grazers in 15–300 μm size, including phagotrophic ciliates, dinoflagellates, and sarcodines with or without functional chloroplasts. Thus, the functional role of microzooplankton in this study is associated with activity of protists. Microzooplankton were collected within the upper 100 m using 8L Niskin bottles. Samples were preserved in 2% (final concentration) acid Lugol’s iodine, stored at 4°C and post-fixed with 1% formaldehyde (final concentration). Additional samples for determination of pigmented microzooplankton were preserved in 1% formaldehyde. In the laboratory, microzooplankton were settled onto Utermöhl chambers (50–100 ml) and enumerated by scanning the entire surface area of the chamber at 200×. Microzooplankton cells were sized with an eyepiece micrometer at 400–600× and converted to carbon based on approximated geometric shapes and volume-carbon conversions (Putt and Stoecker, 1989; Menden-Deuer and Lessard, 2000). All ciliates were included in microzooplankton, whereas dinoflagellates <15 μm in maximum dimension were not. Additionally, microzooplankton cells were examined for chloroplasts in formaldehyde-preserved samples using differential interference contrast and chlorophyll autofluorescence and allocated into heterotrophs and mixotrophs (i.e., pigmented ciliates and dinoflagellates). For details on microzooplankton analysis see Lavrentyev et al. (2019).

Mesozooplankton Abundance and Biomass

Mesozooplankton were sampled at all six stations, with a special focus on the relative contribution of large and small copepods and nauplii. We define mesozooplankton as multicellular heterotrophic organisms, but in this study, we focus on the role of Copepoda. Hence, the fraction mesozooplankton here includes only members of this subclass, ranging from nauplii (lower size approx. 0.09 mm; first nauplii of Microsetella norvegica) to adult copepods (upper size 12.0 mm; adult females of Paraeuchaeta barbata). Within the group “large copepods,” species with an adult body size > 2 mm are included. This embraces Calanus finmarchicus, C. glacialis, and C. hyperboreus, with their developmental stages from CI to adult. Less common large copepods (mainly Metridia spp., Pseudocalanus spp., Paraeuchaeta spp.) were grouped as “other large.” The group termed “small copepods” includes only Oithona spp. (predominantly Oithona similis) and the remaining smaller taxa (e.g., Triconia borealis, Microcalanus spp., and Microsetella norvegica) were grouped as “other small.” Copepod nauplii were divided in two groups, calanoid copepod nauplii (predominantly Calanus spp.) and Oithona spp. nauplii.

To obtain robust data both on smaller and larger size-groups of mesozooplankton (here copepods), we used two different sampling approaches. Large copepods were collected with a MultiNet plankton sampler type Midi (Hydro-Bios, Germany, net aperture area 0.25 m2), which was equipped with net bags with 180 μm mesh gauze, and was towed vertically in the depth-intervals 0–20, 20–50, 50–100, 100–200 m and 200-bottom. The content of each cod-end was concentrated on a 180 μm meshed sieve and transferred to polycarbonate bottles. Small copepods and nauplii were collected with Go-Flo water bottles (General Oceanic, volume 30 L) at 1, 10, 20, 30, 50, and 100 m depth. The water samples collected with Go-Flo bottle were emptied with a silicon tube and the content collected on a 20 μm mesh sieve. All mesozooplankton samples were preserved with buffered formaldehyde at 4% final concentration.

The mesozooplankton samples, both collected with MultiNet and Go-Flo bottle, were identified and counted in the laboratory on land, using Olympus stereoscopic microscopes with 7–90× magnification, and following standard sub-sampling procedure (Postel et al., 2000). Each sample was first scanned for macrozooplankton (organisms with total length > 0.5 cm), which were picked out, identified and counted in the entire sample. Mesozooplankton was identified and counted in subsamples (2 ml in volume), taken from the fixed sample volume (typically between 100 and 200 ml) using a macropipette (an equivalent of the Stempel pipette), and all organisms in each subsample were identified and counted. The number of subsamples was determined individually to count at least 500 individuals per sample. However, in this paper we focus on the copepods, which were the dominating (in terms of abundance and biomass), component of the mesozooplankton fraction. Representatives of Calanus were identified to the species level based on the description given in Kwasniewski et al. (2003). We are aware that distinguishing the species C. finmarchicus, C. glacialis, and C. hyperboreus based on morphology is associated with some uncertainty because prosome lengths of the three species can be overlapping (Choquet et al., 2018).

Copepod contribution to the plankton community was expressed in terms of carbon (biomass), by converting prosome lengths, using individual dry mass data and carbon to dry mass relationships from the literature (Supplementary Table 1).

RESULTS

Primary Production and Productivity Regimes

In May, the integrated (0–50 m) total particulate primary production was generally high, ranging from 0.34 g C m-2 d-1 at P4 to 0.85 g C m-2 d-1 at P1 (Figure 3). In August, the total primary production ranged from 0.19 g C m-2 d-1 at P5 to 0.70 g C m-2 d-1 at P7 (Figure 3). The f-ratio, i.e., the fraction of “new” to total (new + regenerated) primary production, ranged from 0.6 to 0.9 in May and was below 0.007 at all stations in August (Figure 3). Hence, the primary production in May was dominated by “new production,” while in August the primary production was predominantly “regenerated.”
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FIGURE 3. Total, integrated (0–50 m) particulate primary production (mg C m-2 d-1), measured by the 14C uptake method, in May and August (columns) and the calculated f-ratio at each station.



The 0–100 m integrated biomass of POC in May was 12, 23, and 17 g C m-2 at P1, P3, and P4, respectively (Figure 4). In August it ranged from 8 to 10 g C m-2, and was hence less variable between stations. The ratio of POC to chlorophyll a (Chl a) increased from 40–70 in May to 100–200 in August (Figure 4), pointing to a more autotrophic community in May than in August.
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FIGURE 4. Particulate organic carbon, POC (g m-2), integrated in the upper 100 m and the mean ratio of POC to Chl a (POC/Chl a) at all stations.



Microzooplankton Biomass

The integrated (0–100 m) total microzooplankton biomass ranged from 0.25 to 0.39 g C m-2 in May. Ciliates, considering both heterotrophic and mixotrophic taxa, represented between 90 and 66% of the total microzooplankton biomass at P1 and P4, respectively (Figure 5). In August, the integrated biomass was significantly higher at all stations (1.2–1.4 g C m-2) and reached the highest value at P5 (Figure 5). Ciliates and dinoflagellates contributed equally to the total microzooplankton biomass representing on average 45 and 55%, respectively. Mixotrophic taxa, including both ciliates and dinoflagellates, contributed between 55 and 82% to the total microzooplankton biomass both seasons. P4 (sampled in May) was the only station where the heterotrophic taxa were dominant (59%). For detailed information on microzooplankton community composition, see Lavrentyev et al. (2019).
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FIGURE 5. Microzooplankton biomass (g C m-2), integrated in the upper 100 m. Bars show contributions of mixotrophic (MCIL) and heterotrophic (HCIL) ciliates and mixotrophic (MDIN) and heterotrophic (HDIN) dinoflagellates.



Mesozooplankton (Copepod) Abundance and Biomass

Numerically, the mesozooplankton copepod community in May was dominated by calanoid copepod nauplii (predominantly Calanus spp.; Figure 6). In contrast, in August small copepods and Oithona spp. nauplii prevailed (Figure 6). The highest total abundances of copepods and nauplii were found at station P6, with almost 4 000 × 103 individuals m-2 in the 0–100 m depth interval. Compared to the other groups, the abundance of large copepods was negligible in May and August (Figure 6). However, in terms of biomass, the large copepods were important, especially in May. The integrated biomass of the large copepods, small copepods and nauplii ranged from 1.7 to 2.8 g C m-2 in May and from 1.3 to 2.4 g C m-2 in August (Figure 6). Although the biomass contribution of the large copepods was overall substantial, calanoid nauplii and small copepods also contributed considerably to the total copepod biomass in May and August, respectively (Figure 6).
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FIGURE 6. Integrated (0–100 m) abundance (103 individuals m-2, upper panel) and biomass (g C m-2, lower panel) of large copepods, small copepods, calanoid copepod nauplii (predominantly Calanus spp.), and Oithona spp. nauplii.



In terms of species composition, the large copepods were numerically dominated by C. finmarchicus both in May and August (Figure 7). In May, the biomass of C. hyperboreus was substantial, but in August C. finmarchicus made up the largest fraction of the biomass of the large copepods (Figure 7). At all six stations, the small copepods were dominated by O. similis, both in terms of abundance and biomass (Figure 7).
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FIGURE 7. Integrated (0–100 m) abundance (103 ind m-2, upper panel) and biomass (g C m-2, lower panel) of large copepods (dominated by C. finmarchicus, C. glacialis, C. hyperboreus) and small copepods (dominated by O. similis). The group “other large” consisted mainly of Pseudocalanus spp., and the group “other small” consisted mainly of Triconia borealis. Note different scales on the y-axes.



Vertical Distribution of Calanus spp.

The majority of the population of all three Calanus species stayed in the upper 100 m in May (Table 2). In August, the majority of the C. finmarchicus and C. glacialis older copepodids (CV and females) were situated below 100 m, while the young stages CI–CIV were still mostly inhabiting the upper water layers. Except for some CV copepodids in the surface at station P5, the whole population of C. hyperboreus was found below 100 m in August (Table 2).

TABLE 2. Fraction (%) of the total population present in the upper 100 m depth.
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Stage Composition of Dominating Large and Small Copepods

In May, all stages (except males) of C. finmarchicus were present, although in low abundances. In August, the population consisted mostly of young stages CI–CIII, and it had increased in abundance nearly four times (except for station P5, Figure 8). The population of C. glacialis, which was in general four times less numerous than the population of C. finmarchicus, was completely dominated by younger stages CI–CIII in May, with a few females also present. By August, the population was dominated by older developmental stages CIV–CV, and its abundance decreased pronouncedly (Figure 8).
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FIGURE 8. Abundance (individuals m-2) and stage composition of the dominating copepod species: C. finmarchicus, C. glacialis, C. hyperboreus, and O. similis, and abundance of calanoid copepod nauplii (predominantly Calanus spp.) and Oithona spp. nauplii in May and August. Note different scales on the y-axes.



Oithona similis was overall the numerically dominating copepod species. In May, the population was dominated by females, although all other copepodid stages were also found. In August, the population size had increased substantially. The younger stages CI–CIII contributed the most, but copepodids CIV, CV and females made up nearly the other halve of the population (Figure 8).

The total abundance of copepod nauplii was exceptionally high both in May (500 000–1 500 000 nauplii m-2) and in August (800–2 500 000 nauplii m-2) in the 0–100 m water column. However, in May there was a complete dominance of calanoid copepod nauplii (mostly of Calanus spp.), while in August there were few calanoid nauplii and the nauplii stock was totally dominated by Oithona spp. nauplii (Figure 8).

DISCUSSION

Productivity Regimes in Spring and Summer

In the Atlantic water inflow area north of Svalbard, the plankton community displayed a strong seasonality during the two investigated periods. Although the mean particulate primary production (as measured by 14C uptake) was high both in May (578 ± 257 mg C m-2 d-1) and in August (370 ± 288 mg C m-2 d-1), the associated plankton communities were different. In May, we observed an intensive ice-edge spring bloom based on nitrate and with high f-ratio (0.7–0.9) and the dominance of Phaeocystis pouchetii and large diatoms (Randelhoff et al., 2016). However, the stations were at different stages of the bloom succession: growing bloom (P1), peak bloom (P3) and decaying bloom (P4) (Paulsen et al., 2018). In August, a post bloom situation was seen at all stations (P5, P6, P7), with low f-ratios (0.001–0.007) and a phytoplankton community dominated by small flagellates. Hence, the two sources of N (nitrate and ammonia) were associated with different microbial communities, which represent different food quality for the grazers. The different pools of N have also different sources and rates of productivity and turnover. While nitrate must be added to surface water through external processes such as upwelling or turbulent diffusion across the pycnocline, ammonia is entering the system through internal biological processes such as regeneration by heterotrophic bacteria, and release by zooplankton (Kristiansen et al., 1994; Legendre and Rassoulzadegan, 1995; Shilova et al., 2017). In a study conducted simultaneously with the present one, Randelhoff et al. (2016) examined seasonal vertical nitrate fluxes in relation to upper ocean stratification at the process stations P1–P7. The authors highlight the importance of turbulent diffusion across the pycnocline as the main pathway for nutrient supply to a post bloom ocean surface. For our study area, the authors found that upwelling in this area is not very likely during summer, and the upward turbulent nitrate fluxes across the seasonal nitracline are small (Randelhoff et al., 2016). This supports our finding that the relatively high carbon production occurring during post bloom in August was based on regenerated nutrients.

The nutrient dynamics and uptake rates, along with the phytoplankton community composition and primary production rates, both suggest that the grazer communities had to face a strong seasonal shift in their food stock. In the following, we discuss how the seasonal shift at the base of the food web from new production in spring to a post bloom, regenerated production, affect the seasonal patterns of the major grazers. The focus on the dominant copepod species and microzooplankton in the upper 100 m allowed us to link productivity patterns with the active (non-hibernating) part of the planktonic populations.

Spring and Summer Grazer Populations

The large copepod species C. finmarchicus and C. hyperboreus dominated the biomass of the grazer community in May, whereas the copepod nauplii stock, both in terms of abundance (up to 1100 × 103 ind m-2) and biomass (up to 1.2 g C m-2) was represented by calanoid copepod nauplii. On average, the contribution of calanoid copepod nauplii to the total copepod community (sum of the small and large copepods and nauplii) in May was 69% in terms of abundance and 30% in terms of biomass. The exceptionally high nauplii abundance indicates high reproductive success of Calanus in May. In August, on the other hand, the stock of the three Calanus species displayed notably different structures, with C. finmarchicus predominating in abundance as well as in biomass. This likely reflects different reproductive strategies between the three Calanus species, which is also thoroughly documented in previous studies from adjacent areas (Arnkværn et al., 2005; Søreide et al., 2010).

The dominance of C. glacialis and C. hyperboreus young copepodids CI–CIII in spring indicates that the main reproductive period for these species happened before our investigation, and hence prior to the onset of the spring bloom. By reproducing prior to the (open water) spring bloom, the new cohorts are ready to feed and grow during the short and intensive pelagic bloom, and have a chance to reach the overwintering stage later during the growth period. This reproductive strategy is referred to as capital breeding and is an adaptation to strong seasonality (Varpe et al., 2009). In addition, because the developmental time and survival of C. glacialis nauplii are sensitive to food quality, the chances to survive are higher when feeding on algae with high proportions of PUFAs (Daase et al., 2011). Due to efficient lipid synthesis and storage, both species can overwinter relatively young; C. glacialis mainly as CIII–CIV (Madsen et al., 2001; Søreide et al., 2010) and C. hyperboreus already as CIII (Kvile et al., 2018). The early egg laying, and the accessibility to high-quality and lipid-rich phytoplankton such as diatoms for the developing nauplii and young copepodids, allows these species to reach the overwintering stage within the first year. However, they may use two or more years to reach the reproductive stage (Diel, 1991). We suggest that C. glacialis and C. hyperboreus populations in the Atlantic inflow areas north of Spitsbergen depend to a large extent on the new production (nitrate-fueled) for the recruiting generation to reach the first overwintering stage. This is also in agreement with previous investigations of Calanus spp. feeding preferences (Levinsen et al., 2000b; Søreide et al., 2008).

Calanus finmarchicus abundance and biomass were higher in August than in May, in contrast to what was observed for C. glacialis and C. hyperboreus. The C. finmarchicus population found during this study in August was still largely composed of younger stages CI–CIII, with only a few older stage CIV–CV (Figure 8). For the younger developmental stages CI–CIII to continue development and reach the overwintering stages CIV–CV, C. finmarchicus needs access to a stable food source, also after the short spring bloom period. In our study, this condition was met by a high rate of regenerated production, and possibly also the large availability of heterotrophic and mixotrophic microzooplankton in August. Madsen et al. (2001) made similar observations, showing that nauplii and protists may form a substantial part of the diet of the Calanus community in the post bloom period in Disco Bay, western Greenland. Our findings support the existing knowledge on the reproductive strategy of C. finmarchicus. This species is defined as an income breeder (Varpe et al., 2009), whose females need to feed on the open water spring bloom to produce eggs. The new cohorts develops from egg to young copepodid during the spring bloom (Arnkværn et al., 2005). However, we stress that the new production is important during the early phase of the life cycle (fueling egg production in the females, and the development from eggs to CIII copepodids) whereas the regenerated production appears essential for C. finmarchicus to reach the hibernating stage (CIV–CV) within the same growth year in our study area.

Among the small copepods, O. similis was the most abundant species both in spring and summer, but the population size was significantly larger in August than in May. Nauplii of Oithona spp. were found at all stations and occurred in extreme abundances in August (exceeding 2000 × 103 ind m-2 at P6). The high contribution of copepod nauplii to the total copepod community at all stations was notable, and the clear shift from dominance of Calanus spp. nauplii in May to Oithona spp. nauplii in August reflects differences in reproductive strategies between the two copepod genera. The life history strategy of the cyclopoid copepod O. similis is in strong contrast to the strategy of calanoid copepod Calanus spp. (Svensen et al., 2011). O. similis does not overwinter at great depths and it can reproduce year-round, except in mid-winter (Madsen et al., 2001, 2008). At high latitudes, main reproductive periods are suggested to occur in May and September (Lischka and Hagen, 2005; Madsen et al., 2008; Narcy et al., 2009). O. similis is a strict ambush feeder with a preference for ciliates and dinoflagellates (Svensen and Kiørboe, 2000). Analyses of fatty acid of O. similis in the Arctic Kongsfjorden (Svalbard) demonstrated high abundance of the 18:1 (n - 9) fatty acid in all stages and seasons, which indicates an omnivorous diet that does not change notably with season (Lischka and Hagen, 2007). Since it is not directly dependent on the spring bloom to reproduce or to complete its life cycle, O. similis can instead take advantage of the post bloom regenerated production in summer to support its mass reproduction and successful population growth. In turn, through sloppy feeding, Oithona can release dissolved organic carbon (Svensen and Vernet, 2016) fueling the microbial loop, bacterial growth and eventually a buildup of the microzooplankton.

The biomass of microzooplankton was more than three times higher in August than in May. This could reflect both better feeding conditions and decreased copepod predation in August compared to May. In August, the predominance of nanophytoplankton and the increase in Synechococcus abundance (Paulsen et al., 2016) could have supported the higher and more diverse microzooplankton biomass (Lavrentyev et al., 2019). In fact, although low temperature can affect microzooplankton physiology, when adapted to cold environment, Arctic microzooplankton can grow (Franzè and Lavrentyev, 2014, 2017; Menden-Deuer et al., 2018) and graze phytoplankton (Franzè and Lavrentyev, 2017; Lavrentyev et al., 2019) at rates comparable to their temperate counterparts. Microzooplankton can respond quickly to changes in primary production by increasing their biomass (Levinsen et al., 2000a) and ingestion rates (Calbet, 2001). At the same time, microzooplankton are preferred prey of copepods (Campbell et al., 2009), and their biomass can be suppressed by copepod grazers. In our study, the older developmental stages of C. finmarchicus and C. glacialis were located mostly below 100 m in August, and this may have reduced the grazing pressure on the microzooplankton, which were distributed above 100 m. A comparable scenario has also been reported in other Arctic areas in summer (Levinsen et al., 1999, 2000b).

Estimated Production and Ingestion Rates of Dominating Copepods and the Microzooplankton

The biomass of microzooplankton and O. similis increased significantly from May to August (Table 3). While the biomass of C. hyperboreus decreased from May to August, the total biomass of C. finmarchicus and C. glacialis was relatively similar in the two sampling periods (Table 3). How well were the different grazer groups supported by the new and regenerated autotrophic production during the two seasons? We calculated production rates of the microzooplankton and the dominating copepod species (C. finmarchicus, C. glacialis, C. hyperboreus, and O. similis) in the upper 100 m, based on published production/biomass (P/B) ratios (Table 3) and ingestion rates by assuming a gross growth efficiency of 30% (Omori and Ikeda, 1984; Straile, 1997). These estimations, although somewhat crude, provide the possibility to evaluate the energy demand of the zooplankton communities in relation to spring and summer productivity state.

TABLE 3. Daily production to biomass (P/B) ratios (literature values), integrated biomass (mg C m-2, seasonal mean ± SD), and estimated production and ingestion rates (mg C m-2 d-1) for microzooplankton and the dominating copepod species in the upper 100 m.
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The estimated production rates in May were high for the microzooplankton community (70 ± 14 mg C m-2 d-1), and generally low for the dominating copepod species (Table 3). Furthermore, the estimated ingestion rates in May were well below the measured total primary production rate (Table 4) and did not exceed the total estimated new production for this time (Table 4). Hence, based on these rough calculations, we can assume that both the microzooplankton and the Calanus spp. populations were sufficiently supported by the new primary production resulting from the activity of the dominating phytoplankton community in May. Similar findings are available from a study in Disko Bay (Greenland), where during the early phase of the bloom, C. finmarchicus were predominantly herbivorous with a very small contribution of microzooplankton to their diet (Levinsen et al., 2000b).

TABLE 4. Total (monthly mean ± SD) particulate primary production (PP, mg C m-2 d-1) based on integrated values 0–50 m depth and f-ratio (at the depth of highest PP).
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In August, the total zooplankton production was dominated by microzooplankton (237 ± 47 mg C m-2 d-1) and O. similis (30 ± 4 mg C m-2 d-1), followed by C. finmarchicus (10 ± 4 mg C m-2 d-1) (Table 3). The estimated ingestion rates of this grazer community was 948 mg C m-2 d-1 (Table 3) and exceeded the measured total primary production in August (Table 4). The apparent discrepancy between the total primary production and the estimated ingestion rates of the main zooplankton could indicate that there were additional food sources than autotrophic phytoplankton available during the post bloom period. Paulsen et al. (2018) found that dissolved organic nitrate (DON) accumulated during summer, resulting from microbial activity. The bacteria biomass and production rates at the investigated stations were also higher in August than in May (Paulsen et al., 2018). The bacteria were likely grazed by picophytoplankton and heterotrophic flagellates (Paulsen et al., 2018), which are important food sources for microzooplankton (Franzè and Lavrentyev, 2017). This could explain the high standing stock of microzooplankton found in August. Consequently, the carbon-demands of O. similis, C. finmarchicus and other copepods present were probably met through a diet consisting mainly of microzooplankton during this time, pointing to the importance of the post bloom microbial food webs in this season and area. A similar structure of the grazer food chain in summer has also been reported in other Arctic ecosystems (Levinsen et al., 2000b).

Synthesis and Outlook

The Arctic is undoubtedly changing. A main driver of these changes is the rapid loss of sea ice, causing a longer productive period and increased primary production due to increased light penetration in open versus ice covered water (Arrigo and Van Dijken, 2015). However, there is little knowledge on the changes in nutrient dynamics in the future Arctic scenarios, making it difficult to foresee if the increased production will be “new” or “regenerated.” Our study was limited geographically to the Atlantic inflow area north of Svalbard, representing a region of the Arctic that is seasonally ice covered and strongly influenced by Atlantic water masses. Historically, few studies have focused on the food web implications of new and regenerated production in this area. Our investigation may not be extrapolated to all parts of the Arctic, since the different Arctic regions are very heterogenous with respect to nutrient dynamics over the productive season. However, the scenario encountered in our study is still relevant for large parts of seasonally ice covered areas in the Arctic.

For an increase in new production, nitrate must be added to the productive surface waters from deep water reservoirs through processes such as upwelling and diffusion across the pycnocline (Randelhoff et al., 2016; Randelhoff and Sundfjord, 2018). In the investigated area north of Svalbard, a summer upwelling event has been considered rather unlikely (Randelhoff and Sundfjord, 2018), and an oligotrophic post bloom situation may be the governing situation after the spring bloom decline. In oligotrophic areas, regenerated production supported by recycled N accounts for 90% of the gross primary production (Eppley and Peterson, 1979). It therefore appears reasonable to assume that a large fraction of the increased primary production in this part of the Arctic in summer will be based on recycled N (or e.g., dissolved organic carbon). This is in accordance with Randelhoff et al. (2015), who found that the summer primary production was nutrient limited, and concluded that the potential for an increase in new production in a scenario with less sea ice is limited in the area north-east of Svalbard.

The question is, if the magnitude of the new production remains the same due to nitrate limitation (provided the net influx of nitrate will not change), who will benefit from an increased regenerated production in a future Arctic characterized by decreased seasonal ice cover and an increased productive season? A short growth season favors large bodied capital breeders because the adults have large storage capacity for lipids that increases their fecundity, and the new generation appearing prior to the bloom can utilize the pulsed production (Varpe et al., 2009; Sainmont et al., 2014). We argue that an extension of the growth season by a prolonged period of regenerated production may favor small bodied copepods with short generation times, low lipid storage capacity, low metabolic rates and low fecundity. The regenerated production can be sustained on reduced form of inorganic N (such as ammonium), but also on dissolved organic carbon (DOC) and nitrogen (DON) (Paulsen et al., 2018). We argue that an active microbial food web, fueled by DOC and DON, may support a large heterotrophic community and high secondary production after the sources of inorganic N have been used up.

Our study confirms the dependence and tight coupling between the early spring bloom and life history adaptations (large lipid storage capacity, early start of diapause) of C. glacialis and C. hyperboreus. Although the remaining surface-active populations of C. glacialis and C. hyperboreus graze the microzooplankton in summer (Levinsen et al., 2000b), it seems that it is the diatom-dominated spring bloom that is the most important food source for the new cohort to reach the overwintering stage (Søreide et al., 2008). In contrast, the younger fraction of the C. finmarchicus population may remain in the surface waters for a longer time (Hansen et al., 1999) and may use the post bloom regenerated production and microbial food web to reach the overwintering stage within one growth season. This indicates that C. finmarchicus may be able to profit from an increased primary production in the Arctic, even if the primary production is based on regenerated nutrients. This practice could support a northward extension of this species’ habitat range. This is also a likely strategy for dominating small copepod species such as O. similis, that could most likely fulfill its full life cycle on regenerated production only. We suggest that the degree of coupling to the regenerated production and microbial food web may be of crucial importance for the success of the heterotrophic planktonic grazers in the future Arctic Ocean.
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