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The reduction of Arctic summer sea ice due to climate change can lead to increased primary production in parts of the Barents Sea if sufficient nutrients are available. Changes in the timing and magnitude of primary production may have cascading consequences for the zooplankton community and ultimately for higher trophic levels. In Arctic food webs, both small and large copepods are commonly present, but may have different life history strategies and hence different responses to environmental change. We investigated how contrasting summer sea-ice cover and water masses in the northern Barents Sea influenced the copepod community composition and secondary production of small and large copepods along a transect from 76°N to 83°N in August 2018 and August 2019. Bulk abundance, biomass, and secondary production of the total copepod community did not differ significantly between the two years. There were however significant spatial differences in the copepod community composition and production, with declining copepod abundance from Atlantic to Arctic waters and the highest copepod biomass and production on the Barents Sea shelf. The boreal Calanus finmarchicus showed higher abundance, biomass, and secondary production in the year with less sea-ice cover and at locations with a clear Atlantic water signal. Significant differences in the copepod community between areas in the two years could be attributed to interannual differences in sea-ice cover and Atlantic water inflow. Small copepods contributed more to secondary production in areas with no or little sea ice and their production was positively correlated to water temperature and ciliate abundance. Large copepods contributed more to secondary production in areas with extensive sea ice and their production was positively correlated with chlorophyll a concentration. Our results show how pelagic communities might function in a future ice-free Barents Sea, in which the main component of the communities are smaller-sized copepod species (including smaller-sized Calanus and small copepods), and the secondary production they generate is available in energetically less resource-rich portions.
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1 Introduction

One of the most noticeable consequences of ongoing climate change is the decline of Arctic summer sea ice (Pörtner et al., 2019). Sea ice is melting earlier and forming later in the season, resulting in a prolonged open water period with increased light transmission to the upper ocean (Wassmann and Reigstad, 2011). The seasonally ice-covered Barents Sea is experiencing the highest rates of warming amongst all regions of the Arctic (Isaksen et al., 2022) and it is projected to be ice-free during winter beyond the year 2061 (Onarheim and Årthun, 2017). These physical alterations have major impacts on biological processes in the Barents Sea, as sea ice constitutes a unique habitat for sea ice algae and further controls light availability and mixing in the upper ocean, which regulates the onset of phytoplankton blooms (Sakshaug et al., 1991). The blooms typically follow the northwards retreat of sea ice in spring and summer, as the melting ice creates the stratified surface layer and increased light transmittance that are necessary for bloom formation. Once surface nitrate and silicate are depleted, the phytoplankton community changes from a diatom-dominated system to one dominated by flagellates and ciliates (Rat’kova and Wassmann, 2002). Timing and quality of the bloom are critical for the biomass and reproductive success of secondary producers.

Associated with the diatom-dominated system are large, lipid-rich copepods of the genus Calanus that have developed a reproductive cycle that is tightly linked to the ice algae and spring phytoplankton blooms (Falk-Petersen et al., 2009). The Arctic species Calanus hyperboreus reproduces during winter, entirely based on internal lipid reserves that were build up during the previous growth season (Falk-Petersen et al., 2009). C. glacialis on the other hand usually spawns just before or during the ice algae bloom (Søreide et al., 2010), while the boreal species C. finmarchicus reproduces during the open water spring bloom (Hirche, 1996). Offspring of C. hyperboreus and C. glacialis are dependent on the phytoplankton spring bloom for growth and accumulation of energy reserves that are needed for diapause (Falk-Petersen et al., 2009; Søreide et al., 2010). Nauplii and young copepodids (CI-III) of C. finmarchicus feed during the spring bloom, while the development of older copepodids (CIV-V) is fueled by grazing on microzooplankton during the summer (Svensen et al., 2019). In late summer, Calanus spp. that have acquired enough lipids for diapause descend into deeper water layers to hibernate at depth until the next spring bloom (Falk-Petersen et al., 2009). While Calanus spp. often dominate the mesozooplankton community in terms of biomass, smaller copepods (adult body size <2 mm; Svensen et al., 2019), such as Oithona similis, usually dominate in terms of numbers (Gallienne and Robins, 2001; Madsen et al., 2008). These copepods are closely associated with the microbial food web occurring in late summer and autumn, as they are omnivores (Lischka and Hagen, 2007). In contrast to Calanus spp., they reproduce year-round, with greatest abundance of eggs and nauplii occurring during spring and summer (Ashjian et al., 2003; Madsen et al., 2008).

The reduction of summer sea-ice cover due to climate change can lead to increased primary production in parts of the Barents Sea, depending on the prevalent nutrient and stratification regimes (Randelhoff et al., 2020). With a retreat of the seasonal ice zone northwards, regions previously covered by ice will likely experience a prolonged phytoplankton growing season and higher primary production, if sufficient nutrients are available. The southern edge of the seasonal ice zone is expected to become less productive due to increased thermal stratification and the resulting decrease in nutrients supplied to the surface layers (Wassmann and Reigstad, 2011). These changes will likely affect the zooplankton community by altering the composition of the grazers. In the Bering Sea, large-sized Calanus spp. were found to be more abundant during cold periods with extensive sea-ice cover (Coyle and Pinchuk, 2002; Hunt et al., 2011; Stabeno et al., 2012; Eisner et al., 2014; Kimmel et al., 2018, Kimmel et al., 2023), while small copepods (e.g. Oithona spp. and Pseudocalanus spp.) were more abundant during warm periods with less sea-ice cover (Stabeno et al., 2012; Kimmel et al., 2018, Kimmel et al., 2023). Similar observations have been made in Svalbard fjords and the northern Barents Sea, where higher abundance of small copepods has been linked to warmer periods (Balazy et al., 2018) and the abundance of Calanus spp. was influenced by Atlantic water inflow and sea-ice cover (Dalpadado et al., 2003; Daase and Eiane, 2007; Blachowiak-Samolyk et al., 2008; Dalpadado et al., 2012; Stige et al., 2019).

Secondary production is key in understanding how climate related changes, such as a reduction of sea ice, may impact the transfer of energy in Arctic marine food webs. Secondary production refers to the biomass produced by consumers, such as copepods, in a given unit of time (e.g., mg C m-2 d-1). The Barents Sea is a highly productive fishing ground and Calanus spp. are a crucial food source for many small and juvenile planktivorous fish such as the Barents Sea capelin (Mallotus villosus), Atlantic herring (Clupea harengus) and polar cod (Boreogadus saida) (Hassel et al., 1991; Huse and Toresen, 1996; Bouchard et al., 2017). Small copepods, such as O. similis and Pseudocalanus spp. are food for fish larvae and other larger zooplankton, such as krill, amphipods, chaetognaths, ctenophores, and hydrozoans (Turner, 2004). Eggs and nauplii of both small and large copepods form a substantial part of the diet of the early larval stages of polar cod. Here, small copepods are especially important to polar cod larvae hatching during the winter months, when other food sources are scarce (Geoffroy and Priou, 2020). In the Bering Sea, sea-ice concentration was found to impact secondary production of Calanus spp., which was low during warm periods with less sea-ice cover (Kimmel et al., 2018, Kimmel et al., 2023). In the Barents Sea previous research on secondary production has mainly focused on the southern regions close to the polar front (Basedow et al., 2014; Dvoretsky and Dvoretsky, 2024a) and the eastern Barents Sea (Dvoretsky and Dvoretsky, 2009; Dvoretsky and Dvoretsky, 2024b) and primarily on large Calanus spp. (Slagstad et al., 2011). Gaining insights into the effects of sea-ice reduction on copepod secondary production in the Barents Sea is of great social and economic significance, especially since interannual sea-ice concentrations in the northern Barents Sea are highly variable due to climate change (Efstathiou et al., 2022).

In the present study, we evaluate how a reduction in sea-ice cover influenced the copepod community composition and their secondary production in the upper 100 m of the northern Barents Sea. We further examined the relationship between copepod secondary production and environmental and biological drivers, such as hydrography, protist community composition and bacterial and primary production. Zooplankton samples were collected in August 2018, a year with reduced sea-ice cover, and in August 2019, a year with extensive sea-ice cover along a transect spanning 76-83°N. We address the following research questions through direct hypothesis testing: Did differences in sea-ice cover between the two years (I) affect the total copepod secondary production and (II) change the contribution of different species to the total copepod secondary production? Additionally, we explore whether patterns in community composition or secondary production correlated with other environmental or biological factors through multivariate descriptive analyses.

We expect the total copepod secondary production to be higher in the summer with reduced sea-ice cover (2018) due to an extended period of primary production. However, this would likely be accompanied by a change in the copepod community composition, because diatom blooms terminate earlier in a year with reduced sea-ice cover and the community of primary producers becomes dominated by flagellates and ciliates earlier in the season, which favors the growth of small copepods (e.g. O. similis) (Gallienne and Robins, 2001). We therefore hypothesize that small copepods will contribute more to the total copepod secondary production during the summer with reduced sea-ice cover (2018), whereas large copepods (e.g. Calanus spp.) will contribute more when the summer sea-ice cover is more extensive (2019). Furthermore, we expect the quantity and relative contribution of small copepod production to total copepod production to be higher in habitats with higher water temperatures and a higher abundance of ciliates and dinoflagellates. Conversely, in habitats characterized by colder water temperatures and higher concentrations of chlorophyll a, which are typically associated with increased phytoplankton biomass and greater diatom abundance, we expect the production of large Calanus spp. and their contribution to total copepod production to be higher.




2 Material and methods



2.1 Study area

Samples and measurements were collected in the northern Barents Sea as part of The Nansen Legacy project, during cruises of RV Kronprins Haakon in August 2018 (06.-23.08.2018) and August 2019 (05.-27.08.2019). The study sections, where stations were located, covered an environmental gradient from Atlantic to Arctic waters (76°-83° N, Table 1; Figures 1A, C). Samples were collected at 8 stations in 2018 and 6 stations in 2019 and were categorized according to their locations. Station P1 was in Atlantic waters south of the polar front and is seen as a representative of ‘Atlantic’ environmental conditions. Stations P2-P5 were located north of the polar front on the Barents Sea shelf and are seen as representing ‘Barents Sea shelf’ conditions and stations P7, PICE1 and SICE2-3 were located in the deeper Arctic Ocean basin, representing ‘Arctic Ocean basin’ conditions. Stations P1-P5 were visited in both years, and among these stations P4 and P5 were in ice-free waters at the time of sampling in 2018 and in ice-covered waters during sampling in 2019 (Table 1). PICE1 and SICE2-3, only visited in 2018, were also ice covered, as well as P7, which was only visited in 2019.


Table 1 | Location and bottom depth at the stations where zooplankton samples were collected in August 2018 and August 2019.






Figure 1 | Location of the sampling stations and sea-ice cover during the sampling period (indicated as number of ice-covered days during August) in 2018 (A) and 2019 (C). The approximate location of the polar front based on the 200 m isobath is indicated with a black line. During the sampling campaign in 2018, sea ice was only present at stations PICE1 and SICE2-3 in the Arctic Ocean basin. During the 2019 sampling campaign, sea ice was present at P4, P5 and P7. (B) shows a t-s-plot of water masses in 2018 and (D) in 2019 (PW, Polar Water; IW, Intermediate Water; CBSDW, Cold Barents Sea Dense Water; wPW, warm Polar Water; AW, Atlantic Water; mAW, modified Atlantic Water, following definitions by Sundfjord et al., 2020).






2.2 Zooplankton sampling

Zooplankton was collected with stratified net hauls using two separate MultiNet® Type Midi (HYDRO-BIOS Apparatebau GmbH, net opening 0.25 m2), one with 64 μm and one with 180 μm mesh size net bags. The depth intervals for the shallow shelf stations were: bottom-200, 200-100, 100-50, 50-20 and 20-0 m. Where bottom depth exceeded 600 m, zooplankton was collected from the following depth strata: bottom-600, 600-200, 200-50, 50-20, 20-0 m. The 180 µm net was hauled with a speed of 0.5 m s-1 and the 64 µm with a speed of 0.3 m s-1 to warrant optimal water filtering. All samples were processed immediately upon retrieval of the nets. The samples were concentrated on 64 µm and 180 µm sieves respectively, gently flushed with filtered sea water, and stored in 125 mL bottles with 4% formaldehyde-seawater solution free from acid. Due to unpredictable failures of water flow meters installed in the plankton nets used, the volume of filtered water was calculated based on a regression equation describing the relationship between the volume of water filtered through the net and depth strata:

	

The equation is based on a data set consisting of numerous zooplankton collections using MultiNet plankton nets conducted in the Barents Sea area, e.g. from projects ‘On Thin Ice’, ‘Cabanera’, ‘MariClim’. This model equation is valid for depth strata ranging from 20 m to 400 m. For water layers <20 m, the volume of filtered water was calculated based on the relationship: Volume filtered (m3) = net opening area * (lower layer depth [m] - upper layer depth [m]), assuming the filtration efficiency declared by the manufacturer (in the range of 90%).

Zooplankton samples were analyzed under an Olympus SZX7 dissecting microscope (OM Digital Solutions GmbH) equipped with an ocular micrometer following methods described in Postel et al. (2000) and Kwasniewski et al. (2010). In the first step, the zooplankton sample was filtered from the preservative solution of formaldehyde, suspended in a beaker with fresh water and then all large zooplankton (total length >5 mm) were removed, identified, and counted in their entirety. Smaller zooplankton (total size <5 mm) were identified and counted from sub-samples taken from a fixed sample volume using a macro pipette. In this case, at least five subsamples were analyzed in detail, assuming that the number of organisms identified and counted was not less than 500 individuals. If the number of individuals in 5 subsamples was smaller, further subsamples were taken until at least 500 zooplankton individuals from the smaller than 5 mm fraction were identified and counted. All zooplankton individuals were identified to the lowest possible taxonomic level, also specifying developmental stage (copepodid stage for copepods). The remaining sample was scanned to detect rare species and developmental stages. The species distinction between Calanus finmarchicus, C. glacialis and younger developmental stages of C. hyperboreus was made based on the length of the prosome, using the size classes established in the study by Kwasniewski et al. (2003). This approach likely introduces some bias in our data, as studies using molecular tools have shown a high but regionally variable overlap in prosome lengths of C. finmarchicus and C. glacialis, which often leads to an underestimation of C. glacialis (e.g., Gabrielsen et al., 2012; Choquet et al., 2018). However, as the results of molecular species analysis for our study region are currently not available to us and the vast majority of ecological studies of zooplankton to date, including studies on species distribution patterns, are based on using size classes to distinguish between Calanus species (e.g. Unstad and Tande, 1991; Hirche et al., 1994; Basedow et al., 2004; Kosobokova and Hirche, 2009; Kosobokova et al., 2011; Wold et al., 2023), our data should nevertheless provide insights into Calanus species distribution in comparison with previous observations. We followed Roura et al. (2018), who defines small copepods as those having adult body size of <2 mm. Consequently, abundance of ‘small copepods’ was represented by Acartia longiremis, Centropages hamatus, Harpacticoida spp. indet., Oithona atlantica, O. similis, Microcalanus spp., Microsetella norvegica, Neomormonilla spp., Oncaea spp., Pseudocalanus spp., Scolecithricella minor and Triconia borealis. Abundance of ‘large copepods’ was represented by Aetideidae, C. finmarchicus, C. glacialis, C. hyperboreus, Gaetanus tenuispinus, Heterorhabdus norvegicus, Metridia longa, Scaphocalanus brevicornis and Paraeuchaeta spp. The samples from the 64 μm and 180 μm gauze nets were analyzed separately, and the analytical results were then combined. Abundance data of copepod nauplii, all stages of ‘small copepods’, as well as all early developmental stages (CI-CIII) of ‘large copepods’, were obtained from the 64 μm net results. Abundance data of older developmental stages (CIV-adult) of ‘large copepods’ were based on 180 μm net results. Copepod abundance was converted into biomass, based on species and stage-specific carbon mass relationships (Supplementary Table 1). Copepod stage specific carbon mass was obtained from literature if available. For copepod species and life stages for which no published carbon mass was available, a conversion factor of 0.4 (individual dry weight to carbon weight) was used (Peters and Downing, 1984). For further analyses, we only used data on copepod abundance (ind. m-2) and biomass (mg C m-2) integrated for the upper 100 m at individual stations (including three net sampling depth strata: 0-20, 20-50 and 50-100/50-200 m). In the case where samples were taken over a depth range of 50-200 m (P7, PICE1, SICE2, SICE3), the abundance in the 50-100 m depth strata was calculated as one third of the abundance of the 50-200 m depth strata, assuming an even distribution of zooplankton in this layer of water. While this approach might potentially lead to an underestimation of copepod production in these depth strata, a comparison using one third or the total abundance or biomass in the 50-200 m depth layer indicated that it had minimal impact in our study and did not change the main results or conclusions. This is due to the comparatively low abundance and biomass in the deep layers of the Arctic Ocean basin (P7, PICE1, SICE2, SICE3).




2.3 Secondary production calculation

Daily copepod secondary production p (mg C m−2 d−1) in the upper 100 m was calculated using the following Equation 1, (Runge and Roff, 2000):

 

Where Bi is copepod stage specific biomass for the upper 100 m (mg C m−2) and gi stage specific growth rate (d−1).

Here, gi was determined for nauplii, copepodids and adults of individual broadcast-spawning and sac-spawning copepod species using the multiple linear regression model of Hirst and Lampitt (1998), taking temperature and body weight into consideration (Table 2; Supplementary Table 1: distinction of broadcast- and sac-spawning copepod species). We chose the Hirst and Lampitt (1998) growth model, as it reflects the physiological performances of copepods at low water temperatures relatively realistically and has been used in previous studies on copepod secondary production in Arctic regions (e.g. Liu and Hopcroft, 2006; Madsen et al., 2008). This global model can be used to calculate growth rates of actively growing copepod populations in the epipelagic layer of polar to tropical regions (Hirst and Lampitt, 1998). The present study focuses solely on the upper 100 m water column, as copepods found in this depth range are assumed to be active. We are aware that some copepods below 100 m will be active and hence contribute to the total copepod production in the ecosystem. Therefore, our production estimates may be considered conservative. An alternative approach would be to estimate production for the entire water column – hence also to include the deeper communities. However, we believe this would significantly overestimate the production estimates. Diapause plays a crucial role in the life cycle of Calanus spp., where individuals that have acquired enough lipids descend into deeper water layers in late summer, to hibernate at depth until the next spring bloom (Falk-Petersen et al., 2009). Therefore, including hibernating individuals below 100 m (Ashjian et al., 2003) would overestimate secondary production. The majority of small copepod species, such as Oithona spp. and Pseudocalanus spp., can be found above a depth of 150 m in summer months in Arctic waters, with highest abundance recorded in the upper 50 m water column (Lischka and Hagen, 2005; Madsen et al., 2008; Darnis and Fortier, 2014). Mesopelagic, omnivorous copepods, such as Metridia longa and Microcalanus spp., and carnivorous copepods, such as Paraeuchaeta spp., are only sporadically found in the upper 100 m (Darnis and Fortier, 2014) and are therefore not the focus of the present study. Furthermore, currently there is a shortage of models that can accurately estimate the growth rates of these kind of copepods (Kobari et al., 2019). We therefore decided to use the first approach of estimating secondary production for the upper 100 m only, with a potential underestimation of production – rather than to include all depth layers and risk an overestimation of the production.


Table 2 | Equations used to calculate stage specific growth rates of sac spawning and broadcast spawning copepods, after Hirst and Lampitt (1998).






2.4 Supplementary physical and biological data

In addition to sea-ice cover, multiple other biological and environmental factors can influence the copepod community composition and their production, such as water temperature and salinity (e.g. Daase and Eiane, 2007; Trudnowska et al., 2016; Balazy et al., 2018), the protist community composition (e.g. Levinsen et al., 2000; Leu et al., 2011) and primary production (e.g. Svensen et al., 2019). We therefore included data on water column temperature and salinity, chlorophyll a concentration, protist abundance, primary production, and bacterial production rates, collected during the same cruises as part of The Nansen Legacy project, in our statistical analyses. Detailed sampling procedures for the environmental and biological properties measured can be found in The Nansen Legacy sampling protocol (The Nansen Legacy, 2020).



2.4.1 Sea-ice concentration

A dataset containing daily sea-ice concentrations for each of the sampling stations in 2018 and 2019 was obtained from the data portal of the Norwegian Polar Institute (Steer and Divine, 2023). Daily sea-ice concentrations were derived from a 6.25 km resolution gridded sea-ice concentration product based on AMSR-E and AMSR2 passive microwave sensors. The satellite derived sea-ice concentration dataset was complemented with local sea-ice concentration from visual bridge-based sea ice observations, conducted following ASSIST Ice Watch protocol during some of the Nansen Legacy cruises to the study area. To visualize the sea-ice cover during the study period, AMSR2 sea-ice concentration data were obtained from the data archive of the University Bremen (Spreen et al., 2008) for the Svalbard region for each day in August 2018 and August 2019. The data was then processed by classifying each grid cell (3.125 km grid spacing) in the Barents Sea as either ice-free (0) or ice-covered (1) based on a threshold of less than 15 % sea-ice coverage representing ice-free conditions. Finally, the number of ice-covered days for each grid cell was determined by summing up the number of days classified as ice-covered, giving a range between 0-31 days of ice cover in August.




2.4.2 Hydrography

Data on hydrography of the sampling area was obtained from the Svalbard Integrated Arctic Earth Observing System (SIOS) data portal (Ingvaldsen, 2022; Reigstad, 2022). The data, consisting of depth profiles of water column salinity and temperature, were obtained using a rosette-mounted conductivity-temperature-depth (CTD) sensors mounted on the SBE911+ probe from Sea-Bird Electronics. Data were processed following standard procedures as recommended by the manufacturer and were averaged to 1 m vertical bins before plotting. We applied the suggested water mass definitions for the central and northern Barents Sea (Sundfjord et al., 2020), based on conservative temperature CT, absolute salinity SA and potential density values, following TEOS-10 convention.




2.4.3 Chlorophyll a

Values of acid-corrected chlorophyll a concentration at the stations along the transect were obtained from the SIOS data portal (Vader, 2022a, Vader, 2022b). Water for the measurements was collected with 10 L Niskin bottles mounted on a CTD rosette at nine depths: 5, 10, 20, 30, 40, 50, 60, 90 m and at the fluorescence maximum. Chlorophyll a was extracted with methanol using GF/F filters following the Holm-Hansen and Riemann (1978) procedure and its concentration was measured on board, using a Turner Design AU10 fluorometer.




2.4.4 Protist abundance

Abundance data of pelagic marine protists (cells L-1) at the study stations were obtained from the SIOS data portal (Assmy et al., 2022a, Assmy et al., 2022b). Samples were collected with Niskin bottles mounted on a CTD rosette at depths: 5, 10, 30, 60, 90 m and at deep chlorophyll maximum. The samples were preserved using a mixture of glutaraldehyde and hexamethylenetetramine-buffered formalin at final concentrations of 0.1% and 1%, respectively. The organisms were identified and counted under an inverted microscope according to the Utermöhl method (Utermöhl, 1958).




2.4.5 Primary production

Primary production rates at selected stations (2018: P1, P2, P4, PICE; 2019: P1, P4, P5, P7) were estimated by measuring 14C uptake during in situ incubations. Water was collected from a CTD rosette at 10, 20, 40, 60, 90 m and at the fluorescence maximum. The samples were stored in a dark and cold environment until processing, no longer than one hour. Two 250 mL polystyrene incubation bottles, one clear and one dark, were filled with water from each depth. NaH14CO3 was added to each incubation bottle to a final activity of 0.1 mCi/mL. Two 250 µL subsamples of each incubation bottle were fixed with 250 µL pure ethanolamine to quantify total added carbon. Both bottles were then incubated at their corresponding sampling depths, attached to a freely drifting mooring rig. After 18 to 24 hours, the bottles were recovered, and their contents filtered onto 25 mm Whatman GF/F filters at low vacuum pressure. The filters were transferred to 20 mL scintillation vials, and 750 µL concentrated HCl was added to remove the unincorporated inorganic carbon. The samples were stored in the dark until analysis, at which point 10 mL of scintillation cocktail (Ecolume) was added before analysis in a scintillation counter (Tricarb). Samples were counted for 10 minutes.




2.4.6 Bacterial production

Bacterial production rates at selected stations (2018: P1-P5, PICE; 2019: P1-P5, P7) were measured using the method of 3H-leucine incorporation according to Smith and Azam (1992). In short, four replicates of 1.5 mL of seawater, collected at depths of 5, 10, 20, 40, 60, 90, 120 m and at maximum fluorescence using Niskin bottles mounted on a CTD rosette, were distributed in 2 mL Eppendorf vials. To one replicate, 80 µL of 100% trichloroacetic acid (TCA) were immediately added to serve as control. All replicates were incubated with 3H-leucine (25-nM final concentrations) for 2h at in situ temperature (temperature measured at the sampling depth) and stopped through addition of 80 µL of 100% TCA. For the analysis, samples were first centrifuged for 10 min at 14,800 rpm and subsequently washed with 5% TCA (repeated three times). 5 mL of scintillation liquid (Ultima Gold) was added after the final step and the radioactivity in the samples was counted on a Perkin Elmer Liquid Scintillation Analyzer Tri-Carb, 2800TR. The measured leucine incorporation was converted to µg carbon incorporated per L per hour according to Simon et al. (1992). Datasets for bacterial production measurements in August 2018 and August 2019 can be found at NMDC (Müller, 2023a, Müller, 2023b).





2.5 Statistical analyses

Data on copepod abundance (ind. m-2), biomass (µg C m-2) and secondary production (µg C m-2 d-1) were aggregated at different taxonomic resolutions, combining across all developmental stages, using the following groupings: Calanoida nauplii, Calanus finmarchicus, C. glacialis, C. hyperboreus, Microcalanus spp., Pseudocalanus spp., Cyclopoida nauplii, Oithona spp., other Cyclopoida (including predominantly Triconia borealis), Microsetella norvegica and ‘other copepods’ (Table 3, representative species and life stages used in the grouping). Data was tested for normal distribution using the Shapiro-Wilk test. Prior to the analysis, data on abundance were fourth root transformed and data on biomass and secondary production were log10(x+1) transformed to approximate the normal distribution and stabilize variances. All statistical analyses of the copepod community were performed on abundance, biomass, and secondary production data from three depth strata (0-20, 20-50, 50-100 m) at stations along the study transect in 2018 and 2019. Because of non-replicated zooplankton tows, we used the different depth strata as replicates within each station, to be able to perform statistical tests on the dataset.


Table 3 | Copepod groupings used for the statistical analyses, with representative species and life stages.



To test whether bulk abundance, biomass, and secondary production of the total copepod community and of individual copepod species differed significantly between the two years (2018 and 2019) and locations (stations P1, P2, P3, P4, P5, which were sampled in both years), two-ways Analyses of Variance (ANOVA) were performed for the dominant copepod species mentioned above.

To test whether there was a significant difference in copepod community composition between the two years (2018 and 2019) and locations (stations P1, P2, P3, P4, P5), a permutation test was performed for a Constrained Correspondence Analysis (CCA) on abundance data and for a Redundancy Analysis (RDA) on biomass and secondary production data. Due to the nature of the data, a CCA was chosen for the abundance data (count data appropriate for Chi-square distances) and an RDA for biomass and secondary production data (both continuous variables appropriate for Euclidean distances). The explanatory variables in the CCA and RDAs included year and location. The interaction term (year x location) was included in the model to capture interannual differences of the copepod community along the transect. The significance of the overall model and individual terms were obtained by permutation testing (1000 permutations) at a significance level of α = 0.05.

To test the effect of environmental variables on the copepod community composition at stations in the two years, a CCA was performed on abundance data, whereas an RDA was performed on biomass and secondary production data. Included stations were P1-P5, P7, PICE1, SICE2, SICE3. The explanatory variables in the CCA and RDAs were selected based on ecological relevance and included water temperature (conservative temperature, °C) and salinity (absolute salinity, g kg-1), number of ice-free days, and integrated chlorophyll a concentration (mg Chl a m-2 for the upper 100 m water column). Because temperature and number of ice-free days were highly correlated, the temperature residuals were extracted using a linear model relating temperature to ice-free days. These temperature residuals were further used in the analyses and were representative of temperature variations within the water column decoupled from the spatial trend in sea-ice cover. Using temperature residuals also ensured that secondary production was not correlated with the same temperature data set that was used in the secondary production calculations. Model assumptions (linearity, variance heterogeneity and normality) were checked via exploratory data analyses and regression diagnostics. Salinity was square root transformed and number of ice-free days was log10(x+1) transformed, due to their skewed distributions. The significance of the overall model and individual terms were obtained by permutation testing (1000 permutations) at a significance level of α = 0.05.

In the constrained multivariate analysis, we could only include salinity, temperature, integrated chlorophyll a, and number of ice-free days as explanatory variables, due to missing values of other biological and environmental drivers at some of the sampling stations. However, primary production rate, bacterial production rate, ciliate abundance, dinoflagellate abundance and diatom abundance can be of high ecological relevance to secondary production. To explore the relationship between copepod secondary production and these additional environmental and biological drivers, a Principal Component Analysis (PCA) was performed on the copepod secondary production variables, and the explanatory variables were then superimposed on the biplot by relating these to the principal components (PC1, PC2).

All data processing, statistical analyses and visualizations were performed using R version 4.2.2. The multivariate ordination analyses and permutation tests were performed with R package Vegan (Oksanen et al., 2023). Station maps were plotted in R using the GGOceanmaps package (Vihtakari, 2022) and Bathymetry data from the National Geophysical Data Center (NOAA National Geophysical Data Center 2009). 





3 Results



3.1 Physical properties: sea ice and hydrography

Sea-ice cover and water mass distribution in the study area varied between the two years. In August 2018, the ice edge was at 83°N, while it extended as far south as 80°N in 2019 (Figures 1A, C). Analysis of the sea-ice concentration in the Barents Sea in the weeks prior to the sampling campaigns revealed that in 2018 the Atlantic station P1 had been ice-free (defined as consecutive days with < 15% sea ice concentration) for 219 days, while it had only been ice-free for 92 days in 2019 (Table 1). The Barents Sea shelf stations P2, P3, P4 and P5 north of the polar front had been ice-free respectively for 88, 83, 73 and 79 days in 2018 and 43, 45, 32 and 0 days in 2019 (Table 1). All stations in the Arctic Ocean basin in 2018 (PICE1, SICE2, SICE3) and 2019 (P7) were ice covered in August (Table 1). In 2018, the sea ice in the study area started to melt around mid-May and did not form again until approximately mid-December. In 2019, on the other hand, the sea ice started to melt roughly by the end of June and formed again by the beginning of October (Amargant-Arumí et al., 2024).

The upper 100 m water column was warmer and more saline in 2018 than in 2019. In 2018, Atlantic Water was only observed at station P1, while this water mass was not present there in 2019 and was substituted with warm Polar Water (Figures 1B, D). Stations P2, P3, P4 and P5 north of the polar front were characterized by warm Polar Water in the surface layers and Polar Water in deeper layers in both years. In 2019, both temperature and salinity of the water masses decreased from south to north over the Barents Sea shelf. The Arctic Ocean basin stations in 2018 (PICE1, SICE2-3) and 2019 (P7) were characterized by Polar Water in the surface layers and warm Polar Water in deeper layers (Figures 1B, D).




3.2 Copepod community composition



3.2.1 Copepod depth distribution

In general, the majority of the copepods were found in the upper 100 m of the water column. At the Atlantic station P1, 85% of the entire copepod community was found in the upper 100 m in 2018, and 95% in 2019 (Figures 2A, B, diamonds representing the percentage of the copepod community that resided in the upper 100 m). On the Barents Sea shelf (stations P2-P5) approximately 66-91% of the entire copepod community was in the upper 100 m in 2018 and 84-94% in 2019 (Figures 2A, B). In the Arctic Ocean basin between 47-57% of the whole copepod community were found in the upper 100 m in 2018 (stations PICE1, SICE2-3) and 49% in 2019 (station P7, Figures 2A, B). It should be recalled that the stations in the Arctic Ocean basin were located in much deeper areas of the ocean. Of the Calanus population at the Atlantic station P1, 4% was found in the upper 100 m of water in 2018, while it was as much as 40% in 2019 (data not shown). On the Barents Sea shelf, 51-94% of the Calanus spp. community was found in the upper 100 m in 2018 and 68-94% in 2019 (data not shown). In the Arctic Ocean basin, between 72-100% of the Calanus spp. community was in the upper 100 m in 2018 (stations PICE1, SICE2-3) and 92% in 2019 (P7, data not shown). As the present study focuses solely on the secondary production occurring in the upper 100 m water column, e.g. does not considering Calanus spp. below 100 m in hibernation, the focus of the following chapters lays exclusively on the depth range of 0-100 m.




Figure 2 | Abundance (upper panels), biomass (middle panels) and secondary production (lower panels) of dominating copepods within the upper 100 m layer at the southernmost station P1 (Atlantic), on the Barents Sea shelf (BS shelf) and in the Arctic Ocean basin (AO basin) in 2018 (left side graphs) and 2019 (right side graphs). Integrated abundance (1000 ind. m-2) in 2018 (panel (A)) and 2019 (panel (B)), integrated biomass (g C m-2) in 2018 (panel (C)) and 2019 (panel (D)) and integrated secondary production (mg C m-2 d-1) in 2018 (panel (E)) and 2019 (panel (F)) with proportions for individual copepod groups shown in the legend. Diamonds represent the percentage of the copepod community abundance (panels (A, B)) and biomass (panels (C, D)) that was located in the upper 100 m. Solid lines below the figure panels indicate the respective regions of the study section. Sea-ice cover is indicated with white rectangles under the graphs.






3.2.2 Copepod abundance

Copepod abundance in the upper 100 m was highest at the Atlantic station P1 in both years and amounted to 1052 and 1023 x 103 ind. m-2 in 2018 and 2019, respectively. The copepod community was numerically dominated by small copepods and cyclopoid nauplii (Figures 2A, B). The small copepod Microsetella norvegica and its nauplii were found almost exclusively at the Atlantic station P1. The total abundance of this species, including nauplii, was 225 x 103 ind. m-2 in 2018 and 40 x 103 ind. m-2 in 2019. The large copepods Calanus spp. reached abundance of 0.4 x 103 ind. m-2 in 2018 and 5 x 103 ind. m-2 in 2019, representing less than 0.5% of total copepod abundance in both years. Other large copepods, e.g. Metridia longa, were virtually absent at station P1 in 2018, whereas they represented up to 4% of the total copepod abundance at this station in 2019.

On the Barents Sea shelf (stations P2-P5) copepod abundance ranged between 145-946 x 103 ind. m-2 in 2018 and 374-863 x 103 ind. m-2 in 2019. The community was numerically dominated by small copepods and copepod nauplii in both years (Figures 2A, B). Calanus spp. and especially individuals in the size range of C. glacialis, contributed more to total abundance there. In terms of abundance, Calanus spp. made up 6-12% of the copepod community in 2018 (18-62 x 103 ind. m-2) and accounted for 4-7% (16-44 x 103 ind. m-2) in 2019. The species composition of the Calanus complex differed between the two years. C. finmarchicus made up 31-67% of the Calanus abundance on the Barents Sea shelf in 2018 and 1-17% in 2019. C. glacialis made up 29-68% in 2018 and 73-97% in 2019. C. hyperboreus made up 0.5-5% in 2018 and 1-10% in 2019. Copepod nauplii made up more than half of the total abundance of Copepoda on the shelf in both years, with cyclopoid nauplii being more abundant than calanoid nauplii. The only exception was station P3 in 2019, where the highest nauplii abundance was recorded (420 x 103 ind. m-2) and the nauplii assemblage was dominated by calanoid nauplii, with 63% contribution to total nauplii abundance.

In the Arctic Ocean basin copepod abundance in the upper 100 m of the ocean was low in both years, ranging from 137-246 x 103 ind. m-2 in 2018 (stations PICE1 and SICE2, respectively) and 95 x 103 ind. m-2 in 2019 (station P7) (Figures 2A, B). This was only a fraction (9-23%) of the abundance found at the Atlantic station P1. The copepod community in both years consisted mainly of copepod nauplii (48-76% of total abundance) and small copepods (24-46% of total abundance), while large copepods played a minor role (0-6% of the total abundance). As for Calanus spp., C. finmarchicus accounted for approximately 60-70% in both years, while C. hyperboreus only accounted for 7-26% in 2018 and 34% in 2019.




3.2.3 Copepod biomass

In both years, the copepod biomass in the upper 100 m was highest on the Barents Sea shelf and lower at the Atlantic station and in the Arctic Ocean basin. The copepod biomass at the Atlantic station P1 amounted to 0.31 g C m-2 in 2018 and 0.61 g C m-2 in 2019. In 2018, Oithona spp., Microsetella norvegica (Figures 2C, D) and the nauplii of both small copepods contributed most to the copepod biomass. In 2019, the copepod biomass consisted mainly of Oithona spp., other small copepods (e.g. Pseudocalanus spp., Triconia borealis, Microcalanus spp., Microsetella norvegica) and Metridia longa (other copepods in Figures 2C, D).

Copepod biomass was the highest on the Barents Sea shelf, with a maximum of 1.50 g C m-2 at station P3 in 2018 and a maximum of 3.21 g C m-2 at station P2 in 2019. The main component of copepod biomass on the Barents Sea shelf was Calanus spp. in both years, except at the southernmost station P2 in 2018, where small copepods and copepod nauplii together accounted for 55% of the total copepod biomass, and station P3 in 2019, where calanoid nauplii constituted 18%. Calanus in the size range of C. finmarchicus made up 8-34% of Calanus spp. biomass on the Barents Sea shelf in 2018 and 24-44% in 2019. C. glacialis made up 48-90% in 2018 and 82-96% in 2019. C. hyperboreus made up 2-27% in 2018 and 2-9% in 2019 (Figures 2C, D).

Copepod biomass was considerably lower in the Arctic Ocean basin than in the south, with 0.06-0.80 g C m-2 in 2018 and 0.90 g C m-2 in 2019. Here the biomass was mainly composed of Calanus spp. and other large copepods and C. hyperboreus contributed up to 60% in Calanus spp. biomass in both years (Figures 2C, D).




3.2.4 Copepod secondary production

The secondary production of copepods in the upper 100 m was highest on the Barents Sea shelf and lower at the Atlantic station P1 and at stations in the Arctic Ocean basin. At the Atlantic station P1, total estimated secondary production was 22.3 and 64.3 mg C m-2 d-1 in 2018 and 2019, respectively. Small copepods (13.8 and 19.3 mg C m-2 d-1 2018 and 2019, respectively) and their nauplii (1.8 and 1.4 mg C m-2 d-1 2018 and 2019, respectively) contributed considerably to the total copepod secondary production (Figures 2E, F). The production of large copepods at the Atlantic station was only 1.9 mg C m-2 d-1 in 2018 while it was 32.7 mg C m-2 d-1 in 2019.

The total estimated secondary production on the Barents Sea shelf ranged between 77.6-144.8 mg C m-2 d-1 in 2018 and 162.1-272.2 mg C m-2 d-1 in 2019. There was a change between years in the relative contribution of different groups to total secondary production of copepods on the Barents Sea shelf. In 2018, copepod nauplii and small copepods accounted for a large part of the production in the southern-most part of the Barents Sea shelf (stations P2), while Calanus spp. accounted for the majority of production in the remaining northern part (stations P3, P4, P5). In 2019, Calanus spp. accounted for most of the copepod secondary production at all stations except station P3, where calanoid nauplii had a higher share in production, amounting to 37.2% (Figures 2E, F). C. finmarchicus made up 13-39% of Calanus spp. production on the Barents Sea shelf in 2018 and 0.2-9% in 2019. C. glacialis made up 41-83% in 2018 and 83-97% in 2019. C. hyperboreus made up 2-19% in 2018 and 2-6% in 2019 (Figures 2C, D).

The secondary production of copepods in the Arctic Ocean basin ranged from 28.9-74.0 mg C m-2 d-1 in 2018 to 49.2 mg C m-2 d-1 in 2019 and resulted mainly from the production of Calanus spp. (72-89% in 2018, 89% in 2019) (Figures 2E, F).





3.3 Distribution of copepod communities in relation to ecological drivers



3.3.1 Differences in bulk abundance, biomass, and secondary production

There were no significant differences in mean abundance, biomass, and secondary production of the bulk copepod community between the two years (2018, 2019). In contrast, the mean abundance of the bulk copepod community was significantly different between locations (upper 100 m, stations P1-P5, two-way ANOVA, p <0.001, Supplementary Table 2). Post-hoc testing showed that the mean abundance decreased from south to north (Supplementary Figure 1A).

The only copepod species for which significant interannual differences were found was C. finmarchicus. The mean abundance, biomass, and secondary production of C. finmarchicus were significantly different between the two years (abundance, p <0.001; biomass, p = 0.007; secondary production, p = 0.001, Supplementary Table 2) and the interaction between year and location had a significant effect (abundance, p = 0.018; biomass, p = 0.003; secondary production, p = 0.002, Supplementary Table 2). Post-hoc testing showed that the mean abundance, biomass, and secondary production of C. finmarchicus were higher in 2018 than in 2019 at station P2, P3 and P4 (Supplementary Figures 1, panels 7A–C).

Significant differences between locations were found for Calanus spp. and the small copepods Oithona similis and Microsetella norvegica. The mean biomass of the large copepods Calanus spp. was significantly different between the locations (biomass, p = 0.03, Supplementary Table 2). Post-hoc testing showed that the mean bulk biomass of Calanus spp. was lower at the Atlantic station P1 than at the Barents Sea shelf stations P2-P5 (Supplementary Figures 1, panel 5B). The mean bulk abundance, biomass, and secondary production of Oithona spp., Pseudocalanus spp., Microcalanus spp., Microsetella norvegica and remaining small copepods combined were significantly different between locations (abundance, p = 0.006; biomass, p = 0.003, secondary production, p < 0.001, Supplementary Table 2). Post-hoc testing showed that the mean bulk abundance, biomass, and secondary production of small copepods decreased from south to north (Supplementary Figures 1, panels 10A–C). The mean abundance, biomass, and secondary production of the small copepods O. similis and M. norvegica varied significantly with location (O. similis abundance, p = 0.038; O. similis biomass, p = 0.020; O. similis secondary production, p = 0.018 and M. norvegica abundance, p = 0.013; M. norvegica biomass, p = 0.013; M. norvegica production, p = 0.002, Supplementary Table 2). Post-hoc testing showed that the mean abundance, biomass, and secondary production of both copepods decreased from south to north.




3.3.2 Copepod community composition

Multivariate analyses showed that there was no significant difference in terms of mean abundance, biomass, and secondary production of the copepod community between the two years (Table 4). The copepod community differed significantly in terms of mean abundance, biomass, and secondary production between locations (permutation test for stations P1-P5, using copepod groupings in Table 3, CCA abundance, p = 0.001; RDA biomass, p = 0.001; RDA production, p = 0.001, Table 4). Mean abundance, biomass, and secondary production of the copepod community differed significantly when testing for the interaction between year and location simultaneously (CCA abundance, p = 0.004; RDA biomass, p = 0.011; RDA production, p = 0.049, Table 4).


Table 4 | Results of permutation testing of the copepod community in the upper 100 m (three depth strata 0-20, 20-50, 50-100 m) in relation to the two study years (2018 and 2019) and locations (stations P1-P5).



The constrained ordination models that explained the differences in copepod community abundance (Figure 3A; CCA, p <0.01), biomass (Figure 3B; RDA, p <0.01) and secondary production (Figure 3C; RDA, p <0.01) between locations within and between the two years included salinity, temperature, chlorophyll a and number of ice-free days as explanatory variables. Of the explanatory variables, only number of ice-free days was significant (p = 0.001, for abundance, biomass, secondary production, Table 5). The CCA explained 27.16% of total variation in the abundance data (Table 5), with the first axis accounting for 18.05% and the second axis for 4.81%. The RDA explained 27.43% of total variation in the biomass data (Table 5), with the first axis accounting for 19.38% and the second axis for 5.15%. The RDA accounted for 28.77% of total variation in the secondary production data (Table 5), with the first axis accounting for 20.35% and the second axis for 5.72% of the explained variability. The first axis of the CCA and of the two RDAs was significant (p = 0.001, for abundance, biomass, secondary production) and was primarily related to ice-free days, which contributed most to the observed variation. The second axis of the CCA and of the two RDAs was related to higher temperature and salinity on one end (Atlantic Water) and higher chlorophyll a concentrations on the other end, but was not significant. Samples clustered by characteristic geographical area, with the Atlantic station P1, the Barents Sea shelf stations (P2-P5) and the Arctic Ocean basin stations (PICE1, SICE2-3, P7) separating within the ordination plane. There was no clear distinction between samples from 2018 and 2019 in the ordination (Figures 3A–C). Copepod abundance, biomass, and secondary production were positively correlated with chlorophyll a at the Barents Sea shelf stations and positively correlated with salinity and temperature at the Atlantic station. A negative correlation was found between copepod abundance, biomass and secondary production and number of ice-free days for the Arctic Ocean basin stations. The analyses showed that the abundance, biomass, and secondary production of Microsetella norvegica, Pseudocalanus spp. and Oithona spp. were positively correlated with number of ice-free days, water temperature and salinity. The abundance, biomass, and secondary production of Calanus glacialis was positively correlated with chlorophyll a concentration. The abundance, biomass, and secondary production of C. hyperboreus, Microcalanus spp. and other copepods (e.g. Metridia longa, Paraeuchaeta spp.) was negatively correlated with number of ice-free days (Figures 3A–C). This shows that distinct copepod communities were found in the southern and northern parts of the study transect (spread along the first axis), with M. norvegica, Pseudocalanus spp., Oithona spp. and C. glacialis being characteristic for the Atlantic and shelf community, and C. hyperboreus, C. finmarchicus, Microcalanus spp., M. longa, and Paraeuchaeta spp. characteristic for the Arctic Ocean basin community. The communities were either located in Atlantic waters with low phytoplankton biomass, i.e. low integrated chlorophyll a, or in other water masses with higher phytoplankton biomass (sample points spread along the second axis).




Figure 3 | Multivariate analyses of copepod communities in relation to environmental and biological factors. (A) Triplot showing relationship between copepod abundance (based on fourth root transformed abundance data expressed as ind. M-2 in three depth strata from 0-20, 20-50, 50-100 m) and environmental factors (int Chl a = integrated chlorophyll a concentration, sqr sal = square root transformed salinity, res temp = residuals of temperature and log ice free days = log transformed number of ice-free days) using Constrained Correspondence Analysis (CCA). (B) Triplot showing relationship between copepod biomass (based on log10(x+1) transformed biomass data expressed as µg C m-2) and environmental factors using Redundancy Analysis (RDA). (C) Triplot showing relationship between copepod secondary production (based on log10(x+1) transformed secondary production data expressed as µg C m-2 d- 1) and environmental factors using Redundancy Analysis (RDA). (D) Biplot showing Principal Component Analysis of copepod secondary production with overlaid potential drivers of secondary production, including log-transformed number of ice-free days, square root transformed salinity, residuals of temperature, integrated chlorophyll a concentration, bacterial production, primary production, abundance of ciliates, dinoflagellates, and diatoms. Solid filled symbols indicate samples with full dataset of environmental and biological variables, symbols with solid lines indicate that primary production was not measured, symbols with dashed lines indicate that primary production and bacterial production were not measured, grey-filled symbols with dashed lines indicate that primary production, bacterial production, and phytoplankton community composition were not measured.




Table 5 | Results of permutation testing of the copepod community in the upper 100 m (three depth strata 0-20, 20-50, 50-100 m) at stations P1-5, P7, PICE1, SICE2 and SICE3 in relation to environmental and biological variables (int_Chla = integrated chlorophyll a concentration, res_temp = residuals of temperature, log_ice_free_days = log transformed number of ice-free days and sqr_sal = square root transformed salinity.



A Principal Component Analysis (PCA) revealed that the secondary production of small copepods (e.g. Oithona spp., Pseudocalanus spp., M. norvegica) on the Barents Sea shelf and in the Atlantic region was positively correlated with number of ice-free days and was furthermore associated with a higher primary production rate and ciliate abundance (Figure 3D). The secondary production of C. finmarchicus and C. hyperboreus and other copepods in the Arctic Ocean basin was positively correlated with integrated chlorophyll a values, and also associated with higher diatom abundance. The high secondary production of C. glacialis on the Barents Sea shelf was associated with a higher bacterial production rate and higher dinoflagellate abundance. Both the bacterial production rate and dinoflagellate abundance were negatively correlated with salinity and temperature (Figure 3D). Hence, different environmental drivers seemed to influence the copepod communities in the southern and northern parts of the study area.






4 Discussion



4.1 Effect of interannual variation of sea-ice cover on copepod secondary production

Since the cold climate period in the late 1970s, the Barents Sea has undergone a warming trend (Bagøien et al., 2020), marked by notable interannual and multidecadal variability, resulting in an overall sea surface temperature increase of about 1.5°C (Mohamed et al., 2022). In this perspective, the two investigated years were both relatively warm years, although on a generally slightly cooling trend since the record warm year 2016 (Bagøien et al., 2020). There were differences in environmental drivers in the Barents Sea between the two years of study, which influenced the pelagic community and its production. Most notably, in August 2018, there was no sea-ice cover across the Barents Sea shelf and the hydrography in the southernmost part of the section was shaped by Atlantic water masses. In 2019, parts of the Barents Sea shelf were still ice-covered and water temperature at the study stations was overall lower. In the ice-free summer of 2018, the microbial community in the study area was in a late post-bloom stage, while in 2019, remnants of a marginal ice-zone bloom were still observed (Kohlbach et al., 2023; Amargant-Arumí et al., 2024). Even though the microbial community in 2018 was in a later seasonal succession stage than in 2019, both communities sustained comparable primary production averaged across the transect (Amargant-Arumí et al., 2024). To understand how climate change affects the entire pelagic ecosystem, it is crucial to understand how this energy is transferred to higher trophic levels. The Barents Sea as a highly productive fishing ground and depends on copepods as key food sources for many fish species (Hassel et al., 1991; Huse and Toresen, 1996; Bouchard et et al., 2017). It is therefore important to understand how the productivity patterns of copepods may be altered by changes in environmental conditions. Despite the contrasting sea-ice regimes in the two years, we did not find any statistically significant interannual differences in the mean copepod secondary production (Table 4), even though a comparison of the total integrated copepod biomass and secondary production between the two years (integrated for the upper 100 m) suggested that both were higher in 2019 than 2018 (Figures 2C–F). Instead, we found that spatial rather than interannual differences dominated the variation of copepod secondary production across the study region. Integrated bulk copepod secondary production for the upper 100 m ranged between 22.3-64.3 mg C m-2 d-1 in the Atlantic region, 77.6-272.2 mg C m-2 d-1 on the Barents Sea shelf and 28.9-74.0 mg C m-2 d-1 in the Arctic Ocean basin (Figures 2E, F). These values are comparable to data reported for the eastern Barents Sea (13.6-128 mg C m-2 d-1, assuming a dry mass to carbon mass relationship of 0.4 and integrating for the upper 100 m, Dvoretsky and Dvoretsky, 2024a) and the Barents Sea polar front (mean 70 ± 8.8 mg C m-2 d-1, for the whole water column, Dvoretsky and Dvoretsky, 2024b).

One possible explanation for the absence of interannual variability in the analyzed dataset is that potential interannual differences may have been masked by natural heterogeneity in the depth and spatial distribution of copepods, which is a natural feature of zooplankton and not an effect of climate change. Although the distribution of copepods within the three distinguished depth layers (0-20, 20-50, 50-100 m) did not differ much (Supplementary Figures 2-4 for copepod abundance, biomass and secondary production, respectively), similarly to the zooplankton distribution in the same region described by Wold et al. (2023), the within-group variability of copepod occurrence data across different depth layers at a station was nevertheless high. This reduced the power of the analyses and potentially masked interannual variability. Furthermore, using depth layers as replicates introduces pseudoreplication, which may lead to optimistic estimates affecting the statistical inference. But the large variance observed within stations implies that effect size must be large for significant effects to emerge. To address these challenges, a sampling plan which involves replicate sampling with vertical resolution across multiple stations within each region would be crucial, enabling the inclusion of depth as a predictor in the statistical model to correct for potential differences between depths. Unfortunately, this is a very challenging sampling plan both at sea and in the laboratory and could not be implemented, even for such a large-scale research program as The Nansen Legacy. Further sampling efforts are needed to conclusively answer the important question of the effect of sea-ice reduction on the bulk copepod secondary production and should ideally focus on specific regions to investigate long-term trends. Despite its potential, this approach would require long-term monitoring and additional resources, posing practical challenges. At present we can discuss the question of the effects of interannual variation in sea-ice cover on copepod production based on results from short-term studies such as the present one, which, despite their limitations, provide new insights into how copepod communities respond to changes in water masses and sea ice cover.

It has previously been suggested that as the Arctic continues to warm and sea ice declines, large copepods may become less important for copepod secondary production, while the proportion of small copepods in the copepod community increases (Kimmel et al., 2018, Kimmel et al., 2023) and our observations support this notion. We found significant differences in the copepod community composition and production when comparing individual sampling sites between the two years. These changes could mainly be linked to differences in sea-ice cover at the stations between the two years. Small copepods showed the highest contribution to total copepod production at the warmer stations, but Calanus spp. was overall the largest contributor to secondary production in both years. The differences in community composition and secondary production of small and large copepods in 2018 and 2019 were consequences of the interplay of the sea-ice retreat, the phytoplankton bloom status and Atlantic water inflow. In the following we discuss each of these factors in the context of copepod community production.




4.2 Higher water temperature and the specific structuring of the microbial food web promoted secondary production of small copepods

Daily secondary production rates of 1.0-9.7 mg C m-2 d-1 for small copepods on the Barents Sea shelf are in good agreement with secondary production rates previously recorded in other Arctic regions. The maximum secondary production of small copepods in Disko Bay, western Greenland, in the upper 50 m water column was estimated as 15.5 mg C m−2 d-1 in October (Madsen et al., 2008). Secondary production values of 2.7-16.1 mg C m-2 d-1 were reported for small copepods in Ura Bay, when aggregating Dvoretsky and Dvoretsky (2012) mean daily secondary production rates of different copepod species and converting them to carbon mass, using a conversion factor of 0.4 (Peters and Downing, 1984). When comparing the integrated secondary production of small copepods reported in the present study to the integrated primary production in 2018, it becomes apparent that small copepods played a moderate role for carbon transport to higher trophic levels. At the Atlantic station P1, the integrated primary production in the upper 100 m was 632 mg C m-2 d-1 (Amargant-Arumí et al., 2024) and secondary production of small copepods was 13.8 mg C m-2 d-1, which equals an energy transfer of 2.2%. On the Barents Sea shelf, integrated primary production was between 652-710 mg C m-2 d-1 (stations P4 and P2, respectively, Amargant-Arumí et al., 2024) and secondary production of small copepods was 4.3-9.7 mg C m-2 d-1 (stations P4 and P2, respectively), equal to an energy transfer of 0.6-1.4%.

There were no significant interannual differences in secondary production of small copepods, but variations were observed between locations, with highest production occurring in warm waters in the southernmost part of the transect. In 2018, water temperatures in the study area were overall higher, less sea-ice was present and chlorophyll a concentrations were low (Kohlbach et al., 2023). In August 2018, the protist community was in a late-summer oligotrophic state, dominated by small-sized autotrophic and heterotrophic protists, predominantly flagellates and ciliates (Kohlbach et al., 2023). Highest primary production in 2018 was observed at the southernmost station of the transect (P1), where the growth of small pico- and nano-flagellated cells was sustained by nutrient input through Atlantic Water inflow (Amargant-Arumí et al., 2024). Along the rest of the transect, primary production was overall low and no latitudinal structuring of the microbial community was observed (Amargant-Arumí et al., 2024). In 2019, on the other hand, the microbial community was latitudinally structured (Kohlbach et al., 2023), with highest primary and bacterial production occurring close to the sea-ice edge (around station P4, Amargant-Arumí et al., 2024). With increasing distance to the ice-edge, higher nutrient and chlorophyll a concentrations were observed at deeper water layers at the southern stations. The southernmost station P1 was dominated by late-summer protist communities, including high numbers of ciliates in both years (Kohlbach et al., 2023). Our analyses showed that secondary production of small copepods (e.g. Oithona spp.) had a positive relationship with the number of ice-free days, which was strongly correlated with the overall water temperature in the study area (Figure 3). A positive relationship between secondary production of O. similis and temperature has previously been demonstrated by Balazy et al. (2021). This can be explained by the fact that egg hatching and developmental rates of copepods are positively correlated with temperature, resulting in higher secondary production at higher temperature (Nielsen et al., 2002; Dvoretsky and Dvoretsky, 2009). The development and growth of small copepods appears to depend more directly on water temperature than that of large copepods, whose production is more food dependent. Because of their size, small copepods live in conditions close to food saturation (Kiørboe and Sabatini, 1995). Furthermore, species of the genus Oithona prey upon a larger variety of prey items including dinoflagellates, phytoplankton, and faecal material (Gallienne and Robins, 2001), with a preference for swimming prey particles such as ciliates (Svensen and Kiørboe, 2000; Zamora-Terol et al., 2013). This makes them able to sustain higher productivity in low chlorophyll a conditions (Sabatini and Kiørboe, 1994), as has been observed in this study in 2018 and explains the positive correlation of secondary production with ciliate abundance that we observed. In the Bering Sea, both the abundance and secondary production of the small copepods Oithona spp. and Pseudocalanus spp. were higher during a warm period (2001–2005) compared to a cold period (2007–2011) (Hunt et al., 2011; Stabeno et al., 2012; Eisner et al., 2014; Kimmel et al., 2018). In the Barents Sea, higher abundance of small copepods has previously been linked to higher water temperatures (Trudnowska et al., 2016; Balazy et al., 2018).




4.3 Water mass distribution shaped the spatial pattern of secondary production of Calanus finmarchicus

The daily secondary production rates of large copepods in the range of 50.8-250.7 mg C m-2 d-1 for the Barents Sea shelf reported in this study are in good agreement with secondary production previously recorded in other Arctic regions. The highest secondary production rates for Calanus spp. of 250 mg C m-2 d-1 have been estimated in Disko Bay, western Greenland, in the upper 50 m water column in May/June (Madsen et al., 2001). Dvoretsky and Dvoretsky (2012) reported secondary production values of 13.3-14.0 mg C m-2 d-1 for large copepods in Ura Bay (low copepod biomass in coastal Barents Sea area). When comparing the integrated secondary production of large copepods to the integrated primary production in 2019 it becomes apparent that large copepods were especially important for energy transfer to higher trophic levels in the marginal ice zone. On the Barents Sea shelf, integrated primary production in the upper 100 m was 261-551 mg C m-2 d-1 (stations P5 and P4, respectively) and secondary production of large copepods was 182.8-250.7mg C m-2 d-1 (stations P4 and P5, respectively), equivalent to an energy transfer of 33.2-96.1%. At the Atlantic station P1, energy transfer only equaled 10%, based on an integrated primary production of 340 mg C m-2 d-1 and secondary production of large copepods of 32.7 mg C m-2 d-1.

We observed overall higher abundance, biomass, and secondary production of Calanus in the size range of the boreal species C. finmarchicus in the year that was characterized by presence of Atlantic Water in the southern part of the study area (2018). The recent Arctic winter sea-ice retreat in the Barents Sea has been linked to a strengthening of the Atlantic water inflow into this region and warming of the water masses (Årthun et al., 2012) i.e. ‘Atlantification’. As a result of this event, an increasing number of organisms from boreal regions can be advected into the Arctic (Freer et al., 2022). Currently, low water temperatures prevent the boreal species C. finmarchicus from establishing a population that can successfully reproduce in the Arctic Ocean (Ji et al., 2012). However, this may change with continued ocean warming and a prolonged retreat of the ice edge (Tarling et al., 2022). A modelling study by Slagstad et al. (2015) showed that with rising water temperature and increasing Atlantic water inflow, the production areas of C. finmarchicus will steadily expand into the Greenland Sea, northern Barents Sea, and western Kara Sea. Likewise, warming and an extended growth season due to earlier sea-ice retreat have been suggested to increase the suitability of pelagic habitats in the Fram Strait for C. finmarchicus (Freer et al., 2022; Tarling et al., 2022). The large fraction of smaller Calanus found on the Barents Sea shelf in our study indicates an advection of C. finmarchicus onto the shelf from the southern Barents Sea (Gluchowska et al., 2017), while those in the Arctic Ocean basin are transported into this region with the West Spitsbergen Current (Basedow et al., 2018).




4.4 Differences in sea-ice cover influenced Calanus glacialis reproduction

Significantly higher secondary production of the larger Calanus (i.e. C. glacialis) was observed in the year with extensive sea-ice cover (2019), when chlorophyll a concentrations were higher and the protist community was in a late-bloom stage and showed a dominance of autotrophs and large-celled phytoplankton, in particular diatoms (Kohlbach et al., 2023). Highest primary production in 2019 was found at station P5 closest to the ice edge on the Barents Sea shelf. The marginal ice zone bloom had a typical south-to-north progression, where primary production shifted into deeper water layers in the southern parts of the study area (Amargant-Arumí et al., 2024). The sea-ice breakup in 2019 was at the beginning of July, compared to mid-May in 2018, and likely resulted in a longer ice-algae season and an extended spring bloom in 2019 (Kohlbach et al., 2023). This was supported by high numbers of calanoid nauplii observed close to the ice edge at station P3 in 2019, and the presence of CI and CII at the stations south of P3, that may indicate that reproduction took place some weeks earlier. Overall, higher abundance of older Calanus copepodids in 2018 compared to 2019 indicated that reproduction in 2018 had started earlier than in 2019. In 2018 biomass and secondary production of C. glacialis (i.e. the larger size fraction of the Calanus population) on the Barents Sea shelf were however generally lower than in 2019, possibly due to a mismatch between the reproduction of the species and the bloom phenology, and consequently lower recruitment. The life history strategy of C. glacialis is tightly linked to the distribution and timing of sea-ice cover and the resulting timing of the ice-algae and phytoplankton blooms (Falk-Petersen et al., 2009; Daase et al., 2013; Feng et al., 2016, Feng et al., 2018). The nutritional quality of both ice algae and phytoplankton is highest at the beginning of the bloom (Søreide et al., 2010; Leu et al., 2011) and C. glacialis females can increase their reproductive output if an ice algae bloom is available to fuel egg maturation, while they must rely to a large extent on internal energy reserves from the previous feeding season in the absence of an ice algae bloom (Søreide et al., 2010). The reduction of sea-ice thickness and extent alters the current primary production regime, shortening the growth period of ice algae and advancing the onset of the open water phytoplankton growth season (Arrigo et al., 2008; Søreide et al., 2010). At sub-zero temperatures, the species’ nauplii require about three weeks to develop to the first naupliar stage that feeds (Daase et al., 2011). If the phytoplankton bloom occurs shortly after the ice algae bloom, the new generation may miss the early, high-quality food phase of the bloom, thus reducing the reproductive success.

C. glacialis secondary production was higher in the ice-covered northern parts of the study area in 2019. However, this trend was not significant, likely due to high within-group variance compared to the number of replicates in this study. Our observations nevertheless agree with previous studies showing elevated secondary production of large Calanus spp. during a cold period (2007–2011) compared to a warm period with reduced sea-ice cover (2001–2005) in the Bering Sea (Hunt et al., 2011; Stabeno et al., 2012; Eisner et al., 2014; Kimmel et al., 2018, Kimmel et al., 2023). While a mismatch scenario between C. glacialis reproduction and the phytoplankton bloom may explain the interannual variation in the local Calanus population in the Barents Sea, there is so far little evidence that sea-ice loss has been detrimental to Calanus populations in other parts of the European Arctic. Studies from Svalbard fjords suggest that warming and sea-ice loss benefit C. glacialis populations (Hatlebakk et al., 2022). Life history models by Feng et al. (2016); Feng et al. (2018) showed that early ice retreat, warming, increased phytoplankton food availability and prolonged growth season overall create favorable conditions for C. glacialis development, leading to a northward expansion of well prospering populations of the species as the sea ice retreats. This has been confirmed by observations from the polar basin, indicating a northwards expansion of C. glacialis (Kvile et al., 2019; Ershova et al., 2021).

It should be noted that due to the identification of C. finmarchicus and C. glacialis based on size alone, there is a possibility of an underestimation of C. glacialis abundance, as the prosome lengths of the early developmental stages of the two species may overlap for populations thriving in convergence areas. Additionally, because we only looked at communities within the upper 100 m of the water column for this study, we may also have missed parts of the Calanus population that have likely already descended to greater depths at this time of the year. However, including diapausing Calanus spp. in production estimates would likely result in an overestimation of secondary production in this area. Also, even if some Calanus spp. in the two years might have been misidentified, the conclusion that secondary production of large copepods in 2018 was mainly driven by Calanus within the size range of C. finmarchicus and in 2019 by Calanus within the size range of C. glacialis, would remain the same, as the differences in secondary production between the two years were pronounced.

While our data indicates that differences in bloom phenology and food availability between the two years may explain the observed changes in community composition from larger to smaller species, the presence of sea ice itself and its effect on visual predation risk may have played an important role. A recent study from the Barents Sea suggests that the prevalence of large copepods in deeper troughs and under sea ice is best explained by top-down control (Langbehn et al., 2023). Large copepods, such as Calanus spp., experience a reduced visual predation risk and subsequent increased survival rate where sea ice shades the water. The increased predation risk in open waters can therefore shift the community to a dominance of smaller species (Aarflot et al., 2019; Langbehn et al., 2023), which is also in accordance with our observations.




4.5 Changes in copepod secondary production and the marine food web

Even though our results suggest that the total secondary production in a year with less sea-ice cover is not different from a year with extended sea-ice cover, we speculate that the shift towards smaller organisms may affect the food quality and availability for planktivorous organisms, ultimately leading to food web changes. In terms of biomass, calanoid copepods are the major component of the mesozooplankton community in the Arctic (Falk-Petersen et al., 2009), due to their high lipid content that can account for 50-70% of their dry mass (Falk-Petersen et al., 2009). The lipid content of Calanus spp. is size rather than species specific and a shift in dominance from larger to smaller Calanus individuals would lead to a reduction in lipid production at the individual level, but not necessary on population level, if overall turn-over rates increase (Renaud et al., 2018). Early larval stages of many fish species, such as Atlantic herring (Clupea harengus), Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus), Alaska pollock (Gadus chalcogrammus) and polar cod (Boreogadus saida) have a specific prey preference for calanoid nauplii, due to their high lipid content in comparison to other copepod nauplii (Kane, 1984; Napp et al., 2000; Swalethorp et al., 2014; Bouchard and Fortier, 2020). Even though cyclopoid copepods, such as those of Oithona spp., are often found in much higher abundance than calanoid copepods, their contribution to the diet of these fish species is considerably less important (Kane, 1984; Napp et al., 2000; Swalethorp et al., 2014). In some Arctic regions, low abundance of preferred prey (e.g. Calanus spp., Pseudocalanus spp., and Temora longicornis) has been linked to lower recruitment of pollock (Kimmel et al., 2018) and mackerel (Lafontaine, 1999; Paradis et al., 2012). Similar to the observed trends in other regions of the Arctic, we hypothesize that the recruitment of commercially and ecologically important fish species in the Barents Sea, such as polar cod, capelin, and Atlantic herring, may be lower in years with increased water temperature and reduced summer sea-ice, due to a shift towards a more generalist diet based on smaller-sized, less lipid-rich copepods.

Zooplankton groups other than copepods can be important both in terms of abundance and biomass in the Barents Sea. Meroplankton, e.g. Bivalvia and Echinodermata larvae, emerged across the study transect in summer (Wold et al., 2023) and high abundance of arrow worms (Parasagitta elegans), pteropods (Limacina helicina) and gelatinous zooplankton were observed (Van Engeland et al., 2023; Wold et al., 2023). In the present study, we focus solely on copepod secondary production, given the pivotal role of copepods in transferring energy to higher trophic levels in Barents Sea food webs (Pedersen et al., 2021). Most of the secondary production research has focused on copepods, as the majority of available growth rate models are tailored specifically to this group. Due to the complicated life cycle of some non-copepod groups, especially gelatinous zooplankton, determination of their growth rates can be difficult (Postel et al., 2000). Therefore, total secondary production in the study area is likely higher, especially in the Atlantic region and the Arctic Ocean basin, where the contribution of non-zooplankton groups was found to be larger than in the Arctic parts of the study area (Van Engeland et al., 2023; Wold et al., 2023). Copepods can also impact the biological carbon pump through feeding on phytoplankton and aggregates, as well as through fecal pellet production (Jumars et al., 1989). Larger, current-feeding copepods, such as Calanus spp., can increase the flux of particulate organic carbon (POC) through efficient grazing and production of large, fast sinking fecal pellets (e.g. Riser et al., 2008). Many small copepod taxa are particle-feeders and can decrease POC export efficiency through feeding on organic particles (e.g. Koski et al., 2020; Koski and Lombard, 2022; Mooney et al., 2023). A shift of the copepod community towards smaller-sized species will possibly be reflected in a compositional and quantitative change of the vertical flux in the Barents Sea. Indications supporting this hypothesis are the lower vertical flux in the study area in 2018 with no attenuation with depth, while the vertical flux in 2019 was higher and showed a strong attenuation profile (Amargant-Arumí et al., 2024).





5 Conclusions

The Barents Sea, known for its high productivity, sustains a substantial commercial fishery. Despite declining sea-ice, the impact on lower trophic levels’ productivity is still under debate. In particular, the impact of environmental change on copepod secondary production is not well understood at present. We expected to find higher total bulk copepod secondary production in a summer with reduced sea-ice cover, due to a hypothesized extended period of primary production and consequently higher food availability. However, our observations did not support this hypothesis. Instead, we found that spatial rather than interannual differences dominated the observed variation of copepod secondary production in the Barents Sea. Here, Atlantic waters in summer were characterized by a high contribution of small copepods to total copepod secondary production, as they benefited from higher water temperatures and a more abundant microbial food web in this region. Copepod secondary production on the northern Barents Sea shelf, the study focus area, was overall highest and mainly driven by large Calanus spp. Our study shows that if environmental conditions (e.g. the presence of sea ice or water temperature) change to an appropriate extent in a habitat from year to year, this will affect the copepod community composition and its production. There were significant interannual differences of the Calanus spp. community composition between the two years, with the smaller C. finmarchicus being more important for total copepod secondary production during the summer with less sea-ice cover and in habitats characterized by higher water temperatures and a pronounced Atlantic water signal. The larger C. glacialis, on the other hand, was more important in the summer with extensive sea-ice cover and in habitats with lower water temperatures, sea-ice cover and with the presence and higher contribution of diatoms to pelagic primary production.

Due to high spatial heterogeneity in copepod distribution and consequently high variability in secondary production, we still cannot conclude with high confidence which effect the sea-ice decline will have on bulk copepod secondary production in the Barents Sea. Despite its limitations, our study provides important insight into the copepod community response to changes in water masses and sea-ice cover. The results of our study confirm the observations that, as a result of Arctic warming and reduced sea ice, large copepods may become less important and smaller-sized copepod species (including smaller-sized Calanus and small copepods) more important components of pelagic communities, which will have consequences for the secondary production of copepods, as well as for the role of copepods in food webs, bio-geochemical cycles, including the biological carbon pump, and other functions performed by them in the ecosystem.
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Permutation testing was performed for a Constrained Correspondence Analysis (CCA) on
copepod abundance data and for a Redundancy Analysis (RDA) on copepod biomass and
copepod secondary production data. Copepods were grouped into Calanoida nauplii, Calanus
finmarchicus, C. glacialis, C. hyperboreus, Microcalanus spp., Pseudocalanus spp., Cyclopoida
nauplii, Oithona spp., other Cyclopoida, Microsetella norvegica, other copepods. Significance
codes are indicated as “**’ 0.001, *** 0.01, ** 0.05.
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Copepods were grouped into Calanoida nauplii, Calanus finmarchicus, C. glacialis, C.
hyperboreus, Microcalanus spp., Pseudocalanus spp., Cyclopoida nauplii, Oithona spp.,
other Cyclopoida, Microsetella norvegica, other copepods. Significance codes are indicated
as % 0.001, 7 0.1.





