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Bowhead whales (Balaena mysticetus) visit Disko Bay, West Greenland in winter and early spring to feed on Calanus spp., at a time of year when the copepods are still mostly in diapause and concentrated in near-bottom patches. Combining past observations of copepod abundance and distribution with detailed observations of bowhead whale foraging behaviour from telemetry suggests that if the whales target the highest-density patches, they likely consume 26–75% of the Calanus standing stock annually. A parallel bioenergetic calculation further suggests that the whales' patch selection must be close to optimally efficient at finding hotspots of high density copepods near the sea floor in order for foraging in Disko Bay to be a net energetic gain. Annual Calanus consumption by bowhead whales is similar to median estimates of consumption by each of three zooplankton taxa (jellies, chaetognaths, and predatory copepods), and much greater than the median estimate of consumption by fish larvae, as derived from seasonal abundance and specific ingestion rates from the literature. The copepods' self-concentration during diapause, far from providing a refuge from predation, is the behaviour that makes this strong trophic link possible. Because the grazing impact of the whales comes 6–10 months later than the annual peak in primary production, and because Disko Bay sits at the end of rapid advective pathways (here delineated by a simple numerical particle-tracking experiment), it is likely that these Calanus populations act in part as a long-distance energetic bridge between the whales and primary production hundreds or thousands of km away.

Keywords: Bowhead whale (Balaena mysticetus), Calanus, Arctic, optimal foraging, advection, zooplankton


1. INTRODUCTION

Calanus spp. and other calanoid copepods are a crucial link in mid- and high-latitude marine food webs, often dominating the biomass of primary consumers that transfer primary production to predators like fish, seabirds, and marine mammals (Falk-Petersen et al., 2007; Aarflot et al., 2017; Kimmel et al., 2017; Møller and Nielsen, 2020). These copepods might be thought of as the smallest members of the “wasp waist” (Hunt and McKinnell, 2006), the commonly observed trophic bottleneck at which the individual and population biology of a handful of species comes to have ecosystem-level consequences. Large-scale syntheses have suggested that the Arctic as a whole is a net sink for Calanus (Wassmann et al., 2015) and have begun to quantify the energy and carbon flux associated with the advective flux of Calanus spp. through the Arctic gateways (Basedow et al., 2018; Wassmann et al., 2019); but it is difficult to focus this general or bulk-biomass understanding down to the specifics of predation in particular hotspots. Calanus spp. have many predators, both they and their predators have patchy distributions and complex patterns of behaviour and selectivity, and it is possible that there is no system where the data exist to properly, empirically close the Calanus carbon budget.

Often this problem is dealt with using inverse food web models or other mass-balance approaches (Vézina and Platt, 1988; Aydin et al., 2002; Heath, 2012), which by definition harmonise incomplete and mismatched information into a smooth, best-guess picture. It is difficult, however, to make room in these approaches for the biology of particular predator species, or for that matter the biology of the prey. In this Brief Report we describe an alternate approach, intended to clarify the questions raised by past observations of a distinctive, particularly short Arctic food chain, from phytoplankton to copepods to bowhead whales, the largest Arctic marine mammal (Laidre et al., 2007; Simon et al., 2009; Moore, 2016).

After almost a century of absence, bowhead whales started to reappear in Disko Bay around 2000, and increased through the mid to late 2000s (Reeves and Heide Jørgensen, 1996; Heide-Jørgensen et al., 2007; Rekdal et al., 2014). These whales are part of the Eastern Canada-West Greenland stock that migrates in concert with annual sea-ice formation and break-up in the Canadian Arctic and along the west coast of Greenland (Eschricht and Reinhardt, 1861; Ferguson et al., 2010). Telemetry from 39 whales tagged in Disko Bay shows that these whales have high plasticity in their use of foraging areas in Baffin Bay and surrounding waters (Nielsen et al., 2015), but Disko Bay stands out in these behavioural data as a particular focus of foraging activity. In Disko Bay, they are typically found southwest of Disko Island (Eschricht and Reinhardt, 1861), an area thought to be a mating ground, based upon acoustic studies of singing whales (Stafford et al., 2008; Tervo et al., 2009), and the fact that few subadult whales or calves are observed there (Heide-Jørgensen et al., 2007, 2010).

The aggregation of bowhead whales in Disko Bay takes place earlier in the annual cycle than the appearance of capelin and other mobile predators that come to Disko Bay to feed on active Calanus in the surface layer. Studies of the whales' feeding behaviour have shown that mean dive depths are 50–100 m but also reach depths of >400 m. Most dives in winter and early spring target the bottom of the bay, with dive durations up to 40 min or even longer (Laidre et al., 2007). These patterns, along with analysis of stomach contents (Norden Andersen et al., 2014), support the idea that the whales are foraging on copepods that are still in diapause and aggregated at the bottom (Simon et al., 2009). Acoustic surveys (Laidre et al., 2007; Heide-Jørgensen et al., 2013) have shown that this copepod biomass is concentrated in a very dense near-bottom layer, and that whale dives matched the depth of this layer. The Disko Bay copepod community is dominated, in biomass terms, by three congeners, C. finmarchicus, C. glacialis, and C. hyperboreus (Swalethorp et al., 2011). Late spring sampling for Calanus in 13 years between 1992 and 2018 (Møller and Nielsen, 2020) has shown that the biomass of C. finmarchicus is correlated with the fraction of Atlantic water in deep Disko Bay, and accordingly is trending upward. The spring biomass of C. glacialis and C. hyperboreus, meanwhile, is correlated with ice cover, a relationship which might reflect either local growth conditions or variability in the intrusion of cold Baffin Bay water.

In this study, we synthesise the existing patchwork of observations (copepod and planktivore abundance patterns; bowhead whale foraging behaviour; bioenergetic parameters) and a simple numerical model experiment to address a pair of questions: first, what role does bowhead whale foraging on dormant Calanus have in the ecology of these copepod populations, compared with the role of their classical predators (macrozooplankton and fish larvae)? Second, what role does it play in the annual routine of the whales? These are as much questions of spatiotemporal scale as of energy or carbon budgets.



2. METHODS


2.1. Bowhead Whale Foraging Calculations

The magnitude of annual bowhead whale predation on copepods in Disko Bay was estimated by two semi-independent calculations, the first based on information in the literature about whale diving and foraging behaviour from telemetry, the second based on bioenergetics, following Laidre et al. (2007). Quantities used in these calculations are summarised in Table 1.


Table 1. Quantities used in estimation of bowhead whale foraging on copepods. Uncertainty is reported either as ± standard deviation or as (5th, 95th percentiles).

[image: Table 1]

The annual clearance capacity of the bowhead whale population (in m3 of prey per year) can be written as

[image: image]

The number of whales foraging in Disko Bay at any one time, Ngraz, was taken from a snapshot aerial-survey estimate by Rekdal et al. (2014): 740 whales, 95% CI = 360–1,460. The foraging season was estimated as Feb–May (a duration Δtgraz = 120 d), although whales may arrive up to 2 weeks earlier or depart up to 2 weeks later in any given year (Laidre and Heide-Jørgensen, 2012). The fraction of time that an individual whale spends actively feeding during that period was estimated, based on visual observation of whales in the field, to be between 5 and 10 h per day (fgraz = 0.3 ± 0.1). Whale kinematics during foraging dives were described in detail by Simon et al. (2009) using data from digital tags with three-axis accelerometers. Based on these observations, we assume that at the bottom of a U-shaped foraging dive, whale swimming speed uswim is 0.7 m s−1, corresponding to a filtration rate of 2.8 m3 s−1 whale−1 for a mouth area of 4 m2 (Werth, 2004).

The grazing rate G (in gC of prey per year) corresponding to the clearance rate C can be written

[image: image]

where hcop is the thickness of the deep layer of overwintering copepods, and [image: image] is the areal prey density (gC m−2) in the patches where bowhead whales feed. [image: image] is presumably greater than or equal to Bcop, the bay-wide average. The fraction of bay-total standing stock (AdiskoBcop) consumed by the whale population in each foraging season is then

[image: image]

where Adisko is the area of the bay. Subscripts on F below denote particular estimates under contrasting sets of assumptions, whereas F by itself denotes the true value.

We estimated hcop by digitising Figure 6 in Heide-Jørgensen et al. (2013), which gives detailed echosounder data from a survey on 6 May 2009 (evenly spaced image measurements, n = 43, ± 4dB from peak backscatter, digitisation error < 1%). The area-specific copepod biomass Bcop was estimated from data on Calanus spp. biomass in the upper 250 m of an approximately 300 m water column from April and May 1997–2012 at 69° 14' N, 53° 23' W (n = 63; Møller and Nielsen, 2020). Samples in 2016–2018 spanning only the upper 100 m (Møller and Nielsen, 2020) were excluded, although we expect that most of the Calanus biomass is in the upper water column during these months (Madsen et al., 2001; Swalethorp et al., 2011). Møller and Nielsen (2020) found no long-term trend in Calanus biomass in Disko Bay (although the C. finmarchicus fraction has increased), and so the lack of recent years in the Bcop calculation is unlikely to be a major source of bias. Prosome length was measured for 10 individuals in each species/stage group, and the biomass was calculated using length:C-weight regressions from the literature (Hirche and Mumm, 1992; Madsen et al., 2001). These observations suggest an absolute density of animals within the near-bottom layer, in an order-of-magnitude sense, ~ 104 ind m−3 (calculated coarsely as Bcop / hcop / 300 μgC ind−1), consistent with a number of past studies that have also observed extremely dense near-bottom concentrations of copepods, up to 65,000 ind m−3(Hirche et al., 2016).

The ratio [image: image] is a measure of the whales' patch selectivity in an areal sense, which we bracket with a pair of estimates that provide lower and upper bounds on F. A simple lower bound could be determined by setting [image: image], a scenario in which the whales choose foraging areas at random (while still optimising their position in the vertical):

[image: image]

This lower bound can be refined by dividing by a factor (1 − F) to account for the fact that the net samples from which we estimated Bcop were taken at the end of the whale foraging period:

[image: image]

A complementary upper bound [image: image] can be determined as the point at which [image: image] equals the average over percentiles (1 − F) · 100–100% of copepod areal densities in our net-sample data, i.e., a scenario in which the whales choose the highest-density patches available (assuming that areal variance in copepod density is comparable to the temporal variance across our 63 samples at one station over multiple years). [image: image] is awkward to write algebraically but straightforward to calculate numerically.

Finally, F can also be estimated via bioenergetic considerations. An alternate lower bound [image: image] is the break-even point at which the total energy content of ingested prey, G ecop, balances the metabolic costs of the foraging population during the foraging period:

[image: image]

(see Table 1). This criterion is equivalent to

[image: image]

Median estimates and confidence limits on these calculations were determined by a Monte Carlo procedure (n = 100,000) in which the six key parameters were represented as distributions (Table 1). Bootstrap statistics were used for hcop and Bcop (i.e., resampling with replacement of individual observations, n = 43 and n = 63, respectively); a lognormal distribution was assumed for Ngraz; and normal distributions were used for uswim Δtgraz, and fgraz. This approach to uncertainty is a compromise between simply writing out the arithmetic in the equations above on the back of an envelope, and giving up entirely on quantifying this trophic link because of data limitations.



2.2. Foraging by Other Predators

For comparison, potential consumption of copepods by four other taxa was estimated using abundance estimates from monthly sampling during 1996–97 and weekly to bi-weekly sampling April–June 2008 (Swalethorp et al., 2011). Sampling in 1996–97 was carried out with a WP-2 net (200 μm mesh size) or with a submersible pump (3,000 l min−1) equipped with a conical net (50 μm mesh size). Additional hauls were conducted with a Hensen net (50 μm mesh size) in order to sample nauplii. All sampling devices were equipped with a flowmeter (Madsen et al., 2001). Sampling in 2008 was with a 50 μm Hydrobios Multinet. Associated length measurements were converted to individual biomass using literature relationships (fish larvae, Froese, 2006; the jelly Aglantha digitale, Matthews and Hestad, 1977; the chaetognath Sagitta elegans, Conway and Robins, 1991; the predatory copepod Paraeuchaeta spp., Tönnesson et al., 2006). Amphipods and krill, other potential predators, are not included in this analysis because the sampling net used does not reliably collect the large individuals that prey on Calanus spp.

Individual biomass was used to estimate total daily ingestion capacity per predator taxon using allometric relationships at 0°C from Kiørboe and Hirst (2014). For simplicity, these were not corrected for temperature. Abundance measurements and the corresponding ingestion estimates were categorised into three seasons—“winter” (November to mid-April, 165 d), “bloom” (mid-April to end of May, 45 d), and “summer/autumn” (June to October, 155 d)—in order to scale up, coarsely, to an estimate of annual copepod consumption per predator type (Table 2). Estimates of annual consumption were determined by a Monte Carlo procedure, using bootstrapping for abundance and assuming normal distributions for the mean and intercept of log individual ingestion rates (Table 1 in Kiørboe and Hirst, 2014). These are necessarily high per-taxon estimates, since they assume prey-saturated ingestion 24 h per day.


Table 2. Measurements of abundance and individual size, and estimates of individual biomass and ingestion capacity for four taxa of predators on copepods.

[image: Table 2]



2.3. Large-Scale Transport and Connectivity

Parallel to these energetic calculations, we used a simple numerical particle-tracking experiment to estimate the potential area of ocean from which the copepods ingested by bowhead whales in Disko Bay might be derived. Virtual particles were tracked in a 10-year hindcast (2008–2017) of the pan-Arctic SINMOD model run at 20 km horizontal resolution (Slagstad et al., 2015; Armstrong et al., 2019). Particles were tracked from 1 Apr of each year until 1 Apr of the next, using 0–150 m average currents to mimic shelf-depth transport during the copepods' likely active period (1 Apr–30 Sep), followed by slope-depth currents (150–500 m) during the likely diapause period (1 Oct–1 Apr). In reality, copepod behaviour interacts with velocity shear in ways we have not attempted to model here (although a sensitivity experiment suggests that this interaction has only a secondary effect on the scale of transport in this robust boundary-current system). Likewise the physical dynamics of the entrance sill itself are beyond the reach of available circulation models.




3. RESULTS

The lower bound on bowhead whale ingestion [image: image] was estimated to fall between 0.08 and 0.39 (95% c.l.s), with a median value of 0.17, and the corresponding upper bound [image: image] was found to fall between 0.26 and 0.75, with a median estimate of 0.44 (Figure 2). The ratio of these median estimates is 2.6, implying that despite the huge observed variance in copepod biomass, lateral patch selectivity can at most increase the whales' prey intake by less than a factor of three (In contrast, vertical selectivity, foraging within the deep overwintering layer, is crucial: if the whales' prey were spread over a layer 50 m thick instead of approximately 5 m, F and G would drop by factor of 10). [image: image] corresponds to a median estimate of G, annual consumption of Calanus by bowhead whales in Disko Bay, of 1.6 gC m−2 yr−1 (c.l.s 0.90, 2.8).

The alternate lower bound derived from bioenergetic considerations, [image: image], is 0.28 (c.l.s 0.15, 0.54: Figure 2). This estimate is only slightly lower than [image: image], suggesting that patch selectivity by the whales is likely quite high, and in fact necessary if Disko Bay spring foraging is to provide a net benefit to them energetically. Of the three variants of the F estimation, [image: image] is thus the most plausible biologically. A more involved estimation of F, based on the joint probability that a given value is greater than [image: image] and [image: image] and less than [image: image], gives very similar confidence limits.

To summarise, one can construct a consistent picture of predator and prey abundance patterns, foraging kinematics, and whale bioenergetics if the aggregation of whales in Disko Bay consumes 26–75% of the standing stock of copepods each winter/spring. This level of annual grazing is equivalent to 0.90–2.8 g C m−2 yr−1.

Estimates of grazing by other taxa (Table 2) are extremely variable, in part because of the sparsity of abundance observations relative to their natural patchiness, but even moreso because of uncertainty in lab-based estimates of specific ingestion rates (Kiørboe and Hirst, 2014). Our estimate of annualised bowhead whale grazing is comparable to the median estimates of consumption by jellies, chaetognaths, and predatory copepods, and an order of magnitude greater than the median estimate of consumption by fish larvae, although we cannot rank these consumption levels with any confidence. This comparison rather serves as a consistency check. As shown above, bowhead whale grazing appears to be a first-order process relative to copepod standing stock, and here we confirm that there is no reason to believe it is not first-order in comparison with other predators. Note again that the simple assumptions behind the zooplankton- and fish larvae estimates (no correction for prey selectivity, or vertical or temporal predator-prey overlap) almost certainly bias these estimates high.

Particle tracking (Figure 1) suggests the distances over which an advected Calanus community found in the vicinity of the Egedesminde Dyb entrance sill might have travelled in 12 months. The envelope of these trajectories encompasses northeastern Baffin Bay and the Greenland shelf and slope as far eastward as Fram Strait, as well as a portion of the Irminger Current in deeper waters southeast of Greenland: up to 3,700 km of transport. Note that in reality, smaller-scale circulation patterns and interactions between vertical migration and current shear might well reduce, or even increase, this net transport.


[image: Figure 1]
FIGURE 1. (a) Disko Bay and environs. The Egedesminde Dyb entrance sill is marked (“EDS”), along with the zooplankton sampling location (yellow star; section 2.1) and a range ring of radius 240 km. (b) Modelled particle trajectories that end within the range ring after 1 year of transport, 1 Apr–1 Apr (see section 2). Trajectories that originate east of 45°W are shown in red with starting locations marked, while trajectories that originate west of 45°W are in orange (starting locations omitted for clarity). The approximate area over which Nielsen et al. (2015) observed movements of 39 bowhead whales tagged in Disko Bay is also marked (purple dot-dashed line).




4. DISCUSSION


4.1. Implications for the Bowhead Whale Population

Comparison of two independent estimates of bowhead whale grazing ([image: image] vs. [image: image], Figure 2) indicates that bowhead whales must be extremely efficient at finding hotspots of high density copepods near the sea floor in order for foraging in Disko Bay to be a net energetic gain. They must target the right depths and at the same time be in the right areal patches in order to be effective. It is unknown how bowhead whales locate the hot spots of high-density prey. There may be some local memory involved, bathymetric features that signal good areas for foraging, or potentially, as has been suggested for other species, visual cues (Cronin et al., 2017; Fasick et al., 2017). Bowhead whales likely rely on their extreme blubber layer, the largest of any marine mammal, as a buffer against the extreme patchiness and episodic accessibility of their prey, allowing them to go for long periods without foraging. At the same time, the provisional calculations above indicate that there is not an unlimited amount of copepods in Disko Bay for a growing bowhead aggregation, which may thus be prey-limited. The whales already consume a first-order fraction of what is available, using near-optimal patch selection in both the horizontal and the vertical. Accordingly, it is likely that any future substantial increases in the size of this population of whales or the density of animals foraging in West Greenland in spring would require the whales to expand to other foraging grounds.


[image: Figure 2]
FIGURE 2. Distribution of estimates of F, the fraction of Calanus standing stock in Disko Bay grazed by bowhead whales annually. Three calculations are represented: [image: image], in which whales are assumed to choose prey patches optimally in the vertical but randomly in an areal sense; [image: image], in which the areal selection of prey patches is also optimal; and [image: image], the break-even point at which foraging in Disko Bay is bioenergetically neutral. [image: image] and [image: image] are lower bounds and [image: image] an upper bound on the true value of F.




4.2. Implications for Calanus Populations

If the “classical” view of marine food chains focuses on predatory zooplankton and fish larvae as consumers of Calanus, then the trophic link to bowhead whales fails to conform to the classical picture in at least two ways. Bowhead whales are big, violating the rules-of-thumb of predator-prey size ratios, and they graze on Calanus in Disko Bay not during but earlier in the year than the period of significant primary and secondary production. This raises the possibility that their ingestion of Calanus in Disko Bay is significantly decoupled from the production of Calanus in space and not merely in time.

C. finmarchicus in this region have a typical generation length of 1 year, C. hyperboreus in Disko Bay appear to have a 2-year cycle, and C. glacialis might follow either pattern (Madsen et al., 2001; Daase et al., 2013; Banas et al., 2016). If a cohort of C. finmarchicus grew in summer of 1 year and then were consumed by bowhead whales late the following winter, then the temporal separation between the phytoplankton–copepod and copepod–whale trophic links is 7–11 months. For a Calanus cohort with a multi-year life cycle, the temporal lag between growth on phytoplankton to consumption by bowhead whales might be a full year longer. The particle-tracking experiment shown in Figure 1 for illustrative purposes spans 12 months, a middle value among these life-cycle-dependent temporal lags.

Whatever fraction of the late-winter Calanus population has arrived via the annual winter overturning of the deep layer (Gladish et al., 2015) is likely to have travelled hundreds or thousands of km (Figure 1) during that lag. We do not know what fraction of the population this is, but given that subarctic C. finmarchicus have increased in concert with the Atlantification of Disko Bay's physical water properties over the past decades (Møller and Nielsen, 2020), there is no reason to think that it is small. There is no continuous path into the Disko Bay deep basins except across ~200 km of shallower habitat, and so whether one imagines the C. finmarchicus and C. hyperboreus found in the basins at the end of winter to have travelled throughout the winter at shelf depth, to have appeared recently from deep Baffin Bay, or to represent local production that avoided the winter flushing, one is faced with a transport puzzle, a behavioural puzzle, or both. Clarifying this picture will require well-coordinated biophysical observations and modelling; it is not simply a matter of improving circulation models.

Laidre et al. (2010) found extremely low correlation between local satellite-derived chlorophyll estimates and the location and timing of bowhead whale foraging in Disko Bay, and in light of the results above, this is not surprising: not merely because detecting correlations in a patchy, undersampled ocean is difficult, but because it seems likely that Disko Bay itself is only one of several regional seas in which one needs to look for the phytoplankton that feed Disko Bay's copepods and whales. If so, then Disko Bay joins a provocatively long list of case studies in which high-latitude bowhead and right whales have been found to forage on mesozooplankton prey advected from elsewhere (Rogachev et al., 2008; Ashjian et al., 2010; Walkusz et al., 2012; Boertmann et al., 2015; Brennan et al., 2018).



4.3. Is Diapause Maladaptive in Disko Bay?

Instead of analyzing this and similar situations in terms of advection of biomass and energy (the source–sink framework), it might be useful to analyze them in terms of advection of traits and strategies. A few trait-based model studies have considered balances between trait advection and local selection in phytoplankton (Clayton et al., 2013), but these frameworks have not been extended to long-lived mesozooplankton. In particular, it is not clear whether diapause, or remaining in diapause into Feb–Apr, can be said to provide any benefit to Calanus spp. in Disko Bay.

Diapause in copepods is usually explained in terms of three advantages that it confers: (i) reduction of energetic losses through partial metabolic shutdown, (ii) reduction of energetic losses through cold water temperature, and (iii) reduction of predation losses. Explanation (ii) does not apply in Disko Bay, because the influence of ice and the west Greenland current means that bottom water is not generally colder than surface water (Hansen et al., 2012; Gladish et al., 2015). Explanation (i) is more difficult to evaluate, but Swalethorp et al. (2011) found that all three species of Calanus in Disko Bay have ample storage lipids remaining at the end of winter (wax esters 35–70% of total body carbon in late March 2008). This suggests that these populations are well above the threshold of winter starvation, such that the timing of exit from diapause in spring has at most an indirect effect on their population viability. Finally, our results show that explanation (iii) fails to hold in Disko Bay: predation by whales during diapause is intense, and it is specifically the concentration of the copepods in a near-bottom layer that makes it possible.

It is likely, however, that the adaptive value of diapause is very different in Baffin Bay and along the larger-scale advective pathways to which Disko Bay connects. Bottom depth is one crucial factor: in the East Greenland Sea, for example, C. hyperboreus overwinters at 2300–2500 m (Hirche et al., 2006), far below the diving range of bowhead whales. C. glacialis is generally regarded as a shelf species, but C. finmarchicus and C. hyperboreus in Disko Bay can perhaps be thought of as trapped in a relatively shallow environment where the deep (> 500 m) winter habitat they are typically associated with is unavailable (Kvile et al., 2019).




5. SUMMARY

To review, the most self-consistent picture we can construct, from many lines of fragmentary evidence, is that bowhead whales consume between 26–75% of the spring standing stock of Calanus in Disko Bay, despite this consumption taking place during copepod diapause, which is often assumed to be a predation refuge. This is also a time of year at which many of the Calanus being consumed are likely to have been recently advected into Disko Bay with the deep overturning circulation. These dynamics create the possibility of a strange symmetry in which a significant fraction of the whales' copepod prey arrive in Disko Bay at the same time that the whales arrive to eat them, having traversed similar distances over their annual routine (Figure 1b).

The information demands for fully tracing such long-distance energy flows are high, spanning multiple scales of physical oceanography as well as many trophic levels, from foraging behaviour and diet preferences to abundance patterns, transport speeds, and changes in lower-trophic production in advectively upstream regions. However, it may prove that relatively small, tenuous amounts of information on all these scales are enough to establish which species, processes, and ocean regions are leading elements of the story linking climate change to a particular predator population. Our calculations above illustrate the idea that triangulating among several independent, competing estimates of a trophic link (Figure 2) can yield a coherent picture even when it is impossible to properly close mass balances. In this case, the results highlight a need to expand our perspective on Calanus predation along the predator size spectrum and across the map.
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A remarkable early sea-ice reduction event was observed in the northern Bering Sea during 2018. In turn, this unusual hydrographic phenomenon affected several marine trophic levels, resulting in delayed phytoplankton blooms, phytoplankton community changes, and a northward shift of fish stocks. However, the response of the zooplankton community remains uncharacterized. Therefore, our study sought to investigate the zooplankton community shifts in the northern Bering Sea during the summers of 2017 and 2018 and evaluate the effects of early sea-ice melt events on the zooplankton community, population structure of large copepods, and copepod production. Five zooplankton communities were identified based on cluster analysis. Further, annual changes in the zooplankton community were identified in the Chirikov Basin. In 2017, the zooplankton community included abundant Pacific copepods transported by the Anadyr water. In 2018, however, the zooplankton community was dominated by small copepods and younger stages of large copepods (Calanus glacialis/marshallae and Metridia pacifica), which was likely caused by reproduction delays resulting from the early sea-ice reduction event. These environmental abnormalities increased copepod production; however, this higher zooplankton productivity did not efficiently reach the higher trophic levels. Taken together, our findings demonstrated that zooplankton community structure and production are highly sensitive to the environmental changes associated with early sea-ice reduction (e.g., warm temperatures and food availability).
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INTRODUCTION

The northern Bering Sea is a shallow shelf (approximately 50 m in depth) that connects the Bering Sea and the Arctic Ocean. This region is one of the most productive in the world (Springer and McRoy, 1993) owing to the continuous inflow of nutrient-rich water from Anadyr Bay (Coachman et al., 1975). Therefore, the high primary productivity of this region supports higher trophic levels including fish, birds, and mammals (Springer et al., 1996; Kuletz et al., 2015). However, this region has recently faced drastic changes in sea-ice cover and hydrographic conditions during summer (Grebmeier et al., 2015; Frey et al., 2018). The sea-ice coevrage period in the northern Bering Sea is highly variable and exhibits no inter-annual trends until 2000s; however, from the winter of 2014 and 2015, ice coverage in this region has decreased remarkably (Stabeno and Bell, 2019; Stabeno et al., 2019). Particularly, in the winter of 2017 and 2018, the sea-ice coverage reached a historical minimum based on satellite observations dating back to 1978 (Cornwall, 2019). This early sea ice retreat has been largely attributed to relatively warm winds from the south, accompanied by a westward shift of the Aleutian low from its typical position (Stabeno et al., 2019; Basyuk and Zuenko, 2020). This drastic change in sea ice coverage may weaken the water column stratification of the Chirikov Basin (Ueno et al., 2020), thus decreasing the cold pool in the bottom layer of the Bering shelf (Stabeno and Bell, 2019).

The impacts of the early sea-ice retreat are also clearly observed at several trophic levels in the marine ecosystem, including phytoplankton bloom delays (Kikuchi et al., 2020) and phytoplankton community shifts from cold-water to cosmopolitan species (Fukai et al., 2020). Moreover, fish populations have been found to migrate northward in response to the aforementioned cold pool decrease, which functions as a barrier to these fishes (Cornwall, 2019; Duffy-Anderson et al., 2019; Stevenson and Lauth, 2019). Additionally, these events have been linked to decreases in sea bird populations due to food scarcity (Nishizawa et al., 2020), as well as a decline in the body condition (mass/length) of phocid seals (Boveng et al., 2020).

Zooplankton form a vital link from primary production to higher trophic levels. Zooplankton species-level community structure varies geographically and is governed by water mass inflow from the south (Springer et al., 1989; Ozaki and Minoda, 1996). Zooplankton biomass is largely dominated by copepods (Eisner et al., 2013), particularly the small-sized copepods Pseudocalanus spp. and the large-sized Calanus glacialis/marshallae, Eucalanus bungii, Metridia pacifica, and Neocalanus spp. (Hopcroft et al., 2010). Except for Neocalanus spp., these large copepods reproduce with feeding on phytoplankton blooms at the surface layer (Padmavati et al., 2004; Shoden et al., 2005; Søreide et al., 2010). In fact, this strong link between phytoplankton blooms and copepod phenology has been demonstrated from field observations. Specifically, the community structure of copepods is affected not only by water mass characteristics but also by phytoplankton bloom timing (Kimura et al., 2020).

The early sea-ice reduction in 2018 resulted in an increase in small copepod populations, which was potentially due to warm temperatures (Duffy-Anderson et al., 2019). Further, this phenomenon also caused delay of the phytoplankton blooms (Kikuchi et al., 2020), which could have affected the zooplankton community and population structure as potentially changing their reproduction timing (Kimura et al., 2020), and this changes in zooplankton will reach higher trophic levels due to mis-match timing for getting their prey (Duffy-Anderson et al., 2019). However, the effect of early sea-ice reduction on zooplankton community structure remains unclear because of a lack of information on zooplankton species composition, population structure, and production in the northern Bering Sea.

Our study thus investigated the zooplankton community and population structure of large-sized copepods in the northern Bering Sea during the summers of 2017 (exhibiting a typical sea-ice retreat timing after the winters of 2014 and 2015; Stabeno et al., 2019) and 2018 (extremely early sea-ice retreat). These 2 years were compared to evaluate the effects of phytoplankton bloom delays coupled with an early sea-ice reduction on zooplankton community structures. Additionally, copepod production was estimated using metabolic equations based on body mass and in situ temperature to evaluate the impact of copepod community changes on higher trophic levels.



MATERIALS AND METHODS


Satellite Data

Sea-ice concentration data (10-km resolution) were obtained from the Advanced Microwave Scanning Radiometer 2 (AMSR2) to evaluate the extent of the sea ice coverage. These AMSR2 data were supplied by the Japan Aerospace Exploration Agency via the Arctic Data archive System (ADS)1, through the cooperation of the National Institute of Polar Research and Japan Aerospace Exploration Agency (JAXA). Based on the data, melt day (MD) was defined as the last date when the sea ice concentration (SIC) fell below 20% prior to the observed annual sea-ice minimum across the study region. Additionally, the time since sea-ice melt (TSM) was defined as the number of open-water days from the MD to the sampling date at each station.



Field Samplings

A total of 34 zooplankton sample collections were taken by the T/S Oshoro-Maru in the northern Bering Sea (62°10′–66°44′N, 166°30′–174°05′W) during 11–22 July 2017 and 2–12 July 2018 (Figure 1 and Supplementary Table 1). The study areas were the waters south of St. Lawrence Island, the Chirikov Basin (from the north of St. Lawrence Island to the south of Bering Strait), and the Bering Strait (Figure 1). Historically, this region has exhibited complex hydrographic dynamics due to the inflow of multiple currents with different hydrographic features (Danielson et al., 2017). These water masses can be identified by salinity rather than location (Coachman et al., 1975). According to Coachman et al. (1975), the three water masses were categorized as low-saline (S < 31.8) and low nutrient Alaskan Coastal Water (ACW), high-saline (S > 32.5) and high nutrient Anadyr Water (AnW), and Bering Shelf Water (BSW, 31.8 < S < 32.5).
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FIGURE 1. Location of stations in the northern Bering Sea during 11–22 July 2017 and 2–12 July 2018. The numbers indicate the station ID.


Zooplankton samples were collected by vertical hauls with a NORPAC net (mouth diameter: 45 cm; mesh size: 150 μm) from 5 m above the bottom. The towing depth of the net ranged from 22 to 71 m. The volume of the water filtered through the net was estimated using a one-way flow meter (Rigosha CO., Ltd., Bunkyo-ku, Tokyo, Japan) mounted in the mouth of the net. Zooplankton samples were immediately preserved using 5% v/v borax buffered formalin. At all stations, temperature, salinity, and fluorescence were measured using vertical casts of a CTD (SBE911Plus, Sea-Bird Electronics Inc., Bellevue, WA, United States). The mixed layer depth was defined as the depth where the density was 0.10 kg m3 greater than the value at a 5 m depth (Danielson et al., 2011). Water samples for nutrient analysis were collected from 4 to 6 layers every 10 m from the surface to 5 m above the seafloor using a bucket and Niskin bottles (cf. Fukai et al., 2020). The obtained unfiltered nutrient samples were frozen on board at −80°C. In the laboratory, the concentrations of major nutrients (NO2–N + NO3–N, NH4–N, PO4–P, and Si (OH)4) were measured using an auto-analyzer (QuAAtro 2HR, BL-TEC Co., Ltd., Osaka, Japan).



Sample Analysis

In the laboratory, zooplankton samples were split using a Motoda box splitter (Motoda, 1959). The zooplankton in the aliquots was identified and counted under a dissecting microscope. Calanoid copepods were identified to the species and copepodid stage level, as described by Brodsky (1967). Calanus glacialis and Calanus marshallae were treated as C. glacialis/marshallae in this study owing to the difficulty of distinguishing between these two organisms at the species level (Frost, 1974). The mean copepodid stage (MCS) of the dominant large copepods (C. glacialis/marshallae, E. bungii, and M. pacifica) was calculated using the following equation:
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where i (1–6 indicate C1–C6) indicates the copepodid stage for a given species and Ai (ind. m–2) is the abundance of a copepodid stage (cf. Marin, 1987). For quantitative comparison of the abundance among the stations, abundance per square meter (ind. m–2) was used for later analysis.



Data Analysis

Abundance data (X: ind. m–2) for each species were transformed to the fourth root (X–4) prior to cluster analysis to reduce the bias of abundant species. Similarities between samples were examined using the Bray–Curtis index according to differences in species composition excluding rare species (i.e., those that occurred only once in the study area). For grouping samples, similarity indices were coupled with hierarchical agglomerative clustering and the complete linkage method (unweighted pair group method with arithmetic mean; UPGMA) (Field et al., 1982). Based on the fourth root transformed abundance, similarity percentages (SIMPER) analysis was applied to determine which species contributed to the top 50% of total abundance for each group. To find potential indicator species in the groups that resulted from the cluster analysis, the program Indicator Value (IndVal) was applied (Dufréne and Legendre, 1997).

To evaluate the relationship between environmental parameters and zooplankton community, a distance based linear modeling (DistLM) and a distance based redundancy analysis (dbRDA) were carried out. Firstly, to remove multicollinearity among the environmental parameters (mixed layer depth, mean water column temperature, mean water column salinity, integrated water column fluorescence [the sum of the fluorescence values from the water column], mean water column nutrients [NO2–N + NO3–N, NH4–N, PO4–P, and Si (OH)4], MD and TSM), we calculated variance inflation factors (VIF) for each parameter. Only MD showed higher than 5 to TSM, it was removed from the explanatory parameters. All environmental parameters were normalized, and then the DistLM was run with dbRDA plot by combining the resemblance matrix (based on Bray–Curtis similarities between the abundances of zooplankton species in the samples) and the hydrographic variables. To run DistLM, we choose a “Step-wise” as a selection procedure, a “AICc” as a selection criterion, and the number of permutations was 999. The analyses were conducted using the Primer 7 software (PRIMER-E Ltd., Albany, Auckland, New Zealand).

Additionally, the interannual differences in copepodite abundance, nauplii abundance, and MCS for the dominant large copepods (C. glacialis/marshallae, E. bungii and M. pacifica) were compared using the Mann–Whitney U test performed in the StatView v5 software (SAS Institute Inc., Cary, NC, United States).



Copepod Biomass and Production

Biomass of copepods at each station was estimated by multiplying individual dry weight (mg ind.–1) from references and unpublished data (cf. Supplementary Table 2), abundance (ind. m–2) and a conversion factor 48% from dry weight to carbon biomass (Kiørboe, 2013). Then, we classified C. glacialis/marshallae as Arctic copepods, and E. bungii, N. cristatus, N. flemingeri, N. plumchrus, M. pacifica as Pacific copepods, and the other copepods (cf. Table 2) as small copepods.


TABLE 1. Summary table of the results of the DistLM sequential tests, results shown are for the model with the lowest AICc values for each response variable.
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TABLE 2. Mean abundance (ind. m–2) for all species/taxon of the zooplankton groups identified by cluster analysis (cf. Figure 4) in the northern Bering Sea during July of 2017 and 2018.
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FIGURE 2. Horizontal distribution of environmental factors in the northern Bering Sea during 11–22 July 2017. MD, melt day.
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FIGURE 3. Horizontal distribution of environmental factors in the northern Bering Sea during 2–12 July 2018. MD, melt day.
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FIGURE 4. Cluster analysis based on zooplankton abundance in the northern Bering Sea during July of 2017 and 2018 (A). Five groups (A–E) were identified from the Bray–Curtis similarity connected with UPGMA. Mean abundance and species/taxon composition of each group (B). dbRDA plots of the five groups with environmental parameters (C). The direction and length of the lines indicate the relationship between groups and the strength of the relationship. The station IDs in the plots indicate the year-station number. NO, nitrate+nitrite; P, phosphate; Si, silicate; TSM, time since sea-ice melt.


To calculate the production of copepodite stages of all copepods, the respiration rate (μL O2 ind. –1 h–1) was calculated using the following equation (Ikeda et al., 2001).
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where R is the respiration rate, DW is the individual dry weight (mg ind. –1) from references (cf. Supplementary Table 2) and T is the ambient temperature (°C). The respiration rate was converted to carbon units by assuming a respiratory quotient of 0.97 (Gnaiger, 1983) and multiplied by 0.75 (Production = 0.75*Respiration, cf. Ikeda and Motoda, 1978), abundance (ind. m–2), and 24 (hours) to estimate production (P, mg C m–2 day–1). To evaluate the effect of temperature and species composition on copepod production, a pacification index (%) of copepod production was calculated using the following equation:

[image: image]

where Ppacific copepods is the Pacific copepod production, Pwhole copepods is the sum of the whole copepod production (including small, Arctic, and Pacific copepods). Finally, P/B ratio was assumed by dividing the production with the biomass.




RESULTS


Sea Ice, Water Mass, and Hydrography

The MD in 2018 was much earlier than that in 2017; MD occurred from April 4 to May 11 in 2017 and from March 23 to April 29 in 2018 (Supplementary Table 1 and Figures 2, 3). In this study, the spatial variations of in situ hydrographic parameters showed interannual similarities. The eastern side exhibited high temperatures and low salinity, these features belonging to the ACW. Whereas the cold and high saline water of the western side was attributed to the AnW (Figures 2, 3). All nutrients also exhibited high concentrations associated with the high salinity of the Chirikov Basin. Both years exhibited high chlorophyll fluorescence at the Bering Strait.



Zooplankton Community

The zooplankton abundances ranged from 31 to 1,163 × 103 ind. m–2 in 2017 and from 240 to 1,420 × 103 ind. m–2 in 2018, and relatively high values were observed in the south of St. Lawrence Island (Supplementary Figure 1). Copepods were the most dominant taxon, accounting for 11%–97% of the overall zooplankton abundance throughout the study site. Small-sized copepods such as Cyclopoida and Pseudocalanus spp. were dominant in the eastern side and the south of St. Lawrence Island. Pacific copepods (i.e., E. bungii, M. pacifica, Neocalanus cristatus, Neocalanus flemingeri, and Neocalanus plumchrus) occurred from the south of the St. Lawrence Island to the Bering Strait and were especially abundant in Chirikov Basin in 2018 (Supplementary Figure 1).

Based on cluster analysis of zooplankton community composition, five groups (A–E) including 3–9 stations were identified at 55%, 62%, and 69% similarity levels (Figure 4A). Copepoda was the most dominant taxon in the groups except group C, which was dominated by Polychaeta (Figure 4B). Each zooplankton assemblage was also relatively well separated in the dbRDA plot (Figure 4C). As a best solution in DistLM, four environmental parameters were selected and explained 40.1% of the zooplankton variation (Table 1). In the result, three variables were categorized in nutrients (silicate, phosphate and nitrate and nitrite), and the remaining one was TSM (Table 1).

Group D exhibited the highest total zooplankton abundance (708,006 ind. m–2) due to the abundance of small size copepods (Cyclopoida, Pseudocalanus spp.), Calanus spp. nauplii and bivalve larva in group D (Table 2). In the group, the highest number (total seventeen species/taxon) of the indicator species, including the small copepods, Fritillaria spp., barnacle nauplii and cypris, bivalve larva, were selected by IndVal (Table 2). Whereas group E had high abundances of Oikopleura species, Euphausiacea and Pacific copepods (especially, E. bungii and M. pacifica) originating from AnW. The Pacific copepod N. flemingeri and N. plumchrus were also selected as indicator species in group A. The horizontal distributions of the groups varied between the study years, and groups A and D were only observed in 2017 and 2018, respectively (Figure 5). Interannual changes in group E distribution were also identified, whereas groups B and C remained, respectively, distributed in the south of St. Lawrence Island and near the Alaskan coasts in both years.
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FIGURE 5. Horizontal distribution of the five groups identified from the Bray–Curtis similarity analysis based on zooplankton abundance (cf. Figure 4) in the northern Bering Sea during July of 2017 and 2018.




Hydrographic Features in the Clustering Groups

According to Danielson et al. (2020), water mass composition in the water column was different among the groups. Warm Coastal Water (wCW) was mainly observed in group C, all groups presented warm Shelf Water (wSW), cool Shelf Water (cSW) was mainly observed in groups A and B, Anadyr Water (AnW) in groups A and E, and Modified Winter Water (MWW) and Winter Water (WW) in group B (Figure 6). The interannual differences of the water mass composition in groups B and E were generally subtle, especially the salinity of group E. In contrast, the T-S diagram of group C varied greatly between years (Figure 6). As hydrographic features of the groups, groups A and E exhibited high concentrations of all nutrients except NH4–N compared to the other groups (Table 3). Group B showed the lowest temperature owing to the presence of MWW and WW. The warmest water was observed in Group C. Group D did not show clear difference on hydrographic parameters among the groups, excepting slightly higher temperature comparing to these in group A and E.
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FIGURE 6. T-S diagram of the five groups (A–E) identified from Bray–Curtis similarity analysis based on zooplankton abundance (cf. Figure 4) in the northern Bering Sea during July of 2017 and 2018. The numbers in the panels indicate water density. wCW, warm coastal water; wSW, warm shelf water; IMW cCW, ice melt water and cool coastal water; cSW, cool shelf water; AnW, Anadyr water; MWW, modified winter water; WW, winter water (cf. Danielson et al., 2020).



TABLE 3. Mean and standard deviations of environmental factors between the groups identified by cluster analysis (cf. Figure 4) in the northern Bering Sea during July of 2017 and 2018.
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Population Structure of Large Dominant Copepods

Calanus glacialis/marshallae abundance was high in the south of St. Lawrence Island but low in Chirikov Basin in 2017 (Figure 7). In contrast, their abundance was high through the sampling area in 2018. The MCS of the copepod species was substantially lower in 2018 (2.10–3.44) compared to 2017 (3.02–5.24). E. bungii mainly occurred in the north of the St. Lawrence Island with no interannual differences. A higher abundance of M. pacifica was observed in 2018 than in 2017. The MCS of the copepod species exhibited a clear border at the west of St. Lawrence Island. Specifically, later stages (3.29–4.63) were observed in the northern area, whereas younger stages (1.46–2.32) were observed in the south. In 2018, their MCS remained low throughout the sampling area.
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FIGURE 7. Horizontal distribution of dominant large copepods in the northern Bering Sea during July 2017 (left) and 2018 (right). The circle size and color denote the abundance and mean copepodite stage of each species. The black frames indicate the stations identified as group E, as demonstrated by Bray–Curtis similarity analyses based on zooplankton abundance (cf. Figure 4).


The abundance of Calanus spp. nauplii ranged from 0 to 26,136 ind. m–2 in 2017 and from 12,608 to 224,316 ind. m–2 in 2018 (Figure 8), and high abundances were frequently observed in 2018. Eucalanus bungii nauplii were distributed only around the Bering Strait in 2017 but they were observed throughout the study area in 2018.
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FIGURE 8. Horizontal distribution of dominant large copepod nauplii in the northern Bering Sea during July 2017 (left) and 2018 (right). The circle size denotes the abundance of each species. Black frames indicate the stations identified as group E, as demonstrated by Bray–Curtis similarity analyses based on zooplankton abundance (cf. Figure 4).


To compare the interannual population structure of large copepods excluding water mass differences, the abundance and MCS of group E copepods were compared between 2017 and 2018, as this group occurred in both years and showed similar hydrographic conditions (cf. Figure 6). This comparison indicated that C. glacialis/marshallae and M. pacifica exhibited significantly higher abundances and younger populations in 2018 than in 2017 (Table 4 and Figure 7). Calanus spp. nauplii were also significantly more abundant in 2018 than in 2017. In contrast, E. bungii did not exhibit any significant interannual differences.


TABLE 4. Result of the Mann–Whitney U test on mean and standard deviation of copepodite abundance, nauplii abundance, and MCS of the dominant large copepods in group E identified via Bray–Curtis similarity analysis based on zooplankton abundance (cf. Figure 4) in the northern Bering Sea during July of 2017 and 2018.
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Biomass and Production of Copepods

The copepod biomass and production exhibited significant inter-group differences (Figures 9A,B). In groups B and C, Arctic species mainly contributed to the parameters, whereas small copepods dominated biomass and production in group D. In groups A and E, biomass and production were dominated by Pacific copepods, but was lower than that observed in the other groups. Regarding to P/B ratio, small copepods showed the highest contribution (4.54–5.32%) among the group category (Figure 9C). When comparing the effects of the pacification index and temperature on the copepod community, the index did not increase the total production, and temperature had a slightly positive effect on the production (Figure 9D).
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FIGURE 9. Inter-group comparison of copepod biomass (A), production (B), and P/B ratio (C) by group category (cf. Supplementary Table 2) in the northern Bering Sea during July 2017 and 2018. The values in the parenthesis are the number of stations in each group (cf. Figure 4A). Relationship between the pacification index, temperature, and total copepod production in the northern Bering Sea during July 2017 and 2018 (D). The pacification index in the copepod community was calculated by dividing the Pacific-copepod production by the whole copepod production (see the “Materials and Methods” section for more details). The symbols indicate cluster groups.





DISCUSSION


Summer Zooplankton Community in Alaska Coastal Region and St. Lawrence Island

Interannual differences in the zooplankton community were observed in the Chirikov Basin but not near the Alaska coastal region and the south of St. Lawrence Island.

Group C was observed in the Alaska coastal region during both years. Given that the water column of this group exhibited high temperature and low salinity, we concluded that this group belonged to the ACW community (Coachman et al., 1975; Danielson et al., 2017). The ACW community is abundant in cladocerans and coastal copepods (e.g., Acartia hadsonica and Centropages abdominalis) (Hopcroft et al., 2010). However, in this study, mitraria larvae of benthic Polychaeta (Shanks, 2001) were the most dominant taxa. Particularly, the highest abundance (581,378 ind. m–2) of the mitraria larvae was recorded at Stn. 19 in 2018, where the integrated water-column salinity was 29.4, which was lower than the previous value (29.9–30.8) defined as ACW in Hopcroft et al. (2010). Therefore, given that Stn. 19 was strongly affected by brackish water from the coastal region, mitraria larvae of benthic Polychaeta were dominant in this study region. In brackish water, the copepod production was extremely low (14.68 mg C m–2 day–1) even at the highest temperature (8.5°C).

Group B was observed south of St. Lawrence Island in both years, and was characterized with high TSM in dbRDA (Figure 4C) because their stations located in the most southern area in whole study region. On zooplankton composition in the group, Acartia spp., C. glacialis/marshallae, bivalve larvae, and echinopluteus larvae were dominated. The biomass of C. glacialis was linked to the presence of cold (<0°C) and saline WW (Pinchuk and Eisner, 2017). In this study, because of the presence of WW in the near-bottom layer in 2017, C. glacialis/marshallae was abundant in group B. The highest copepod production was observed in this group owing to the contribution of this species. Moreover, the south of St. Lawrence Island is known to be a hot spot of benthic species (Grebmeier et al., 2006), and the high abundances of bivalve and echinopluteus larvae in group B are likely due to their high reproduction rates. Given the high copepod production and benthic larva abundance observed in this region, we concluded that the south of St. Lawrence Island plays a key role in sustaining the zooplankton abundance of the northern Bering Sea.



Interannual Differences in Chirikov Basin

In Chirikov Basin, the zooplankton community explicitly showed interannual changes. For instance, groups A and E were observed in 2017, whereas groups D and E were observed in 2018. Groups A and E were characterized by the presence of Pacific copepods (N. flemingeri, N. plumchrus, E. bungii, and E. bungii nauplii). These species are transported by saline and nutrient-rich AnW (Springer et al., 1989; Matsuno et al., 2011; Ershova et al., 2015). In fact, the salinity and the concentration of all nutrients except NH4–N in the water column of groups A and E were higher than those of the other groups. Based on species composition and hydrographic results, groups A and E in 2017 were found to belong to the AnW community. Additionally, nutrients (silicate, nitrate and nitrite) were significantly contributed to zooplankton variability, and groups A and E were located in higher values (Figure 4C). In other words, nutrients may be a good indicator of water masses and zooplankton assemblages in this region during summer (Springer et al., 1989; Matsuno et al., 2011; Ershova et al., 2015).

We next compared the Pacific copepod abundances in this study with those reported in a previous study from the northern Bering Sea and the Chukchi Sea during September 2007 (Eisner et al., 2013). Neocalanus species exhibited a similar abundance in both studies [23–620 ind. m–2 (this study) vs. 10–1,718 ind. m–2 (cf., Table 4 in Eisner et al., 2013)]. However, the abundances of E. bungii and M. pacifica were much lower in this study than in the previous work. Particularly, group A showed only approximately 1/20 of the abundance reported in the earlier study. It is also worth noting that the sampling methods between the studies were almost the same (mouth diameter 45 cm vs. 50 cm; mesh size 150 μm vs. 160 μm). The characteristics of group A, which belonged to the AnW community with low abundance, had not been previously reported in Chirikov Basin. The group A water column is known to be strongly stratified (Ueno et al., 2020), and the upper layers were occupied by low-density wCW and wSW. These observations suggested that low-density water masses prevent nutrient supply from the bottom layer. In turn, this restricts phytoplankton growth and dramatically decreases zooplankton abundance. In contrast, the water column of group E exhibited thorough vertical mixing in 2017 due to weak stratification (Ueno et al., 2020). AnW upwells in the Chirikov Basin by bottom friction through the Anadyr Strait (Kawaguchi et al., 2020). Therefore, nutrient-rich AnW upwells into the upper layer without stratification in group E, followed by an increase in phytoplankton production and an increase in Appendicularia, E. bungii, and Euphausiacea compared to group A.

Group D, which was observed only in 2018, had the highest abundance of total zooplankton and copepods and was dominated by small copepods (Cyclopoida and Pseudocalanus spp.). Based on studies in the southeastern and northern Bering Sea during the summer of 2018, the abundance of small copepods (<2 mm prosome length) increased whereas that of large copepods (>2 prosome length) decreased owing to a reduction in sea-ice cover, elevated temperature, and delayed phytoplankton spring bloom (Duffy-Anderson et al., 2019). The temperatures in group D were slightly higher than those in groups A and E in this study, and therefore these warm conditions may have accelerated the growth rate of small copepods (Corkett and McLaren, 1978). Regarding copepod food availability, the number of diatom resting stage cells in the surface sediment, a variable that represents the time-integrated abundance of diatoms from sea-ice melt to the sampling period (e.g., spring and summer), was 10–100 times higher in 2018 than in 2017 (Fukai et al., 2019). This suggests that food was much more available for copepods in 2018 than in 2017. In turn, these unusual conditions (warm temperatures and food abundance) associated with early sea-ice melt favored the reproduction, survival rate, and growth rates of small copepods (Duffy-Anderson et al., 2019), which eventually resulted in high copepod production in the Chirikov Basin in 2018.



Interannual Changes in the Population Structure of Large Copepods

The zooplankton biomass in the northern Bering Sea was dominated by the large copepods C. glacialis/marshallae, E. bungii, M. pacifica, and Neocalanus species (Hopcroft et al., 2010; Eisner et al., 2013). Among these species, C. glacialis/marshallae, E. bungii, and M. pacifica reproduce in the upper layer with active phytoplankton grazing (Padmavati et al., 2004; Shoden et al., 2005; Søreide et al., 2010). Owing to the strong link between copepod reproduction and phytoplankton blooms, zooplankton population structure was expected to be directly affected by shifts in spring bloom timing.

The interannual comparison of population structure for the three large copepods in group E, C. glacialis/marshallae, and M. pacifica exhibited significant differences, particularly a higher abundance and younger stages in 2018 than in 2017. This was likely because sampling was conducted 5.5 days earlier in 2018 than in 2017. When copepod development was estimated in these 5.5 days, we assumed +0.77 MCS for C. glacialis at 4°C (Corkett et al., 1986) and +0.20–0.31 MCS for M. pacifica at 5°C (Padmavati and Ikeda, 2002). However, given that these values were much lower than the interannual MCS differences (2.15 MCS and 2.00 MCS for C. glacialis/marshallae and M. pacifica, respectively) in this study, we concluded that the sampling date was not the main reason for the observed differences.

Alternatively, reproduction timing, which is strongly linked with spring bloom (Padmavati et al., 2004; Shoden et al., 2005; Søreide et al., 2010) was also explored. In 2017, the spring bloom in the Chirikov Basin was observed as an ice-edge bloom on 23 April due to a late sea-ice retreat (Kikuchi et al., 2020). In 2018, however, the open-water bloom was delayed (17 May) owing to an early sea-ice retreat and weakened water column stratification by strong winds (Kikuchi et al., 2020). Owing to this shift in the phytoplankton bloom timing, the number of days from the bloom to the sampling date was calculated as 78.5 days in 2017 and 49 days in 2018. Additionally, the abundance of the two species was significantly higher in 2018 than that in 2017 (U test: p < 0.05). Assuming that the natural mortality rate of the copepods was not different in both years, the reproduction timing of the species in 2018 was closer to the sampling date than that in 2017. Therefore, late sea-ice retreat induces early reproduction of large copepods with ice-edge bloom, as observed in 2017. Conversely, early sea-ice retreat delays phytoplankton blooms resulting in copepod reproduction delays, as observed in 2018. In conclusion, the interannual changes in the population structure of the large copepods C. glacialis and M. pacifica are largely driven by the timing of phytoplankton blooms associated with sea-ice retreat.

It is not immediately clear why E. bungii abundances and populations did not change between the studied years; however, we believe this could have been due to species-specific grazing strategies. C. glacialis and M. pacifica are believed to selectively graze on microzooplankton, whereas E. bungii has been described as an opportunistic grazer (Campbell et al., 2016). Thus, the sensitivity of copepods to environmental changes including prey availability could be substantially affected by their species-specific grazing strategy.



Ecological Impacts of Changing Zooplankton Communities

Our findings demonstrated that early sea-ice retreat induces high copepod production with abundant small copepods and young stages of large copepods. The changes in copepod size frequency and production can directly and indirectly affect higher trophic levels, particularly fish and planktivorous seabirds (Heintz et al., 2013; Jones et al., 2018; Duffy-Anderson et al., 2019). Negative effects in higher trophic levels were reported during 2018, including decreases in the population of forage fish species associated with decreases in phytoplankton blooms and zooplankton productivity (Cornwall, 2019; Duffy-Anderson et al., 2019). Other studies have reported high mortality rates and reproductive failure of sea birds due to warm temperatures and food scarcity (Jones et al., 2018, 2019; Dragoo et al., 2019; Nishizawa et al., 2020), whereas another study reported a decline in phocid seal body condition (fat and mass/length) (Boveng et al., 2020). These opposite responses between zooplankton and higher trophic levels suggest that small copepods do not efficiently reach the higher trophic levels despite being highly abundant, which reported in the 1980s investigations (Springer et al., 1989). Food availability, food quality, and transfer efficiency could thus be limiting factors that prevent the transfer of energy from copepods to higher trophic levels. Food availability for fish species could be expressed as a ratio of small copepod production to total copepod production, and the lowest value (31.9%) was observed in group D compared to the other groups (51.7%–81.1%). This low food availability (dominance of small individuals) likely caused a marked decrease in predator feeding (O’Brien, 1979). Almost none of the small copepods in this study store lipids in their bodies, and therefore small copepod species are far less nutritious than their larger counterparts. In the Bering Sea, the dominance of low-lipid (i.e., low nutrition) zooplankton has decreased the survival rate of pollock in winter regardless of zooplankton abundance (Heintz et al., 2013). Recent studies linked a lack of interaction between the members of the plankton food web during 2018 with a decrease in energy and material transfer efficiency (Yamaguchi et al., 2021), resulting in a substantial decrease in jellyfish populations in 2018 (Maekakuchi et al., 2020). Therefore, even if zooplankton abundance and production are higher, the dominance of small-sized and low-nutrition zooplankton adversely affects the higher trophic levels in the northern Bering Sea (Springer et al., 1989).

The northern Bering Sea and the southern Chukchi Sea are undergoing “pacification,” a borealization process related to the transport of anomalies from sub-Arctic seas into the Arctic Ocean, such as an increased influx of Pacific water containing sub-Arctic species (cf. Polyakov et al., 2020). We estimated the pacification index of copepod production as the ratio of Pacific copepod production to that of all copepod species. In cases of high pacification indices (e.g., groups A and E), the Pacific copepods contributed half of the total copepod production; however, the amounts did not reach the original production by Arctic copepod C. glacialis (e.g., groups B and C). Therefore, the pacification of the copepod community will ultimately decrease copepod productivity in the study area. The marine ecosystem of the northern Bering Sea is thus undergoing profound and unexpected ecological changes due to its unique geographical characteristics (e.g., high-latitude, nutrient inflow) (Huntington et al., 2020), which will invariably affect the local marine biota. Therefore, continued monitoring of the trophic levels and energy transfer in this region is required to prevent further ecological impacts.




CONCLUSION

In this study, the patterns of inter-annual changes in the zooplankton community differed among the regions. The zooplankton communities in the Alaska coastal region and the south of St. Lawrence Island were consistently affected by water masses and input of benthic larvae without interannual changes.

Clear interannual changes in the zooplankton community were observed in the Chirikov Basin. The AnW community, which was characterized by pacific copepods, was dominant in 2017, whereas the zooplankton community was dominated by small copepods in 2018. This change was thought to be associated with the unusual conditions (warm temperatures and food abundance) caused by the early sea-ice reduction. The large copepods C. glacialis and M. pacifica exhibited large interannual differences in population structure, suggesting that their reproduction timing shifted because of the changes in phytoplankton bloom timing.

Early sea-ice retreat resulted in a higher copepod production, which was dominated by small copepods and young stages of large copepods; however, this increased copepod productivity did not efficiently reach the higher trophic levels owing to decreased food availability and quality. Based on the pacification index of the copepod community, pacification will further decrease copepod production. Therefore, our findings demonstrated that the zooplankton community and production was highly sensitive to environmental changes (warm temperatures and food abundance) associated with early sea-ice retreat, which adversely affects the higher trophic levels in the northern Bering Sea.
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The calanoid copepod Calanus glacialis dominates the mesozooplankton biomass in the Arctic shelf seas, but its smaller North Atlantic sibling Calanus finmarchicus is expanding northwards and may potentially replace it if the climate continues to warm. Here we studied the population structure, overwintering strategies, gonad maturation and egg production of C. glacialis and C. finmarchicus over a period of 15 consecutive months in a high-Arctic fjord with sub-Arctic ocean climate and no sea ice formation in winter. The relative proportions of C. glacialis and C. finmarchicus varied throughout the study period, but with an overall dominance of C. glacialis. The overwintering population of C. glacialis was dominated by copepodite stage CIV (74%) while C. finmarchicus overwintered mainly as CV (65%), reflecting a primarily two- and one-year life cycle, respectively. Adult males and females of C. glacialis appeared as early as October with a peak during December-January, two months earlier than in C. finmarchicus, with a corresponding one-month earlier peak in recruitment for C. glacialis. While C. glacialis reproduced prior to the bloom with egg production peaking during the bloom, C. finmarchicus started egg laying during the bloom and continued to reproduce throughout the summer. Seasonal changes in the population structure suggest that C. finmarchicus born early in spring are able to develop to CV during summer and overwinter successfully, while offspring born later in the season do most likely not reach the CV overwintering stage. The ability to reproduce early and the flexibility to alter between 1- and 2-year life cycles give C. glacialis an advantage over C. finmarchicus in high-Arctic unpredictable environments with short-pulsed primary production regimes. Our data indicate that C. glacialis and C. finmarchicus occupy similar environmental niches, but different timing in reproduction reduces the competition. If sea temperatures remain within their temperature-tolerance ranges, both C. glacialis and C. finmarchicus seem to benefit from warming due to accelerating growth and higher survival of the recruits as long as C. glacialis has access to a colder refuge by descending to deeper depths.
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1 Introduction

Calanoid copepods of the genus Calanus dominate (>60%) the mesozooplankton biomass in Arctic and sub-Arctic seas (Jaschnov, 1970; Kosobokova et al., 1998 ; Blachowiak-Samolyk et al., 2008; Kosobokova and Hirche, 2009; Kosobokova et al., 2011; Kosobokova and Pertsova, 2018) and constitute the key link between primary producers and higher trophic levels (Falk-Petersen et al., 2007). Calanus are filter feeders, primarily feeding on microscopic algae, but do also consume alternative prey such as eggs, fungi and heterotrophic microorganisms outside the peak productive spring and summer season (Cleary et al., 2017; Frank-Gopolos et al., 2017). At high latitudes, the spring phytoplankton bloom lasts from two to eight weeks (reviewed by Leu et al., 2015). During this short period, these relatively large copepods convert their food to energy-rich lipids which may comprise up to 70% of their dry weight (Sargent and Falk-Petersen, 1988; Lee et al., 2006). Thus, Calanus is a major contributor to the rapid and efficient transfer of energy and essential fatty acids from primary producers to higher trophic levels in the lipid driven arctic marine food web (Falk-Petersen et al., 1990; Dahl et al., 2003).

Three species of the genus Calanus co-occur in the European Arctic: the two arctic species Calanus hyperboreus and C. glacialis, and the boreal C. finmarchicus (Conover, 1988; Choquet et al., 2017). These three species are all morphologically similar but differ in body sizes (Kwasniewski et al., 2003; Choquet et al., 2018). All three perform seasonal migrations, descending to deeper depths towards the end of the summer to spend the unproductive winter in a state of dormancy (diapause) (Falk-Petersen et al., 2009). The three species have different core distribution areas and have evolved different life strategies in response to the physical and biological environment they are exposed to. The smallest of the three species, the boreal C. finmarchicus, has a 1-year life cycle in the northernmost part of its distribution range and is considered to be primarily an income breeder, i.e. fueling egg production by ingested food (Plourde and Runge, 1993; Madsen et al., 2001; Kjellerup et al., 2012). The mid-sized species, the arctic C. glacialis, inhabits the Arctic Ocean with highest abundance confined at present to the outer shelf and slope regions (Ershova et al., 2021). Calanus glacialis has a 1–2-year life cycle and performs both income breeding and capital breeding, i.e. it fuels egg production using both ingested food and internal lipid resources (Hirche and Kattner, 1993; Kosobokova, 1999; Madsen et al., 2001). The largest arctic oceanic species C. hyperboreus has adapted to the extreme conditions of the oligotrophic Arctic Ocean with a life strategy where reproduction is not as tightly coupled with the spring bloom as in the two smaller ones. Calanus hyperboreus starts reproduction at depth in winter purely fueled by internal resources (Hirche, 1997), and the life cycle can be as long as 4 years depending on the extremeness of the environment (Hirche and Niehoff, 1996; Ashjian et al., 2003; Varpe et al., 2009; Ejsmond et al., 2018). All the three species develop through six naupliar (NI-NVI) stages, followed by six copepodite stages (CI-CVI), of which stage CV develops into either adult male (CVI, AM) or adult female (CVI, AF). Adult males of Calanus have a short life span compared to females (Kosobokova, 1999; Hatlebakk et al., 2019), thus the timing of male presence, and consequent mating, is an important and sensitive aspect in the Calanus life cycle (Kosobokova, 1998; Kosobokova, 1999; Daase et al., 2018). Females on the other hand are long-lived and females of C. hyperboreus and C. glacialis may even survive one more winter and reproduce again (Hirche and Niehoff, 1996; Kosobokova, 1999). To develop female gonads is energy demanding. Jónasdóttir (1999) estimated that C. finmarchicus required 50% of its stored lipids (wax ester and triacylglycerol) to ripen the gonads. To be ready for descent and overwintering, Calanus need to reach a copepodite stage capable of storing a sufficient amount of lipids that allows them to successfully overwinter and fuel molting and/or maturation at the end of winter (Falk-Petersen et al., 2009; Bailey, 2010). Calanus hyperboreus can overwinter already as CIII, C. glacialis primarily as CIV, and C. finmarchicus primarily as CV (Hirche, 1997; Kosobokova, 1999; Falk-Petersen et al., 2009; Daase et al., 2013; Kosobokova and Pertsova, 2018).

Calanus finmarchicus and C. glacialis are regarded as important climate beacons in the Svalbard-Barents Sea region (Wassmann et al., 2015). In regions of sympatry, a high proportion of C. finmarchicus over C. glacialis indicates a strong influence of Atlantic water and a relatively warm climate, often with sea temperatures above zero year-round (Conover, 1988). The predominance of C. glacialis, on the other hand, is usually found in regions characterized by a colder arctic regime encompassing a seasonal ice cover and sub-zero water temperatures (Arnkværn et al., 2005). In regions where C. glacialis and C. finmarchicus co-exist, it has been suggested that extensive hybridization occurs (Parent et al., 2012). However, recent studies show that this is very unlikely (Choquet et al., 2017), even when adult males and females of both species are present at the same time (Choquet et al., 2021). Calanus finmarchicus is considered to be a boreal expatriate in the Arctic (Hirche and Kosobokova, 2007; Kosobokova, 2012; Wassmann et al., 2015). It is regularly transported in high numbers into the Arctic with the Atlantic currents, but the late onset of the phytoplankton spring bloom is assumed to limit its ability to mature and reproduce in the Arctic Ocean proper, which prevents it from establishing its own local arctic population (Hirche and Kosobokova, 2007).

Typically, the onset of the productive season is delayed with increasing latitude due to the more extreme seasonality of sunlight and more persistent ice and snow cover preventing light from reaching the water column (Sakshaug, 2004; Falk-Petersen et al., 2007; Leu et al., 2011; Leu et al., 2015). In the seasonally ice-covered waters, the productive season starts with a bloom of ice algae which are adapted to utilize low light levels early in the season (Hancke et al., 2018; Kvernvik et al., 2020). As the ice melts, stratification and increasing light availability in the water column triggers the main pelagic bloom. Warming of the Arctic and the consequential decrease in ice cover is changing the arctic bloom phenology (Carmack and Wassmann, 2006; Leu et al., 2015; Tremblay et al., 2015). This has potentially cascading effects on the distribution of Calanus copepods, as their reproduction and life cycles are closely linked to the timing of the algal bloom and the length of the productive season (Søreide et al., 2010; Wold et al., 2011; Daase et al., 2013; Dezutter et al., 2019).

Recently, a substantial borealization of the arctic zooplankton community has been predicted with global warming (Hays et al., 2005; Polyakov et al., 2020). Higher sea water temperatures, reduction in sea ice and a prolonged algal growth season will make the environment more favorable for C. finmarchicus in the high Arctic (Freer et al., 2021). While there is currently no conclusive evidence that C. finmarchicus successfully recruit new generations locally in the high Arctic (Hirche and Kosobokova, 2007; Dvoretsky, 2011; Wassmann et al., 2015; Choquet et al., 2017), there are indications of accelerated development at the northern edge of its current distributional range in the Fram Strait (Tarling et al., 2021) and north of Svalbard (Hop et al., 2021), potentially leading to the production of a second generation in warmer years (Weydmann et al., 2018). In some Arctic regions, such as the areas and fjords surrounding the path of the North Atlantic Current into the Fram Strait and the Barents Sea, an increase in abundances of C. finmarchicus has recently been observed (Wassmann et al., 2006; Chust et al., 2014; Weydmann et al., 2014; Aarflot et al., 2018; Hop et al., 2019; Møller and Nielsen, 2020). The latter indicates not only increased advection but also suggests better survival and successful recruitment of C. finmarchicus in areas where C. glacialis and/or C. hyperboreus normally prevail. Subsequently, one may expect that C. finmarchicus could become the more dominant species if warming continues. A change from a dominance of larger arctic zooplankton species to smaller boreal ones may have cascading effects on the higher trophic levels, especially those species (e.g. little auks) preying on one item at the time (Kitaysky and Golubova, 2000; Hirche and Kosobokova, 2007; Falk-Petersen et al., 2007; Vihtakari et al., 2018).

For most parts of the Arctic, seasonal zooplankton studies are still rare due to logistical challenges of accessing remote areas regularly over an entire annual cycle, and previous studies describing the seasonal cycle in the Calanus community in Svalbard fjords largely lack data from the polar night (Arnkværn et al., 2005; Søreide et al., 2010; Lischka and Hagen, 2016). Here, we investigated the population development of two sympatric Calanus species, C. glacialis and C. finmarchicus, over a period of 15 consecutive months, including the polar night, to study similarities and dissimilarities in their life histories in a high-Arctic fjord (78°N) characterized by sub-Arctic water temperatures (~1-6°C) with no sea ice formation in winter. To gain a better understanding of these two species life histories, we also studied the gonad maturation in C. glacialis and C. finmarchicus. Specifically, we compared the following between the two species (1) population size and structure, (2) timing of the seasonal vertical migration and (3) timing of the reproductive events in terms of sexual maturation and egg production.



2 Materials and Methods


2.1 Sampling Area and Sample Processing

Calanus glacialis and C. finmarchicus were collected once a month from June 2015 to August 2016 at Karlskronadjupet (78°19’N; 015°10’E) (IsK, Figure 1), a 274 m deep basin in the central part of the Isfjorden system, Svalbard. The mouth of Isfjorden is open towards the shelf and slope area facing west Spitsbergen, with no sill limiting the inflow of Atlantic and Arctic water reaching this area via the West Spitsbergen Current (WSC) and the East Spitsbergen Current (ESC), respectively. Both these currents are flowing from south to north along the shelf break and on the shelf, respectively (Nilsen et al., 2008).




Figure 1 | Map of the study area. Sampling station at Karlskronadjupet Isfjorden, Svalbard marked with white marker. (Map data source: NPI, GEBCO).



Sampling was conducted from either larger vessels (R/V Helmer Hanssen, K/V Svalbard, R/V Dalnie Zelentsy) or smaller boats (R/V Viking Explorer and UNIS Polaris). Data on the properties of the water column were collected using a SAIV SD204 CTD or a SBE Seabird Electronics CTD. The water mass definition by Skogseth et al. (2020) was used to identify the different water masses throughout the study period. Isfjorden is influenced by both Arctic and Atlantic water coming into the fjord, as well as local hydro-physical processes. In summer, the water column is typically stratified, with fresher surface water overlaying a layer of Atlantic-influenced water, and often a layer of colder local or winter cooled water at the bottom. In the fall and winter, vertical mixing takes place, leading to a homogenous water column gradually cooling off throughout the winter and spring (Nilsen et al., 2008; Skogseth et al., 2020). Fluorescence data from fluorometers attached to the CTDs were used to estimate the average Chlorophyll a (Chl a) concentration in the depth intervals where zooplankton was sampled (see below). Fluorescence data from the sensors were verified with Chl a concentrations measured fluorometrically. Water was collected for Chl a at standard depths (1 m, 5 m, 15 m, 50 m, bottom) and the depth of Chl a max. The water was filtered on Whatman grade GF/F glass fiber filters and extracted in methanol for 24 hours at 4°C before the Chl a concentration was measured with an AU10 Turner Fluorometer (Turner Design, Inc.).

Stratified zooplankton samples for Calanus community composition were collected with a MultiNet “Midi” (0.25 m2 mouth opening, mesh size 200 µm, Hydro-Bios, Kiel) or a WP2 closing net (0.25 m2 mouth opening, mesh size 200 µm, Hydro-Bios, Kiel) and fixed in 4% buffered formaldehyde-seawater solution. Samples were collected at the following depth intervals bottom-200-100-50-20-0 m when using the MultiNet, and bottom-100-50-20-0 when using the WP2 closing net (Supplementary, Table S1). In June 2015, the deepest stratum was not collected due to technical problems. Females for egg production incubations were collected from 50-0 m using a WP2 or WP3 net (1 m2 mouth opening, mesh size 1000 µm, Hydro-Bios, Kiel).



2.2 Morphological Identification of Calanus spp.

Due to the close morphological similarity of the Calanus species, they are commonly identified to species using size classes (for prosome length) derived from length frequency analyses. Recent studies using molecular tools have shown, however, a high but regionally variable overlap in prosome length between C. finmarchicus and C. glacialis (e.g., Gabrielsen et al., 2012; Choquet et al., 2018). In the present study, species of Calanus were distinguished based on size classes established earlier by Daase and Eiane (2007) for the study area with adjustments for CV and adult females after Choquet et al. (2018) and Daase et al. (2018) (Table 1). For live specimens, pigmentation can also be used as an additional species indicator, with C. glacialis having more red pigmentation on the antennules and genital segment (females only) compared to C. finmarchicus (Nielsen et al., 2014; Choquet et al., 2018). The latter characteristic was additionally used to identify adult females for egg production incubations (see below).


Table 1 | Size ranges (prosome length, mm) used to differentiate between copepodite stages CI-CV and adult females and males (AF/AM) of C. finmarchicus and C. glacialis based on Daase and Eiane (2007) with adjustments for CV and adults after Choquet et al. (2018) and Daase et al. (2018).



It is difficult to distinguish nauplii to species level morphologically (e.g., Daase et al., 2011), therefore they were not included in our analysis.



2.3 Calanus Population Structure

Seasonal changes in the Calanus spp. abundance and stage structure were estimated from the formalin preserved samples. The samples were drained, rinsed and then soaked in filtered sea water to wash out the formalin. Large plankters such as chaetognaths, amphipods and gelatinous taxa were removed from the entire sample using forceps to not interfere with the subsequent subsampling. Subsamples of 2-5 ml were taken from a known total volume of the remaining sample using a micropipette with enlarged opening and analyzed under a stereo microscope. All Calanus spp. copepodites in the subsample were enumerated and identified morphologically to species and development stage. Subsamples were taken until a minimum of 100 Calanus individuals had been counted.

Abundance was estimated from the subsamples following equation 1:



Where ai is the number of individuals per m3 of species a, si is the total number of individuals in the subsamples, Vsi is the subsample volume, Vti is total volume of the sample, and di is the sampled distance in depth stratum i in meters. Because abundance in m3 is influenced by the depth at a given station, the integrated abundance (Ai) was calculated for better comparison to other locations, following equation 2:



Where n is the number of depth strata.

Weighted mean depth (WMD) was calculated for the total population of C. glacialis and C. finmarchicus as well as copepodite stages within the species according to equation 3:



Where Di is average depth in depth stratum i. Further the standard deviation (SD) of WMD was calculated following equation 4:



Results are reported as mean ± SD.



2.4 Gonad Maturation

The gonad maturation of Calanus CVs and adults (CVIs) was examined using formalin-preserved zooplankton samples. Up to thirty specimens of adult females, males and CVs were randomly picked from samples for each date of collection between September 2015 and July 2016. They were stained with 2% borax carmine solution (Tande and Hopkins, 1981), dehydrated and stored in glycerine for further gonad examination. The gonadal stages (GS) of females were assessed under a stereomicroscope (Olympus SZX-10) according to the classification scheme suggested by Kosobokova (1999). Six stages of gonad maturation (GS1 – GS6, Table 2) were distinguished. The gonads of CVs were also examined to discriminate between sexually undifferentiated specimens and potential females/males, according to Kosobokova (1998; 1999). In total, gonad maturation was examined in ca. 3000 specimens of Calanus spp. The prosome length (PL) of each examined individual was measured to nearest 0.1 mm.


Table 2 | Gonad maturation stages (GS) of Calanus adult females.





2.5 Egg Production

Monthly from February to August, up to 30 adult females of C. glacialis and 30 C. finmarchicus were sorted from WP2 and/or WP3 net samples collected from the upper 50 m. Females were incubated individually in 125 ml incubation chambers equipped with a false bottom of mesh size 300 to 500 µm that allowed eggs to sink through, separating them from the female to avoid predation (Basedow and Tande, 2006). Incubations started within four hours of sampling and lasted for 24 hours in darkness at in situ temperatures specified in Table 3. After 24 hours of the female incubation, the eggs were removed, transferred to a petri dish and counted under a stereo microscope in a cold lab (4-6°C). The eggs were cultivated in petri dishes in darkness at in situ temperatures for eight more days. After eight days, the number of nauplii and unhatched eggs were counted to determine the egg hatching success. Eggs which had not hatched after eight days were considered to be non-viable (Daase et al., 2011).


Table 3 | Egg production and hatching success for C. glacialis (C. gla) and C. finmarchicus (C. fin) in Isfjorden from February to August 2016.






3 Results


3.1 Environmental Conditions


3.1.1 Hydrography

At the sampling site in Isfjorden proper (Station IsK, 78°N, 015°E, Figure 1), positive water temperatures were measured year-round, except in June and July 2015 at depths below 160 m. From August 2015, the intermediate layers were increasingly influenced by Transformed Atlantic Water (TAW) throughout the fall as evident by the prevailing positive temperatures and relatively high salinity (Figures 2 and S1). A pronounced influx of Atlantic Water was observed in December 2015, detectable as a distinct layer of + 5°C and increased salinity at around 100 m depth (Figures 2A, B). The warm (1-3°C) TAW prevailed in the entire water column until the end of the sampling campaign in August 2016. Water temperature did, however, gradually decrease during winter and spring due to atmospheric cooling and winter convection. Highest water temperatures were measured in the upper 10-20 m in summer, with monthly maximum between 5.1 and 10.6°C in June-August 2015 and between 4.5 and 6.3°C in June-August 2016 (Figure 2A). This is typical for surface water in summer, together with low salinity during the same period with minimum of 29.7 to 33.91 in June-August 2015 and 31.6 to 33.9 in June-August 2016 (Figure 2B, Figure S1).




Figure 2 | Seasonal changes in (A) water temperature (°C), (B) salinity and (C) fluorescence (µg L-1) in Isfjorden, station IsK, from June 2015 to August 2016.





3.1.2 Chlorophyll a

In Isfjorden, the spring bloom had subsided at the start of the sampling campaign in June 2015 with Chl a concentration of 1.5 µg Chl a L-1. Relatively high Chl a concentrations persisted throughout July and August with 2.2 and 2.4 µg Chl a L-1, respectively (Figure 2C). From October 2015 to April 2016 typically low winter Chl a concentrations of < 0.01 µg Chl a L-1 prevailed with an increase first recorded in early May to 2.1 µg Chl a L-1, and a peak between mid-May and early June when Chl a concentrations were >7.0 µg Chl a L-1. In July, values of 2.1 µg Chl a L-1 were similar to observations from the previous summer, dropping to 0.73 µg Chl a L-1 in late August (Figure 2C).




3.2 Calanus Population Dynamics

We observed large seasonal variability in Calanus abundances. For both species, abundance was particularly low during the winter-spring transition from March to May, followed by peaks in summer and autumn (Figure 3). The relative proportions of C. glacialis and C. finmarchicus varied throughout the study period, but with an overall dominance of C. glacialis, which was 0.8 to 9.0 times the abundance of C. finmarchicus (Figure 3). The strong increase in abundance of both species in September likely resulted from sampling bias, as strong winds and currents caused the nets to go oblique rather than vertical.




Figure 3 | Monthly changes in the (A) total abundance (ind. m-2) and (B) weighted mean depth of C finmarchicus (red) and C glacialis (blue) at Karlskronadjupet, Isfjorden from June 2015 to August 2016. * In June 2015 sampling below 180 meters was not possible due to technical issues.



Both species performed pronounced seasonal vertical migration with comparable monthly weighted mean depth (WMD) for most months except August 2016 (Figure 3), when C. glacialis was found deeper in the water column than C. finmarchicus. From August to January, both species remained deep (WMD > 175 m) until a gradual ascent was observed from January to March (WMD ~125 m). By the onset of the spring bloom in May, both populations were concentrated in the upper 50 m (Figure 3).

From August to April, the C. glacialis population was dominated by CIVs (74%), followed by CVs (17%). Adult females were always present but became more abundant from December. Adult males were observed in low numbers (12 ind. m-2) from October and increased to 812 ind. m-2 in December (Figure 4 and Table 4).




Figure 4 | Monthly changes in the relative copepodite stage composition of (A) C glacialis and (B) C finmarchicus at Karlskronadjupet, Isfjorden from June 2015 to August 2016. Total abundance (ind. m2) each month is noted on top of each bar.




Table 4 | Seasonal variations in abundance of adult males (AM) and adult females (AF) and sex ratio (males:females) of C. finmarchicus and C. glacialis adults.



The overwintering population of C. finmarchicus was dominated by CV (65%), followed by CIV (29%). For C. finmarchicus, numbers of adult females and males started to increase in February, two months later than for C. glacialis (Table 4). Females peaked in abundance in May. The C. finmarchicus population was dominated by young copepodite stages CI-CIII in May to July, and from August overwintering stages CIV (29%) and CV (68%) prevailed (Figure 5B).




Figure 5 | Size structure (prosome length, mm) and maturity stages of Calanus copepodite stage V in Isfjorden from August 2015 to August 2016. The size range of C. finmarchicus CV is highlighted in gray.



The sex ratio (males:females) in the adult Calanus population varied strongly throughout the year. For C. glacialis, the maximum sex ratio of 0.12-0.65 was observed between December and February, for C. finmarchicus it was at maximum of 0.11-0.25 between February and May (Table 4). For the rest of the year the proportion of males was low or males were completely absent.

Ontogenetic differences in WMD of the different developmental stages were observed. In January, females and males of C. glacialis were primarily found in the upper 100 m (WMD = 51 ± 48 m and 107 ± 65 m, respectively) while CIVs were concentrated below 100 m (WMD = 148 ± 51 m) (Supplementary Figure S1C). The abundance of young copepodite stages CI-CIII of C. glacialis was highest in June and July and they were concentrated in the upper 50 m (Supplementary Figure S2). By August the population was composed mainly by the overwintering stages CIV and CV concentrated at depth (WMD = 217 ± 40 m) (Figure 4A).



3.3 Egg Production

Females of C. glacialis commenced egg production in March at a rate of 1.4 ± 4.4 eggs female-1 day-1 and reached peak egg production during the spring bloom in mid-May with individual rate of 58.9 ± 42.4 eggs female-1 day-1, and total egg production of the surface (50-0 m) population of 4853.6 eggs day-1 m-2 (Table 3). By June, the egg production had declined to 5.8 ± 9.6 eggs female-1 day-1, along with a distinct decrease of the number of females in the population (Table 3).

Calanus finmarchicus commenced egg production in early April at a rate of 0.3 ± 1.1 eggs female-1 day-1, with a clear increase in early May to 8.3 ± 14.6 eggs female-1 day-1. From May to July, the egg production rate was stable at around 20 eggs female-1 day-1, then decreased to 7.5 ± 13.5 eggs female-1 day-1 in mid-August and ceased by the end of August. Because of the high female abundance in June, the total egg production of the C. finmarchicus female population peaked in June at 8845.2 eggs day-1 m-2 (Table 3).



3.4 Gonad Maturation


3.4.1 Gonad Development in Calanus CVs

The Calanus CV specimens with sexually undifferentiated gonads were present in Isfjorden all year round, while CVs with sexually differentiated gonads, i.e. potential females (PF) or males (PM) (Kosobokova, 1998), occurred only during particular parts of the year (Figure 5). A bimodal distribution of the CV size frequency was observed and revealed that individuals ≥2.6 mm developed to PF between November and January, while those <2.6 mm developed to PF first in February-March when CVs >2.6 mm had disappeared (Figure 5). Only few CVs developing into PM were observed, with the largest ones ≥2.9 mm appearing first (between November and January), and the smaller ones <2.9 mm appearing later, from February to May (Figure 5).

The pattern above suggests that the small-sized CVs most likely represent C. finmarchicus while the largest CVs represent C. glacialis, but the size delimitation for PF and PM is different, 2.6 and 2.9 mm, respectively. If we apply this revised size delimitation to discriminate between C. finmarchicus and C. glacialis, one can see that C. glacialis CVs with sexually undifferentiated gonads were present in relatively high numbers from May to December (Figure 5), and in very low numbers from February to April. The gonad transition to PF and PM in CVs started in September. C. glacialis CVs with PF gonads peaked between November and February, at the same time as C. glacialis CVs with PM gonads (PL 2.9-3.3 mm) appeared (Figure 5).

The C. finmarchicus CVs with undifferentiated gonads were present in Isfjorden from August to May, but, in contrast to C. glacialis, they were almost absent during June and July 2015 (Figure 5). A few CVs with PF gonads were observed in September-October 2015 and reappeared in February-April 2016. PM of C. finmarchicus CV (PL <2.9 mm) were observed after PM of C. glacialis CV from February to May 2016. The overall abundance of Calanus CV males was, unfortunately, too low to reliably establish size range of potential CV males in any of the two species.



3.4.2 Gonad Development in Calanus Adults

With the new size categories applied above to differentiate between two Calanus species, we analyzed the gonad maturation data for adult females (AF). The female specimens with PL ≥ 2.6 mm (assumed to be C. glacialis) were present in Isfjorden year-round (Figure 6). From June to February, their gonads were in an immature state (GS1). The development of oocytes in the ovaries (GS2) began in February, and by April, almost all AFs were in advanced maturation state ready to spawn (GS3). From June to August, gradual gonad degradation took place in C. glacialis AF indicating termination of spawning. The GS4 females were followed by completely spent GS5 females present between June and January (Figure 6).




Figure 6 | Seasonal changes in gonad maturation of adult females of Calanus in Isfjorden from August 2015 to August 2016. For description of gonadal stages (GS1-GS6) see Table 2.



The GS1 adult females in the size range of C. finmarchicus (<2.6 mm) first appeared in March, in a good agreement with dynamics of the gonad development in C. finmarchicus CVs (see above). In April, the gonads of approximately half of C. finmarchicus AFs passed to the next stage (GS2), and through May, June and July most AFs had mature gonads of GS3. This period corresponds well to the main reproductive season of C. finmarchicus revealed from the egg production experiments. Between August and October abundance of AFs gradually decreased, and all C. finmarchicus AFs had spent gonads (GS5). Only very few C. finmarchicus adult females were observed in the population between October and March.

Calanus adult males were present already from October (Figure 4) which was also confirmed by the observation of females with spermatophores (Figure 6). Largest adult males (PL 2.9-3.85 mm) peaked in January and February in continuation of the presence of the largest CV males (Figure 5). Later, in April and June, the smaller adult males were observed (PL 2.65-3.3 mm, presumably, C. finmarchicus) following the cohort of the smaller CV males.





4 Discussion


4.1 Seasonal Migration and Overwintering

The stage composition of the overwintering Calanus populations, mainly CV for C. finmarchicus and CIV for C. glacialis, suggests 1 and 2-year life cycles in these species, respectively, which is in agreement with observations from other Svalbard fjords and elsewhere in the Arctic (e.g., Conover, 1988; Kosobokova, 1999; Madsen et al., 2001; Ashjian et al., 2003; Arnkværn et al., 2005; Hirche and Kosobokova, 2007; Pertsova and Kosobokova, 2010; Kosobokova, 2012; Kosobokova and Pertsova, 2018). A sharp decrease in Calanus abundance in late winter/early spring indicates high winter mortality, likely due to depletion of lipid reserves at the end of winter when energy storages are used up for metabolism, molting and maturation while food is not yet available (Daase et al., 2014; Berge et al., 2020; Daase and Søreide, 2021). In C. glacialis, the proportion of CVs diminishes over winter, as they develop to adults, which is in accordance with the observed changes in the gonad development of CVs (Figure 5) and the increase in the proportion of AFs and AMs in the population in December and January (Figure 6). Calanus glacialis adult males were only present in high numbers for a short period. They appeared in low numbers in October, peaked in abundance in December to February (Table 4), but disappeared soon, presumably, after mating (Daase et al., 2018; Hatlebakk et al., 2019). In contrast, adult C. glacialis females were present in the population throughout the entire year (Figure 4); their overall abundance was highest between February and July. They were less abundant between July to January suggesting senescence of some spent females after termination of spawning (Kosobokova, 1999).

While the overwintering population of C. finmarchicus was dominated by CVs, almost 30% were comprised by CIVs. The presence of the overwintering CIVs has also been observed in the C. finmarchicus populations in the NE Norwegian Sea (e.g., Arashkevich et al., 2004) where CIVs were suggested to be either late-born Generation 1 (G1) of C. finmarchicus, or potentially Generation 2 (G2). Arashkevich et al. (2004) reported that in the Norwegian Sea the overwintering population (G0) can reproduce in March (G1), complete development and reproduce by the end of summer (G2). The offspring of G2 only manage to develop to CIV before overwintering (Arashkevich et al., 2004). While it is relatively easy to identify the G0 and G1 generations from the population structure data, it is challenging to identify a possible G2 generation (Aksnes and Blindheim, 1996). Advection in particular complicates the identification of the new generations. Calanus finmarchicus CIVs could potentially have been transported to Isfjorden with the influx of Transformed Atlantic Water in December 2015. If these CIVs remained in the upper 600 m in the Norwegian Sea in autumn, as observed by Basedow et al. (2018) in 2014, they were exposed to the Atlantic currents continuously moving northwards (Basedow et al., 2018). However, no significant increase in C. finmarchicus population numbers appeared in conjunction with the advective event in December. Recent molecular studies have highlighted the difficulties to distinguish between C. finmarchicus and C. glacialis which challenge our traditional view of how these two species are distributed geographically (Choquet et al., 2017; Choquet et al., 2018). It is therefore likely that some of the CIVs in our study were misidentified C. glacialis CIVs (e.g., Gabrielsen et al., 2012; Choquet et al., 2017) masking the species-specific differences in the population structure and the life cycle duration of these two species in Isfjorden.

The seasonal vertical migration patterns were remarkably similar for the two species. For the Calanus population as a whole, the deepest WMD was registered from September through November. At this time of the year also the lowest metabolic enzyme activity has been observed (Freese et al., 2017; Hatlebakk et al., this issue), indicating this to be the period when diapause is reaching its deepest phase. By January, CVs and adult specimens of the overwintering stock seem to become more active, migrating further up in the water column (Supplementary Figure S3). Such a seasonal ascent of adult females and males in January (Supplementary Figure S4) was likely related to mating at this time of the year which is in accordance with earlier observation in Svalbard fjords (Freese et al., 2015; Daase et al., 2018). In early May, during the spring bloom both Calanus populations were concentrated in the upper 50 m where the algal food was plentiful (Figures 3 and S2–S4).

In August 2016, at the end of our study period, the WMD of C. glacialis was deeper than that of C. finmarchicus, indicating that the former descends earlier to the overwintering depth compared to the latter. C. glacialis reduces its metabolism in the absence of food (Morata and Søreide, 2015; Freese et al., 2017), and older copepodite stages CIV-CVI leave the surface layer if temperatures become too high seeking refuge in the colder, deeper waters (Niehoff and Hirche, 2005; Pertsova and Kosobokova, 2010). The earlier descent of C. glacialis observed during the present study is most likely also a response to reduced food availability and/or high temperature (Figure 2). Our temporal sampling resolution was too coarse to pinpoint the exact difference in the timing of the two species seasonal descent. In future studies, higher sampling frequency around the time of seasonal migration, particularly the descent, which seems to be more synchronized than the seasonal ascent (Kosobokova and Pertsova, 2005; Bailey, 2010), are recommended. Changes in the population structures can happen rapidly (< 1 month) during times with high biological activities and thus species-specific differences could easily have been missed in our study with monthly sampling resolution.



4.2 Gonad Maturation, Reproduction, and Recruitment

The simultaneous presence of late copepodites CIV-V of both Calanus species during winter and the presence of different generations of C. glacialis during summer months (Kosobokova, 1999) makes it difficult to reliably distinguish the two species and their new and overwintered generations based on seasonal changes of the population age structure alone. The experimental evidence that females of at least C. glacialis are long living and can lay eggs for up to 10 months when fed (Hirche, 1989; Kosobokova, 1999) further complicates our ability to determine life cycle length without additional tools. The examination of the gonad maturation state in copepods is a tool that provides better insights into copepods life history and reproductive biology as well as an assessment of the life spans in the late phases of their life cycles (Tande and Hopkins, 1981; Tande et al., 1985; Norrbin, 1991; Kosobokova, 1998; Kosobokova, 1999).

Our observations of gonad maturation patterns in C. glacialis and C. finmarchicus indicate that these two species utilize different reproductive strategies, differing in timing of: 1) sexual gonad differentiation in pre- adult stage CV, 2) molting of the overwintering CVs to adults, 3) gonad maturation in adults, and 4) mating and spawning. Sex differentiation in C. glacialis CVs, revealed from the gonad morphology, took place predominantly during fall and winter and terminated by the onset of the primary production period. Most C. glacialis CVs developed to potential females during winter, between November and February (Figure 5), as indicated by the almost complete disappearance of CVs with sexually undifferentiated gonads in January-February and simultaneous appearance of potential CV females (Figure 5). A very rare occurrence of potential CV females during later period, from March onward (Figure 5), confirmed that the majority of the overwintering C. glacialis CVs have molted to adult females (CVI) by that time. These observations are in a good agreement with the dynamics revealed by the seasonal variation of the stage composition of C. glacialis (Figure 4A).

The re-appearance of C. glacialis CVs with undifferentiated gonads in May and their presence throughout June and July (Figure 5) reflects the transition of the overwintering C. glacialis CIVs (one-year old generation) into the CVs during the primary production season. All these “young” CVs have undifferentiated gonads; they prioritize to accumulate lipids during the summer season and delay development and sexual differentiation of their gonads to the coming winter (January-February).

The seasonal pattern of gonad maturation in C. glacialis adult females (Figure 6) corresponds well to variation in reproductive activity of this species revealed from the egg production incubations, suggesting the onset of the reproductive season in March, with May being the month of peak production, fueled by the spring bloom. Similar seasonal variations in gonad maturity of C. glacialis have been observed in the White Sea (Kosobokova, 1999) and Disko Bay (Niehoff et al., 2002).

Sex differentiation in C. finmarchicus takes place later in the season compared to C. glacialis, from March onwards (Figure 5). Relatively high proportions of C. finmarchicus PF CVs were found in March and April, and all CVs completed development and molted to adults between March and May. During the same months, adult females with maturing gonads of stages GS1-GS2 appeared (Figure 6). Females in egg-laying condition (GS3-GS4) within the C. finmarchicus size range become most numerous from May to July in a good accordance with results of the egg production incubations, and in August their gonads turn to GS6 stage indicating termination of spawning. Niehoff et al. (2002) followed the gonad maturation of both C. finmarchicus and C. glacialis females in Disko Bay, and though they used a slightly different gonad classification system, they also found an earlier presence of egg laying C. glacialis compared to C. finmarchicus. Differences in the timing of appearance of adults between C. glacialis and C. finmarchicus similar to that observed in our study have been documented previously in other cold-water regions (Kjellerup et al., 2012). The early January appearance of C. glacialis males and females in Isfjorden is consistent with Daase et al. (2018), and appearance of C. finmarchicus adults in February-March corresponds well with observations further south (Arashkevich et al., 2004; Choquet et al., 2021).

Seasonal changes in sex ratio based on the community data confirm the later appearance of C. finmarchicus compared to C. glacialis. However, size measurements of Calanus males are still rare (Daase et al., 2018). Confirmation of size ranges and verification of males’ identification by genetic methods is urgently needed in order to prove the actual differences in the timing of appearance of males of these two species in the study area.

Previous studies have indicated the potential of C. glacialis and C. finmarchicus to interbreed and produce fertile offspring in the North Atlantic and Canadian Arctic (Parent et al., 2012). However, newer studies using nuclear InDel markers, which are regarded as more reliable tools for detecting potential hybrids (Nielsen et al., 2014; Smolina et al., 2014), show that hybridization is very unlikely (Choquet et al., 2017). One additional reason for absence of hybridization could be the difference in timing of appearance of adults as observed in this study which would provide an efficient temporal barrier for inter-breeding. However, hybridization has also not been detected in nauplii or older copepodite stages in fjords located further south (66°N) where adult males and females of C. glacialis and C. finmarchicus co-occur, suggesting that hybridization is not occurring between these two Calanus species (Choquet et al., 2021).



4.3 Reproductive Strategies and Timing of Reproduction

Both C. glacialis and C. finmarchicus reproduced over an extended period in Isfjorden, but with different timing in relation to the spring bloom. Calanus glacialis produced eggs in low numbers already in March, six weeks prior to the spring bloom, indicating a capital breeding strategy early in the season which has been observed across the Arctic and is regarded as one of the reasons why C. glacialis is successful in the Arctic shelf regions (Kosobokova and Hirche, 2001; Swalethorp et al., 2011; Daase et al., 2013; Kwasniewski et al., 2013). However, peak spawning in C. glacialis often coincides with the phytoplankton bloom (Kosobokova and Hirche, 2001; Hirche and Kosobokova, 2003; Niehoff and Hirche, 2005; Daase et al., 2013). A six-fold increase in egg production rates from pre-bloom to peak-bloom conditions in our study indicates that while C. glacialis is capable of capital breeding, the switch to income breeding when food is available yields a higher reproductive output that is in a good agreement with earlier studies (Hirche and Kattner, 1993; Kosobokova and Hirche, 2001; Madsen et al., 2001; Hirche and Kosobokova, 2003; Madsen et al., 2008; Søreide et al., 2010; Swalethorp et al., 2011). In Disko Bay, Swalethorp et al. (2011) observed an increase from an average egg production of 0.6 eggs fem-1 day-1 pre-bloom to 26.4 during the peak of the bloom. Another study from Disko Bay by Madsen et al. (2008) also showed an increase of egg production as the spring bloom peaked. Although Chl a had already started to build up in the water column at the start of their study, a doubling in egg production (to 48.3 eggs fem-1 day-1) was observed from the start of the study to the peak of the bloom.

Another factor determining the overall population recruitment is the female stock abundance. Calanus glacialis had highest numbers of females in April suggesting that an earlier onset of the bloom will be advantageous in ice free fjords to secure early and high egg production. Ice algae was absent at the study location, but fresh algal food is available in low concentrations in ice free parts of Isfjorden/Svalbard fjords from late winter-early spring (Kubiszyn et al., 2017; Kvernvik et al., 2018).)

Calanus finmarchicus does not have the same potential for capital breeding as C. glacialis and is considered to be a pure income breeder. It needs the algae bloom to fuel the final maturation of gonads. Subsequently, it can first start egg production when food has become available (Hirche, 1996; Niehoff and Hirche, 1996; Niehoff, 2004). In accordance with observed patterns of gonad maturation, with later molting of CVs to adult females and later gonad ripening (Figure 6), C. finmarchicus started egg production at the onset of the spring bloom approximately one month later than C. glacialis. A later onset of egg production was also observed in Disko Bay by Madsen et al. (2008), where C. finmarchicus increased from 20% spawning females pre-bloom in April to >90% at the peak of the spring bloom in early May, while C. glacialis was already at 80% spawning females in April. Egg production rates of C. finmarchicus peaked first in June after the peak spring bloom, thus later than in C. glacialis. These differences in timing of reproduction suggest a mismatch between the offspring of C. finmarchicus and the peak spring bloom which provides the optimal feeding conditions. However, C. finmarchicus was able to maintain high egg production rates for a longer period compared to C. glacialis, which also has been observed in Disko Bay (Swalethorp et al., 2011). In Disko Bay, an average of 46% of the C. finmarchicus females were spawning in the post-boom period with an egg production rate of 7 eggs fem-1 day-1, which is somewhat lower than we observed in our study with 50-60% spawning females and 8-19 eggs fem-1 day-1. The longer spawning season may be explained by C. finmarchicus feeding more efficiently on smaller sized algae than C. glacialis (Hansen et al., 1994; Levinsen et al., 2000). Such a late summer reproduction increases the predation pressure on eggs and nauplii (Varpe et al., 2009), and may thus have a negative effect on the population growth of C. finmarchicus compared to C. glacialis which this study suggests with the lower population increase in C. finmarchicus compared to C. glacialis over the summer.

The differences in the timing of reproduction between the two species were also well reflected in the population composition and gonad maturation patterns. The short period of egg production in C. glacialis was followed by a relatively short period when CIs of a new generation were present in the fjord (mainly in June). This suggests that reproduction mainly took place during the spring bloom, leaving time for the offspring to grow and develop to the overwintering stages over summer. For C. finmarchicus, reproduction seems to continue throughout the entire summer, as suggested not only by the high egg production rates in June but also the continuous presence of CIs from May to August. The later presence of young stages in C. finmarchicus compared to C. glacialis was also observed in Disko Bay (Madsen et al., 2001). It is, however, unlikely that the young stages found in late summer will make it to overwintering stage and accumulate enough reserves to survive the winter, but this needs to be addressed in more details in future studies. Furthermore, it should be noted that morphological identification of C. finmarchicus vs. C. glacialis is particularly difficult for the younger stages where the sizes significantly overlap, so we cannot exclude misidentification of the species that might bias our conclusions. Molecular identification of young life stages in particular is needed to gain more insights into differences in the population development and reproductive strategies between these two Calanus species.



4.4 Fate of C. finmarchicus and C. glacialis in a Warming Arctic

The winter of 2015-2016 has been described as the warmest winter on record in the Arctic with the largest positive temperature anomalies observed over the region of the Barents and Kara Seas (Cullather et al., 2016; Overland and Wang, 2016). Locally in Isfjorden, the winter 2015-2016 was characterized by relatively strong inflow of Atlantic water and little sea ice formation, which is anyway restricted to side-fjords in the inner part of the Isfjorden system (Muckenhuber et al., 2016). Such conditions have been defined as a ‘winter open situation’ (Tverberg et al., 2019; Skogseth et al., 2020). The spring and summer following a ‘winter open situation’ are typically relatively warm (Tverberg et al., 2019), which was the case in 2016 in Isfjorden (Skogseth et al., 2020; this study).

Advection of the North Atlantic populations with Atlantic water is considered the main contributor to the C. finmarchicus population in the Arctic (Speirs et al., 2006; Hirche and Kosobokova, 2007; Kosobokova and Hirche, 2009; Wassmann et al., 2015; Choquet et al., 2017). Kwasniewski et al. (2003) argued for two populations of C. finmarchicus in Kongsfjorden, Svalbard: a local population in the inner basin and an advected population in the outer basin. Our study site is comparable to the outer basin of Kongsfjorden, with no sill mitigating the influx of water masses from outside the fjord. Thus, advection likely is contributing to the C. finmarchicus population in Isfjorden, particularly during periods of high Atlantic inflow. Nevertheless, despite the high influx of Transformed Atlantic Water and relatively warm conditions we found a pronounced dominance of the arctic C. glacialis over the boreal C. finmarchicus during most part of our 15 months study period. Particularly in summer, the population was strongly skewed towards C. glacialis, which contributed up to 90% in June 2016. Throughout summer, young copepodite stages with a succession from CI to CIII dominated in the C. glacialis population, indicating successful reproduction and development of a new generation. The abundance of C. glacialis was not only higher compared to C. finmarchicus, but also compared to maximum abundances reported from other fjords in Svalbard of more Arctic character with a seasonal ice cover providing access to early growing ice algae (Arnkværn et al., 2005; Leu et al., 2011; Lischka and Hagen, 2016; Hop et al., 2019). Early access to ice algae provides favorable feeding conditions for C. glacialis at the beginning of the spawning season, speeding up gonad maturation and support early egg production which allows early offspring to be ready to feed when the spring bloom starts (Niehoff et al., 2002; Søreide et al., 2010; Daase et al., 2013). This likely would improve the reproductive output and increase survival, and we would therefore expect higher population size in seasonally ice-covered locations (i.e. Arnkværn et al., 2005, and Lischka and Hagen, 2016) compared to our study site. However, the abundance of both C. glacialis and C. finmarchicus observed in our study was consistently higher year-round compared to other, seasonally ice-covered, study sites (Arnkværn et al., 2005; Leu et al., 2011; Lischka and Hagen, 2016). The high abundance, successful reproduction and dominance of C. glacialis in Isfjorden indicate that this species is thriving also under warmer, more Atlantic-influenced conditions and likely even benefits from these warmer conditions, presumably, due to increased growth rates and a better match between the spring bloom and presence of females. Increased growth and developmental rates at higher temperatures allow a higher portion of offspring to reach the overwintering stage and accumulate sufficient lipids for successful overwintering (Coyle and Gibson, 2017) as long as these temperatures remain within the species temperature tolerance range (Pertsova and Kosobokova, 2010).

While Carstensen et al. (2012) identified a threshold of ~6°C as the temperature range above which C. glacialis abundance and biomass decreases in the Fram Strait, observations of isolated local populations of C. glacialis in the Sub-Arctic White Sea indicate that different life stages of this species are adapted to survive different temperature ranges, and for some of them upper temperature limits are significantly higher than prevailing in situ temperature in the high Arctic (Kosobokova, 1999; Pertsova and Kosobokova, 2010; Kosobokova and Pertsova, 2018). Thus, its older stenothermal stages (CV – CVI) do prefer water temperatures close to and below 0°C and stay in surface waters only as long as temperatures correspond to their preferences (< +6°C). When annual surface temperatures reaches the limits of the comfortable temperature regime and passes over + 6°C, CV-CVI copepodites descend into deeper colder layers. In contrast, the younger copepodite stages I-III of the new generation are resistant to a wider temperature range; they develop successfully near the surface even after the temperature has passed to positive and reach up to 15°C (Pertsova and Kosobokova, 2010).

Freer et al. (2021) recently demonstrated that habitat suitability for C. finmarchicus has increased in areas that experienced warming and a reduction in sea ice. Furthermore, an increase in abundances of the boreal C. finmarchicus has recently been observed in some Arctic regions that experience distinct warming and sea ice loss (Chust et al., 2014; Weydmann et al., 2014; Aarflot et al., 2018; Hop et al., 2019; Møller and Nielsen, 2020), indicating not only increased advection but also more successful recruitment. Moreover, recent studies have shown that autumn blooms will become more common in the Arctic (Ardyna et al., 2014). At temperate latitudes, autumn blooms are triggered by wind driven mixing breaking down stratification that result in an upward supply of nutrients (Chiswell et al., 2013). Loss of sea ice and increased frequency and intensity of fall storms have led to an increase in the average number of stormy days over open waters in the Arctic during September and October (Ardyna et al., 2014). The occurrence of a second peak of algal biomass in autumn and an earlier onset of the spring bloom, in addition to the ability of C. finmarchicus to feed more efficiently than C. glacialis on small algae typically dominating the summer production (Hansen et al., 1994), may benefit C. finmarchicus in the Arctic. Combined with increased developmental rates, this could provide the necessary time and resources for late C. finmarchicus recruits to reach overwintering stage CV and accumulate enough lipids for overwintering, and thus allowing C. finmarchicus to fulfill its life cycle further north than today (Tarling et al., 2021).

So far, there is little evidence that an increase in habitat suitability for C. finmarchicus comes to the detriment of C. glacialis, as time series data show that an increase in C. finmarchicus is not accompanied by a decrease in C. glacialis (Hop et al., 2019; Møller and Nielsen, 2020). The high flexibility in the life history strategies of C. glacialis is regarded as key to explain its success across Arctic shelf seas and the Arctic Ocean (Ershova et al., 2021). The existence of relict populations in Sub-Arctic waters in more southern latitudes demonstrates that this species is adapted to a relatively wide range of environmental conditions (Kosobokova, 1999; Niehoff and Hirche, 2005; Choquet et al., 2017; Kosobokova and Pertsova, 2018). A northward extension of its distribution range into the central Arctic Ocean with retreating sea ice has recently been demonstrated (Ershova et al., 2021), suggesting that C. glacialis needs a certain period of open water to complete its life cycle in the ice-covered regions. Based on our study and earlier data from the White Sea, we conclude that C. glacialis may be more resistant to predicted climate warming than believed (Hirche and Kosobokova, 2007; Pertsova and Kosobokova, 2010; Carstensen et al., 2012). We observed here that C. glacialis is able to thrive in relatively warm waters in the absence of sea ice, but there is likely an upper limit of warming that it will be able to withstand. Apparently, it is able to cope with warming in different parts of its range, as long as cold waters lying under the warmed surface waters will serve as a refuge (Pertsova and Kosobokova, 2010). However, if temperature continues to increase over the entire water column, a tipping point could be reached, and the negative effects may outweigh the positive. In particular, higher winter temperatures at depth can potentially lead to increased metabolic costs during overwintering, risking premature depletion of stored lipids (Coyle and Gibson, 2017) and increased winter mortality (Daase and Søreide, 2021).

Within the Calanus complex, a size shift towards smaller individuals may not necessarily be caused by a shift in species composition, but a change in growth rates of the arctic species under warmer conditions may also lead to overall smaller body sizes of these (Ejsmond et al., 2018; Renaud et al., 2018). Using a life history model, Renaud et al. (2018) suggest that a shift to smaller body size in Calanus populations may be accompanied by shorter life span and higher population turnover rate which actually will lead to a higher total lipid production rate by Calanus spp. However, a shift to smaller-sized Calanus spp. can impact predators who select for larger-sized prey (Martens et al., 2015), such as the little auk (Alle alle). This may result in change of the species composition and impact timing when the lipids in form of Calanus spp. are available for higher trophic levels (Hedeholm et al., 2010; Martens et al., 2015; Blanchard et al., 2017; Møller and Nielsen, 2020).



4.5 Conclusions

Arctic warming and loss of sea ice may facilitate a northward expansion and successful recruitment of new generations of C. finmarchicus locally in Arctic waters. However, due to the extreme seasonality in the light regime, there is a limit in the potential prolongation of the productive season, and the bloom phenology will likely remain short-pulsed and unpredictable due to high inter-annual variability in sea ice coverage. Overall, arctic Calanus species are still better adapted to these conditions than C. finmarchicus (Falk-Petersen et al., 2009; Daase et al., 2013; Ershova et al., 2021). Although the co-existence of different Calanus species is still not completely understood, our data indicate that even though both C. glacialis and C. finmarchicus occupy very similar niches, they don’t necessarily compete for the same resources during recruitment. Calanus glacialis utilizes the early spring bloom, while C. finmarchicus can utilize the post-bloom and autumn bloom to accumulate lipids at a time when the majority of the C. glacialis specimens have migrated to deeper waters for overwintering. As long as sea temperatures remain within their respective temperature-tolerance ranges, both C. glacialis and C. finmarchicus seem to benefit from warming due to accelerating growth and higher survival of the recruits.
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Supplementary Figure S2 | Seasonal changes in vertical distribution of copepodite stages and adults of C. finmarchicus in Isfjorden between June 2015 and August 2016. Note differences in scale of x-axis.
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Lipid-storing copepods are fundamental to the functioning of marine ecosystems, transferring energy from primary producers to higher trophic levels and sequestering atmospheric carbon (C) in the deep ocean. Quantifying trophic transfer and biogeochemical cycling by copepods requires improved understanding of copepod metabolic rates in both surface waters and during lipid-fueled metabolism over winter. Here we present new biomass turnover rates of C and nitrogen (N) in Calanoides acutus, Calanoides natalis, Calanus glacialis and Calanus hyperboreus alongside published data for Calanus finmarchicus and Calanus pacificus. Turnover rates in metabolically active animals, normalised to 10°C, ranged between 0.007 – 0.105 d-1 and 0.004 – 0.065 d-1 for C and N, respectively. Turnover rates of C were typically faster than those for N, supporting the understanding that non-protein C, e.g. lipid, is catabolised faster than protein. Re-analysis of published data indicates that inactive, overwintering C. finmarchicus turn over wax ester lipids at a rate of 0.0016 d-1. These and other basal rate data will facilitate the mechanistic representation of copepod physiology in global biogeochemical models, thereby reducing uncertainties in our predictions of future ocean ecosystem functioning and C sequestration.




Keywords: lipid turnover, protein turnover, basal metabolism, diapause, ecosystem model, physiology, stoichiometry



Introduction

Marine copepods dominate the zooplankton communities of pelagic ecosystems and play fundamental ecological and biogeochemical roles therein. They convert protistan microplankton into energy-dense and nutritious biomass that is subsequently preyed upon by countless species of higher predators including fish, birds and mammals. Their metabolic- and grazing activities result in the remineralization of nutrients (e.g. nitrogen, N) in the surface ocean and the export of organic carbon (C) to depth via the production of large, dense, fast-sinking faecal pellets. The latter are thought to dominate the gravitational flux of C in the ocean’s ‘biological carbon pump’ (Nowicki et al., 2022), which helps regulate the concentration of atmospheric CO2 by sequestering C in the deep ocean. Copepods also actively transport C to deeper waters via diel- and ontogenetic migrations (Steinberg and Landry, 2017). The latter occurs as lipid-rich developmental stages descend into the deep ocean towards the end of the growth season to overwinter through a process now referred to as the ‘seasonal lipid pump’, and may sequester a similar amount of carbon as the sinking flux of detritus in the North Atlantic and Arctic Oceans (Jónasdóttir et al., 2015; Visser et al., 2017; Jónasdóttir et al., 2019).

The biogeochemical significance of copepods in marine ecosystems is often quantified using numerical models. The underlying assumptions and parameterisations that are used to represent copepod physiology in these models have profound consequences for our understanding of oceanic nutrient recycling and C sequestration (Anderson et al., 2013; Maps et al., 2014; Jónasdóttir et al., 2015). New models that explicitly represent copepod physiology, e.g. biomass turnover and the metabolic costs associated with acquiring resources and generating energy, have helped develop our understanding of how the quantity and quality of food influence copepod growth and the fate of C and N in ecosystems (e.g. Anderson et al., 2017; Anderson et al., 2020). The empirical data required to parameterise such models are, however, often lacking. Here we present new data on the rates at which food-deprived copepods catabolise C and N, alongside other literature-extracted data, to quantify the typical range of basal metabolic rates of these important marine animals.



Methods

Biomass turnover rates in active (non-diapausing) copepods were estimated by incubating groups of animals without food and determining the decline in biomass C and N concentrations through time by analysing sub-samples collected across the experimental durations (Table 1). Our experimental design is conceptually analogous to previous work (Mayor et al., 2011), differing only in the species/stages of copepod examined and the length of the incubations. Stage V and female stage VI copepodites (CV and CVI, respectively) collected from surface waters (200 – 0 m) across a range of contrasting locations (Table 1) were carefully identified and staged under a dissection microscope (Wild M5) with cool illumination. Experimental animals were picked into 0.2 µm filtered seawater (FSW) using swan-necked forceps and acclimated overnight to experimental conditions at the in-situ temperature (Table 1). Replicate groups of animals, except in the case for Calanus hyperboreus which were maintained as individuals owing to their large size, were then transferred into 500 mL Nalgene wide mouth bottles (n = 18) containing FSW and incubated at the required temperature. Copepods from triplicate experimental bottles were carefully removed at one of the six sampling points over the 10-35 day incubations. Sampled animals were transferred into tin cups and stored frozen (-80°C) for subsequent elemental analysis. Duplicate samples of ~500 eggs produced by Calanus glacialis after 3 days of incubation were carefully counted onto pre-combusted (450°C, overnight) 25 mm GFF filters and stored frozen (-80°C). All experimental work was conducted in temperature-controlled laboratories. Elemental analysis of freeze-dried samples was conducted using a Flash EA 1112 Series Elemental Analyser (Thermo Fisher Scientific, Germany).


Table 1 | Experimental details and biomass turnover rates in food-deprived marine calanoid copepods, normalised to 10°C using Q10 = 2. 



Additional data from studies of similar experimental design, i.e. where the decline in copepod biomass over time was measured in food-deprived or non-feeding animals, were extracted from published works (Mayzaud, 1976; Hakanson, 1984; Clark et al., 2012) by measuring the distance between the x-axis and each datum using the Vertical Dimension tool in CorelDRAW X7 and scaling this to the vertical distance of a known amount on the y-axis. The data from Clark et al. (2012) relate to inactive Calanus finmarchicus sampled from a population in diapause, assumed to occur between July and the following March. We also present previously published data for active C. finmarchicus (Mayor et al., 2011) for comparison.

The non-protein-associated C, or total lipid carbon (LC), content at each experimental time point was estimated from biomass C and N concentrations by assuming protein has a molar C:N of 3.7 (Vollenweider, 1985): LC = C – [N × 3.7]. Instantaneous turnover rates were derived via linear regression analysis of log-transformed biomass data against time, i.e. assuming an exponential rate of change (Figure 1). Turnover rates of the LC pool, which provide an estimate of the rate at which the whole lipid pool turns over, are also presented because this is considered to represent ‘other basal metabolism’ (e.g. Anderson et al., 2021 and references therein). The turnover rates of wax esters (WE) and triacylglycerols (TAG), calculated from data extracted from published studies (Hakanson, 1984; Clark et al., 2012), refer to these individual lipid classes only, and are not synonymous with LC rates. Data analysis was conducted in the R programming language (version 3.6.1; R Core Team, 2019).




Figure 1 | Biomass turnover rates of lipid-storing marine calanoid copepods during food deprivation. Note different scales on the x- and y-axes. Equation exponents provide the instantaneous turnover rate (d-1) for carbon (C) (open circles); nitrogen (N) (filled circles); lipid carbon (LC, no symbols as data were derived from C and N); wax esters (WE, open squares) and triacylglycerols (TAG, open diamonds). Data extracted from 1Mayzaud (1976); 2Mayor et al. (2011); 3Hakanson (1984); 4Clark et al. (2012). The total lipid pool in Clark et al. (2012) turned over at -0.0021 d-1 (data not shown); *typical deep-water temperature in Loch Etive (Edwards and Edelsten, 1977).





Results

Biomass turnover rates in Calanoides acutus CV, Calanoides natalis CV, Calanus glacialis CVI, Calanus hyperboreus CVI and Calanus finmarchicus CV at the experimental temperatures are presented in Figure 1. After adjusting rates to 10°C using a Q10 = 2, turnover rates for total C ranged between 0.007 - 0.105 d-1 (mean ± SD = 0.047 ± 0.016) and between 0.004 - 0.065 d-1 for total N (mean ± SD = 0.032 ± 0.011; Table 1). Estimated specific lipid carbon (LC) turnover rates normalised to 10°C ranged between 0.009 - 0.161 d-1 (mean ± SD = 0.065 ± 0.026; Table 1). Literature-extracted data on the turnover rates of WE and TAG in active Calanus pacificus CVs from off La Jolla, San Diego (0.1918 d-1 and 0.4451 d-1, respectively) were two orders of magnitude higher than the respective rates observed in diapausing (= inactive) C. finmarchicus CVs from Loch Etive, Scotland (0.0016 d-1 and 0.0065 d-1, respectively).



Discussion

The specific C and N turnover rates reported here are in good agreement with previously observed tissue turnover and excretion rates in calanoid copepods (Butler et al., 1969; Butler et al., 1970; Helland et al., 2003; Graeve et al., 2005). The switch between fed and starved metabolism in zooplankton takes place over several days (Mayzaud, 1976) and thus the proportional contribution of these two metabolic modes to the observed rates varied between experiments with different incubation periods. This variation potentially explains why the highest turnover rates were observed for Calanus finmarchicus CV over a 5-day incubation (Table 1). Nevertheless, the observed rates of biomass turnover were comparable across the different species, particularly when the large geographic distances between the study sites and differences in the developmental stages are taken into consideration.

Estimated specific rates of lipid carbon turnover (LC = ‘other basal metabolism’; Anderson et al., 2017) were typically greater than the observed rates of total C and N (Table 1). These observations support the view that lipids are preferentially used to meet metabolic demands (Mayzaud, 1976; Helland et al., 2003), sparing proteins for growth (Li et al., 2012). This trend was not observed in Calanus glacialis CVI, which produced eggs sporadically during the incubations (mean = ~19 eggs female-1 day-1); the elevated turnover rate of N relative to C in these females is consistent with the production of protein-rich eggs (26.7 nmol C egg-1, 5.6 nmol N egg-1, molar C:N = 4.7; n = 2). Exactly if/how Calanus spp. store protein for producing eggs when food is scarce or even absent remains unclear (Mayor et al., 2009) and reflects our limited understanding of protein physiology in copepods and how this varies throughout their ontogeny, particularly for egg production immediately after diapause when food concentrations are low. Understanding how copepods provision their eggs with protein will help us better assess how their populations will respond to future climate-driven changes in the elemental stoichiometry of marine primary producers, the C:N of which is expected to increase (e.g. Tanioka and Matsumoto, 2020; Velthuis et al., 2022).

The estimated specific turnover rates of LC in starved animals, with the exception of C. hyperboreus, were all at least one order of magnitude faster than the specific rate at which wax esters turned over in diapausing C. finmarchicus CV (Table 1). This is consistent with the understanding that animals in diapause are inactive and capable of down-regulating their metabolism to rates that are considerably lower than occur in active, non-diapausing animals (Ingvarsdóttir et al., 1999). This suggestion is further supported by comparing the turnover rates of WE and TAGs in diapausing C. finmarchicus (Clark et al., 2012) to those in active C. pacificus (Hakanson, 1984); the latter displayed rates that were two orders of magnitude higher (Table 1). Interestingly, TAGs in diapausing C. finmarchicus turned over approximately four times faster than wax esters (0.0065 d-1 and 0.0016 d-1, respectively; Figure 1H), suggesting that they may play an important, and previously overlooked, role in overwintering metabolism. One study (Yebra et al., 2006) suggests that protein turnover rates in diapausing C. finmarchicus CVs may be similar those of metabolically active animals (Table 1), implying that these animals release both dissolved C and N at overwintering depths, thereby weakening the extent to which the lipid pump decouples C and N (Jónasdóttir et al., 2015). We urgently need more information on protein metabolism during diapause such that we can understand how best to represent the lipid pump in biogeochemical models.

The presented data suggest that the physiologies of active, lipid-storing copepods are broadly similar across species, thereby simplifying the parameterisation of their metabolic rates in global biogeochemical models. If or how these rates vary relative to those in non-lipid storing animals remains unknown and further work on species from lower latitudes is required to resolve this important question. Including ontogenetic variation of basal rates in ecosystem models, e.g. during diapause and gonad maturation, will help improve their ability to resolve and quantify the biogeochemical implications of seasonal phenomena, e.g. the lipid pump. Improving knowledge of the sources and rates at which protein (N) turns over is essential for developing understanding of how marine copepods interact with the cycling of nutrients in the ocean. Mechanistically representing the effects of copepod physiology on ocean biogeochemistry in marine ecosystem models will improve our confidence in their ability to forecast how the direct and indirect effects of climate change will affect globally important processes, such as the ocean’s biological carbon pump.
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In the Arctic shelf seas, the mesozooplankton biomass is dominated by the arctic copepod Calanus glacialis, but its boreal congeneric C. finmarchicus is expanding northwards. Even though it is already there, C. finmarchicus may not be able to truly establish itself in the Arctic seas and potentially replace C. glacialis. We compared metabolic and digestive enzyme activities of sympatric C. glacialis and C. finmarchicus from Isfjorden, Svalbard and off-shelf north of Svalbard. The seasonal regulation of anabolic and catabolic enzyme activities was generally similar for the two species, but with some interspecific differences corresponding to their ontogeny. Wake-up from overwintering started earlier in adults of C. glacialis than in C. finmarchicus, while the onset of dormancy started early in the overwintering stages of both species. Furthermore, C. glacialis showed an earlier and higher mobilization of lipase enzyme activities, indicating higher efficiency in assimilating dietary lipids compared to C. finmarchicus. Similar population sizes and population structures for C. finmarchicus off-shelf north of Svalbard and in Isfjorden support a similar origin. Still, C. finmarchicus was able to match regulation of enzyme activities to the bloom even though the bloom peaked approximately a month later off-shelf north of Svalbard, indicating that food availability is an important signal for the final step of termination of diapause. Even though the two species largely follow the same patterns of metabolic enzyme activities, the more efficient lipid anabolism of C. glacialis may give it an advantage over C. finmarchicus in high-Arctic unpredictable environments with short-pulsed primary production regimes.
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1 Introduction

Calanoid copepods of the genus Calanus dominate the mesozooplankton community in Arctic and sub-Arctic seas in terms of biomass (>60%) (Jaschnov, 1970; Blachowiak-Samolyk et al., 2008; Kosobokova et al., 2011) and constitute a key link between primary producers and higher trophic levels (Falk-Petersen et al., 2007). In large calanoid copepods, lipids may comprise up to 70% of their dry weight (Sargent and Falk-Petersen, 1988; Lee et al., 2006), which they acquire mainly during short periods of primary production lasting from two to eight weeks at high latitudes (reviewed by Leu et al., 2015). The conversion of their food to energy-rich lipids is key to the rapid and efficient transfer of energy and essential fatty acids from primary producers to higher trophic levels in arctic marine ecosystems (Falk-Petersen et al., 1990; Dahl et al., 2003). For the copepods, the accumulated lipid stores are necessary to fuel molting, gonad maturation and egg production in the following season (Falk-Petersen et al., 2009; Banas et al., 2016). In the most extreme environment – the deep Arctic Ocean – these copepods must be capable of surviving up to 10-11 months without food. The lack of sun during the 4-month polar night as well as the ice cover may efficiently block the incoming solar light into the summer. They also utilize the stored lipids for their basic metabolism during the extended periods without food through the arctic autumn and winter (Falk-Petersen et al., 2009). To preserve the lipids in this period, Calanus spp. perform seasonal vertical migrations, descending to depth and reducing their metabolism to a minimum when winter approaches, a physiological state named diapause or dormancy (Hirche, 1996; Freese et al., 2017).

Three species of the genus Calanus co-occur in the European Arctic: the two arctic species Calanus hyperboreus and C. glacialis, and the North Atlantic C. finmarchicus (Conover, 1988; Choquet et al., 2017), of which the two latter are the focus in this study. Calanus glacialis is considered an arctic species, though isolated populations have been identified along the Norwegian coast (Choquet et al., 2017). It has a 1–2-year life cycle and exhibits a mixed breeding strategy, meaning that it can mature and produce eggs at low rates, likely fueled by internal resources (capital breeding) early in the season, and then egg production rates increase when food becomes available with the bloom (income breeding, Hirche and Kattner, 1993). The boreal C. finmarchicus, which is smaller than C. glacialis, has a 1-year life cycle at its northernmost distribution and is considered to be an income breeder (Plourde and Runge, 1993; Kjellerup et al., 2012). Their difference in life cycle is also reflected in their overwintering stages. Calanus glacialis overwinters from CIV on and C. finmarchicus overwinters primarily as CV (Falk-Petersen et al., 2009).

Diapause is controlled endogenously and is a physiological reaction to reoccurring adverse environmental conditions such as low food availability during winter (Dahms, 1995). Diapause is commonly performed by specific ontogenetic stages in crustaceans (Guppy and Withers, 1999), such as the overwintering stages in Calanus spp. (see above). Five phases of diapause have been described in copepods: 1) the preparatory phase when the organisms accumulate lipids (energy reserves) and arrest further development and growth, 2) the induction phase when the organisms stop feeding and reduce their metabolism, 3) the refractory phase when the organisms are torpid and reach minimum metabolic activity, 4) the activation phase when organisms regain their ability to develop, and, finally 5) the termination phase when the organisms reach full metabolic activity again (Hirche, 1996). Depending on environment, latitude and season, dormancy strategies and ontogenetic migrations may vary profoundly among species and even within populations of the same species (Hirche, 1996; Hirche, 1998; Darnis and Fortier, 2014).

In the Svalbard-Barents Sea region, C. finmarchicus and C. glacialis are regarded as important beacons of climate change (Wassmann et al., 2015). A higher proportion of C. finmarchicus compared to C. glacialis reflects a strong influence of Atlantic water and a relatively warm arctic climate while the opposite indicates a colder arctic climate. A substantial borealization of the arctic zooplankton community is predicted with global warming (Hays et al., 2005). In the surrounding path of the North Atlantic Current into the Fram Strait and the Barents Sea, an increase in abundances of the boreal C. finmarchicus and other North Atlantic species has already been recorded (Wassmann et al., 2006; Aarflot et al., 2017; Hop et al., 2019a; Hop et al., 2019b). To better predict the consequences of the rapid warming for these key species in the Arctic, better knowledge on physiological adaptations of zooplankton species is needed. Baseline information on the natural seasonal variability in metabolism is important in order to identify physiological responses directly linked to the ongoing climate change (e.g., Møller et al., 2016).

Seasonal changes in metabolic activity can be determined by measuring the relative activity level of enzymes of central metabolic pathways (e.g., Freese et al., 2017). For instance, citrate synthase (CS) and malate dehydrogenase (MDH), which catalyze different reactions in the citric acid cycle, are regarded as good indicators of the aerobic potential of an organism and thus its overall metabolism (Torres and Somero, 1988; Meyer et al., 2002; Teschke et al., 2007). MDH is strongly correlated with respiration (Meyer et al., 2010) and the advantage of measuring MDH rather than respiration by incubations is the minimum laboratory handling effect (Ohman et al., 1998). CS on the other hand has also been found to correlate with egg production (Kreibich et al., 2008). Catabolism of stored lipids, which occurs mainly in January-March for C. glacialis (Freese et al., 2017), is positively correlated to activity of 3-hydroxyacyl-CoA dehydrogenase (HOAD), a key enzyme of the β-oxidation of fatty acids (Auerswald and Gäde, 1999; Hassett, 2006). Further, the HOAD activity is inversely related to digestive enzyme activities (Freese et al., 2016; Freese et al., 2017). The major components of the copepods´ diet are proteins and lipids, which are processed by proteinase and lipase/esterase, respectively. Peak digestive enzyme activities in C. glacialis are found when algal food is plentiful and then gradually decrease throughout the autumn-winter (Freese et al., 2016). Overall, the metabolism of C. glacialis is reduced to half during winter, which suggests that this species is not going into a proper diapause as defined by Hirche (1996) (Freese et al., 2017). However, respiration rates of both species in winter have been found to be reduced by a similar amount [40–65%; C. finmarchicus Hirche (1983); C. glacialis: Morata and Søreide (2015)] and do not suggest large inter-species differences in the overwintering metabolic states. How Calanus spp. regulate their physiology to best schedule their complex life history to the strong seasonality at high latitudes is still poorly understood.

In this study, we were particularly interested in the timing of physiological changes in co-occurring C. glacialis and C. finmarchicus, and how such changes are related to life history strategies and the environmental conditions. Possible inter-species differences may provide new insights into why C. glacialis is specially adapted to the Arctic while C. finmarchicus thrives under more temperate North Atlantic conditions.

We performed monthly sampling of C. glacialis and C. finmarchicus over a 15-month period in Isfjorden, a high-Arctic (78°N) fjord in Svalbard with relatively high water temperatures (>1°C) and no seasonal ice. Samples were collected to assess general metabolism (CS and MDH), digestion of incoming food (proteinase and lipase) and utilization of stored lipid resources (HOAD). For comparison, we also collected samples off-shelf north of Svalbard. For comparing the timing of changes in co-occurring C. glacialis and C. finmarchicus, our major research questions were (1) Do the metabolic and catabolic enzyme activities follow the same seasonal patterns in the two Calanus species? (2) Do the seasonal patterns in digestive enzyme activity differ between the species? And (3) How do enzyme activity patterns compare between off-shelf and fjord individuals?



2 Material and Methods


2.1 Sampling Area and Sample Processing

Calanus glacialis and C. finmarchicus were collected monthly from June 2015 to August 2016 at Karlskronadjupet (78°19’N; 015°10’E) (Figure 1), a 274 m deep basin in the central part of the Isfjorden system, Svalbard. The mouth of Isfjorden is open towards the shelf and slope area along west Spitsbergen, with no sill limiting the inflow of Atlantic water via the West Spitsbergen Current (WSC) and of Arctic water via the East Spitsbergen Current. Both these currents are flowing from south to north along the shelf break and shelf respectively (Nilsen et al., 2008).




Figure 1 | Study area with main station in Isfjorden, Svalbard marked with star. Off-shelf sampling locations marked with dots (N-ICE campaign in white, other campaigns in grey with white circles). [Map data: (GADM, 2015; NPI, 2015; GEBCO, 2020)].



Samples were also collected off-shelf north of Svalbard (Figure 1 and Supplementary Table S1). The main sampling period off-shelf north of Svalbard was from February to June during the N-ICE 2015 campaign when RV Lance was frozen into the ice (Granskog et al., 2018), and additional off-shelf sampling north of Svalbard was conducted with RV Helmer Hanssen in late summer 2015 and 2016.

Sampling in Isfjorden was conducted from larger vessels (RV Helmer Hanssen, KV Svalbard, RV Dalnie Zelentsy) and smaller boats (RV Viking Explorer and UNIS Polaris). Data on water column properties were collected using a SAIV SD204 CTD or an SBE Seabird Electronics CTD; and identification of water masses was based on Skogseth et al. (2020) for the fjord station, and on Meyer et al. (2017) and Rudels et al. (2000) for off-shelf north of Svalbard. Data from fluorometers attached to the CTDs were used to estimate the average Chlorophyll a (Chl a) concentration corresponding to the depth intervals where zooplankton was sampled (see below). The fluorescence sensor data were verified by comparison with Chl a measured fluorometrically. Water samples were collected at several depths and filtered on GF/F filters. The samples were extracted in methanol for 24 h at 4°C before Chl a concentration was measured with an AU10 Turner Fluorometer (Turner Design, Inc.).

Stratified zooplankton samples were collected with a MultiNet Midi (0.250 m2 opening, mesh size 200 µm, Hydro-Bios) or a WP2 closing net (0.255 m2 opening, mesh size 200 µm, Hydro-Bios). Copepods for enzyme analyses were collected from those layers in which the majority of the population resided. On 15 January 2016, off-shelf, and 4 April 2016, in Isfjorden, samples were collected both from surface and depth (Table S1). Sorting was conducted either immediately after sampling on board or within 12 h after sampling at return to the University Centre in Svalbard (UNIS). Previous studies on calanoid copepods have showed that it takes at least a week for changes to occur in digestive (Landry, 1983; Head and Conover, 1983) and metabolic (Freese, 2015) enzyme activities when conditions are altered, thus the effect of the up to 12-hour delay should be negligible. In either case, sorting was conducted in a temperature-controlled room at 2-4°C to avoid temperature stress on the copepods. The dominating stages of C. glacialis and C. finmarchicus were sorted in triplicates à 10 and 15 individuals for enzyme activity analyses and single individuals of the same stages were collected in tin caps to determine dry mass (Supplementary Table S1). Individuals were quickly rinsed in distilled water, blotted briefly by touching them to a tissue paper and transferred to cryo vials before being snap frozen in liquid nitrogen. Samples were stored at -80°C and transported to the Alfred Wegener Institute, Bremerhaven, Germany, either in a dry shipper or on dry ice for further analyses.



2.2 Morphological Identification of Calanus spp.

The different species of Calanus were initially distinguished, while alive, by their prosome length according to Daase and Eiane (2007) with adjustments made for CV and adult females after Gabrielsen et al. (2012), as presented in Daase et al. (2018). From copepodite stage CIV and older, C. hyperboreus was also distinguished by the presence of an acute spine on the fifth thoracic segment. Pigmentation was used as an additional indicator of alive specimens since C. glacialis, from these regions, tend to have more red pigmentation on the antennules and genital segment of the urosome (females only) compared to C. finmarchicus (Nielsen et al., 2014; Choquet et al., 2018; Trudnowska et al., 2020).



2.3 Analyses of Enzyme Activity

Enzyme activities in both C. glacialis and C. finmarchicus were measured at the Alfred Wegener Institute in Bremerhaven, Germany. Measurements were conducted in triplicates for two digestive enzymes (proteinase and lipase/esterase), and for three metabolic enzymes [Malate dehydrogenase (MDH), Citrate synthase (CS), and 3-Hydroxyacyl-CoA dehydrogenase (HOAD)]. Proteinase, lipase/esterase and CS activities were all measured in the same extract of 10 individuals, from the sorted triplicates à 10 individuals (section 2.1). Individuals for MDH and HOAD measurements were collected from each of the triplicates à 15 individuals. Two of these were pooled and extracted for MDH activity analyzes, three of these were pooled and extracted for HOAD activity, and the remaining 10 in each vial were kept as back up.


2.3.1 Metabolic Enzymes


2.3.1.1 Malate Dehydrogenase (MDH)

Measurements of the Malate dehydrogenase activity (EC 1.1.1.37) were modified after Teschke et al. (2007) as described in Freese et al. (2017). The frozen copepod samples were transferred to 1.5 ml Eppendorf tubes in triplicates of two individuals each and homogenized by hand with a micropestle in 40 µl 0.1 M potassium phosphate buffer at pH 7.0. The homogenates were centrifuged for 15 min at 15,000 g at 4°C and the liquid phase was transferred to a new 1.5 ml Eppendorf tube. The sample was diluted 1:10 by adding 6 µl of the sample to a vial with 54 µl of buffer. Measurements of enzyme activity were done in a 96 well plate. Buffer (180 µl), 6.7 µl NADH (Roche Diagnostics 10107735001) and 6.7 µl sample were mixed and incubated at 25°C for 5 min. The reaction was started by adding 6.7 µl oxaloacetic acid and the absorbance was measured for 5 min at 25°C and 340 nm in a Synergy HTX Multi-Mode Reader using the software KC4 3.4 Rev.21. The slope of the curve from 1-4 min was used to calculate the enzyme activity.



2.3.1.2 Citrate Synthase (CS)

Citrate synthase activity (EC 4.1.3.7.) was measured after Stitt (1984) and Saborowski et al. (2002), but with a different buffer system. Enzymes were extracted from the frozen copepods as described below (see “Digestive Enzymes”). In a semi-microcuvette, 20 µL 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich, D8130), 20 µL Acetyl-CoA (Acetyl-Coenzyme A trilithium salt, Roche Diagnostics, 13893324), 20 µL sample extract, or buffer for controls, and 520 µL 0.1 M Tris/HCl (supplemented with 10 mM CaCl2) buffer at pH 7.0 were mixed. The mixture was pre-incubated in the spectrophotometer (Thermo Scientific, UV1), kept at 25°C using a Peltier element (Krüss Optronic), for 5 min before 20 µL oxaloacetic acid (Sigma-Aldrich, O4126) was added to start the reaction. The absorbance was measured regularly in the spectrophotometer for 3 min at 405 nm, and the measurements were recorded with the software VisionLite (version 2.2).



2.3.1.3 3-Hydroxyacyl-CoA Dehydrogenase (HOAD)

Measurements of 3-Hydroxyacyl-CoA dehydrogenase activity (EC 1.1.1.35) were modified after Auerswald and Gäde (1999) as described in Freese et al. (2017). The frozen copepod samples were transferred to 1.5 ml micro centrifuge tubes in triplicates á three individuals and homogenized by hand with a micropestle in 180 µl 107 mM triethanolamine/HCl buffer (supplemented with 5.3 mM EDTA) at pH 7.0. The homogenates were centrifuged at 15 000 g at 4°C for 15 min and the liquid phase was transferred to a new 1.5 ml Eppendorf tube. Measurements of enzyme activity were done in a 96 well plate. 180 µl buffer, 6.7 µl NADH (see above) and 6.7 µl sample were mixed and incubated at 25°C for 5 min. The reaction was started by adding 6.7 µl Acetoacetyl-CoA (Sigma A-1625) and the absorbance was measured for 8 min at 25°C and 340 nm in a Synergy HTX Multi-Mode Reader using the software KC4 3.4 Rev.21. The slope of the curve from 3-7 min was used to calculate the enzyme activity. Unfortunately, we experienced technical difficulties when measuring HOAD in C. glacialis from winter and thus were not able to obtain consistent HOAD measurements throughout the year.




2.3.2 Digestive Enzymes

The frozen copepod samples were transferred to 1.5 ml Eppendorf tubes in triplicates á 10 individuals and homogenized by hand with a micropestle in 200 µl 0.1 M Tris/HCl (supplemented with 10 mM CaCl2) buffer at pH 7.0. The homogenates were centrifuged at 15 000 g at 4°C for 15 min. The liquid phase was transferred to a new 1.5 ml Eppendorf tube and the remaining tissue was stored at -80°C for later molecular verification of species. This extract was used for measurements of proteinase, lipase/esterase and CS.


2.3.2.1 Proteinase Activity

Total proteinase activity (EC 3.4.21-24) was measured after Saborowski et al. (2004), modified after Kreibich et al. (2008). Sample (20 µL), or buffer for controls, was pipetted into 1.5 ml Eppendorf tubes and pre-incubated at 30°C for 5 min on a thermo shaker at 400 rpm. To each vial, five µl azocasein (1% in deionized water, Fluka BioChemika, 11615) was added before incubation for another 60 min. The reaction was stopped by adding 50 µl trichloroacetic acid (TCA, 8%) and the vials were centrifuged at 15 000 g at 4°C for 15 min. The supernatant was transferred to an ultra-microcuvette (Hellma 105.203-QS). The optical density of the supernatant was measured with a spectrophotometer (Thermo Scientific, UV1) at 366 nm (dE366) and recorded with the software VisionLite (version 2.2).



2.3.2.2 Lipase/Esterase Activity

Lipase/esterase activity (EC 3.1.1.) was measured after Knotz et al. (2006). Sample (20 µl), or buffer for controls, was diluted in 470 µL 0.1 M Tris/HCl (supplemented with 10 mM CaCl2) buffer at pH 7.0. Ten µl 4-methylumbelliferyl butyrate dissolved in dimethyl sulfoxide (5 mmol L-1, MUF-butyrate, Fluka BioChemica, 19362; DMSO, AppliChem A3608) were added to each vial and incubated in the dark at 25°C for 30 min on a thermo shaker at 400 rpm. Fluorescence was measured with a NanoDrop 3300 at 360 nm (excitation) and 450 nm (emission) and recorded with the software ND-3300 V 2.7.0.





2.4 Molecular Identification of Species

Because of the uncertainty of differentiating between C. glacialis and C. finmarchicus based on morphology (Choquet et al., 2018), the remaining tissue pellets after the first batch of enzyme extraction were kept and stored at -80°C for molecular species identification. The pellets were transported in a dry shipper to Nord University in Bodø (Norway) where molecular analyses were conducted.

The species composition of the tissue pellets, i.e., from pooled individuals, was genetically assessed by analysis of species-specific profiles of length polymorphism in six nuclear molecular markers characterized by motifs of insertion or deletion (i.e., InDels) (Smolina et al., 2014), following Choquet et al. (2017). In short, DNA was extracted from the remaining pellets of Calanus tissue, following the HotSHOT DNA extraction method (Montero-Pau et al., 2008). Six InDel markers were amplified in a multiplexed Polymerase Chain Reaction (PCR). The resulting amplified markers were sized on a 3500xL Genetic Analyzer (Applied Biosystems), generating either a “pure” species-specific profile characteristic of Calanus finmarchicus or C. glacialis (see Smolina et al., 2014) when only one species was present within a pool, or a profile containing mixed signals from both species when two species were present within a pool.



2.5 Dry Mass and Carbon and Nitrogen Content

At each sampling, 24 individuals of both C. glacialis and C. finmarchicus were collected for dry mass (DM) and Carbon and Nitrogen (CN) analyses. The animals were rinsed quickly in distilled water before being placed individually in pre-weighed tin capsules (IVA analysentechnik, SA76981102) and dried at 60°C for 24 h. DM was determined by weighing the samples in the tin capsules and subtracting the pre-weight. After weighing, the tin capsules were packed tight and the samples were analyzed for CN content with an element analyzer (vario EL cube, Elementar).



2.6 Weighted Mean Depth

Weighted mean depth (WMD) was calculated for the total population of C. glacialis and C. finmarchicus following equation 1:



Where ai is the number of individuals per m3 of species a in depth stratum i, di is the sampled distance in depth stratum i, D is average depth in depth stratum i and n is the number of depth strata at a station.



2.7 Statistical Analysis

Statistical analyses were done in Sigmaplot (14.0, Systat Software, San Jose, CA). T-tests were applied to investigate potential differences in enzyme activities among species, stages and dates. Correlations between changes in enzyme activities and physical (temperature, light) and biological (Chl a, Weighted Mean Depth (WMD) of the community) factors, as well as among enzyme activities, were done with Pearson correlations when linear relationships and normally distributed data occurred, and Spearman’s rank-order correlation when not. The significance level was set to α=0.05 in all tests.




3 Results


3.1 Environmental Conditions


3.1.1 Chlorophyll a

The fluorescence sensor data, as verified with Chl a data measured fluorometrically and described in detail by Eide (2016) for Isfjorden and Assmy et al. (2017) for off-shelf area north of Svalbard, captured well the seasonality in Chl a concentrations.

In Isfjorden, the spring bloom had commenced (1.5 µg Chl a L-1) at the start of the sampling campaign in June 2015. Relatively high Chl a concentrations persisted throughout July and August (2.2 and 2.4 µg L-1, respectively; Figure 2). From October 2015 to April 2016, typically low winter Chl a values (< 0.01 µg Chl a L-1) were found. The first increase was recorded in early May (2.1 µg Chl a L-1), and peak Chl a concentrations were found between mid-May and early June 2016 (>7.0 µg Chl a L-1). In July 2016, Chl a concentrations were found to be in the same range as in the previous summer (2.1 µg Chl a L-1). In late August, the Chl a concentration dropped to 0.73 µg Chl a L-1 (Figure 2). Off-shelf north of Svalbard, low winter algal biomasses (< 0.01 µg Chl a L-1) prevailed until mid-May in 2015 during the N-ICE drift campaign (Figure 2). Peak phytoplankton bloom concentrations (8 µg Chl a L-1) were recorded in early June and remained relatively high (4.7-6.3 µg L-1) until late June when the last measurement was done (2.4 µg L-1, Figure 2). North of Svalbard in September 2015 and August 2016, the Chl a concentrations were elevated in the upper 20 m with respective 1.4 µg Chl a L-1 (15 m) and 1.3 µg Chl a L-1 (14 m). In January 2016, no fluorescence was detectable (Figure 2).




Figure 2 | Enzyme activities for Calanus finmarchicus (red) and C. glacialis (blue). Data from off-shelf are shown in the left panels and data from Isfjorden are shown in the right panels. The background presents data from the Chl a max ranging from <0.01 (lightest green) to 8 µg Chl a L-1 (darkest green). White background with diagonal lines means no data on Chl a max. Specific activities are indicated for (A) Malate dehydrogenase, (B) Citrate synthase, (C) 3-hydroxyacyl-CoA dehydrogenase (HOAD), (D) proteinase, and (E) lipase. Each point represents one measurement, and the line connects the averaged levels of activity. For dates with sampling both in the surface and at depth, the surface samples are highlighted with grey fill.





3.1.2 Hydrography

In Isfjorden during the sampling period, the water column was mostly dominated by transformed Atlantic water. However, stratification was observed during both summers with warmer (> 4°C) and less saline (< 33) Surface Water in the upper ~25 m compared to the waters below. There was also an influx of Atlantic water in December 2015, observed as an increase in both temperature and salinity at around 100 m depth (Figure 3).




Figure 3 | Seasonal changes in water temperature (Top, °C) and salinity (bottom) Off-shelf during the N-ICE 15 campaign in 2015 (left) and in Isfjorden from June 2015 to August 2016 (right).



Off-shelf north of Svalbard during the drift with RV Lance in the N-ICE campaign, we passed over the Yermak Plateau, an area influenced by the north-flowing West Spitsbergen Current (Meyer et al., 2017). In the consolidated pack ice north of Svalbard, the hydrography was characterized by a cold (<0°C) relatively fresh (<34.5) and deep mixed surface layer of Polar Surface Water down to 100 m, and warmer (>2°C) and more saline (>34.5) Atlantic Water and Modified Atlantic Water were located between 100-500 m (Meyer et al., 2017). Hydrographic conditions changed significantly after 25 May, when the Atlantic Water was found closer to the surface and the mixed surface layer became thinner, fresher, and warmer (Figure 3).




3.2 Success of Morphological Species Identification for Enzyme Samples

After extraction of enzymes from the samples á 10 individuals (section 2.3.2), the remaining tissue pellets provided sufficient material for molecular identification (section 2.4). 65% of these tissue pellets were sequenced, with resulting success rate of morphological identification at 97% for Isfjorden and at 85% for the off-shelf stations. The enzyme measurements from the six extracts of mixed samples were discarded. In total, 49 extracts were not tested because of a shipping issue; 29 from Isfjorden and 20 from off-shelf. Applying the same success rate of identification as the tested samples indicate that among the untested extracts, one from Isfjorden and three from off-shelf may be mixed. Based on the high success rate of the tested samples and the fact that each sample is made up of several individuals that will mitigate the impact of the occasional misidentified individual, these samples and two extracts with inconclusive molecular ID were treated as correctly identified in further analyses. The samples of mixed ID, inconclusive and not tested are listed in Table S2.



3.3 Enzyme Activities


3.3.1 Metabolic Enzyme Activities

The MDH and CS activities followed the same seasonal trend for both species in Isfjorden, with high levels in spring and summer and low levels in autumn and winter (Figure 2). For both enzymes, the specific activity (activity mg DM-1) was low prior to the bloom and increased rapidly for a short period, peaking in mid-June (Figure 2).

The timing of peak MDH activity and the CS activity levels differed between the two species. For MDH, the specific activities in the two species were in the same range. However, peak MDH activities were reached one month earlier in C. glacialis than in C. finmarchicus (Figure 2A). Maximum MDH levels were recorded in early May (23.3 U mg DM-1) in C. glacialis and June (24.4 U mg DM-1) in C. finmarchicus (Figure 2A). For both species, minimum MDH activity levels were recorded in January (3.7-4.9 U mg DM-1). For CS, Calanus finmarchicus had higher activity (2.6 U mg DM-1) in spring-summer than C. glacialis (1.6 U mg DM-1), while the CS activity levels decreased to similarly low levels (~1 U mg DM-1) during autumn and winter for both species (Figure 2B). The CS and MDH activities in Isfjorden were strongly positively correlated to day length (as well as to Chl a) in C. finmarchicus, but not in C. glacialis (Table 1).


Table 1 | Correlation between the enzyme activity and the environmental factors Chlorophyll a max in the water column (Chl a), Weighted mean depth of community (WMD), temperature at weighted mean depth (WMD temp.) and Day length.





3.3.2 Catabolism of Body Lipids

Peak HOAD activity occurred in March in both C. glacialis (1.98 U mg DM-1) and C. finmarchicus (1.63 U mg DM-1). Minimum activities were measured in late August in C. glacialis (0.02 U mg DM-1) and in mid-September in C. finmarchicus (0.08 U mg DM-1) (Figure 2C). In C. finmarchicus, HOAD was negatively correlated (Pearson, r = -0.57, p<0.05) with Chl a, whereas no significant correlation was found for C. glacialis (Pearson, r = -0.04, Table 1).



3.3.3 Digestive Enzyme Activity

Strong positive correlations between Chl a concentration and digestive enzyme activities were found for both species (Table 1 and Figures 2D, E). In Isfjorden, the proteinase activity of C. finmarchicus varied between a minimum of 1.59 dE366 h-1 mg DM-1 in October and maximum of 15.36 dE366 h-1 mg DM-1 in early May (Figure 2D). In C. glacialis in Isfjorden, the highest proteinase activity was also observed in early May (8.47 dE366 h-1 mg DM-1) and minimum proteinase activity was measured in early November with 0.2 dE366 h-1 mg DM-1 (Figure 2D).

The lipase activity of C. finmarchicus was at its minimum in February (28.94 nmol h-1 mg DM-1) and its maximum in May (280.51 nmol h-1 mg DM-1). For C. glacialis, the minimum lipase activity was found in March (33.96 nmol h-1 mg DM-1) and maximum in May, as for C. finmarchicus, but with three times higher maximum lipase activities (927.22 nmol h-1 mg DM-1) than recorded for C. finmarchicus (t-test, p<0.001) (Figure 2E).

Off-shelf, a positive correlation, similarly as in Isfjorden, between the Chl a maximum and the activity of both proteinase and lipase was observed for C. finmarchicus (Table 1). Off-shelf proteinase activity of C. finmarchicus was at a minimum in early March (1.0 dE366 h-1mg DM-1) and increased to peak activity on May 31st (10.21 dE366 h-1 mg DM-1). The lipase activity in off-shelf C. finmarchicus had a similar pattern as proteinase activities, with a minimum value measured in early March (189.65 dE366 h-1 mg DM-1) and peak activities in mid-June (1458.98 dE366 h-1 mg DM-1) (Figure 2). Calanus glacialis was only sampled during the pre-bloom, and at that time proteinase and lipase activities remained stable at 1.2-1.6 dE366 h-1 mg DM-1 and 109.3-136.8 nmol h-1 mg DM-1, respectively (Figure 2).





4 Discussion


4.1 Do Calanus finmarchicus and C. glacialis Metabolism Generally Follow the Same Seasonal Variability?

Both C. glacialis and C. finmarchicus followed similar and clear seasonal patterns of metabolic enzyme activities, with high activity in spring and summer and low activity during autumn and winter. In both species, MDH, a valid proxy for respiration and thus overall metabolism (Meyer et al., 2010), correlated well with day length, suggesting that light is an important factor regulating the seasonal pattern of the metabolic activity.

The seasonal pattern of metabolic enzyme activities also corresponded with the ontogenetic migration patterns of Calanus spp. (Figure S1; Hatlebakk et al., this issue). In Isfjorden, from which we have the longest (15 months) and most consistent data set, we found a negative correlation between MDH and WMD for both C. glacialis and C. finmarchicus supporting the assumption that Calanus spp. reduce their overall metabolism as they descend to depth (Hirche, 1996). Following the five phases of diapause described by Hirche (1996), we can assign the preparatory and induction phases of diapause to start in July-August corresponding to their seasonal descent. The refractory phase, i.e., when the lowest anabolic enzyme activities were recorded, occurred between September and January, followed by the activation phase in January-April, dependent on species, ontogenetic stage and presumably also body size (see below). The final termination phase was shorter and took place in April-May. In Isfjorden, minimum MDH activities, found in winter for both C. glacialis and C. finmarchicus, were 80% lower compared to specimen with maximum activity. In a previous study on C. glacialis in Billefjorden, Svalbard, Freese et al. (2017) showed a similar seasonal pattern, but their winter minimum activities were only 60% lower than summer maximum activities. Billefjorden is a colder, seasonally ice-covered branch of Isfjorden, and it is possible that differences in environmental conditions may have led to the differences in relative minimum enzyme activities while the general activity patten was similar. It is, however, also possible that we missed the deepest state of dormancy since there was a gap in sampling between early November and mid-January (Figure 2B), and C. glacialis may reach the refractory phase only for a brief period (Varpe and Ejsmond, 2018). Also, the variability in MDH was high among the samples, and this may relate to differences in individual fitness (Hassett, 2006). In order to clarify whether environmental or physiological factors can explain differences in minimum activities in winter, sampling with a higher resolution would be necessary.

We still have a poor understanding of which external and internal cues trigger and regulate the metabolism of Calanus, and particularly the onset and termination of diapause. However, recent studies on the seasonal variability in ion concentration (Freese et al., 2015), enzymes (e.g., Freese et al., 2016; Freese et al., 2017) and gene expressions (Häfker et al., 2018), together with life history modelling (Banas et al., 2016; Ejsmond et al., 2018; Varpe and Ejsmond, 2018) have provided new insights into diapause regulation. While most studies assume that deep-dwelling copepods enter a dormant state (i.e., diapause), there does not seem to be a simple on-off switch for diapause (e.g., Häfker et al., 2018). Specimens are gradually lowering and increasing their metabolic rates throughout the year (Freese et al., 2017), which has been well described by Hirche (1996) when identifying the five different phases of diapause in copepods. Diapause may be endogenously regulated (Häfker et al., 2018), or a gradual response to ceased feeding as suggested for C. glacialis by Freese et al. (2017), although it is most likely a complex combination of several factors.

There was an increase in abundance of adults over a period of 2-3 months for both species, but they appeared roughly two months earlier in C. glacialis than in C. finmarchicus, which confirms that C. glacialis reproduces earlier than C. finmarchicus, (Hatlebakk et al., this issue). This was further supported by an earlier peak of abundance in both C. glacialis eggs and young copepodite stages (CI-CIII, Hatlebakk et al., 2022). Gonad maturation is even more energy demanding than egg production (Jónasdóttir, 1999). In accordance, particularly high CS activities was found in C. glacialis males in January likely suggesting sperm formation. At that time, the male:female sex ratio was relatively high (0.4) and 9.2% of the females carried spermatophores (Daase et al., 2018), supporting that January was the time of male gonad maturation and mating.

The increase in metabolic enzyme activity would be expected to be coupled with increased HOAD activity, indicating utilization of stored lipid resources since external food is scarce in January. Accordingly, Freese et al. (2017) found the highest HOAD activity during mid-winter and decreasing activities when ice algae became present from mid-March on, providing food early in the season (Freese et al., 2016). We also found some indication of higher HOAD activity in CV C. glacialis in winter as compared to summer, but unfortunately, we experienced technical difficulties when measuring HOAD activities. In the period of low food availability, we were only able to obtain measurements of HOAD in October and one measurement in February and, thus, we are lacking data from mid-winter. However, HOAD activity was higher at these times compared to measurements for the spring and summer, and thus it is fair to assume the HOAD activity was increased in mid-winter.

In C. finmarchicus, the HOAD activity during winter was elevated compared to summer, and reached the highest levels just prior to the spring bloom. The relative abundance of adult C. finmarchicus also increased in March-April indicating molting and wake up from dormancy (Hatlebakk et al., this issue). Isfjorden is ice free during winter, and thus no ice algae can develop. Besides, C. finmarchicus is not known to feed on ice algae to fuel reproduction (Niehoff et al., 2002 (Disko Bay)). Thus, at that time of the year, the increased energy demand cannot be fueled by food uptake as the spring bloom is weeks ahead. The seasonal pattern in HOAD activities exhibited by C. finmarchicus thus differed from that of C. glacialis (Freese et al., 2017)

As MDH, CS is a proxy for the overall metabolism, and for this enzyme similar seasonal activity patterns were found for C. glacialis in Isfjorden and the colder Billefjorden, supporting the 50% reduction in metabolism in winter as previously estimated by Freese et al. (2017). CS has also been found to be positively correlated to egg production (Kreibich et al., 2008), which is further supported by our study. We found that peak CS activity in C. finmarchicus was correlated strongly to Chl a concentration, but not in C. glacialis. Both C. glacialis and C. finmarchicus reproduced over an extended period, but with different timing (Hatlebakk et al., 2022). Calanus glacialis males and females appeared in early January and produced eggs from late March on, with a strong peak at the onset of the spring bloom. Calanus finmarchicus adults appeared in February-March and started egg production at the onset of the spring bloom in early May and maintained egg production well into the summer (Eide, 2016; Hatlebakk et al., 2022). Thus, the correlation between Chl a and CS activity for C. finmarchicus likely mirrors that C. finmarchicus is an income breeder. Calanus glacialis, on the other hand, can start reproduction earlier based on internal reserves (capital breeding) before Chl a builds up in the water column of Isfjorden. Thus, when CS increases with egg production, this is not directly linked to the spring bloom in C. glacialis, as it is in C. finmarchicus.



4.2 Do the Digestive Enzyme Activity Patterns Differ Between the Species?

Lipase and proteinase reached peak activities during the spring bloom, and earlier in C. glacialis than C. finmarchicus. Calanus finmarchicus have been found to be torpid and have reduced gut epithelium during overwintering (Hallberg and Hirche, 1980). Interestingly, specific lipase activities increased much more than proteinase in C. glacialis, while the opposite was the case in C. finmarchicus in which proteinase increased more than lipase. This may suggest that the two species differ with regard to their potential of using these two dietary enzymes. The higher proteinase activity in C. finmarchicus could be part of the adaptation to income-breeder strategy, utilizing food for final oocyte maturation, while C. glacialis invests substantial amounts of stored lipids into early egg production (Hirche and Kattner, 1993; Jónasdóttir, 1999; Hatlebakk, 2014). Calanus finmarchicus only needs sufficient lipids to sustain basic metabolism through diapause. The higher lipase mobilization in C. glacialis could be a physiological adaptation of this arctic species to fully utilize the generally short primary production window to fuel lipid accumulation.



4.3 How do Enzyme Patterns Compare Between Off-Shelf and Fjord?

Sampling off-shelf was focused on the period from March to June 2015, when the N-ICE 2015 campaign allowed for frequent sampling in the area. Then, the community was strongly dominated by C. finmarchicus (Hop et al., 2021), and thus, there are too few data for C. glacialis to compare with Isfjorden. The MDH and CS activities of C. finmarchicus showed similarly low activity levels prior to the bloom and similarly high levels in the bloom as in Isfjorden. Off-shelf, however, enzyme activities were not correlated with day length, which can be explained by the consolidated sea ice with snow on top and concomitantly low irradiances in the water column until late May (Assmy et al., 2017). In the Arctic Ocean, the ice algae and phytoplankton blooms are initiated later, and are of lower magnitude with shorter duration than in Svalbard fjords further south (Leu et al., 2011; Leu et al., 2015), which also was the case in 2015. Off-shelf, food availability increased not before the beginning of June (Assmy et al., 2017), while in Isfjorden, maximum Chl a was already recorded at the end of April (University Centre in Svalbard, 2020). Correspondingly, also the digestive enzyme activities increased later off-shelf, and thus, similar to Isfjorden, corresponded well to the Chl a development.



4.4 Food Availability as Que in Termination of Diapause

There are still questions to resolve regarding mechanisms controlling initiation and termination of diapause in Calanus. Based on gene expression patterns and synchronized ascent despite lack of light in their study, Häfker et al. (2018) suggest that an endogenous circannual clock is involved in the termination of diapause. Gene expression was not involved in our study, and unfortunately the community data are not overlapping for the two sites at the time of ascent (Hop et al., 2021, Hatlebakk et al., 2022). However, we note that the ascent of Calanus spp. was recorded in early May both off-shelf in 2015 (Hop et al., 2021) and in Isfjorden in 2016 (Hatlebakk et al., 2022), and whilst this is not sufficient to state synchronized ascent across the two sampling sites, it is in line with the hypothesis of Häfker et al. (2018). Even if the ascent to the surface occurred at the same time of the year, the increases in metabolic enzymes as well as digestive enzyme activities were first observed in connection with the increase in Chl a concentration. This was the case in early May in Isfjorden, but a month later off-shelf (Assmy et al., 2017). A previous study by Morata and Søreide (2015) has also demonstrated a link between termination of diapause and food availability. In their study, C. glacialis CV collected in winter (November) increased respiration when exposed to light. If food was not present, the respiration rates decreased again, while with the presence of food, the respiration remained elevated. Also, feeding during winter initiated an increase in the lipolytic activity of C. glacialis CV (Freese et al., 2012). This along with our findings that peak metabolic enzyme activity was measured alongside peak Chl a concentrations both in the fjord and off-shelf, indicate that food availability is an important signal for the final step of termination of diapause.



Concluding Remarks

In our study, the seasonal regulation of anabolic and catabolic enzyme activities was overall similar for C. glacialis and C. finmarchicus, but differed in the variation of digestive enzymes throughout the seasons. Calanus glacialis may utilize dietary lipids more efficiently, as reflected by an earlier and higher increase in lipase enzyme activities, while C. finmarchicus showed higher increase in proteinase for digestion of proteins. Even small differences in the timing of life-history events can have large impacts on a species success (e.g., Varpe, 2012). A more efficient lipid anabolism of C. glacialis may provide an advantage over C. finmarchicus in high-Arctic unpredictable environments with short-pulsed primary production regimes. The accumulation of lipids allows for flexibility by providing an internal energy source, while the strategy of C. finmarchicus of relying on external food becomes a limitation with regard to the short-pulsed bloom which is typical for the high Arctic.

The strong seasonality in incoming solar radiation is predictable and will not change with global warming. However, sea ice, snow cover and open leads can strongly modulate the underwater light regime, which impacts the timing of the blooms. The arrival of Calanus in surface waters under the ice well before the bloom (Hop et al., 2021), the connection between enzyme activity and Chl a as shown in our study, and the increase in catabolism of stored lipids observed in C. finmarchicus prior to the spring bloom, indicate that external triggers such as food are important for the final steps of terminating diapause. Thus, while endogenous mechanisms, like a circannual clock, may be important for initiating termination of diapause, there appears to be mechanisms for tuning the timing between the producers and consumers in the planktonic food web to ensure a good match, even with interannual and spatial variability in bloom timing.
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The boreal copepod Calanus finmarchicus sequesters substantial amounts of carbon (C) in the deep layers of the North Atlantic Ocean through their contribution to the “lipid pump.” This pump is driven by these zooplankton descending from the surface layers to spend prolonged periods at depth during which time they metabolise substantial lipid reserves and a fraction suffer mortality. C. finmarchicus is principally a boreal species but is expatriated by currents flowing northwards into Arctic regions such as the Fram Strait, where it is now able to complete its life cycle. We considered how this expansion to its distributional range adds to the estimated magnitude of the lipid pump. Field sampling in the Fram Strait found C. finmarchicus abundance to be spatially variable with high values, equivalent to those reported for core distributional areas further south, found mainly in the eastern region. Lipid reserve levels were sufficient for many individuals to survive the overwintering period and reproduce the following spring. In accordance with abundance patterns, lipid pump magnitude was greater in the Eastern Fram Strait (2.04 g C m−2 year−1) compared to the Western Fram Strait (0.33 g C m−2 year−1). At least for the eastern region, these rates are similar to those reported for this species elsewhere (average of 4.35 g C m−2 year−1). When extrapolated to the wider spatial area of the Fram Strait, the lipid pump generated by this species in this ocean sector amounts to 0.3 Mt C year−1. Although constituting a modest proportion of the total C. finmarchicus lipid pump of 19.3 Mt C year−1, it indicates that the continued northwards expansion of this species will act to increase the size of its lipid pump, which may counteract that lost through the northwards retreat of its Arctic congeners, Calanus glacialis and Calanus hyperboreus.
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Introduction

The Arctic is experiencing the strongest warming on the planet and, in recent decades, a loss of sea ice unprecedented in observations (Carmack et al., 2015; Onarheim et al., 2018; Stroeve and Notz, 2018). Large-scale re-organisation of Arctic marine communities is expected as a result of these changes (Sunday et al., 2011; Wassmann, 2011; Fossheim et al., 2015; Kortsch et al., 2015), and the structure and function of these communities have already been affected (Wassmann et al., 2011; Wiedmann et al., 2014; Fossheim et al., 2015; Thomas et al., 2022). A warmer, ice-free Arctic will increase the phytoplankton growth season and thus the total primary production, which in turn provides better growth conditions and a longer growth season for marine zooplankton (Ji et al., 2012). The Arctic Ocean is significantly influenced by advection, especially from the Atlantic (Wassmann et al., 2015), and is constantly receiving expatriates from lower latitudes. With more favourable environmental conditions, plankton more typical of lower latitudes may become increasingly successful in establishing themselves at higher latitudes, potentially outcompeting resident species that are generally stenothermal and already have to deal with the stress of sub-optimal abiotic conditions (Pinsky et al., 2013; Orkney et al., 2020; Daase et al., 2021). Such impacted regions will experience shifts in plankton community species composition, food-web dynamics, and biogeochemical cycles.

The known impacts of climate-driven changes to marine zooplankton communities are often centred on copepods (Pierson et al., 2013). In the Arctic and sub-Arctic pelagic ecosystems, copepods of the genus Calanus are key, dominating the biomass of the mesozooplankton (Smith and Schnack-Schiel, 1990; Ashjian et al., 2003; Falk-Petersen et al., 2009) and being the prime herbivores (Conover and Huntley, 1991; Mauchline, 1998; Søreide et al., 2008). Calanus is also an important high-quality food source for pelagic fish species such as capelin, herring, and pollock and can also be a key part of the diet for larval and juvenile demersal fishes such as cod (Wassmann et al., 2006). In effect, Calanus sit at a trophic nexus since its population biology has important consequences on both higher and lower trophic levels. This may be referred to as a “wasp-waist” ecosystem, in that the intermediate trophic level, in this case Calanus, controls the abundance of predators through a bottom-up interaction and the abundance of prey through a top-down interaction (Fauchald et al., 2011; Renaud et al., 2018). In the Arctic and sub-Arctic sectors adjacent to the Atlantic, three species of Calanus co-occur, making up 50%–80% of the total mesozooplankton biomass (Søreide et al., 2008). However, their respective core distributions align with different water masses, with Calanus hyperboreus being a high-Arctic oceanic species, Calanus glacialis being associated with the relatively shallow and fresher water on the Arctic shelves, and Calanus finmarchicus dominating the inflowing warm Atlantic water (AW) (Ershova et al., 2021). Of these three species, the last one stands to benefit most from ocean warming and perennial ice retreat.

One of the key life-history traits of pelagic copepods is a form of seasonal dormancy called diapause (Dahms, 1995). Diapause usually takes place below the deep convection layer, out of the reach of predators where temperatures are generally low (Krumhansl et al., 2018). This deep habitat allows these organisms to remain quiescent, reduce basal metabolic rate, and minimise energy expenditure (Jónasdóttir et al., 2019). In C. finmarchicus, dormancy generally occurs in later developmental stages (CIII to CVI) during winter (Kattner and Krause, 1987; Tande and Henderson, 1988; Hygum et al., 2000; Heath et al., 2000b;  Heath et al., 2004). In these stages, assimilated food is increasingly channelled towards lipid production (Jónasdóttir et al., 2019; Hygum et al., 2000). These lipids form the energy reserves required to sustain the animals through the winter. Towards late summer and autumn, the population descends en masse to depths of 600–1,400 m to overwinter. In the spring, the survivors migrate back to the surface and develop into sexually-differentiated CVI adults, mate, and spawn, initiating the next generation.

The key to successful overwintering is the size of an individual’s lipid reserve. The reserve serves a number of purposes (Visser et al., 2017), fuelling metabolic costs during diapause (Hirche, 1996; Lee et al., 2006), providing for moulting and capital breeding during spring (Varpe et al., 2009; Sainmont et al., 2014), and facilitating neutral buoyancy at depth so as to minimise energy expenditure (Visser and Jonasdottir, 1999; Pond and Tarling, 2011). Lipids are stored in a membrane-bound organ, the lipid sac, which extends from near the back of the abdominal region (metasome) forward into the head (cephalosome). The greater the amount of stored lipid, the farther the sac extends towards the anterior end, eventually filling over half of the volume of the prosome (Sargent and Falk-Petersen, 1988; Miller et al., 1998; Miller et al., 2000; Lee et al., 2006). At its full capacity, the lipid reserve may account for over 50% of individual dry weight (Kattner and Hagen, 2009). The principal lipid class in this reserve is wax ester, which is rich in polyunsaturated fatty acids (PUFAs), particularly the long-chain fatty acids C20:5n−3 and C22:6n−3. These PUFAs enable the lipid to remain liquid at high pressure and low temperature, which assists with neutral buoyancy (Yayanos et al., 1978; Pond and Tarling, 2011). As well as lipid sac size, the duration of diapause is also influenced by overwintering temperatures, which influence respiration rate and hence the rate of energy expenditure during diapause (Wilson et al., 2016). Those individuals with insufficient reserves to outlast the winter period will likely suffer mortality while still at depth (Visser et al., 2017).

An important feature of this life-cycle pattern is that it transports carbon (C) directly to the deep ocean with very little loss on the way (Visser et al., 2017) in a process termed the “lipid pump” (Jónasdóttir et al., 2015). The lipid pump is an efficient means of C sequestration, relative to the passive flux of detrital material because it transports little or no nutrient elements (nitrogen, phosphorus, iron, etc.) that are required by primary producers in surface waters. Nevertheless, estimation of this flux is complex and must be based on stage-specific abundances of the overwintering individuals, their respiration integrated over their respective overwintering durations, and estimates of the level of mortality at depth. The size of the lipid pump was initially dismissed as insignificant by Longhurst and Williams (1992), who have since been shown to have based their estimates on a region where deep winter convection made deep diapause in copepods less effective than in other areas (Visser et al., 2017). Heath et al. (2000b) comprehensively mapped the North Atlantic population of C. finmarchicus and facilitated Jónasdóttir et al. (2015) to reveal the true magnitude of the lipid pump. At 1 to 4 g C m−2 year−1, Jónasdóttir et al. (2015) showed this pump to sequester C at a rate equivalent to that of the passive flux, at 2 to 8 g C m−2 year−1 (Giering et al., 2014; Marsay et al., 2015). Subsequent analyses of additional data alongside an updated overwintering respiration model by Jónasdóttir et al. (2019) put upper estimates of the Atlantic C. finmarchicus lipid pump even higher (up to 11.5 g C m−2 year−1). So far, the rate of C flux by the “Arctic” C. finmarchicus population has not been considered.

The Fram Strait is the only deep-water gateway to the Arctic and comprises the main outflow and inflow of Arctic water and AW masses (Figure 1). On the west side of the Fram Strait is the dominant outflow of the Arctic Ocean, comprising the East Greenland Current (EGC), which follows the east Greenland coast southwards, and a deeper outflow from the Arctic basin. To the east of this is an inflow of warm and saline AW from the Norwegian Sea, constituting the West Spitsbergen Current (WSC), a branch of which flows north past the west coast of Svalbard and onwards into the high Arctic Ocean (Beszczynska-Moeller et al., 2011; Rudels, 2015), while another branch recirculates to the west and flows south (Hattermann et al., 2016). The Fram Strait has warmed as a result of increased Atlantic inflow into the region (Schauer et al., 2004), which has diminished the extent of seasonal sea-ice and lengthened the productive season (Kahru et al., 2011; Polyakov et al., 2020). The distribution and abundance of C. finmarchicus in the Fram Strait are directly influenced by these two major currents with the highest inputs of this species being associated with the inflow of the WSC into the region (Gluchowska et al., 2017).

In this study, we determine the horizontal and vertical distributions of C. finmarchicus in a spatially comprehensive survey of the Fram Strait region during the late summer period, when the population is entering diapause. Measurements of body condition considering body size, lipid sac size, and total C weight are made within the various oceanographic regimes of this region. These are used alongside environmental measurements to estimate respiration rate and diapause duration by applying a metabolic model developed by Visser et al. (2017). This model estimates the C flux due to overwintering C. finmarchicus respiration to which is added the contribution from minimum expected overwintering mortality (which is further subdivided into the storage lipid and structural C fractions). Together, the C released at depth through respiration and mortality constitutes the lipid pump. Further context is provided by comparing our results to other biogeographic regions where the magnitude of the lipid pump has already been estimated. Lastly, we provide a value for the C sequestered by this species that encompasses all regions where the magnitude of the pump has so far been made.



Methods


Field Sampling

A multidisciplinary field campaign was carried out in the Fram Strait region during late summer 2019 (JR18007, 04/08/2019 to 28/08/2019) aboard RRS James Clark Ross. Sampling for Calanus copepods was carried out at a total of 14 stations spread across the region encompassing both deep basin and shelf locations (Figure 1; Table 1). A motion-compensated Bongo net fitted with 200-µm mesh was deployed at all stations to provide the widest possible spatial coverage of the region. The device was lowered and hauled vertically at ~0.22 m s−1 to a maximum depth of 200 m or to within 10 m of the seabed. A flow meter was not used to record the volume swept by the nets, as the slow hauling speed was at the bottom end of the calibration range of available flow meters. Instead, it was assumed that the filtration was 100% efficient, and the volume swept was determined by calculating the mouth area and multiplying by the vertical sampling interval. For a 200-m water column, this represented ~58 m3. The outcome of each deployment was a pair of quasi-identical samples, of which one was preserved in 4% borax buffered formaldehyde for visual taxonomic analysis and the other in 99% ethanol for molecular analysis.




Figure 1 | Sampling station locations in Fram Strait carried out during cruise JR18007 (August 2019). (Red – northward flowing Atlantic Water; Blue – southward flowing Polar Surface Water).




Table 1 | Details of net sampling deployments during cruise JR18007 to the Fram Strait by RRS James Clark Ross.



Full water column environmental profiles were also obtained at each of the 14 stations using a calibrated Sea-Bird SBE911plus conductivity–temperature–depth (CTD). These profiles provided information both to predict in situ respiration rates of C. finmarchicus and to determine the location of the principal water masses that prevail within the Fram Strait region.

At 3 of the 14 stations (NT11, D1, and D2), time and conditions were sufficient to deploy a 1-m2 MOCNESS multinet system in order to resolve the vertical distribution of mesozooplankton to mesopelagic depths. The system was fitted with 330-µm mesh nets and was deployed between the surface and a maximum depth of 1,000 m. The tow speed was approximately 2 knots, and the nets incremented on hauling every 125 m, hence dividing the water column into 8 equal depth intervals. On average, each net swept ~800 m3 of water. Two MOCNESS deployments were made at each station as close in time to each other as practicable (usual intervening period of 1 to 2 h). Samples from the first deployment were subsampled immediately to extract specimens for body condition analysis. All samples from the second deployment were directly preserved in borax-buffered 4% formaldehyde without any subsampling and were used to determine taxonomic composition and abundance.



Taxonomic and Body Condition Analysis


Bongo Net Samples

The formalin-preserved samples were subsampled, where necessary, diluted to 1 L using filtered seawater, and pumped through a FlowCam Macro, fitted with a 5-mm flow cell, at a flow rate of 700 ml min−1. A second subsample was analysed if fewer than 2,000 particles were counted. Images were collected using auto-image mode at a rate of 10 frames per second and were classified manually into taxonomic groups using Visual spreadsheet software (Version 4.3.55). The total abundance of taxa within a sample was divided by the filtered volume of the respective net and multiplied by maximum net depth to derive NBongo, the number of individuals m−2 (ind m−2) in the upper 200 m or, if shallower, maximum water depth minus 10 m. For the present study, it was assumed that all C. finmarchicus copepodite stages CIV, CV, and CVI adults fell within the “3 mm to 6 mm (total length) Calanus” FlowCam taxonomic category. This category could also contain the equivalent life stages of C. glacialis and earlier life stages of C. hyperboreus. Hence, the proportions of these three species in each deployment were established through molecular analysis of the paired ethanol preserved sample. Subsamples of the ethanol sample were analysed using a 16S ribosomal RNA gene barcode (16SAR, 16SB2R primers) (Lindeque et al., 1999) following an adapted protocol (Lindeque et al., 2013). Amplified DNA was sequenced using Illumina high-throughput sequencing (HTS) platform. Resultant sequences were processed through the Qiime pipeline and clustered into Operational Taxonomic Units at 97% homology, and taxonomy was assigned using BLASTn (National Center for Biotechnology Information (NCBI)). Sequences were uploaded to the BioProject portal with accession number PRJNA838801 (www.ncbi.nlm.nih.gov/sra/PRJNA838801).



MOCNESS Samples

The objectives of the MOCNESS net analysis were 1) to obtain a detailed perspective of C. finmarchicus stage abundance and distribution through the water column and 2) to carry out body condition analyses on late-stage C. finmarchicus specimens. For item 1, the formaldehyde preserved samples were subsampled to obtain quantifiable fractions and then examined under a light microscope. Calanus species were identified as species for the CIV, CV, and CVI adult stages following size classes established by Hirche (1997). The total abundance of each stage within a sample was divided by the filtered volume of the respective net and multiplied by net depth interval to derive Ni, ind m−2 per depth stratum (i). For item 2, approximately 10 C. finmarchicus CV and 10 CVI females (where possible) were extracted from each depth interval, placed on a calibrated ridged sorting dish, and photographed using an Olympus SZX16 optical microscope fitted with a Canon D6 camera. These images were subsequently analysed by using “ImageJ” software to determine prosome length, lipid sac length, and lipid sac area (mm). After images were collected, each specimen was transferred to an individual tin capsule and frozen at −80°C. Elemental (carbon, hydrogen, and nitrogen) analysis of these specimens was carried out at the home laboratory using a CE440 Elemental Analyser (Exeter Analytical Limited, Coventry, UK). For some analyses, depth strata were combined to reduce the number down to three: surface (0 to 250 m), mid water column (250 to 500 m), and deep (500 to 1,000 m).

As described above, four body condition metrics were measured directly, namely, total body C (M, µg C), prosome length (PL, mm), lipid-sac length (L, mm), and lipid sac area (A, mm2; see Table 2 for a list of all terms). To facilitate the calculation of diapause duration, as well as to compare with other studies of C. finmarchicus body condition, some further metrics were also derived, as follows. Lipid sac volume (V, mm3) was calculated following Eq. 1 (see Table 3 for a list of all equations) as derived by Miller et al. (1998). The mass of wax ester (WE, µg) was calculated using Eq. 2 following Vogedes et al. (2010). Wax ester C, otherwise termed the lipid reserve (w, µg C), was estimated with Eq. 3 provided by Jónasdóttir et al. (2019). From this, Eq. 4 can be used to determine the amount of structural C (m, µg C).


Table 2 | Symbols, descriptions, units and constants used in equations and analyses.




Table 3 | Equations used to determine body condition factors, respiration rates, mortality rates and rates of C flux that contribute to the lipid pump.






Life-Cycle Modelling


Determining Respiration and Diapause Duration

To determine the potential amount of C sequestered by the Calanus lipid pump in the Fram Strait, we followed the calculation approach of Kahru et al. (2011). The calculation was carried out for each of the three stations where MOCNESS deployments were performed. First, it was necessary to determine the diapause duration of the specimens extracted from the MOCNESS catches and to analyse for body condition. Diapause duration is defined here as the time it would take to respire the lipid reserve to 20% of its pre-diapause mass, following Saumweber and Durbin (2006). The model is C based and includes estimates of structural mass, m, which we distinguish from the lipid reserve, w (see Eq. 4). It is assumed that only m is responsible for the active metabolism that determines respiration rate. m was calculated by applying Eqs. 2, 3, and 4 to data for total body C (M) and lipid sac area (A).

The respiration rate of a diapausing C. finmarchicus (r) was calculated based on metabolic theory and the isomorphism model (Eq. 5) presented in Visser et al. (2017). r was converted from μg C s−1 to μg C day−1 by multiplying by seconds per day (86,400). Eq. 5 also requires in situ temperature, which was taken from the respective CTD profile, averaging values across the equivalent depth interval (i) in which the specimen was captured.

Diapause duration (D) was derived as a function of w and r, as defined by Eq. 6.



Inferring Body Condition of CIV Stage

Jónasdóttir et al. (2019) included C. finmarchicus CIV stage in their calculations. Although CIV specimens were enumerated in the present study, they were not included in the image capture and elemental analyses to determine body condition. Therefore, we inferred body condition values for CIV using relative indices derived from data provided by Jónasdóttir et al. (2019) (Table 3). According to Jónasdóttir et al. (2019), when averaged across all ocean basin sectors, CIV prosome length (PL, mm) was 82.4% of the CV. This percentage value was applied to the average CV PL value per depth stratum (i) at each location (j). Based on Ingvarsdóttir et al. (1999) for overwintering copepods in the Norwegian Sea, CIV PL was converted to dry weight (DW, mg) using Eq. 7. Total body carbon (M, µg C) for CIV was then determined by applying Eq. 8, also from Ingvarsdóttir et al. (1999). It was further necessary to infer CIV WE C (w, µg C) as being 34.13% of DW, as extracted from Jónasdóttir et al. (2019). m, r, and D were then derived by applying the same equations as detailed above.



Determining Carbon Flux


MOCNESS

For each station (j), the flux of C resulting from the overwintering respiration (Rtot,j, µg C m−2) across all depth strata (i = 1 to 8) was determined by multiplying abundance (N), diapause duration (D), and respiration rate (r) for each depth strata i and then summing across all depth strata, as defined in Eq. 9. We also derived the mean respiration C flux per individual (Rind,j, µg C ind−1, Eq. 10) to facilitate the calculation of C flux in Bongo net samples (see below).

In addition to respiration, a fraction of the overwintering population will contribute to C flux through natural mortality. Like Jónasdóttir et al. (2019), we assigned an overwintering mortality rate (β) of −0.001 day−1 specifically representing non-predatory mortality (Eq. 11). Stot,j (µg C m−2), the amount of C flux from the storage lipid (w) contained within the fraction of the population lost to natural mortality, is then defined by Eq. 12 and the mean storage lipid C flux per individual Sind,j (µg C ind−1) by Eq. 13. Similarly, Utot,j (µg C m−2), the amount of C flux from the structural C (m) within the natural mortality fraction, is defined by Eq. 14 and the mean storage structural C flux per individual Uind,j (µg C ind−1) by Eq 15.

Total C flux per station (Ftot,j, µg C m−2 year−1) was accordingly the sum of Rtot,j, Stot,j and Utot,j (Eq. 16). Ftot,j can otherwise be considered the C. finmarchicus lipid pump per station.



Bongo

Bongo net samples determined depth-integrated abundance to a maximum depth of 200 m (NBongo). To estimate C flux for these deployments, it was first necessary to infer the amount of individuals that were likely to be found below that depth interval. We derived this through reference to corresponding MOCNESS samples by determining the proportion of individuals that occurred in the upper water layers (i.e., equivalent to the Bongo sampling interval; Prsurface). The respective NBongo was multiplied by 1/Prsurface to derive total water column abundance (Ntot,j) for that Bongo net deployment (Eq. 17). Ntot,j was then multiplied by Rind,j, Sind,j, or Uind,j from the corresponding MOCNESS deployment to determine Rtot,j, Stot,j, and Utot,j, respectively (Eqs. 18 to 20), which were summed (Eq. 16) to determine Ftot,j.

To establish which MOCNESS deployments corresponded to which Bongo deployments, we referred to analyses performed on the environmental profiles (see Results), which distinguished two oceanographic zones within the sampling area, which we termed Western Fram Strait (WFS) and Eastern Fram Strait (EFS). WFS contained the MOCNESS Station NT11, while EFS contained MOCNESS Stations D1 and D2. Accordingly, all Bongo deployments in WFS corresponded to the MOCNESS at NT11, while all Bongo deployments in EFS corresponded to D1 and D2. D1 and D2 were averaged to give single mean values of Rind,j, Sind,j, or Uind,j for EFS.

The MOCNESS was sampled in intervals of 125 m, while the Bongo net was sampled between 0 and 200 m. To derive Prsurface, the overlapping MOCNESS strata (Pri,j for 0–125 m and 125–250 m strata) were treated as in Eq. 21, where abundance in the deeper of the two strata was multiplied by a factor of 0.6 to be equivalent to the maximum Bongo depth of 200 m.





Statistical Tests

Comparisons between life stages, sample depths, and locations were carried out using a combination of t-tests and 1-way ANOVA tests, first performing tests for normality (Shapiro–Wilk) and equal variance (Brown–Forsythe). The non-parametric Mann–Whitney rank-sum test and Kruskal–Wallis 1-way ANOVA on rank test were applied when either of these prior tests failed. Where significant differences were found, either a Holk–Sidak (parametric) or Dunn’s method (non-parametric) post-hoc test was performed to identify which categories were significantly different from each other at p < 0.05 level. All tests were performed in Sigmaplot v14.




Results


Water Masses and Biogeographic Zones

We designated water masses based on the vertical water mass descriptions of Rudels et al. (2005) but made no distinction between the numerous deep water types that can be classified. Overall, there were two major water types within the study region. In the first water type, present at Stations NT11, NT8, NT6a, Ice Station 1, and Ice Station 2 (Figure 2), there was a low salinity surface layer (which is fresher closer to the shelf) of Polar Surface Water (PSW) with Arctic Intermediate Water and Arctic Deep Water (ADW) masses below. These features reflect a dominant influence of the cold EGC flowing southwards from the Arctic in the upper 100 m (Figure 1). The variation between stations in this water type was most likely through the presence of some recirculated AW approximately 200 m close to the shelf slope at Ice Station 2, the presence of shallow, short-lived warming of the PSW, and the influence of sea ice-melt on the shallow layers at Ice Station 1 and Ice Station 2. The second water type, containing Stations F7, D1, D2, D3, D4, D6, D7, D8, and D9, showed evidence of the influence of AW inflow below the surface layers, as characterised by salinities > 34.8. This reflects the dominant influence of the warm WSC flowing northwards from the Atlantic (Figure 1). As with the first water type, there was some variation between stations due to local surface warming and/or proximity to the ice edge. For the purposes of the present analysis, we designated sample locations to biogeographic zones, with those located in the first water type as being within the WFS zone and those in the second water type, within the EFS zone (Table 1).




Figure 2 | Oceanographic conditions during time of sampling showing (A) temperature and salinity profiles and (B) TS plot [divided into two oceanographic zones. denoting Western Fram Strait (WFS; blue) and Eastern Fram Strait (EFS; red)]. PSWw - Polar Surface Water (warm) due to solar heating. See text for all other terms.





Spatial Distribution

FlowCam Macro analysis quantified the number of Calanus individuals (3–6 mm) within all Bongo net samples. This was cross-checked with Calanus specific 16S ribosomal RNA gene barcoding to determine the proportion of late-stage C. finmarchicus versus other possible Calanus species in this category (principally C. hyperboreus CIII and late-stage C. glacialis). C. finmarchicus was the exclusive Calanus species at almost all locations with the exception of Ice Station 2, D4, and D8, where it comprised 96%, 97%, and 98%, respectively, of all individuals (Figure 3). We therefore assumed that FlowCam abundances provided reliable estimates of population sizes of late-stage C. finmarchicus in the surface layers of all sampled locations.




Figure 3 | Top: relative percentage of 16S sequences attributed to Calanus finmarchicus and Calanus glacialis in Bongo net samples. Bottom: abundance of Calanus between 3,000 and 6,000 µm prosome length in Bongo net samples as determined from Flowcam CMacro analysis.



Median abundance was almost double in the EFS versus the WFS (respectively 3,731 vs 1,348 ind m−2, 0–200 m; Figure 3), although there was a high level of variability between locations, which resulted in the difference not being statistically significant (Mann–Whitney rank-sum test, n(large) = 9, n(small) = 5, p = 0.083). The highest abundances were observed at EFS Stations D2 and D4, both with values in excess of 18,000 ind m−2 (0–200 m). The maximum abundance observed in the WFS was at Ice Station 1 with 3,825 ind m−2 (0–200 m).



Depth Distribution

Depth-discrete MOCNESS samples were analysed from three locations, one in the WFS and two in the EFS (Figure 4). Abundances of C. finmarchicus were greatest in the top 250 m across all three locations, with the percentage of the population in this upper layer being the highest at Station NT11 (86%) and the lowest at Station D2 (58%; Table 4). CIV was the dominant developmental stage in this upper layer at Stations NT11 and D2, while CV dominated at Station D1. However, CV became the dominant stage below 250 m in all stations. Adult females were present at all three locations but only found below 250 m at abundances sufficient to count at Stations D1 and D2. Abundances were almost an order of magnitude higher at Station D2 (44,760 ind m−2, 0–1,000 m) compared to Station NT11 (6,711 ind m−2, 0–1,000 m), with Station D1 being midway between the two (19,886 ind m−2, 0–1,000 m). Station D2 was also notable in having almost a quarter of the population below 500 m as compared to 1% and 2% in Stations NT11 and D1, respectively.




Figure 4 | Calanus finmarchicus: depth distribution of CIV, CV, and females in depth-stratified MOCNESS samples at (A) station NT11, (B) station D1, and (C) station D2. See Table 1 for station location details.




Table 4 | Calanus finmarchicus: Abundance and percentage contribution of late development stages in MOCNESS deployments at three locations in the Fram Strait.





Body Condition

Mean prosome length was the highest in CVs in the surface waters of Station D2 at 2.91 mm (SD 0.29), while the smallest mean prosome lengths were found in deep CVs of Station D1 at 2.49 mm (SD 0.18) (Table 5). The amount of C per individual spanned a range of between 100 and 600 µg C (Table 5; Figure 5). Across all three locations, the average CV was 317.98 µg C (SD 103.14), and the average female was 270.05 µg C (SD 68.97). The C content of CVs was significantly higher in Stations D1 and D2 compared to NT11 (Kruskal–Wallis 1-way ANOVA on ranks, H = 6.06, 2 df, p = 0.048), with a difference in medians of approximately 30 µg C. Female values did not differ significantly between stations (1-way ANOVA, F = 1.187, 114 df, p = 0.309). Between depths, CV total body C was significantly higher in the surface depth interval compared to the deep depth interval (1-way ANOVA, F = 3.737, 207 df, p = 0.025), with a median difference of approximately 50 µg C. The mid depth interval had C values midway between the other two. There were no significant differences between depth intervals in females.


Table 5 | Calanus finmarchicus: Body conditions metrics for CV and females captured at three locations in the Fram Strait.






Figure 5 | Calanus finmarchicus: distribution of carbon total weight (µg, left) and lipid sac area (mm2, right) in CV and females in the upper, mid, and deep depth strata at stations NT11, D1 and D2.



In terms of lipid sac area, CVs had a significantly larger lipid sac than females (Welch’s t-test, t = 2.235, 276.8 df, p = 0.0262), although the difference amounted to only approximately 6% (Figure 5). There was no significant difference in lipid sac area between stations in either CVs or females. Across all stations, CVs found on the surface had a significantly higher lipid sac area than those found in the mid or deep depth intervals (1-way ANOVA, F = 13.548, 207 df, p < 0.001), with the difference being approximately 20%. There was no such depth-related difference in females.

With regard to body condition metrics estimated through conversion factors, CVs on the surface at Station D2 had the highest lipid sac volume, at 0.57 mm3 (SD 0.24), and wax ester C, at 215 µg (SD 79). The lowest mean values were observed in females on the surface at Station NT11, with 0.28 mm3 (SD 0.13) of lipid sac volume and 121 µg (SD 42) of wax ester C. The lowest mean amount of structural C was observed in mid water column females at Station NT11 (104 µg, SD 63), while the highest values were seen in mid water column CVs at Station D1 (197 µg, SD 52).



Carbon Flux


Depth-Integrated Assessment

An estimate of C flux resulting from the life-cycle behaviour of C. finmarchicus was derived for the three MOCNESS locations where a depth-discrete perspective to 1,000 m was obtained (Table 6). Based on the model of Visser et al. (2017), we estimated the rate of individual respiration to vary between 0.73 µg C ind−1 day−1 (SD 0.17) at Station NT11 and 1.01 µg C ind−1 day−1 (SD 0.28) at Station D2. The predicted length of diapause was the longest at Station NT11, at 126 days (SD 43) and the shortest at Station D2 at 103 days (SD 43). Despite the longer diapause, the lower respiration rate at NT11 resulted in those individuals contributing the lowest amount to respiration flux across the three locations, at 72.75 µg C ind−1 year−1 as compared to a high of 111.36 µg C ind−1 year−1 at Station D1. Stations D1 and D2 also contributed the highest storage lipid and structural C flux, which reflects the fact that mean lipid sac area and total C were the highest in the EFS.


Table 6 | Calanus finmarchicus: Life-cycle parameters influencing C flux by individuals and the population at each of the three station locations where MOCNESS deployments were made.



The difference in flux between the EFS and WFS is further amplified at the population level given that the former had higher abundances than the latter. The highest population flux rates were found at Station D2, where respiration flux was 4.05 g C m−2 year−1, storage lipid flux was 0.43 g C m−2 year−1, and structural C flux was 0.47 g C m−2 year−1. By comparison, values at Station NT11 were almost an order of magnitude lower at 0.49, 0.06, and 0.06 g C m−2 year−1, respectively.



Spatial Extrapolation

The spatial distribution of these fluxes was inferred by multiplying individual fluxes from the above analysis by the abundance levels determined from Bongo net samples (Eqs. 18 to 20) factoring in the likely size of the population between 200 and 1,000 m (Eqs. 17 and 21). Individual fluxes from Station NT11 were used for all locations in the WFS, while an average of individual fluxes from Stations D1 and D2 was used for all locations in the EFS. Spatial variation in C flux is visualised in Figure 6, which shows the large difference in the magnitude of the flux between the WFS and EFS. The maximum flux in the WFS was 0.61 g C m−2 year−1 at Station NT11, with the average across the WFS being 0.31 g C m−2 year−1 (SD 0.22). In the EFS, the maximum flux was 5.92 g C m−2 year−1 at Station D4, with both sampling efforts at Station D2 also generating flux estimates greater than 3 g C m−2 year−1. Nevertheless, there were also regions in the EFS where flux was below 0.5 g C m−2 year−1, such as at Stations D7, D8, and D9. Hence, the average across the EFS, of 2.04 g C m−2 year−1 (SD 1.90), was much lower than the maximum. Furthermore, the influence of patchiness on flux estimates is illustrated well by the contrast between the two sampling efforts at Station D4 where the second sampling effort generated a flux estimate that was less than half of the first.




Figure 6 | Calanus finmarchicus: carbon flux (gC m−2 year−1) as a result of respiration during diapause and mortality (divided into storage lipid and structural carbon) at locations sampled in the Fram Strait either by MOCNESS (M) or Bongo (B). Station locations are arranged according to whether they occur in the West Fram Strait (WFS) and East Fram Strait (EFS) zones.







Discussion

Field sampling of the Fram Strait found C. finmarchicus abundance to be spatially variable, with high values occurring mainly in the eastern region (EFS). Individual copepods were generally large in size but not necessarily high in levels of lipid reserve. Nevertheless, for many, these reserves were sufficient to survive the overwintering period and reproduce the following spring (Tarling et al., 2022). Although many individuals had already descended to depth by the time of sampling in late summer and early autumn, a substantial fraction of the population was still in the surface layers, with individuals often containing larger lipid reserves than those in the deeper layers. Altogether, we calculated that the rate of C flux generated by this entire population, assuming all enter diapause, was equivalent to that in many boreal areas considered to be distributional epicentres of this species. Below, we consider further the patterns and variability in our observations and provide some wider context to our findings.



Species Distribution

According to our molecular analyses, we found that C. finmarchicus was the dominant Calanus species in the surface layer (0–200 m) across the majority of the Fram Strait. In any of the surface layer samples, C. glacialis made up less than 4% of the total 16S sequence reads. C. hyperboreus was mainly found in the mid and deep water column (data not shown) with few, if any, present in the surface layers. While, at the time of sampling, the C. finmarchicus population appeared to be transitioning between the summer and overwintering life-cycle phase, most C. hyperboreus had already undertaken seasonal migration to depth, consistent with previous studies (Hirche, 1997; Scott et al., 2000; Visser et al., 2017). The relative absence of C. glacialis in our samples most likely reflects that most sample locations were open ocean and away from the preferred shelf habitat of this species (Weydmann et al., 2016; Feng et al., 2018). Melle et al. (2014) proposed that maximum C. finmarchicus abundances occur within, or close to, deep ocean basins. High abundances are also often close to overwintering centres (Heath et al., 2000a; Speirs et al., 2004; Torgersen and Huse, 2005; Heath et al., 2008; Head et al., 2013). Major C. finmarchicus epicentres that neighbour the Fram Strait are the Labrador Sea and the sub-polar gyre of the Norwegian Sea (Melle et al., 2014). It is unlikely that the Labrador Sea is a major source of C. finmarchicus to the Fram Strait given that the two regions are separated by the southwards flowing EGC that would act to move Labrador Sea expatriates away from the Fram Strait. Input of C. finmarchicus into the Fram Strait from the Norwegian Sea via northwards transport of AW by the WSC and then recirculation is more likely (Ringuette et al., 2002; Hirche and Kosobokova, 2007). Indeed, models have estimated that 1.5 Mt C year−1 of C. finmarchicus are fluxed into the Fram Strait by the WSC (Gluchowska et al., 2017). This is consistent with our further finding that C. finmarchicus showed the highest abundances towards the east of the Fram Strait, where the influence of the WSC is the greatest. Nevertheless, although these inputs are likely to dominate total population abundance of C. finmarchicus in the Fram Strait, Tarling et al. (2022) proposed that local recruitment also takes place. They found early developmental stages of C. finmarchicus in the region during early summer that could not have originated from remote epicentres.



Population Abundance

Across all stages (CIV, CV, and CVI female), total water column abundance varied between 878 and 45,000 ind m−2, with the average value for the EFS being 15,644 ind m−2 (15,363 SD) and the WFS being 3,387 ind m−2 (2,352 SD). For the EFS, abundances are comparable to those of overwintering populations found in C. finmarchicus epicentres further south. For instance, in the Eastern and Central Norwegian Sea, Dale et al. (1999) and Heath et al. (2004) estimated abundances between 35,000 to 56,000 ind m−2, while in Nova Scotia and Newfoundland Basins, Gulf of Maine, and Iceland Sea, densities regularly fall in the range of 15,000 to 60,000 ind m−2 (Head and Pepin, 2008; Gislason and Silva, 2012; Runge et al., 2015). This emphasises that the EFS is no longer a marginal environment for C. finmarchicus but is a region where this species now thrives. Nevertheless, the comparatively low abundances in the WFS show that not all parts of this Arctic region are equally favourable to this species, with differences in seasonality in primary production and sea-ice (Freer et al., 2021) and advective inputs (Wassmann et al., 2015) being major factors. Therefore, it is necessary to make a biogeographic distinction between Fram Strait regions primarily influenced by the EGC and those by the WSC.



Body Condition and Lipid Reserves

There was a high level of variance between individuals across a number of body condition metrics (prosome length, total body C, and lipid sac area). Nevertheless, there were also some consistent patterns, such as a significant difference between CVs and females, with values across these metrics being approximately 10% higher in CVs. This may be explained by the cost of maturation (Rey-Rassat et al., 2002). There was also a significant difference between stations, with body condition metrics in the EFS being higher than those in the WFS by approximately 9%. The highest body condition values principally occurred in the surface depth interval, particularly in CVs, while the lowest values occurred mainly in the deep depth interval, although sometimes also evident in the mid water column.

The mean prosome length of Fram Strait C. finmarchicus CVs varied between 2.5 and 2.9 mm. These values are towards the upper end of C. finmarchicus sizes in populations found elsewhere. In a collation of a large number of boreal sectors by Jónasdóttir et al. (2019), the mean prosome length of C. finmarchicus CVs was 2.3 mm, with a range of 2.2 to 2.5 mm. Indeed, prosome lengths of 2.9 mm for CV are at the upper size limit of this species, beyond which they are designated as C. glacialis according to morphological and pigmentation studies (Lindeque et al., 2022; Kwasniewski et al., 2003; Arnkværn et al., 2005; Gabrielsen et al., 2012). Nevertheless, we are confident in our species designation given the accompanying molecular analyses confirming that C. finmarchicus made up >95% of all Calanus specimens captured (see above). Large body size likely reflects the adherence of this species to the temperature-size rule (Atkinson, 1995) where individuals are generally larger at lower temperatures, although the ecophysiological mechanisms that drive this phenomenon are far from fully agreed upon (Angilletta et al., 2003; Hoefnagel and Verberk, 2015; Verberk et al., 2021).

Despite the large body sizes, estimated levels of storage lipid in Fram Strait individuals were not exceptional. We found mean lipid sac areas of between 0.9 and 1.4 mm2. This compares to the 50th centile of 1.0 mm2 and the 95th centile of 2.0 mm2 for individuals in the Newfoundland continental shelf and Labrador Sea (Pepin and Head, 2009). Converting our lipid sac areas into volume (Miller et al., 1998), we obtain a range of 0.28 to 0.57 mm3. When scaled according to prosome length, these values are well within the maximum limits of lipid sac volume for this species as determined by Saumweber and Durbin (2006). For instance, for an individual with a prosome length of 2.5 mm, the maximum lipid sac volume is 0.49 mm3, while for a 2.9-mm individual, it is approximately 0.83 mm3. Hence, many Fram Strait C. finmarchicus individuals have not reached their full potential to store lipid. This may reflect the brevity of the productive season in this region compared to their distributional epicentres further south (Melle et al., 2014).

A further notable feature in our sampling campaign was that individuals with the highest levels of storage lipid were within the surface layers. The impending end of the productive season means these individuals are unlikely to increase the size of their lipid reserves much further. Nevertheless, our observation of a progressive decrease in lipid sac volume of CVs with depth contrasts with observations of Jónasdóttir (1999); Miller et al. (2000), and Pasternak et al. (2002), who found that deep-dwelling individuals had greater lipid levels than those in surface waters throughout most of the year. However, our observations do match those of the Pepin and Head (2009) in the Labrador Sea, showing that the depth structure of the population can be quite variable depending on location and time of year.

The fact that deep individuals in the Fram Strait do not have the highest body condition does not comply with one prevailing hypothesis that descent and entry to diapause is a physiologically induced hormonal response triggered by reaching a storage threshold (Rey-Rassat et al., 2002; Irigoien, 2004). For such a mechanism to be correct, we would expect to find that the majority of CVs that have already descended are at the upper end of the range of storage lipid volumes. It therefore appears that these deep individuals have responded to a different or additional cue to descend and enter diapause. What these cues may be remain uncertain since none have yet been identified that can explain the array of diapause entry and exit times observed over the wide distributional range of this species (Hirche, 1996; Johnson et al., 2008; Bandara et al., 2021).



Diapause Duration

Following the calculation method of Jónasdóttir et al. (2019), we estimated the mean diapause duration to be 126 days (SD 43) in the WFS and up to 106 days (SD 22) in the EFS. The longer duration in the WFS is somewhat surprising given that storage lipid levels were lower in that sector. However, this is countered by the considerably lower mean respiration rate in the WFS (0.73 µg C ind−1 day−1 SD 0.17) than in the EFS (0.89 µg C ind−1 day−1 SD 0.20 at Station D1 and 1.01 µg C ind−1 day−1 SD 0.28 at Station D2) driven by lower individual structural body mass and lower in situ temperatures in the WFS. The result is that reserves are used up at a slower rate in the WFS. Our calculated diapause durations are below the median estimate of 144 days made by Jónasdóttir et al. (2019) across a broad range of boreal sectors. Notably, however, at least in the case of the WFS, our calculated diapause durations are very similar to their estimates for the Iceland Basin (119 days for CV) and the Irminger Sea (122 days for CV), both of which are in close vicinity to the Fram Strait. Hence, our estimated diapause durations appear realistic within their respective spatial context. Nevertheless, at 126 days, individuals that have already entered diapause by the time of sampling will be exiting diapause in early January, while at 106 days, the exit will be in December. Reproduction would therefore have to rely on using up the remaining lipid reserves since levels of food availability at that time of year is likely to be low. The calculation method of Jónasdóttir et al. (2019) generally estimates diapause duration to be shorter than other methods such as that of Saumweber and Durbin (2006) and Johnson et al. (2008) and can be considered to be conservative.



Ecosystem Impacts

Tarling et al. (2022) provided the first evidence that C. finmarchicus is now within the Fram Strait, and over time, its dominance in the region may increase at the expense of its more Arctic congeners, C. hyperboreus and C. glacialis. C. finmarchicus is the smallest of the three species, and this may impact predators that target individual Calanus, such as little auks (Alle alle), which actively select larger Calanus (Karnovsky et al., 2003; Kwasniewski et al., 2012; Vogedes et al., 2014). However, Amélineau et al. (2016) found that chick growth and adult body condition could be maintained on a diet of smaller prey.

The present study also demonstrates that a shift in Calanus species may bring further changes in terms of the timing and duration of diapause. In turn, this will alter when reproduction and spawning occur and the subsequent appearance of eggs and early larval stages. Boreal fish species, such as capelin, Atlantic cod, and mackerel, thrive on eggs and larvae of C. finmarchicus (Bjørke, 1976; Heath and Lough, 2007), and their capability to synchronise their life cycles with those of C. finmarchicus in the Fram Strait will determine whether they too will become a dominant component of this environment. Given that many C. finmarchicus fish predators are commercially harvested, this may in turn lead to a northwards migration of the fishing fleet. Meanwhile, the fate of resident Arctic species, such as Arctic cod, may be one of further poleward retreat if they are to maintain their preference for C. glacialis prey (Bouchard and Fortier, 2020).



C Flux Components

We found the flux of C generated by the seasonal vertical migration of C. finmarchicus in the Fram Strait to be dominated by the respiration of individuals at depth during diapause. The average population respiration flux amounted to 0.25 g C m−2 year−1 (SD 0.17) in the WFS and 1.64 g C m−2 year−1 (SD 1.53) in the EFS. By comparison, C flux resulting from the mortality of overwintering individuals at depth was an order of magnitude lower, at 0.03 g C m−2 year−1 (SD 0.02) for both storage lipid and structural C flux in the WFS and 0.21 g C m−2 year−1 (SD 0.19) and 0.20 g C m−2 year−1 (SD 0.19), respectively, in the EFS. A major sensitivity in the estimation of respiration flux is the rate of respiration during the overwintering period. In the present study, we calculated this following the method of Visser et al. (2017), who applied metabolic theory. This also allowed direct comparison with the respiration flux estimates of Jónasdóttir et al. (2019) across the boreal North Atlantic. Nevertheless, there are alternative methods for calculating overwintering respiration rate, such as that proposed by Saumweber and Durbin (2006) and since applied by Pierson et al. (2013). We found very similar rates when applying this alternative method to our data (mean across all individuals of 1.08 µg C ind−1 day−1 (SD 0.37) for Saumweber and Durbin (2006) method compared to 1.06 µg C ind−1 day−1 (SD 0.38) for the Visser et al. (2017) method used in the present study). Even so, varying the metabolic rate or diapause length has the effect of using up the same reserves at a different rate with little impact on the final estimate of annual C flux.

A further major assumption in our calculations was that natural mortality during overwintering was set at −0.001 day−1. This value represents loss from the population through natural causes (e.g., disease, parasitism, and senescence) where the individual decays in the same deep water mass. This rate does not include predation mortality where there is the potential for the C mass to be metabolised and egested in other parts of the water column above sequestration depth. Nevertheless, −0.001 day−1 is conservative compared to other estimates of overwintering mortality in this species, such as that by Bagoien et al. (2001) of −0.007 day−1 and Gislason et al. (2007) of −0.004 day−1, although neither study partitioned this total rate into predation and non-predation mortality.



Total Population C Flux

We found that the total population C flux generated by the combination of respiration and mortality over winter amounted to 0.31 g C m−2 year−1 (SD 0.22) in the WFS and 2.04 g C m−2 year−1 (SD 1.90) in the EFS. These values fall within the range estimated for C. finmarchicus in other sectors of the boreal North Atlantic, as collated by Jónasdóttir et al. (2019). In the case of the WFS, similarly low values were found for the Rockall Basin and the North Sea (Table 7). For the EFS, rates were in the same order as those in the Irminger Basin (3.18 g C m−2 year−1), Iceland Basin (4.28 g C m−2 year−1), and West Norwegian Sea (4.69 g C m−2 year−1). Moreover, EFS rates fall in the broad range of those reported for different species. In the Nordic Seas, Visser et al. (2017) found rates of between 3 and 5 g C m−2 year−1 for C. hyperboreus. In the Southern Ocean, Bradford-Grieve et al. (2001) reported values of between 2 and 9 g C m−2 year−1 for Neocalanus tonsus, while in the Pacific sub-Arctic, Kobari et al. (2003) and Kobari et al. (2008) reported values in the range of 2 and 4 g C m−2 year−1 across all Neocalanus species.


Table 7 | Calanus finmarchicus: Spatially-discrete (g C m-2 y-1) and spatially integrated (Mt C y-1) population C flux for the West Fram Strait (WFS), East Fram Strait (EFS) and different ocean sectors as calculated by Jónasdóttir et al. (2019).



Further context to the relative contribution of the Fram Strait to total C. finmarchicus C flux can be gained by calculating the spatially integrated flux (Mt C year−1) for the different ocean sectors (Table 7; Figure 7). From a total flux of 19.3 Mt C year−1, it is evident that the greatest contributions are made in regions considered epicentres of C. finmarchicus distribution, such as the Labrador Sea (5.0 Mt C year−1), Iceland Basin (4.1 Mt C year−1), and Eastern Norwegian Sea (3.7 Mt C year−1). By comparison, the combined contribution of the two Fram Strait regions is rather modest at 0.3 Mt C year−1. Hence, although the spatially discrete rate of C flux generated by this species in the Fram Strait can be equivalent to rates elsewhere, its comparatively small area means that its spatially integrated contribution is marginal.




Figure 7 | Oceanographic zones designated by Jónasdóttir et al. (2019) to determine spatial variation in Calanus finmarchicus lipid content and carbon flux. Zones for the West Fram Strait (WFS) and East Fram Strait (EFS) have been added by the present study.



C. finmarchicus is not the only species contributing to the lipid pump within the Fram Strait since it co-occurs with the true Arctic conspecifics C. glacialis and C. hyperboreus. As already mentioned above, C. hyperboreus has been estimated to generate a flux of 3 to 6 g C m−2 year−1 across the Fram Strait, Greenland Sea, and Iceland Sea (Visser et al., 2017), which is of the same order as that determined for C. finmarchicus in the EFS by the present study. C flux generated by C. glacialis is yet to be determined but, given its similar size and overwintering lifestyle, may also be equivalent to the other two. Hence, the total contribution to C flux in this region from all Calanus species could likely be triple and close to 1 Mt C year−1, which would be a substantial contribution in the wider context. However, a further factor to consider is that while conditions in the Fram Strait have become increasingly favourable for the boreal C. finmarchicus (Freer et al., 2021), they have become less so for C. glacialis and C. hyperboreus with core distribution regions shifting ever northwards (Ershova et al., 2021). Therefore, the true value of C flux generated by C. finmarchicus in the Fram Strait may be in maintaining the lipid pump as the contribution from true Arctic conspecifics diminishes.



Concluding Remarks

This study represents the first attempt to estimate the size of the lipid pump in the Fram Strait region. Estimates will be improved by obtaining and analysing samples during the period between early autumn and winter when the entire population has entered diapause and, in early spring, to determine what proportion of the population has survived overwintering and what lipid reserve levels they have remaining. Field validation of the rate of respiration during diapause would also be valuable. Caution must also be applied with regard to the value of 19.3 Mt C year−1 for the total lipid pump of C. finmarchicus given that this does not also include further notable populations such as in the Gulf of Maine and the temperate open Atlantic Ocean. It also represents the contribution of just one species to the total lipid pump, which emphasises the need for further studies on other deep diapausing calanoids to evaluate its full magnitude.

This study contributes to a growing awareness of the dynamic responses of critical basal marine species to changing environmental conditions likely resulting from climate change. The rapidity with which planktonic species such as Calanus can respond to change may have important impacts on broader ecosystem function. While our understanding of the life-cycle strategies of this species group is maturing, our ability to predict environmental responses remains in its infancy. What we are now appreciating is that how these species respond will have a major influence on lipid pump magnitude and their role within the marine carbon cycle.
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Copepods dominate zooplankton biomass of the upper ocean, especially in the highly seasonal boreal and polar regions, for which specific life-cycle traits such as the accumulation of lipid reserves, migration into deep water and diapause are key adaptations. Understanding such traits is central to determining the energetic consequences of high latitude range shifts related to climate change and ultimately, biogeochemical models of carbon flow. Using the calanoid copepod Calanus finmarchicus, we explore a new indicator of diapause, swimming activity, and assess its relationship with respiration. Stage CV copepods were sampled in late summer from shallow (epipelagic) and deep (mesopelagic) water at both slope and basin locations within the Fram Strait at a time when the animals had entered diapause. Using high-throughput quantitative behaviour screening on ex-situ swimming activity, we found that irrespective of sampling station copepods from the mesopelagic show highly reduced activity (88.5 ± 3.4% reduction) when compared to those from the epipelagic with a clearly defined threshold between epi- and mesopelagic animals (~5 beam breaks 30 min-1). Mesopelagic individuals were also larger (12.4 ± 8.8%) and had more lipid reserves (19.3 ± 2.2%) than epipelagic individuals. On average, copepods from the basin station exhibited respiration rates similar to overwintering rates observed elsewhere (1.23 ± 0.76 µg C d-1), while respiration rates of copepods from the shelf station were more consistent with active metabolism (2.46 ± 1.02 µg C d-1). Nevertheless, active and diapausing rates were observed in individuals from both stations at both epi- and mesopelagic depths. We suggest that rapid screening of activity may provide an early indicator of diapause before it becomes fully apparent and consistent in other physiological indicators. Ultimately, swimming activity may provide a useful tool to assess the putative endogenous and exogenous factors involved in diapause onset, provide a handle on the energetics of diapause, and input to biogeochemical carbon models on C. finmarchicus.
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Introduction

High-latitude seas are undergoing rapid climate-driven change, expected to affect the distribution and phenology of marine organisms, including the keystone zooplankton species Calanus finmarchicus (e.g., Wilson et al., 2016a, Wilson et al., 2016b). This copepod dominates zooplankton biomass in Atlantic-influenced seas (Auel et al., 2003), where it occupies a key trophic position as the main food source for commercially important fish like herring (Prokopchuk and Sentyabov, 2006) and endangered marine mammals such as North Atlantic right whales (Greene et al., 2003) and as a food source for many seabirds (Karnovsky et al., 2003; Kwaśniewski et al., 2012; Vogedes et al., 2014). By carrying out large-scale seasonal vertical migrations that often span hundreds of meters (e.g., Baumgartner and Tarrant, 2017) copepodite stages 4 and 5 (CIV-V), move carbon and lipids into deep-water layers in a process known as the lipid pump which has important implications for high-latitude carbon sequestration and pelagic-benthic coupling (Jónasdóttir et al., 2015; Visser et al., 2017).

To survive the food-depleted autumn and winter months at high latitudes, C. finmarchicus typically undergoes a period of dormancy in which CIV and CV copepodites form aggregations at depths below the permanent thermocline (Jónasdóttir et al., 2015). To meet the energetic reserves required to overwinter with subsequent molt and gonad development the following spring, large lipid reserves are accumulated (Hirche, 1996). To lower their metabolism, respiration rate is reduced to 10-20% of that recorded in shallower conspecifics (e.g., Hirche, 1983; Ingvarsdóttir, 1998; Ingvarsdóttir et al., 1999; Auel et al., 2003). Indeed, elevated metabolism impedes survival over the course of diapause, which may last 6 to 8 months (Baumgartner and Tarrant, 2017). Therefore, respiration measurements (as a proxy for metabolic rate) and collection depth, are typically used to distinguish diapausing copepods from those actively feeding and migrating.

Diapause is generally considered to be under endocrine control (e.g., Alldredge et al., 1984; Hirche, 1996; Baumgartner and Tarrant, 2017) and upstream expression of ‘diapause associated’ genes involved in antioxidative defense and lipid catabolism (Tarrant et al., 2008; Häfker et al., 2018a; Häfker et al., 2018b; Lenz et al., 2021; Payton et al., 2022). In addition, body size, lipid sac volume, and ambient temperature are all likely to affect metabolism at this time fueled by protein and lipid stores. These lipids are typically wax esters which undergo phase transitions at low temperatures and high pressure (e.g., Kirkesæter, 1977; Rey-Rassat et al., 2002; Tarling et al., 2022) and have been postulated as providing a means of buoyancy control (Pond and Tarling, 2011). For the copepodid stages CIV and CV, reaching optimal lipid sac fullness in spring has been suggested as a potential trigger for the onset of diapause (e.g., Pond and Tarling, 2011; Maps, 2014; Schmid et al., 2018). However, stored lipid energy reserves are only partially utilized at depth with most being used for re-ascent post diapause, molting, mate finding, and gamete production (Rey-Rassat et al., 2002). Hatching of offspring is then timed to coincide with favorable conditions associated with the spring phytoplankton bloom (Leu et al., 2011).

In addition to reduced respiration in diapause there are also many observational reports of reduced activity, often referred to as torpidity, in calanoid copepods from mid- and high- latitudes (e.g., Hirche, 1983; Alldredge et al., 1984; Hirche, 1987; Bathmann et al., 1990; Hirche, 1996; Auel et al., 2003; Hirche et al., 2006). Campbell (2003), citing Hirche (1983), described torpid Calanus copepods as having a distinctive “overwintering posture” in the laboratory, in which their first antennae is folded ventrally. Low intensity swimming is associated with low metabolic demand (Svetlichny and Hubareva, 2005) and is possibly adaptive in that it is less likely to attract tactile and visual predators than active swimming (e.g., Hirche, 1996; Hirche, 1998; Dale et al., 1999). However, these observations are not consistent with other studies reporting continued swimming and/or feeding during periods of metabolic reduction in boreal copepods such as C. helgolandicus (Corner et al., 1974; Williams and Conway, 1982; Williams and Conway, 1984) and C. euxinus (Svetlichny et al., 1998), as well as other high-latitude copepods (Norrbin, 1996). An “active diapause” that includes continued feeding, was previously reported in freshwater copepods (e.g., Wyngaard, 1988; Naess and Nilssen, 1991) and insects (e.g., Hodek, 2002).

Physiological indicators such as respiration rate, electron motor activity and clock gene expression can be useful detectors of diapause, but they are not immune to sampling and incubation artefacts, motivating studies to identify those indicators that most accurately simulate in-situ overwintering conditions (e.g., Båmstedt, 1980; Mayzaud, 1986; Campbell, 2003). It is likely that swimming activity integrates across such physiological and genetic processes and therefore an objective quantification of this may provide a novel indicator of diapause state. Our approach was to collect high-latitude C. finmarchicus from epipelagic and mesopelagic depths during late summer, with the aims of: i) comparing swimming activity to other metrics of physiological condition including mass-specific respiration rates, body size and lipid content, and in doing so; ii) better characterizing and distinguishing diapausing individuals of C. finmarchicus.



Materials and Methods


Study Area and Stations

We sampled from the Fram Strait, northern Greenland Sea (Figure 1A), during August 2019 onboard RRS James Clark Ross. This region is a transition between southern boreal waters and northern polar waters and is a key area for pelagic production, where calanoid copepods comprise up to 70% of the zooplankton biomass (Smith, 1988; Hirche, 1991). Samples were collected at one slope station (D6; 79.2 °N, 6.6 °W; 20-22/08/19) and one basin station (F7; 78.9°N, 3.3°W; 13-14/08/19). In this region, C. finmarchicus are reported to enter dormancy in July and August (e.g., Hirche, 1987; Smith, 1988; Hirche, 1991) and D6 and F7 were considered to potentially represent differing overwintering habitats for C. finmarchicus in terms of both depth and temperature (e.g., Pepin et al., 2011; Jónasdóttir et al., 2019). Both stations were ice-free at the time of sampling.




Figure 1 | (A) Bathymetric map of the North Atlantic and Arctic Ocean. The area sampled within the Fram Strait (indicated by the red rectangle), shows the locations of slope station D6 and basin station F7 (black circles) west of Svalbard. Light and dark blue contours represent 200 m and 2000 m isobaths respectively. (B, C) Vertical profiles of temperature, salinity and chlorophyll A between the surface and 600 m (temperature and salinity) and 270 m (chlorophyll a), at D6 (B) and F7 (C) also showing total water depth. Light (epipelagic) and dark grey rectangles (mesopelagic) represent the integrated upper and lower depths respectively from which copepods were collected. Physical environment data were provided by Changing Arctic Ocean/Robyn Owen (British Oceanographic Data Centre).





Physical and Biological Environment

Vertical profiles of temperature and salinity were measured at both stations to 600 m depth by a ship-board conductivity, temperature, and depth profiler (CTD; SBE911plus, SeaBird Electronics). An in-situ chlorophyll fluorometer (Aquatracka III fluorometer, Chelsea Technologies) on the CTD measured chlorophyll a concentration to a depth of 270 m. Niskin bottles collected seawater from 250 m at each station (salinity: ~35‰), which was subsequently filtered (0.2 µm) for use in the copepod swimming activity and respiration experiments.



Zooplankton Sampling and Processing

Copepods were sampled using a Hydrobios® Mammoth MultiNet system, comprising nine individual nets (1 m2 apertures, 300 µm mesh) that were towed vertically at 10 – 20 m min-1 (ascent speed). Two depth strata were targeted as part of a zooplankton sampling campaign, approximately 520 – 285 m and 170 – 5 m, hereafter referred to as mesopelagic and epipelagic, respectively. The upper and lower depths of the multinet system were set according to the vertical position of zooplankton at each station, as determined by an initial exploratory net deployment. In situ temperature ranges at mesopelagic depths were 0.9 – 1.9°C and 1.5 – 2.9°C in D6 and F7 respectively, and at epipelagic depths 3.8 – 6.9°C and 3.1 – 5.5°C at D6 and F7 respectively (Figures 1B, C).

During sampling and deck handling, zooplankton were shielded from changes in light intensity by covering the net cod-ends in dark material. Net contents were immediately transferred into filtered seawater and kept in lidded, light-excluding black buckets, within the onboard light and temperature-controlled room at 2°C. Stage CV C. finmarchicus were manually selected from samples using a stereomicroscope (ZEISS Stemi 2000-C) under a dim red light in an onboard temperature-controlled room, taking care to avoid visibly damaged or dead animals. To distinguish C. finmarchicus from its closely related congener, C. glacialis, we used lack of redness of the antennae, shown to be a good indicator for C. finmarchicus (e.g., Nielsen et al., 2014; Daase et al., 2018). Subsequent molecular analysis of multinet samples collected concurrently at the same stations as described here confirmed that 99 – 100% of the identified sequences returned from both stations were C. finmarchicus. Unknowns comprised less than 5% of the total sequences returned (pers. comm.: Penelope Lindeque, Plymouth Marine Laboratory).



Swimming Activity and Morphometrics

Across both stations, swimming activity was monitored for a total of 357 individual copepods (167 and 190 from meso- and epipelagic depths respectively). At each station, swimming activity was measured for 6 days using a high-throughput quantitative behavioural assay. Specifically, individual copepod activity was monitored using modified LAM10 activity monitors (Trikinetics®). These are infrared (IR) light beam arrays which detect the movement of an individual copepod in a test chamber (clear acrylic tubes of volume 5 ml, diameter 10 mm and length 64 mm, containing 0.2 µm filtered seawater). IR beams were situated 5 mm above the bottom of each tube. Beam breaks were registered on a laptop computer using proprietary Trikinetics® software (filescan.exe). Six 32 channel LAM10 monitors were placed in constant darkness within an incubator at constant 4°C (D6) and 2.8°C (F7), consistent with the approximate water temperatures at the base of the pycnocline at the respective stations. On culmination of the swimming experiments, all copepods (minus 27 and 17 from meso- and epipelagic depths respectively due to death/loss) were photographed laterally using a Carl ZEISS AxioCam MRc5 camera) to provide images used for measurements of body size (prosome areas) and lipid sac area (both in mm2). Length/area measurements were made by digitally tracing perimeters which allowed calculation of the lipid sac area/prosome area (LA/PA) ratios. Calibrated area measurements were made using the open-source software ImageJ (https://imagej.net). The mean number of beam breaks per 30 minute interval per individual were compared between depths (mesopelagic and epipelagic) and stations (slope and basin) using either a one-way ANOVA or Kruskal-Wallis rank sum, after testing for normality (Shapiro-Wilk test) and equal variance (Brown-Forsythe test). Statistical analyses were performed using R v 4.1.3., with an α level of 0.05 for each test. Similar comparisons were performed with the morphometric data (prosome area and LA/PA).



Respiration Analysis

For each station, oxygen consumption was measured in copepods collected from the same sampling events as those collected for the swimming activity experiment (described above). Ten C. finmarchicus CV were randomly sampled from each depth collection (meso- and epipelagic) and incubated for 2 days using a Loligo microplate respirometry system (1700 µl well plates containing 0.2 µm filtered seawater), calibrated to ambient collection temperatures. As with the swimming activity setup, respiration experiments were conducted in the dark within temperature-controlled incubators, at 4°C (D6) and 2.8°C (F7). Mass-specific respiration rates (µg O2 µgDW-1 h-1) were calculated from oxygen consumption data during a 100-minute period after stabilisation using the respR aquatic respiratory analysis package (Harianto et al., 2019; Harianto et al., 2021) within the R computing environment (Development Core Team R, 2008). These rates were first determined per individual copepod (µg O2 h-1) using oxygen concentrations between 80-90% air saturation to ensure independent respiration and adjusting for the background rate (0.2 µm filtered seawater only). Respiration rates were then corrected for copepod mass using a prosome length (PL) to dry weight (DW) regression from C. finmarchicus in the Nansen Basin in summer (DW = 0.0095 × PL3.3839; Hirche and Mumm, 1992). Mass-specific respiration rates were compared between depths and stations as described above.




Results


Hydrography

Average temperatures within the sampled epipelagic and mesopelagic zones at D6 were 5.16 ± 1.17°C and 1.52 ± 0.40°C, respectively. Mean salinity values at D6 were 34.96 ± 0.13 (epipelagic) and 34.96 ± 0.01 (mesopelagic) (Figure 1B). At F7, average temperatures were 3.78 ± 0.53°C in epipelagic and 2.26 ± 0.44°C in mesopelagic zones, respectively. Mean salinities at F7 were 34.85 ± 0.30 (epipelagic) and 34.97 ± 0.02 (mesopelagic) (Figure 1C). Sea surface chlorophyll a concentrations were 2.5 ± 0.4 mg m-3 at D6 (Figure 1B) and 1.1 ± 0.7 mg m-3 at F7 (Figure 1C), and CTD profiles demonstrate that the water column of F7 was highly stratified with chlorophyll a maximum within the thermocline at 26 m (Figure 1B), while D6 had higher concentrations of chlorophyll a above its comparatively weaker thermocline (Figure 1C).



Comparisons of Morphology, Respiration and Swimming Activity

Morphometric analysis revealed that copepods from the mesopelagic had larger bodies and greater lipid fullness (LA/PA ratios) compared to the epipelagic individuals (ANOVA, P < 0.05). LA/PA ratios for both meso- and epipelagic copepods were higher on the slope than in the basin (Kruskal-Wallis ANOVA, P < 0.01, Table 1 and Figures 2, 3).


Table 1 | Statistical comparison of each diapause indicator between stations (slope D6 and basin F7) and depths (epi- and meso-pelagic).






Figure 2 | Morphometric characteristics of C. finmarchicus CV from epipelagic (yellow) and mesopelagic (blue-green) depths at slope station D6 and basin station F7. Boxplots of mean prosome area (PA) and lipid sac to prosome area (LA/PA) ratios per depth and station (box shows interquartile range around the median as the horizontal line, with black circles representing outliers).






Figure 3 | Representative images of C. finmarchicus CV from epi- (left) and mesopelagic depths (right) at slope station D6, showing larger body sizes and lipid sacs in deeper animals. Scale bar = 1mm.



We found no significant difference in respiration rate between the meso- and epipelagic copepods at either station (One-Way ANOVA, P > 0.05, Table 1 and Figure 4). At D6 (4°C), average individual respiration rates were 0.27 ± 0.12 µg O2 h-1 (0.0010 ± 0.0006 µg O2 µgDW-1 h-1) for mesopelagic copepods and 0.34 ± 0.12 µg O2 h-1 (0.0014 ± 0.0005 µg O2 µgDW-1 h-1) for epipelagic copepods. At F7 (2.8°C), mesopelagic and epipelagic rates were 0.14 ± 0.08 µg O2 h-1 (0.0005 ± 0.0002 µg O2 µgDW-1 h-1) and 0.14 ± 0.13 µg O2 h-1 (0.0007 ± 0.0006 µg O2 µgDW-1 h-1) respectively. The mass-specific rates were significantly lower in the epipelagic copepods at the basin station when compared to the slope (Kruskal-Wallis ANOVA, P = 0.007). Mass-specific rates were also lower in mesopelagic copepods from the basin than slope, but the large variability in the data meant that this difference was not statistically significant (Table 1 and Figure 4).




Figure 4 | Weight-specific respiration rates of C. finmarchicus CV from epipelagic (yellow) and mesopelagic (blue-green) depths at slope station D6 and basin station F7. Box shows interquartile range around the median as the horizontal line, with black circles representing outliers.



Comparing swimming activity in C. finmarchicus CV between depths, mesopelagic copepods were found to have a ~86% and ~91% reduction in mean number of beam breaks at D6 (1.12 ± 2.86 30 min-1 ind.-1) and F7 (2.11 ± 3.63 30 min-1 ind.-1) respectively when compared to those from the epipelagic (12.3 ± 10.8 30 min-1 ind.-1 and 15.1 ± 17.9 30 min-1 ind.-1, Kruskal-Wallis ANOVA, P < 0.001, Table 1 and Figure 5A). Epipelagic activity levels in individual animals did not differ significantly between stations (Kruskal-Wallis ANOVA, P = 0.91) but mesopelagic activity levels were higher at F7 (Kruskal-Wallis ANOVA P = 0.014, Table 1 and Figure 5B). The cumulative distribution of light beam breaks recorded by each activity monitor was found to follow two different distributions (two sample Kolmogorov-Smirnov test, D = 0.97, p<0.001) with ~5 beam breaks 30 min-1 marking the upper limit of mesopelagic activity and the lower limit of epipelagic activity recorded by each monitor (Figure 5C).




Figure 5 | Swimming activity (IR light beam breaks) of C. finmarchicus CV from epipelagic (yellow) and mesopelagic (blue-green) depths at slope station D6 and basin station F7, over 6 days in constant darkness. (A) Mean beam breaks recorded by each activity monitor (n=32 animals) at 30-minute intervals across the 6-day monitoring period. (B) Box plots of mean beam breaks per individual CV copepod per depth and station, averaged over 6-days (showing interquartile range around the median as the horizontal line, with black circles representing outliers). (C) Histogram showing the frequency of mean beam breaks recorded by each activity monitor (n=32 animals) at 30-minute intervals, pooled across both stations. There were slight differences in mesopelagic collection depths at the two stations: 375 – 500 m and 285 – 520 m at D6 and F7 respectively.






Discussion


Overview

We used a high-throughput quantitative behavioural assay to investigate swimming activity in C. finmarchicus in relation to diapause, using samples collected in the Fram Strait in late summer. We found 88.5% reduction in the mean activity of larger, more lipid rich mesopelagic individuals relative to those sampled from the epipelagic, indicating that deeper living individuals had entered diapause during, or prior to, August. Here we discuss the significance of these findings in relation to the suite of other measured diapause indicators and highlight the utility of reductions in swimming activity (torpidity) as a novel indicator of diapause in high-latitude copepods.



Swimming Activity in the Context of Diapause

Previous observations of stage CV C. finmarchicus in diapause found them to remain motionless even when physically touched (e.g., Hirche, 1983; Hirche, 1987; Hirche et al., 2006) and illuminated (e.g., Alldredge et al., 1984). As well as being an adaptation for conserving energy, becoming torpid during diapause is considered to reduce the risk from tactile gelatinous and semi-gelatinous predators (e.g., Hirche, 1996; Dale et al., 1999). Nevertheless, a variety of terms have been used in earlier work to imply that diapause may be relatively “plastic”, with many qualitative terms used to describe this such as: active-diapause, pseudo-diapause, aleteo-diapause etc. (e.g., Naess and Nilssen, 1991; Hirche, 1996; Norrbin, 1996). This suggests that levels of torpidity may be variable within and between individuals over time. However, a conceptual model for the phases of diapause in Calanus developed by Hirche (1996) proposes that ‘deep torpor’ or ‘refractory phase diapause’ accompanying arrested development is only observed in autumn, after an initial ‘induction phase’ when some degree of metabolic reduction has already taken place. As copepods in the Greenland Sea and Fram Strait are reported to depart surface waters for overwintering territory in July (e.g., Hirche, 1987; Smith, 1988; Hirche, 1991), our finding of low swimming activity in late August (e.g., ≤5 beam breaks 30 min-1, Figure 5C) suggests that behavioural cessation occurs in the ‘induction phase’ of the proposed model by Hirche (1996), at a time when other processes (reduced ingestion / digestive track and metabolism) are still ramping down. Thus, measurements of swimming activity, as shown here, may provide an additional indicator to the physiological states of diapause  and a simple and reliable tool to readily distinguish animals not in diapause (e.g., ≥5 beam breaks 30 min-1). Future work to compare these rates with individuals collected later in the season will help to rapidly, and potentially more reliably, distinguishing between ‘induction’, ‘refractory’ or ‘activation’ phases as described by Hirche (1996).

A key aim of this study was to compare measurements of swimming activity with other whole-animal diapause metrics including body size, lipid fullness and respiration. We show strong agreement between swimming activity and morphometric analyses in that animals with larger lipid reserves tend to be in deeper waters and less active. It has been shown that a certain degree of lipid storage is required in the congeners C. glacialis and C. hyperboreus before migration to diapause becomes an advantageous strategy (Schmid et al., 2018), a scenario likely to also hold true for C. finmarchicus at latitudes investigated here. Though LA/PA measurements are not widely available for Calanus copepods, our results from mesopelagic individuals are consistent with other measurements of lipid fullness in dormant C. finmarchicus (Pepin et al., 2011; Jónasdóttir et al., 2015; Schmid et al., 2018, Figure 3). It is therefore highly plausible that the mesopelagic individuals, which had accrued high LA/PA and less variable ratios than animals collected at epipelagic depths, had entered diapause, with a corresponding cessation of swimming activity.

Our results also indicate that mesopelagic individuals were larger in size than shallower counterparts. Differences in size can also be explained by variable feeding rates, quantity, or quality of food available to individuals (Pepin et al., 2011), or timing of development into the CV stage. Mechanistic models have found that individuals with better body condition (i.e., high fat/somatic body mass ratio) are able to afford the less risky option of entering diapause early to avoid predation (Fiksen and Carlotti, 1998). Moreover, in the same model, smaller and low body condition individuals were likely to remain at the surface in late summer, a behaviour that would be adaptive over starvation during the winter (Fiksen and Carlotti, 1998). Irrespective of the proximate factors involved, our data support that there are smaller copepods in the epipelagic and that these are more active than larger animals in the mesopelagic. This suggests that these smaller epipelagic copepods are actively foraging, presumably to increase lipid reserves with which to enter diapause successfully later in the summer or autumn (e.g., Smith, 1988).

Several studies have reported up to 70 – 90% reduction in respiration between active and dormant Calanus (Auel et al., 2003; Bailey, 2010 and references therein; Maps, 2014), yet the magnitude of metabolic reduction during the initiation phase of diapause remains under debate (Baumgartner and Tarrant, 2017). Intense metabolic reduction has been detected in the capital breeder C. hyperboreus sampled from ~2300 m in the Fram Strait (Auel et al., 2003; Hirche et al., 2006). Perhaps the shallower depths from which C. finmarchicus was sampled here (~500 m) explains the absence of consistent observations of reduced respiration rates. C. hyperboreus in the Greenland Sea are reported to migrate to overwintering depths as early as April (Hirche, 1997). Jónasdóttir et al. (2019) compiled C. finmarchicus overwintering respiration data from numerous studies which together encompassed a wide range of habitats in the North Atlantic and sub-Arctic. Over this distributional range, the mean respiration rate was 1.34 µg C d-1 (maximum: 2.20 µg C d-1 and minimum 0.65 µg C d-1). Comparing this with our data, we obtain average values within, or just above, this range. Similarly, Smith (1988) sampled C. finmarchicus (CV, AF) in the Fram Strait in June and July 1984, reporting mass-specific respiration rates of 0.0006 - 0.0026 µg O2 µg DW-1 h-1. This matches well with the distribution of weight specific rates we report in Figure 4, although we did observe several individuals with rates below 0.0006 µg O2 µg DW-1 h-1 at F7, possibly since our study was carried out later in the year, when more animals would be in deep diapause.

Overall, respiration in C. finmarchicus CV show no clear difference between epi- and mesopelagic animals, but rates more closely resembled an overwintering metabolic state at basin station F7, and an active metabolic state at slope station D6. The high variability in respiration rates between individuals at both stations and depths reflect the likelihood of a mix of metabolic states present. This could be due to differences in the time since descent to mesopelagic depths, with late descenders (‘stragglers’; Smith, 1988), still exhibiting higher respiration rates. We also note that swimming activity in mesopelagic individuals was, on the rare occasion, comparable to that of epipelagic animals (Figure 5C). We propose that further work should focus on the relationships between swimming activity and seasonal metabolic cycles using large sample numbers, as well as possible links with diel patterns of gene expression in early diapause (Tarrant et al., 2008; Häfker et al., 2018a; Häfker et al., 2018b; Lenz et al., 2021).



A Comparison of Swimming Activity and Metabolic Rate

The relationship between respiration rate and swimming activity is not as apparent as with the other metrics measured. The observed reduction in swimming activity in mesopelagic animals without a large drop in respiration warrants further discussion. This could be due in part to our measurement of slope mesopelagic copepods at slightly warmer temperatures than they would experience in situ and that the marginal differences between depths at the slope station (D6) would likely be stronger if the mesopelagic copepods were tested at a colder temperature. However, results from this and other studies suggest that reduced metabolism does not necessarily translate into reduced swimming or feeding activity (Corner et al., 1974; Williams and Conway, 1982; Williams and Conway, 1984; Norrbin, 1996; Svetlichny et al., 1998). This indicates that respiration measurements, by themselves, would not be able to distinguish ‘active’ diapause (Norrbin, 1996) from other diapause states. Interestingly, Båmstedt (1980) found that respiration rates of the copepod Acartia tonsa declined almost immediately after transfer to the lab, while the activity of the electron transport system took several days to change after collection. Other studies have noted unexpected relationships (or lack thereof) between oxygen consumption and weight in carbon (e.g., Ingvarsdóttir, 1998), or between seasonal oxygen consumption and life cycle events (e.g., Campbell, 2003 and references therein). It should be noted that in copepods, swimming typically contributes 30 – 40% to the total maintenance costs (Alcaraz and Strickler, 1988) and hence an active animal should have a much higher respiration rate than an inactive one. This is exemplified in C. helgolandicus in which a six-fold increase in respiration was observed at maximum activity when compared with being motionless (Svetlichny and Umanskaya, 1991). However, individual variability in respiration rate between active and inactive animals has been reported (e.g., Båmstedt, 1980), hence demonstrating that measurements on individuals is important. The microrespirometry approach employed here is ideal for measuring low oxygen consumption rates in individual animals, but the small incubation chambers constrain nearly all activity. Subsequent studies should make activity and respiration measurements on the same individuals.



Conclusion and Next Steps

Here we show that swimming activity, when combined with morphometric data and collection depth, provides an early, clear, and consistent indication of life history transitions in C. finmarchicus. The methodology we describe has potential applications in understanding the advantages, plasticity and energy budgets associated with diapause in this important group of copepods.

The finding that animals which remain in the epipelagic are active is perhaps not surprising. As was reviewed by Varpe (2012), there are trade-offs in remaining active and feeding at this time, with the optimal decision dependent on several exogenous (e.g., depth, temperature, predation pressure and latitude) and endogenous factors (e.g., lipid volume and storage capacity, reproduction strategy). For example, in Arctic fjords with few predators and rich organic food supply, continued feeding during winter at depth, in combination with reduced metabolism, confers an advantage for lipid-poor individuals. This explanation may offer insights into similar observations in other habitats i.e., the ubiquity of high activity in Arctic fjords during the Polar Night as highlighted by Berge et al. (2015). The ‘decision’ to remain active will undoubtedly depend on food availability and the risk from predators dictated by local community structure. How this is scaled up to open ocean environments, where zooplankton populations are more partial to advection and where predators are more ephemeral, would need further investigation.

The insights gained from including swimming activity with a clearly defined threshold between epi- and mesopelagic animals (e.g., ~5 beam breaks 30 min-1, Figure 5) alongside more typical diapause indicators (depth of collection and body size) will help to interpret the duration of energy reserves for torpid and active animals. To do so requires linking individual variability in swimming activity with respiration within the population, thereby improving estimates of respired carbon released at depth during overwintering (Tarling et al., 2022). Such estimates would strengthen future attempts to calculate the magnitude of the Calanus lipid pump (Jónasdóttir et al., 2015; Visser et al., 2017).
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Copepods from the genus Calanus provide an important lipid-rich food source in the Arctic marine foodweb. Despite extensive research on Calanus finmarchicus and Calanus glacialis, accurately identifying adults to species level remains challenging due to similar morphologies. Although these species co-occur in many regions, the distribution of C. finmarchicus and C. glacialis correspond to Atlantic and Arctic water masses respectively and are frequently used as climate indicators. Correct identification is therefore vital for understanding the phenotypic plasticity of these species and the impacts climate change will have on Calanus-dominated marine ecosystems. In this study, prosome length and percentage of red pigmentation (redness) of genital somites, the antennae, and throughout the whole body were determined for 139 females of C. finmarchicus and C. glacialis from the Fram Strait. Molecular analysis of a 16S rDNA barcode confirmed that the best morphological features for resolving the identity of these two species were the redness of the antennae and the redness of the genital somites. Overall accuracy of using antennae redness and genital somite redness to discriminate between the two species were the same, yet each of these explanatory variables had different specificity; C. finmarchicus were more accurately identified by the absence of redness in the genital somites, whereas C. glacialis were more accurately identified using antennae redness. Given the ecological importance of these congeners, these findings contribute to a better understanding of the reliability of using morphological characteristics to identify Calanus to species level, especially when sorting live specimens for climate-related ecological experiments.
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Introduction

In the North Atlantic and Arctic marine ecosystems, copepods of the genus Calanus dominate the zooplankton community biomass (Jaschnov, 1970; Fleminger and Hulsemann, 1977). These energy-rich animals play a vital role in food webs consuming primary producers and microzooplankton and passing this energy up to higher trophic levels including ecologically and commercially important species of fish, birds and whales (Varpe et al., 2005; Karnovsky et al., 2008; Falk-Petersen et al., 2009). Calanoid copepods also play a critical role in regulating the Earth’s climate, by removing carbon dioxide from the sea surface through their consumption of phytoplankton and transporting this carbon to depth through vertical migration and respiration, and the production of fast-sinking carbon-rich faecal pellets (Wilson et al., 2008).

Three species of Calanus co-exist in the sub-arctic North Atlantic and Arctic: Calanus hyperboreus, Calanus glacialis and Calanus finmarchicus. The reproductive range of Calanus helgolandicus also overlaps with C. finmarchicus and C. glacialis, but this warm-temperate water species is largely restricted to southern areas of the North Atlantic, the Celtic Sea and North Sea. C. hyperboreus is a deep-water Arctic species, found predominantly in the Arctic Ocean and Greenland Sea (Hirche et al., 1994). C. glacialis is considerably smaller than C. hyperboreus and is found mostly in the Arctic shelf-seas (Frost, 1974; Conover, 1988). C. finmarchicus, overlapping in size with C. glacialis, is a North Atlantic species (Jaschnov, 1970), often coexisting with C. glacialis due to the advection of Atlantic water masses into the sub-Arctic. Considering that the spatial distribution of C. glacialis and C. finmarchicus correspond to the Arctic and Atlantic waters that they respectively originate from, they are regarded as indicator species for those water masses, and indeed climate indicators (Unstad and Tande, 1991; Hirche and Kosobokova, 2007; Falk-Petersen et al., 2009). Model simulations predict that ocean warming and sea ice loss will cause an ‘Atlantification’ of the Arctic Ocean (Wassmann et al., 2006; Slagstad et al., 2011) and hence a northward shift of C. finmarchicus. The model is further supported by analysis of long-term data (Møller and Nielsen, 2020) and experimentally by Kjellerup et al. (2012) who found that a warmer ocean will increase the area in which these sibling species co-exist and reproduce, and likely support a shift in dominance from C. glacialis to C. finmarchicus in the sub-Arctic. Indeed, a recent field campaign has highlighted that not only are C. finmarchicus expatriated to the Arctic but are capable of completing their life-cycle once there, allowing local recruitment (Tarling et al., 2022). Any change in the spatial distributions of these congeners can be used as a tool to monitor climate change effects in northern hemisphere marine ecosystems (Falk-Petersen et al., 2007).

Despite the fundamentally similar role that the different Calanus species play in the marine ecosystem, their size, lipid content, life cycles and phenology all differ, albeit to different extents (Swalethorp et al., 2011; Trudnowska et al., 2020). For example, C. glacialis is recognised as a capital breeder (Hirche and Kattner, 1993) and is more lipid rich than C. finmarchicus, which is considered to be an income breeder, with the potential for capital breeding when food conditions are poor (Plourde and Runge, 1993; Mayor et al., 2009). In addition, C. glacialis is essentially an ice-associated species, whereas C. finmarchicus is predominantly an open ocean species (Wold et al., 2011). As such it has been suggested that C. finmarchicus and C. glacialis support different Arctic food webs (Weslawski et al., 2000; Karnovsky et al., 2008; Falk-Petersen et al., 2009), and therefore a shift in Calanus composition may have major implications on the energy flow through the food web (Falk-Petersen et al., 2009).

To fully understand how climate change and a warmer future will impact Arctic marine food webs, correct identification of these species is essential (Nielsen et al., 2014). C. hyperboreus can reliably be distinguished from both C. glacialis and C. finmarchicus due to its larger size, whereas C. glacialis and C. finmarchicus are morphologically very similar (Frost, 1974) and are often misidentified. Traditional methods for distinguishing between C. finmarchicus and C. glacialis include assessing the curvature of the 5th pair of swimming legs – a method that is not only ambiguous, complex and stressful to the animal, but which has also proven to be unreliable, even when undertaken by skilled taxonomists (Lindeque et al., 1999; Choquet et al., 2018). An easier method of identification is based on prosome length, since C. glacialis are typically larger than C. finmarchicus (Unstad and Tande, 1991; Hirche et al., 1994; Weydmann and Kwasniewski, 2008). However, this approach is also limited because of prosome length overlap of these congeners in regions such as the Greenland Sea, the Irminger Basin, Svalbard and the Norwegian coast (Lindeque et al., 2006; Parent et al., 2011; Gabrielsen et al., 2012; Nielsen et al., 2014; Choquet et al., 2018; Trudnowska et al., 2020). When morphological variation cannot unambiguously identify species, genetic variation may be used for taxonomic discrimination. Calanus species exhibit considerable base-sequence divergence in the mitochondrial 16S rRNA gene (Bucklin et al., 1995). Molecular techniques have been used for the identification of copepods from the genus Calanus including species-specific PCR (Hill et al., 2001); amplification of a region of the 16S rRNA gene using PCR followed by restriction fragment length polymorphism (RFLP) analysis of the amplified product (Lindeque et al., 1999; Lindeque et al., 2004; Lindeque et al., 2006); nuclear microsatellite markers (Provan et al., 2009; Parent et al., 2012; Choquet et al., 2017; Trudnowska et al., 2020) and nuclear insertion/deletion markers (Smolina et al., 2014). The method developed by Lindeque et al. (1999, 2004) has provided a definitive method to unambiguously identify any developmental stage of Calanus to species, and has been successfully used in multiple, large-scale studies (Lindeque et al., 2004; Lindeque et al., 2006; Gabrielsen et al., 2012; Parent et al., 2012; Tarling et al., 2022).

A drawback to all molecular approaches is that they cannot be used to identify animals prior to conducting physiological and ecological experiments that provide insight into the phenological plasticity of different species in response to temperature, food, and other environmental variables. Such experiments are required to fully understand the impacts of climate change on north Atlantic and Arctic food webs, and hence there remains a need to quickly and reliably identify individual live animals with minimal disturbance.

This study builds on the work of Nielsen et al. (2014) to determine the reliability of using prosome length, redness of antennae, somites or the whole animal, to identify live adult females Calanus spp. from the Fram Strait. This region of sympatry for C. finmarchicus and C. glacialis (Von Appen et al., 2015) represents a transition zone between the central Arctic Ocean and the northern North Atlantic where the West Spitsbergen Current transports warm Atlantic Water into the Arctic Ocean and the East Greenland Current carries cold polar water towards the South West (de Steur et al., 2009).



Materials and Methods


Sample Collection

Zooplankton samples were collected in the Fram Strait during late summer 2019 (JR18007, 04/08/2019 to 28/08/2019) aboard RRS James Clark Ross using a motion-compensated Bongo net (200 μm mesh), fitted with a cod end with mesh window, from a depth of 200 m to the surface from ‘Ice Station 2’ (78°20’33.8”N 4°42’04.5”W) and ‘D3’ (79°35’59.6”N 7°19’57.6”E). The collected animals were transferred into a controlled temperature laboratory set at ambient seawater temperature (1°C).



Morphological Characteristics

Live adult female Calanus were carefully picked into 0.2 µm filtered seawater using swan-necked forceps and a dissecting microscope (Wilde M5) under dim light. A total of 139 adult female Calanus were individually photographed in a custom-made Petri dish with visible gradations of known dimensions. Images were captured using an iPhone 7 connected through a microscope adaptor (×12 objective lens, ×10 eyepiece lens), before the photographed individual was transferred into a numbered 1 mL glass vial containing 95% ethanol until molecular analysis. The image analysis software Image J (v. 2.0w; https://imagej.nih.gov/ij/) was used to measure the prosome length by calibrating the software with known distance. Redness of the antennae and genital somite (Figure 1) was measured by cropping the images as tightly as possible around these features, masking any other parts of the organism with white pixels so as not to include them, and measuring red pixels as described in Nielsen et al. (2014); Nielsen et al. (2014b), using thresholding values of: Hue 0-23, Saturation 75-255, Brightness 1-255.




Figure 1 | Example images of (A) Calanus finmarchicus and (B) Calanus glacialis showing the diagnostic features used (prosome length and redness criteria of antenna and genital somite) to distinguish between females of the two species.





Molecular Identification

Individual Calanus were genetically characterised to species level based on the Restriction Fragment Length Polymorphism (RFLP) signature of their mitochondrial 16S rDNA using the molecular identification technique described by Lindeque et al. (1999); Lindeque et al. (2006) with modifications detailed below. This was carried out blind, i.e. without reference to the redness and prosome length results.

Individual copepods were removed from sample tubes containing 95% ethanol using a hypodermic needle and were cut in half using a sterile scalpel, half was returned to the ethanol and the other half was processed. Excess ethanol was removed by dabbing on absorbent paper, before rehydration in 150 µL DNA grade water (Fisher Scientific) in a 96-well plate for 6-12 hours at room temperature. After rehydration, the water was removed and replaced with 34.5 µL DNA water and 5µL of 10 x Taq DNA polymerase colourless buffer (Qiagen). The samples were homogenised using a hypodermic needle (19G 11/2) inserted into a pellet pestle hand-held homogeniser (Sigma-Aldrich) and incubated at 4°C overnight. Following incubation, the remaining PCR components were then added: 5 μL 2 mM dNTPS (Qiagen), 2.5 µL of primers 16SB2R (5′-ATTCAACATCGAGGTCACAAAC-3′; Lindeque et al., 1999) and 16SAR (5′-CGCCTGTTTAACAAAACaT-3′; Palumbi and Benzie, 1991) and 0.5 µL of Taq DNA polymerase (Qiagen). Amplifications were performed in a G-Storm, GRI thermocycler. The cycling parameters included an initial denaturation step at 94°C (5 min) followed by 40 cycles of 94°C (1 min), 45°C (2 min), 72°C (1 min) and 94°C (1 min). A final annealing phase at 45°C (2 min) was followed by an extension phase at 72°C (3 min) and storage at 4°C.

To check for amplification efficiency, aliquots (5 µL) of the amplification reaction were analysed by gel electrophoresis (2%). Restriction digests were performed on a 10 µL aliquot of each amplification by the addition of 13 µL DNA water, 3 µL 10 x Tango Buffer and 2 µL of each restriction enzyme (Dde1 and Vsp1, Thermo Scientific). Incubations were performed at 37°C for 4 hours in a PCR machine. 10 µL aliquots of the digestion products were separated by electrophoresis through a 2% metaphor agarose gel (VWR) which had been pre-chilled for 30 minutes at 4°C to improve resolution. The banding patterns were visualised by UV transillumination (SynGene) and the restriction digests analysed.



Data Analysis

The accuracy with which C. finmarchicus and C. glacialis could be discriminated using prosome length, genital somite redness, antennae redness and whole animal redness was examined using logistic regression with binomial errors (Crawley, 2007). The explanatory power of each of these variables was assessed using a variety of metrics: explained deviance (analogous to R2 in a linear regression model); the Akaike Information Criteria (AIC) (a measure of fit after penalizing the model for the number of independent variables); the overall accuracy of the model (its ability to correctly predict the species of Calanus); the area under the receiver operating characteristic (ROC) curve (the higher the value, the better the prediction power of the model). Confusion matrices are presented to illustrate the number of correct/incorrect species identifications generated using each individual explanatory variable. All statistical analyses were conducted in the R programming environment (version 3.6.1; R Core Team, 2019).




Results


Morphological Characteristics

The prosome length distribution of female C. finmarchicus (n = 90) and C. glacialis (n = 49) showed a bimodal pattern, with considerable overlap between the two species (Figure 2). C. glacialis alone also showed a less pronounced but slight bimodal distribution (Figure 2). The mean ± SD prosome lengths of C. finmarchicus and C. glacialis were 2.56 ± 0.24 mm and 3.11 ± 0.38 mm, respectively. The redness (area %) of the genital somites, antennae and whole animal for both species are presented in Figure 3. Respective mean values ± SD were 0.14 ± 1.32, 0.33 ± 0.68 and 0.21 ± 0.35 for C. finmarchicus and 9.06 ± 8.31, 3.05 ± 1.80 and 0.43 ± 0.44 for C. glacialis.




Figure 2 | Prosome length distribution of adult females of Calanus finmarchicus and Calanus glacialis from the Fram Strait. Inset boxplot shows the median prosome lengths (thick horizonal lines), their interquartile ranges (top and bottom of boxes = third and first quartile, respectively) and 1.5 times the interquartile ranges (whiskers).






Figure 3 | Percentage of red pixels (area %) within selected regions of Calanus finmarchicus and Calanus glacialis: Redness of the genital somite (A), antennae (B) and whole animal (C). Boxplots illustrate the median (thick horizonal lines), interquartile ranges (top and bottom of boxes = third and first quartile, respectively) and 1.5 times the interquartile ranges (whiskers).





Molecular Identification

All 139 individual adult females were identified to species level by RFLP-PCR. Based on the restriction profiles, 49 individuals were assigned to C. glacialis and 90 individuals to C. finmarchicus.



Using Morphological Characteristics to Distinguish Between C. finmarchicus and C. glacialis

Antennae redness was consistently the best at discriminating between C. finmarchicus and C. glacialis across all of the metrics used, and whole animal redness was consistently the worst (Table 1A). The performance of the explanatory variables followed the following rank order: antennae redness > genital somite redness > prosome length > whole animal redness, with the latter explaining only 5% of the observed deviance. Interestingly, the overall accuracy of using antennae redness and genital somite redness to discriminate between the two species were the same (Table 1A), yet each of these explanatory variables had different specificity (Table 1B); C. finmarchicus were more accurately identified using genital somite redness (accuracy = 98.9%), whereas C. glacialis were more accurately identified using antennae redness (accuracy = 85.7%). Prosome length, the third best of the examined response variables, correctly identified C. finmarchicus and C. glacialis in 97% and 76% of the cases, respectively. The high level of accuracy for identifying C. finmarchicus relative to C. glacialis reflects the less variable size range of prosome length in the former (see inset boxplot in Figure 3).


Table 1 | Performance metrics (A) and confusion matrices (B) for each of the explanatory variables to discriminate between C. finmarchicus (n = 90) and C. glacialis (n = 49).






Discussion

This study assessed the reliability of identifying C. finmarchicus and C. glacialis in the field using morphological characteristics that are visible by eye. Molecular analysis of a 16S rDNA barcode confirmed that the best overall morphological features for distinguishing between adult females of these two species were the redness of the antennae and the genital somites; both of these criteria generally outperformed prosome length as a distinguishing characteristic, although even prosome length showed good, overall performance. Interestingly, the accuracy of using redness of the antennae and genital somites to discriminate between the two species were the same, yet each of these explanatory variables had different specificity. C. finmarchicus were more accurately identified by the absence of redness in the genital somites (Table 1); of the 90 imaged females, 89 (98.9%) were correctly identified by the level of red pigmentation in this area, whereas only 83 (92.2%) were correctly identified on the basis of their antennae redness. By contrast, C. glacialis were more accurately identified using antennae redness; of the 49 imaged females, 42 (85.7%) were correctly identified by the red pigmentation in the antennae, whereas only 36 (73.5%) could be identified on the basis of the redness of their genital somites.

Previous studies have indicated that live females of C. finmarchicus and C. glacialis can be separated by the red pigmentation of the antennae and genital somites from both East and West Greenlandic waters (Nielsen et al., 2014). Our redness values for the antennae and genital somites for C. glacialis were ~50% lower than those in Nielsen et al. (2014), yet they were sufficient to clearly distinguish between the two species. Choquet et al. (2018) also investigated the reliability of using pigmentation of the antennae and genital somites to identify C. finmarchicus and C. glacialis from the White Sea, Svalbard and three Norwegian fjords. In their study, they found that red pigmentation was variable, with significant differences between the two species, among developmental stages and locations sampled. Nevertheless, the majority of C. finmarchicus tended to have pale antennae, whereas the majority of C. glacialis tended to have red ones. Exceptions to this appear to have been from different developmental stages where males of both species were pale without exception, and C. glacialis CIV were generally less pigmented than C. glacialis CV and CVI. When they compared redness of antennae versus redness of genital somites for both species from distinct locations, in all but two cases, animals with pale antennae and genital somites were C. finmarchicus. All individuals with red antennae and red genital somites were C. glacialis, although some C. finmarchicus from Svalbard and Saltenfjord did display redness in the antennae. Our findings corroborate this: C. finmarchicus were most reliably identified by the absence of redness in the genital somite areas, whereas C. glacialis were most accurately identified by possessing redness in the antennae.

Trudnowska et al. (2020) suggested that the pigmentation of antennae and genital somites in both C. finmarchicus and C. glacialis were highest in copepods inhabiting their preferred water mass, or their ‘comfort zone’. C. finmarchicus CV had high red pigmentation in the antennae when sampled from the Atlantic domain of the Polar Front and C. glacialis CV had high red pigmentation in the antennae and genital somites when sampled from the Arctic domain of the Polar Front. For both species, the amount of redness progressively decreased from the open water stations to the inner fjord and glacial bay stations. If their hypothesis is correct, our observations of poorly pigmented adult female C. finmarchicus in the Fram Strait may indicate that these animals are far less suited to the local conditions than C. glacialis, which were more pigmented. Depth of occurrence may also influence the intensity of red pigmentation in Calanus spp., with deeper-dwelling animals having reduced need for carotenoid pigments (redness) that protect against the harmful effects of ultraviolet irradiance on stored lipids (Trudnowska et al., 2020). Unfortunately, the animals in our study were collected using vertical hauls from 200 m to the surface, and hence variation in red pigmentation with depth could not be assessed.

Previously molecular identification has highlighted how using prosome length as a species discriminator for Calanus has led to erroneous results (Breur, 2003; Lindeque et al., 2004; Parent et al., 2011; Gabrielsen et al., 2012; Nielsen et al., 2014; Choquet et al., 2018). For example, Gabrielsen et al. (2012) found that prosome length systematically overestimated the abundance of C. finmarchicus at the expense of C. glacialis from three Arctic fjords. There is often an overlap between the prosome length of the two species, with the extent of this overlap depending on the location where the species co-occur, the temperature at which development occurred and the likelihood of advection and hence mixing of the species or populations of the same species. In our study, the use of prosome length to distinguish between C. finmarchicus and C. glacialis achieved not dissimilar overall accuracy compared to using the redness of genital somites and antennae (Table 1). Nevertheless, it underperformed relative to the use of genital somites redness when identifying C. finmarchicus, and underperformed relative to the use of antennae redness when identifying C. glacialis. Prosome length correctly identified 87 of the 90 (96.6%) imaged C. finmarchicus, but only 37 of the 49 (75.5%) C. glacialis. The increased accuracy when identifying C. finmarchicus reflects the less variable size range of the individuals of this species in our study, relative to C. glacialis (see inset boxplot in Figure 2). Exactly why the size range of individual C. finmarchicus was less variable than C. glacialis in our study is unknown. It may relate to a more variable temperature range experienced by the copepodites of the latter species during their development as in Parent et al., (2011). Alternatively, it may suggest that the sampled C. glacialis were not from a single generation or even population, and instead, consisted of a local population mixed with at least some larger individuals that have been carried south with the East Greenland Current which carries cold polar water towards the South West of the Fram Strait (de Steur et al., 2009). This interpretation has previously been used to explain why single-species populations of Calanus in the Arctic and Atlantic Oceans have bimodal size distributions (Lindeque et al., 2006; Trudnowska et al., 2020). Regardless, it is clear that the prosome lengths of C. finmarchicus and C. glacialis overlap and cannot be considered as a strong criterion for separating the two species, particularly if the species are being used as representatives of Atlantic versus Arctic water masses and thus climatic indicators.

Our study does, however, suggest, that antennae redness, somite redness and prosome length all achieve a sufficient level of accuracy for identifying adult female Calanus spp. in the Fram Strait for use in experiments. For the purposes of this study, adult female Calanus spp. were picked at random, making no judgement as to whether they were C. finmarchicus, C. glacialis or indistinguishable. However, when picking live animals for use in experiments, we suggest that increased accuracy of species identification may be achieved if only those animals that unambiguously fulfil the pigmentation and/or size criteria were chosen. For example, picking only smaller individuals that showed no redness in the antennae and/or genital somites would likely yield a cohort of individuals dominated by C. finmarchicus, whereas selecting larger animals with increased levels of pigmentation in the antennae and/or genital somites would likely produce a sample dominated by C. glacialis. Accurately determining species identification of live animals in the field using morphological characteristics that are visible by eye greatly facilitates the implementation of experiments to determine how individual species will respond and adapt to climate change in the Arctic. Nevertheless, it is clear that no single morphological characteristic can determine the species of live Calanus with 100% accuracy and we suggest that it is prudent to integrate the use of molecular identification techniques into all future studies working on Calanus spp. in the Arctic.
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Oceanic fronts constitute boundaries between hydrologically distinct water masses and comprise one of the most productive regions of the world’s ocean. Fronts associated with density gradients (active fronts) profoundly structure planktonic communities in adjacent waters, but less is known about the impacts of density-compensated (passive) fronts. Two such fronts are found in the European Arctic, the Arctic Front (AF) and the Polar Front (PF), that both separate warmer and saltier, Atlantic water from the colder, but fresher Arctic water. As scrutinized research on the influence of passive fronts on zooplankton at large spatial and temporal scales had been lacking, we tackled the question of their role in maintaining distinct communities, employing globally unique, 12-year-long gelatinous zooplankton (GZ) and hydrological time series from the European Arctic. The GZ, owing to their fast reproductive cycles and passive dispersal, reflect particularly well the local environment. We therefore compared GZ communities between zones separated by the two fronts, disentangled their drivers, and analyzed community shifts occurring whenever front relocation occurred. We have identified fifteen GZ taxa, distributed among three distinct communities, specific for front-maintained zones, and selected the following taxa as indicators of each zone: W—west of the AF, within the Greenland Sea Gyre, Beroe spp.; C—central, in between the AF and the PF, Aglantha digitale; and E—east of the PF, in the West Spitsbergen Shelf Mertensia ovum. Taxonomic composition of these communities, and their specific abundance, persisted throughout time. We also showed that relocation of either front between the sampling years was subsequently followed by the restructuring of the GZ community. Our results indicate that passive oceanic fronts maintain distinct GZ communities, with probable limited exchange across a front, and provide a new perspective for the Arctic ecosystem evolution under progressing Atlantification.
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Introduction

Hydrographic fronts form at the junction of distinct water masses, and hence are usually defined by a sharp gradient of water properties, like temperature, salinity, and/or density. The existence of a horizontal density gradient fuels cross-frontal, vertical circulation and surface convergence of water masses (Belkin et al., 2009), leading to the upwelling of nutrients (Allen et al., 2005) and sinking of organic matter (Stukel et al., 2017), both linked to the enhanced primary and secondary production at a front (le Fèvre, 1987; Russell et al., 1999). Density-related fronts also attract representatives of the upper trophic levels, as evidenced by records of local aggregations of schooling fish (e.g., Herron et al., 1989), seabirds, and whales (reviewed in Olson et al., 1994). Moreover, the presence of a geostrophic, along-front currents associated with the density fronts, plays a leading role in large-scale transport of heat, salt, and nutrients (Belkin, 2004), and in maintaining the boundary between the adjacent water masses (Belkin et al., 2009). Not all fronts are, however, associated with the strong horizontal gradients of density, and these so-called density-compensated or passive fronts thus do not exhibit enhanced primary or secondary production (Drinkwater and Tande, 2014). The extent to which such density-compensated fronts can structure adjacent ecosystems has yet to be explored.

Two such passive fronts are found in the European Arctic, where they bound the northward flow of the Atlantic water on both sides (Wassmann et al., 2015). In the Greenland Sea, the Arctic Front (AF), topographically steered by the Mohn and Knipovich Ridges (Swift and Aagaard, 1981; van Aken et al., 1995), separates the colder and fresher Arctic water of the Greenland Sea Gyre from the warmer and saltier Atlantic water in the western branch of the West Spitsbergen Current (Walczowski, 2013). The other passive front, the Polar Front (PF), crosses most of the Barents Sea (Oziel et al., 2016), where it marks the boundary between the inflowing Atlantic water, and that originating in the Arctic. In its western part, along the southern and western Spitsbergen shelf and near the Bear Island, the front location is largely controlled by the bottom topography (Loeng, 1991) and it borders the eastern branch of the West Spitsbergen Current and the Spitsbergen Polar Current (Strzelewicz et al., 2022). Although both the AF and the PF are topographically steered, the presence of topographic discontinuities (e.g., submarine canyons) that leads to the baroclinic and the barotropic instabilities (Teigen et al., 2010), promotes cross-front exchange and interleaving of the Atlantic and Arctic waters (Huthnance, 1995; Saloranta and Svendsen, 2001; Drinkwater and Tande, 2014). Such instabilities are associated with a higher concentration of particles and often with a larger primary production (Trudnowska et al., 2016), but whether these can propagate up the trophic chain remains unresolved.

The position of both the AF and the PF changes with the increasing inflow of the Atlantic water (e.g., Walczowski, 2013; Wassmann et al., 2015)—a manifestation of the Atlantification of the European Arctic (reviewed in Ingvaldsen et al., 2021). During warm years, when more of the warmer and saltier Atlantic water reaches the Arctic with the flow of the West Spitsbergen Current (Beszczynska-Möller et al., 2012; Walczowski et al., 2012), it pushes the AF westwards (Walczowski, 2013), while on the other side of the current, it increases the presence of the Atlantic water on the West Spitsbergen Shelf, weakening the PF in the northward direction, and shifting its southern part eastwards (Saloranta and Svendsen, 2001; Strzelewicz et al., 2022). Assuming that both fronts maintain, to some extent, the distinctiveness of adjacent ecosystems, shifts in their position, irrespective of the underlying mechanisms, should be traceable with the analysis of local biota distribution, provided the availability of the diversity baseline and a time-series dataset at the appropriate spatial scale.

Planktonic organisms, owing to their short generation times and rapid growth in response to favorable environmental conditions, have been advocated as sentinels of the climate change in marine ecosystems (Hays et al., 2005). Patterns of their distribution and diversity have already been linked with the locations of oceanic fronts (e.g., Basedow et al., 2014), though in the European Arctic, such studies have disproportionately focused on the PF (Basedow et al., 2014; Trudnowska et al., 2016; Balazy et al., 2018), seemingly omitting the AF. Overall, these works have identified the Atlantic-facing side of the fronts as more productive (Basedow et al., 2014), and harboring more abundant planktonic communities (Kwasniewski et al., 2010; Trudnowska et al., 2016). However, referenced data pertain to the well-studied planktonic groups, like hard-bodied copepods, or provide low taxonomic resolution, hampering interpolation of such results across the whole diversity of plankton.

One such group of animals, gelatinous zooplankton (GZ; here as pelagic cnidarians and ctenophores), has received surprisingly little attention in the front-position related studies (Luo et al., 2014; Haberlin et al., 2019), especially given that their passive and active mechanisms of aggregations at physical discontinuities in the ocean are well-recognized (Arai, 1992; Graham et al., 2001), as is the front-related partitioning of their diversity across adjacent water masses (Pagès and Gili, 1992; Haberlin et al., 2019). Although the majority of studies agree that the fronts act as an impermeable barrier for the GZ (e.g., Graham et al., 2001), contradictory evidence exists, which would suggest that they, in fact, allow for a continuous exchange between the adjacent GZ communities (e.g., Luo et al., 2014). These two opposing patterns could be related to the different nature of the active and passive fronts, but the paucity of data from the density-compensated fronts precludes further reasoning.

Additional support for using the GZ, as a model system to study the ecology at the passive fronts, comes with the existence of a solid baseline of their diversity in the North Atlantic (Licandro et al., 2015; Hosia et al., 2017) and the European Arctic (Mańko et al., 2015; Ronowicz et al., 2015; Mańko et al., 2020). Unfortunately, the GZ is either completely absent from the local zooplankton time series, or the taxonomic resolution of their records is insufficient (Long et al., 2021), due to their fragile body structure that often damages when sampled harshly. From a broader perspective, the recent recognition of the GZ’s trophic importance (Hays et al., 2018; Lüskow et al., 2021) as well as their diverse roles in the biogeochemical cycles (Wright et al., 2021) and the biological pump (Lebrato et al., 2019) renders understanding of the factors structuring their community pivotal for monitoring marine ecosystems and forecasting their climate-mediated evolution.

The Arctic Ocean is warming up at an unprecedented pace (IPCC, 2014) that is even more rapid in its European sector (Walczowski and Piechura, 2007), owing to the strengthening advection of Atlantic water flowing with the West Spitsbergen Current. Monitoring of the spatial extent of Atlantic water inflow is thus crucial for predicting the Arctic’s future. With that in mind, we designed a study that attempted to use the GZ to track the position of the AF and the PF, which flank the West Spitsbergen Current, and their role in maintaining distinctive pelagic communities across the European Arctic. For that purpose, we examined the 12-year-long (2003–2014) zooplankton time series, combined with detailed hydrographic measurements spanning Greenland, Norwegian, and Barents Seas, the so-called European Arctic. We hypothesize that (1) the GZ found on the side of the AF and PF that faces the West Spitsbergen Current will be more abundant but less diverse, and that (2) the two passive fronts would constitute a semi-impermeable barrier, with only a small proportion of the shared GZ taxa on either side of each front, thus justifying the use of GZ to monitor the shifting position of the fronts.



Materials and Methods


Data Collection

Zooplankton was sampled at 17 sites scattered throughout the European Arctic (Figure 1), from 2003 to 2014, onboard the R/V Oceania as part of the Institute of Oceanology of the Polish Academy of Sciences annual monitoring campaign—AREX (Arctic Research Expedition). Sampling took place from June to July, so that each site was visited within a 2-week time window each year. Noteworthy, the presence of the sea ice or rough sea has sometimes precluded accessing all planned sites in a given year; thus, data only from the sites sampled more than five times over the study period were included in the analyses.




Figure 1 | Location of sampling sites (A to R) with a general circulation pattern (ESC, East Spitsbergen Current; EWSC and WWSC, east and west branch of the West Spitsbergen Current; GSG, Greenland Sea Gyre; PC, Persey Current and SPC, Spitsbergen Polar Current), and with the two oceanic fronts (AF, Arctic Front and PF, Polar Front) marked in yellow. Both the oceanic currents and sites are colored according to the frontal zone classification (western W, blue; central C, red and eastern E, green), which, in the case of sites, reflects their prevailing classification (>70% of years falling within a given zone). Bathymetry data were derived from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2012), while ocean currents were mapped after Beszczynska-Möller et al. (2012) and Lien et al. (2017). Inset map depicts the Arctic Ocean with the investigated area bordered by the black rectangle.



When on site, the Sea-Bird Electronics CTD (SBE 911plus) probe was first lowered down to the seabed, to record the vertical profiles of temperature and salinity. Then, the zooplankton was vertically sampled from the epipelagic zone (down to 200 m, or less at shallower, shelf sites) with the standard WP-2 net fitted with 180-µm filtering gauze, and then fixed with a borax-buffered 4% solution of formaldehyde in seawater. Noteworthy, no clogging of the net or any other issue that could impact calculations of the volume of water filtered by the net was reported for either of the sampling events. In all subsequent analyses, temperature and salinity were averaged over 0–200 m to match the zooplankton data.

Gelatinous animals were identified to the lowest taxonomic level possible, based on the key taxonomic references and species lists from the region (see Ronowicz et al., 2015, and references therein), and enumerated in each sample using a NIKON SMZ800 stereomicroscope. The abundance of GZ was expressed as the number of individuals per cubic meter [ind. m−3]. In the case of calycophoran siphonophores, separate numbers were given for the eudoxids and the polygastric colonies, with the latter corresponding to the numbers of anterior nectophores encountered, while the former equaled the number of eudoxid bracts. The number of physonect colonies was approximated, based on the nectophore counts, with the threshold of ten nectophores per colony (Guerrero et al., 2018) applied uniformly to all species found.



Position of the Fronts

The position of the AF was assumed to follow the 3°C isotherm at 100 m ± 5 m in the vicinity of the Knipovich Ridge (Walczowski et al., 2017). The position of the PF in Storfjorden Trough was evaluated based on the salinity averaged over 0–100 m, with the salinity of 34.86 taken as the threshold of the Atlantic water (Strzelewicz et al., 2022). The location of the PF along the West Spitsbergen Shelf was inferred from Strzelewicz et al. (2022) for years 2007–2014, and estimated from temperature and salinity distribution maps for 2003–2006. To facilitate comparison of the GZ community on either side of the fronts, a classification of sites, hereafter referred to as the frontal zone or zone for short, was introduced: sites located to the west of the AF, within the Greenland Sea Gyre—frontal zone W; sites to the east of the PF, on the West Spitsbergen Shelf—frontal zone E; and sites positioned centrally, between the two fronts—zone C (Figure 1). To analyze the consequences of the shifting biogeographic domains, an additional classification was used, which grouped the W and E frontal zones as the Arctic domain and referred to zone C as the Atlantic domain.

Interannual variation in the water mass distribution and position of the AF and PF was visualized based on the temperature and salinity measured at 100 m ( ± 5 m buffer), interpolated with the Data-Interpolating Variational Analysis (DIVA) and plotted in the Ocean Data View 4. A depth of 100 m was chosen as it corresponds to the upper part of the Atlantic water core in the European Arctic (Walczowski et al., 2012).



Data Preprocessing and Analysis

Analyzed data included GZ abundance and site-associated environmental data: temperature (averaged over 0–200 m; [°C]), salinity (averaged over 0–200 m), depth [m], latitude [DD], longitude [DD], and the frontal zone classification. The distribution of some data deviated significantly from the normal distribution (see the Supplementary Material for the results of Shapiro–Wilk tests); hence, non-parametric methods were used for testing differences between the frontal zones, and summaries were given as median ± interquartile range, unless otherwise stated. Exact values of test statistics and p were given in all cases, while the threshold for significance was set at p ≤ 0.05. To control the family-wise error rate, Holm–Bonferroni correction was used whenever multiple comparisons were run. Prior to further analyses, to reduce the weight of dominant taxa, GZ abundance was square root transformed, and the Bray–Curtis dissimilarity matrix was calculated.

First, the total abundance of GZ was compared between the frontal zones, between years and within each zone on an interannual scale with a series of Kruskal–Wallis tests, each followed by the Dunn’s post-hoc test for pairwise comparisons. Then, a permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2001) was run with the adonis function from the vegan package (Oksanen et al., 2020) in R (v. 4.0.4) to test whether frontal zones differed in the GZ community composition, and, if so, then whether these differences were independent of time. Prior to running PERMANOVA, the assumption of homogeneity of group dispersion was tested with the permutest.betadisper function from the same package. Each Monte Carlo permutation was run in 999 replications. Full results of PERMANOVA are available in the Supplementary Material, while only pseudo-F and p-values are reported here.

Next, the community of the GZ in each frontal zone was analyzed, first with the comparative description of the percentage contribution of each species to the GZ community. Then, the median percentage contribution of the most abundant, Atlantic water-related species, Aglantha digitale (O. F. Müller, 1776), to the total abundance of GZ was compared between each frontal zone. Last, the data on the GZ community were scanned in the search of the taxa indicatory of the frontal zones, through the IndVal method using the strassoc function from the indicspecies package (de Cáceres and Legendre, 2009). Permutation p-values of the associations between species and frontal zones were then calculated with the signassoc function implemented in the same package (de Cáceres and Legendre, 2009).

In order to evaluate which environmental variables were the most influential in shaping the GZ community structure across the frontal zones, distance-based linear models (DistLM) were built, aided by a visual representation with the distance-based redundancy analysis (dbRDA), all run in PRIMER 7 with PERMANOVA+ add-on (Anderson et al., 2008). First, marginal effects were assessed separately for each explanatory variable (temperature, salinity, depth, longitude, and latitude). Because the GZ community remained under the joint influence of all variables, they were incorporated into the target model through the forward selection based on the adjusted R2 criterion (Legendre and Anderson, 1999).

Finally, to test whether position shifts of the AF and the PF were followed by changes in the GZ community, a series of tests were run. First, a subset of sites was chosen, which, throughout the study period, shifted from the Arctic domain (zone E or W) to the Atlantic domain, at least once. These were sites E, H, J, K, M, and N. Then, the GZ abundance and the median proportion of A. digitale were compared between the Arctic and the Atlantic community at a given site with the Wilcoxon signed-rank test. Additionally, another PERMANOVA with the test of multivariate homogeneity of group dispersion (permutest.betadisper) was run, to test whether shifting frontal association was followed by the change in the taxonomic composition of the GZ community.




Results


Oceanographic Data

The three front-related zones differed significantly in terms of hydrological conditions (Figure 2). The central zone C, located between the AF and the PF, was characterized by the highest median temperature (5.13°C ± 1.45°C) and salinity (35.11 ± 0.06) compared to the W and E zones (Figures 2A, B). The lowest median salinity was typical of zone E, which was located east of the PF (34.87 ± 0.07), while the lowest median temperature was recorded in zone W, west from the AF (1.40°C ± 1.54°C; Figures 2A, B). Uniformly shallow depths characterized the sites located within the eastern zone E, on the West Spitsbergen Shelf (166.5 m ± 126.0 m), while those scattered across zone C exemplified the largest variation in depth, with a median of 1,110.0 m ± 1,954.0 m. The deepest sampling sites were found in the western zone W, within the Greenland Sea Gyre (2,815.0 m ± 343.0 m). Overall, no significant differences in salinity or temperature were found between the zones belonging to the Arctic domain (zones W and E), but they did differ in terms of the average depth (Figure 2).




Figure 2 | Comparison of water salinity (A), temperature (B), and depth (C) between sites located in the three frontal zones (western W, blue; central C, red; and eastern E, green), with the results of the Kruskal–Wallis test and the p-value of the Dunn’s post-hoc pairwise comparisons. Gray dots represent outliers.



Considerable temporal variations of both the temperature and the salinity were detected during the studied period (Figure 3). Interannual differences in temperature and salinity were observed during the two anomalously Atlantic-influenced periods (2004–2006 and 2011-2014), when the warm water masses (>6°C) occupied the largest part of the investigated area and reached the furthest north. Noteworthy, comparatively elevated temperatures were also detected in 2009. The presence of the colder, less saline waters over the West Spitsbergen Shelf also varied in time, with their largest extent onto the shelf during years 2003 and 2010 (Figure 3). Notable interannual differences were also observed regarding the Atlantic water penetration of the Storfjorden Trough, with years 2005, 2008, and 2010 characterized by the weakest presence of the warmer water in the trough. The varying position of the isotherm 3°C, indicatory of the AF, showcased maximal eastward displacement of the front in years 2003, 2008, and 2011. The spatial distributions of salinity and temperature corresponded well with each other, corroborating that in the anomalously warm years, more saline waters reached further north, as exemplified by the extremely high salinity in the southern region, exceeding even 35.3 (years: 2006, 2009, 2010, and 2013; Figure 3). Salinity distribution was also a good indicator of the extent of fresher, Arctic waters on the shelf, and these results agreed with the distribution of temperature. Additionally, the presence of the warm, but relatively fresh waters associated with the Norwegian Coastal Current could be inferred from Figure 3, as well as from Figure 2A, as evidenced by the presence of outliers.




Figure 3 | Interannual (2003–2014) variation in temperature (two upper rows) and salinity (two lower rows) at 100 m ± 5 m, within the European Arctic.





Gelatinous Zooplankton Abundance

GZ were present in all of the 120 examined samples. Their abundance was relatively low, with a median of 0.176 ind. m−3 ± 1.133 ind. m−3 and varied significantly between the frontal zones (Kruskal–Wallis, χ2 = 37.846, p < 0.001), though upon further examination, significant difference was identified only between the frontal zones W and C (Figure 4A). Consistently small numbers of GZ were typical of the zone W, with a median abundance of 0.059 ind. m−3 ± 0.056 ind. m−3 (Figure 4A). A slightly higher abundance of gelatinous animals was found in zone E (0.235 ind. m−3 ± 0.558 ind. m−3), while the most abundant community characterized the area between the fronts, in zone C (0.392 ind. m−3 ± 2.458 ind. m−3). Although based on the visual examination, the abundance of GZ seemed to vary interannually (Figure 4B), statistical analysis failed to uncover significant differences between years (Kruskal–Wallis, χ2 = 17.808, p = 0.086). However, when the frontal zones were analyzed separately, significant variation was found in the temporal variation of the GZ abundance within zone C (Kruskal–Wallis, χ2 = 23.044, p = 0.018; Supplementary Material).




Figure 4 | Differences in the abundance of gelatinous zooplankton. (A) Comparison of the average abundance between the three frontal zones (western W, blue; central C, red; and eastern E, green), with the results of statistical tests (Kruskal–Wallis followed by Dunn’s post hoc). (B) Interannual trend in the abundance within the frontal zones.





Gelatinous Zooplankton Diversity

Overall, fifteen taxa of the GZ were recorded throughout the study period (Figure 5C). The majority of these taxa were observed within the central zone C; however, these were mostly sporadic observations, with the most abundant species, A. digitale, comprising about 96% of all records. This species was found in all zones, with an average contribution to GZ abundance of ~67% in the frontal zone W, and ~56% in zone E (Figure 5A). The other taxa present in all zones were a siphonophore Dimophyes arctica (Chun, 1897) and a ctenophore Beroe spp. Interestingly, life-cycle stages (eudoxids and polygastric colonies) of D. arctica varied in their distribution between the zones, with no eudoxids found in the frontal zone W, and their numerical dominance (~5× times more abundant) over polygastric colonies in zones C and E. All the other siphonophore species identified in this study were restricted to the central zone C, while the other ctenophore species, Mertensia ovum (Fabricius, 1780), appeared both in frontal zones C and E. There were also some unidentified cydippid larvae, which occurred solely between the investigated oceanic fronts, in zone C. The only Narcomedusae species identified, Aeginopsis laurentii Brandt, 1838, was found exclusively in the frontal zone E, while no Anthomedusae were present there. Four species of Leptomedusae were identified, which, except for Melicertum octocostatum (M. Sars, 1835), were distributed only in the frontal zone C.




Figure 5 | Front-related diversity of gelatinous zooplankton. (A) Species contribution to the gelatinous zooplankton diversity in the investigated frontal zones (W, western; C, central; and E, eastern), calculated based on the square root transformed data, with the 5× magnification of the portions of the middle bar highlighted in gray. (B) Comparison of Aglantha digitale median contribution [%] to the abundance of gelatinous zooplankton community in frontal zones, with the results of statistical tests (Kruskal–Wallis followed by Dunn’s post hoc).



The emerging picture of species/life-cycle stage affinity to a particular frontal zone was corroborated with the analysis of association. M. ovum (IndVal.g = 0.661, p = 0.001) was found to be indicatory of the eastern frontal zone E, alongside A. laurentii (IndVal.g = 0.354, p = 0.065) and eudoxids of D. arctica (IndVal.g = 0.369, p = 0.081). Beroe spp. exemplified strong affinity to zone W, located west of the AF (IndVal.g = 0.487, p = 0.044), while A. digitale was strongly associated with the central frontal zone C (IndVal.g = 0.833, p = 0.001).


Species composition of the GZ varied significantly between frontal zones (PERMANOVA, pseudo-F = 11.139, p = 0.003), and on the interannual scale (PERMANOVA, pseudo-F = 1.843, p = 0.003). Surprisingly, significant variation in the GZ community was found also on an interannual scale, within each zone (two-way PERMANOVA, pseudo-F = 2.429, p = 0.003). The analysis of multivariate homogeneity of group dispersion (pseudo-F = 1.515, p = 0.076) indicated, however, that the significance of the two-way PERMANOVA might have resulted from the variation in data dispersion within the two-factorial (Year × Frontal zone) groups.



Drivers of Gelatinous Zooplankton Community

A modelling approach revealed that species composition of GZ was tightly coupled with temperature and depth gradients and reflected the frontal zonation resulting from the presence of the AF and PF (Figure 6). Marginal tests within the DistLM framework revealed statistically significant influence on the community structure of the following variables: latitude (pseudo-F = 6.750, p = 0.001), longitude (pseudo-F = 16.831, p = 0.001), depth (pseudo-F = 13.661, p = 0.001), temperature (pseudo-F = 24.630, p = 0.001), and salinity (pseudo-F = 5.481, p = 0.002). However, when simultaneously incorporated to the model in the sequential test approach, only gradients of temperature (adjusted R2 = 0.166, p = 0.001) and depth (adjusted R2 = 0.176, p = 0.038) were found to significantly shape the community structure, with the explanatory power of 19% (Figure 6). Noteworthy, the addition of the remaining explanatory variables increased the explanatory power of the model to 21.1%, but this increment was not statistically significant.




Figure 6 | Similarity of the gelatinous zooplankton community in the frontal zones (W—blue, C—red, and E—green) along environmental gradients resolved by distance-based redundancy analysis (dbRDA). Variables in bold were statistically significant according to the DistLM model.





Impact of Shifting Fronts on GZ

Changes in the positions of oceanic fronts were accompanied by thorough restructuring of the local GZ community. Whenever a site went from being within the Arctic domain (zone W or E) to the Atlantic domain (zone C) or vice versa, a significant shift in the taxonomic composition was detected (PERMANOVA, pseudo-F = 2.303, p = 0.043). Moreover, when the front relocated, the site previously found in the Arctic domain ended up within the Atlantic domain (zone C), then the more abundant community was typically found at that site (Figure 7A). Interestingly, the shift in the domain was concomitant with the increase of the proportion of A. digitale in the abundance of the GZ community (Figure 7B).




Figure 7 | Modifications of the GZ community related to the shift in the front position. (A) Abundance of the GZ and (B) median proportion of Aglantha digitale [%] in the GZ abundance, on sites before and after the change in their affinity from the Arctic domain to the Atlantic domain, and vice versa, with the results of the Wilcoxon signed-rank test.






Discussion

Taking advantage of the unique, 12-year-long, polar planktonic time series, we showed that the two passive fronts of the European Arctic, the AF and the PF, maintained a certain degree of distinctiveness of the GZ communities between the adjacent water masses. We have documented that changes in the front position, mediated by the varying strength of the Atlantic water advection, were followed by a shift in the GZ community composition and abundance, thus further supporting the notion of oceanic fronts acting as impermeable barriers for GZ exchange. In a broader context, such shifts were found to reflect the clear-cut differences between the GZ in the Atlantic and Arctic domains, adding to the growing body of literature on the possible ecological impacts of the Atlantification (reviewed in Csapó et al., 2021).

The generally low abundance of GZ (0.176 ind. m−3 ± 1.133 ind. m−3; Figure 4) detected in this study, with the higher GZ numbers documented in the warmer, Atlantic water side of the AF and PF, is consistent with other records from the European Arctic (Mańko et al., 2020) and elsewhere in the world (e.g., Haberlin et al., 2019). When the front separates the dynamic shelf water from a warmer offshore water, more abundant GZ is usually found on the offshore-facing side of the front (Pagès et al., 1992). A plausible explanation is that the more stable, stratified oceanic waters provide a favorable condition for GZ to thrive (Pagès et al., 1992; Haberlin et al., 2019). However, epipelagic waters in the European Arctic, contrary to the remaining parts of the Arctic Ocean, are weakly stratified due to the increasing Atlantic water inflow (Polyakov et al., 2017; Polyakov et al., 2020), hence probably another mechanism underlies the GZ abundance pattern. Interestingly, an opposing GZ abundance distribution was described for the Mediterranean Sea, where the offshore water was numerically impoverished in GZ (Guerrero et al., 2016). Shelf waters are usually inhabited by the neritic taxa that exemplify a biphasic (polyp-medusae) life cycle, known to strongly relate to seasonality and local productivity (Gili et al., 1991), which could explain the atypical pattern of abundance found there. This points to the diversity of species as an important perspective for analyzing mesoscale patterns of GZ abundance distribution.


The two passive fronts of the investigated area have maintained distinct communities of the GZ (Figures 5, 6), in that a portion of taxa were unique for a particular frontal zone, but the few, most abundant ones, were common everywhere. Previous studies from the region arrived at a similar conclusion, like Descôteaux et al. (2021) who found that only one-third of meroplankton were shared among both sides of the PF. In any other place in the world’s ocean, the presence of the same taxa on both sides of the front would lead to the conclusion of the GZ community exchange across the passive fronts. However, in the European Arctic, an alternative explanation exists that accounts for an intricate pattern of the Atlantic water circulation. North of 76°N, a considerable portion of Atlantic water from the western branch of the West Spitsbergen Current recirculates towards the west and south as a Return Atlantic Current, which eventually combines with Polar water of the East Greenland Current, to form Arctic water flowing within the Greenland Sea Gyre (Walczowski, 2014; Raj et al., 2019). Similarly, the branch of the West Spitsbergen Current that wraps around the northern coast of Svalbard branches off and enters the Barents Sea, where it feeds the East Spitsbergen Current (Lind and Ingvaldsen, 2012) that reaches the Arctic-facing side of the PF. The presence of Atlantic-origin water in the eastern (E) and western (W) zones could thus plausibly justify the appearance of a typically boreal or boreo-Arctic species, like A. digitale, within the Arctic domain, simultaneously supporting barrier effects of the fronts (Figure 5). Alternatively, the presence of transient, shallow eddies, known to occur along the AF (van Aken et al., 1995), could provide some support for the notion of partial GZ community exchange between zones W and C.

The remaining part of the similarity in the GZ community composition between the frontal zones can be attributed to a puzzling taxonomy of the Arctic ctenophores. Their significant abundance detected here (Figure 5) is in line with a common assumption of their numerical dominance in the epipelagic GZ community of the Arctic (Raskoff et al., 2005; Purcell et al., 2010). In spite of that, the diversity of the Arctic ctenophores remains poorly resolved (e.g., Majaneva & Majaneva, 2013), mostly due to the inability to preserve their delicate bodies in the regular plankton samples. Therefore, our genus level records of Beroe spp. likely corresponded to more than one species, probably to the epipelagic B. cucumis and a deeper water species B. abyssicola (Raskoff et al., 2010; Licandro et al., 2015), hence justifying the presence of Beroe records in both zones W and E.


The overall number of species detected here is in line with previous works from the region (Zelickman, 1972; Mańko et al., 2015; Mańko et al., 2020). The fact that the central zone C harbored the most diverse GZ community could potentially be attributed to the large spatial extent of this zone, which encompassed not only purely oceanic ecosystems, but also a shallow shelf region under the influence of the Norwegian Coastal Current (Figures 1, 3). Therefore, the detection of meroplanktonic species (with benthic polyp phase) there is unsurprising, as they are known to numerically prevail in the shallower, coastal areas (Gili et al., 1991; Mańko et al., 2020). Additionally, some authors argued that, in general, GZ communities are more diverse with the increasing oceanic influence (see Haberlin et al., 2019 and references therein), but this assumption does not align with the paucity of GZ taxa found in the frontal zone W (Figure 5).

The most abundant species, A. digitale, was found in all zones, but constituted the largest proportion of the GZ in zone C. This species has previously been attributed to waters of Atlantic origin (Mańko et al., 2020), and was found to be a key driver of dissimilarity between neritic and oceanic GZ communities in the Celtic Sea (Haberlin et al., 2019). Likewise, we also found this species to be indicatory of zone C (IndVal.g = 0.833, p = 0.001). As for the remaining zones, the strongly associated species belong to Ctenophora, with Beroe spp. typical for the western zone W (IndVal.g = 0.487, p = 0.044) and M. ovum for the eastern zone E (IndVal.g = 0.661, p = 0.001). Interestingly, a similar set of indicatory species were found in previous studies of the local GZ community (Mańko et al., 2015; Mańko et al., 2020), hence strengthening the notion that spatial distribution of these three taxa should suffice to approximate the location of the polar fronts.

The community of GZ across the whole investigated area was structured mainly by depth and temperature (Figure 6). Proximity to the seabed is a key factor shaping the relative contribution of meroplanktonic to holoplanktonic cnidarian species, as the former are more common in shallower regions. Temperature, in turn, was advocated as a major driver of the GZ diversity (Guerrero et al., 2018), and probably also their abundance (Purcell, 2005). Having found the same set of GZ community drivers, Luo et al. (2014) suggested that these drivers may have a controlling role in shaping the GZ community, with only a regulating effect of the front position. However, it must be noted that the work of Luo et al. (2014) pertained to a transient, salinity-related, mesoscale front; hence, their finding cannot be adequately extrapolated to the permanent, but spatially variable fronts of the European Arctic.

Temporal trends of the Atlantic water advection depicted in Figure 3 confirm that waters of the European Arctic are becoming noticeably warmer and more saline. The increase in Atlantic water inflow, in terms of both the heat content and the volume transported northwards (Ingvaldsen et al., 2021), is inevitably followed by shifts in the position of the AF and PF that flank the Atlantic water (Figure 3). Their position may also vary with the tidal currents (the PF; Saloranta & Svendsen, 2001), and large-scale atmospheric forcing, like the North Atlantic Oscillation (the AF; Schlichtholz & Goszczko, 2006; Walczowski, 2013), though conflicting results of the lack of the atmospheric forcing impact on the AF position also exist (Raj et al., 2019).

The results of our analysis on the consequences of shifting position of the fronts for the GZ community (Figure 7) provided additional support for the barrier effect at the front. When a particular site switched its position relative to the front, a restructuring of the GZ community followed, which reflected the distinct abundance and diversity patterns associated with a given domain (Figure 7). In agreement with literature data (Drinkwater and Tande, 2014; Wassmann et al., 2015; Mańko et al., 2020), we also showed that the Atlantic zooplankton community is far more abundant than that in the Arctic domain. An important observation is also that the extremely substantial proportion of A. digitale in the GZ community is a typical feature of the Atlantic-facing side of either front (Figures 7B, 5B). The expansion of the Atlantic domain (Csapó et al., 2021), which could even reach the Arctic fjords (Weydmann-Zwolicka et al., 2021), through increasing the abundance of A. digitale, and that of the other small-bodied zooplankton in the Arctic (Balazy et al., 2018), may thus accelerate the restructuring of the local ecosystems (Ingvaldsen et al., 2021). Atlantification-related shifts in the plankton composition have already been linked to the diet alterations of the planktivorous seabirds (Vihtakari et al., 2018) and their foraging strategies (Jakubas et al., 2017; Stempniewicz et al., 2021). These shifts may also explain why the distribution ranges of more and more boreal fish species expand northwards (Haug et al., 2017) or why the North Atlantic population of the right whale struggles to recover (Meyer-Gutbrod and Greene, 2018).

Although our main conclusion on the role of passive fronts in maintaining distinct GZ communities appears to be supported by the presented results and their discussion, certain limitations of this study must be acknowledged. First, the relatively coarse spatial and vertical resolution of zooplankton sampling (Figure 1; Luo et al., 2014) might have concealed some of the more intricate, fine patterns of the GZ distribution. For example, their patchiness (Trudnowska et al., 2016) at the mesoscale oceanographic features like the AF-associated eddies (diameter 40-60 km; van Aken et al., 1995). Moreover, since both the AF and the PF undergo seasonal variation, confined to their surface layer (van Aken et al., 1995; Raj et al., 2019), we might have failed to capture the more dynamic situation of the GZ there. However, since the seasonal variation (at least in the case of the PF; Strzelewicz et al., 2022) often leads to the formation of a strong density gradient in the upper 50 m of the water column (Strzelewicz et al., 2022), then this should only reinforce the barrier effect of the front. Despite these two limitations, our sampling framework was detailed enough to capture the large-scale pattern of the front-related structuring of the GZ diversity.



Conclusions

The two passive fronts of the European Arctic, the AF and the PF, maintained distinct GZ communities, which differed not only in their abundance, but also in their taxonomic composition. The community associated with the warmer and saltier Atlantic water was characterized by the overall higher abundance and diversity, but with a clear numerical dominance of a single species, A. digitale. In contrast, the colder Arctic water harbored less abundant and less diverse communities, which were readily identifiable by the largest proportion of ctenophores, with Beroe spp. for the Greenland Sea Gyre, west of the AF, and M. ovum for the West Spitsbergen Shelf, east of the PF. This adds to the growing body of literature that advocates the usage of GZ as hydrological indicators, but more importantly points to the potential direction of the Arctic ecosystems evolution, in the progressing Atlantification scenario.

Interannual shifts in the position of the fronts were coupled with the dynamics of Atlantic water inflow, which is flanked on both sides by the fronts. GZ was found to tightly follow the front relocations, in that if a particular site shifted its position relative to the front, from the Atlantic-facing side to the Arctic-facing side or vice versa, then a GZ community specific for a given domain appeared. Taking the intricate pattern of water circulation in the European Arctic into account, e.g., recirculating/return currents, the two passive fronts, the AF and the PF, appeared to provide a semi-impermeable barrier for the GZ community, with only a minor cross-frontal exchange.
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Copepods are a critical component of ocean ecosystems, providing an important link between phytoplankton and higher trophic levels as well as regulating biogeochemical cycles of carbon (C) and nutrients. Lipid-rich animals overwinter in deep waters where their respiration may sequester a similar quantity of C as that due to sinking detritus. This ‘seasonal lipid pump’ nevertheless remains absent from global biogeochemical models that are used to project future ocean-climate interactions. Here, we make an important step to resolving this omission by investigating the biogeochemical cycling of C and nitrogen (N) by high-latitude copepods using a new individual-based stoichiometric model that includes explicit representation of lipid reserves. Simulations are presented for Calanus finmarchicus throughout its life cycle at Station Mike (66°N, 2°E) in the Norwegian Sea, although the model is applicable to any suitable location and species with a similar life history. Results indicate that growth, development and egg production in surface waters are driven primarily by food intake (quantity) which provides a good stoichiometric match to metabolic requirements. In contrast, the main function of stored lipid is to support overwintering respiration and gonad development with these two processes respectively accounting for 19 and 55% of the lipid accumulated during the previous spring/summer. The animals also catabolise 41% of body protein in order to provide N for the maintenance of structural biomass. In total, each individual copepod sequesters 9.6 μmol C in deep water. If the areal density of animals is 15,000–40,000 m-2, these losses correspond to a sequestration of 1.7–4.6 g C m-2 yr-1. Lipids contribute only 1% of the C used in egg production in the following year. Accumulating extra lipid in spring would potentially increase egg production but our analysis suggests that any such benefit is outweighed by a higher risk of predator mortality. Our work indicates that the seasonal lipid pump may be of similar magnitude to C sequestration via sinking particles in the North Atlantic and highlights the need for improved physiological understanding of lipid use by high-latitude copepods in order to better constrain C fluxes in ocean food-webs and biogeochemical models.
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1 Introduction

Calanoid copepods lie at the heart of high-latitude marine ecosystems, acting as key grazers on phytoplankton and as a major source of food for higher trophic levels including fish and whales (Bachiller et al., 2016; Plourde et al., 2019). They also play important biogeochemical roles including export of carbon (C) and nitrogen (N) to the ocean interior. Together with other epipelagic consumers, their faecal pellets contribute substantially to the classic biological gravitational pump that promotes ocean C sequestration and storage via organic particles that sink vertically within the water column (Boyd et al., 2019).

A key aspect of these animals is their complex life cycle. In the case of Calanus finmarchicus, which is the main focus of our study, adult females typically spawn immediately prior to, and during, the spring phytoplankton bloom (Niehoff et al., 1999; Mayor et al., 2009a) after which their offspring develop from egg to adult via 6 naupliar and 6 copepodite stages. Towards the end of summer, copepodites, typically stage 5 (CV), interrupt their development and enter into a dormant phase, diapause, which may last for 6-9 months (Hirche, 1991; Halvorsen et al., 2003; Heath et al., 2004; Melle et al., 2014). Copepodites descend into deep waters at the onset of diapause where they persist with reduced metabolic rates and minimise visual predation in the dark, cold environment, before ascending as adults between late winter and early spring to spawn. To successfully diapause and emerge as adults, C. finmarchicus and many other polar copepods accumulate and store substantial lipid reserves (Figure 1) during spring and summer when food is abundant (Kattner and Krause, 1987; Sargent and Falk-Petersen, 1988; Hygum et al., 2000). This storage may account for >60% of their body weight (Sargent and Henderson, 1986). Lipid reserves have been suggested to play multiple roles throughout the copepod life cycle, supplying energy for metabolism during diapause (Baumgartner and Tarrant, 2017), supporting gonad development (Sargent and Falk-Petersen, 1988; Rey-Rassat et al., 2002) and egg production (Niehoff et al., 2002), as well as in buoyancy control (Visser and Jónasdóttir, 1999, Pond, 2012).




Figure 1 | Fat-laden lipid sac (outlined in red) within Calanus finmarchicus; scale bar is 1 mm. (image from Mayor et al., 2020; © D.J. Mayor).



The use of stored lipids to support metabolism in deep waters over winter contributes to C sequestration via the “seasonal lipid pump” which may be similar in magnitude to the gravitational pump at high latitudes (Jónasdóttir et al., 2015; Jónasdóttir et al., 2019). Nevertheless, this process has not been incorporated into the global ocean biogeochemical models that are used to project the future change of marine ecosystems due to natural and anthropogenic factors, along with associated biogeochemical cycling and ocean C sequestration. Our aim here is to pave the way for this incorporation by presenting a new model, LILICOP_1.0 (model of LIpids in the LIfe cycle of a high latitude COPepod, version 1.0), that explicitly represents structural biomass and storage lipids as separate entities, simulating the life cycle of an individual animal throughout its life cycle. The cycling of C is inextricably linked to nutrient elements, notably N, via growth and metabolic processes. Protein (N) intake is essential for zooplankton growth and egg production, while metabolism involves not only energy but also protein costs associated with biomass turnover (Mayor et al., 2022; Lahtvee et al., 2014). Under severe starvation, protein may be catabolised as an additional source of energy (Lemcke and Lampert, 1975). Our model therefore includes both C and N as currencies, with metabolism formulated using the latest state-of-the-art stoichiometric equations (Anderson et al., 2020; Anderson et al., 2021). We use it to quantitatively investigate the different roles of lipid reserves by generating metabolic budgets for C and N throughout the life cycle of an individual high-latitude copepod, C. finmarchicus, from which C sequestration via the seasonal lipid pump is estimated. The model is applicable to any suitable location in the ocean; we use input data for Station Mike (66°N, 2°E) in the Norwegian Sea, which exhibits the characteristic seasonality in primary production at high latitude sites with a spring phytoplankton bloom in May, and which has been well studied in terms of the life cycle of C. finmarchicus and associated egg production (Hirche, 1991; Irigoien et al., 1998; Niehoff et al., 1999).



2 Methods


2.1 Model outline

A new model of high-latitude copepods is developed that incorporates the stoichiometry of lipid storage and use, in conjunction with food protein and carbohydrate, with C and N as currencies. The zooplankton model is forced with food fields and environmental temperature to simulate the life cycle of a calanoid copepod at Station Mike (66°N, 2°E) in the Norwegian Sea. Modelling these animals is challenging because their life history comprises 13 stages, which are simplified to 6 Phases in the model (Figure 2). The non-feeding stages, which include eggs and nauplii (NI and NII), are collectively represented in Phase 1. Feeding and rapid growth takes place from NIII to copepodite stage CII (Phase 2), followed by the continued development to CV during which lipid reserves are laid down (Phase 3). Animals then enter diapause (Phase 4), descending into cool deep waters to minimise metabolic losses and reduce predation. Gonad development takes place in Phase 5, after which animals re-emerge as adults (CVI) in surface waters to spawn eggs in the second year of their life cycle (Phase 6). Each simulation follows the development of a single individual, spawned as an egg on a chosen day of year and thereafter transiting through the different Phases in sequence. The model has the potential to be extended to population level, although population dynamics are not the focus of our study here.




Figure 2 | Diagram showing model Phases 1-5 representing the first year in the life history of a Calanoid copepod (outer images; redrawn from Mayor et al., 2020; grey interior represents lipid sac). Phase durations shown are for the standard model run with default parameter values. Egg production in spring and summer of the second year (Phase 6) is not shown.



Copepod biomass is represented by two state variables, structural biomass, ZS, with a fixed C:N ratio of 4.9 mol C mol N-1 (parameter θZS; Tande, 1982; Durbin et al., 1995; Mayor et al., 2009a; Swalethorp et al., 2011) and storage lipids, ZL, that contain only C, with C as the base model currency. For the purpose of calculating biochemical transformations, structural C is subdivided into protein, with a fixed C:N ratio, θV = 3.7, and non-protein C (nominally carbohydrate, although it may also include lipid; Anderson et al., 2020). Growth (increase in structural biomass), development (progression through the Phases) and reproduction are governed by differential equations that explicitly represent the physiology and associated stoichiometry of these processes.

Metabolism, growth and egg production are calculated using the latest developments in metabolic stoichiometry, here including lipid storage as an additional source of C and energy. We provide a brief summary of this approach (Figure 3); the reader is referred to Supplementary Appendix 2 and Anderson et al. (2020), Anderson et al. (2021) for a complete description, including a comprehensive list of equations. Ingested substrates are subject to absorption efficiencies βV = 0.62 and βH = 0.53 for protein and non-protein (carbohydrate and lipid), respectively (Anderson et al., 2021), with the remainder lost as faecal material. Absorbed substrates are prioritised for metabolism which is quantified using explicit terms for biomass turnover, other basal metabolism and specific dynamic action, SDA (Anderson et al., 2017; Anderson et al., 2020; Anderson et al., 2021). Biomass turnover (parameter τT, d-1) is akin to protein turnover and represents tissue breakdown and replacement, requiring C and N in ratio θZS. Other basal metabolism (ξT, d-1) includes basic cellular processes such as production of adenosine triphosphate (ATP) and maintenance of molecular and ionic gradients (Karr et al., 2012). It is an energetic cost that is preferentially met using non-nitrogenous compounds (lipid and carbohydrate), thereby sparing protein for growth. Both τT and ξT are temperature-dependent, calculated using a Q10 relationship (parameter QM = 2.0) where τTref and ξTref are model parameters for rates at the reference temperature, Tref of 10°C. SDA is an additional energetic expenditure that accounts for the costs of feeding, absorption and assimilation (Secor, 2009) and is expressed as a fixed fraction, η, of total C intake. Calculation of growth and egg production is on the same basis as that of biomass turnover, except that new biomass is produced, rather than replacement biomass. Despite the preferential use of non-protein substrates, it is assumed that protein sparing is not 100% efficient such that a fraction of protein, 1-  (where  is the maximum N net synthesis efficiency), is always lost as excretion. Use of protein in metabolism gives rise to losses of both CO2 via respiration and excretion of N, while use of carbohydrate or lipid results only in release of CO2. If intake is insufficient to meet the costs of metabolism, lipid reserve and structural biomass are used instead. This is necessarily so during Phases 4 and 5 (diapause and gonad maturation) when the modelled copepod is away from the ocean surface and without access to food.




Figure 3 | Model diagram showing use of protein (red), carbohydrate (CHO, orange) and lipid (blue) in food, as well as storage lipid and structural biomass, for growth, metabolism and egg production. Numbers refer to the Phases in which particular flows take place.



Limitation of growth and egg production is by either C or N, depending on C:N ratios in zooplankton tissues and food, and utilisation efficiencies for each element which vary with food quantity and temperature. Metabolism is relatively more expensive in terms of C relative to N (has a higher C:N ratio) and so C requirements are relatively higher when food is scarce and metabolism dominates over growth. A threshold elemental ratio (TER) can be calculated which represents the optimal C:N in food in order to meet the combined requirements of growth and metabolism (Anderson and Hessen, 1995; Anderson and Hessen, 2005; Anderson et al., 2021). C limits growth when food C:N < TER, with limitation by N when food C:N > TER. The latter occurs when prey items contain levels of non-protein C that give rise to excess C that is assumed to be respired in order to maintain homeostasis. Protein can never be in excess because it contains both C and N and can always be profitably used for either growth or metabolism. Protein is used as a source of energy when zooplankton are C-limited, in which case the associated N is deaminated and excreted, potentially incurring a metabolic penalty (Anderson et al., 2020).

Stages CIII to CV copepodites of Calanus primarily accumulate storage lipids in the form of wax esters (Kattner and Krause, 1987; Sargent and Falk-Petersen, 1988; Hygum et al., 2000). These lipids create a new dimension to the stoichiometric model, providing an extra source of C to meet energetic costs in metabolism and for growth but require rules for prioritisation throughout the life cycle of the animals (Figure 3). Reserve lipid is accumulated in Phase 3 and is subsequently available in Phases 4, 5 and 6 to support metabolism in diapause, gonad development and egg production. Food C takes priority, followed by lipid, while structural tissues in biomass are only used as a last resort if minimum costs in maintenance cannot otherwise be met.

Given that we are modelling a single individual throughout its life cycle, there is no representation of competition for food, nor do we represent top-down processes, i.e., mortality due to higher predators (except for an ancillary analysis in Section 3.2). The modelled individual can nevertheless die from starvation. Structural biomass is consumed to meet the costs of metabolism when food intake is insufficient and we assume that death occurs if it declines below a critical threshold that we call carcass weight, ZC (μmol C). This is calculated as a fraction, ψ, of the maximum structural biomass achieved by an individual. Chossat’s rule (Chossat, 1843, in Kleiber, 1961) posits that animals die when starvation reduces their body mass by half, based on experiments on a range of vertebrates. Greater losses have been recorded in zooplankton (Threlkeld, 1976; Kirk et al., 1999) and so we set ψ = 0.3. For example, if ZS reaches 5 μmol C, the animal dies if this subsequently drops back to 1.5 μmol C.

The representation of environment in the model is simple, based on Station Mike in the Norwegian Sea. The seasonal cycles of surface food fields (diatoms, non-diatoms, microzooplankton and detritus), together with surface temperature, are taken from an existing high-resolution simulation of the NEMO-MEDUSA model (Yool et al., 2015). Output was extracted for years 2000-2009, a representative 10-year “present-day” period, and was averaged to a climatological year to decrease the importance of interannual variability. Surface food concentration and temperature were calculated as mixed layer depth averages. More details of this simulation can be found in Yool et al. (2015), and a full description of the MEDUSA model is provided in Yool et al. (2013). Deep interior temperature was set to a value of 4°C (Gammelsrød et al., 1992). Note that the model can be used at any suitable ocean location; we show results for Ocean Weather Station India (60°N, 20° W) in Supplementary Appendix 5. The following sections describe the different model Phases in detail noting that the parameterisation is primarily based on C. finmarchicus. Model parameters are presented in Table 1, along with differential equations and associated description in Supplementary Appendix 1. The model code and supporting files are available via an online repository (see Data availability statement).


Table 1 | Model parameters.





2.2 Development to copepodite stage CV (Phases 1 to 3)

Each model simulation starts by spawning a single copepod egg in surface waters on a specified day of the year. Prior to diapause, the egg develops through model Phases 1 (non-feeding: eggs and naupliar stages NI and NII), 2 (feeding but without lipid deposition; stages NIII to CII) and 3 (feeding with lipid deposition: stages CIII to mature active CV). Development is driven by temperature and food. Phase 1 depends solely on the former and is modelled using a specified duration of 7 days at a reference temperature of 10°C (parameter L1,Tref; Hirche et al., 2001), adjusted for ambient temperature using a Q10 of 2 (parameter QD). Biomass necessarily decreases during Phase 1 due to the costs of metabolism in the absence of feeding. For all subsequent Phases, the animal can gain weight if there is sufficient food available (ingestion is in excess of metabolic demands). The transitions between Phases 2 and 3, and 3 and 4, are assumed to occur at critical moulting biomasses (Hirche et al., 2001), in common with other stage-structured models (Carlotti and Sciandra, 1989; Carlotti and Radach, 1996; Moll and Stegert, 2007; Eisenhaur et al., 2009; Maps et al., 2010).

Parameters that define the critical masses for the transition between Phases were assigned as follows. Initial egg biomass, Begg, is 0.025 μmol C, derived as the average of 0.026 (average in Mayor et al., 2009b), 0.019 (Hirche, 1996; Hirche et al., 2001) and 0.03 (Harris et al., 2000). Egg C:N is set to θegg = 5.8, which is within the typical range seen in high-latitude copepods of ~5.5–6.5 (Ohman and Runge, 1994; Mayor, 2005; Pond et al., 1996; Rey et al., 2001; Mayor et al., 2009b; Mayor et al., 2022). The end-point values assigned to Phases 1 (equivalent to end of naupliar stage NII) and 2 (copepodite stage CII) are Z1 = 0.021 and Z2 = 0.7 μmol C, respectively (Hirche et al., 2001). The transition from active growth and lipid accumulation (Phase 3) to diapause (Phase 4) is triggered by the attainment of maximum biomass (structure plus lipid; Irigoien, 2004; Pond et al., 2012; Häfker et al., 2018). Measured values for this biomass for C. finmarchicus CV vary widely between ~100-250 μg C (Harris et al., 2000; Campbell et al., 2001; Hirche et al., 2001; Gislason, 2005; Mayor et al., 2006; Häfker et al., 2018). We use a value of 16 μmol C (192 μg C). Using this value in combination with a C:N ratio immediately prior to diapause of 12 (parameter θZ3; Tande, 1982), total biomass comprises 6.5 μmol C as structure (parameter Z3S; calculated using θZS = 4.9) and 9.4 μmol C as lipid.

Feeding is quantified using a multiple-prey Sigmoidal (Holling III) functional response (Gentleman et al., 2003) that is defined by a maximum grazing rate, gT, half saturation constant, kg, and grazing preference parameters ωPn, ωPd, ωZmi and ωD for non-diatoms, diatoms, microzooplankton and detritus, respectively. The maximum grazing rate is temperature-dependent, again calculated using a Q10 of 2 (parameter QI) and a reference value at 10°C, parameter gTref. The use of ingested food for growth and metabolism is calculated using metabolic stoichiometry, as described above, noting that metabolic rates are also temperature-dependent (Q10 function; parameter QM).

Parameters for the multiple-prey functional response for grazing were derived as follows. Maximum specific ingestion rates decrease with increasing body size in C. finmarchicus, from ~0.5 d-1 in nauplii and early copepodite stages, to ~0.3 d-1 for late copepodite stages and adults (Gamble, 1978; Harris et al., 2000; Irigoien et al., 2003; Castellani et al., 2008). The latter value is normalised against total biomass, i.e., structure plus lipid. Our rate in the model is specified with respect to structural biomass only and is as a consequence higher because structure is only a fraction of the total. We therefore use a maximum grazing rate, parameter gTref, of 0.5 d-1 for all stages, modulated by a Q10 of 2 for temperature-dependence (Gamble, 1978; Carlotti and Radach, 1996). This value of gTref also corresponds to the maximum specific grazing rate used in the MEDUSA marine ecosystem model (Yool et al., 2013). Assigning a value for the so-called half-saturation constant of a multiple-prey functional response is complicated because it relates to a measure of total food that is preferentially weighted for the different food types. We set kg = 1 mmol C m-3; for details of the derivation of this parameter value see Supplementary Appendix 3. A sensitivity analysis on functional response parameters is presented in Supplementary Appendix 4. Remaining grazing parameters are losses to “messy feeding”, ϕ = 0.2, and grazing preference parameters ωPn, ωPd, ωZmi, ωD = 0.15, 0.35, 0.35, 0.15 (Yool et al., 2013). These preference parameters dictate the actual density-dependent prey preferences (i.e. proportion in the diet vs. environment) and derive from differences among Holling’s attack rate for each single prey type (Gentleman et al., 2003).

An advantage of using metabolic stoichiometry to calculate copepod growth and metabolism is that values for the associated model parameters can be assigned directly from observation and experiment. We use temperature-dependent rates of biomass turnover and basal metabolism (for a reference temperature of 10°C) of τTref = 0.032 d-1 and ξTref = 0.015 d-1, respectively. These values are based on a survey of turnover rates in starved animals for various Calanus species in which average rates for C and N turnover were 0.047 and 0.032 d-1 for C and N, respectively (Mayor et al., 2022). Biomass turnover equals the N rate and other basal metabolism is the difference between the C and N rates. The associated Q10 for temperature-dependence is QM = 2.0 (Anderson et al., 2017). SDA, parameter η, is assigned a value of 0.12 (Thor et al., 2002; Anderson et al., 2020). Finally, maximum N utilisation efficiency,  = 0.9 (Anderson et al., 2020; Anderson et al., 2021).

Accumulation of reserve lipids takes place in Phase 3 and is configured in the model to account for lipids obtained both directly in the diet and those synthesised de novo (Graeve et al., 2020). Fractions of protein, carbohydrate and lipid in food are calculated for each food type based on C:N ratios. The protein fraction is calculated from protein C:N ratio, θV = 3.7, along with C:N ratios of θP = 6.625 for phytoplankton (the Redfield ratio) and θZmi = 5.5 for microzooplankton (Verity, 1985), with a variable ratio in detritus. Remaining non-protein C is subdivided into carbohydrate and lipid. Data indicate that the lipid fraction of total C in food is ~0.25 from data (Opute, 1974; Grosse et al., 2017; Jónasdóttir, 2019). If the total non-protein C is ~0.5 (based on the C:N ratios above), the lipid fraction of non-protein C is then 0.5 (parameter ν). This lipid fraction is prioritised for synthesis of storage lipids throughout Phase 3. Protein and carbohydrate in food are allocated to structural growth until the maximum structural biomass (Z3S) is reached and thereafter, beyond the requirements of maintenance, are used for de novo lipid synthesis. The synthesis efficiency of storage lipids, parameter γL, is assumed to be high, corresponding to a theoretical maximum of 0.75 (Calow, 1977).



2.3 Diapause and reproduction (Phases 4 to 6)

The modelled copepod enters diapause (Phase 4) when it reaches lipid-replete CV status. At this point, it is assumed to descend into deep waters although there is no explicit representation of the vertical water column in our model. The simulated animal has no access to food during diapause and so metabolic costs are preferentially met using lipid reserves, and if these run out then by consuming structural biomass. Respiring lipid generates CO2 while utilisation of biomass also gives rise to excretion of N. Metabolic rates in diapause are significantly lower than in surface waters, even when adjusted for the lower temperature in the deep water column. Other basal metabolism, parameter ξdiaTref, is assigned a value of 0.0016 d-1 based on the rate of wax ester turnover in diapausing C. finmarchicus in Loch Etive, Scotland (Mayor et al., 2022) and is consistent with respiration rates decreasing by ~20-fold over winter in Calanus CV (Ingvarsdöttir et al., 1999). Copepod C:N ratio declines over winter (Tande, 1982) indicating that metabolic losses during diapause are dominated by basal metabolism which is solely an energetic cost that can be met using lipid, in contrast to biomass turnover which requires both C and N. Likewise, Freese et al. (2016) noted that the protein content of Calanus glacialis did not change significantly over winter in an Arctic fjord. We therefore set the rate of biomass turnover during diapause, τdiaTref, to a nominal value of 0.0003 d-1, 1% of the non-diapausing value. Parameters τdiaTref and ξdiaTref are temperature-dependent, as per their surface water equivalents. Diapausing animals do not feed such that there are no associated energetic costs and SDA is zero.

In preparation for reproduction, gonad development takes place during the transition from stage CV copepodite to adult (Phase 5). The precise timing of advanced gonad development is not well known. It may occur entirely prior to arrival back in surface waters in which case internal lipid reserves are used for metabolism or, alternatively, may be fueled, at least in part, by food after animals return to the ocean surface (Niehoff, 2007). We adopt the former scenario and assume that the main costs of gonad maturation are incurred while copepods remain deep in the water column and during ascent to the surface, over a specified period, Lgonad = 14 days (e.g., Plourde and Runge, 1993). Although no feeding takes place during this period, we assume that Phase 5 animals return to an active state and that their metabolic rates revert to non-diapause values (τTref = 0.032 d-1 and ξTref = 0.015 d-1). For simplicity, we assume that the C:N ratio of gonad tissue is the same as that of structural biomass. This being so, the process of gonad maturation can be modelled as equivalent to biomass turnover where structural biomass is replaced with gonad tissue. Gonad biomass synthesis and associated energetic costs are represented by parameters τgonadTref and ξgonadTref, respectively, where the latter is supported by the use of storage lipid to meet energetic costs. Providing values for these parameters is not straightforward due to lack of empirical studies, although gonad development is known to be energetically expensive (Rey-Rassat et al., 2002). We base our parameterisation on the observation that copepod C:N is ~8 when animals reappear in surface waters (Tande, 1982), i.e., at the completion of gonad development in the model (end of Phase 5). The maturation parameters were tuned to achieve this C:N, keeping them in the same proportion as for surface metabolism, resulting in τgonadTref = 0.11 d-1 and ξgonadTref = 0.055 d-1. Re-emergence in surface waters takes place on a specified day in spring of the following year, Demerge.

The modelled copepod is assumed to arrive back in surface waters as an adult on completion of gonad development. Feeding resumes and the resulting intake is used to fuel egg production throughout the year (Phase 6), continuing until food density decreases to a level that is insufficient to meet the costs of maintenance. At this point, the animal has to start using structural biomass to meet these costs. Body weight decreases and death by starvation occurs when it reaches carcass weight. The calculation of egg production as a function of ingested food is the same as for structural growth in Phases 2 and 3, using metabolic stoichiometry, with two additional considerations. First, egg C:N (θegg = 5.8) is greater than that of structural biomass (θZS = 4.9). Second, lipid reserves are used to supplement ingested food if needed to offset C limitation (these reserves were accumulated, rather than utilised, during development in Phase 3). Animals focus solely on egg production in Phase 6, with no growth in terms of structural biomass or accumulation of lipid reserves.




3 Results


3.1 Simulated life cycle

The simulated development of a single C. finmarchicus individual, spawned as an egg on day 120 at Station Mike, is shown in Figure 4. This represents an ideal start date as the spring phytoplankton bloom was taking off at this time, peaking about 30 days later at a biomass of 19.4 mmol C m-3. Food is dominated by phytoplankton which account for 77% of the total (annual average), with contributions of 17% and 6% by microzooplankton and detritus, respectively (note that the food field is supplied as weekly averages, leading to the somewhat jagged appearance in the Figure). Development through Phases 1, 2 and 3 took 8, 38 and 51 days, respectively (Figure 4A), noting that surface temperature varied between 6 and 11°C. Total development time to lipid-replete CV was thus 97 days. Predicted intake and growth rates (structure + lipid) increased steadily to 2.4 and 0.56 μmol C d-1, respectively, during this period as the animal gained weight, reaching peak structural biomass of 6.5 μmol C on day 206 and total CV biomass (structure plus lipid) of 16 μmol C on day 217 (Figure 4B). At this point, it entered diapause.




Figure 4 | Predicted development of a C. finmarchicus individual throughout its life cycle at Station Mike. (A) Intake (I), growth (G) and egg production (E), along with the concentration of available food from the MEDUSA model output (green); (B) structural biomass (red) and lipid reserves (blue); (C) comparison of C:N ratios for food intake (green), copepod biomass (structure + lipid; blue) and the Threshold Elemental Ratio (TER; black).



Based on metabolic rates in diapause of 0.0011 and 0.0002 d-1 for basal metabolism and biomass turnover at 4°C (standard rates of 0.0016 and 0.0003 d-1 adjusted for temperature), predicted lipid and structural biomass decreased by 1.8 and 0.35 μmol C during diapause (Phase 4), respectively. This loss of structural biomass, which necessarily occurs because protein turnover involves both C and N and cannot therefore be met using lipid, is relatively low but nevertheless accounts for 16% of the total C consumed. Gonad development was in comparison expensive, with predicted release of CO2 due to respiration of 5.1 and 2.3 μmol C via lipid and structural biomass, respectively. The copepod thus lost 6.9 from the available 9.4 μmol C lipid during diapause and gonad development (19 and 55% during Phases 4 and 5, respectively), as well as 2.7 from 6.5 μmol C structural biomass (41%).

Returning to surface waters on day 120 of the second year of the simulation as a mature female, the modelled copepod produced a total of 2513 eggs over the next 195 days, at an average of 12.9 eggs d-1 during the spawning period. A total of 2.5 μmol C of storage lipid was consumed in the process (Figure 4B). The animal finally ran out of sufficient food to meet the costs of metabolism and died of starvation on day 711 of the simulation (day 346 of the second year) after decreasing in size below carcass weight.

The predicted stoichiometry of the C. finmarchicus individual throughout its life cycle is shown in Figure 4C. As an egg, it starts out with a C:N ratio of 5.8 which declines to 4.9 as energy is consumed during non-feeding development (Phase 1). The ratio then increases to 12 as lipid reserve is laid down in Phase 3, followed by a decline to 8.1 as the lipid is subsequently respired during diapause and gonad development. Remaining lipid is used in egg production after which C:N ratio returns to the baseline value of 4.9 for structural biomass. The C:N of food intake averaged 6.8. The calculated TER was only slightly above this intake ratio during Phases 2 and 3, averaging 7.5, indicating that copepods are limited by C, i.e., food quantity, but only marginally so meaning that food was a good stoichiometric match to requirements (Mayor et al., 2009b; Anderson et al., 2021). The strength of C limitation increased for egg production because egg C:N > structural biomass C:N (5.8 and 4.9, respectively), resulting in rapid exhaustion of the remaining post-diapause lipid in Phase 6. The predicted TER increased from 8.5 to 10.9 during this Phase because, with decreasing food availability, the energetic demand for C becomes an increasingly large proportion of an animal’s metabolic budget (Anderson et al., 2017; Anderson et al., 2020). The concept of TER usually represents an ideal food C:N ratio. This is evidently not so for the non-feeding animals during diapause and gonad development. We nevertheless show the TER of 42.0 which in this case represents the high C:N demands in maintenance.

Budgets for C and N throughout the different Phases of the copepod’s life cycle are shown in Figure 5. All fluxes ultimately originate from food intake in Phases 2, 3 and 6 and Phases 3 and 6 therefore dominate the overall C budget in terms of quantity. Predicted C GGE is 0.3, 0.25 and 0.28 for these three Phases (combined height of the orange, pale blue and pink bars), consistent with typical values for copepods (Straile, 1997). GGE for N is 0.41 and 0.33 in Phases 2 and 6, higher than that for C because the absorption efficiency for protein is greater than that of carbohydrate (βV = 0.62, βH = 0.53) and due to the relatively greater costs of C in metabolism. These values of N GGE are consistent with previous empirical and modelling studies (Kiørboe, 1989; Anderson et al., 2021). The growth efficiency for N is however only 0.13 in Phase 3 because animals are accumulating lipid at this time in which case food N is in excess and excreted. In contrast to Phases 3 and 6, the total C fluxes in Phases 4 and 5 are small, 2.1 and 12.8 μmol respectively, noting these fluxes are nevertheless important because C losses via respiration have the potential to be sequestered in the ocean interior. The contribution of lipid C to egg production (Phase 6) was minor (about 1%), with most C supplied via food intake.




Figure 5 | C and N budgets by Phase. The bars are normalised to total C and N fluxes showing source (-) and sink (+) terms. Values for the total fluxes, which balance for each Phase, are shown above each pair of bars. (A) carbon: intake, structural biomass, lipid, structural growth, biomass turnover (contributes to respiration), direct respiration of CO2, faecal, gonad and eggs; (B) nitrogen: intake, structural biomass, structural growth, biomass turnover (contributes to excretion), direct excretion, faecal, gonad and eggs.





3.2 Lipid and egg production: Further analysis

The results presented above indicate the importance of reserve lipids in diapause and gonad development, whereas their role in egg production is less clear. The associated stoichiometric analysis suggests that limitation of egg production is by C in which case reserve lipid ought to be of benefit, complementing food resources. However, only 2.5 from the accumulated 9.4 μmol C lipid (replete CV) remained after diapause and gonad development and so the overall contribution to predicted egg production was small. Would copepods therefore benefit from laying down greater lipid reserves in spring in order to maximise egg production in the following year? We investigate this question here. As a prelude, two initial simulations were carried out as sensitivity tests. In the first, the modelled copepod was denied access to stored lipid in Phase 6. Total predicted egg production was 2426, a decrease of only 3.5% from the 2513 eggs predicted in our standard simulation. On the other hand, if the copepod is supplied with unlimited lipid during this Phase, in which case egg production is limited by food N, total predicted egg production reached 3070, an increase of 22%.

Accumulating additional lipid reserves means feeding for longer in spring and thereby entails risk from exposure to mortality from predators. As such, we propose that there is a tradeoff between the benefit of increased lipid for egg production and the risk of predation. We investigate this tradeoff by introducing a mortality term, mZ, which is the daily probability of an individual copepod dying due to predation during development (Phases 1 to 3), prior to diapause. Thus, the probability of survival on any one day is 1-mZ and over a period of, for example, 80 days is (1-mZ)80. Model simulations were carried out in which the maximum reserve lipid at full-size copepodite stage CV (Z3L; completion of Phase 3, immediately prior to diapause) varied between 5 and 25 μmol C (by adjusting the corresponding C:N ratio, parameter θZ3). For comparison, Z3L with default parameters is 9.4 μmol C. Model solutions are shown in Figure 6 for mZ = 0, 0.01, 0.02 d-1, which are conservative rates for copepods (Hirst and Kiørboe, 2002; Cruz et al., 2021). Increasing the size of the lipid pool means that more time is spent feeding and so predicted development times (Phases 1 to 3) are markedly longer, from 89 days for Z3L = 5 μmol C, to 128 days for Z3L = 25 μmol C (Figure 6A). If Z3L is decreased below the default setting, e.g., to 5 μmol C, there is not enough lipid to support metabolism through diapause and gonad development (Phases 4 and 5) and the animal arrives back in surface waters with no lipid reserve and in poor condition because structural biomass is used to meet the metabolic demands over winter (Figure 6B). In contrast, if Z3L is increased to 25 μmol C, then 19.3 μmol C are predicted to remain, in which case copepod C:N ratio is 29.5. If mortality is zero, then predicted egg production increases with increasing lipid availability, up to 3106 eggs for Z3L = 25 μmol C (Figure 6D). Imposing even low mortality rates drastically reduces survival probability during the spring period, with calculated rates decreasing markedly with increasing development time (Figure 6C). Average fecundity, calculated by multiplying egg production of a surviving individual by survival probability, then decreases with increasing lipid storage for m = 0.01, 0.02 d-1 (Figure 6D). In other words, the analysis indicates that the potential benefit of extra lipid for fueling egg production on emergence from diapause in early winter is outweighed by the predation risk when accumulating that lipid in surface waters during spring.




Figure 6 | Model simulations in which lipid biomass at full-size copepodite stage CV (Z3L) was varied between 5 and 25 μmol C, noting that the default value is 9.4 (close to the third point/bar). (A) development time through Phases 1-3; (B) biomass (structure + lipid) remaining at the onset of egg production (Phase 6); (C) probability of individual survival based on development time and mortality rates of mZ = 0, 0.01, 0.02 per day; (D) average fecundity taking into account survival probability.





3.3 Development in spring

Thus far, we have examined the metabolic and stoichiometric requirements throughout the life history of an individual that was spawned as an egg on day 120 and established the significance of development time in spring as a driver for survival and reproductive success in C. finmarchicus. We now examine how egg spawning date, in conjunction with food density and temperature, influence development time and the ability of an animal to successfully build up sufficient biomass, including lipid, to enter diapause. Model simulations for copepods spawned on days 60, 90, 120 (default), …, 240 are shown in Figure 7. All except the last two successfully reached lipid-replete stage CV (completion of Phase 3; biomass of 15.9 μmol C), at which point they entered diapause. Predicted development times were 146, 112, 97, 95 and 101 days for the animals spawned on days 60, 90, 120, 150 and 180, respectively. Insufficient food, combined with declining temperature, meant that the animals spawned on days 210 and 240 failed to mature and died of starvation after being overwhelmed by metabolic costs.




Figure 7 | Predicted biomass (structure + lipid) development in spring to full-size CV (end of Phase 3) for animals spawned on days 60, 90, 120, …, 240. The default setting (day 120) is subjected to a sensitivity analysis where temperature is decreased/increased by 5°C (colour dashed lines). Seasonal food fields and temperature also shown (all plots are on the numerical same scale, although with different units).



Sensitivity experiments were carried out for the animal spawned on day 120, subjecting it to temperatures of ± 5°C relative to the standard seasonal pattern. Predicted development time was markedly affected, increasing from 97 to 133 days when temperature was decreased by 5°C, while decreasing to 72 days for plus 5°C (Figure 7). The predicted metabolic budgets for C and N at the three temperatures were near identical when summed over the development period. Metabolism and intake respond to increasing or decreasing temperature in equal proportion if the two processes have the same Q10, in which case growth, which is the difference between intake and metabolism, proceeds faster or slower (Anderson et al., 2017). Although development time decreases or increases accordingly, the total amount of food required to complete development remains the same noting that small differences exist between the simulations at different temperatures because animals developing more slowly are exposed to diminishing food quantity.

The relationship between egg spawning date and development time is shown in Figure 8, for standard seasonal temperature and ± 5°C, along with a model simulation in which food density was doubled. The ranges in spawn date represent the bounds for successful completion of development and were 39-191, 30-153 and 47-216 for standard temperature, decrease and increase of 5°C, respectively, and 21-229 when food was doubled. Eggs spawned before day 100 have a longer development period because of relatively low temperature and food scarcity. The earlier minimum start day when temperature was decreased by 5°C is because metabolic rate is less at low temperature in which case copepods can get by on a smaller food ration. Decreasing food availability at the end of the year likewise increases development time. Doubling food increases the window at either end of the year for spawning eggs that will successfully mature to full-size CV. We also carried out simulations in which food density was halved. In that case, all individuals, regardless of spawn date, failed to mature. Overall, the results highlight the importance of both food availability and temperature in the timing of copepod development.




Figure 8 | Relationship between development time and day eggs are spawned, showing simulations with default forcing for temperature and food (black line), temperature decreased or increased by 5°C (blue, red), and doubling of food density (green).






4 Discussion

Polar copepods play a critical role in driving the dynamics and biogeochemistry of high-latitude ecosystems. Their current representation in global biogeochemical models is nevertheless simplistic, typically as a single “mesozooplankton” variable without explicit representation of multiple life history stages or the dynamics of stored lipid. A fixed C:N ratio in biomass, i.e., homeostasis, is usually assumed (e.g., Yool et al., 2013; Alver et al., 2016) based on experimental budgets that have been constructed for non-lipid-storing copepods (Kuijper et al., 2004; Anderson et al., 2017) or copepods with exhausted lipid reserves (Mayor et al., 2009a; Mayor et al., 2009b). The resulting equations used for trophic transfer and export flux are inconsistent and simplified, compromising our ability to quantify C export and sequestration in the deep ocean and how they may respond to climate change driven by natural and anthropogenic factors (Anderson et al., 2013). Lipid storage by zooplankton fundamentally alters the C and N cycling landscape (Tande, 1982; Aubert et al., 2014), noting that the “seasonal lipid pump” may sequester similar amounts of C in deep water as the flux of sinking particles (Jónasdóttir et al., 2015; Jónasdóttir et al., 2019; Boyd et al., 2019). Nevertheless, this fundamental process remains absent from contemporary marine biogeochemical models. Here, we developed a new model of high-latitude copepods, focusing on Calanus finmarchicus as a representative species, which includes explicit representation of lipid storage and multiple life history stages, paving the way for incorporation of the seasonal lipid pump into global biogeochemical models. The model formulations are robust, employing a wealth of observed estimates for rate parameters including the latest values for metabolism of C and N (Mayor et al., 2022) in conjunction with state-of-the-art stoichiometric equations for zooplankton growth, respiration and excretion (Anderson et al., 2020; Anderson et al., 2021). The model was successfully run to simulate the entire life-cycle of an individual high-latitude copepod, including lipid dynamics and rates of development, using key physiological parameters derived from observation and experiment. This achievement is by no means a given outcome and the exercise in doing so both endorses the chosen parameter values and associated observations, such as measurements of copepod metabolic rates, and highlights key areas of uncertainty that warrant future research.


4.1 Growth and development to stage CV

Predicted development time from egg to lipid-replete CV, for an animal spawned on day 120 and driven by food and temperature, was 97 days, consistent with the field observations for C. finmarchicus (Tande, 1982; Hirche et al., 2001). The lipid reserves accumulated during this period were sufficient to meet the costs of metabolism during diapause, as well as requirements for gonad development that occurs prior to arrival back in surface waters. In contrast, the animal is predicted to die of starvation if lipid reserves are artificially removed at the onset of diapause, leaving gonad development incomplete and with zero egg production. Predicted growth and development to lipid-replete stage CV (biomass of 16 μmol C that includes 9.4 μmol C reserve lipid) are driven by food availability, mediated by the effect of temperature on intake and metabolism. Food, being rich in protein, is shown to provide a good stoichiometric match to metabolic requirements. The calculated Threshold Elemental Ratio, which represents the optimal food C:N ratio at a given point in time, averaged 7.5 in spring and early summer (Phases 2 and 3), slightly higher than food C:N which remained close to the canonical Redfield ratio of 6.625 throughout the year. This result indicates that the growth of C. finmarchicus is limited by C, although only marginally so, as we have previously shown for the non-lipid storing copepod, Acartia tonsa (Anderson et al., 2021). Limitation by C is more straightforwardly thought of as limitation by food quantity because growth increases with total intake of organic matter, irrespective of its C:N ratio, because all organic matter contains C by definition (Anderson et al., 2021). The accumulation of lipid reserves imposes an additional constraint on development in spring. If zooplankton are limited by N, lipid could be generated from the stoichiometric excess of C intake (Hessen and Anderson, 2008). In the case of limitation by C, however, lipid accumulation imposes an extra demand for food, increasing development time to mature CV from 88 days (the outcome of an ancillary simulation in which the model was run without lipid reserve) to 97 days (the result of our standard simulation).

Animals that inhabit highly seasonal environments need to ensure that the timing of reproduction coincides with available food resources (Varpe et al., 2007; Seebens et al., 2009). Our model results indicate a “window of opportunity” of 152 days (day of year 39-191) at Station Mike that allows C. finmarchicus individuals to develop and successfully acquire sufficient lipid reserves before entering diapause. Spawning either too early or too late leads to food scarcity, incomplete development and starvation (Figure 7; Varpe et al., 2007; Tarling et al., 2022). Our simulations showed that even lipid-replete CVs were unable to sustain metabolism over winter when prevented from entering diapause, experiencing negative metabolic balance and death.

Future climate change will likely alter the seasonal timing of food resources and, without rapid acclimation to changed conditions, will lead to trophic mismatch, reduced fecundity and a decline in the population sizes of animals (Edwards and Richardson, 2004). This may be particularly so for copepods, given that the progression of phytoplankton blooms is closely coupled to ocean physics and its meteorological forcing (Henson et al., 2010; Lewandowska et al., 2014). We used a Q10 of 2.0 to model the temperature-dependence of copepod development rate (Gamble, 1978; Carlotti and Radach, 1996). The predicted window of opportunity for individual survival decreased and increased in breadth to 123 and 169 days, respectively (day of year 30-153 and 47-216) when model simulations were carried out with a cooling and warming of 5°C. Likewise, doubling food availability promotes faster development, giving rise to a window of 208 days (day of year 21-229). Our results highlight the importance of understanding the phenology of zooplankton life history and reproduction, and their coupling to environmental forcing, if the impact of climate warming on marine ecosystems, and associated biogeochemistry, are to be successfully represented in ocean models.



4.2 Diapause and gonad development

Model results indicate that the main function of stored lipids in copepods is to support copepod metabolism and development during diapause and gonad maturation, with 1.8 and 5.1 μmol C consumed during these two phases, respectively (corresponding to 19 and 55% of the 9.4 μmol C lipid accumulated in spring). Stored lipids are ideal for meeting the energetic costs of metabolism but are unlikely to offset protein (N) requirements arising from biomass turnover, the magnitude of which is poorly known. A further 0.35 μmol C originating from maternal biomass was therefore released as CO2 during diapause, with an associated 0.07 μmol excretion of N. Accurately quantifying metabolic rates is essential for understanding lipid use by high-latitude copepods and the associated biogeochemical cycling and sequestration of C. Our default values for basal metabolism and biomass turnover for non-diapausing C. finmarchicus (in surface waters) are 0.032 d-1 and 0.015 d-1 at a reference temperature of 10°C, based on data from incubation experiments involving starved copepods (Mayor et al., 2022). Metabolic rates in diapause may be ~20 fold lower (Ingvarsdöttir et al., 1999) as a consequence of mechanisms of metabolic downregulation (Podrabsky and Hand, 2015) including suppression of mitochondrial function and metabolism (Hand et al., 2018). We set basal metabolism during diapause to 0.0016 d-1, 20 times less than that for non-diapausing animals, while biomass turnover was assigned a value of 0.0003 d-1, 100 times less. These values must be considered tentative noting that other studies, with equally uncertain parameter estimates, have suggested that metabolic activities during diapause may be reduced by only 50-70%: Maps et al., 2014; Freese et al., 2016).

Gonad development begins several months before copepods ascend back to the ocean surface (Hirche, 1996; Niehoff et al., 2002), although a large part takes place in the final weeks (Tande, 1982; Rey-Rassat et al., 2002). The last moult occurs at depth or during ascent (Ingsvardöttir et al., 1999). In the model, we assumed that gonad development follows after diapause and takes place prior to re-emergence in surface waters and thereby in the absence of food. The process is energetically expensive (Rey-Rassat et al., 2002) and so diapause was terminated and pre-diapause metabolic rates reinstated during this period of development. The modelled costs of gonad development and metabolism were substantial, consuming 5.1 μmol C reserved lipid (55% of the 9.4 μmol C accumulated in spring) and net 2.3 μmol C maternal biomass (35% of the 6.5 μmol C at mature CV). It is essential to know where, i.e., at what depth, this energy-expensive process takes place because it will only contribute to C sequestration via the seasonal lipid pump if it occurs at depths where mixing does not return it to surface waters.

Many studies of high latitude copepods, including the present one, principally view lipids as an energy store for overwintering. While this is undoubtably the case, such an energy-centric approach may obscure our appreciation of their wider role in facilitating other important aspects of their life histories. There is growing awareness that copepods carefully regulate and reconfigure the composition of their lipids to confer changes in their density, potentially generating periods of negative, neutral and positive buoyancy (Pond, 2012). In the case of gonad development, achieving this at depth by catabolizing >50% of their lipid reserve seems unlikely if the same lipid is also required for the maintenance of neutral buoyancy and/or the provision of positive buoyancy to help the animal re-ascend from diapause. Better understanding how, why, when and where high latitude copepods use their prodigious lipid reserves is essential for improving their representation in mechanistic models of the seasonal lipid pump and increasing confidence in projections of how it will respond to environmental perturbation.



4.3 Carbon sequestration

Assuming that both diapause and gonad development take place in the deep ocean interior, our model predictions for respiration of storage lipids can be used to estimate C sequestration via the seasonal lipid pump at Station Mike. The predicted total CO2 generated via respiration during these two phases is 1.8 + 5.1 = 6.9 μmol C per individual. If copepod densities are 15,000-40,000 individuals m-2 (Jonasdottir et al., 2015), this translates as a C sequestration via the seasonal lipid pump of 1.2 – 3.3 g C m-2 yr-1. Despite using completely different approaches to estimate the seasonal lipid pump, our values are remarkably similar to those of Jonasdottir et al., 2015. Our estimate of C sequestration increases to 1.7 – 4.6 g C m-2 yr-1, if CO2 produced via respiration of maternal biomass, 2.7 μmol C per individual, is included in the calculation. On the other hand, it may be that, at least in some animals, gonad development is completed during ascent or with access to food after re-emergence in surface waters (Tande and Hopkins, 1981; Niehoff and Hirche, 1996; Harris et al., 2000), in which case the associated release of C does not contribute to the seasonal lipid pump. The calculated C sequestration in this scenario, accruing solely from respiration of lipid during diapause, is only 0.3 – 0.9 g C m-2 yr-1. All these estimates are strongly dependent on model rate parameters for metabolism during diapause and gonad development which, as noted above, are highly uncertain.

The parameterisation of metabolism in the model involves not only C, but also N. This led to a predicted net consumption of 0.55 μmol N in maternal biomass over winter which, in the absence of food, is the only source of available N in the modelled copepod. The estimated excretion of N by the population as a whole is then 0.12–0.31 g N m-2 yr-1, calculated as for C above, and represents a “lipid shunt” where C and nutrient cycling are decoupled (Jonasdottir et al., 2015). What we call “structural biomass” in the model is in reality a multitude of different tissues including exoskeleton, gut, reproductive organs, etc. While it is well known that animals can store energy in the form of fat, it is a common misconception that they are unable to store N because there are no specific tissues or organs for this purpose. Reserves could be mobilised from the haemolymph (Carlotti and Hirche, 1997; Hirche et al., 1997; Niehoff, 2000) and it may also be the case that some lipids contain N (Mayor et al., 2015). N may also be recovered from other tissues. Copepods have no need for their gut during diapause and so, in order to save energy because of high tissue turnover rates, it could be resorbed thereby freeing up N (Hallberg and Hirche, 1980).



4.4 Egg production

A total of 2513 eggs were produced by the modelled copepod, at an average of 12.9 eggs d-1, slightly below values of 14-44 d-1 observed during the bloom period at Station Mike (Irigoien et al., 1998; Niehoff et al., 1999). Observed egg production rates for individual C. finmarchicus vary widely between 0-90 d-1 (Helland et al., 2003; Jonasdottir et al., 2005; Runge et al., 2006; Koski, 2007; Gislason et al., 2008; Head et al., 2013; Pasternak et al., 2013). The predicted contribution of the lipid reserve to egg production was small, 1% of the C requirement, noting that our model calculates egg production on an income, rather than capital basis, i.e., recently ingested food provides the main source of nutrition. Capital reproduction, whereby offspring are produced from stored reserves and which is not included in our model, may also be important in high latitude copepods, particularly prior to the feeding season (Varpe et al., 2009), because eggs produced at this time have a disproportionally high chance of recruiting into the population (Varpe et al., 2007). Eggs have a greater C:N ratio than structural biomass, 5.8 vs 4.9, and so the predicted TER for egg production was slightly higher than that of growth, between 8.5 and 10.9 (varying with food quantity). Thus, production was once again limited by food quantity (C), indicating that that availability of reserve lipid could be beneficial in this regard. We used the model to test this theory by conducting a simulation in which lipid storage at mature CV was increased from 9.4 to 25 μmol C ind-1. The number of eggs produced was 3245, a significant increase of 24%. However, accruing extra lipid in spring entails a greater demand for food resources and therefore more time feeding in surface waters and a longer and potentially higher exposure to predators. There is thus a tradeoff between accruing reserve lipids for egg production and the potential for increased mortality. We investigated this tradeoff by introducing a copepod mortality term in spring, using conservative rates of 0.01-0.02 d-1 (Hirst and Kiørboe, 2002; Cruz et al., 2021). The predicted average fecundity of individuals within a population as a whole was negatively impacted with increasing mortality as the adverse impact of predation due to extended surface feeding outweighed the potential increase in egg production from the extra accrued lipid. Our results indicate that the best strategy for copepods is to minimise time in surface waters in spring, building up lipid reserves for essential use in diapause and gonad development but that they should not accumulate extra lipid for subsequent use in egg production. Predation is a strong driver of life history strategies in copepods (Kvile et al., 2021) and future modelling work, focusing on population dynamics, could investigate the tradeoff between lipid gain and mortality in greater detail.




5 Conclusion

In conclusion, we have developed a new stoichiometric model that, for the first time, explicitly includes copepod lipid reserves and thereby improves upon the usual assumption of homeostasis (fixed C:N) in zooplankton. The model allowed us to quantitatively explore the interactions between lipid-storing copepods and their environment and how these influence ocean biogeochemistry in both the surface and deep ocean. Results indicate that the primary function of reserve lipid is to support metabolism in diapause and subsequent gonad development during the period when copepods are without access to food. The modelled respiration during this period leads to an estimated C sequestration via the seasonal lipid pump that is remarkably similar to previous estimates (Jonasdottir et al., 2015), indicating that this flux is comparable in magnitude to the gravitational sinking pump. Our work highlights that, in order to accurately quantify the seasonal lipid pump in the ocean, there is a need for improved mechanistic understanding of the ecology and physiology of lipid use by high-latitude copepods, including as a supply of energy, for gonad development, egg production, and in the regulation of buoyancy. Better resolving these knowledge gaps will facilitate the incorporation of the seasonal lipid pump into the global ocean biogeochemical models used to investigate carbon sequestration in the ocean and its response to climate change.
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Seasonal patterns in mesozooplankton composition, vertical distribution, and timing of reproduction are challenging to study in the open sea due to ocean currents and mix of populations of different origins. Sill fjords, on the other hand, with restricted water exchange, are ideal locations for studying taxa- and community-specific adaptations to the prevailing environment. Here, we present re-occurring patterns in the mesozooplankton community structure in Billefjorden, Svalbard, a high Arctic sill fjord with extensive seasonal ice cover, based on monthly sampling from 2011 to 2013. The zooplankton community composition confirmed the Arctic character of this fjord. Predominantly herbivorous taxa, such as Calanus glacialis and Pseudocalanus spp., showed strong seasonal variation in abundance and depth distribution, with population minima in spring being compensated by a rapid population recovery during summer. Omnivorous taxa, such as Microcalanus spp. and copepods of the family Aetideidae, largely remained at depth throughout the year and had an extended or year-round reproductive period. Deep-dwelling omnivorous/carnivorous species peaked in abundance in winter–spring when herbivorous populations were severely depleted. Taxa with seasonally limited occurrences, i.e., meroplankton, peaked in spring and summer at the surface, but were largely absent for the rest of the year. The different life histories, with contrasting feeding modes, depth preferences, and timing of reproduction lead to reduced interspecies competition and allow for a rather high and stable abundance of mesozooplankton year-round despite the short primary production window at high latitudes.
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1 Introduction

The Arctic is characterized by extreme seasonality in incoming solar radiation with up to 4 months of continuous darkness and 4 months of continuous daylight (Cohen et al., 2020). For the marine life, the continuous darkness may extend far into the period of midnight sun, since sea ice with snow on top efficiently stops light to penetrate to the water column below (Leu et al., 2011). Light is the main limiting factor for primary production in winter and early spring. Depending on sea ice conditions, the spring phytoplankton bloom may start as early as April in open water or as late as August in regions with extensive sea ice at 75° latitude and above (Leu et al., 2015). Marine zooplanktons have to adapt to this pronounced seasonality in light and primary production. The onset of the spring bloom is a key biological event in Arctic marine ecosystems, and species life histories are directly or indirectly tuned to the timing of this event depending on their trophic mode (Hagen and Auel, 2001). Herbivorous zooplanktons have adapted to the short window of primary production by efficiently building up large lipid stores when algae food is plentiful. At the end of the productive season, they descend to greater depths, where they survive the long and food-poor winter by lowering their metabolism and benefiting from reduced predation risk. Omnivorous–predatory zooplankton, on the other hand, have limited lipid deposits and depend on feeding actively year-round (Hagen and Auel, 2001). The timing of reproduction differs among taxa with different trophic modes. Herbivorous zooplankton often have one major reproductive period per year, while omnivorous–predatory species are more flexible (Berge et al., 2020). Large body size is common in some Arctic zooplankton species, allowing for large lipid storages, which again make it possible for herbivorous zooplankton to reproduce prior to the spring bloom on internal resources alone (i.e., capital breeding; Varpe et al., 2007). A food-independent early reproduction is an adaptation to regions with consolidated sea ice and large inter-annual variability in the timing of the spring bloom (Sainmont et al., 2014; Ejsmond et al., 2018). In Arctic shelf seas and fjords, sea ice commonly disappears in summer, and the onset of the spring bloom varies rarely by more than 1 month (Leu et al., 2015). These regions are on average twice as productive as the deep Arctic Ocean (Sakshaug, 2004) and can sustain a more abundant zooplankton community with less Arctic specialized taxa (e.g., Gluchowska et al., 2016).

There is still a scarcity of seasonal zooplankton studies from the Arctic. Available data series are patchy on temporal and spatial scales and often not consistent in relation to methods used. Most zooplankton studies from the Arctic have been conducted during summer when the region is easily accessible, with other seasons being understudied, and restricted to epipelagic waters focusing on abundant herbivorous calanoids, hence omitting deeper waters inhabitants (Richter, 1994). Moreover, they have often concentrated on only one or few dominant species (Lischka and Hagen, 2005; Søreide et al., 2010; Ershova et al., 2021b) and rarely on the whole zooplankton community (Weydmann et al., 2013; Darnis and Fortier, 2014; Bandara et al., 2016).

In Svalbard, life histories of dominant copepod species and the pteropod Limacina helicina have been the subject of detailed year-round investigations in Kongsfjorden (Lischka and Hagen, 2005; Lischka and Hagen, 2016), Isfjorden (Arnkværn et al., 2005; Balazy et al., 2021; Boissonnot et al., 2021; Ershova et al., 2021b; Hatlebakk et al., 2022), and Rijpfjorden (Søreide et al., 2010). Seasonal research on the whole mesozooplankton community has been conducted in Kongsfjorden (Hop et al., 2002; Kwasniewski et al., 2003; Hop et al., 2006; Walkusz et al., 2009; Hop et al., 2019) and Rijpfjorden (Weydmann et al., 2013), but these studies are based on data collected with rather coarse resolution in time. Annual studies of meroplankton are available from Adventfjorden (Isfjorden system) (Kuklinski et al., 2013; Stübner et al., 2016), and the seasonal variability in the macrozooplankton community has been studied in Billefjorden (Bandara et al., 2016). In most of these studies, data from the polar night period are either lacking or restricted to very few data points, thus providing an important but temporarily limited description of the seasonal changes in the community structure.

In the face of ongoing global warming (Wassmann, 2011), there is an urgent need to describe the status quo ante climate change to enable us to recognize its impacts on ecosystems structure and functioning beyond the natural, seasonal variability. The increased influence of warm Atlantic water along West Spitsbergen is slowly but visibly imprinting on the biota in Svalbard fjords (Gluchowska et al., 2016), surrounding seas (Ingvaldsen et al., 2021), and the Arctic Ocean (Ershova et al., 2021a). In fjords of Svalbard, perturbations in the ice cover extent and thickness are notable together with an increase in the oceans heat content (Muckenhuber et al., 2016). The consequences anticipated with loss in sea ice include a decline in Arctic species (Wassmann, 2011), an earlier occurrence of phytoplankton blooms (Kahru et al., 2011; Ingvaldsen et al., 2021), a shift in protists dominance towards smaller picoplankton fraction (Hegseth et al., 2019), and a possible mismatch between timing of primary and secondary productions (e.g., Søreide et al., 2010). These alterations at the base of the food web may have cascading effects on higher trophic levels such as fish, marine mammals, and seabirds (e.g., Falk-Petersen et al., 2007; Vihtakari et al., 2018).

A good understanding of how zooplankton communities vary seasonally and interannually is essential to assess the impact of anthropogenic and climate change. However, it is not a trivial task to establish a baseline or reference for what is natural. Zooplankton population dynamics are notoriously difficult to follow due to their very nature of being passive drifters. Repeated sampling at one location does not guarantee that the same community is explored over time, and changes in population structure and species composition over time may be biased by the inflow or exchange of populations between sampling events.

In this study, we targeted a high Arctic fjord with very limited water exchange to overcome the many pitfalls that advection may introduce. The rather deep (196 m) and seasonally ice-covered inner basin of Billefjorden is largely isolated from the outer fjord system (Nilsen et al., 2008; Skogseth et al., 2020). We therefore assume that chronological changes in the community composition and abundance reflect internal processes (reproduction, growth, and survival in the local populations) rather than the in- and outflow of populations due to advection (e.g., Arnkværn et al., 2005). Billefjorden, therefore, functions as a valid non-advective model system for Arctic shelf seas to identify repeatable seasonal patterns in Arctic mesozooplankton communities that would not be clearly observable in open shelf seas. Here, we analyzed data on the mesozooplankton community structure collected at 21 sampling events (in total 88 samples) from 2011 to 2013 to identify consistent seasonal patterns in (1) mesozooplankton community composition, (2) vertical distribution and (3) timing of reproduction of key zooplankton taxa in this high-Arctic fjord environment. Our study provides a baseline that will be important to differentiate climate change and natural seasonal patterns in development of mesozooplankton communities in Arctic fjords and shelf seas.



2 Materials and methods


2.1 Study area

The study was conducted in Billefjorden (78°40′N, 16°40′E: Figure 1), a glacial fjord located in the distant inner part of Isfjorden, the largest fjord system on the western coast of Svalbard. Isfjorden regularly experiences intrusions of warm and saline Atlantic Water (AW) from the West Spitsbergen Current and of Arctic Water (ArW) originating from the Barents Sea with the East Spitsbergen Current and the Coastal Current (Skogseth et al., 2020). Hydrographical conditions vary depending on intensity of advection, water mass mixing, and exchange, and can alternate from typically Arctic to Atlantic conditions, with a dominance of Atlantic conditions due to increased advection of AW over the past decade (Skogseth et al., 2020). Billefjorden is about 30 km long and 5–8 km wide and is divided into an outer and an inner basin by two sills (the outer of 70 m and the inner of 50 m depth), which restrict exchange of fjord waters with Isfjorden outside (Nilsen et al., 2008). There is evidence that Billefjorden remains free of AW signatures even under extreme influxes of AW in Isfjorden (Cottier et al., 2005; Nilsen et al., 2008). The average depth of the inner basin is 160 m, with a maximum of 196 m. Our sampling site was located in Adolfbukta, the innermost basin, at 192 m depth (station BAB, 78°39.7 N, 16°43.9 E; Figure 1), which is dominated by locally formed winter cooled water (WCW) with temperatures <−0.5°C below 50 m year-round. While the inner basin is largely unaffected by influxes from outside (Arnkværn et al., 2005), it receives a discharge of fresh water and sediments from the adjacent glacier (Nordenskjöldbreen) during summer melting. An ice cover usually forms between December and February and lasts until June (https://cryo.met.no).




Figure 1 | Study area. (A) Map of Svalbard. (B) Location of sampling site BAB (asterisk) in Billefjorden, Svalbard.





2.2 Data collection

Depending on sea-ice conditions, the sampling site was accessed either by sea using a research vessel (RV Helmer Hanssen, RV Lance) or small boats, or in winter–spring on the ice using snowmobiles with nets towed through a hole in the ice. Samples were collected regularly between May 2011 and September 2013 (21 times), generally in monthly intervals, with a break between September and November 2011 and from January to the beginning of June 2012 (Table 1). Sampling was generally conducted between noon and late afternoon. In February 2013, sampling was conducted in the outer basin (BAB*, 78° 34.3N 16° 27.4E; bottom depth, 154 m) due to challenging sea ice conditions.


Table 1 | Overview of sampling dates and nets used in Billefjorden at station BAB (78°40′N, 16°40′E; 192 m deep) from May 2011 to September 2013.



Vertical profiles of temperature, salinity, and fluorescence were obtained at each sampling date using a handheld CTD (SAIV model 204, Bergen, Norway) or a ship-board conductivity, temperature, and depth profiler (Sea-Bird Electronics, Bellevue, WA, USA) with a SeaPoint fluorometer attached. From October 2010 to September 2013, an instrumented mooring was deployed close to the sampling site. SeaBird Electronics MicroCats, recording temperature, conductivity, and pressure, were located at 16, 28, and 183 m. The moorings also included a SeaPoint fluorometer at 28 m. Vemco temperature miniloggers were fixed at intervals of 10–30 m at depths between 14 and 150 m. The mooring was serviced in August 2011 and September 2012. For that purpose, the mooring was recovered in its entirety, data were downloaded, instruments and batteries were replaced, and the mooring was redeployed within 2–3 weeks after the recovery.

Zooplankton was collected in vertical hauls using either a Multiple Plankton Sampler (MPS; Hydro-Bios, Kiel) from larger vessels (7 dates) or a closing WP2 net (Hydro-Bios, Kiel) when sampling from small boats and through the ice (14 dates) (Table 1). The two nets’ dimensions are comparable with an opening area of 0.25 m2 and a mesh size of 200 µm (except for 26 August 2011 when 180-µm mesh size was used). Tows were taken in a stratified manner from four standardized depth layers: 180–100 m, 100–50 m, 50–20 m, and 20–0 m. Three times the deepest layer was divided further: 180–150 and 150–100 m (Table 1), but these data were pooled before data analyses in this study, except for the calculation of weighted mean depth (WMD). Zooplankton samples were immediately preserved with 4% borax-buffered formaldehyde–seawater solution after collection.



2.3 Zooplankton identification and analysis

Prior to quantitative analysis larger (>5 mm) organisms were picked out and identified separately. Samples were diluted into 100–400-ml volume depending on the density, and 2-ml subsamples were taken using a pipette with enlarged (4 mm) opening. All organisms were enumerated and identified from three to five subsamples. Additional subsamples were analyzed (usually 1/10 of sample volume) to enumerate less abundant species and stages, and the entire sample was scanned to detect rare species and remaining macrozooplankton. All organisms were identified to the lowest possible taxonomic level. To distinguish between Calanus finmarchicus, Calanus glacialis, and younger stages of Calanus hyperboreus, we measured prosome length of all counted individuals and followed size classes obtained during previous studies from Billefjorden (Arnkværn et al., 2005; Gabrielsen et al., 2012). Only females of Pseudocalanus spp. were identified to species level (P. minutus and P. acuspes), but females of P. moultoni may also have been present (Ershova et al., 2021b), and erroneous been identified to P. acuspes. Copepods of the genus Microcalanus were attributed to Microcalanus pygmaeus, but Microcalanus pusillus could have occurred in low numbers as well. Copepods were divided into small and large copepods (total length as adults <2 mm or >2 mm, respectively). Species abundances were calculated from vertical net hauls, assuming 100% filtration efficiency, as number of individuals per cubic meter. Absolute data from November 2012 is a bit uncertain due to stormy weather and strong drift. Particularly, the upper net sample (0–20 m) was exposed to trawling with roughly five times more water (i.e., 25 m3) filtered than the theoretical 5 m3 if hauled vertically, and taxa abundance data were corrected accordingly. In August 2011 and February 2013, the deepest tow did not reach 180 m, but the abundances of this lowest stratum were recalculated to obtain comparable results of water column data.



2.4 Data analyses

Contour plots of sea water temperature and log x + 0.1 transformed zooplankton abundance in the water column from 2011 to 2013 (Figure 2) were performed in MatLab (version 2014b). All other analyses were done in R [version 3.6.1 (R Core Team, 2020)] using R Studio (version 1.2.5001) and PRIMER (version 7.021) (Clarke and Warwick, 2001) with the PERMANOVA+ add on (Anderson et al., 2008).




Figure 2 | Seasonal development of environmental parameters and zooplankton abundance in the water column at station BAB in Billefjorden during the study period from May 2011 to September 2013. (A) Seasonal variability in fluorescence (normalized between 0 and 1) measured by a SeaPoint fluorometer placed at 28 m depth on the mooring line deployed close to station BAB in Billefjorden. (B) Seasonal variability in temperature (°C) based on several temperature loggers along the mooring line deployed close to the station. White field indicates gaps in measurement due to moorings being serviced. Gray bars on top indicate periods of ice cover. (C) Seasonal variability in total zooplankton abundance (log ind. m−3), there white field represent no data available.




2.4.1 Zooplankton community structures

Similarities in zooplankton composition were explored by hierarchical cluster analysis of integrated log x + 0.1 transformed species/taxa abundance using the R package cluster (Maechler et al., 2019). The results were visualized in a scatter plot using the fviz_cluster function in the factoextra package (Kassambara and Mundt, 2020). Fviz_cluster performs principal component analyses (PCAs) and plots the data points according to the first two principal components that explain the majority of the variance (dimensions 1 and 2). To estimate the similarities in taxa composition within the distinct clusters revealed in the cluster plot, we used SIMPER (similarity percentage) analyses in PRIMER (version 7.021) on log x + 0.1 log-transformed integrated zooplankton data and Bray–Curtis similarity.

To test whether differences in the zooplankton community composition (integrated log x + 0.1 transformed species/taxa abundance) was mainly due to season and/or year, we performed a permutational multivariate analysis of variance (PERMANOVA) test on Bray–Curtis similarity among sample units to obtain p-values using random permutations of residuals under a reduced model for both the dependency of singular factors (year; season) and their simultaneous acting (Anderson et al., 2008). PERMANOVA is an ANOVA-like statistical method designed for multivariate data clouds (a matrix of resemblances expressed either as distances, dissimilarities, or similarities).



2.4.2 Vertical Zooplankton distribution

We calculated the weighted mean depth (WMD) for selected species/taxa to determine seasonal changes in their vertical distribution. Similarly to Daase et al. (2016), we calculated the mean depth (Zm) and the standard deviation (Zs) of the frequency distribution along the depth axis using the method of Manly (1977):







where n is the number of depth intervals, dj = lower sample – upper sample depth (m) of sample interval j, zj is the midstrata (m) of sample interval j, fj is the density of individuals (per m3) observed in depth interval j, and wj is the relative abundance at depth stratum j taking into account the range of the depth interval. To account for the variability in bottom and sampling depth between our main station BAB (bottom depth, 192 m; sample depth, 170–182 m) and the station in the outer basin sampled in February 2013 (bottom depth, 154 m,; sample depth, 140 m) (see Table 1 for sampling details), we calculated the relative weighted mean depth as the ratio of WMD to the depth of the deepest sample at each sampling event to compare seasonal changes in depth distributions between species/taxa.

The WMD (Zm) indicates the mean depth at which the majority of population is located, while its standard deviation (Zs) is a proxy for the extent of the vertical distribution (small Zs indicates that organisms were concentrated at a certain depth, and large ones the opposite).





3 Results


3.1 Seasonal changes in environmental conditions and corresponding zooplankton patterns


3.1.1 Hydrography

The inner basin of Billefjorden was characterized by locally formed cold water (<−0.5°C) that prevailed year-round below 80 m and throughout the entire water column, while the fjord was ice covered (Figure 2B). Ice formed at the beginning of March in 2012 (https://cryo.met.no) and in early February in 2013 (JE Søreide pers. obs.). Maximum sea ice thickness varied between 30 cm (2013) and 50 cm (2011 and 2012), while snow depth varied from a maximum of 15 cm (2011 and 2012) to almost none in 2013 (max. 1 cm). Ice breakup occurred at similar times, at the beginning of June, in all 3 years (https://cryo.met.no).

As soon as the ice broke up, water temperatures increased rapidly in the upper 60 m (above the sill depths) resulting in a strong thermal stratification that persisted throughout the summer (Figure 2B). Maximum water temperatures were observed in August (up to +6°C), but below 100 m, water temperatures remained below −1°C (Figure 2B). Throughout autumn, surface waters cooled, and the stratification broke down. In January, the water column was well mixed and homogeneously cold (−1.7°C).



3.1.2 Algal food availability

Fluorescence measurements at 28 m (Figure 2A) and throughout the water column (CTD profiles; Supplementary Figure S1) indicated that phytoplankton increased in abundance under the ice in late April all 3 years with peak values observed in early to mid-May every year (~7 µg Chl a L−1; Freese et al., 2016). Fluorescence values were low in June 2011, while elevated values (~1 µg L−1) persisted into July in 2012 and 2013 (Figure 2A). Ice algae were present in April, but ice algal chlorophyll a concentrations were overall low in Billefjorden (<0.8 µg L−1, Leu et al., 2015; Søreide unpublished data).



3.1.3 Seasonal patterns in Zooplankton abundance

Zooplankton showed distinct seasonal patterns in vertical distribution (Figure 2C). In spring–summer, following the ice breakup (June–August 2011, June–July 2012, and July–August 2013), the highest total mesozooplankton abundance was found in surface waters. From August to September, zooplankton was mainly concentrated below 100-m depth where the majority remained until April, before descending again in August.




3.1.4 Zooplankton biodiversity

The zooplankton community consisted of 49 recognized zooplankton taxa, representing 9 phyla, 19 orders, 26 families, and 25 genera. Among these, 16 taxa belonged to Copepoda and 8 to other Crustacea, constituting 87% (69% Calanoidae) and 0.06% of the total zooplankton abundance, respectively. The taxonomical composition of the zooplankton community was relatively constant over time, with 11 taxa occurring at all sampling dates (Microcalanus spp., Pseudocalanus minutus, C. glacialis, Oithona similis, C. hyperboreus, C. finmarchicus, Metridia longa, Acartia longiremis, Aetideidae juveniles, Triconia borealis, and Parasagitta elegans) and 14 taxa occurring in more than 50% of the samples (Supplementary Table S1). Boreal species such as Limacina retroversa, Evadne nordmanni, and Oithona atlantica, and deeper living Metridia lucens and Tomopteris helgolandicus were occasionally found in low abundances in summer and autumn (data not shown). Meroplankton, larvae of Cirripedia, Bivalvia, Gastropoda, Polychaeta, and Echinodermata accounted for roughly half of the zooplankton abundance in May–July, but disappeared abruptly during autumn, being virtually absent in winter (Figure 3A).




Figure 3 | Monthly variability in zooplankton abundance (ind. m−2) and species composition of dominant zooplankton groups during the study period May 2011–September 2013 in Billefjorden, station BAB. (A) Total abundance of dominant zooplankton groups [large (total length > 2 mm) and small copepods (total length<2 mm)], copepod nauplii, non-copepod species, and meroplankton. (B) Relative composition of dominant small copepod taxa. (C) Relative composition of dominant non-copepod taxa.



Among copepods, small-sized taxa accounted for 45%–93% of the zooplankton abundance, except in May–July during peak abundance of meroplanktonic larvae. The two omnivorous copepods Microcalanus spp. and O. similis and the predominantly herbivorous Pseudocalanus spp. were major contributors to the overall zooplankton abundance (28%, 16%, and 18%, respectively), while the large copepod C. glacialis accounted for roughly 40% in late August–September but<1% in April (Figure 3B, Supplementary Table S1). Microcalanus spp. was observed in highest abundance in winter and spring, while Pseudocalanus spp. and O. similis were most numerous in autumn (Table 2, Figure 3B).

Among non-copepod holoplankton species, the pteropod L. helicina was the most abundant species comprising up to 25% of the non-copepods in autumn (64,025 ind. m−2) (Figure 3C). This mucus filtrator was almost always present (92% of sample events), mainly in the form of juvenile specimens with peak abundances observed between August and November (Table 2, Supplementary Figure S4). Other mucus filtrators such as the appendicularians Fritillaria borealis and Oikopleura spp. peaked also in abundance in autumn, but their abundance was one order of magnitude lower (<6,215 ind. m−2, Supplementary Figure S4).

Among the predatory zooplanktons, the chaetognath P. elegans was the most abundant (up to 82 ind. m-2) and the only consistently present carnivore in all samples (Figure 3C, Supplementary Table S1). The chaetognath Eukrohnia hamata (<6 ind. m−2), the pelagic amphipods Themisto abyssorum and T. libellula (<36 ind. m−2), and the pteropod Clione limacina (<66 ind. m−2) occurred less frequent and in very low numbers. Other predatory taxa that appeared regularly were juveniles and larvae of ctenophores (Beroë cucumis and Mertensia ovum) and hydromedusae (Aglantha digitale and Bougainvillia sp.) (Supplementary Table S1).



3.3 Seasonal community patterns

The cluster analyses on log x + 0.1 transformed integrated zooplankton abundances revealed that the seasonal variability in the community structure was higher than the inter-annual variability (Figure 4). The PERMANOVA analysis confirmed that season had a significant effect on community composition (p = 0.001), while neither year (p = 0.47) nor the interaction between year and season was statistically significant (p = 0.15). The zooplankton total abundances did not vary much between seasons, but the taxa composition did (Table 2, Figure 5).




Figure 4 | Multidimensional scaling (MDS) of cluster analyses performed on integrated (log x + 0.1 transformed) zooplankton species/taxa data (ind. m−3). The two dimensions display 68.1% of the total variability and show four distinct clusters of samples with high similarity (>69%; SIMPER): Spring (May–June), Summer (July), Autumn (August–November), and Winter (December–April).




Table 2 | Overview of main zooplankton species/ taxa (ind. m-3) in Billefjorden, Svalbard, divided into the four seasons: Winter, Spring, Summer and Autumn according to similarity (cluster) analyses on integrated zooplankton densities (see Figure 4).






Figure 5 | Average integrated abundance of the most dominant zooplankton species (ind. m−3) in Billefjorden (2011–2013) in the four seasons identified by multidimensional scaling (see Figure 4): Winter (December–April), Spring (May–June), Summer (July), and Autumn (August–November).



Four main zooplankton communities were apparent in the cluster analysis with a distinct winter community in December–April (81% similarity in community composition; SIMPER) followed by a spring community in May and June (69% similarity, SIMPER), developing into a summer community in July (75% similarity, SIMPER) and further to a distinct autumn community in August–November (76%, similarity SIMPER). Winter was characterized by a zooplankton community with high abundance of Microcalanus spp. combined with relative low abundance of C. glacialis. In spring, Cirripedia and copepod nauplii became abundant, and in summer, high numbers of bivalve larvae were observed. In autumn, Pseudocalanus spp. and O. similis peaked in abundance, together with C. glacialis and L. helicina (Table 2, Figure 5).



3.4 Seasonal vertical migration

The seasonal variability in taxa abundance and vertical distribution showed three main patterns: (1) taxa with high seasonal variability in their depth distribution, termed “seasonal migrators,” (2) taxa that remained at depth throughout the year, termed “deep-dwelling zooplankton,” and (3) taxa with highly seasonal occurrences termed “seasonal visitors” (e.g., meroplankton). Patterns in abundance and vertical distribution are described below following these three categories.


3.4.1 Seasonal migrators

Zooplankton taxa performing distinct seasonal migration were copepods of the genus Calanus spp. and Pseudocalanus spp. and, to a lesser extent, the cyclopoid copepod O. similis and the chaetognath P. elegans (Figures 6, 8A).




Figure 6 | Relative weighted mean depths (WMDs) against day of year for species with high seasonal variability in WMD Billefjorden, years 2011-2013. Error bars indicate the spread (Zs) of individuals over the water column, bubble size reflects mean abundance in water column (ind m−3), and color indicates year. (A) Calanus glacialis, (B) Pseudocalanus spp., (C) Oithona similis, and (D) Parasagitta elegans. Note the differences in scale between species. The relative WMD is the ratio of WMD to the total sample depth, i.e., a WMD of<0.5 indicates that the taxa was centered in the upper half of the water column, a WMD closer to 1 indicates that the distribution was centered in the deeper part of the water column.



Calanus glacialis occurred in high abundances in autumn (up to 3,100 ind. m−3 at deepest depth; Supplementary Table S1) but decreased in numbers over winter with lowest abundances observed in April and May (<150 ind. m−3; Table 2). In winter and spring, the C. glacialis population primarily consisted of females and copepodite stages IV (CIV) with a WMD of 68–119 m in winter and 20–71 m in spring. In mid-July, it was still in the surface (WMD, 27 m) and descended deeper by the end of July (WMD, 72–90 m), and it primarily centered below 100 m throughout autumn and winter (WMD September–January, 100–144 m). From January onwards, a slow shallowing of the WMD was observed before C. glacialis entered the surface water again in spring (Figure 6A). The two other Calanus species occurred in much less numbers in Billefjorden (Supplementary Table S1) but showed similar seasonal migration patterns as C. glacialis, except that C. finmarchicus remained in the surface 50 m up to 1 month longer than the two others in summer–autumn.

Pseudocalanus spp. dominated the small-copepod fraction in summer and autumn and showed a consistent seasonal cycle in its total abundance (Figures 6B, 8A). Its abundance was generally low in winter and particularly low in spring (Table 2, Figure 5). During summer, it showed increasing numbers, reaching maximum abundances in August (Figures 5, 6B, Supplementary Table S1). In summer (July), the Pseudocalanus population was concentrated in the upper 50 m (WMD, 26–35 m) and comprised mainly of young developmental stages (CI–CII). Throughout autumn and winter, it was centered at intermediate depth (WMD, 58–95 m), and the overwintering stages CIV and CV prevailed. Females of P. minutes were always present with peak numbers in June, while females of P. acuspes only occurred from May to September. Males were present all months except November and December.

Oithona similis concentrated at subsurface and intermediate depths in summer (WMD, 51–86 m) and autumn (WMD, 43–73 m) to descend relatively deep during winter (WMD, 70–117 m) and spring (WMD, 74–110 m) (Figure 6C). The upward movement in July–August was followed by maximum abundance in autumn (Table 2, Figure 8A)

Parasagitta elegans showed also consistent seasonal changes in their vertical position (Figure 6D). It remained fairly deep in winter (WMD, 80–104 m) with an upward movement in May (WMD, 44 m), concentrating at the surface in July (WMD, 10–20 m), and relocating to subsurface and intermediate depth in autumn (WMD, 43–70 m). Parasagitta elegans was observed in highest abundance during summer and autumn (Figure 8A).



3.4.2 Deep-dwelling zooplankton

Microcalanus spp. was the most abundant deep-dwelling species, followed by the much less numerous Triconia borealis, M. longa, and Bradyidius similis (Figure 7). Microcalanus spp. had a predominantly deep distribution (WMD, 77–145 m) year-round (Figure 7A) with peak abundances in winter (Table 2, Figure 8B). The much less abundant M. longa (WMD, 71–139 m) and Triconia borealis (WMD, 70–140 m) showed similar deep preference as Microcalanus spp. with peak numbers in winter-spring (Table 2, Figure 7B, C, 8B).




Figure 7 | Relative weighted mean depths (WMDs) of taxa with deep distribution in Billefjorden, years 2011-2013. Error bars indicate the spread (Zs) of individuals over the water column, bubble size reflects mean abundance in water column (ind m−3), and color indicates year. (A) Microcalanus spp., (B) Metridia longa, (C) Triconia borealis, and (D) Aetideidae. Note the differences in scale between species.The relative WMD is the ratio of WMD to the total sample depth, i.e., a WMD of<0.5 indicates that the taxa was centered in the upper half of the water column, and a WMD closer to 1 indicates that the distribution was centered in the deeper part of the water column.






Figure 8 | Circular heatmap summarizing the seasonal changes in relative abundance of (A) seasonal vertical migrators, (B) deep-dwellers, and (C) seasonal visitors occurring in high numbers during shorter periods such as larvae of benthic taxa (meroplankton) and holoplankton (copepod nauplii and juveniles of Limacina spp.).Color scale is a relative scale based on abundance (ind m−3), i.e., lowest abundance of each taxa = 0, the highest = 1, and all other values are linearly scaled accordingly so that dark color tones mark the month with highest abundance and lighter colors and white mark the month with lowest abundance.



Copepods of the family Aetideidae (mainly represented by B. similis) were constantly present and concentrated below 100 m year-round (WMD,<100 m) with highest abundances observed between May and September (Figures 7D, 8B).



3.4.3 Seasonal visitors

Larvae of benthic taxa (Meroplankton) and larvae/juveniles of holoplankton (copepod nauplii and L. helicina) occurred in seasonal pulses. Meroplankton and copepod nauplii were abundant in spring and summer, while juveniles of L. helicina were abundant in autumn (Table 2, Figure 8C). While the abundance of the different meroplanktonic larvae varied between years, the sequence of their appearance was similar (Supplementary Figure S3), and they were all primarily concentrated in the upper 50 m (data not shown). Cirripedia larvae (first nauplii, later cypris) appeared in May/June (up to 2,953 ind. m−3) together with Polychaeta larvae (up to 76 ind. m−3) and were largely concentrated in the upper 50 m (WMD, 10–48 m). Bivalvia larvae dominated the meroplankton community in July (up to 14,140 ind. m−3, Supplementary Table S1). They were concentrated in the surface layers during peak abundance (WMD, 13 m) but were found in low numbers at greater depth after their abundances decreased in August and September (WMD, 33–109 m). Pelagic larvae of macrobenthos (Hyas araneus and Eupagurus zoea) were found in surface layers in June/July but were of minor importance together with Bryozoa and Gastropod larvae, which peaked in abundance in September. Echinodermata larvae appeared for the first time in early May. They were present in low numbers throughout summer and early autumn occupying subsurface and intermediate water layers (WMD, 16–65 m).

Copepod nauplii (mostly Calanoid nauplii) were observed in low abundances (<10 ind. m−3) for the most parts of the year with high abundances observed between May and July (primarily C. glacialis and Pseudocalanus spp.), with a peak in June (up to 1,040 ind. m−3) (Figure 8C). From May to September, they were mainly found in the upper water column (WMD, 28–91 m), while the few ones discovered in winter was primarily found deep (WMD, 26–165 m) (Supplementary Figure S3). Peak abundances of copepodite stage CI of C. glacialis and Pseudocalanus spp. were found in June and July, respectively (Supplementary Figure S4). Copepodite stage 1 of the deep dwelling copepods of the family Aetideidae (primarily B. similis) were found all year-round concentrated below 100 m (WMD, 75–160) (Supplementary Figure S3)

Juveniles of L. helicina appeared in large numbers in surface and sub-surface waters in August–September (up to 1,973 ind. m−3) and persisted throughout autumn (Figure 8C) but descended to deeper water in October followed by a distinct drop in abundance (<10 ind. m−3) from December to July (Supplementary Figure S4).





4 Discussion


4.1 The arctic refuge

The true arctic fjord characteristics of Billefjorden was reflected in the species composition with cold-water species prevailing year-round (C. glacialis, P. minutes, and Microcalanus spp.) or representing important components of the community (M. longa, P. acuspes, L. helicina, and P. elegans) (Gluchowska et al., 2016). Species of more arcto-boreal provenance (C. finmarchicus, A. longiremis, T. borealis, and E. hamata) appeared in low numbers. The occasional occurrence of boreal species (Limacina retroversa, Evadne nordmanni, and Oithona atlantica, and deeper living Metridia lucens and Tomopteris helgolandicus) indicated that remnants of transformed Atlantic water (AW) can occasionally penetrate into Billefjorden. This was especially true during the ice-free summer and autumn when the upper 50 m (above the sill depth) receives occasional influx from Isfjorden (Skogseth et al., 2020). However, while extreme influxes of AW into the Isfjorden system were documented in autumn 2013 (Skogseth et al., 2020), Billefjorden remained relatively free of AW signatures and accompanied zooplankton taxa. We therefore conclude that advective processes are minor in Billefjorden and that the local in-fjord processes are the main ones. Interestingly, the total zooplankton abundance did not vary much across seasons in Billefjorden, and it was comparably higher to that found in ice-free Atlantic influenced fjords in Svalbard (Gluchowska et al., 2016; Hop et al., 2019). In terms of biomass, however, autumn was the season with the highest zooplankton biomass due to the high abundance of large, older copepodite stages of C. glacialis. Small-sized copepods (including young stages of Calanus spp.) and meroplankton (e.g., tiny Bivalvia larvae) dominated in numbers the other seasons, but these small taxa contribute little in terms of biomass (Blachowiak-Samolyk et al., 2008).



4.2 Seasonal patterns

The reoccurring seasonal patterns in the zooplankton community structure in Billefjorden are summarized in Figure 8. We identified three general patterns in the seasonal variation in abundance and vertical distribution of zooplankton: (1) seasonal migrators, taxa with distinct seasonal variability in their depth distribution, peaking in abundance in summer–autumn and showing lowest numbers in spring; (2) deep-dwelling zooplankton, taxa that remain at depth throughout the year being relatively more abundant in winter–spring compared to summer and autumn; and (3) seasonal visitors, taxa with temporarily limited occurrences in high numbers, i.e., meroplankton and other juveniles that peaked primarily in spring–summer at the surface but were largely absent during the rest of the year.



4.3 Seasonal migrators

Seasonal vertical migration (SVM) is a common feature among boreal and arctic zooplankton species (reviewed in Bandara et al., 2021). SVM is tightly connected to reproductive and overwintering strategies of species and is therefore usually an ontogenetical migration (e.g., Conover, 1988; Hirche, 1996; Madsen et al., 2001). SVM is an adaptation to deal with periodical resources limitation, which is typical for high latitudes, and is characterized by an upward migration in spring to utilize the high primary production in surface layers for reproduction, growth, and development, followed by a downward migration in autumn and a residence at greater depth during winter. The appearance of the spring bloom in early May every year in Billefjorden is similar to the timing of the spring bloom in ice-free fjords in Svalbard (Stübner et al., 2016; Hegseth et al., 2019). During the spring bloom and throughout summer, zooplankton abundance was highest in the surface 50 m, while the bulk of the zooplankton community moved to deeper waters during the non-productive autumn and winter. Seasonal migrators and seasonal visitors (meroplankton and copepod nauplii) were the cause for the dominant shallow distinct distribution pattern in bulk zooplankton in spring and summer.

In Billefjorden, SVM was displayed by the primarily herbivorous C. glacialis and Pseudocalanus spp., but also by the omnivore O. similis and the carnivore P. elegans. SVM is well documented for these species across boreal and Arctic seas (Kosobokova, 1999; Gislason and Astthorsson, 2004; Daase et al., 2013; Darnis and Fortier, 2014; Grigor et al., 2014; Lischka and Hagen, 2016). In C. glacialis and Pseudocalanus spp., the SVM was accompanied by ontogenetical changes in the population structure, with older copepodites descending during autumn to depths and ascending to surface the following spring while the young copepodites being abundant in surface waters during summer (Weydmann et al., 2013). Both species utilize the spring bloom for reproduction (Lischka and Hagen, 2005; Thor et al., 2005; Darnis and Fortier, 2014), and both displayed high seasonal variability in abundance with maxima in late summer and autumn, large decreases during winter, and very low numbers in spring. This indicates not only high mortality during winter (Daase and Søreide, 2021) but also successful recruitment during spring and summer, enabling them to build up large populations over a short period of time (e.g., Arnkværn et al., 2005; Leu et al., 2011; Hatlebakk et al., 2022).

The ascent of C. glacialis in spring seems to be a gradual process. Starting already in February, its WMD increased progressively. In a parallel study in 2012–2013, Freese et al. (2017) found that lipid catabolic activity increased and lipid content decreased in C. glacialis in Billefjorden from December to April. Gonad maturation and egg production (capital breeding) are energy demanding, and to start to prepare for reproduction so far in advance of the spring bloom increases the risk for resource limitation and non-consumptive mortality (Daase and Søreide, 2021). By early April, almost half of population was located at 50–100 m, and in the beginning of May, 87% was found above 100 m. The occurrence of young copepodites of C. glacialis in July 2011 and May–June 2012–2013 (Supplementary Figure S3) indicates similar timing of reproduction in Billefjorden as in Amundsen Gulf and other fjords in Svalbard (Daase et al., 2013; Hatlebakk et al., 2022), and Western Greenland (Madsen et al., 2001). The descent of overwintering CIV–V to depths was accomplished in a shorter period of time from late July to August (Freese et al., 2017).

Pseudocalanus spp. was distributed somewhat higher up in the water column than C. glacialis during winter and spring. In Amundsen Gulf, Pseudocalanus spp. was defined as the most epipelagic copepod with only weak SVM (Darnis and Fortier, 2014). Copepodite stages CIII–CV were present year-round, confirming that these are the main overwintering stages (Ussing, 1938; Lischka and Hagen, 2005; Lischka and Hagen, 2016; Ershova et al., 2021b). CI peaked in July (Supplementary Figure S3), indicating that reproduction occurred in May–June (Ershova et al., 2021b). This phenology is similar to that of Pseudocalanus populations in Kongsfjorden and in northern Norway (Norrbin, 1991; Halvorsen and Tande, 1999). CIs were present throughout autumn, indicating reproduction occurring throughout summer and not being restricted to the main phytoplankton bloom, which is most likely due to the presence of both P. minutes and P. acuspes that reproduce primarily in respective spring and summer–autumn (Ershova et al., 2021b). Pseudocalanus minutes is larger and more lipid-rich than P. acuspes (Boissonnot et al., 2016) and is also known to utilize the early ice algae food source to speed up reproduction (Conover et al., 1986). Pseudocalanus spp. may be able to utilize the post bloom much more efficiently than C. glacialis, being able to capture smaller algae cells and microplankton that become more important as food source throughout summer and autumn (Hegseth et al., 2019). Being more active during winter, they may invest in prolonged reproductive periods rather than in growth and lipid storage (Barth-Jensen et al., 2022). The boreal Pseudocalanus moultoni is morphologically very similar to P. acuspes, and this species was most likely also present in Billefjorden during this study (e.g., Ershova et al., 2021b). However, its strong decline in numbers over winter combined with no nauplii being identified to P. moultoni suggests that P. moultoni is not actively reproducing in Billefjorden (Ershova et al., 2021b).

The timing of decent and ascent was slightly shifted in O. smilis compared to C. glacialis and Pseudocalanus spp. Oithona similis became abundant in the upper 50 m first in August and peaked in abundance during autumn similarly to observations by Balazy et al. (2021) in the nearby Adventfjorden. At this time, C. glacialis and Pseudocalanus spp. had already descended to greater depths, leaving the surface waters to O. similis to exploit and reproduce with little competition (Balazy et al., 2021). Oithona similis is omnivorous, with predilection for motile prey and is feeding actively during summer, autumn, and winter (Lischka and Hagen, 2016), even though it is also able to accumulate energy stores in the form of lipids (Narcy et al., 2009). Oithona similis remained in the upper 100 m throughout autumn, descending to deeper layers as late as January. The relatively lower extent of SVM in O. similis is consistent with observations from the Beaufort Sea, where epipelagic O. similis exhibited only modest amplitude of SVM (Darnis and Fortier, 2014).

Parasagitta elegans is a common predator in the Arctic (Søreide et al., 2003; Blachowiak-Samolyk et al., 2008) and subarctic waters (Gislason and Astthorsson, 1998; Terazaki, 1998; Abramova and Tuschling, 2005) and was the most abundant carnivore with year-round presence in Billefjorden. We found the SVM pattern of P. elegans to mirror that of the copepods, indicating that this behavior is a response to the SVM conducted by their prey organisms, such as Calanus and smaller copepods (Terazaki, 1998; Grigor et al., 2014; Bandara et al., 2016). Parasagitta elegans also exhibited seasonal and interannual variability in abundance, which may be related to food abundance. Chaetognaths can have high predatory impact on plankton communities (Arashkevich et al., 2002; Baier and Terazaki, 2005). For instance, the strong decline in Pseudocalanus spp. abundance during winter 2013 coincided with a consistent presence of P. elegans and high abundance of ctenophores, suggesting predation pressure as the source for the high mortality in parallel with non-consumptive mortality due to resource shortage in the copepods when they molt and invest in gonad maturation (Daase & Søreide, 2021).



4.4 Year-round deep-dwellers

In contrast to the SVM behavior observed in herbivorous copepods and their most abundant predator, a number of taxa displayed only small changes in their vertical distribution, remaining below the euphotic zone year-round. At depths, microbial processes dominate (e.g., Bradford-Grieve et al., 1999), so dwelling deeper puts restrictions on a herbivorous feeding mode, and taxa with omnivorous, detrivorous, or carnivorous feeding strategies are mainly encountered (e.g., Yamaguchi et al., 2022).

The most spatially confined distribution was found in copepods of the family Aetideidae, which were found almost exclusive in the deepest layers. Little is known about the life cycles of these species (Bradford-Grieve, 2004), since they likely are regularly under-sampled in plankton tows that do not sample efficiently close to the sea floor, but the year-round presence of the youngest copepodite stages and nauplii of Aetideidae suggests continuous reproduction (Barth-Jensen et al., 2022).

Persistent year-round preference for deep waters was also observed in the abundant small-sized copepods Microcalanus spp. and T. borealis and the less abundant large M. longa. Vertical distribution patterns of M. longa should be taken with caution due to its relatively low abundance in our study and its tendency to conduct diel vertical migration (Daase et al., 2008). No clear SVM was observed in these three species in the Amundsen Gulf (Darnis and Fortier, 2014) nor during a drift study in the Beaufort Sea and the Chukchi Sea (Ashjian et al., 2003). However, signs of SVM were found in the permanently ice-covered central Arctic basins (Geinrikh et al., 1983).

Microcalanus spp. displayed small upward movements in July and a subsequent dispersion over intermediate layers during autumn. This is in accordance with observations from the Southern Ocean where M. pygmaeus spent late winter and early spring at greater depth, ascending to intermediate depths in summer and descending during autumn (Schnack-Schiel and Mizdalski, 1994).



4.5 Seasonal visitors

The third persistent pattern observed in the zooplankton community was the mass occurrence of larvae and juveniles of various taxa in the surface and subsurface strata in spring and summer. These taxa dominated the zooplankton community in terms of numbers during periods of mass occurrence. Increased temperatures and sufficient food availability shorten larval development time, thereby increasing larval survival and thus facilitating the outburst of juveniles and larvae during the phytoplankton bloom in surface layers (Fenaux et al., 1994). The overall low ice algae biomass in Billefjorden combined with the observation of high numbers of cirripedia in May–June suggests that it is the phytoplankton bloom that triggers the release of cirripedia nauplii (e.g. Stübner et al., 2016).

Due to the mesh size used (180–200 µm), our abundance estimates of larvae and juveniles are likely biased, as some larvae forms may be too small to be caught quantitatively. However, the different meroplankton taxa appeared in repeatable sequence each year, and the timing of peak abundances and succession of the different taxa in Billefjorden resembled the phenology in Adventfjorden (Kuklinski et al., 2013; Stübner et al., 2016) and Kongsfjorden (Lischka and Hagen, 2016): an early outburst of Cirripedia associated with an appearance of Polychaeta larvae in May-June was followed by a much larger peak in abundance of Bivalvia veliger in July, while Echinodermata larvae were present between May and October.

The sequence in emergence of different meroplankton taxa offers an additional insight into life history strategies of their benthic parents. Cirripedia, polychaets, and echinoderms appear to have adopted a capital breeding strategy and do not require external food intake to produce and to release their larvae but can release offspring simultaneously with the spring bloom, thus enabling their offspring to utilize the phytoplankton bloom to its full extent (Kuklinski et al., 2013). The exceptionally regular occurrence of Bivalvia larvae each year in July indicates an income breeding strategy, relying on pelagic bloom for maturation and reproduction and also highly synchronized spawning (Kuklinski et al., 2013). Furthermore, the occurrence of meroplankton in high abundances implies a rich benthic community and a strong pelagic–benthic coupling in Billefjorden. The importance of meroplankton is a common feature in coastal arctic and subarctic systems—high occurrence have been reported from, e.g., Icelandic waters where ophiuroid larvae accounted for 9% in total and 22% in July (Gislason and Astthorsson, 1998) and from the White Sea (Pertsova and Kosobokova, 2003), Greenland (Arendt et al., 2012), and the Beaufort Sea (Walkusz et al., 2013).

Another group that was characterized by highly seasonal peaks in abundance were mucus filtrators and, in particular, juveniles of the arctic pteropod L. helicina, which appeared in large numbers in August–September and persisted throughout autumn. Mucus filtrators have very high ingestion rates and play an important ecological role in the carbon transport from the euphotic layer to the sea floor by discarding mucous feeding webs, which, by flocculation with other particles, enhance aggregates formation and their downward vertical fluxes (Alldredge and Gotschalk, 1988; Hunt et al., 2008). Limacina helicina is also a major food source for a wide spectrum of predators (Gannefors et al., 2005).

Abundance of L. helicina is notoriously difficult to assess due to their highly patchy distribution, not only on annual or seasonal but also on daily and even hourly scale (Boissonnot et al., 2021). The presence of large numbers of juveniles in August–September indicates that juveniles are the main overwintering stage and not veligers as previously suggested (Gannefors et al., 2005; Lischka and Riebesell, 2012; Lischka and Hagen, 2016), which is in accordance with the year-round study by Boissonnot et al. (2021) in nearby Adventfjorden. In 2013, juvenile Limacina were absent between June and September, and high numbers of veligers occurred first in September, indicating that spawning was delayed that year.

The seasonal variation in the vertical distribution is poorly documented in pteropods (Hunt et al., 2008). Due to the highly patchy occurrence of L. helicina in Billefjorden, we can also only present a fragmented picture of the seasonal variability in their vertical distribution. The aggregation in surface/subsurface waters in August/September agrees with observations from coastal and oceanic waters of northern Norway (Halvorsen and Tande, 1999), the western Baffin Bay (Buchanan and Sekerak, 1982), and Rijpfjorden (Weydmann et al., 2013). In mid-winter, L. helicina was concentrated at greater depth; by early spring, they were gathered in the upper 50 m, but abundance was generally low in winter and spring. Winter data from southern hemisphere indicated that L. helicina antarctica can reduce their metabolic activity in response to low food availability (Seibel and Dierssen, 2003), but they will normally continue feeding throughout winter (Hunt et al., 2008). Thus, the variable vertical distribution in winter may be governed by both predator avoidance and food availability.




5 Concluding remark

The re-occurring mesozooplankton patterns identified in Billefjorden in years 2011–2013 provide a seasonal baseline that will serve as an important reference to differentiate between climate change impacts and natural mesozooplankton variability in Arctic shelf seas and fjords.

The variability in the zooplankton community structure and vertical distribution is best explained by the factor Season, which correlates to the seasonal changes in underwater light climate and algal food availability. Larvae and juveniles occur primarily when algal food is abundant. The timing of the spring bloom is therefore steering the phenology of most taxa, either directly (herbivores/seasonal migrators) or indirectly (omnivores/predators). Depending on zooplankton life history strategies, their occurrence in surface layers may be episodic (meroplankton), restricted to summer (herbivores), or prolonged until autumn (omnivores). Winter is characterized by high mortality in herbivorous and seasonal migrating species. Despite this high winter mortality, these taxa quickly rebuild their population over the summer. Deep-dwelling, omnivorous species are less seasonally restricted and often show peak abundances in winter and spring when herbivorous populations are severely depleted (Figure 8). These taxa often have an extended or year-round reproductive period.

The different life histories, depth preferences, and timing of reproduction among coexisting mesozooplankton taxa revealed in this study have a straightforward ecological meaning, as they reduce the inter-specific competition and allow for a relatively high and constant zooplankton abundance year-round despite the short window of primary production in high-Arctic fjords and shelf seas.
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The Arctic Ocean is rapidly changing. Air temperature is rising two to four times faster in the Arctic than the global average, with dramatic consequences for the ecosystems. Polar zooplankton species have to cope with those increasing temperatures, whilst simultaneously facing increasing competition by boreal-Atlantic sister species advected into the Arctic Ocean via a stronger Atlantic inflow. To assess the sensitivity of Arctic and Atlantic zooplankton to rising temperatures, respiration rates of dominant Arctic species (Calanus hyperboreus, Calanus glacialis, Paraeuchaeta glacialis, Themisto libellula) and their co-occurring Atlantic congeners (Calanus finmarchicus, Paraeuchaeta norvegica, Themisto abyssorum) were measured at ambient temperatures and simulated conditions of ocean warming from 0 to 10°C during three expeditions with RV Polarstern to the Arctic Fram Strait. Arctic zooplankton showed only slowly increasing respiration rates with increasing temperatures, also indicated by low Q10 ratios. In contrast, boreal-Atlantic representatives responded to higher temperatures by a rapid and steeper increase in their respiration rates (higher Q10), suggesting higher metabolic activity. These results imply that Arctic species are physiologically more tolerant to ocean warming than expected but might be outcompeted by their Atlantic congeners beyond a certain temperature threshold in areas of strong distribution overlap. Thus, the ‘Atlantification’ of the Arctic zooplankton community seems to be driven rather by ecological interactions than by physiological limitations. Changes in zooplankton community composition and biodiversity will have major consequences for trophodynamics and energy flux in Arctic ecosystems, since polar species tend to be larger than their southern counterparts and have a higher lipid content, providing more energy-rich food for higher trophic levels.
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1 Introduction

The Arctic Ocean and adjacent ice-covered seas are the regions that are most rapidly affected by global warming. Air surface temperature is rising two to four times faster in the Arctic than the global average (Bekryaev et al., 2010; Masson-Delmotte et al., 2013; Meredith et al., 2019), and the sea surface and Atlantic Water core temperatures in the Arctic Ocean have been increasing for the last decades (Polyakov et al., 2012; Polyakov et al., 2013; Hartmann et al., 2013; Meredith et al., 2019).

The increasing northward inflow of warm and saline Atlantic waters is referred to as ‘Atlantification’ or ‘Borealization’ of the Arctic (Polyakov et al., 2017). Associated with Atlantic water masses are boreal-Atlantic species, which are rapidly expanding their ranges poleward (Beaugrand et al., 2009). For instance, copepods (Beaugrand et al., 2002; Weydmann et al., 2014), gelatinous zooplankton (Mańko et al., 2020) and fishes (Fossheim et al., 2015; Vihtakari et al., 2018) are shifting northward in their biogeographic distribution. This is emphasized by first evidence of reproductive success of boreal zooplankton species, such as the amphipod Themisto compressa and the euphausiid Thysanoessa raschii near the Svalbard archipelago in Fram Strait and in Kongsfjorden, Svalbard, respectively (Buchholz et al., 2012; Kraft et al., 2013). Thus, the Atlantic-influenced regions of the Arctic Ocean are increasingly invaded and successfully colonized by boreal-Atlantic species, resulting in the Atlantification of the Arctic fauna.

In Fram Strait, the only deep-water connection of the Arctic with the Atlantic Ocean, three species of Calanus co-occur, with two ‘true polar-Arctic’ species, Calanus hyperboreus and C. glacialis, and one expatriate from the boreal-Atlantic, C. finmarchicus (Wassmann et al., 2015). Copepods of the genus Calanus are a key component in the Arctic marine food web, as they usually dominate in terms of biomass and represent a crucial link between primary production and higher trophic levels (Mumm et al., 1998; Auel and Hagen, 2002; Kosobokova and Hirche, 2009). The three species share similarities considering morphology and life-history traits; however, they differ particularly considering size, life-cycle duration and phenology (Møller and Nielsen, 2020; Daase et al., 2021). Both Arctic species are characterized by larger size, higher lipid content and life-cycles exceeding one year (Daase et al., 2021). Reproductive strategies of polar Calanus species are highly adapted to the harsh and strongly seasonal Arctic conditions. C. hyperboreus is a capital breeder, i.e. using stored lipid resources for reproduction (Daase et al., 2021). Hence, C. hyperboreus can reproduce independent of immediate food supply and is able to initiate reproduction prior to the onset of the ice algal bloom. By the time the spring bloom is commencing, nauplii of C. hyperboreus have reached their feeding stage (from naupliar stage 3 onward) and are able to utilize the early ice algal bloom for growth and development (Jung-Madsen et al., 2013; Daase et al., 2021). C. glacialis is also well adapted due to a high flexibility in its reproductive strategy, being able to fuel reproduction both by lipid reserves and by utilizing the early ice algal bloom (Hirche and Kattner, 1993; Wold et al., 2011). C. finmarchicus, in contrast, is smaller in size, hence possesses comparably smaller lipid reserves, has a one-year life-cycle and is an income breeder, i.e. reproduction is dependent on direct food intake (Daase et al., 2021).

Shifting from a community dominated by large and lipid-rich copepods with multi-year life cycles to one with smaller, less lipid-rich and shorter-lived species could have consequences for the entire Arctic food web. For instance, the Arctic planktivorous little auk (Alle alle) and juvenile polar cod (Boreogadus saida) are strongly dependent on the larger Arctic Calanus species and, in the case of little auks, even extend their foraging trips to find their preferred prey (Karnovsky et al., 2010; Kwaśniewski et al., 2010; Bouchard and Fortier, 2020). It is, thus, crucial to better understand the processes driving transitions in community composition.

As a consequence of species-specific temperature tolerance limits and temperature-dependent effects on performance, organisms occupy distinct thermal niches, which are an important factor in defining their biogeographical distribution (Schulte et al., 2011). Polar marine ectotherms are considered to have a comparably narrow optimum at low temperatures and a limited ability to cope with rising environmental temperatures (Peck, 2002). This stenothermy is particularly pronounced in Antarctic ectotherms (Pörtner et al., 2007; Peck et al., 2010; Sandersfeld et al., 2015), but has also been reported for Arctic invertebrates and fishes (Franklin et al., 2013; Huenerlage and Buchholz, 2015).

The concept of oxygen- and capacity-limited thermal tolerance (OCLTT) explains temperature effects on the aerobic scope as a main driver in influencing energy availability for performance, and thus eventually the biogeographic distribution of species (Pörtner et al., 2017). The aerobic scope is determined by the difference between the standard and maximum metabolic rate and represents excess capacity of aerobic energy available for achieving fitness and supporting biological functions. Beyond a threshold temperature (pejus temperature), a mismatch between oxygen supply capacity and oxygen demand occurs, reducing the aerobic scope, and thus limiting available energy for essential biological processes such as foraging, growth and reproduction. While temperatures beyond the pejus temperature do not necessarily influence the survival of a species yet, they reduce its performance, and hence its competitive fitness (Pörtner, 2001; Verberk et al., 2016).

To assess the sensitivity of polar-Arctic versus boreal-Atlantic zooplankton to rising temperatures, we conducted respiration measurements as a proxy for metabolic activity at five temperatures ranging from 0 to 10°C with the three co-existing Calanus species in Arctic Fram Strait. In addition, pairs of polar versus boreal-Atlantic congeners of other zooplankton taxa, the predatory copepods Paraeuchaeta glacialis and P. norvegica and the hyperiid amphipods Themisto libellula and T. abyssorum, were included in the study. Specifically, we hypothesize that (1) polar species show a stenothermic response, i.e. rapidly increasing metabolic rates at lower temperatures (high Q10 value), followed by a narrow optimum and a sharp drop, including increased mortality at higher temperatures; (2) mass-specific respiration rates are generally higher in the smaller boreal-Atlantic species compared to their larger polar congeners; (3) the mechanism behind the Atlantification of the Arctic fauna is mainly driven by physiological limits of Arctic zooplankton to increasing temperatures.



2 Materials and methods


2.1 Sampling

Sampling was conducted at the end of summer during three cruises with RV Polarstern to Arctic Fram Strait in July-September 2016, 2017, and 2019 (PS100, PS107 and PS121, respectively, Figure 1).




Figure 1 | Location of stations where zooplankton specimens were collected for respiration experiments during cruises PS100, PS107 and PS121. Numbers above dots indicate respective station number.




2.1.1 In situ conditions

In situ temperatures were obtained with a CTD (Conductivity Temperature Depth) profiling system prior to each sampling of zooplankton. In situ temperatures did not vary distinctly between years, but rather between regions in Fram Strait. The western part of Fram Strait is under strong influence of the East Greenland Current (EGC), exporting cold and fresh Polar Surface Water out of the Arctic Ocean. Temperature profiles of the stations during the three cruises were characterized by temperatures below 0°C in epipelagic layers (Supplement Material S1). Between 200 to 300 m, temperatures increased up to a maximum of 3°C and then decreased again to around 0°C in 1000 m.

In the eastern part of Fram Strait, the West Spitsbergen Current (WSC) flows northward and transports rather warm, saline Atlantic water into the Arctic Ocean. Profiles during the three cruises showed high temperatures of 5 to 9°C in surface waters. With increasing depth temperatures steadily decreased to ≤0°C below 600 m.

The zone in between the two currents, here referred to as central Fram Strait, is characterized by a highly dynamic and turbulent hydrographic regime (Kawasaki and Hasumi, 2016; von Appen et al., 2018). While partly under influence of the EGC, branches of the WSC turn westward to ‘recirculate’ and subduct below the Polar Surface Water (Hattermann et al., 2016). The variability of the central Fram Strait was reflected in the temperature profiles during the three expeditions. Four stations showed similar profiles as the ones under influence of the EGC (PS100 Stns 48, 49 and PS121 Stns 29, 36), three showed a mix of both characteristics (PS100 Stns 46, 102 and PS107 Stn 21) and one was influenced by the WSC (PS107 Stn 34; Supplement Material S1).



2.1.2 Zooplankton sampling

Zooplankton sampling was conducted using either a multiple opening and closing net equipped with five nets for stratified vertical hauls (Hydrobios Multinet Midi, mouth opening 0.25 m2, mesh size 150 µm, hauling speed 0.5 m s-1) or a bongo net (mesh size: 200 to 500 µm, towing speed 1-2 kn) with filtering cod-ends, respectively. Vertical hauls with the Multinet usually sampled the entire water column from the seafloor or a maximum sampling depth of 1,500 m to the surface (Kanzow, 2017; Schewe, 2018; Metfies, 2020). Specimens used for respiration measurements were sorted immediately after the hauls in a temperature-controlled lab container (2 to 4°C). Only apparently healthy and active individuals were selected and kept at 0°C. 0°C were chosen, as it was within the in situ temperature range for all species.




2.2 Respiration measurements

Respiration rates of zooplankton organisms were measured on board at different temperatures (0, 4, 6, 8 and 10°C) non-invasively by optode respirometry using a 10-Channel Fiber Optic Oxygen Meter (OXY-10, PreSens, Precision Sensing GmbH, Regensburg, Germany). Each individual was only measured once at one of the experimental temperatures and they were selected randomly for the respective temperatures. Prior to the measurements, specimens were transferred from 0°C to the incubator, brought slowly to their respective experimental temperature and acclimated for at least 24 hours.

For the experiments, individuals were carefully transferred into gas-tight glass bottles containing 13 ml of 0.2 µm GF/F filtered and oxygenated seawater. The number of individuals per bottle depended on size, ontogenetic stage and metabolic activity with a maximum of six specimens per bottle (for Calanus finmarchicus copepodite stage C5). Experiments were run in a temperature-controlled incubator in the dark (refrigerator with external precision thermostat) for generally 8 to 24 hours with continuous measurements every 15 seconds. If oxygen levels fell below a critical level (below 60% air saturation), experiments were terminated earlier (usually in case of larger animals such as the amphipods Themisto spp.). In each experimental run, two channels of the multi-channel optode respirometer were used for animal-free controls to compensate for potential microbial oxygen consumption or production.

After the experiments, the taxonomic identification of species and developmental stages was confirmed under a dissecting microscope (Leica MS5) and amphipods were measured for body length. Calanus glacialis and C. finmarchicus are two sister species that are morphologically difficult to distinguish. Differentiation based on prosome length is a commonly used method to discriminate between the two congeners (Daase et al., 2018). However, due to an overlap of size distributions in regions of co-occurrence (Gabrielsen et al., 2012; Choquet et al., 2018) and depth-dependent size distributions (Kaiser et al., 2021), this can lead to individuals being misidentified, usually with a bias towards an underestimation of C. glacialis (Choquet et al., 2018; Daase et al., 2018). Nevertheless, C. glacialis reaches distinctly larger sizes than C. finmarchicus. Therefore, to avoid the overlapping size ranges, only larger individuals of the same stage were used for experiments with C. glacialis and smaller individuals for C. finmarchicus.

All individuals were deep-frozen at -80°C for subsequent dry mass (DM) determination after lyophilization for 48 hours, in the home laboratory at the University of Bremen, Germany. Deep-frozen at -80°C for subsequent dry mass (DM) determination after lyophilization for 48 hours, in the home laboratory at the University of Bremen, Germany. Individuals were then weighed using a microbalance (Sartorius MC215).

The first two hours of each measurement (or 20 min when measurements had to be terminated early due to oxygen depletion) were excluded from further analysis to avoid potential bias by handling stress or temperature adjustments at the start of the experiments. Animal-free controls were treated equally. The mean decline in dissolved oxygen concentration in the animal-free controls was subtracted from the respective measurements with animals of the same experimental run.

To compare respiration between different species, mass-specific respiration rates (MSRR) were calculated. Statistical analyses were performed using GraphPad Prism (version 8.0.2). Differences between MSRR during the three years (2016, 2017 and 2019) were tested for significance using Welch-ANOVA, as homogeneity of variance was not always met and sample size was highly variable, followed by the Games-Howell’s post hoc multiple comparison test. Both analyses were chosen, as they do not assume equal variances and sample sizes. No significant differences were detected in MSRR of the seven species between the three years at each temperature; thus, the experimental results from the different years were pooled for each species and stage.

MSRR were standardized for all species to exclude the factor body mass on respiration. For the standardization, log10 transformed MSRR of all species at 0°C were plotted against log10 transformed dry masses to obtain the scaling coefficient b (-0.25) from the linear slope of the regression line. Standardized MSRR were calculated as follows:

	

where RMSRR is the mass-specific respiration rate, DM is the respective dry mass, stDM is the genus- and stage-specific mean dry mass (2 mg for Calanus females, 1.2 mg for Calanus C5, 5.6 mg for Paraeuchaeta females, 1.8 mg for Paraeuchaeta C5, 7 mg for Themisto). Genus- and stage-specific DMs were obtained by averaging dry masses of all sampled individuals of the respective genus and stage.

Intraspecific temperature-dependent differences in MSRR were tested for significance using Welch-ANOVA, followed by Games-Howell’s post hoc multiple comparison test. Differences in slopes of linear regression performed on log10 transformed MSRR were tested for significance between species of the same genus to identify significant differences in the species-specific increase of MSRR.

Finally, species- and stage-specific Q10 values were calculated based on exponential regression of all MSRR data at the different temperatures. With the obtained exponential function, calculated MSRR rates for 10°C were divided by rates at 0°C, providing the Q10 values, i.e. the factorial increase associated with a 10°C rise in temperature. To exclude that Calanus females and C5s from greater depths had an impact on MSRR, Q10 values of specimens from the surface layers (0 – 100 m) were compared to Q10 values including individuals from deeper layers. Q10 values did not distinctly change, whether deeper-dwelling individuals were included in the analysis or not. We therefore assume that these specimens did not yet enter diapause and included all Calanus individuals in the analyses.




3 Results

In total, 517 measurements of seven different polar (Calanus hyperboreus, Calanus glacialis, Paraeuchaeta glacialis, Themisto libellula) and boreal-Atlantic (Calanus finmarchicus, Paraeuchaeta norvegica, Themisto abyssorum) zooplankton species were conducted at 0, 4, 6, 8 and 10°C (Table 1 and Figure 2).


Table 1 | Individual, mass-specific and standardized mass-specific respiration rates of polar-Arctic and boreal-Atlantic (grey highlighted) zooplankton species measured at different ambient temperatures (Exp. temp.) during three expeditions PS100 (2016), PS107 (2017) and PS121 (2019) with RV Polarstern to Arctic Fram Strait in summer (July-September).






Figure 2 | Mass-specific (A, B) and standardized mass-specific (C) respiration rates (Stand. MSRR) of polar-Arctic (blue) versus boreal-Atlantic (red) zooplankton species from Fram Strait. Stand. MSRR were used for Themisto species, as they had highly variable dry masses. Box represents the interquartile range (lower edge: 25th percentile, the upper edge: 75th percentile, central line: median, whiskers extend to minimum and maximum values within 1.5 times the interquartile range). Dots represent potential outliers that are above or below 1.5 times the interquartile range, respectively. Asterisks show significant differences in standardized respiration rates between species at the respective temperature (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001). Values above the boxplots show number of measurements. (A) Calanus spp., (B) Paraeuchaeta spp., (C) Themisto spp.




3.1 Temperature-dependence of respiration

In general, mass-specific respiration rates (MSRR) increased with temperature for all species and stages (Table 1 and Figure 2). Adult females of polar Calanus hyperboreus and C. glacialis showed a slow, but steady increase in MSRR (Figure 2A and Table 1). Respiration rates in these organisms doubled from 0 to 8°C, which represents a significant increase for C. hyperboreus (p<0.001) and C. glacialis females (p< 0.001; Games-Howell’s multiple comparison test). The increase from 0 to 6°C was also significant in C. glacialis (p= 0.05). A summary of all statistical analyses can be found in the Supplement Material S2.

In C. hyperboreus C5, MSRR remained rather stable between 0 and 6°C (mean values around 12 nmol O2 h-1 mg-1 DM for all three temperatures), but at 8 and 10°C an increase was noticeable to 20 and 27 nmol O2 h-1 mg-1 DM, respectively (0 and 8°C: p< 0.001). In C. glacialis C5 no distinct increase in MSRR was observed between 0 and 8°C (p> 0.999; Figure 2A and Table 1).

Adult females of C. finmarchicus showed similar MSRR at 0°C as their Arctic congeners (Figure 2A and Table 1). However, in contrast to the slow and steady increase of Arctic Calanus species, MSRR of boreal-Atlantic C. finmarchicus females showed a much more rapid and steeper increase, with a more than threefold increase in mean MSRR from 0 to 6°C (i.e. 24 to 90 nmol O2 h-1 mg-1 DM, Table 1 and Figure 2A). At 8°C the distinct rise in MSRR of C. finmarchicus females flattened into a plateau. MSRR of C. finmarchicus females were significantly different between 0 and 4°C (p= 0.04), 0 and 6°C (p< 0.001) and 4 and 6°C (p= 0.02). The slope of the regression line of log10 transformed MSRR with increasing temperature of C. finmarchicus females was significantly higher than the slope of females of C. hyperboreus (p= 0.0089) and C. glacialis (p= 0.0117).

Copepodite stages C5 of C. finmarchicus also showed a significant increase in MSRR from 0 to 8°C, with mean values increasing from 15 to 44 nmol O2 h-1 mg-1 DM, respectively (0 and 8°C: p= 0.02, 4 and 10°C: p= 0.01). The increase leveled off at 10°C (Figure 2A). The slope of the linear regression of MSRR with increasing temperature was significantly higher in C. finmarchicus C5 compared to C. hyperboreus C5 (p= 0.0004) and C. glacialis C5 (p= 0.0027).

Adult females of the predatory copepod species Paraeuchaeta glacialis and P. norvegica showed similar trends among each other with little change in MSRR between 0 and 4°C and an increase at 8°C (Table 1 and Figure 2B). At all temperatures, mean MSRR of the Arctic P. glacialis females were higher than those of their Atlantic congener P. norvegica (Table 1). Respiration of P. glacialis C5 changed only slightly with increasing temperature, with essentially no difference in mean MSRR from 0 to 10°C (20 and 21 nmol O2 h-1 mg-1 DM, respectively). While mean MSRR of P. norvegica C5 was similar to P. glacialis C5 at 0°C, a distinct increase of mean values could be observed for P. norvegica C5 at temperatures above 4°C (Table 1 and Figure 2B).

In the amphipods Themisto libellula and T. abyssorum mean MSRR increased only slightly with temperature for both species. Mean standardized MSRR of the Arctic T. libellula were higher than those of the boreal-Atlantic T. abyssorum at all temperatures (Table 1 and Figure 2C).



3.2 Q10 values

Q10 values were generally higher for boreal-Atlantic congeners than for polar-Arctic species (Figure 3). These differences in Q10 coefficients were most pronounced in Calanus species. Polar-Arctic C. hyperboreus and C. glacialis had Q10 values between 1.3 and 2.7. In contrast, the boreal-Atlantic C. finmarchicus had much higher Q10 values of 4.2 in C5s and 5.9 in adult females.




Figure 3 | Q10 values of polar-Arctic (blue) versus boreal-Atlantic (red) zooplankton species based on exponential regression of mass-specific respiration rates at different temperatures (0, 4, 6, 8 and 10°C). C. hyp, Calanus hyperboreus; C. glac, Calanus glacialis; C. fin, Calanus finmarchicus; P. glac, Paraeuchaeta glacialis; P. norv, Paraeuchaeta norvegica; T. libel: Themisto libellula; T. abys, Themisto abyssorum; f, adult female; C5, copepodite stage C5.



Similar, but less pronounced differences in Q10 values between polar-Arctic and boreal-Atlantic sister species were determined for Paraeuchaeta spp. and Themisto spp., with higher values for the Atlantic species (P. norvegica C5: 2.3, females: 1.8; T. abyssorum: 2.5) compared to the Arctic congeners (P. glacialis C5: 1.0, females: 1.7; T. libellula: 1.7; Figure 3).



3.3 Mortality

Mortality of the species was generally low (Table 1). In Calanus species, survival of Arctic C. hyperboreus C5s and females was exceptionally high, with 100% at temperatures from 0 to 10°C (Table 1). Survival of the Arctic congener C. glacialis was 100% at lower temperatures (0 to 4°C). At 6°C mortality of females rose to 50% (mind the low number of replicates). At 8°C mortality was below 10% in females and C5s, respectively. During one experimental run at simulated ambient temperatures of 12°C with C. hyperboreus (females, C5) and C. glacialis (C5) mortality of both Arctic species was 100%. In contrast, boreal-Atlantic C. finmarchicus females and C5 experienced a low mortality (≤5%) at all temperatures. At temperatures ≥4°C (females) and ≥8°C (C5) survival was 100%.

In Arctic Paraeuchaeta glacialis the mortality of females and C5s was low (<15%) at temperatures below 8 and 10°C, respectively. At 8°C mortality increased to 29% in females and at 10°C to 50% in C5s (mind low number of replicates). In boreal-Atlantic P. norvegica survival rates were high. Mortality was only observed at 8°C in C5s (17%).

In both Themisto species mortalities were only observed at 0°C with 36% for T. libellula and 9% for T. abyssorum (Table 1).




4 Discussion

Between 1982 and 2017 the summer-mixed layer of the seasonally ice-free regions of the Arctic basin has warmed on average by 0.5°C per decade (Meredith et al., 2019), i.e. by more than 1.5°C in total. This warming trend is observable throughout various areas of the Arctic Ocean, e.g. in the warming of the Atlantic Water inflow (Beszczynska-Möller et al., 2012), in the northern Barents Sea (Lind et al., 2018) and even in the Deep Water of the Greenland Sea and Eurasian Basin (von Appen et al., 2015). With steadily increasing temperatures, it is expected that the Arctic community composition will shift towards an Atlantic regime (Chust et al., 2014; Fossheim et al., 2015). As polar zooplankton species are generally bigger and accumulate larger lipid stores (Kattner and Hagen, 2009), a shift in species composition towards smaller, less lipid-rich Atlantic congeners negatively affects food quality for higher trophic levels, with consequences for food-web structure and energy flux in the entire Arctic ecosystem (Møller and Nielsen, 2020). In the current study we discuss species-specific temperature tolerances and performance ranges of Arctic and co-occurring boreal-Atlantic zooplankton species to elucidate mechanisms causing the ongoing regime shifts.


4.1 Evidence against Arctic stenothermy

During our experiments, all Arctic species generally survived up to rather high temperatures of 10°C. Polar zooplankton species showed a slow increase in their metabolic rates, also emphasized by low Q10 values, which is contradicting the expected pattern for typical stenotherm species, i.e. a rapid increase of respiration, followed by a narrow optimum and a sharp decline (high Q10, Pörtner et al., 2017). Hence, our first hypothesis of polar stenothermy in these Arctic species has to be rejected. At one experimental run conducted at 12°C, the mortality of Calanus glacialis and C. hyperboreus was high, suggesting that this temperature is close to their lethal limit. Similar or even higher (15°C) critical temperatures were reported for both Arctic Calanus species by Hirche (1987) for short-term non-feeding experiments with individuals from the Greenland Sea and Hildebrandt et al. (2014) for long-time feeding experiments with specimens from Fram Strait.

The hypothesis of polar stenothermy, i.e. the inability of polar species to cope with a broader temperature range in polar species, was mainly based on experiments with invertebrates and fishes from the Southern Ocean (Pörtner et al., 2007; Peck et al., 2010; Sandersfeld et al., 2015). In contrast to the Antarctic, the Arctic Ocean cold-water ecosystem is comparably young and much less isolated (Buchholz et al., 2012); thus, Arctic species may be subjected to a much higher variability of temperatures than their southern counterparts (Pörtner et al., 2007). During the present study, in situ water temperatures ranged from -1.8 up to 9.3°C for Arctic zooplankton species (Table 1), with higher abundances usually between -1.8 and 3.5°C. Distributional ranges of Arctic Calanus species extend from Norwegian fjords and the Gulf of Maine, USA, to the high Arctic. Hence, they cover a wide ambient temperature range from -2 to 8°C (Hirche and Niehoff, 1996; Niehoff and Hirche, 2005), suggesting robustness and adaptive mechanisms to cope with such variable temperatures.



4.2 Mass-specific respiration

Contradictory to our second hypothesis, larger Arctic Paraeuchaeta glacialis and Themisto libellula had higher MSRR at each temperature compared to their smaller Atlantic congeners P. norvegica and T. abyssorum, respectively (except Paraeuchaeta C5 at 8°C). For larger specimens, the experimental setup may not have been optimal, possibly due to increased stress in the relatively small incubation bottles. Closed-system incubations of larger specimens may also result in rapid depletion of dissolved oxygen concentrations with additional stress. To exclude that stressed large individuals were responsible for higher MSRR, we checked for species-specific correlation between dry mass and MSRR. For T. libellula, expected trends were observed, i.e. smaller individuals having higher MSRR than larger ones. Further, smaller-sized T. libellula with comparable dry mass to T. abyssorum generally had higher MSRR. Measured rates of T. libellula were within the reported range (Auel and Werner, 2003; Darnis et al., 2017). It is, thus, unlikely that the higher rates were due to handling stress and/or oxygen deficits.

Although further proof is necessary, our results suggest a metabolic adaptation to the cold environment in those polar-Arctic zooplankton species. This is indicated by oxygen consumption, and thus metabolic activity, being generally higher in species of Arctic Themisto and Paraeuchaeta compared to their Atlantic congeners (see Sandersfeld et al., 2017 for higher metabolic rates in Antarctic fish). The concept of metabolic cold adaptation postulates that polar ectotherms have elevated metabolic rates compared to temperate species, as metabolic costs are higher at low temperatures. It is, however, one of the more controversially discussed hypotheses in polar ecophysiology (Peck and Conway, 2000).



4.3 Performance of Arctic versus Atlantic zooplankton

Aerobic respiration reflects an organism’s current demand of energy (Clarke, 2003). At 0°C, Arctic and Atlantic Calanus species showed the same ranges of mass-specific respiration rates (MSRR) in the present study, suggesting similar requirements. However, with increasing temperatures, the rise in MSRR differed significantly between Arctic and Atlantic Calanus species. While the MSRR of Arctic C. glacialis and C. hyperboreus showed only a slow increase (Q10 between 1.3 and 2.7), the MSRR of boreal-Atlantic C. finmarchicus increased much more rapidly (Q10 4.2 and 5.9).

A steep increase in respiration rates could be either stress-related or due to higher metabolic activity (e.g. growth, reproduction, digestion). C. finmarchicus is usually found in highest abundances in temperatures from 0 to 10°C (Bonnet et al., 2005; Strand et al., 2020), but occurrences in waters <0°C and ≥15°C have also been documented (Hirche, 1990; Turner et al., 1993; Bonnet et al., 2005). In situ temperatures for C. finmarchicus (0 to 9°C) during the present study were within the range of experimental temperatures. Absence of thermal stress is further supported by low mortality rates at high temperatures in the present and similar studies (Hirche et al., 1997). Physiological performances of C. finmarchicus at higher temperatures show that this boreal-Atlantic species is thriving with increasing temperatures. For instance, growth, egg production and feeding rates steadily increase with increasing temperatures (measurements from -1.5 to 15°C; Hirche et al., 1997; Campbell et al., 2001; Pasternak et al., 2013; Smolina et al., 2015), emphasizing a higher energy demand due to higher performance rates.

Adaptation to higher temperatures is further supported by gene regulation, as C. finmarchicus down-regulates proteins that are associated with thermal stress response at 5 and 10°C (Smolina et al., 2015), which indicates the absence of stress within this temperature range. In contrast to these performance experiments, specimens were not fed in the present study. Therefore, a stress-related increase in metabolic activity due to starvation cannot be completely ruled out. However, starvation generally did not last longer than a couple of days, suggesting that internal reserves could have been utilized to maintain a high metabolism. Especially C5 individuals had large lipid reserves due to the imminent diapause (mean lipid content >40% DM). To exclude that elevated metabolic rates in C. finmarchicus were stress-related at higher temperatures during starving conditions, additional studies are needed.

The weak response in MSRR of Arctic Calanus species suggests that they do not experience a distinct increase in their energy demand, neither for metabolic processes nor for a thermal stress response. Apparently, they cannot benefit from higher temperatures with an increase in their performance. The increase in respiration rates in C. glacialis and C. hyperboreus could solely be due to a passive response (Havird et al., 2020) and, thus, indicates a reduced sensitivity of metabolic processes to temperature. Indeed, our results are supported by a study on the genetic activity of fed C. glacialis, which showed no response in up- or down-regulation of protein expression with increasing temperatures from 0 to 10°C during short- and long-term experiments (Smolina et al., 2015).

Our results and the findings by Smolina et al. (2015) on genetic regulation in C. glacialis emphasize the absence of a thermal stress response in Arctic Calanus. For species inhabiting cold environments, several studies suggest that they accumulate heat shock proteins at a constant level to compensate for the damage associated with protein folding at low temperatures (Buckley et al., 2004; Place et al., 2004; Place and Hofmann, 2005; Huenerlage et al., 2016). This adaptation to cold temperatures results in a loss of thermal sensitivity of genes that encode such thermal stress proteins due to constantly high gene expression (Buckley et al., 2004).

Although respiration rates and genetic activity are not affected by rising temperatures in Arctic Calanus species, their physiological performances are reduced at higher temperatures. This has been shown for decreasing assimilation efficiency (experiments with C. glacialis up to 10°C; Grote et al., 2015), declining egg production rates (above 5°C for C. glacialis; Pasternak et al., 2013) and depression of gonad maturation (at 10°C for C. hyperboreus; Hildebrandt et al., 2014). The performance losses observed in Arctic Calanus species can be explained by a reduction of available energy associated with a decline in aerobic scope, as the pejus temperature is approached.

Hence, with increasing temperatures, Arctic zooplankton species may already reach their pejus temperature, while boreal-Atlantic congeners might still have sufficient energy available for their performance and fitness. High basal metabolic rates, as observed for boreal-Atlantic species in the current study, allow for a greater absolute aerobic scope, and thus a more active lifestyle (Clarke, 2003). Temperatures around 5 to 6°C apparently mark a threshold at which C. finmarchicus may outcompete its Arctic congeners (Henriksen et al., 2012; Kjellerup et al., 2012; Jung-Madsen and Nielsen, 2015). This is in line with our results of a much higher increase in metabolic activity at 4 to 6°C in C. finmarchicus than in the Arctic Calanus species. Thus, the Atlantification of Arctic zooplankton communities might be driven rather by ecological interactions, biological fitness and reproductive potential at higher ambient temperatures than by absolute physiological temperature limits, stenothermy and lower resilience against rising temperatures.

In conclusion, our third hypothesis, stating that the main driving force of the Atlantification would be physiological limits of Arctic species owing to increasing temperatures, has to be rejected. Additional experiments are necessary to exclude that those higher metabolic rates of Atlantic species were a stress response and long-term monitoring of community dynamics in regions of co-occurrence are essential to observe the consequences of different metabolic adaptations.

In the current study, we discussed direct physiological responses of Arctic versus boreal-Atlantic zooplankton species to rising temperatures, suggesting a higher competitive ability of Atlantic species with increasing temperatures due to higher metabolic activity. Yet, the Arctic Ocean is a harsh environment, which requires efficient adaptation. For instance, Arctic Calanus, especially C. hyperboreus, are able to start reproducing early in the year before sea-ice break-up, prior to the onset of a phytoplankton bloom, relying on internal energy reserves (Daase et al., 2021). Arctic Calanus species therefore have a competitive advantage over boreal C. finmarchicus in regions with strongly pulsed primary production regimes (Hatlebakk et al., 2022a, Hatlebakk et al., 2022b).

However, due to climate change, environmental conditions in the Arctic Ocean are shifting more and more to boreal regimes. The earlier sea-ice retreat and associated earlier phytoplankton production may result in increasing habitat suitability for boreal species and may further facilitate the successful establishment of boreal-Atlantic zooplankton populations in the Arctic Ocean (Freer et al., 2021). Indeed, Tarling et al. (2022) found first evidence of locally recruiting C. finmarchicus in Fram Strait, indicating that the system is becoming more suitable for boreal species.

At the same time, recent studies show that the shrinking of sea-ice cover results in a northward shift in the core distribution of C. hyperboreus and C. glacialis (Ershova et al., 2021) and in a mismatch between ice algae production and Calanus recruitment (Dezutter et al., 2019), adding to the factors that possibly decrease the competitive ability of Arctic zooplankton species.

A future Arctic ecosystem comprising boreal zooplankton communities with higher Q10 values may result in a system of higher metabolic activity, and thus a shift to a regime with higher turnover rates (Renaud et al., 2018). Individual size and lipid content of zooplankton species may generally become smaller and life cycles shorter, however, due to the faster growth and higher reproduction rates of boreal species, the future Arctic may be more efficient (Renaud et al., 2018). Yet, in a future Arctic scenario, highly prey-selective predators, such as little auks or young polar cods, will have to adapt to smaller and less energy-rich prey, or they will perish.

The present study demonstrates that, besides physiological effects, knowledge about complex ecological interactions is essential for a better understanding of global change implications on marine communities and ecosystems. These interactions should be included in models to develop realistic and reliable predictive capacities. This is especially important in the Arctic, where the Atlantification of the Arctic fauna is accompanied by the strong alternation of the environment. The loss of sea-ice and associated ice algal primary production results in drastic changes in habitat suitability, plankton phenology and overall productivity, affecting the entire Arctic marine ecosystem.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

HA and PK conducted the fieldwork. PK analyzed the samples and conducted the data analyses. PK drafted the manuscript. PK, WH, MB-D, and HA significantly contributed to improving the final manuscript. All authors contributed to the article and approved the submitted version.



Funding

Ship time was provided under grants AWI-PS100_07, AWI_PS107_10 and AWI_PS121_05, respectively.



Acknowledgments

We would like to thank the captains and crews of RV Polarstern during PS100, PS107 and PS121 for their skillful support during the cruises.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2022.908638/full#supplementary-material



References

 Auel, H., and Hagen, W. (2002). Mesozooplankton community structure, abundance and biomass in the central Arctic Ocean. Mar. Biol. 140, 1013–1021. doi: 10.1007/s00227-001-0775-4

 Auel, H., and Werner, I. (2003). Feeding, respiration and life history of the hyperiid amphipod Themisto libellula in the Arctic marginal ice zone of the Greenland Sea. J. Exp. Mar. Biol. Ecol. 269, 183–197. doi: 10.1016/S0022-0981(03)00321-6

 Beaugrand, G., Luczak, C., and Edwards, M. (2009). Rapid biogeographic plankton shifts in the North Atlantic Ocean. Glob. Change Biol. 15, 1790–1803. doi: 10.1111/j.1365-2486.2009.01848.x

 Beaugrand, G., Reid, P. C., Ibañez, F., Lindley, J. A., and Edwards, M. (2002). Reorganization of North Atlantic marine copepod biodiversity and climate. Science 296, 1692–1694. doi: 10.1126/science.1071329

 Bekryaev, R. V., Polyakov, I. V., and Alexeev, V. A. (2010). Role of polar amplification in long-term surface air temperature variations and modern Arctic warming. J. Clim. 23, 3888–3906. doi: 10.1175/2010JCLI3297.1

 Beszczynska-Möller, A., Fahrbach, E., Schauer, U., and Hansen, E. (2012). ariability in Atlantic water temperature and transport at the entrance to the Arctic Ocean 1997 – 2010. ICES J. Mar. Sci. 69, 852–863. doi: 10.1093/icesjms/fss056

 Bonnet, D., Richardson, A., Harris, R., Hirst, A., Beaugrand, G., Edwards, M., et al. (2005). An overview of Calanus helgolandicus ecology in European waters. Prog. Oceanogr. 65, 1–53. doi: 10.1016/j.pocean.2005.02.002

 Bouchard, C., and Fortier, L. (2020). The importance of Calanus glacialis for the feeding success of young polar cod: A circumpolar synthesis. Polar Biol. 43, 1095–1107. doi: 10.1007/s00300-020-02643-0

 Buchholz, F., Werner, T., and Buchholz, C. (2012). First observation of krill spawning in the high Arctic Kongsfjorden, West Spitsbergen. Polar Biol. 35, 1273–1279. doi: 10.1007/s00300-012-1186-3

 Buckley, B. A., Place, S. P., and Hofmann, G. E. (2004). Regulation of heat shock genes in isolated hepatocytes from an Antarctic fish, Trematomus bernacchii. J. Exp. Biol. 207, 3649–3656. doi: 10.1242/jeb.01219

 Campbell, R. G., Wagner, M. W., Teegarden, G. J., Boudreau, C. A., and Durbin, E. G. (2001). Growth and development rates of the copepod Calanus finmarchicus reared in the laboratory. Mar. Ecol. Prog. Ser. 221, 161–183. doi: 10.3354/meps221161

 Choquet, M., Kosobokova, K., Kwaśniewski, S., Hatlebakk, M., Dhanasiri, A. K. S., Melle, W., et al. (2018). Can morphology reliably distinguish between the copepods Calanus finmarchicus and C. glacialis, or is DNA the only way? Limnol. Oceanogr. Methods 16, 237–252. doi: 10.1002/lom3.10240

 Chust, G., Castellani, C., Licandro, P., Ibaibarriaga, L., Sagarminaga, Y., and Irigoien, X. (2014). Are Calanus spp. shifting poleward in the North Atlantic? A habitat modelling approach. ICES J. Mar. Sci. 71, 241–253. doi: 10.1093/icesjms/fst147

 Clarke, A. (2003). Costs and consequences of evolutionary temperature adaptation. Trends Ecol. Evol. 18, 573–581. doi: 10.1016/j.tree.2003.08.007

 Daase, M., Kosobokova, K., Last, K. S., Cohen, J. H., Choquet, M., Hatlebakk, M., et al. (2018). New insights into the biology of Calanus spp. (Copepoda) males in the Arctic Ocean. Mar. Ecol. Prog. Ser. 607, 53–69. doi: 10.3354/meps12788

 Daase, M., Berge, J., Søreide, J. E., and and Falk-Petersen, S. (2021). “Ecology of Arctic Pelagic Communities” in Arctic Ecology, (Ed)  D.N. Thomas, John Wiley & Sons, New Jersey, USA, pp. 219–259. doi: 10.1002/9781118846582.ch9

 Darnis, G., Hobbs, L., Geoffroy, M., Grenvald, J. C., Renaud, P. E., Berge, J., et al. (2017). From polar night to midnight sun: Diel vertical migration, metabolism and biogeochemical role of zooplankton in a high Arctic fjord (Kongsfjorden, Svalbard). Limnol. Oceanogr. 62, 1586–1605. doi: 10.1002/lno.10519

 Dezutter, T., Lalande, C., Dufresne, C., Darnis, G., and Fortier, L. (2019). Mismatch between microalgae and herbivorous copepods due to the record sea ice minimum extent of 2012 and the late sea ice break-up of 2013 in the Beaufort Sea. Prog. Oceanogr. 173, 66–77. doi: 10.1016/j.pocean.2019.02.008

 Ershova, E. A., Kosobokova, K. N., Banas, N. S., Ellingsen, I., Niehoff, B., Hildebrandt, N., et al. (2021). Sea Ice decline drives biogeographical shifts of key Calanus species in the central Arctic Ocean. Glob. Change Biol. 27, 2128–2143. doi: 10.1111/gcb.15562

 Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R. B., Aschan, M. M., and Dolgov, V. (2015). Recent warming leads to rapid borealization of fish communities in the Arctic. Nat. Clim. Change 5, 673–677. doi: 10.1038/NCLIMATE2647

 Franklin, C. E., Farrell, A. P., Altimiras, J., and Axelsson, M. (2013). Thermal dependence of cardiac function in arctic fish: Implications of a warming world. J. Exp. Biol. 216, 4251–4255. doi: 10.1242/jeb.087130

 Freer, J. J., Daase, M., and Tarling, G. A. (2021). Modelling the biogeographic boundary shift of Calanus finmarchicus reveals drivers of Arctic Atlantification by subarctic zooplankton. Glob. Change Biol. 28, 429–440. doi: 10.1111/gcb.15937

 Gabrielsen, T. M., Merkel, B., Søreide, J. E., Johansson-Karlsson, E., Bailey, A., Vogedes, D., et al. (2012). Potential misidentifications of two climate indicator species of the marine arctic ecosystem: Calanus glacialis and C. finmarchicus. Polar Biol. 35, 1621–1628. doi: 10.1007/s00300-012-1202-7

 Grote, U., Pasternak, A., Arashkevich, E., Halvorsen, E., and Nikishina, A. (2015). Thermal response of ingestion and egestion rates in the Arctic copepod Calanus glacialis and possible metabolic consequences in a warming ocean. Polar Biol. 38, 1025–1033. doi: 10.1007/s00300-015-1664-5

 Hartmann, D. L., Klein Tank, A. M. G., Rusticucci, M., Alexander, L. V., Brönnimann, S., Charabi, Y., et al. (2013). “Observations: Atmosphere and surface,” in Climate change 2013: The physical science basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press), 97 pp.

 Hatlebakk, M., Kosobokova, K., Daase, M., and Søreide, J. E. (2022a). Contrasting life traits of sympatric Calanus glacialis and C. finmarchicus in a warming Arctic revealed by a year-round study in Isfjorden, Svalbard. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.877910

 Hatlebakk, M., Niehoff, B., Choquet, M., Hop, H., Wold, A., Hoarau, G., et al. (2022b). Seasonal enzyme activities of sympatric Calanus glacialis and C. finmarchicus in the high-Arctic. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.877904

 Hattermann, T., Isachsen, P. E., von Appen, W. J., Albretsen, J., and Sundfjord, A. (2016). Eddy-driven recirculation of Atlantic water in Fram Strait. Geophys. Res. Lett. 43, 3406–3414. doi: 10.1002/2016GL068323

 Havird, J. C., Neuwald, J. L., Shah, A. A., Mauro, A., Marshall, C. A., and Ghalambor, C. K. (2020). Distinguishing between active plasticity due to thermal acclimation and passive plasticity due to Q10 effects: Why methodology matters. Funct. Ecol. 34, 1015–1028. doi: 10.1111/1365-2435.13534

 Henriksen, M. V., Jung-Madsen, S., Nielsen, T. G., Møller, E. F., Henriksen, K. V., Markager, S., et al. (2012). Effects of temperature and food availability on feeding and egg production of Calanus hyperboreus from Disko Bay, western Greenland. Mar. Ecol. Prog. Ser. 447, 109–126. doi: 10.3354/meps09421

 Hildebrandt, N., Niehoff, B., and Sartoris, F. J. (2014). Long-term effects of elevated CO2 and temperature on the Arctic calanoid copepod Calanus glacialis and C. hyperboreus. Mar Pollut. Bull. 80, 59–70. doi: 10.1016/j.marpolbul.2014.01.050

 Hirche, H. J. (1987). Temperature and plankton. II. Effect on respiration and swimming activity in copepods from the Greenland Sea. Mar. Biol. 94, 347–356. doi: 10.1007/BF00428240

 Hirche, H. J. (1990). Egg production of Calanus finmarchicus at low temperature. Mar. Biol. 106, 53–58. doi; 10.1007/BF02114674

 Hirche, H. J., and Kattner, G. (1993). Egg production and lipid content of Calanus glacialis in spring: Indication of a food-dependent and food-independent reproductive mode. Mar. Biol. 117, 615–622. doi: 10.1007/BF00349773

 Hirche, H. J., Meyer, U., and Niehoff, B. (1997). Egg production of Calanus finmarchicus: effect of temperature, food and season. Mar. Biol. 127, 609–620. doi. 10.1007/s002270050051

 Hirche, H. J., and Niehoff, B. (1996). Reproduction of the Arctic copepod Calanus hyperboreus in the Greenland Sea - field and laboratory observations. Polar Biol. 16, 209–219. doi: 10.1007/BF02329209

 Huenerlage, K., and Buchholz, F. (2015). Thermal limits of krill species from the high-Arctic Kongsfjord (Spitsbergen). Mar. Ecol. Prog. Ser. 535, 89–98. doi: 10.3354/meps11408

 Huenerlage, K., Cascella, K., Corre, E., Toomey, L., Lee, C. Y., Buchholz, F., et al. (2016). Responses of the arcto-boreal krill species Thysanoessa inermis to variations in water temperature: Coupling Hsp70 isoform expression with metabolism. Cell Stress Chaperones 21, 969–981. doi: 10.1007/s12192-016-0720-6

 Jung-Madsen, S., and Nielsen, T. G. (2015). Early development of Calanus glacialis and C. finmarchicus. Limnol. Oceanogr. 60, 934–946. doi: 10.1002/lno.10070

 Jung-Madsen, S., Nielsen, T. G., Grønkjær, P., Hansen, B. W., and Møller, E. F. (2013). Early development of Calanus hyperboreus nauplii: Response to a changing Ocean. Limnol. Oceanogr. 58, 2109–2121. doi: 10.4319/lo.2013.58.6.2109

 Kaiser, P., Hagen, W., von Appen, W. J., Niehoff, N., Hildebrandt, N., and Auel, H. (2021). Effects of a submesoscale oceanographic filament on zooplankton dynamics in the Arctic marginal ice zone. Front. Mar. Sci. 8. doi: 10.3389/fmars.2021.625395

 Kanzow, T. (2017). The Expedition PS100 of the Research Vessel POLARSTERN to the Fram Strait in 2016. Rep. Polar Mar. Res. 705, 1–175. doi: 10.2312/BzPM_0717_2018

 Karnovsky, N., Harding, A., Walkusz, W., Kwaśniewski, S., Goszczko, I., Wiktor, J., et al. (2010). Foraging distributions of little auks Alle alle across the Greenland Sea: implications of present and future Arctic climate change. Mar. Ecol. Prog. Ser. 415, 283–293. doi: 10.3354/meps08749

 Kattner, G., and Hagen, W. (2009). “Lipids in marine copepods: Latitudinal characteristics and perspective to global warming, p. 257-280,” in Lipids in aquatic ecosystems. Eds.  M. T. Arts, M. Brett, and M. Kainz (Berlin: Springer), 377 p.

 Kawasaki, T., and Hasumi, H. (2016). The inflow of Atlantic water at the Fram Strait and its interannual variability. J. Geophys. Res. Oceans 121, 502–519. doi: 10.1002/2015JC011375

 Kjellerup, S., Dünweber, M., Swalethorp, R., Nielsen, T. G., Møller, E. F., Markager, S., et al. (2012). Effects of a future warmer ocean on the coexisting copepods Calanus finmarchicus and C. glacialis in Disko Bay, western Greenland. Mar. Ecol. Prog. Ser. 447, 87–108. doi: 10.3354/meps09551

 Kosobokova, K. N., and Hirche, H. J. (2009). Biomass of zooplankton in the eastern Arctic Ocean – a base line study. Prog. Oceanogr. 82, 265–280. doi: 10.1016/j.pocean.2009.07.006

 Kraft, A., Nöthig, E. M., Bauerfeind, E., Wildish, D. J., Pohle, G. W., Bathmann, U. V., et al. (2013). First evidence of reproductive success in a southern invader indicates possible community shifts among Arctic zooplankton. Mar. Ecol. Prog. Ser. 493, 291–296. doi: 10.3354/meps10507

 Kwaśniewski, S., Gluchowska, M., Jakubas, D., Wojczulanis-Jakubas, K., Walkusz, W., Karnovsky, N., et al. (2010). The impact of different hydrographic conditions and zooplankton communities on provisioning little auks along the West coast of Spitsbergen. Prog. Oceanogr. 87, 72–82. doi: 10.1016/j.pocean.2010.06.004

 Lind, S., Ingvaldsen, R. B., and Furevik, T. (2018). Arctic warming hotspot in the northern Barents Sea linked to declining sea-ice import. Nat. Clim. Change 8, 634–639. doi: 10.1038/s41558-018-0205-y

 Mańko, M. K., Gluchowska, M., and Weydmann-Zwolicka, A. (2020). Footprints of Atlantification in the vertical distribution and diversity of gelatinous zooplankton in the Fram Strait (Arctic Ocean). Prog. Oceanogr. 189, 102414. doi: 10.1016/j.pocean.2020.102414

 Masson-Delmotte, V., Schulz, M., Abe-Ouchi, A., Beer, J., Ganopolski, A., González Rouco, J. F., et al. (2013). “Information from paleoclimate archives,” in Climate change 2013: The physical science basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press), 82 p.

 Meredith, M., Sommerkorn, M., Cassotta, S., Derksen, C., Ekaykin, A., Hollowed, A., et al. (2019). “Polar regions,” in IPCC Special Reports on the Ocean and Cryosphere in a Changing Climate. Eds.  H. O. Pörtner, D. C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, and N. M. Weyer (Geneva: IPCC, Intergovernmental Panel on Climate Change), 203–320.

 Metfies, K. (2020). “The expedition PS121 of the research vessel POLARSTERN to the Fram Strait in 2019” in Rep. Polar Mar. Res, vol. 738, 95. doi: 10.2312/BzPM_0738_2020

 Møller, E. F., and Nielsen, T. G. (2020). Borealization of Arctic zooplankton – smaller and less fat zooplankton species in Disko Bay, Western Greenland. Limnol. Oceanogr. 65, 1175–1188. doi: 10.1002/lno.11380

 Mumm, N., Auel, H., Hanssen, H., Hagen, W., Richter, C., and Hirche, H. J. (1998). Breaking the ice: Large-scale distribution of mesozooplankton after a decade of Arctic and transpolar cruises. Polar Biol. 20, 189–197. doi: 10.1007/s003000050295

 Niehoff, B., and Hirche, H. J. (2005). Reproduction of Calanus glacialis in the Lurefjord (western Norway): indication for temperature-induced female dormancy. Mar. Ecol. Prog. Ser. 285, 107–115. doi: 10.3354/meps285107

 Pasternak, A. F., Arashkevich, E. G., Grothe, U., Nikishina, A. B., and Solovyev, K. A. (2013). Different effects of increased water temperature on egg production of Calanus finmarchicus and C. glacialis. Oceanol. 53, 547–553. doi: 10.1134/S0001437013040085

 Peck, L. S. (2002). Ecophysiology of Antarctic marine ectotherms: Limits to life. Polar Biol. 25, 31–40. doi: 10.1007/s003000100308

 Peck, L. S., and Conway, L. Z. (2000). The myth of metabolic cold adaptation: oxygen consumption in stenothermal Antarctic bivalves. Geol. Soc Spec. Pub. 177, 441–450. doi: 10.1144/GSL.SP.2000.177.01.29

 Peck, L. S., Morley, S. A., and Clark, M. S. (2010). Poor acclimation capacities in Antarctic marine ectotherms. Mar. Biol. 157, 2051–2059. doi: 10.1007/s00227-010-1473-x

 Place, S. P., and Hofmann, G. E. (2005). Constitutive expression of a stress-inducible heat shock protein gene, hsp70, in phylogenetically distant Antarctic fish. Polar Biol. 28, 261–267. doi: 10.1007/s00300-004-0697-y

 Place, S. P., Zippay, M. L., and Hofmann, G. E. (2004). Constitutive roles for inducible genes: Evidence for the alteration in expression of the inducible hsp70 gene in Antarctic notothenioid fishes. Am. J. Physiol. Regul. Integr. Comp. Physiol. 287, R249–R436. doi: 10.1152/ajpregu.00223.2004

 Polyakov, I. V., Bhatt, U. S., Walsh, J. E., Abrahamsen, E. P., Pnyushkov, A. V., and Wassmann, P. F. (2013). RecentOceanic changes in the Arctic in the context of long-term observations. Ecol. Appl. 23, 1745–1764. doi: 10.1890/11-0902.1

 Polyakov, I. V., Pnyushkov, A. V., Alkire, M. B., Ashik, I. M., Baumann, T. M., Carmack, E. C., et al. (2017). Greater role for Atlantic inflow on sea-ice loss in the Eurasian Basin of the Arctic Ocean. Science 356, 285–291. doi: 10.1126/science.aai8204

 Polyakov, I. V., Pnyushkov, A. V., and Timokhov, L. A. (2012). Warming of the intermediate Atlantic water of the Arctic Ocean in the 2000s. J. Clim. 25, 8362–8370. doi: 10.1175/JCLI-D-12-00266.1

 Pörtner, H. O. (2001). Climate change and temperature-dependent biogeography: Oxygen limitation of thermal tolerance in animals. Naturwissenschaften 88, 137–146. doi: 10.1007/s001140100216

 Pörtner, H. O., Bock, C., and Mark, F. C. (2017). Oxygen- and capacity-limited thermal tolerance: bridging ecology and physiology. J. Exp. Biol. 220, 2685–2696. doi: 10.1242/jeb.134585

 Pörtner, H. O., Peck, L., and Somero, G. (2007). Thermal limits and adaptation in marine Antarctic ectotherms: An integrative view. Phil. Trans. Soc B 362, 2233–2258. doi: 10.1098/rstb.2006.1947

 Renaud, P. E., Daase, M., Banas, N. S., Gabrielsen, T. M., Søreide, J. E., Varpe, Ø., et al. (2018). Pelagic food-webs in a changing Arctic: A trait-based perspective suggests a mode of resilience. ICES J. Mar. Sci. 75, 1871–1881. doi: 10.1093/icesjms/fsy063

 Sandersfeld, T., Davison, W., Lamare, M. D., Knust, R., and Richter, C. (2015). Elevated temperature causes metabolic trade-offs at the whole-organism level in the Antarctic fish Trematomus bernacchii. J. Exp. Biol. 218, 2373–2381. doi: 10.1242/jeb.122804

 Sandersfeld, T., Mark, F. C., and Knust, R. (2017). Temperature-dependent metabolism in Antarctic fish: Do habitat temperature conditions affect thermal tolerance ranges? Polar Biol. 40, 141–149. doi: 10.1007/s00300-016-1934-x

 Schewe, I. (2018). “The expedition PS107 of the research vessel POLARSTERN to the Fram Strait and the AWI-HAUSGARTEN in 2017” in Rep. Polar Mar. Res. 717, 120. doi: 10.2312/BzPM_0717_2018

 Schulte, P. M., Healy, T. M., and Fangue, N. A. (2011). Thermal performance curves, phenotypic plasticity, and the time scales of temperature exposure. Integr. Comp. Biol. 51, 691–702. doi: 10.1093/icb/icr097

 Smolina, I., Kollias, S., Møller, E. F., Lindeque, P., Sundaram, A. Y. M., Fernandes, J. M. O., et al. (2015). Contrasting transcriptome response to thermal stress in two key zooplankton species, Calanus finmarchicus and C. Glacialis. Mar. Ecol. Prog. Ser. 534, 79–93. doi: 10.3354/meps11398

 Strand, E., Bagøien, E., Edwards, M., Broms, C., and Klevjer, T. (2020). Spatial distribution and seasonality of four Calanus species in the Northeast Atlantic. Prog. Oceanogr. 185, 102344. doi: 10.1016/j.pocean.2020.102344

 Tarling, G. A., Freer, J. J., Banas, N. S., Belcher, A., Blackwell, M., Castellani, C., et al. (2022). Can a key boreal Calanus copepod species now complete its life-cycle in the Arctic? Evidence and implications for Arctic food-webs. Ambio 51, 333–344. doi: 10.1007/s13280-021-01667-y

 Turner, J. T., Tester, P. A., and Strickler, J. R. (1993). Zooplankton feeding ecology: A cinematographic study of animal-to-animal variability in the feeding behavior of Calanus finmarchicus. Limnol. Oceanogr. 38, 255–264. doi: 10.4319/lo.1993.38.2.0255

 Verberk, W. C. E. P., Overgaard, J., Ern, R., Bayley, M., Wang, T., Boardman, L., et al. (2016). Does oxygen limit thermal tolerance in arthropods? A critical review of current evidence. Comp. Biochem. Physiol. Part A 192, 64–78. doi: 10.1016/j.cbpa.2015.10.020

 Vihtakari, M., Welcker, J., Moe, B., Chastel, O., Tartu, S., Hop, H., et al. (2018). Black-legged kittiwakes as messengers of Atlantification in the Arctic. Sci. Rep. 8, 1178. doi: 10.1038/s41598-017-19118-8

 von Appen, W. J., Schauer, U., Somavilla, R., Bauerfeind, E., and Beszczynska-Möller, A. (2015). Exchange of warming deep waters across Fram Strait. Deep-Sea Res. I 103, 86–100. doi: 10.1016/j.dsr.2015.06.003

 von Appen, W. J., Wekerle, C., Hehemann, L., Schourup-Kristensen, V., Konrad, C., and Iversen, M. H. (2018). Observations of a submesoscale cyclonic filament in the marginal ice zone. Geophys. Res. Lett. 45, 6141–6149. doi: 10.1029/2018GL077897

 Wassmann, P., Kosobokova, K. N., Slagstad, D., Drinkwater, K. F., Hopcroft, R. R., Moore, S. E., et al. (2015). The contiguous domains of Arctic Ocean advection: Trails of life and death. Prog. Oceanogr. 139, 42–65. doi: 10.1016/j.pocean.2015.06.011

 Weydmann, A., Carstensen, J., Goszczko, I., Dmoch, K., Olszewska, A., and Kwasniewski, S. (2014). Shift towards the dominance of boreal species in the Arctic: inter-annual and spatial zooplankton variability in the West Spitsbergen Current. Mar. Ecol. Prog. Ser. 501, 41–52. doi: 10.3354/meps10694

 Wold, A., Darnis, G., Søreide, J. E., Leu, E., Philippe, B., Fortier, L., et al. (2011). Life strategy and diet of Calanus glacialis during the winter-spring transition in Amundsen Gulf, south-eastern Beaufort Sea. Polar Biol. 34, 1929–1946. doi: 10.1007/s00300-011-1062-6



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kaiser, Hagen, Bode-Dalby and Auel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 19 August 2022

doi: 10.3389/fmars.2022.943100

[image: image2]


Inter-species comparison of the copepodite stage morphology, vertical distribution, and seasonal population structure of five sympatric mesopelagic aetideid copepods in the western Arctic Ocean


Yunosuke Koguchi 1*, Koki Tokuhiro 1, Carin J. Ashjian 2, Robert G. Campbell 3 and Atsushi Yamaguchi 1,4


1 Faculty/Graduate School of Fisheries Sciences, Hokkaido University, Hakodate, Japan, 2 Biology Department, Woods Hole Oceanographic Institution, Woods Hole, MA, United States, 3 Graduate School of Oceanography, University of Rhode Island, Narragansett, RI, United States, 4 Arctic Research Center, Hokkaido University, Sapporo, Japan




Edited by: 

Daniel J. Mayor, National Oceanography Centre, United Kingdom

Reviewed by: 

Kathryn Barbara Cook, University of Southampton, United Kingdom

Marianne Wootton, Marine Biological Association, United Kingdom

*Correspondence: 

Yunosuke Koguchi
 makaroni1009@eis.hokudai.ac.jp

Specialty section: 
 This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science


Received: 13 May 2022

Accepted: 28 July 2022

Published: 19 August 2022

Citation:
Koguchi Y, Tokuhiro K, Ashjian CJ, Campbell RG and Yamaguchi A (2022) Inter-species comparison of the copepodite stage morphology, vertical distribution, and seasonal population structure of five sympatric mesopelagic aetideid copepods in the western Arctic Ocean. Front. Mar. Sci. 9:943100. doi: 10.3389/fmars.2022.943100



Aetideidae is a calanoid copepod family dominant in the mesopelagic layer of the Arctic Ocean for which little ecological information is available because species identification, especially of early copepodite stages, is difficult. In this study, we developed a species identification flow for the whole copepodite stages of five sympatric aetideid copepods (Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, Aetideopsis multiserrata, and A. rostrata). Vertical distributions and seasonal population structures of these species were evaluated using a year-round sample time-series collected at the drifting ice station (SHEBA) in the western Arctic Ocean. Combinations of morphological characteristics (prosome length, cephalosome, and prosome widths) were used to identify the early copepodite stages to species. Aetideopsis rostrata was distributed in deep waters (1,032–1,065 m) throughout the year. The other species all were found at 600–700 m during the midnight sun. However, during the polar night, the vertical distributions of each species were distinct, resulting from ascent, descent, or depth maintenance, indicating seasonal vertical migration which may function to reduce inter-specific competition during the polar night when food resources are scarce. Reproduction timing varied among four aetideid copepods: C.obtusifrons and G. tenuispinus showed polar night ascent and reproduction at the end of the polar night, whereas G. brevispinus and A. multiserrata showed descent or depth maintenance during the polar night and reproduction at the beginning of the polar night. There was not sufficient data to examine reproduction timing of A. rostrata. Common for all aetideid species, δ15N values of the adult females indicate more carnivorous feeding modes during the polar night than those in the midnight sun. Such vertical distribution and timing of reproduction variation among these five aetideid copepods may function to reduce species competition in the mesopelagic layer of the Arctic Ocean.




Keywords: Aetideidae, sympatric mesopelagic copepods, vertical distribution, population structure, reproduction, the Arctic Ocean



1 Introduction

In the Arctic Ocean marine ecosystem, the zooplankton community is an important secondary producer and plays a role in energy transfer to higher trophic level organisms as well as mediating vertical material transportation (Lowry et al., 2004; Wassmann et al., 2006). Copepods are the dominant taxon of the zooplankton community in the Arctic Ocean (Thibault et al., 1999; Ashjian et al., 2003). Because of seasonal ice coverage, most information about Arctic Ocean copepod ecology has been obtained during the summer (under midnight sun conditions) (cf. Laakmann et al., 2009a), and few studies have been conducted to investigate copepod ecology during the winter (under polar night conditions) (Zhang et al., 2010). Consequently, ecological and standing stock information about the Arctic copepods during the winter and their seasonal changes is scarce. To fill this knowledge gap, we considered that zooplankton sampling conducted from the drifting ice station in the Arctic could facilitate the year-round observation of standing stocks, population structure, and vertical distribution of Arctic copepods (Ashjian et al., 2003).

Most of the existing ecological information on Arctic planktonic copepods is available for surface-dwelling, numerically dominant copepod species (e.g., Pseudocalanus spp.) and interzonal, particle-feeding copepods that have a diapause phase at deeper depths (e.g., Calanus spp.). However, the species diversity of copepods is known to be high in the deep sea, especially in the mesopelagic zone (Lee, 2000; Norris, 2000; Goetze, 2003). The Aetideidae is a family of copepods that dominates the copepod community in the mesopelagic zone, and is characterized by a high species diversity (Richter, 1995; Markhaseva, 1996; Auel, 1999). Members of the Aetideidae are known to be omnivores or detritivores and are described as opportunistic feeders (Richter, 1995; Auel, 1999; Sano et al., 2013; Sano et al., 2015). The occurrence of species-specific food preferences (Laakmann et al., 2009a; Laakmann et al., 2009b; Sano et al., 2013; Sano et al., 2015) and species-specific vertical segregation within the family (Kosobokova and Hirche, 2000; Auel and Hagen, 2002; Laakmann et al., 2009a; Smoot and Hopcroft, 2017) is well documented. Although the hydrographic condition of the deep Arctic Ocean is homogenous (cold and fresh), coexistence of Aetideidae species is thought to occur by vertical and food segregation (Laakmann et al., 2009a; Laakmann et al., 2009b; Laakmann and Auel, 2010). Stable isotopes especially δ15N are a useful guide for food preference (Laakmann et al., 2009a; Laakmann et al., 2009b; Laakmann and Auel, 2010). Mesopelagic copepods are reported to have a substantial effect on vertical material flux to the deep sea by feeding on sinking particles and excretion in the form of faecal pellets (Dilling et al., 1998; Wilson et al., 2010), and aetideid copepods in the Greenland Sea are reported to consume 40% of the particulate organic carbon flux that reaches at their habitat depth (Auel, 1999). These facts suggest that Aetideidae is an important copepod taxon in the Arctic Ocean, both from species diversity and vertical material flux perspectives.

A key challenge to conducting an ecological study of Aetideidae is the difficulty of species identification, especially for the early copepodite stages (C1–C3). In part, this is because morphological identification keys for each sympatric species have not yet been created, and the early copepodite stages of the Aetideidae have been treated as aetideid copepods C1–C3 in previous studies conducted in the Arctic Ocean (e.g., Kosobokova and Hirche, 2000; Auel and Hagen, 2002). Consequently, little is known about the life history, seasonal population structure, and timing of reproduction of the aetideid copepods in the Arctic Ocean. To improve our knowledge of the ecology of aetideid copepods, it is necessary to create species identification criteria based on morphological characteristics of all the copepodite stages.

In this study, we examined a year-round time series of zooplankton samples collected from the drifting Surface Heat Budget of the Arctic Ocean (SHEBA) ice station in the western Arctic Ocean. We conducted morphological identification of all the copepodite stages of five dominant sympatric aetideid copepods. We also determined the seasonal changes in the vertical distribution and population structure of these five species. We measured δ15N of adult females of all aetideid copepods with midnight sun and polar night for evaluation of their food preference. We compared the seasonal dynamics of the five sympatric aetideid copepods and considered the mechanism of coexistence of these copepod species in the mesopelagic layer of the Arctic Ocean.



2 Materials and methods


2.1. Field sampling

Zooplankton sampling was conducted from the drifting SHEBA ice station from 27 October 1997 to 29 September 1998. Vertical stratification samples were collected from 2–7 depth layers over a depth range of 0–3,500 m depth using a closing net with a 1 m2 mouth area and 150 µm or 53 µm mesh. The small mesh (53 µm) was used for the shallow samples (<200 m) of the restricted period (February-August 1998). Samples were collected at 10–14 day intervals (Figure 1). The SHEBA ice station drifted from the Canadian Basin to the Mendeleyev Basin during the one-year sampling period (Ashjian et al., 2003). Because of this drift, the water depth varied from 352 m to 3,800 m during the sampling period, consequently, the zooplankton collection depth and the number of layers sampled ranged from 0–100 m to 0–3,500 m and from 2 to 7 layers, respectively. The details of the sampling layer at each sampling date are available in Ashjian and Campbell (2007). The zooplankton samples were preserved using 4% buffered formaldehyde seawater. On each sampling day, water temperature, salinity, and chlorophyll a (Chl. a) fluorescence values were measured for the upper water column (maximum depth: 300 or 700 m) with a SeaBird SB11 Seacat CTD (SeaBird Scientific, Bellevue, WA, USA), equipped with a calibrated fluorometer. Daylight hours for each sampling day were calculated based on the latitude of the sampling site (cf. Brock, 1981).




Figure 1 | Location of the zooplankton sampling sites (black circles) along the drift track of the Surface Heat Budget of the Arctic Ocean (SHEBA) ice station through the Canada Basin to the Mendeleev Plain from 27 October 1997 to 29 September 1998 (cf. Ashjian et al., 2003).





2.2. Microscope observations

Using a stereomicroscope, each copepodite stage of the five dominant aetideid copepods (Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, Aetideopsis multiserrata, and A. rostrata) was identified and enumerated. Based on the presence (male) or absence (female) of a fifth swimming leg, males and females were distinguishable for specimens of the C4–C6 stages (hereafter referred to as C4F–C6F and C4M–C6M). We provide a flow diagram showing species identification of the whole copepodite stages of the aetideid copepods in Table 1.


Table 1 | Flow diagram for species identification on juvenile copepodite stages of five sympatric Aetideidae copepods (Chiridius obtusifrons, Gaetanus tenuispinus, Gaetanus brevispinus, Aetideopsis multiserrata, and Aetoideopsis rostrata) in the western Arctic Ocean.



For species identification of stages C4–C6, we used the shape of the spine at the end of the thoracic segment (Brodskii, 1950). Since the shape of the spine was similar for C. obtusifrons and Aetideopsis spp., we used the number of thoracic segments (three for C. obtusifrons and four for Aetideopsis) which was identifiable from the dorsal view as an identification guide (Figure 2). For the congener species, body sizes determined as prosome length (PL) varied: for Gaetanus spp., G. brevispinus was larger than G. tenuispinus, and for Aetideopsis spp., A. rostrata was larger than A. multiserrata. Because the spine at the end of the thoracic segment was not developed in stages C1–C3, we used the cephalosome width around the antenna (CWA2) and cephalosome width around the mandible (CWMd) (Figure 2) as alternative species-identification characteristics for C1–C3. The cephalosome outer margin of Gaetanus was smooth, whereas the outer margins of Chiridius and Aetideopsis were expanded around the antenna. Based on these morphological features, the C1–C3 copepodite stages were identified to the genus level based on the CWA2: CWMd ratio, thus, a specimen with a large CWA2: CWMd ratio was identified as Chiridius and Aetideopsis, and specimens with a small CWA2: CWMd ratio as Gaetanus. Identification of species within a genus was based on PL. Because the C1–C3 stages of C. obtusifrons and A. multiserrata were similar in PL and morphology of the outer cephalosome margin, we observed the prosome width at the middle of the prosome (PW) and identified large PW specimens as C. obtusifrons and small PW specimens as A. multiserrata. To define the size ranges used to discriminate species (Figure 4), the PL, CWA2, and CWMd were measured for 5–10 individuals of each copepodite stage of each species sorted from the most abundant samples under a stereomicroscope using an eyepiece micrometre with a precision of 10 µm. For the C1–C3 stages of C. obtusifrons and A. multiserrata, PW was also measured. For means, standard deviations, and ranges of each parameter (PL, PW, CWA2, CWMd, and CWA2: CWMd) at each stage, we provide the data in Supplementary Tables 1–9
.




Figure 2 | Diagrams showing body size measurements: cephalosome width at antenna (CWA2), cephalosome width at mandible (CWMd), prosome width at middle of the prosome (PW), and prosome length (PL) for Chiridius obtusifrons (left), Gaetanus tenuispinus (centre) and Aetideopsis multiserrata (right). Scale bar represents 1 mm.



It should be noted that the identification for the juvenile copepodite stages of this study is not confirmed by molecular identification. Thus, the identification should be termed the open nomenclature term incerta (Horton et al., 2021) to indicate uncertain identification (e.g. C. obtusifrons sp. inc., G. tenuispinus sp. inc., G. brevispinus sp. inc., A. multiserrata sp. inc., and A. rostrata sp. inc.).



2.3. Population structure

The depth topography below the ice station varied temporally as a consequence of drift, and this determined the maximum sampling depth on any one sampling day. Because Aetideidae species are distributed in the mesopelagic layer (Kosobokova and Hopcroft, 2010; Kosobokova et al., 2011), shallower sampling depths on some sampling days may have resulted in failure to collect representative samples of the Aetideidae populations at every sampling site. The likelihood of this is evidenced by the low abundance of Aetideidae species at the shallower sampling depths (see Supplementary Tables 10–13). Therefore, we used population structure data of the four species: C. obtusifrons, G. tenuispinus, G. brevispinus, and A. multiserrata only from sampling sites where the maximum sampling depths were greater than 500 m and omitted the data for the shallower sampling depths (<500 m maximum sampling depth) (Supplementary Tables 10–13). This resulted in a reduction in the number of sampling days from 30 to 19; however, the reduced data set comprised approximately one-month intervals, except for July 1998. The impact of maximum sampling depth was most severe for the deepest dwelling species, A. rostrata, and population structure data collected at depths shallower than 900 m were omitted for this species (Supplementary Table 14). As a result, time-series data for A. rostrata were not available from April to July 1998. To reduce the abrupt changes in the population structure data related to hydrographic and geographical changes, we standardized the abundance data for each copepodite stage by calculating the moving average of three consecutive sampling dates. For each sampling date, the mean copepodite stage (MCS) was calculated using the following formula (Marin, 1987):

	

where i is the number of copepodite stages (1 for C1, 6 for C6) and Ai is the number of individuals at copepodite stage i (ind. m−2).



2.4. Vertical distribution

The vertical distribution core (D50%) where 50% of the population was distributed, was calculated based on abundances (ind. m−2) in each sampling layer (Pennak, 1943):

	

where d1 is the depth (m) of the upper depth of the 50% individual occurrence layer, d2 is the maximum depth (m) of the 50% individual occurrence layer, p1 is the cumulative individual percentage (%) that occurred at depths shallower than the 50% individual occurrence layer, and p2 is the individual percentage (%) at the 50% individual occurrence layer. The difference in D50% between the polar night and midnight sun for all copepodite stages of each species was tested using the Mann-Whitney U-test. Differences in D50% among copepodite stages within a species during the same period (i.e., during the polar night and during the midnight sun) were tested by one-way ANOVA. In addition, differences in D50% among species during the same period were tested by one-way ANOVA and a post hoc test (Tukey-Kramer test). For the evaluation of D50%, we excluded the sampling dates when the maximum depth of collection was shallower than 900 m for all species because Aetideidae species are distributed in the mesopelagic layer. Excluding data based on this criterion, we analysed six sampling dates for the polar night and three sampling dates for the midnight sun for comparison of the vertical distribution of Aetideidae (Supplementary Tables 10–14).



2.5. δ15N value

For evaluation of food preference, δ15N value was measured for C6F of each species with polar night and midnight sun. From the most abundant samples at each period, the batches of C6F specimens (since 5 mg DW was required for each measurement, 9–18 individuals which varied with species were set for each batch) were sorted, rinsed with distilled water then dried in a 60°C oven for five hours. Dried samples were ground into a fine powder with a ceramic mortar and pestle and used for measurement of 15N and 14N by using an elemental analyzer/isotope-ratio mass spectrometer (Flash EA1112-Delta V Plus He-Flow System, Thermo Fisher Scientific, Germany). The measurements were made in triplicate (three batches). δ15N was calculated from the following equation:

	

where 15Nsample and 14Nsample are the values of the samples, and 15Nstandard and 14Nstandard are the values of the standard. Species differences in δ15N values were tested by one-way ANOVA and Tukey-Kramer test. Temporal changes (polar night vs midnight sun) within the species were tested by Mann-Whitney U-test.




3 Results


3.1 Hydrography

Seasonal variations in the daily daylight length, water temperature, salinity, and Chl a fluorescence determined at the SHEBA ice station are shown in Figure 3. Based on the daylight length at the SHEBA ice station, the polar night was demarcated to have occurred from early November 1997 to early February 1998, and the midnight sun from late April to late August 1998. The remaining periods were defined as transition periods. The water temperatures ranged between −1.76 and 0.91°C, and were lower in the shallower water and higher at depth. The salinity range was 26.60−34.91, being lower near the surface, and the halocline was observed at a depth range of approximately 100–200 m throughout the year. The Chl. a fluorescence ranged from 0.002 to 4.259 and was high above a depth of 30 m from June to August. During the course of the drifting ice station, three water masses were present for the shallower depths (< 100 m), but the remaining deep waters contained Arctic Intermediate Water and Polar Intermediate Water throughout the year (Ashjian et al., 2003).




Figure 3 | Seasonal changes in daylength, temperature, salinity, and chlorophyll a fluorescence recorded at the Surface Heat Budget of the Arctic Ocean (SHEBA) ice station as it drifted through the Canada Basin to the Mendeleev Plain from 27 October 1997 to 29 September 1998.





3.2. Morphological characteristics

Scatter plots showing the relationship between the CWA2: CWMd ratio and PL for each copepodite stage of the five aetideid copepods are shown in Figure 4A. For all copepodite stages except C6M, CWA2: CWMd was low (approximately 0.9–1) for Gaetanus spp., whereas this ratio was high (approximately 1–1.1) for Chiridius and Aetideopsis species. This finding reflected the morphological difference of the cephalosome outer margin which was fused around the antenna in Chiridius and Aetideopsis species, but smooth in Gaetanus spp. Note that some variability was present for CWA2: CWMd ratio, especially for early copepodite stages (C1 and C3). Within the congener species, PL varied with species, where, for Gaetanus spp., the PL of G. brevispinus was larger than that of G. tenuispinus, and for the Aetideopsis spp. the PL of A. rostrata was larger than that of A. multiserrata. It should be noted that CWA2: CWMd was similar for C. obtusifrons and A. multiserrata, while some overlap was present, the PL of C. obtusifrons was larger than that of A. multiserrata. For identification of C. obtusifrons and A. multiserrata, the number of thoracic segments was used for stages older than C4. For identification of earlier stages (C1–C3) of these species, PW was used, where a large PW distinguished C. obtusifrons, and a small PW distinguished A. multiserrata (Figure 4B). For means, standard deviations, and ranges of each parameter (PL, PW, CWA2, CWMd, and CWA2: CWMd) in each stage, we provide the data in Supplementary Tables 1–9
.




Figure 4 | (A) Scatter plots of the ratio of the cephalosome width at the antenna (CWA2): cephalosome width at the mandible (CWMd) and the prosome length (PL) for each copepodite stage of the five Aetideidae copepods dominant in the western Arctic Ocean. The species are: Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, Aetideopsis multiserrata, and A. rostrata. (B) Scatter plots of prosome width (PW) and prosome length (PL) for the early copepodite stages of C. obtusifrons and A. multiserrata. F, female; M, male. Dashed lines represent approximate separation for each species at each copepodite stage. Because the scatter plots for C. obtusifrons and A. multiserrata in (A) were similar, additional plots were created for these two species in (B).





3.3. Vertical distribution

The vertical distribution core (D50%) of each copepodite stage of the five studied Aetideidae species during the polar night and the midnight sun is shown in Figure 5. Within the same stages, significant differences in vertical distribution between the polar night and midnight sun were observed only for C. obtusifrons C6F (p<0.05, Mann-Whitney U-test). Within the same season, significant differences in vertical distribution between the copepodite stages of the same species were observed only for A. rostrata during the polar night (p<0.05, one-way ANOVA). Comparisons between species and temporal changes within species based on the mean D50% of all the copepodite stages during the polar night and midnight sun are shown in Table 2. During the polar night, C. obtusifrons and G. tenuispinus distributed at the shallowest depths (298–381 m), whereas G. brevispinus and A. multiserrata occurred 300–400 m deeper (628–791 m), and A. rostrata showed the deepest distribution (1,065 m). In contrast, during the midnight sun, four of the species: C. obtusifrons, the two Gaetanus spp., and A. multiserrata distributed at similar depths (within a 100 m range), and only A. rostrata showed a significantly different distribution (p<0.01), at a depth approximately 300 m deeper than that of the other species. C. obtusifrons and G. tenuispinus showed shallower distributions during the polar night than during the midnight sun (p<0.001, Mann-Whitney U-test), whereas G. brevispinus showed a deeper distribution during the polar night compared to that during the midnight sun (p<0.01). The deepest dwelling species, the two Aetideopsis spp., showed no differences in their D50% between the polar night and the midnight sun (p>0.05).




Figure 5 | Ontogenetic changes in vertical distribution of the copepodite stages of the five Aetideidae copepods dominant in the western Arctic Ocean during the polar night and midnight sun. Symbols and bars represent means of the distribution centres (D50%) and their standard deviations, respectively. F, female; M, male. The species are: Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, Aetideopsis multiserrata, and A. rostrata. Alphabet letters for A. rostrata during the polar night indicate significant differences between stages.




Table 2 | Summary of vertical distribution (vertical distribution core: D50%, mean ± SE) of five Aetideidae copepods in the western Arctic Ocean during the polar night and midnight sun.





3.4. Population structure

Seasonal changes in abundance, copepodite stage composition, MCS, and the proportion of C4–C6 in the female and male populations of the five aetideid copepods studied are shown in Figure 6. The season of peak abundance varied with species. The abundance of C. obtusifrons and G. tenuispinus was highest in May, whereas the abundance of G. brevispinus and A. multiserrata peaked in March. In all species, the MCS values were lowest when the recruitment of the early copepodite stages occurred. The lowest MCS value was observed in April–May for C. obtusifrons and G. tenuispinus, whereas it was recorded for G. brevispinus from January to March, and from February to March for A. multiserrata. The seasonal timing of early stage copepodite recruitment corresponded with the peak abundance seasons of each species. A common feature of all five species was a much lower proportion of C6 individuals in the male population compared to that in the female population. The proportion of females (%) in each copepodite stage (C4–C6) is shown in Table 3. For all species, females were dominant (56.6%–66.7%) in the C4–C6 populations, whereas males dominated the C4 and C5 populations. In all species, the C6 population was predominantly female (76.3%–97.3%), which may account for the higher overall proportion of females in the C4–C6 populations.




Figure 6 | Seasonal changes in total abundance, stage composition, and population structure (for C4–C6) of females and males of the five dominant Aetideidae copepods in the western Arctic Ocean from 27 October 1997 to 29 September 1998. Mean copepodite stage (white circles) was calculated for each species for each sampling date. Populations of Aetideopsis rostrata, the deepest dwelling species, were not quantified between March and August 1998 because zooplankton collection was restricted to the shallower depths related to drifting of the ice station. The shallower dwelling species are Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, and Aetideopsis multiserrata.




Table 3 | Sex ratio (% of females in total population) of the five Aetideidae copepods abundant in the western Arctic Ocean during October 1996 to September 1997.





3.5. δ15N value

δ15N values of adult females of the aetideid copepods during the polar night and midnight sun are summarized in Table 4. During the polar night, δ15N values were 14.1–16.4, with the lower values for Gaetanus spp. and higher values for C. obtusifrons and Aetideopsis spp. During the midnight sun, δ15N values were 13.4–15.4 somewhat lower than the polar night values within the species, although there was no significant difference between the polar night and the midnight sun. The species order in δ15N values of the aetideid copepods was the same for the polar night and midnight sun.


Table 4 | Summary of δ15N value (‰, mean ± SE) of five Aetideidae copepods in the western Arctic Ocean during the polar night and midnight sun.






4 Discussion


4.1. Vertical distribution

A schematic diagram of the seasonal vertical distributions and reproductive periods of the five aetideid copepods in the western Arctic Ocean is shown in Figure 7. During the midnight sun, the four species with the shallower distributions: C. obtusifrons, G. tenuispinus, G. brevispinus, and A. multiserrata were distributed at similar depths. However, during the polar night, C. obtusifrons and the two Gaetanus species changed their habitat depths (C. obtusifrons and G. tenuispinus ascended, whereas G. brevispinus descended), and their habitat depths were clearly separated during this period (Table 2). In contrast, the A. rostrata populations were distributed in deep waters throughout the year. Most of our knowledge about the vertical distribution of the aetideid copepods in the Arctic Ocean is derived from the summer season, particularly August–September; the end of the midnight sun. At this time, C. obtusifrons was reported to be distributed mainly at depths of 0–2,500 m, G. tenuispinus at 0–1,000 m, G. brevispinus at 100–2,000 m, and A. rostrata at 200–2,000 m (Kosobokova and Hirche, 2000; Laakmann et al., 2009a; Smoot and Hopcroft, 2017). Although little information is available for the vertical distribution of A. multiserrata, this species is treated as a meso- to bathypelagic species and was reported to distribute at depths of approximately 500–1,500 m (Richter, 1994; Richter, 1995). Thus, the vertical distribution ranges of the five aetideid copepods recorded in this study correspond with the reported vertical distribution depths in previous Arctic Ocean studies (Figure 5).




Figure 7 | Schematic diagram showing seasonal changes in vertical distribution and timing of reproduction of four of the dominant Aetideidae copepods in the western Arctic Ocean. The open, solid, and grey triangles indicate the sampling dates during the midnight sun, polar night, and their transition periods, respectively. The shallower-dwelling species are Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, and Aetideopsis multiserrata.



Information about the vertical distribution of aetideid copepods during the polar night is scarce. Moreover, limited information is available about the seasonal dynamics of their vertical distribution. As a notable exception, Richter (1994); Richter (1995) reported that there are no seasonal changes in the vertical distribution of Aetideidae in the Greenland Sea. In contrast to this Greenland Sea finding, results of the present study indicate that the four shallower-dwelling aedtideid copepods (C. obtusifrons, G. tenuispinus, G. brevispinus, and A. multiserrata) showed clear vertical depth separation during the polar night and exhibited seasonal vertical migration (Table 2). The coexistence mechanisms of the sympatric sibling copepods in the deep-sea of the Arctic Ocean are reported to include separation in vertical distribution and different food preferences (Laakmann et al., 2009a; Laakmann et al., 2009b; Laakmann and Auel, 2010). In terms of their feeding modes, the aetideid copepods are considered to be omnivores or detritivores and are reported to perform opportunistic feeding, utilising passive, sinking, particulate organic matter as their primary food sources (Richter, 1995; Auel, 1999; Sano et al., 2013; Sano et al., 2015). In the western Arctic Ocean, the amount of passive, sinking particle organic carbon flux is reported to be high for the midnight sun during spring to autumn, and low for the polar night during winter (O’Brien et al., 2006; Honjo et al., 2010). These seasonal changes in the amount of sinking particle flux may explain the seasonal vertical distribution of the sympatric aetideid copepods. It may be that during the midnight sun, a sufficiently high availability of sinking particles may provide sufficient food resources to support all four of the aetideid copepods, thus enabling their distribution and coexistence at similar depths. However, during the polar night, because of the low amount of sinking particles available across the depth range, the four copepod species may separate their habitat depths to reduce competition for food resources, a dynamic that may function as niche separation. Vertical separation in habitat depths and preference for carnivory are reported for the aetideid copepods (Laakmann et al., 2009a; Laakmann et al., 2009b; Laakmann and Auel, 2010).



4.2. Population structure

In this study, seasonal changes in population structure were observed for four of the aetideid copepods, except A. rostrata. The low MCS values indicated that population recruitment occurred for each species, and, common to all species, the seasonal timing of the low MCS values corresponded closely with the seasonal timing of the abundance peak of each species (Figure 6). By combining the timing of recruitment of early copepodite stages and the time taken for development of the eggs and nauplii, the seasonal reproduction period of each species can be estimated (Yamaguchi et al., 2020). Regarding aetideid copepod reproduction, egg diameters have been reported as 315 ± 10 μm (mean ± 1sd) for G. tenuispinus, 440 ± 66 μm for G. brevispinus, 290 ± 12 µm for C. obtusifrons, and 270–300 µm (range) for A. rostrata (Kosobokova et al., 2007), and it has been observed that the development time of early copepod stages is affected by temperature, food availability, and body size (egg diameter) (Mauchline, 1998). Because the egg diameters of the deep-sea aetideid copepods are much larger compared to those of the surface-dwelling copepods, their naupliar stages are suggested to be able to develop without feeding (Kosobokova et al., 2007). These facts indicate that the development times of eggs and nauplii could be estimated by two factors: habitat temperature and body size (egg diameter).

The relationships between temperature and the development time of early mesopelagic copepod stages with non-feeding naupliar stages have been reported for Gaetanus variabilis (= Gaidius variabilis) and Paraeuchaeta elongata, which have egg diameters of 325 ± 11 μm (G. variabilis) and 460 ± 30 μm (P. elongata) (Ozaki and Ikeda, 1997; Yamaguchi and Ikeda, 2000). These egg sizes are comparable to those of the aetideid copepods researched in this study (270–440 µm). Applying published Bělehrádek equations for G. variabilis and P. elongata (Ozaki and Ikeda, 1997; Yamaguchi and Ikeda, 2000) and habitat temperature of the aetideid copepods in this study: 0.57°C (mean temperature below 300 m; range: −0.23 to 1.07°C, Figure 3), the development times for eggs and nauplii to reach C1 are estimated to be 67.6–83.1 days. From field data, the recruitment of early copepodite stages was observed to be April–May for C. obtusifrons and G. tenuispinus, January–March for G. brevispinus, and February–March for A. multiserrata (Figure 6). Considering the estimated development time of eggs and nauplii (67.6–83.1 days), the reproductive period of each species was back-calculated as: February–March for C. obtusifrons and G. tenuispinus, November–January for G. brevispinus, and December–January for A. multiserrata (Figure 7). These reproductive periods corresponded with the timing of the polar night or occurred during the sunlight recovery season in the field.

Of the factors that determine the timing of copepod reproduction, food availability is known to be the most important (cf. Mauchline, 1998). At the SHEBA ice station, increases in phytoplankton and microplankton were reported to occur from late May to June (Sherr and Sherr, 2003; Sherr et al., 2003). This period corresponds with the growth season of the early copepodite stages of the aetideid species observed in this study (Figure 6). Thus, as an energy source for the initiation of the reproduction of the aetideid copepods, other food resources may be important. Although Aetideidae species are known to be omnivorous, the importance of carnivorous feeding has been reported, especially for the adult stages, and their food is reported to comprise the energy-rich eggs and nauplii of the large-sized Calanus copepods, and adults of small-sized copepods such as Microcalanus and Pseudocalanus species (Richter, 1995; Auel, 1999; Sano et al., 2013; Sano et al., 2015). These carnivorous feeding modes of the aetideid copepods have been confirmed by fatty acid analysis (Laakmann et al., 2009a; Laakmann et al., 2009b; Laakmann and Auel, 2010). These facts suggest that the link between food resource availability and the initiation of reproduction of four of the aetideid copepods investigated in this study may be related to carnivorous feeding on small-sized copepods. Since δ15N values of adult females were higher for C. obtusifrons and Aetideopsis spp. than those of Gaetanus spp., the carnivorous feeding modes would be more pronounced for the former species. And common for all aetideid copepods, carnivorous feeding modes were more common during the polar night than those in the midnight sun (Table 4).

In the present study, the reproduction of the four shallower-dwelling aetideid copepods could be classified into two types based on vertical distribution and seasonality (Figure 7). In the first type of reproduction, exhibited by C. obtusifrons and G. tenuispinus, both species ascended to shallower depths during the polar night, and their reproductive period occurred from the end of the polar night into the sunlight recovery period (Figure 7). The timing of reproduction of these species corresponded with the seasonal population increase of the small-sized and abundant copepod: Microcalanus pygmaeus (Ashjian et al., 2003). Since M. pygmaeus is distributed mainly in the upper mesopelagic layer (Auel and Hagen, 2002; Ashjian et al., 2003), the upward migration of C. obtusifrons and G. tenuispinus during the polar night may be an adaptive strategy for prey capture at shallower depths, which may provide an important energy source to support their reproduction. The other type of reproduction was exhibited by G. brevispinus and A. multiserrata. Both these species remained in deeper waters, even during the polar night, and began reproducing at the beginning of the polar night (Figure 7), which was comparatively earlier than for the two shallower-dwelling species. The timing of reproduction of these two deeper-dwelling species corresponded with the timing in reproduction of the large-sized copepod Calanus hyperboreus, which dominates the zooplankton biomass in part of the Arctic Ocean (Conover and Huntley, 1991; Hirche and Niehoff, 1996; Ashjian et al., 2003). During the winter to spring period, C. hyperboreus descends to the mesopelagic layer and sheds floating eggs (Conover and Huntley, 1991; Hirche and Niehoff, 1996; Ashjian et al., 2003). To perform raptorial feeding on the eggs and nauplii of C. hyperboreus, the two deeper-dwelling aetideid copepods, G. brevispinus and A. multiserrata, may remain at the deeper depths during the polar night in order to use the abundance of C. hyperboreus eggs and nauplii as their main energy source for reproduction. These seasonal trends in feeding modes were evidenced by the δ15N values of the aetideid adult specimens (Table 4). The differences in vertical distribution and timing of reproduction among the five sympatric aetideid copepods observed in this study may function to reduce interspecific competition within the resource-limited mesopelagic layers and could be a key mechanism maintaining high biodiversity at these depths in the Arctic Ocean.




5 Conclusions

In this study, we developed a set of metrics to aid species identification of early copepodite stages of five sympatric aetideid copepods (Chiridius obtusifrons, Gaetanus tenuispinus, G. brevispinus, Aetideopsis multiserrata, and A. rostrata), and evaluated vertical distribution and seasonal population structure of these species using a year-round sample time-series collected at the drifting ice station (SHEBA) in the western Arctic Ocean. Combinations of morphological characteristics (prosome length, cephalosome, and prosome widths) were used to identify the early copepodite stages to species. Aetideopsis rostrata was distributed in deep waters throughout the year. The other species distributed at similar depths during the midnight sun, whereas their vertical distribution varied with species during the polar night. Reproduction timing also varied among these four aetideid copepods and occurred at the start or at the end of the polar night, possibly related to food availability. Seasonal distribution dynamics and different reproductive periods may reduce inter-specific competition among aetideid copepods in the Arctic Ocean.
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Calanoid copepods comprise around 90% of Arctic zooplankton biomass and are fundamental to the ecological and biogeochemical functioning of high-latitude pelagic ecosystems. They accumulate lipid reserves during the productive months and represent an energy-rich food source for higher trophic levels. Rapidly changing climate in the Arctic may alter the quantity and composition of the food environment for one of the key copepod species, Calanus finmarchicus, with as yet unquantified effects on its production. Here we present rates of feeding and egg production in female C. finmarchicus exposed to the range of feeding conditions encountered across the Fram Strait in May/June 2018. Carbon (C) budgets were constructed and used to examine the relationship between feeding and growth (= egg production) in these animals. C-specific ingestion rates (mean ± standard deviation) were highly variable, ranging from 0.015 ± 0.004 to 0.645 ± 0.017 day-1 (mean = 0.295 ± 0.223 day-1), and were positively correlated with food availability. C-specific egg production rates ranged from 0.00 to 0.049 day-1 (mean = 0.012 ± 0.011) and were not correlated with either food availability or ingestion rate. Calculated gross growth efficiencies (GGE: growth/ingestion) were low, 0.12 ± 0.13 (range = 0.01 to 0.39). The assembled C budgets indicate that the average fraction of ingested food that was surplus to the requirements for egg production, respiration and losses to faecal pellets was 0.17 ± 0.42. We suggest that this excess occurred, at least in part, because many of the incubated females were still undergoing the energetically (C-) expensive process of gonad maturation at the time of sampling, an assertion that is supported by the relatively high C:N (nitrogen) ratios of the incubated females, the typically low egg production rates, and gonad maturation status. Ontogenetic development may thus explain the large variability seen in the relationship between egg production and ingestion. The apparently excessive ingestion rates may additionally indicate that recently moulted females must acquire additional N via ingestion to complete the maturation process and begin spawning. Our results highlight the need for improved fundamental understanding of the physiology of high-latitude copepods and its response to environmental change.
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Introduction

Copepods are among the most numerous multicellular animals in the world, dominating zooplankton biomass in the Arctic (Mauchline et al., 1998; Nöthig et al., 2015). In the Fram Strait, 70-92% of zooplankton biomass is in the subclass Copepoda (Hop et al., 2006) where the biomass is generally dominated by three key species in the genus Calanus (Hop et al., 2006; Blachowiak-Samolyk et al., 2007). These animals are important grazers of phytoplankton and represent high-quality prey for higher trophic levels (Gatten and Sargent, 1973) including the larvae of commercially important fish (Sakshaug, 2004). Calanus spp. also play an important role in ocean biogeochemistry due to their dense faecal pellets, their daily vertical migrations, and their ontogenetic migration to depth to over winter, all of which lead to sequestration of carbon in the deep ocean (Jónasdóttir et al., 2015).

The Arctic Ocean (Figure 1) is experiencing rapid, human-led change (Thomas et al., 2022). It is warming at three times the global mean rate (Dai et al., 2019; AMAP, 2021) leading to a cycle of sea ice loss, decreasing ocean albedo, increasing poleward ocean heat transport and increasing polar cloud cover (Holland and Bitz, 2003). The Fram Strait is both the main inflow and outflow gateway between the Arctic and the Atlantic and so has variable physicochemical conditions across its width. The relatively warm, salty West Spitsbergen Current is the main inflow, and the colder, fresher East Greenland Current the main outflow (Figure 1). The ice-covered East Greenland current has a low standing stock of phytoplankton dominated by flagellates, whereas chain-forming diatoms dominate further East (Gradinger and Baumann, 1991). The mixing of the two water bodies and their rapidly changing physiochemical properties affects the stocks of nutrients and organisms in the Fram Strait: the freshening, warming waters are increasing stratified, reducing nutrient cycling and allowing different organisms to thrive (Gluchowska et al., 2017; Basedow et al., 2018). Additionally, the western Fram Strait is thought the be experiencing ‘Atlantification’, the increasing influence of Atlantic water in the Arctic (Karpouzoglou et al., 2022). For one key species in the Calanus genus – Calanus finmarchicus – recent Atlantification seems to have allowed a range expansion, with them now completing their life cycles further North in the Arctic (Tarling et al., 2022). The changing physical and chemical ocean environment is expected to change the composition, distribution, timing and magnitude of primary production (Li et al., 2009; Kahru et al., 2011; Yool et al., 2015; Neukermans et al., 2018; Lewis et al., 2020) – the food on which copepods rely. With a different food environment comes the potential for changes to the productivity of Calanus spp., and in turn their population success. Understanding how Calanus spp. will respond to changing food environment is essential for predicting how the ecological and biogeochemical functioning of Arctic pelagic ecosystems will change in the future.




Figure 1 | The location of the Fram Strait (FS) in the Arctic Ocean (A) and the stations that were sampled on cruise JR17005 in May-June 2018, showing the West Spitsbergen Current (WSC) and the East Greenland Current (EGC). Generated using Blue Marble, NASA Earth Observatory (B). The Arctic Ocean map is coloured bathymetrically showing the deep channel of the Fram Strait, where most water enters and exits the Arctic Ocean. Sequential long-term grazing experiments (1-5) are marked by Ex1-Ex5. Bongo and CTD show the locations where animals for experimental incubations and the natural plankton assemblage were collected, respectively.



Egg production in Calanus is often positively correlated with temperature (Pasternak et al., 2013) and also typically increases with food availability (Runge, 1984; Hirche and Bohrer, 1987; Hirst and Bunker, 2003; Mayor et al., 2009b). Indeed, the effects of temperature and food availability on copepod reproduction likely interact because, as poikilotherms, their physiological rates increase with temperature. Ingestion rates may therefore increase with warming, providing the animals with more food to fuel increased reproductive rates, but only when sufficient resources are available (Anderson et al., 2021). When food is scarce, reproductive demands cannot be met by ingested food alone, and may instead be met from maternal biomass (Smith, 1990; Niehoff, 2004; Mayor et al., 2009a). This is termed capital breeding, as opposed to income breeding, where reproductive demands are met by ingested food only. Without capital resources, when food concentrations are not saturating, egg production, which is considered to be equivalent to growth in adult females (Poulet et al., 1995), may therefore decline with warming because of the higher metabolic costs associated with higher temperatures (Anderson et al., 2021).

The relationship between reproduction and ingestion in Calanus is further complicated by prey selection and how associated feeding behaviour influences the degree to which the available food is ingested. There is evidence for and against selective feeding by calanoid copepods, both dependent and independent of food availability (Kleppel, 1993; Koski and Wexels Riser, 2006). For example, there are numerous examples of dietary selection by food type: for large conic ciliates (Mayor et al., 2006; Leiknes et al., 2014), for diatoms (Kiørboe et al., 1996; Nejstgaard et al., 2008; Kiørboe, 2011; Peter and Sommer, 2012; Ray et al., 2016a; Ray et al., 2016b), directly by nutritional content (Cowles et al., 1988; Carroll et al., 2019), by size (Hansen et al., 1990; Meyer et al., 2002),  by toxicity (Teegarden et al., 2008), motility or chemical cues. In contrast, other studies have suggested that Calanus shows little or no prey selectivity (Castellani et al., 2008; Mayor et al., 2009a; Djeghri et al., 2018). Prey preference is rooted in achieving nutritional balance - copepods that ingest food which does not meet their stoichiometric demands can face decreased growth, egg production and hatching success (Jónasdóttir et al., 2002). Diatoms are thought to be key in the diet of Calanus (Irigoien et al., 2002; Kohlbach et al., 2021), positively correlating with both ingestion and production. Understanding patterns of prey selection by Arctic Calanus is a fundamental precursor to determining how the changing food environment will impact their ability to obtain the necessary resources to reproduce.

Our aim was to investigate the relationship between reproductive output and the food environment in female C. finmarchicus across a range of food environments in the Fram Strait in May - June 2018. We conducted a series of experiments in which rates of ingestion, prey selection, and egg production were measured for replicate groups of animals, and determined the elemental content of the experimental animals. Metabolic budgets, which compare C intake to that lost via egg production, respiration and egestion of faecal matter, are used to examine how the reproductive physiology of C. finmarchicus varies in response to the local food environment.



Methods


Experimental procedure

Ingestion and egg production rates of female Calanus finmarchicus were measured simultaneously at 18 stations across the Fram Strait in May-June 2018 (Figure 1; Table 1; RRS James Clark Ross cruise JR17005). The natural plankton assemblage was collected daily from the chlorophyll maximum via 20 L Niskin bottles. Two 200 mL water samples were collected at each station and preserved with 1% acidified Lugol’s iodine for subsequent microplankton analysis. Copepods were collected using a motion-compensated bongo net fitted with a 200 µm mesh hauled vertically from 200 m and subsequently transferred into buckets containing surface seawater. Female C. finmarchicus were picked using a dissection microscope (Wilde M5), and swan-necked forceps under gentle illumination. The identities of the animals collected at each station were verified using molecular analysis of the 16S rDNA barcode (Lindeque et al., 2022). All experimental work was conducted in a temperature-controlled room at 1.6 ± 1.1°C.


Table 1 | Locations of the stations sampled on research cruise JR17005 in May and June 2018.



Ingestion and egg production rates were determined simultaneously using a series of sequential 24-hour particle removal experiments, as previously described (Mayor et al., 2009a). These were planned to last for a total of 5 days to allow the robust measurement of the change in biomass over that period, but experiments 1, 2 and 5 were curtailed due to adverse weather conditions and logistics. At the outset of each experiment, groups of 10 healthy and active female C. finmarchicus were transferred into replicate (n = 6) 2.2 L glass bottles containing natural seawater from the chlorophyll maximum and incubated for 24 hours on a plankton wheel at ~1 rpm. Three additional control bottles were incubated without the addition of copepods to account for microplankton growth during the incubations. Microplankton samples (100 mL) were collected from the control and grazed bottles at the start and end of each 24-hour incubation period and preserved with 1% acidified Lugol’s iodine. The remaining water from the grazed bottles was gently passed through a 63 µm mesh sieve to collect and enumerate any eggs produced by the experimental females during the incubation. Any eggs found in the microplankton samples were added to the respective sample’s egg total. Nauplii were excluded as they were unlikely to have hatched from experimental eggs – hatching of Calanus eggs at these temperatures takes around five days (Corkett et al., 1986). This procedure was repeated for up to 5 consecutive days, with experimental females being gently transferred into fresh seawater every day via a wide-bore (10 mm internal diameter) plastic dip tube. Replicate groups (n = 6) of 5 copepods were frozen in tin cups at -80°C at the start and end of each experiment to determine any changes in the C and nitrogen (N) content of their biomass over the duration of the experiment. Elemental analysis of the freeze-dried experimental animals was conducted using a Flash EA 1112 Series Elemental Analyser (Thermo Fisher). The gonad maturation stage (GS) of ≥10 females from each station where the experimental animals were collected was determined following the description of Niehoff and Runge (2003).



Microplankton analysis

Samples were gently agitated for one minute before being transferred to 25 mL Utermöhl sedimentation chambers and left to settle for 48 hours (Lund et al., 1958). Cells were identified and enumerated with a Brunel SP95I inverted microscope at × 250 and × 400 magnification for cells >2 µm and small flagellates, respectively (Båmstedt et al., 2000; Mayor et al., 2006). Small and large diatom categories refer to centric cells with diameters <20 µm (e.g. Chaetoceros spp.) and ≥20 µm (e.g. Thalassiosira spp.), respectively. Cell dimensions were measured for each genus present using an ocular micrometer and their volumes were calculated by applying appropriate geometric formulae as is common practice (Hillebrand et al., 1999; Menden-Deuer and Lessard, 2000; Mayor et al., 2009b). Measurements of representative cells were repeated until the cell volumes for each group were normally distributed. Cell volumes were converted to carbon biomass using published conversion factors specific to the cell type (Menden-Deuer and Lessard, 2000; Malzahn and Boersma, 2012). Chlorophyll-a (CAS 479-61-8) was measured with an in-situ Chelsea Aqua 3 Fluorometer.



Carbon budgets

Metabolic C budgets were constructed for copepods according to (Equation 1):

 

where the terms, all expressed as biomass-specific rates per day, are ingestion (I), egg production (E), respiration (R), production of faecal matter (W) and a balancing term (Ω). The balancing term captures processes not specified in the simple budget. C-specific ingestion rates (day-1) were estimated using the mean C content of the females within each experiment and the ingestion rate per experimental bottle.

Ingestion rates of individual animals (II; μmol C ind-1 day-1) were calculated using established equations (Frost, 1972) and converted to biomass-specific rates (I; day-1) as described above. Egg production (EI; μmol C ind-1 day-1) was measured and converted to C units assuming 20.9 nmol C egg-1 (Mayor et al., 2009a); Mayor, unpublished data). Gross growth efficiency (GGE) was then calculated as E/I, i.e., egg production as a fraction of intake. The respiration rate of individual animals was estimated from the globally-used equations of Ikeda et al. (Ikeda et al., 2001) (Equation 2):

 

where B is body weight (mg N ind.-1) and T is temperature (°C) of the laboratory in which our experiments were conducted.

Values were converted to C units, RI, (µg CO2-C ind-1 hr-1) by assuming a respiratory quotient (RQ) of 0.97 and multiplying by 12/22.4 (Ikeda et al., 2000). Conversion of RI to the corresponding specific rate, R, was as described above. Production of faecal matter (W), i.e. the fraction of ingested food that does not pass across the gut wall, was calculated as I × 1- absorption efficiency (AE), using an assumed AE of 0.47 (Mayor et al., 2011). Excess (surplus) C, Ω, was calculated by difference using Equation 1. The sensitivity of the budget to the assumed values for RQ and AE was examined by changing these values to 0.7 (Mayzaud, 1976) and 0.74 (Anderson et al., 2017), respectively.



Statistical and computational analysis

Prey preference was examined by comparing the abundance of a cell type in the food environment relative to the abundance of that cell type ingested. Parametric statistical tests were used (ANOVA and Pearson’s). Results were considered significant at the 0.05 level. When assumptions of normality, linearity and variance homogeneity were not maintained, non-parametric tests were used (Spearman’s rho, ρ). Averages shown are mean average followed by standard deviation. Statistical analysis and data visualisation were done using the R programming environment (R Core Team, 2021) using the packages ggplot2 (Wickham, 2016) and viridis (Garnier, 2018).




Results


Dominant water masses

Water temperatures at stations NT7, NT2, F21, F17, F15, F13 and F10 were all < 0.0°C (Table 1) showing the water body was the southerly moving East Greenland Current. At F8 there was a sharp increase in temperature showing the front between the East Greenland Current and the West Spitsbergen Current, where temperatures ranged from 0.58 to 4.31°C. Station KB0, near the mouth of Kongsfjorden, and stations ST1 and ST2g in Storfjorden, also had temperatures < 0.0°C due to their proximity to coastal meltwater runoff. Across all the stations, the average temperature at the chlorophyll-a maximum was 0.14 ± 1.9°C (Table 1).



Microplankton

The composition and biomass of the microplankton varied considerably across the Fram Strait (Figure 2; Supplementary Table 1). Total biomass ranged from 18.0 to 187.0 µmol C L-1, averaging 61.6 ± 46.6 µmol C L-1. Stations in the area of East Greenland, NT2, F21, F17 and F15, were generally below this average, with 18.0, 21.0, 69.5, and 30.0 µmol carbon L-1, respectively. Biomass was high at the two stations in the south of the study area, NT8 and NT5, where the water column contained 109.3 µmol C L-1 and 187.0 µmol C L-1, respectively. Biomass was also high at station F13, where it reached 143.0 µmol C L-1.




Figure 2 | The microplankton food environment for Calanus finmarchicus across the Fram Strait, calculated from inverted microscopy of water sampled at the chlorophyll maximum at each station. *indicates where the parameter was not measured.



Small chain-forming diatoms, and to a lesser extent large diatoms and dinoflagellates, were the dominant microplankton type at the majority of stations sampled (Figure 2). The stations close to Svalbard and the West Spitsbergen Current (HGIV, F4, F2, and KB0) had a lower proportion of both small and large diatoms. The westward stations (NT2, F21, F17, and F15) had a lower proportion of ciliates than those eastward (F13, F10, FS1, HGIV, F4, F2, except for F8 and KB0). The small and large diatom peaks in the mid stations (F13, F10, FS1, F8) suggest a diatom bloom. The microplankton communities along the southerly transect (NT8, NT7 and NT5) also denote a bloom of small chain-forming diatoms. Flagellates were numerous, with colonies of Phaeocystis spp. found at many of the stations sampled, but they did not contribute significantly to the community biomass.



Elemental composition of Calanus finmarchicus

The average C and N contents of the experimental animals were variable (Figure 3, Supplementary Table 2). The average C content of C. finmarchicus females was 15.0 ± 2.9 µmol female-1, ranging from 11.2 to 22.9 µmol female-1, and the average N content was 2.2 ± 0.4 µmol female-1, ranging from 1.5 to 3.0 µmol female-1. The molar C:N ratio of the females averaged 6.8 ± 1.0 and ranged from 5.6 to 8.7. There was more variability in the ratio between individual animals than there was between average values at the start and the end of the experiments. The C and N content of the experimental females did not vary significantly between the different the five experiments (F(4, 20) ≤ 2.318, p ≥ 0.09 in both cases) or change between the start and end of the incubations (F(1, 20) ≤ 0.093, p ≥ 0.76) (Supplementary Figure 1).




Figure 3 | The elemental content of females across experiments 1-5 (Ex1-5), before and after experimentation. Start indicates representative adults sampled at the beginning of each experiment, and end represents the composition of the same cohort of adults used in the experiments. ‘Redfield’ is the Redfield ratio (Redfield, 1958) found between carbon and nitrogen in phytoplankton (6.625 by atoms).





Ingestion and egg production

Total daily ingestion rates ranged from 0.3 to 12.3 µmol C female-1 day-1 and averaged 4.7 ± 3.6 µmol C female-1 day-1 (Figure 4; Supplementary Table 1). The station with the highest average ingestion was F10 (10.1 ± 0.3 µmol C female-1 day-1) and the station with the lowest was KB0 (0.3 ± 0.1 µmol C female-1 day-1). C-specific ingestion rates ranged from 0.015 ± 0.004 to 0.645 ± 0.017 day-1 and averaged 0.295 ± 0.223 day-1.




Figure 4 | Total ingestion (A), specific ingestion (B), total egg production (C), and specific egg production (D) by Calanus finmarchicus across the Fram Strait. The mid-line represents the median, the box the upper and lower quartiles, whiskers the range, and black points the outliers. Specific ingestion and production were converted from a fraction to a percentage for these figures. * indicates where the parameter was not measured.



Egg production in the grazing experiments ranged from 0.0 to 36.7 eggs female-1 day-1, and averaged 8.9 ± 8.1 eggs female-1 day-1 across all experiments (Figure 4). This corresponds to C-specific egg production rates ranging from 0.00 to 0.049 day-1, and an average of 0.012 ± 0.011 day-1. Egg production rates did not correlate with female C content, N content, or the C:N ratio of the experimental animals (Supplementary Figure 1). At the stations where the experimental animals were collected, between 5-50% of the females were ≤GS3, and many of those within GS4 were developing relatively small clutches of eggs (= GS4B and GS4C) (Table 2).


Table 2 | Gonad maturation stages of female C. finmarchicus.



Prey was ingested in approximately similar proportions to that which was available. The proportions of all diatom types that were ingested correlated positively, albeit weakly, with the proportions available in the prey field (small diatoms: ρ = 0.31; large diatoms: ρ = 0.52; pennate diatoms: ρ = 0.72, p < 0.05 in all cases). The proportion of ciliates ingested also correlated with the proportion available (ρ = 0.48, p = 0.004). By contrast, there was a negative relationship between available and ingested dinoflagellates (ρ = -0.56, p < 0.001) and no significant correlation between the proportions of flagellates available and those ingested (Figure 5).




Figure 5 | The contribution of food types to the diet of Calanus finmarchicus against the contribution of the food types to the available food environment. The dotted line represents the 1:1 line where ingestion is proportional to available food, i.e. non-selective feeding. Above this, a greater proportion is ingested than is available, so the food is selected for, and below, the food is selected against. Note the variable scales on the x- and y-axes.



The specific rate of ingestion increased significantly with the concentration of microplankton carbon (Figure 6B). This relationship appeared to be driven largely by the concentrations of small and large diatoms (Figure 6C), was reflected by the concentration of dinoflagellates (Figure 6D), and was not reflected in the chlorophyll concentrations (Figure 6A). Specific egg production, in contrast to ingestion, showed no relationship with any measure of food availability (Figures 6E–H; all p > 0.05). Similar relationships were seen between total rates of ingestion and production and measures of food availability (Supplementary Figure 2). Specific rates of egg production were generally higher when specific ingestion rates were higher, but the correlation between these variables was not significant when examined across all stations (ρ = 0.21, p > 0.2; Supplementary Figure 3). There was a significant positive relationship between the specific egg production rate measured here and the and the proportion of females that were spawning (Cook et al., unpublished; ρ = 0.39, p = 0.027; Supplementary Figure 4). There was no relationship between ingestion or egg production and environmental temperature before the experiment began (r = -0.2, p > 0.1 and r = 0.2, p > 0.1, respectively).




Figure 6 | The relationships between the quantity of available food and ingestion (A–D) and egg production rate (E–H). The quantity of available food is estimated from using the chlorophyll a concentration as a proxy (A, E), and calculated using inverted microscopy for all cell types (B, F), for small (S) and large (L) diatoms (C, G), and for dinoflagellates (D, H). Shaded areas show 95% confidence intervals. R is Spearman’s rho.





Carbon budgets

The daily metabolic C budgets for the experimental animals are shown in Table 3. The calculated gross growth efficiencies of the animals ranged from 0.01 to 0.39, averaging 0.12 ± 0.13 (Table 3). Ingestion was consistently higher than the total C needed for egg production, respiration, and egestion combined. In all but one station, C. finmarchicus had an excess of C. The surplus was on average 1.6 ± 1.6 µmol C individual-1 day-1 or 19.2 µg C individual-1 day-1. As a proportion of intake, this corresponds to 0.17 ± 0.42 (Table 3), which is more than needed for egg production and only slightly less than used for respiration. Stations F8, F10 and F13 had the greatest amounts of excess, where the fractions of C intake (C individual-1 day-1) were 0.40, 0.40 and 0.41, respectively. By contrast station KB0 had a C-deficit of 1.04 as a fraction of C intake individual-1 day-1.


Table 3 | Daily metabolic carbon (C) budgets for Calanus finmarchicus (female-1 day-1) [, showing measured ingestion and production].



Increasing the AE to 0.74 had the greatest effect on the budget of all the non-measured terms, with higher efficiencies adding to the C surplus (Table 3). Changing the assumed metabolic substrate by adjusting the RQ had only a small effect on the surplus. Assuming complete lipid metabolism, i.e. RQ = 0.7 (Ikeda et al., 2000), the surplus would again be increased (Table 3).




Discussion

Our study quantified feeding and reproduction in female Calanus finmarchicus and examined how these varied in response to the food environment across the Fram Strait in May-June 2018. We show that ingestion rates typically increased as the total amount of microplankton food available increased. By contrast, egg production showed no obvious relationship with food availability. The incubated animals mostly displayed low gross growth efficiencies (GGE <0.20). This suggests that a large fraction of the ingested C was used for physiological processes other than egg production.


Ingestion

The stations sampled across the Fram Strait were typically characterised by elevated microplankton concentrations, and thus feeding conditions were almost always favourable. This was particularly evident in Experiments 1 (NT8, NT7, NT5) and 3 (F17, F15, F13, F10, FS1), where concentrations were > 50 µmol C L-1 on all but one day. Food concentrations > 42 µmol C L-1 have been found to be saturating for C. finmarchicus (Båmstedt et al., 1999). At stations NT5 and F13 microplankton C concentrations were ≥ 142 µmol L-1, and many of the other stations sampled (NT8, NT7, NT5, F17, F13, F10, FS1, F8, KB0, ST1) had food concentrations > 42 µmol C L-1 (500 µg C L-1). Diatoms were abundant at the southerly stations sampled during Experiment 1 (NT8, NT7, NT5), and at the stations in Experiment 3 (F17, F15, F13, F10, FS1). In contrast, much lower diatom concentrations were encountered at the stations sampled during Experiment 2 (NT2, F21), and at several of those sampled during Experiment 4 (HGIV, F4, F2, and KB0).

C. finmarchicus typically consumed prey in proportion to their availability in the plankton (Figure 5). This pattern of intake is similar to what has been found in other areas, such as North Atlantic (Mayor et al., 2006; Castellani et al., 2008; Mayor et al., 2009a) and the English Channel (Djeghri et al., 2018), and supports the understanding that C. finmarchicus are less selective than other calanoid copepods (Teegarden et al., 2008). Diatoms dominated the diet of C. finmarchicus at most stations examined, as is often reported (Irigoien et al., 2002; Søreide et al., 2008; Cleary et al., 2017; Kohlbach et al., 2021). This intake simply reflects the predominance of diatoms in the microplankton, rather than these cells being positively selected for. There was some evidence for positive selection towards ciliates at stations F2, F4 and ST1, where ciliate biomass was high and diatom biomass, particularly that of large diatoms, was low. It seems that the copepods actively selected for ciliates at these stations in order to compensate for the reduction in diatom biomass, as has been observed previously (Mayor et al., 2006). By contrast, the proportion of dinoflagellates in the ingested ration was negatively correlated with their availability in the microplankton (Figure 5), suggesting that there were increasingly selected against. A range of dinoflagellates are known to be capable of producing toxins that reduce food absorption, egg production rates and egg hatching success in C. finmarchicus (Roncalli et al., 2016) and the apparent avoidance of dinoflagellates may indicate the presence of one or more toxin-producing species. However, the absence of a negative relationship between ingested dinoflagellate C and egg production (Figure 6H) suggests that any potential negative effect of consuming dinoflagellates was insufficient to cause a noticeable effect.

Ingestion by C. finmarchicus was on average 4.7 ± 3.6 µmol C female-1 day-1, well within the previously reported range for this species when feeding on natural plankton assemblages [0.04 – 7.33 µmol C female-1 day-1 (Jónasdóttir et al., 2008; Mayor et al., 2009a)]. C-specific ingestion rates were generally close to 0.3 day-1, which also fits well within the published range (Gamble, 1978; Ohman and Runge, 1994; Nejstgaard et al., 1997), matching with similar ingestion rates found during bloom periods in the Norwegian Sea (Irigoien et al., 1998). The maximum value for C-specific ingestion, 0.645 ± 0.017 day-1, was high, but again, consistent with the 0.80 day-1 previously reported for C. finmarchicus when feeding during periods of elevated food availability (Smith and Lane, 1988). Indeed, it is probable that the elevated ingestion rates reported herein were because of the high concentration of food available, as suggested by the strong positive correlations between ingestion and both the total concentration of microplankton and that of diatoms (Figures 6B, C); the weakly significant correlation between ingestion and dinoflagellate concentrations likely reflects the collinearity between dinoflagellate- and diatom C, rather than a causal relationship.

Interestingly, there was no relationship between chlorophyll a concentration, a common proxy for food availability, and ingestion (Figure 6A). This could be because the chlorophyll a data were just a snapshot of the sampling location and therefore not representative of the food available to the incubated copepods. This suggestion is supported by the lack of a relationship between available food and chlorophyll a (add details of correlation (or lack thereof) here). This disparity is also potentially attributable to the high abundances of picoplankton (≤2 µm cell diameter) that have been reported to occur in the Fram Strait, in particular the Micromonas genus of prasinophytes (Bachy et al., 2022), that were not enumerated in our study.



Egg production

The reproductive strategy of C. finmarchicus can vary in response to food supply, likely a necessity of its one-year life cycle (Falk-Petersen et al., 2009). Maximum egg production rates occur during the spring bloom, but the timing of this differs between areas and is controlled by hydrography, light conditions and climate (Niehoff, 2004). Egg production is subject to prior gonad maturation and oocyte development.

The measured egg production rates were within the range 0.3 – 36.7 eggs female-1 day-1 previously observed for C. finmarchicus in the Arctic (Hirche, 1990; Hirche and Kosobokova, 2007; Møller et al., 2016). C-specific egg production rates were within the range of 0.00 to 0.049 day-1, in good agreement with the published range for C. finmarchicus (Hirche et al., 1997; Mayor et al., 2006; Møller et al., 2016; Jónasdóttir et al., 2022). The observed rates did not correlate with any measure of ingested food quantity or prey type. This either suggests that the link between recent feeding history and egg production rate is weak, or that the rate at which eggs are produced is not directly limited by the available food. However, many studies have found a strong link between food quantity and egg production rate (Marshall and Orr, 1958; Hirche, 1990; Ohman and Runge, 1994; Hirche et al., 1997; Harris et al., 2000; Hirst and Bunker, 2003; Jónasdóttir et al., 2022). Two of these studies were conducted in the Arctic, but the animals were either kept under identical feeding conditions for some time before experimentation (Hirche et al., 1997), or their eggs were only counted after 48 hours (Hirche, 1990), rather than 24 hours used herein, to allow for a longer spawning interval. A time ‘lag’ of > 24 hours between ingestion and the production of eggs could potentially explain the absence of a relationship between egg production rates and both food availability and ingestion rates; C. finmarchicus has previously been observed to display a spawning interval of > 24 hours in the Arctic at 0°C (Hirche, 1990). However, egg production did not correlate with the amount of food ingested during the preceding day (p ≥ 0.88 in all cases). Furthermore, independent egg production experiments conducted in parallel to those presented herein revealed that, on average, 66% (ranging from 0-94%) of the 20 individual females incubated at each station produced eggs within the first 24 hours (Cook et al., unpublished), indicating that the spawning interval was generally < 24 hours throughout the period of our study.

The disconnect between ingestion and egg production seen in our experiments could, alternatively, indicate that the animals were using maternal reserves, rather than, or in addition to, the ingested food to produce eggs. C. finmarchicus has previously been observed to adopt a capital breeding reproductive mode in the North Atlantic when feeding conditions are poor, losing significant quantities of maternal biomass C and N to fuel continued egg production (Niehoff, 2004; Mayor et al., 2006; Mayor et al., 2009a). The C and N contents of the experimental animals in the present study did not, however, change significantly throughout the experiments (Figure 3; Supplementary Figure 1), indicating that they were not using biomass reserves to fuel reproduction. Indeed, the metabolic budgets show that the copepods ingested C in excess of that required for egg production and other physiological processes (discussed below). Regardless of the underlying mechanism, the lack of a relationship between the observed rates of ingestion and reproductive output indicates that accurately predicting how C. finmarchicus will respond to projected changes in their food environment is complex and likely requires information beyond simple metrics of food concentration.



Carbon budgets

Carbon budgets were constructed for each experiment by combining measured rates of C intake and egg production rates with empirically-estimated rates of respiration and faecal pellet production. In all but one instance (Experiment 4, day 5; Table 3), C intake could not be fully accounted for by respiration and the production of eggs and faecal matter. Indeed, across all experiments, the average fraction of ingested C that was in excess of requirements was 0.17 ± 0.42.

The fractions of intake allocated to respiration and egestion were approximately 0.20 and 0.531, respectively. Changing the respiratory quotient towards lipid-fueled metabolism (RQ = 0.7) only reduced the estimated C required for respiration by a small amount, causing the apparent excess of C to increase slightly (Table 3). The chosen value of AE, 0.47, was selected because it relates specifically to C. finmarchicus feeding on diatoms (Mayor et al., 2011), the main prey item in our experiments. Increasing AE to 0.74, which is commonly assumed when modelling marine copepods (Anderson et al., 2017; Anderson et al., 2020; Anderson et al., 2021), decreases the fraction of ingested C released as faecal matter to 0.26, further increasing the excess of C in the metabolic budget. We therefore suggest that our estimated C excesses are conservative.

Calculated GGEs were low, usually well below the expected range of 0.2 – 0.3 observed for copepods (Straile, 1997), meaning that egg production accounted for a relatively small fraction of the consumed food. Cannibalism of eggs could potentially explain the relatively low GGEs (Bonnet et al., 2004) and the C surpluses. However, previous work using the same experimental design as used here concluded that the effects of cannibalism in these experiments were negligible (Mayor et al., 2006; Mayor et al., 2009a). Furthermore, if the apparent C excesses were simply caused by egg cannibalism, the actual EPRs would have been 89.1 ± 76.8 (with a maximum EPR of 212.8) – towards or beyond the upper end of field-reported values (Hirche, 1990; Hirche et al., 1997; Niehoff et al., 1999; Richardson et al., 1999; Swalethorp et al., 2011; Møller et al., 2016, Supplementary Table 3), and well in excess of the rates determined in parallel experiments with individual females that were excluded from their eggs to prevent cannibalism (24.1 ± 14.4 eggs female-1 day-1; Cook et al., unpublished). This suggests that egg cannibalism cannot explain the apparent C excesses.

Like many polar copepods, all of those in the genus Calanus are well-known for their ability to produce and store lipids (Lee et al., 2006). It is therefore possible that the excess C reflects lipid biosynthesis and accumulation by these animals. However, this seems unlikely, given that a) the experiments were conducted in May at the very start of the growth season, b) C. finmarchicus typically undertake a 1-year life cycle (Falk-Petersen et al., 2009), and thus females are not thought to re-enter diapause, and, most importantly, c) the C content of the experimental animals did not increase significantly over the course of the experiments (Figure 3; Supplementary Figure 1). We therefore propose that the observed metabolic C surpluses may, at least in part, be explained by the significant energetic costs associated with gonad maturation. In C. finmarchicus, this process generally starts in stage V copepodites (CVs) several months before the animals emerge from their over-wintering period and progresses in newly moulted females during the following spring (Tande, 1982; Hirche, 1996; Jónasdóttir, 1999; Niehoff et al., 2002; Niehoff, 2007). The rates at which newly moulted females produce eggs increases from zero to maximal rates over 15 days at 5°C (Rey et al., 1999), and likely takes longer at colder temperatures (Melle and Skjoldal, 1998). The observed gonad maturation stages (Table 2) further supports the suggestion that a proportion of the experimental females were still in the process of developing their ovaries.

Gonad maturation in C. finmarchicus is known to require large amounts of energy, ~ 5.8 µmol C individual-1 (Rey-Rassat et al., 2002). At times these animals are able to provide the resources for gonad maturation and/or egg production from their own biomass (Irigoien et al., 1998; Niehoff, 2004; Mayor et al., 2006; Mayor et al., 2009a). Females that have just undergone gonad maturation therefore often exhibit depleted lipid reserves (Sargent and Falk-Petersen, 1988; Rey-Rassat et al., 2002; Anderson et al., 2022) with biomass C:N ratios declining as low as ~5 by atoms when spawning begins (Tande, 1982; Mayor et al., 2009b). However, the lack of a clear decline in biomass C and N content over the duration of our experiments (Figure 3) suggests that our experimental animals were not meeting the costs of maturation from internal reserves, and were instead acquiring them via ingestion. There are multiple observations of recently moulted females needing to feed prior to completing maturation and commencing egg production. For example, in the lower St. Lawrence Estuary, the final stages of oocyte maturation in C. finmarchicus females does not begin until feeding conditions become favourable in June (Plourde and Runge, 1993), and in the Norwegian Sea, <50% of female C. finmarchicus are mature during the pre-bloom period (March through April), after which the population undergoes rapid maturation as the bloom develops through May (Niehoff et al., 1999). Indeed, recent work suggests that the final step in terminating diapause in C. finmarchicus may also be dependent upon the presence of food (Hatlebakk et al., 2022).

The average C:N ratio of our experimental females was 6.8 (ranging between 5.6 – 8.7) by atoms, which is consistent with the understanding that many of them were likely still in the process of reaching maturation (Supplementary Figure 1). Indeed, only 66% of the females incubated in parallel egg production experiments produced eggs (Cook et al., unpublished), suggesting that the remaining third of the population were still undergoing gonad maturation. In addition to explaining the fate of the excess C, the process of gonad maturation occurring in some, but not all of our experimental females would also explain why the observed egg production rates were not correlated with ingestion, and why the proportion of females that were spawning was positively correlated with egg production rate (Supplementary Figure 4; Cook et al., unpublished). In turn, this suggests that our ability to estimate egg production rates in C. finmarchicus and many other high-latitude copepods may be improved by considering their level of maturity, whether by means of morphological investigation or by the development of a metabolic proxy for the level of gonad maturation.

Our budgets focused on C, but that is not to say that the animals were necessarily requiring this element only. Indeed, the experimental animals contained visible quantities of lipid (Supplementary Figure 5), confirmed by their average biomass C:N (6.8 by atoms), which was well above that of an actively spawning female and suggests that they still had C available. Producing mature ovaries and the resulting eggs from stored lipids only, which are largely devoid of N, seems unlikely, particularly as the C:N ratio of C. finmarchicus eggs ranges between 4-7 by atoms (Ohman and Runge, 1994; Runge and Plourde, 1996; Mayor et al., 2009b; Swalethorp et al., 2011) and hence contain a substantial amount of N. We therefore suggest that, in addition to helping meet the energetic costs of maturation, the apparently excessive rates of ingestion prior to reproduction were also required to provide the animals with the amino acids and proteins required to finish producing and maturing their ovaries. We still know relatively little about N-based physiology in C. finmarchicus and if, how, or where they are able to store compounds that bear this element (Mayor et al., 2022). This lack of fundamental understanding hinders our ability to mechanistically represent important aspects of their life histories in ecosystem- and biogeochemical models and predict how they will change in the future (Anderson et al., 2022).




Conclusion

We have shown that female C. finmarchicus are able to take advantage of the abundant feeding conditions encountered during May in the Fram Strait, in part due to their flexible and diverse diet. Egg production did not correlate with food availability or ingestion. Metabolic budgets for our experimental females showed that the ingested food was typically more than that required to produce the observed numbers of eggs and estimated rates of respiration and faecal pellet production. The generally low egg production rates and the relatively high biomass C:N values suggest that a sizeable fraction of the incubated females were reproductively immature, and were using the excess food to meet the energetically-expensive process of gonad maturation and as a source of N-bearing compounds that are required to produce ovary tissues and eggs. This suggestion is supported by the observed gonad maturation status of the sampled female populations. Our study highlights the need to consider ontogenetic development when examining the relationship between ingestion and production in copepods. Developing mechanistic models to reliably predict how the ecological and biogeochemical roles of C. finmarchicus and other high-latitude copepods will respond to climate-driven changes in their food environment requires an improved understanding of both the C- and N-based physiologies of these important animals, particularly during the gonad maturation phase.
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Despite the importance of calanoid copepods to healthy ecosystem functioning of the Arctic Ocean and Subarctic Seas, many aspects of their biogeography, particularly in winter months, remain unresolved. At the same time, online databases that digitize species distribution records are growing in popularity as a tool to investigate ecological patterns at macro scales. The value of such databases for Calanus research requires investigation - the long history of Calanus sampling holds promise for such databases, while conditions at high latitudes may impose limits through spatial and temporal biases. We collated records of three Calanus species (C. finmarchicus, C. glacialis, and C. hyperboreus) from the Ocean Biodiversity Information System (OBIS) and the Global Biodiversity Information Facility (GBIF) providing over 230,000 unique records spanning 150 years and over 100 individual datasets. After quality control and cleaning, the latitudinal and vertical distribution of occurrences were explored, as well as the completeness of informative metadata fields. Calanus sampling was found to be temporally and spatially biased towards surfacemost layers (<10m) in spring and summer. Only 3.5% of records had an average collection depth ≥400m, approximately half of these in months important for diapause. Just over 40% of records lacked associated information on sampling protocol while 11% of records lacked life-stage information. OBIS data contained fields for maximum and minimum collection depth and so were subset into discrete “shallow summer” and “deep winter” life cycle phases and matched to sea-ice and temperature conditions. 23% of OBIS records north of 66° latitude were located in regions of seasonal sea-ice presence and occurrences show species-specific thermal optima during the shallow summer period. The collection depth of C. finmarchicus was significantly different to C. hyperboreus during the deep winter. Overall, online databases contain a vast number of Calanus records but sampling biases should be acknowledged when they are used to investigate patterns of biogeography. We advocate efforts to integrate additional data sources within online portals. Particular gaps to be filled by existing or future collections are (i) widening the spatial extent of sampling during spring/summer months, (ii) increasing the frequency of sampling during winter, particularly at depths below 400m, and (iii) improving the quality, quantity and consistency of metadata reporting.
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1 Introduction

Calanoid copepods of the genus Calanus are the dominant zooplankton in the sub-Arctic and Arctic seas (Conover and Huntley, 1991; Mauchline, 1998; Falk-Petersen et al., 2009). The Arctic Calanus complex comprises three species; Calanus hyperboreus, C. glacialis, and C. finmarchicus, which are thought to have core distributions in the Arctic continental slope, Arctic shelf and marginal seas, and Atlantic Ocean respectively (Falk-Petersen et al., 2009; Choquet et al., 2017), though sea-ice dynamics may be more important in shaping species core distributions in the Arctic Ocean (Ershova et al., 2021). From eggs to adult life-stages, they are vital in transferring energy between primary producers and higher trophic levels including stocks of herring, mackerel and cod, which in turn are prey for larger fish, seabirds, and mammals (Wassmann et al., 2006; Heath and Lough, 2007; Darnis et al., 2012; Langoy et al., 2012). In doing so, they contribute to the health and productivity of these polar ecosystems and to the goods and services they provide (Murphy et al., 2016).

Decades of basin-scale sampling campaigns and long term monitoring programmes have produced numerous observations of Calanus during spring and summer months. This research effort has revealed their complex physiological (Maps et al., 2014), behavioral (Sainmont et al., 2014; Banas et al., 2016), and morphological adaptations across latitudinal clines and varying seasonality. Key to their life cycle is an overwintering strategy known as diapause, where Calanus typically descend to depths of 400-2500m and enter a state of inactivity and reduced metabolism (Hirche, 1996; Maps et al., 2014). Overwintering behavior, onset and vertical distribution are dynamic, and thought to be influenced by multiple physical (e.g. bottom depth) and environmental (e.g. photoperiod and water mass depth) factors (Krumhansl et al., 2018). During diapause a store of high-energy wax ester lipids is used to fuel respiration, maturation, and reproduction (Jónasdóttir, 1999; Rey-Rassat et al., 2002; Saumweber and Durbin, 2006).

However, knowledge gaps in the overwintering ecology and distribution of Calanus have persisted due to the logistical and economic constraints of ship-borne sampling during the Arctic winter (Hop et al., 2021). Such data gaps have severe implications for the understanding of these key species because overwintering conditions account for a significant proportion of their yearly habitat - at least eight months for C. hyperboreus (Hirche, 1997). While modelling studies are able to utilize the limited empirical data to investigate overwintering strategies and processes, rigorous testing of their hypotheses will only be possible with increased effort to observe the timing, depth, behavior and physiology of diapausing copepods at finer spatial and temporal scales (Pierson et al., 2013).

Meanwhile, the last few decades have witnessed a transformation in the access of biodiversity data due to the concerted effort to digitize natural history collections and biological surveys on online databases and data portals (Soberon and Peterson, 2004). For example, the data available through the Global Biodiversity Information Facility (GBIF) reached 1.6 billion occurrence records in 2020, representing a growth of 1150% since 2012 (Heberling et al., 2021). The data held within these portals offer an unparalleled archive of life on Earth over the last few centuries, and have played a pivotal role in biodiversity research, most notably on fields relating to macroecology (Heberling et al., 2021). With a long and international history of Calanus research in northern seas (Barnard et al., 2004; Bandara et al., 2021b), the quantity of data and ease of access makes online databases an attractive source of information for undertaking novel Calanus studies, and has already been utilized to investigate long term shifts in the surface habitat of C. finmarchicus (Freer et al., 2022).

An in-depth analysis of the data available for these three Arctic and boreal Calanus species remains lacking. This is important to overcome, as while occurrences of Crustacea dominate data within databases covering northern European seas (Vandepitte et al., 2011; Ramirez et al., 2022), the quality of data remains equivocal for the few marine species investigated (Moudry and Devillers, 2020). Moreover, georeferencing uncertainty (Marcer et al., 2022), data quality (Maldonado et al., 2015) and uneven spatial and temporal coverage (Yesson et al., 2007; Ramirez et al., 2022) are inherent issues that must be understood before data are used or analyzed. If left unaccounted for, such issues have been shown to have unintended consequences when used to model species distributions (Beck et al., 2014; Marcer et al., 2022), predict species richness-environment relationships (Yang et al., 2013) or measure biodiversity change (Boakes et al., 2010).

As well as gaining a better understanding of available data, compiling current observations can also highlight gaps that can guide future sampling, as has been achieved for deep sea biodiversity data (Webb et al., 2010). Moreover, Kvile et al. (2019) compiled abundances of overwintering C. hyperboreus and C. glacialis, finding a lack of sampling in slope and central basin regions, as well as challenges associated with data collected via depth integrated net hauls. Assessing whether data stored on online portals also show these patterns will provide further evidence of under-sampled regions and depths that may help prioritize future research of the Arctic Calanus complex. Here we focus on GBIF and OBIS databases which are the two largest global scientific knowledge bases for marine species, although we acknowledge further datasets may exist that are yet to be integrated within these larger compilations. While processing these occurrence records, we also have an opportunity to add value to existing data. This includes associating the records to vertically and seasonally resolved environmental parameters, providing a unique insight into interspecific differences in these variables.

In this study we aimed to investigate the value and completeness of online databases for Calanus research in the high north. Using available Calanus occurrence records from OBIS and GBIF, we explore: i.) latitudinal, vertical and temporal biases in currently available data; ii.) regional temperature affinities of occurrences collected during typical “shallow summer” and “deep winter” life-cycle phases; and iii.) gaps in Calanus observations which should be targeted through the mobilization of existing data sources or future sampling efforts.




2 Materials and methods



2.1 Occurrence records and quality control

Georeferenced occurrence records of Calanus finmarchicus, C. glacialis and C. hyperboreus were compiled from the Oceanographic Biodiversity Information System (OBIS; www.obis.org) and the Global Biodiversity Information Facility (GBIF; www.gbif.org). To maintain consistency, all encounters were treated as presence only, i.e. no weighting was given to records with information on abundance, biomass or number of individuals and no absence records were included. Thus, the use of the term “records” hereafter relates to occurrence data that record the location and time of an encounter with a species, most commonly in the form of human observations or preserved specimens (Vandepitte et al., 2011). Citations for contributing datasets from OBIS and GBIF are available at See data availability statement to access citations of all contributing datasets from OBIS and GBIF. GBIF download information is also available at https://doi.org/10.15468/dl.fjggtx. All subsequent data processing and analysis were carried out in R v4.2.1 (R Core Team, 2022).

The following cleaning and filtering steps were applied to OBIS and GBIF data separately. Records were excluded if they were erroneously located on land, in the Pacific sector or southern; hemisphere were not identified to species level; had missing identifiers for month or year of collection. Duplicate records were removed as defined by records that had the following identical identifiers: species, longitude, latitude, year, month, day, minimum and maximum depth (OBIS), average depth (GBIF), life-stage. Lastly, cleaned OBIS and GBIF data were combined into a single dataset and duplicate occurrences between databases were removed using the same identical identifiers listed above.

We analyzed how the remaining records were distributed by collection year, and quantified the number of records that contained metadata within the fields “life-stage” and “sampling protocol” (i.e. gear type used to collect the record). This was repeated for GBIF and OBIS data separately and combined.




2.2 Spatial and temporal sampling effort

To create a three dimensional picture of Calanus records, we incorporated information on each record’s depth (average vertical depth of sample collection) and latitudinal position. The study region was then divided in to 1 degree latitudinal bins (30°-90°) and 50m depth bins (0-4000m). Using the combined OBIS+GBIF dataset, we populated this 60x80 matrix with the total number of records occurring within each matrix bin. Records that contained inaccurate depth information (i.e. average depth of collection was greater than bathymetric depth) were excluded and the matrix was log transformed before plotting.

Hereafter, analyses use records originating from the OBIS database only due to these data containing fields for maximum and minimum sampling depth, which are necessary to subset the data into discrete “shallow” and “deep” groupings.

To assess the proportion of records within different Arctic and boreal regions, records were assigned to one of eleven different geographic subareas based upon the International Hydrographic Organization (IHO) Sea Areas of the Arctic Ocean (IHO, 1953). For each species and season (Jan-Feb-Mar; Apr-May-Jun; Jul-Aug-Sep; Oct-Nov-Dec), the number of records within each region was calculated and visualized using spatial heatmaps. This was repeated for occurrences collected in the upper “shallow” water column (maximum net depth ≤ 200m), and occurrences collected from “deep” sampling strata (minimum net depth ≥ 400m).




2.3 Temperature and sea-ice associations

Occurrence records were matched to vertically resolved temperature data from the 2018 World Ocean Atlas (Locarnini et al., 2018). Raster grids of mean temperature were collated for nine vertical layers (0m, 50m, 100m, 200m, 400m, 600m, 800m, 1000m, 1500m), for each season (Jan-Feb-Mar; Apr-May-Jun; Jul-Aug-Sep; Oct-Nov-Dec) within two multi-decadal eras (1955-1984 and 1985-2017). These eras were chosen as they represent two different (cool and warm) oceanographic regimes in the northern North Atlantic, which are known to have affected zooplankton community dynamics and distribution (Beaugrand, 2009; Freer et al., 2022). For each occurrence record, temperature values were extracted from the most appropriate temperature grid in relation to the season, depth and year in which the record was collected. For example, a record collected in May 2002 with a mean net depth of 170m was assigned the environmental conditions from the 200m, Apr-May-Jun, 1985-2017 climatology. Similarly, occurrences were matched to seasonal sea-ice concentration data from the same two multi-decadal eras using gridded sea-ice concentration data from the National Snow and Ice Data Centre (Walsh et al., 2019). Any records collected outside of climatology years (i.e. before 1955) and containing inaccurate depth information (i.e. average collection depth greater than bathymetric depth) were excluded.

To explore how temperature associations changed with seasonal use of habitat, we further subset the “shallow” and “deep” groupings into “shallow summer” (representing records with a maximum depth ≤ 200m and between April-July only) and “deep winter” (representing records with a minimum depth ≥400m and between August and March only). These month/depth assignments follow the general seasonal vertical migration patterns known from Calanus observations (Hirche, 1996; Heath et al., 2000; Heath, 2003) and simulations (Bandara et al., 2021a), though we acknowledge that the timing of diapause entry and exit varies with latitude and local factors such as sea-ice extent, spring bloom timing etc. (Ji et al., 2012).




2.4 Overwinter depth associations

The bathymetric depth (i.e. total water column depth) and collection depth (i.e. average net depth) of records within the “deep winter” subset were compared between species using Kruskal-Wallis rank sum tests, after testing for normality (Shapiro-Wilk test) and equal variance (Brown-Forsythe test). Post-hoc pairwise comparisons were analyzed using Wilcoxon rank sum tests with the default “holm” adjusted p-values.





3 Results



3.1 Occurrence records and quality control

The OBIS and GBIF databases contained 243,680 and 208,857 records respectively for the three Calanus species combined (both databases consisted of approx. 85% C. finmarchicus, 8% C. glacialis, 7% C. hyperboreus). After cleaning and quality control steps, 86% of OBIS records and 55% of GBIF records remained (See Table 1 for a summary of records removed per cleaning step per database). After merging these two cleaned datasets and removing duplications, 230,416 (71% of combined records) remained. The majority of these records were present in the OBIS database, with GBIF providing an additional 9% of unique records (Table 1).


Table 1 | Summary table of (a) the number of occurrence records removed after each cleaning and quality control step within each database and (b) the number of occurrence records (absolute number and % of cleaned dataset) falling within defined categories for each database separately and combined.



From the combined GBIF+OBIS dataset, the greatest number of records overall was from 1995 (Figure 1A), but this pattern differed when analyzing databases separately (Figures S1–2A). GBIF records peaked in 1966 (C. finmarchicus = 1966, C. hyperboreus and C. glacialis = 1995) whilst OBIS records peaked in 1998 (C. finmarchicus = 1997, C. glacialis = 2001 and C. hyperboreus = 2005).




Figure 1 | Histograms of cleaned and quality controlled OBIS and GBIF databases combined, indicating the frequency of species records available per (A) calendar year (B) sampling protocol (C) and life-stage. Dashed vertical lines on panel (A) represent years of significant data collection efforts; CPR, Continuous Plankton Recorder; IPY, International Polar Year; GLOBEC, Global Ocean Ecosystems Dynamics. Due to a high number of categories, only categories with more than 200 (B) and 4000 (C) occurrences were included.



Just 6% of GBIF data had no associated information on sampling protocol, compared to 43% of OBIS data which is carried over into the combined dataset (Figure 1B). The most popular sampling method for all three species within GBIF was the continuous plankton recorder (86% of records, Figure S1B) while WPII netting was the most popular method for C. hyperboreus within the OBIS data (Figure S2B). Overall, 11% of records in the combined dataset were not assigned to a life-stage category and the majority of records with life-stage information belonged to copepodite stages CIV-CVI (Figure 1C). This was similar across OBIS and GBIF databases however OBIS contained a greater spread of life-stage categories than GBIF (Figures S1–2C). Adult male and naupilus stages represented 2.5 and 1.5% of OBIS records compared to 0.5 and 0.1% of GBIF records respectively.




3.2 Spatial and temporal sampling effort

Across all three species, Calanus sampling was found to have strong vertical bias toward near-surface collections, with the number of records falling exponentially with depth (Figure 2A). In total, 68% of combined GBIF+OBIS records had an average collection depth <50m, 91% of records <200m and 60% of all records were collected between 40 and 60°N (Figure 2A). Records that were flagged as having depth inaccuracies were mostly located at latitudes >70°N (Figures 2B, C), further decreasing the number of records at northern latitudes.




Figure 2 | (A) The number of Calanus occurrence records within each unique combination of sample depth (50m) and latitude (1 degree) available via OBIS and GBIF combined. Records for all three species are combined, records for which average collection depth was missing or greater than bathymetric depth were removed, cells containing one record are shown as log=0, dark grey cells indicate maximum bathymetric depth. (B, C) maps showing locations of unique records present within OBIS and GBIF databases respectively. Records for which average collection depth was missing or deeper than bathymetric depth are highlighted.



Calanus sampling at shallow depths (≤200m) is widespread throughout the Arctic and boreal region (Figure 3). The majority of samples are located within the North Atlantic, Barents Sea and Norwegian Sea with variation across species and seasons. Calanus sampling at deeper depths (≥400m) is restricted to the basins of the Arctic and North Atlantic oceans and the Norwegian Sea, with greater variability within these basins across species and seasons (Figure 4). According to these data, C. hyperboreus has been sampled within the Arctic Ocean all year round, whilst samples of C. glacialis are present January-September and C. finmarchicus is absent at these depths except between July and September (Figure 4).




Figure 3 | Heatmaps showing counts of occurrence records collected between 0-200m in different seasons within 11 Arctic and Subarctic regions for (left to right) Calanus finmarchicus, C. glacialis and C. hyperboreus. Note difference in scales between species. Records are from cleaned OBIS database only.






Figure 4 | Heatmaps showing counts of occurrence records collected at depths equal to or deeper than 400m in different seasons within 11 Arctic and Subarctic regions for (left to right) Calanus finmarchicus, C. glacialis and C. hyperboreus. Note difference in scales between species. Records are from cleaned OBIS database only.



Assessing Calanus records based on month of collection, records collected at shallow depths (≤200m) were most numerous between April and June for all species (Figure 5A). Records collected at deeper depths (≥400m) were most numerous in April for C. finmarchicus and in August for C. glacialis and C. hyperboreus January and February contain almost no records (Figure 5B).




Figure 5 | Monthly counts of occurrence records for each Calanus species collected (A) between 0-200m, and (B) equal to or deeper than 400m. Note difference in scales between panels (A, B). Records are from cleaned OBIS database only.






3.3 Temperature and sea-ice associations

During the summer shallow period, records show species-specific associations with temperature (Figure 6A). Densities of C. finmarchicus occurrences peak at ~10°C, whilst C. glacialis and C. hyperboreus densities are bi-modal, peaking at ~2 and 12°C for C. glacialis and ~1 and 8°C for C. hyperboreus (Figure 6A). During the deep winter period, C. glacialis and C. hyperboreus records exhibit a clear peak in density between -1 and 1°C (Figure 6B). A small proportion of C. finmarchicus occurrences also associate with this temperature range, but higher densities are found at ~8°C (Figure 6B). Focusing on records collected in Arctic waters (those from 66°N and above), 23% of records were located in regions of seasonal sea-ice concentrations ≥ 15%. The majority of records are in areas with absent or low average sea ice concentrations (mean sea ice concentration across all species records = 14%; Figure 6C).




Figure 6 | The density of records associated to average seasonal temperatures for records collected (A) during the “shallow summer” period, defined by records collected between 0-200m in April-July only and (C) the “deep winter” period, defined by records collected at depths ≥ 400m in August-March only. (B) The number of records (all three Calanus species combined) collected above 66° north. Associated with different average seasonal sea ice concentrations. Dashed vertical lines represent the mean sea ice concentration association for each species. Records are from cleaned OBIS database and between years 1955-2017 only. Records for which average collection depth was missing or greater than bathymetric depth were removed.






3.4 Overwinter depth associations

During the deep winter period, sampling was carried out at bathymetries between 600 and 4000m (Figure 7A). The bathymetric depth of sampling locations differed between species (Kruskal-Wallis: Chi2 = 7.05, df = 2, p = 0.03), however post-hoc analysis found only marginal significance between C. finmarchicus and C. hyperboreus (p = 0.05). Collection depth was also significantly different between species (Kruskal-Wallis: Chi2 = 245.9, df = 2, p = <0.001; Figure 7B), with post-hoc analysis indicating that the pairwise comparison between C. finmarchicus (median = 481.5 m) and C. hyperboreus (median = 1407.2 m) was significant (p = <0.001). All other pairwise comparisons were insignificant.




Figure 7 | Boxplots of (A) bottom depth and (B) average collection depth associated with Calanus records (all three species combined) during the “Deep overwinter” period, defined as records collected ≥ 400m in August-March only. Boxplots show minimum, first quartile, median, third quartile, and maximum; outliers as dots. Records are from the cleaned OBIS database only and records for which average collection depth was missing or greater than bathymetric depth were removed.







4 Discussion

Calanus sampling efforts have historically favored shallow summer events, potentially resulting in spatial, temporal and vertical sampling biases that impede a full understanding of their life history and climate change response. Combining the GBIF and OBIS catalogues, we have assessed the extent of these biases and will discuss the extent and suitability of these data for understanding of Calanus biogeography across both summer and winter environments.



4.1 Occurrence quality control

Manual data quality control and cleaning procedures are known to be an important part of using online biodiversity databases (Maldonado et al., 2015; Veiga et al., 2017). 14% of OBIS data and 45% of GBIF Calanus records had to be removed due to missing, duplicate or poor quality information, which is largely in line with the 35-55% reported for marine mammal data (Moudry and Devillers, 2020). Nevertheless, even records that have essential fields such as geographic coordinates, year and month of collection, often lack auxiliary metadata that can be vital for their interpretation or inclusion in subsequent analyses. As an example, just under half of OBIS occurrence records lacked information on sampling protocol. This precludes knowledge on other aspects of the sample such as tow direction and mesh size of the net, which has consequences for interpreting other fields such as sample effort or depth of occurrence. Another notable factor was the lack of consistent reporting within the metadata fields themselves. Life-stage, for example, had 135 different entries, which had to be compressed in to 15 useful categories. Reporting of discrete life-stages is important as it would allow a more detailed understanding of the full overwintering stock of Calanus, and give new insights into the ecology of lesser known life-stages (Daase et al., 2018).

OBIS and GBIF datasets go through rigorous quality control procedures to meet standards for geographic location and taxonomy fields, however other fields are only recommended or optional to complete. Making fields on sampling protocol and life-stage mandatory, and/or creating a controlled vocabulary for these fields at the data submission stage would aid in the end user’s data cleaning process and help standardize community-wide quality of data reporting (Vandepitte et al., 2011). Moreover, it would further align these data with findable, accessible, interoperable, and reusable (FAIR) principles (Ramirez et al., 2022).




4.2 Sampling biases

Throughout the 150 years of Calanus sampling captured by OBIS and GBIF records, we see the possible influence of regional and global sampling initiatives in the number of records being collected. Records appear in earnest alongside the launch of the CPR in 1931, and a step change in the numbers of all three species correspond to the International Polar Year in 1957. C. finmarchicus records a peak at a similar time to the commencement of the GLOBEC programme in 1996, which focused on the North West Atlantic, while C. hyperboreus records peak in 2007, the same year as the most recent International Polar Year.

Our compilation reveals that sampling for Calanus has been most frequent at 40-60° north, in the upper 10m of the water column, after which records decline exponentially both spatially and with depth. This pattern is driven by the dominance of the Continuous Plankton Recorder (CPR) dataset, which has been surveying at a depth of ~7m across the North Sea and North Atlantic since 1931, providing an invaluable time series of basin-scale plankton dynamics (Batten et al., 2003; Richardson et al., 2006). As a consequence, data for the boreal species C. finmarchicus are much more numerous (approximately 8:1) than the other Arctic species. Given the value of CPR data to all aspects of plankton research and marine management (Brander et al., 2003), efforts to implement similar surveys at a wider range of latitudes, particularly in the high Arctic, would help resolve the core distribution patterns of Calanus, and how these are shaped by rapidly changing sea-ice conditions (Ershova et al., 2021; Tarling et al., 2021). For example, new northern CPR transects extending to a latitude of ~75°N begun over ten years ago and are providing temporally high-resolution data on the Calanus community within the Nordic Seas (Strand et al., 2020).

Records with an average sampling greater than 400m accounted for only 3.5% of all observations in the merged and cleaned GBIF+OBIS dataset. Of those, even fewer (2%) were collected in months important for diapause. Analysis of deep records (which are not influenced by the CPR survey) reveals reduced spatial coverage of sampling than in the upper 200m. As well as being more restricted to areas with suitably deep bathymetry, another explanation for the reduced availability of records is that the data are an incomplete representation of sampling effort. The compilation of diapausing Calanus records by Kvile et al. (2019) included records of C. glacialis and C. hyperboreus located in Western Arctic regions that are missing from the OBIS data we present. Nevertheless, the deep pelagic is the most understudied and under-sampled sectors of the water column (Webb et al., 2010). Increasing the frequency of discrete, deep observations, particularly in winter months, should be a priority for future Calanus sampling and data digitization efforts.




4.3 Temperature and sea-ice associations

Matching each occurrence to seasonal and depth-specific temperature information, we show that shallow summer records fall within expected species-specific temperature ranges from previous observational and modeling studies (Albouy-Boyer et al., 2016; Strand et al., 2020). However, high densities of C. glacialis at ~12°C is higher than the previously suggested critical threshold of ~6°C for the presence of this species (Carstensen et al., 2012). Associating Calanus records to sea-ice conditions highlights the extent of our sampling bias towards ice-free conditions, with only ~5% of all OBIS records coming from regions with seasonal ice concentration ≥15%. While this pattern may well reflect lower likelihood of presence of the boreal species C. finmarchicus, for Arctic species known to be present in ice conditions, this pattern likely comes from the greater logistical constraints of sampling in ice-covered areas and greater sampling effort in ice-free months. Such geographical and environmental biases are vital to take in to account when using these data within distribution models to avoid generating outputs that reflect habitat preference as well as sampling effort (Botella et al., 2020).

It is recognized that observations of overwintering Calanus remain incomplete and hinder our ability to understand this ecologically important life history strategy, or predict its vulnerability to changing conditions (Pierson et al., 2013; Baumgartner et al., 2017; Kvile et al., 2019; Bandara et al., 2021b). Our analysis finds that deep winter records fall within three temperature categories; a cold population (-1 to 2°C) containing all three species but dominated by C. glacialis and C. hyperboreus, an intermediate temperature population (~4 to 6°C) containing low densities of all three species, and a warm temperature population (~8°C) dominated by C. finmarchicus. These patterns align with previous diapause temperature estimates of between -1 and +11°C (Kaartvedt, 1996). The separation of cold and warm diapausing populations may link to the presence of diapausers in cold Norwegian Sea Deep Water (<0°C) north of the Iceland-Faroe Ridge, and in warmer Atlantic Current Water (2 to 6°C) and Labrador Sea Water (2 to 4°C) to the south and west of the Iceland-Faroe Ridge (Heath et al., 2000). Optimal diapause temperature in the Northwest Atlantic was estimated to be <5°C (Saumweber and Durbin, 2006) and locations with colder diapausing temperatures have been found to have greater abundance and higher lipid:total weight ratios of C. finmarchicus (Heath et al., 2004), thus being important epicenters of overwintering stock and carbon sequestration (Jonasdottir et al., 2019). However, despite our finding that C. glacialis and C. hyperboreus dominate these cold overwintering populations, their contribution to the lipid pump is largely unknown, and there remains high uncertainty in abundance estimates (Visser et al., 2017). The pan-Arctic assessment of winter depths and temperatures that we have compiled for these species will contribute to future efforts to fill this gap.




4.4 Limitations

When compiling data from multiple sources, regions and years, it is important to reflect on methodological limitations that may influence our findings. While OBIS and GBIF are the largest online portals for biodiversity information, this will not be a complete representation of all observations made. In fact, it is estimated that only 10% of biocollections worldwide have been digitized (Page et al., 2015), highlighting that biodiversity databases such as OBIS and GBIF are still in the initial stages of data compilation (Ball-Damerow et al., 2019). It is reassuring to find a high degree of overlap in the identity of Calanus records held within OBIS and GBIF databases but this overlap did not always extend to metadata fields; GBIF records contained more information on sampling protocol than OBIS, whilst the opposite was true for life-stage. The choice of database is therefore an important determinant of how readily accessible such information will be to researchers, and indicates that both databases can further improve how metadata fields are populated.

It is also possible that there are reporting errors within the data. While we are able to check some errors, such as reported collection depth being deeper than bathymetry, others may include misidentification of species as morphological criteria are known to be unreliable at distinguishing between C. finmarchicus and C. glacialis (Choquet et al., 2018). We also acknowledge limitations in our assignment of presence records to “shallow summer” or “deep winter” categories based upon their depth and month of collection. This simplistic approach allowed for broad-scale patterns to be assessed, however it will overlook some regional and intra- and inter-specific variability in timings of diapause entry and exit (Ji et al., 2012; Melle et al., 2014; Baumgartner et al., 2017).

Lastly, we note that our analyses based on presence-only data show where the species have been found, not necessarily where sampling happened but the species was absent. Acknowledging the lack of absence data is important when attempting to disentangle patterns of sampling bias and the underlying habitat suitability of a species, both of which will have the effect of increasing or decreasing the probability of presence of a species in a given locality (Phillips et al., 2009). While the addition of absence data would allow biogeographic studies to more accurately define the realized distribution of a species, the reporting of absences in the marine and pelagic environment is rare. This is due to the difficulty in separating a true absence (an absence due to real habitat unsuitability or geographical hindrance) from an “undetected presence” which may be due to species mobility, net avoidance, net size, or other random sampling variation (Coro et al., 2016).




4.5 Future data mobilization efforts

Here we have highlighted the extent of sampling and subsequent digitization efforts for Calanus across the Arctic and sub-Arctic. Identifying these circumpolar-scale data needs is important to support cost-effective progress toward greater coverage of observations, which are vital for biodiversity assessments, habitat models and other ecological and conservation research. Based on our findings, we advocate efforts to i) widen the spatial extent of sampling during spring/summer months, ii) increase the frequency of sampling during autumn/winter, particularly at depths below 400m and within sea-ice regions, and iii) improve the quality and quantity of metadata reporting.

We are undergoing a revolution in our understanding of the Arctic ecosystem in the winter (Berge et al., 2015), shifting from the traditional view of bottom-up regulation to one of plasticity, opportunism and top-down control, increasing the motivation and importance of wintertime observations. At the same time, the arrival of autonomous instruments in polar research, such as gliders, moorings, robotics and drones, have permitted a step-change in the capacity for year-round measurements of, for instance, ocean variables and sea-ice dynamics. Similar developments are a critical requirement to deliver 21st century polar ecology (Kennicutt et al., 2016) and could involve, for example, real-time monitoring of species using environmental DNA and in-situ plankton imaging (Vilgrain et al., 2021), or using argo floats to replicate the trajectory, depth, and conditions of overwintering habitat (Campbell, 2008). Harnessing new and powerful sampling protocols will become increasingly valuable to fill in the gaps in our knowledge of Calanus biogeography, across all seasons and environments.

In the meantime, short-term gains for these identified gaps could lie within existing data that are yet to be made accessible within online portals. Meyer et al. (2015) analyzed the completeness of digitally accessible information for over 21,000 terrestrial vertebrate species. The authors found that factors affecting inventory completeness of a region included distance to data contributors, locally available research funding and political commitment to data sharing. Ramirez et al. (2022) came to similar conclusions after assessing the completeness of marine records within European seas. Thus, solutions to fill data gaps in Calanus can come from efforts to incentivize researchers to share their existing data online, to streamline existing data entry mechanisms, and to prioritize the integration of non-western data sources (Meyer et al., 2015). Arctic and neighboring nations have a long history of international cooperation. Leveraging these partnerships to enhance data acquisition within underrepresented geographic areas, or to develop data sharing networks across stakeholders, institutions and individual scientists will lead to a collective benefit in improving the fitness of not only Calanus data, but all Arctic biodiversity.
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Station name

NT11 (S1)*
NT11 (S1)*
NT8

NT6a

7

Ice Station 1
lce Station 2
D1

Event #

4
"
16
28
50
60
66
75
78
82
86
92

101
106
129
136
146
154

Deployment type

Bongo
MOCNESS
Bongo
Bongo
Bongo
Bongo
Bongo
Bongo
MOCNESS
Bongo
MOCNESS
Bongo
Bongo
Bongo
Bongo
Bongo
Bongo
Bongo

Date/time

08/08/2019 22:25
09/08/2019 04:11
09/08/2019 21:53
10/08/2019 21:57
13/08/2019 23:10
14/08/2019 22:03
156/08/2019 22:02
16/08/2019 21:53
17/08/2019 02:58
17/08/2019 21:56
18/08/2019 02:42
18/08/2019 21:50
19/08/2019 21:49
20/08/2019 06:21
22/08/2019 21:55
23/08/2019 21:54
25/08/2019 01:19
25/08/2019 22:19

* denotes the 3 stations analysed in Tarling et al. (2022) that were given altemative names (S1, S2 and S3).

Latitude

75.3356
75.3306
75.7955
76.0386
78.9999
78.9033
78.3490
78.3171
78.3213
79.3332
79.3354
79.6000
79.6666
79.6670
79.1665
79.3169
78.4166
77.7167

Longitude

-5.4642
-5.4517
-7.2191
-8.0952
3.3337
-0.3087
-4.6838
0.6162
0.6097
5.1672
5.1560
7.3330
9.3995
9.4003
6.5998
2.6493
6.9999
7.5831

Zone

WFS
WFS
WFS
WFS
EFS
WFS
WFS
EFS
EFS
EFS
EFS
EFS
EFS
EFS
EFS
EFS
EFS
EFS
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Symbol

Description

Lipid sac area

Universal scaling constant

Mortality rate

C. finmarchicus copepodite stage 4

C. finmarchicus copepodite stage 5
Diapause duration

Dry weight

Activation energy

Eastern Fram Strait

East Greenland Current

Total C flux from C. finmarchicus (lipid pump)
MOCNESS depth stratum

MOCNESS or Bongo station

Boltzmann constant

Lipid sac length

Total body carbon

Structural carbon

number of individuals m™®

N for 0 to 200 m sampled by Bongo net
N for total water column (O to 1000 m)
Prosome length

Proportion of individuals within a depth stratum
Respiration rate

Mean respiration per individual

Total respiration flux

Mean flux of storage lipid per individual

Total flux of storage lipid from overwintering mortality

In situ temperature
(absolute zero)
Mean flux of structural carbon per individual

Total flux of structural carbon from overwintering mortality

Lipid sac volume

Wax ester carbon (or lipid reserve)
Wax ester mass

Western Fram Strait

West Spitsbergen Current

Equation(s)

1,2
5

6,9,11
78

16
9to 16
9to 16

48
4,514
9to 15

7
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5,6,9
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9,10,16
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12,13,16
5
5
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14,15,16
1
3,4,6,12
2,3

Unit or value

mm?

23x107 ugCs™!
day!

days
mg
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pgCmy’
M

vk
mm

ug C
ug C
ind. m?
ind. m
ind. m
mm

pg Cs™
ug Cind™”
pg Cm*
pg Cm2
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Kelvin
-273°C
g Cind™*
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ug C
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Refer to Table 2 for a list of terms.
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Sector Population respiration flux (g C Population storage lipid flux (g C Population structural C flux (g Total population flux (g C Area MtC

m2y) m2y7) cm?y?) m2y) km?) "
WFS* 0.25 0.03 0.03 031 169,524  0.06
EFS” 1.64 021 020 2,04 133594 027
LS 462 049 061 572 870,682  4.98
IRM 264 024 030 3.18 613423 195
EGR 0.89 012 0.14 1.15 151,326 0.17
Ics 6.07 090 1.11 8.09 360,348  2.91
icB 3.58 031 038 428 064220  4.12
ROC 0.43 003 003 0.49 509477  0.25
WNS 3.60 049 060 469 182,306  0.86
ENS 8.79 1.22 1.49 11.50 321,988 3.70
NS 0.07 0.00 001 0.08 251,410 0.02
sum 4528,248 1930

Areas for each sector were calculated through GIS analysis of their Figure 1. LS — Labrador Sea, IRM - Irminger Sea, EGR — East Greenland Sea, ICS - Iceland Sea, ICB - Iceland Basin,
ROC - Rockall Basin, WINS — West Norwegian Sea, ENS — Eastern Norwegian Sea, NS — North Sea. * present study.
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Station Water column depth interval Stage Abundance (ind. m?) %
NT11 Upper Cv 3534.25 53%
(WFS) (0-250m) cv 2103.03 31%
Fem 167.57 2%
Mid Cv 364.26 5%
(250-500 m) cv 460.21 7%
Fem 21.76 0%
Deep Cv 34.24 1%
(500-1000 m) cv 28.47 0%
Fem 6.76 0%
Sum (0-1000 m) CIV-Fem 6710.55
D1 Upper Cv 4991.36 25%
(EFS) (0-250m) cv 9003.23 45%
Fem 1354.21 7%
Mid Cv 819.88 4%
(250-500 m) cv 2832.46 14%
Fem 333.00 2%
Deep Cv 211.92 1%
(500-1000 m) cv 262.26 1%
Fem 77.39 0%
Sum (0-1000 m) CIV-Fem 19885.71
D2 Upper Cv 21368.66 48%
(EFS) (0-250m) cv 3448.56 8%
Fem 1023.87 2%
Mid Ccv 1992.30 4%
(250-500 m) cv 5421.30 12%
Fem 855.56 2%
Deep Cv 1700.24 4%
(500-1000 m) cv 6840.22 15%
Fem 2109.24 5%
Sum (0-1000 m) CIV-Fem 44759.95

Samples from the eight 125 m depth intervals have been merged to derive three major depth zones.
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Total C (ug; Prosome Lipid sac Lipid sac area Lipid sac Wax ester (WE) WE C (ug; Structural
+SD) length (mm; length (mm; (mm?; +SD) volume (mm%  mass (ug; +SD) +SD) carbon (ug;
+SD) +SD) +SD) +SD)
Measurement Direct Direct Direct Direct Eq.1 Eq. 2 0.79-WE Total C - WE
c
NT11  Upper CV 300.13 2.78 (+0.35) 2.71 (£0.33) 1.18 (20.22) 0.43 (£0.15) 213.47 (+52.29) 168.64  140.48 (+39.53)
(WFS) (£76.15) (+41.31)
Fem 279.26 2.76 (+0.20) 2.67 (:0.21) 1.06 (£0.14) 0.34 (+0.08) 182.80 (+34.46) 14441 134.85 (+32.32)
(+56.56) (27.22)
Mid cv 258.19 2.56 (£0.29) 2.45 (+0.27) 1.08 (x0.27) 0.35 (+0.16) 177.93 (64.67) 140.67 117.63 (£77.39)
(+104.95) (+51.09)
Fem 224,91 2.62 (£0.20) 252 (+0.19) 0.93 (+0.23) 0.28 (+0.13) 1563.61 (£53.61) 121.35 103.56 (+63.40)
(£79.26) (+42.35)
Deep CV Not available ~ Not available Not available Not available Not available Not available Not available Not available
and
Fem
D1 Upper CV 329.31 2.63 (+0.11) 2.54 (0.12) 1.26 (£0.15) 0.50 (+0.11) 233.95 (+40.20) 184.82  144.49 (+36.28)
(EFS) (+57.46) (31.76)
Fem 277.60 2.62 (£0.17) 2.48 (+0.18) 1.08 (x0.23) 0.34 (+0.14) 175.80 (+56.47) 138.88 138.71 (31.80)
(£71.18) (+44.61)
Mid cv 368.75 2.61 (+0.14) 2.49 (+0.17) 1.19 (x0.24) 0.46 (+0.16) 217.13 (+60.56) 171.53 197.22 (£52.43)
(£71.41) (£47.84)
Fem 295.39 2.68 (£0.15) 257 (+0.15) 1.14 (+0.25) 0.41 (+0.16) 202.69 (+62.78) 160.13 135.26 (+35.20)
(£77.36) (£49.60)
Deep CV 296.14 2.49 (+0.18) 2.36 (+0.20) 1.00 (£0.26) 0.34 (:0.15) 169.84 (+60.99) 13418 161.97 (+72.57)
(+102.73) (+48.18)
Fem 267.39 2.77 (+0.16) 2,62 (:0.12) 0.99 (+0.25) 0.31 (:0.15) 167.15 (+59.20) 132056  135.34 (¢56.41)
(+68.25) (+46.77)
D2 Upper CV 401.00 2.91 (£0.29) 277 (£0.27) 1.39 (x0.37) 0.57 (+0.24) 273.13 (£99.72) 215.78 185.22 (+80.02)
(EFS) (+151.89) (+78.78)
Fem  Notavailable  Not available Not available Not available Not available Not available ~ Not available ~ Not available
Mid cv 321.68 2.62 (£0.14) 2.44 (+0.22) 0.99 (+0.22) 0.33 (+0.13) 166.46 (+51.92) 131.50 190.17 (+96.59)
(+97.64) (+41.02)
Fem 266.40 2.68 (+0.15) 2,57 (£0.15) 1.15 (20.17) 0.41 (£0.11) 204.36 (+43.77) 161.44  104.96 (+45.78)
(+64.71) (+34.58)
Deep CV 298.43 2.56 (+0.12) 2.42 (:0.17) 1.11 (£0.27) 0.41 (:0.18) 196.01 (+65.50) 154.85  143.58 (+68.35)
(£97.19) (+51.75)
Fem 264.09) 2.73 (£0.12) 2.59 (+0.14) 1.02 (x0.24) 0.33 (+0.15) 173.92 (+59.68) 137.40 126.69 (+40.07)
(+67.46 (+47.14)

Samples from the eight 125 m depth intervals have been merged to derive three major depth zones. Total C, Prosome length, Lipid sac length and Lipid sac area were measured for each
individual directly. The remaining metrics were derived through the application of formulas and factors.
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Date Chla(ugL™") Temp.(C°) Numberof % egglaying EP (eggsfem™day) max clutch size Hatching Population EP
AF AF (eggs) success (%) (eggs day'm?)
C.fin C.gla C.fin C.gla C. fin C.gla C. fin C.gla C. fin C. gla C. fin C.gla
17.02.16 <0.1 3.2 30 30 0 0 N - = = = - 0 0
21.03.16 <0.1 3.0 30 30 0 16.7 0 1.4(4.4) = 20 = - 0 53.6
04.04.16 0.70 33 31 30 12.9 233 0.3(1.1) 1.4(3.9) 6 18 30.0 73.2 52.8 538.0
02.05.16 0.18 33 29 27 37.9 24 8.3(14.6) 8.9(17.6) 50 55 791 93.3 4116 370.4
09.05.16 2.55 2.0 30 30 70 533 21.4(28.1) 187(31.7) 96 128 60.3 36.1 - =
15.05.16 11.18 20 30 29 70 827 19.8(25.9) 58.9(42.4) 89 129 67.3 87.7 1092.8 4853.2
05.06.16 0.16 3.4 34 10 52.9 70 17.8(27.4) 5.2(7.1) 90 22 89.3 74.0 8845.2 424.4
05.07.16 1.75 3.5 5 1 60 100  18.8(26.9) 38 65 38 50.0 447 752 142.0
18.08.16 1.18 20 16 5 50 100 750135 5.896) 46 23 146 8.7 = 2
31.08.16 <0.1 2.0 6 0 0 0 - - = - - - 0 0

Egg production rate (eggs fem-' day-") is given as mean (SD).
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Date C. finmarchicus C. glacialis

Abundance (ind m?) ratio Abundance (ind m?) ratio

AM AF AM : AF AM AF AM : AF

29/06/2015 0.0 1358.7 0.00 8.0 801.3 0.01
14/07/2015 8.0 724.0 0.01 0.0 492.0 0.00
24/07/2015 0.0 1244.0 0.00 0.0 1346.7 0.00
24/08/2015 0.0 1624.0 0.00 0.0 510.0 0.00
16/09/2015 0.0 1846.4 0.00 0.0 2548.3 0.00
20/10/2015 0.0 198.7 0.00 12.0 645.2 0.02
02/11/2015 0.0 2129 0.00 4.0 1471 0.03
01/12/2015 0.0 1628.0 0.00 812.0 1482.7 0.55
11/01/2016 0.0 55.0 0.00 433.4 665.1 0.65
17/02/2016 1447 931.3 0.16 4211 3529.9 0.12
21/03/2016 346.0 1400.0 0.25 48.0 1206.0 0.04
04/04/2016 121.0 5538.9 0.02 15.0 4870.3 0.00
16/05/2016 400 368.0 0.11 200 564.0 0.04
05/06/2016 61.3 3563.2 0.02 53.3 2776.0 0.02
05/07/2016 706 4000.3 0.02 70.6 2816.7 0.08
31/08/2016 0.0 256.0 0.00 0.0 1076.0 0.00
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Daase and Eiane, 2007
Daase and Eiane, 2007
Daase et al., 2018
Daase et al., 2018
Daase et al., 2018
Daase et al., 2018
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Stage Morphological description

GS1 Immature (young); ovary compact, no oocytes in diverticulae and oviducts

GS2 Anterior diverticulae with single row of small oocytes; single row of small oocytes in part of oviducts; ends of anterior diverticulae widely separated
GS3 Anterior diverticulae with several rows of small oocytes; more than one row of small cocytes in oviducts

GS4 Mature; anterior diverticulae close together, filled with several rows of small and large oocytes; pouches of large oocytes in oviducts

GS5 Semi-spent; few large oocytes in the ovary, diverticulae and oviducts with single irregularly spread oocytes

GS6 Spent; diverticulae and oviducts thin bands; no oocytes in the ovary, posterior of ovary extends to the third thoracic segment

GS, states of gonadal maturity.
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Isfiorden

cs HOAD Proteinase Lipase Chla WMD WMD temp. Day length
Calanus finmarchicus MDH 0.674 -0.120 0.768* 0.648* 0.618"* -0.637*** -0.498* 0.711**
cs 0.278 0.854™* 0.638"** 0.329* -0.647* -0.539"* 0.462**
HOAD -0.118 -0.174 -0.391* 0.177 0.090 -0.461**
Proteinase 0785 0571"*  -0.803"" -0.601" 0.584%
Lipase 0647"  -0.652" -0.545™" 0.668™*
Calanus glacialis MDH 0.202 -0.304 0.714 0.656"* 0.433™ -0.676"* -0.775" 0.837***
cs 0.007 0.386" -0.015 0.304 -0.491* -0.186 0.589***
HOAD -0.419* -0.254 -0.103 0.496* -0.058 -0.397*
Proteinase 0.670"* 0.544* -0.898™* -0.576"* 0.798***
Lipase 0.797* -0.757 -0.692** 0.774**
Off-shelf
cs HOAD Proteinase Lipase Chla Temperature Day length
Calanus finmarchicus MDH 0.430" -0.130 0.817 0.34 0.623** 0.148 0.028
[e] -0.227 0.691** 0.231 0.637* 0.172 -0.222
HOAD -0.148 -0.687*** -0.446™ 0.275 -0.319
Proteinase 0.097 0912 0.124 -0.075
Lipase 0.161 -0.246 0.585**

Correlations are calculated for all measurements done through the sampling year. Pearson correlation in normal font and Spearman in bold font, with p-value indicated as: *: p=0.05-0.01,

=0.01-0.001, ***: p<0.001.
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Species & stage Location Start date Temp. Duration Density Initial C (umol Initial N (umol Turnover rate (d') @

(lat./long.) (°C) (d) (copL™) cop™ = SE) cop™ = SE) 10°C
c N LC
Calanoides acutus CV 52.40°S, 01/12/17 3.0 15 10 30.18 £ 2.14 3.37 £ 0.13 0.0297 0.0238 0.0350
40.06°W
Calanoides natalis CV 18.27°S, 03/06/18 8.0 10 10 342 +0.16 0.46 £ 0.01 0.0686 0.0350 0.1128
10.93°E
Calanus glacialis CVI 78.98°N, 23/05/18 15 12 8 37.93 £ 1.67 5.31+0.15 0.0506 0.0532 0.0477
9.28°W
Calanus hyperboreus CVI 75.80°N, 17/05/18 1.5 12 2 288.38 + 11.0 22.01 +1.12 0.0071 0.0039 0.0085
7.22°W
Calanus finmarchicus CV' 44.60°N, Early March 5.0 35 <50 16.59 1.55 0.0199 0.0114 0.0264
63.99°W*
Calanus finmarchicus CV? 56.96°N, 18/07/07 9.0 5 10 8.62 +£0.23 1.42 +0.12 0.1050 0.0647 0.1608
02.10°W
Tumover rate (d') @
10°C
WE TAG
Calanus pacificus CV® 32.67°N, Late Sept. 16.0 6 NR NR NR 0.1918 0.4451
117.35°W* 1982
Calanus finmarchicus CV* 56.75°N, July ‘06 - 10.0 247 NR NR NR 0.0016 0.0065
(in diapause) 5.30°W March ‘07 =

"data from Figure 4 in Mayzaud (1976); ?data from Mayor et al. (2011); *data from starved animals previously fed at 300 ug C L™ from Figure 2 in Hakanson (1984); “data from Figure 3 in
Clark et &l (2012). *Approximate location; **typical deep-water temperature in Loch Etive (Edwards and Edelsten, 1977); *“estimated assuming that animals were collected on the same
day of each month.

C, carbon; N, nitrogen; LC, lipid carbon; WE, wax esters; TAG, triacylglycerols; NR, not reported.





OPS/images/fmars.2022.877904/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.877904/fmars-09-877904-g001.jpg





OPS/images/fmars.2022.907290/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.941025/fmars-09-941025-g002.jpg
b4

K-V, ¢ =TOS15,p <0001 Knskat-Was, ¢ = 62714,p <0001
g 4 o <o

1

“m_






OPS/images/fmars.2022.941025/fmars-09-941025-g001.jpg





OPS/images/fmars.2022.941025/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.906465/table1.jpg
A Assessment criterion

Explanatory variable

Prosome length

Explained deviance (d?) 0.441
AIC 104.9
Area under ROC curve 0.898
Overall accuracy 0.892

B Correctly identified C. finmarchicus 87 (0.966)
Incorrectly identified C. finmarchicus 3(0.033)
Correctly identified C. glacialis 37 (0.755)
Incorrectly identified C. glacialis 12 (0.245)

Genital somite redness Antennae redness
0.503 0.595
93.7 770
0.930 0.941
0.899 0.899
89 (0.989) 83 (0.922)
1(0.011) 70078
36 (0.735) 42 (0.857)
13 (0.265) 7(0.143)

Whole animal redness

0.053
1749
0.807
0.669
85 (0.944)
5 (0.056)
8(0.163)
41(0.837)

Values in (B) represent the absolute number of individuals identified (with proportions in parentheses). AIC, Akaike Information Criteria; ROC, receiver operating characteristic. Shaded

boxes indicate the best performing variables.
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Dataset (test) Comparison n Normality (P) Equal variance (P) F/H P
Mass-specific respiration rates (ANOVA) Slope~Depth 19 0.658 0.487 3.504 0.079
Basin~Depth 15 0.185 0.159 0.531 0.479
Mesopelagic~Station 16 0.185 0.116 3.917 0.068
Epipelagic~Station 18 0.584 0.651 9.364 0.007 slope
Prosome area (KW) Slope~Depth 155 0.299 0.009 6.781 0.009 ™Mes°
Basin~Depth 158 0.014 <0.001 37.834 <0.001 Me*°
Mesopelagic~Station 140 0.019 0.013 5.487 0.019 basin
Epipelagic~Station 173 0.011 0.032 3.645 0.056
LA/PA (KW) Slope~Depth 155 0.291 <0.001 57.143 <0.001 Me*°
Basin~Depth 168 <0.001 <0.001 18.441 <0.001 Me*°
Mesopelagic~Station 140 0.0006 <0.001 30.119 <0.001 SoPe
Epipelagic~Station 178 <0.001 <0.001 8.011 0.005 sloPe
Swimming activity (KW) Slope~Depth 192 <0.001 <0.001 79.552 <0.001 °P
Basin~Depth 192 <0.001 <0.001 48.509 <0.001 °P
Mesopelagic~station 192 <0.001 0.051 6.012 0.014 basin
Epipelagic~station 192 <0.001 0.187 0.011 0.914

The test used for each dataset (one-way or Kruskal-Wallis ANOVA) is noted, along with satisfaction (ot = 0.05) or non-satisfaction of normality and equal variance. F or tie-adjusted H
statistics and probability values are provided with statistically significant P values (P < 0.05) highlighted in bold. $°P® = higher values at station D6, ®®" = higher values at station F7, ™° =
higher values in copepods from the mesopelagic, ® = higher values in copepods from the epipelagic. Significant comparisons shown in bold.
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Parameter
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Description

structural biomass C:N ratio

egg C:N ratio

full-size CV C:N ratio, incl. lipid
protein C:N ratio

biomass eggs

biomass end of Phase 1

biomass end of Phase 2

structural biomass end of Phase 3
duration Phase 1 at T,e¢

maximum grazing rate at Trer

half saturation const. for overall grazing
“messy feeding” grazing losses

grazing preference factor: non-diatoms
grazing preference factor: diatoms

grazing preference factor:
microzooplankton

grazing preference factor: detritus
phytoplankton C:N ratio
microzooplankton C:N ratio
absorption efficiency: protein
absorption efficiency: non-protein
biomass turnover at T

other basal metabolism at T,ef
specific dynamic action

biomass turnover in diapause at Ty
other basal metab. in diapause at T,

max. N synthesis efficiency

lipid frac. Non-protein C in food
lipid synthesis efficiency

duration gonad development

N cost gonad development at Te¢
energetic costs gonad develop. at T,
carcass fraction for mortality

Qi for development

Qi for maximum ingestion

Qo for metabolism

reference temperature

Value

4.9 mol C mol N
5.8 mol C mol N'!
12 mol C mol N
3.7 mol C mol N'!
0.025 pwmol C
0.021 pmol C
0.7 umol C
6.5 pmol C
7d
054"
1.0 mmol C m™
0.2
0.15
0.35
0.35

0.15
6.625 mol C mol N™!
5.5 mol C mol N™!
0.62
0.53
0.032d"
0.015d"

0.12
0.0003 d*
0.0016 d™*

0.9

0.5
0.75
14d

011d"

0.055 d™

0.3
2
2
2
10°C
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Symbol Units Value  Uncertainty ~Source

Habitat parameters

Adsto Bay area km? 6,000 Laidre et al., 2010; Laidre and Heide-Jorgensen,
2012

Peop ‘Thickness of deep copepod layer m 5 @18 Heide-Jorgensen et al., 2013, Figure 6

Beop Area-specific copepod biomass gCm2 36 (0.14,11)

Foraging parameters

Nyraz Nurmber of whales foraging at one time 740 (360, 1,460)  Rekdal et al., 2014

Amoun Mouth area m? 4 Werth, 2004

Uswim Bowhead swimming speed ms! 0.7 +0.1 Simon et al., 2009

Atgar Duration of annual foraging period d 120 =15 Laidre et al., 2007

fe Fraction of day actively foraging 03 0.2,0.4)

Bioenergetic parameters

Eubao Indiv. metabolic requirement keald™'  1.4x 10° Laidre et al., 2007, assuming 80% adutt female +
10% adult male + 10% juveniles

e Energy density of copepods keal gC! 16 Weslawski et al., 1994, assuming 0.4 gC (g dry

wy!
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Taxon Season®  Abundance  S.d. n Mean Indiv. Mass-specific Ingestion by Ingestion by

length  biomass® ingestion rate® pop.perday  pop. per year
mm mgC a-t mgC m2d-! gCm2yrt
Fish larvae Winter 07 3 33 0.2 0.18 0.0081 0.9
Bloom 27 1 33 012 018 057 002,19
Summer 17 9 7 104 42 0029 1.72
Jellies Winter 18 15 6 3.1 0.062 0.25 0.16 0.78
(A. digitale) Bloom 82 25 12 125 43 0029 97 (0.09,6.7)
Summer 21 6 4 10.1 23 0040 17
Chastognaths Winter 130 50 9 130 0070 0093 080 0.87
(. elegans) Bloom 560 140 18 17.4 047 0057 53 061,1.2)
Summer 560 130 11 143 0093 0080 40
Predatory Winter 33 12 6 1.7 0.021 0.67 0.45 23
copepods Bloom 440 70 12 18 0025 065 7.4 (12,39
(Paraeuchaeta) Summer 500 160 4 2.1 0.042 0.58 12
Bowhead 164
whales 090,2.8)

An estimate of area-specific grazing on copepods by bowhead whales is given for comparison. Totalingestion by population per year s reported as 50th (5th, 95th) percentiees of Monte
Carlo estimates. Bold values are the 50th.

Winter = yeardays < 105 and > 250; bloom = yeardays 105-150; summer = yeardays 150-250.

©Sources for length-weight relationships: Fish lervae, Froese (2006); A. digitele, Matthews and Hestad (1977); S. elegans, Conway and Robins (1991); Paraeucheta spp., Tonnesson
etal. (2006).

“Meass-dependent specific ingestion rates by taxon from Kiorboe and Hist (2014). A. digitale is assumed to follow the same allometry as fish larvae.

dEstimates of G corresponding to F&&.
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Station Date Net and mesh size Sempic depths (m) Sampling platiorm

BAB 1705201 WP2 200 Saice
BAB 150620 WP2 200 Smll boat
AR 130720 WP2 200 um Small boat
AR 26082011 MPS 150 um Rescarch vesel
BAB 2200 WP2 200 Rescarch vesel
BAB 05062012 WP2 200 Sl boat
BAB 207202 WP2 200 um 020.50-100-150 Small boat
AR 28082002 WP2 200 020.50-100-150 Small boat
BAB 07092012 P 200 m 0:20:50-100-150-182 Rescarch vesel
BAB 05102012 PS5 200 m 0:20:50-100-150-180 Rescarch vesel
AR oo WP2 200 020.50-100-150 Smll boat
BAB otrza0n2 P 200 um 0.20.50-100-150-180 Research vesel
BAB 1002003 MPS 200 um 0.20.50-100-150-180 Research vesel
AR 01022013 WP2 200 020.50-100-140 Rescarch vesel
AR 1032013 WP2 200 020.50-100-150 Saiee

BAB 07012013 WP2 200 um 020.50-100-150 Saaiee

BAB 25012013 WP2 200 020.50-100-150 Saice

AR 07052013 WP2 200 um 020.50.100-150 Saice

BAB 17062013 WP2 200 0.20.50.100-150 Smll boat
AR 2072003 WP2 200 um 0:20.50-100-150 Small boat
BAB 07092003 WP2 200 025:50-100170 Small boat

B ebmary 2015, i 166 pucviitid the sl o seach e laner DAD sathoc, ad vie sl of the loe das Gode by [BA1

O N, OO R 150 18 dewp).
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8'°N (%o, mean + SE)

Polar night Midnight sun U-test
C. obtusifrons 154 £ 0.1° 144 +0.1° ns
G. tenuispinus 14.1 + 0.1° 13.4 + 0.1° ns
G. brevispinus 14.6 + 0.1° 138 £0.1° ns
A. multiserrata 164 + 0.1 154 +0.1¢ ns
A. rostrata 15.4 £ 0.0° 14.8° -
one-way ANOVA i b

Within the species, temporal changes (polar night vs. midnight sun) were tested by the Mann-Whitney U-test. For inter-species comparison, one-way ANOVA and Tukey-Kramer test were
performed for the data within the same period (polar night or midnight sun). Results of Tukey-Kramer tests are shown by the differences in the superscript alphabets. ***: p<0.001, ns:
not significant.





OPS/images/fmars.2022.943100/table3.jpg
Species
Stage

Chiridius obtusifrons

C4

C5

C6

Total (C4-C6)
Gaetanus tenuispinus

C4

C5

C6

Total (C4-C6)
Gaetanus brevispinus

C4

C5

C6

Total (C4-C6)
Aetideopsis multiserrata

C4

C5

C6

Total (C4-C6)
Aetideopsis rostrata

C4

C5

C6

Total (C4-C6)

Values are mean + SD.

Females in total (%)
(mean * SD)

48.4 +12.8
43.6 +13.1
929 +£47
61.6 + 10.2

543+ 119
429+113
76.3 £ 15.6
57.8 £ 13.0

45.6 £9.0
434 +£98
80.7 + 13.5
56.6 = 10.7

57.6 £ 11.1
46.7 + 18.2
95.8 £49
66.7 + 11.4

47.7 + 26.8
35.7 £ 10.6
973 +£3.7
60.3 +13.7
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Dsgo, (mean * SE)

Species Polar night Midnight sun U-test
C. obtusifrons 298 + 52° 609 + 31° R
G. tenuispinus 381 + 49° 662 + 26" A
G. brevispinus 791 + 22° 695 + 34° i
A. multiserrata 628 + 60° 709 + 43° ns
A. rostrata 1065 + 68° 1032 + 182° ns
one-way ANOVA o hicid

Within the species, temporal changes (polar night vs. midnight sun) were tested by the Mann-Whitney U-test. For inter-species comparison, one-way ANOV A and Tukey-Kramer test were
performed for the data within the same period (polar night or midnight sun). Results of Tukey-Kramer tests are shown by the differences in the superscript alphabets. **p < 0.01, ***p <
0.001, ns: not significant.
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Stages Observation point Figure references

C4-C5 «The shape of the spine at end of the thoracic segment (Brodskii, 1950) 2
«Number of the thoracic segments in dorsal view 2
Three — C. obutusifrons
Four — Aetideopsis spp.
«+Within the genera, PL was varied with species. 4A
Gaetanus spp.
Large PL — G. brevispinus
Small PL — G. tenuispinus
Aetideopsis spp.
Large PL — A. rostrata
Small PL — A. multiserrata
C1-C3 «Cephalosome outer margin in dorsal view (CW x: CWiyq) 4A
Expanded around the antenna (large CW 45: CWyq)
— C. obutusifrons and Aetideopsis spp.
Smooth (small CW 55: CW q)
— Gaetanus spp.
«Within Gaetanus, PL was varied with species. 4A
Large PL — G. brevispinus
Small PL — G. tenuispinus
+PW was varied with species. 4B
Large PW — C. obtusifrons

Small PW — A. multiserrata

Prosome length: PL, cephalosome width around the antenna: CW x,, cephalosome width around the mandible: CWiyg, prosome width: PW. For means, standard deviations, and ranges of
each parameter (PL, PW, CW x5, CWasa, and CW ,,:CWig) in each stage, we provided the data in Supplementary Tables 1-9.
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Groups

Parameters
A (9)
Temperature (°C) 4.09 4
Salinity 32.24 A
Fluorescence 16.65 4
Phytoplankton cell density (cells mL~ 12 90.01 4
024NO3 (LM) 9.26 4
PO4-P (LM) 1.21 4
NH4-N (M) 0.94 4
Si (OH)4 (WM) 27.57 4
Depth (m) 45.11 4
Mixed layer depth (m) 9.33 4
MD (day) 106.67 4
TSM (day) 91.22 4

t0.98
£ 0.26
E4.81
E 59.40
E 6.26
t0.44
£ 0.35
£ 10.94
E 5.69
E3.12
E12.29
E14.65

B (8)

2.97 4
31.85 4
17.31 4
30.43 4

4.40 4

1.214

076 I
19.74 4
61.25
12.13 4

101.38 4
95.36 4

£ 0.53
£0.19
E6.77
£ 31.90
E2.22
£ 0.22
£ 0.40
- 8.37
E11.39
E2.42
E14.67
£ 9.04

C(3)

6.39 &+ 1.83

30.97 4
9.32 4

126.50 + 40.23

0.31 4
0.76 4
0.21 4
10.63 4
33.33 4
8.33 4
120.00 4
70.33 4

£1.38
£ 3.86

£0.37
£0.16
£0.10
£1.90
£9.29
£ 4.04
£ 6.00
£ 2.89

D(7)

4.80 4
31.82 4
19.92 4
45.10 4

3.68 4

1114

0.66 4

9.53 4
43.29 4
14.00 4

106.00 4
83.43 4

+ 0.99
+0.38
9.31
+ 53.48
+ 3.36
£0.17
t0.45
= 4.47
E7.34
t 6.20
+10.63
t8.24

E(7)

3.54 4
32.76 4
28.47 4

252.30 4
13.10 4

1.58 4

0.84 4
28.39 4
52.43 4
19.25 4

116.29 4
72.86 4

t0.47
+0.09
E16.32
+317.28
= 3.77
t0.44
t0.37
+8.29
t 3.99
£ 9.25
+16.33
E14.25

The numbers in parentheses indicate the number of stations belonging to each group. Melt day (MD) is indicated by the day of the year. TSM, time since sea-ice melt.

aData from Fukai et al. (2020).
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Species Year
C. glacialis/marshallae 2017
2018
E. bungii 2017
2018
M. pacifica 2017
2018

aCorkett et al. (1986).
bpadmavati and lkeda (2002).

Abundance of copepodites Abundance of nauplii MCS
Mean SD p-value Mean SD p-value Mean SD p-value Difference
between 2017

and 2018

1,613 1,004 0.0002 7,512 5,021 0.0344 4.44 0.05 <0.0001 2.15

8,594 733 46,668 27,412 2.29 0.07

2,076 1,806 0.4314 1,982 1,100 0.1516 1.86 0.35 0.7596 —0.07

4,329 4,984 5,034 3,485 1.93 0.20

811 640 0.0138 4.31 0.26 0.0022 2.00

26,734 14,436 2.31 0.64

Estimated MCS
based on
differences in
sampling date
(5.5 days)

+0.77 MCS (4°Cy?

+0.20-0.31 MCS
(5°CP
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Variables

Si (OH)4
PO4-P
TSM
NO»+NO3

AlCc

224.9

223.39
222.25
221.12

SS

4238

24291
2058.3
1925.5

Pseudo-F

6.084
3.791
3.468
3.517

P-value

0.001
0.001
0.004
0.002

Prop.

0.1597
0.09156
0.07759
0.07258

Cumul.

0.1597
0.2513
0.3289
0.4015

Res. df

32
31
30
29

SS, sum of squares; Prop., proportion of variance explained by each predictor variable; Cumul., cumulative of the proportion of variance explained by each predictor
variable; Res.df, residual degrees of freedom,; TSM, time since sea-ice melt.
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Taxon/species Groups
A(9) B (8) Cc @3 D (7) E(7)
Appendicularians
Fritillaria spp. 374 181 39 6,814 4,379*
Oikopleura labradoriensis 1 5 2 823
Oikopleura vanhoeffeni 0 25 2 330
Oikopleura spp. 0 9 1 477
Chaetognaths
Eukrohnia hamata 36 6 0 112 18
Parasagitta elegans 228 3,316 1,822 3,390 518
Copepods
Acartia spp. 269 8,735 5,080 7,504 456
Calanus glacialis/marshallae 1,913* 20,665 12,255* 12,049* 4,605*
Calanus spp. naupli 1,047 39,133 9,738* 88,399* 24,293*
Centropages spp. 11 84 4,941* 6,297 3,909
Cyclopoida 34,602* 78,624* 16,365" 124,360* 64,900*
Eucalanus bungii 1,624 16 0 400 3,042
Eucalanus bungii nauplii 0 0 0 1,007 3,290
Metridia pacifica 654 2,167 0 7,913 11,921
Microcalanus pygmaeus 408 58 0 311 532
Microsetella spp. 638 221 0 396 567
Neocalanus cristatus 23 0 0 0 60
Neocalanus flemingeri 620* 121 0 0 487
Neocalanus plumchrus 409 0 0 49 248
Oncaea spp. 4,905 768 215 5,222 8,907
Pseudocalanus spp. 17,667* 219,669* 50,465* 230,425* 58718*
Pseudocalanus spp. naupli 62 7,750 1.555 13,197 3,838
Scolecithricella minor 110 0 0 0 55
Tortanus discaudatus 0 0 0 164 0
Amphipoda 17 29 0 0 144
Barnacle cypris 541 65 2,001 7,914 2,110
Barnacle nauplii 4,013 0 802 6,333 9,077
Bivalvia larvae 3,491 168,846* 13,098* 136,566* 6,915*
Cladocerans 0 0 4,100 7,764 0
Decapod zoea 25 36 36 0 11
Echinopluteus larvae 114 39,511 3,958 5,166 1,015
Euphausiacea 1,050 211 363 4,912 6,562*
Hydrozoa 21 165 0 404 27
Limacina helicina 302 578 738 177 85
Ostracoda 0 0 0 76 48
Polychaeta 1,908* 39,816* 194,749 24,026* 32,193*
Unidentified nauplii 86 3,316 3,807 6,656 839
Total copepods 64,963 377,914 100,613 497,693 189,828
Total zooplankton 77171 634,019 325,835 708,006 255,395

Bold indicates IndVal of greater than 25% for that group. *Represents top 50% of species in each gorup according to SIMPER analysis. Number in () represents N, number

of sampling stations.
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(a) Data cleaning steps OBIS
Original download 243680
Missing species name 4321
‘Wrong hemisphere 184
Located on land 1496
Located in Pacific 331
Duplicate record 28211

Total after cleaned + duplicates removed 209137 (86%)

(b) Summary within cleaned dataset OBIS
Collection depth inaccuracy 6802 (3%)
Missing life-stage 15687 (8%)

Missing sampling protocol 88986 (43%)
Missing collection depth 1641 (1%)
Collection depth < 200m* 185829 (89%)

Collection depth > 400m* 1981 (1%)

GBIF GBIF+O0BIS combined
208857

0

232

2276

102

92391

113856 (55%) 230416 (71%)**

GBIF GBIF+OBIS combined
5087 (4%) 11202 (5%)

10377 (9%) 25361 (11%)

7187 (6%) 95321 (41%)

1175 (1%) 2706 (1%)

106035 (93%) 209172 (91%)

3979 (3%) 8163 (4%)

**OBIS contribution = 209049 (91%), GBIF contribution = 21367 (9%); *GBIF and OBIS+GBIF combined = depth based on average depth field, OBIS = depth based on minimum and maximum

depth fields. All values represent all three Calanus species combined.
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Ex Day Station Ingestion(I) Production(E) GGE Production Respiration Carbon surplus (£2)

(umol C) (umol C) (Proportion of (Proportion of (Proportion of
C intake) C intake) C intake)
3 1 F17 6.45 0.28 0.04 0.04 005 0.38 (0.39) 0.65
3 2 F15 331 0.04 0.01 0.01 0.09 0.36 (0.39) 0.63
3 3 F13 7.84 0.19 0.02 0.02 0.04 041 (0.42) 0.68
3 4 F10 10.14 036 0.04 0.04 003 0.40 (0.41) 0.67
3 5 FS1 2.94 0.29 0.09 0.10 0.10 0.27 (0.29) 0.54
3 (average) 6.14 £ 3.05 023 £0.12 0.04 +0.03 0.04 +0.03 0.06 + 0.03 036 £ 006 (038 0.05) [0.63 + 0.06]
4 1 F8 9.01 031 0.06 0.03 0.04 0.40 (0.41) 0.67
4 2 HGIV 1.85 032 0.20 0.17 0.18 0.11 (0.17) 0.38
4 3 F4 115 0.13 0.18 0.12 030 0.06 (0.14) 0.33
4 4 F2 2.01 036 031 0.18 0.17 0.12 (0.17) 0.39
4 5 KBO 0.30 0.12 039 039 L12 -1.04 (-0.73) [-0.77
4 (average) 287 £3.5 025 +0.11 023 +0.13 0.18 +0.13 0.36 + 0.44 2007 £0.56 (0.3 +0.44) [0.20 £ 0.56]
5 1 ST1 6.30 0.20 0.03 0.03 0.05 0.38 (0.40) 0.65
All (average) 466 + 3.4 024 +0.11 0.12+0.13 0.1 £0.11 0.20 +0.32 0.17 £ 042 (022 £0.33) (044 + 042]

As there was no somatic growth, production is assumed to equal egg production only (Poulet et al., 1995). Budgets are calculated as Ingestion (I) = Egg production (E) + Respiration (R) +
Egestion (W) + C surplus (). Ex, experiment; Fem, female; GGE, Gross Growth Efficiency, the ratio of biomass production to ingestion. Respiration was estimated using nitrogen biomass-
specific equations (Ikeda et al., 2001) and a respiratory quotient (RQ) of 0.97. The budgets were calculated assuming that egestion is I x (1- absorption efficiency), where absorption
efficiency = 0.47 (Mayor et al., 2011) and therefore egestion is 0.53 as a proportion of C intake fem™" day™". The C content of the animals was 15.72 pmol C ind"* for Ex3, 17.01 pmol C ind"!
for Ex4, and 15.65 pmol Cind ™" for Ex5. The nitrogen (N) content of the animals was 2.12 pmol N ind ™" for Ex3, 2.40 umol N ind ™" for Ex4, and 2.38 ymol N ind™" for Ex5. The C surplus was
also calculated using a respiratory quotient of 0.7 (shown in “()”) and with an absorption efficiency of 0.74 (shown in “[]”). The mean average is shown + standard deviation.
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Ex Day Station Latitude (°N) Longitude (°E) Date Temp (°C) Depth (m) Data

Ex1 1 NTI11 75.3356 -5.46428 16/05/18 1.32 20 EB

Ex1 2 NT8 75.79556 -7.21797 17/05/18 1.28 20 MP

Ex1 3 NT7 75.94908 -7.81496 18/05/18 -0.74 6* MP

Ex1 4 NT5 76.25775 -9.028673 19/05/18 -0.75 20 MEB
Ex2" 1 NT2 76.71327 -10.90499 20/05/18 -1.78 10 MB

Ex2" 3 F21 78.98491 -9.2813 23/05/18 -1.67 10 MB

Ex3 1 F17 78.99929 -5.98215 25/05/18 -1.52 22 MIEBG
Ex3 2 F15 78.98609 -4.99978 26/05/18 -1.50 32 MIEG
Ex3 3 F13 78.99685 -2.99575 27/05/18 -0.59 15 MIEG
Ex3 4 F10 78.99993 -0.00006 28/05/18 -0.58 8 MIEG
Ex3 5 FS1 80.28328 2.00005 29/05/18 -0.97 10 MIEBG
Ex4 1 F8 79.00002 2.00024 30/05/18 0.56 9 MIEBG
Ex4 2 HGIV 79.04837 4.33207 31/05/18 4.07 23 MIEG
Ex4 3 F4 79.03329 6.99998 01/06/18 4.31 12 MIEG
Ex4 4 F2 79.0333 833323 02/06/18 3.14 10 MIEG
Ex4 5 KBO 79.03509 10.84316 03/06/18 -0.66 20 MIEBG
Ex5 1 ST1 77.41672 19.50015 05/06/18 -0.53 23 MIEB
Ex5 2 ST2g 77.12498 20.74961 06/06/18 -0.83 17 MEB

Temp. is the water column temperature at the chlorophyll-a maximum. Depth is the depth of water sampled using the CTD, chosen to be at the chlorophyll maximum. Data shows what was
measured at that station: M, microplankton analysis; I, copepod ingestion; E, egg production; B, copepod biomass; G, gonad maturation stage. For C. finmarchicus abundance and body
condition, please see Tarling et al., 2022. Measurements are associated with the experiment start time throughout. * denotes underway water sampling due to ice making CTD sampling
impossible.  denotes disruption to sampling due to transit and heavy ice.
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