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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.
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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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