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ABSTRACT 

Calanoid copepods form around 90% of Arctic zooplankton biomass and are 

fundamental to the ecological and biogeochemical functioning of ecosystems. They 

sequester significant quantities of lipids from their phytoplankton prey and thus 

represent an energy- and nutrient- rich source of food for higher trophic levels. Rapid 

changes to the Arctic ecosystem may alter the quantity and/or quality of the food 

environment for Calanus spp. with as yet unquantified effects on their production. 

Here we present rates of feeding, biomass change, and egg production in female 

Calanus finmarchicus across the Fram strait in May 2018. The resulting energetic 

budgets are used to examine how feeding conditions affect growth in these animals. 

Carbon-specific ingestion rates ranged between 11.4 - 88.8 % day-1, and were 

positively correlated with food availability. Carbon-specific egg production rates were 

low (1.5 ± 1.4 % day-1) and positively correlated with food availability. However, the 

low estimates of gross growth efficiency (2.0 – 13.8 %) suggest that egg production 

was limited by something other than bulk carbon ingestion; egg production showed 

no relationship to ingestion within 24 hours of production. Our data indicate that 

predicting the effects of future change in Arctic ecosystems on the growth of Calanus 

populations may not be possible from changes in prey availability alone. 
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1. Introduction 

1.1 -THE CHANGING ARCTIC OCEAN 

The Arctic Ocean is the smallest of the world’s oceans and the least connected, 

joining the Pacific Ocean via the Bering Strait and the Atlantic Ocean via the Fram 

Strait(Jones, 2001). The isolation results in a lower average salinity and increases the 

importance of the two straits. Currently the Arctic Ocean is experiencing particularly 

rapid, human-led change, with global implications in terms of resources such as gas, 

oil and fish(Hassol, 2004; Degen et al., 2018), global ocean circulation and 

stratification(Greene and Pershing, 2007) and the associated nutrient 

cycles(Tremblay et al., 2015). 

The simulated range of warming in the Arctic is 1.5-4.5 times the global mean 

warming – referred to as polar amplification(Holland and Bitz, 2003; Dai et al., 2019). 

Globally, the oceans have absorbed over 80% of the heat added to the climate 
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system, and despite having a larger thermal capacity than first thought, there has 

been a long term increase in temperature down to at least 700 m(Poloczanska et al., 

2013; Caldeira and Wickett, 2003). The warming causes losses in the extent and 

thickness of sea ice, which decreases the albedo of the Arctic and further adds to 

warming. Likewise, increases in poleward ocean heat transport at high latitudes and 

increases in polar cloud cover(Holland and Bitz, 2003) trap even more heat. This 

positive feedback loop is thought to locally contribute up to 1oC per decade to 

surface warming in winter(Holland and Bitz, 2003). Arctic sea ice thickness in 

September may fall below 0.5 m by the end of this century, although internal 

variability gives this date an uncertainty of 10-20 years(Labe et al., 2018). Models 

predict that if climate change is not curbed, summer conditions in the Arctic will be 

ice-free by 2050(Hartmann et al., 2013), with severe consequences for temperatures. 

Increased temperatures directly affect metabolic rates of the organisms within the 

Arctic Ocean in keeping with metabolic theory of ecology(Regaudie-De-Gioux and 

Duarte, 2012), and impacts the interactions between ice algae, phytoplankton, 

zooplankton, and their larger predators(Smetacek and Nicol, 2005). Increased 

temperature indirectly affects zooplankton behaviour and grazing pressures on 

phytoplankton, which can result in decreasing body size and plankton cell size 

distributions(Peter and Sommer, 2012; Winder and Sommer, 2012), and therefore 

impact the food web. Temperature change can also cause spatial shifts in the latitude 

of species distributions(Aberle et al., 2012), allowing the spread of species to areas 

that were previously uninhabitable and impacting species interactions(Doney et al., 

2012). A changing zooplankton community composition affects downward carbon 
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transport and so carbon sequestration(Brun et al., 2019), so it is important to 

understand the controls on that zooplankton community. 

As the effects of climate change are most pronounced at the poles, it is logical to 

study these effects here first. Plankton communities are ideal indicator species for 

the effects of climate change, because they are short lived, leading to tight coupling 

between their dynamics and the climate; they are free-floating, meaning they 

respond strongly to changes in the environment. 

1.2 -THE IMPORTANCE OF COPEPODS 

Copepods are the most numerous multicellular animals in the world, and they 

dominate Arctic biomass(Falk-Petersen et al., 2009; Ashjian et al., 2003; Auel and 

Hagen, 2002; Blachowiak-Samolyk et al., 2007; Cleary et al., 2017; Nöthig et al., 

2015). In Kongsfjorden, Svalbard, 70-92% of zooplankton in July 1996-2002 were in 

the subclass Copepoda(Hop et al., 2006), in line with global estimates of 70-

90%(Turner, 2004). Their dominance partially explains their importance in the food 

web; at the most basic level, they are an important grazer of phytoplankton and prey 

for higher trophic levels, including the larvae of commercially important 

fish(Sakshaug, 2004). Copepods ingest carbohydrates and proteins in ice algae and 

phytoplankton and synthesize and store them as wax esters, which have long been 

known as an energy store and to be vital for the higher trophic levels(Gatten and 

Sargent, 1973).  

Copepods, especially the dominant taxa Calanus - the large-sized key Arctic grazer - 

play an important role in the global carbon cycle too. They ingest significant 

quantities of microplankton and egest dense faecal pellets. The carbon in these faecal 
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pellets can sink and be remineralised at depth, sequestering carbon from the 

atmosphere to the deep ocean for long timescales(Fowler and Knauer, 1986; 

Jónasdóttir et al., 2015). The faecal pellets produced form part of the ‘biological 

carbon pump’(Ducklow et al., 2001) – the biological control of vertical carbon 

transport(Cavan et al., 2017; Steinberg and Landry, 2017; Turner, 2015). 

Copepods significantly affect global biogeochemical cycles in additional ways. Calanus 

facilitates the movement of carbon-rich lipid-based compounds into the oceans 

interior through daily vertical migrations(Jónasdóttir et al., 2015). Diel vertical 

migration is thought to balance the need to feed in the euphotic zone, where food is 

most abundant, with the need to reduce the risk of being eaten in waters where they 

themselves are visible(Berge et al., 2014) (although there are alternative 

explanations, some detailed by Lampert(Lampert, 1989)). When at depth, Calanus 

respires, excretes and egests material, translocating carbon, nitrogen and lipid below 

the mixed layer(Falk-Petersen et al., 2009; Jónasdóttir et al., 2015). 

High latitude copepods have a life cycle that is adapted to the 24-hour winter 

darkness and 24-hour sunlight in summer, so it includes another important migration. 

Calanus migrate to depth in Autumn and enter a hibernation state where 

development is arrested, feeding ceases, and metabolism is lowered(Hirche, 1996; 

Wilson et al., 2016; Maps et al., 2014). This state is called diapause, and providing 

enough lipid is accumulated and stored by the copepods in the spring and summer 

phytoplankton blooms, it allows the copepods to survive the low winter temperature 

and food availability and to avoid predation(Lee et al., 2006; Schmid et al., 2018). 

Diapause enhances the efficiency of the biological carbon pump, yet future climate 
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change is likely to affect copepod lipid accumulation(Pond et al., 2012), with knock-

on effects on diapause duration, timing and overall(Wilson et al., 2016). 

As Calanus success and behaviour are so intrinsically linked to global biogeochemical 

cycles and food webs, a solid understanding of their physiology is essential to predict 

future changes: Calanus migration, ingestion, and export are relevant to the entire 

planet. 

1.3 -PHYSIOLOGY OF CALANOID COPEPODS 

Understanding the success of Calanus demands an understanding of the main 

physiological processes: ingestion (through grazing), production (including growth 

and egg production; often growth is assumed to be zero when the copepods are 

adults as they undergo no further moults, although this is not always the case(Hirst 

and McKinnon, 2001)), respiration, egestion and excretion. In essence, this is what 

enters the copepod and what leaves, at rates that are limited by compounds within 

the copepods. Previously, it was thought that copepod success was governed by the 

quantity of food they had access to, but food quantity does not fully explain the 

variability in egg production rates. Now it is recognised that food ‘quality’ has a 

role(Noyon and William Froneman, 2013; Jónasdóttir et al., 1995; Anderson and 

Pond, 2000). Studies indicate that certain compounds are essential for copepod 

production and must be derived from their prey, as they cannot synthesize them in 

sufficient quantities otherwise(Jónasdóttir et al., 2009, 1995; Kleppel and Hazzard, 

2000). These compounds include polyunsaturated fatty acids (PUFAs). The long chain 

omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

two of these PUFAs, and are produced in high densities only by marine algae(Søreide 
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et al., 2010). These are key PUFAs as they play a role in the reproduction and growth 

of all marine organisms(Ackman, 1989). Being essential, consumers – copepods 

included - cannot synthesize EPA and DHA efficiently, and must obtain them from 

their food. The lipid composition of many copepod species have been 

quantified(Kattner and Krause, 1987, 1989; Sargent and Falk-Petersen, 1988; Albers 

et al., 1996) and PUFA levels correlated with limiting copepod egg production(Chen 

et al., 2012; Broglio et al., 2003; Pond et al., 1996; Jónasdóttir et al., 2002; Anderson 

and Pond, 2000; Jónasdóttir et al., 1995) and egg hatching(Jónasdóttir et al., 2005). 

Another study found them not to limit production when assuming a high utilisation 

efficiency of EPA(Mayor et al., 2009). Other physiological roles have only been 

researched more recently(Pond and Tarling, 2011; Pond et al., 2014). 

How rich a food source is in essential PUFAs, or the DHA:EPA ratio, indicates its 

‘quality’(Vehmaa et al., 2011), although many studies focus on correlations with 

certain types of prey instead. Many correlate ciliate biomass with egg 

production(Jónasdóttir et al., 2005). Despite the fact that diatoms are considered to 

be higher in quality than dinoflagellates, egg production rates in some calanoid 

copepods are higher in copepods fed dinoflagellates or a mixture of dinoflagellates 

and diatoms(Vehmaa et al., 2011). It is necessary to find out what compound is 

limiting the Arctic dominating Calanus genus.  
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Table 1 – Locations of the stations sampled on research cruise JR17005 in May and 
June 2018. Units are in oN (latitude) and oE (longitude) 

 Station Latitude Longitude  Station Latitude Longitude 

NT8 75.79556 -7.21797  FS1 80.28328 2.00005 

NT7 75.94908 -7.81496  F8 79.00002 2.00024 

NT5 76.25775 -9.028673  HGIV 79.04837 4.33207 

NT2 76.71327 -10.90499  F4 79.03329 6.99998 

F21 78.98491 -9.2813  F2 79.0333 8.33323 

F17 78.99929 -5.98215  KB0 79.03509 10.84316 

F15 78.98609 -4.99978  ST1 77.41672 19.50015 

F13 78.99685 -2.99575  ST2g 77.12498 20.74961 

F10 78.99993 -0.00006     
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 Figure 1 – The location of the Fram Strait (FS) in the Arctic Ocean (top) and the stations 
that were sampled on cruise JR17005 in May-June 2018. The separate incubations are 

marked by experiments 1-5 (Ex1-Ex5). 
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1.4 -THE FRAM STRAIT 

Certain parts of the Arctic Ocean receive little to no research attention, due to 

logistical problems(Wassmann et al., 2011). One of the understudied areas is the 

Fram Strait(Wassmann et al., 2011). This region (see fig. 1) is key for the exchange of 

water masses between the Arctic and North Atlantic Oceans, as it is the only deep 

passage(Quadfasel et al., 1987). The West Spitsbergen Current carries Atlantic water 

northwards, and the East Greenland current carries water and ice from the Atlantic 

southwards(Blachowiak-Samolyk et al., 2007; Maslowski et al., 2004). These two 

water bodies have different physiochemical properties that are affected by increasing 

temperature and decreasing salinity from ice loss. The mixing of the two affects the 

stocks of nutrients and organisms in the Fram Strait as the more stratified conditions 

of late reduce nutrient cycling and allow different organisms to thrive(Gluchowska et 

al., 2017; Basedow et al., 2018). So far, research has mostly focused on only the 

oceanographic processes, and not on the ecological ones. It was only in 2003 that the 

structure of the zooplankton communities in the Fram Strait were first 

comprehensively studied, finding that numerically, herbivores dominated in May, and 

copepod nauplii and one species of calanoid copepod, Calanus finmarchicus, were 

the most important herbivores in autumn(Blachowiak-Samolyk et al., 2007). There 

are contrasting hydrographic regimes across the Strait; the ice-covered East 

Greenland current has a low standing stock dominated by flagellates, whereas chain 

diatoms dominate further East(Gradinger and Baumann, 1991). However, there is 

little recent work, and this gap in knowledge means we are missing key insights into 

future ecological change. Phytoplankton community composition in the Fram Strait is 
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expected to shift from diatom dominated to flagellate dominated in the summer(Li et 

al., 2009), although there is experimental evidence that this shift is not 

universal(Rüger and Sommer, 2012). What effect will this have on grazing by 

copepods? Some models predict that blooms of the eurythermal algae Phaeocystis 

spp. will benefit copepods in the area, due to the vast amounts of nutritious detritus 

that precede and follow a bloom(Weisse et al., 1994). However, there are reports of 

larger copepods having a low ingestion rate when in a Phaeocystis sp. bloom, and 

other models agree with that(Saiz et al., 2013; Vernet et al., 2017).  

1.5 -METABOLIC BUDGETS 

To assess the limiting component of copepod production, metabolic budgets can be 

used. Metabolism, feeding, growth, and egg production of copepods in the Fram 

Strait have been previously examined(Hirche et al., 1991). Much is predicted and 

inferred about the life history of many copepods(Ji et al., 2012; Jager et al., 2017; 

Varpe, 2012). However, a mechanistic understanding of the physiology of copepods is 

needed to understand how they will be affected by future climate change. Different 

species have different life cycles(Hansen et al., 2012), and so a shift in the dominant 

species will cause a shift in overwintering patterns, and affect the biological carbon 

and lipid pumps. The poleward migration of Calanus finmarchicus, a typically 

temperate species with a shorter diapause than the endemic Calanus hyperboreus is 

just one example of this(Chust et al., 2014). Copepod production is important to both 

the food web and global carbon cycle. To understand production, a carbon budget 

has to be created, balancing the inputs and the outputs. Many physiological 

processes are dependent on temperature(Gillooly et al., 2001), meaning the budget 
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may because mismatched in the future, or the increased metabolic costs may be 

balanced by increased ingestion(Anderson et al., 2017). Yet ingestion and respiration 

have different thermal responses – the change is difficult to predict. A stoichiometric 

approach to modelling can ascertain the limiting nutrient or micronutrients. 

Stoichiometry uses assumptions from the law of conservation of matter, the law of 

definite proportion, and Liebig’s law of the minimum combined to determine the 

reactions between multiple elements (for detail see Sterner & Elser(Sterner and Elser, 

2002)). When applied to biology, it can be used to investigate the constraints acting 

on biological processes such as production. The nutrient in lowest supply, relative to 

demand, is assumed to limit the process and can set the uptake rate of the most 

abundant. This is visualised in the famous Liebig’s barrel (fig. 2). 

Phytoplankton typically reflect the nutrient ratios of their environment, which can 

vary widely(Moore et al., 2013; Mitra and Flynn, 2005; Finkel et al., 2010). This is 

because carbon fixation and nutrient assimilation are separate processes and only 

loosely coupled(Van De Waal et al., 2010). Contrarily, consumers take up carbon and 

nutrients simultaneously, so their carbon:nutrient ingestion matches their prey. In 

Figure 2 - Liebig's law of the 
minimum shown by a barrel of 
water. The barrel can never be 

filled above the level of the 
shortest stave - the rate of the 
process can never be faster 
than the uptake rate of the 
element in shortest supply. 
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addition to carbon, consumers require more complicated nutrients in the form of 

nitrogen, phosphorus, vitamins, and a variety of micronutrients such as 

PUFAs(Hessen, 1992). Consumers, including copepods, are partially constrained in 

their chemical composition, as they have homeostatic requirements(Villar-Argaiz et 

al., 2002). This highlights the need for a more detailed, mechanistic understanding of 

an organism’s physiology, the stoichiometric constraints on these processes, and how 

that is driven by the changing environment. 

To examine what limits the growth of a consumer organism using stoichiometry, the 

ratios of the elements in the biomass produced need to be quantified, and how 

efficiently the organism can handle each one. After this, increases and decreases in 

the diet can be investigated to determine what will affect growth and what is the 

limiting element. Quantifying a full budget of physiological processes is complex, but 

ingestion is the first step in doing so, especially in communities where top-down 

control dominates(Anderson et al., 2013). Arctic Calanus ingest prey through grazing, 

at a rate and selectivity that seem to relate to prey environment (Djeghri et al., 2018; 

Mayor et al., 2006; Kiørboe, 2011). 

Absorption efficiencies are the proportion of ingested prey that is absorbed through 

the gut wall, and utilisation efficiency is their turnover rate. Both are needed to 

create stoichiometric budgets. They both determine the availability of nutrients to 

meet the requirements for growth and metabolism. Absorption efficiencies are 

usually assumed to be 70% in ecosystem models(Steinberg and Landry, 2017), backed 

up by some laboratory studies of that magnitude(Madin and Purcell, 1992). There are 

some contrasting studies, finding efficiencies varying between <10% and 
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>95%(Besiktepe and Dam, 2002), or varying between compounds(Mayor et al., 2011). 

Absorption efficiencies may be related to food quantity and quality, but this is yet to 

be fully tested(Anderson et al., 2017). Until recently, utilisation efficiencies were 

assumed to be high for limiting nutrients, but it has been shown that turnover rates 

of some PUFAs are higher than others(Mayor et al., 2015). The explanation for the 

excess in carbon in the budgets here could be the relatively high absorption efficiency 

of 80% that was used. Previously, arctic copepods have had a carbon absorption 

efficiency of 37-49%, but this is when ingesting algal monocultures(Thor et al., 2007). 

1.6 -RESEARCH QUESTIONS 

Overarching aim: To investigate how grazing and production by Calanus spp. are 

affected by food quantity and quality in the Fram Strait. Future changes to Calanus 

spp. can be examined through isolating the compounds that exert the most control 

on grazing and production in the context of metabolic budgets. 

Hypothesis 1: Grazing by Calanus spp. is controlled by the PUFA composition of the 

food more than its carbon and nitrogen content. 

Hypothesis 2: Production by Calanus spp. is limited by the PUFA composition of the 

food more than its carbon and nitrogen content. 

Hypothesis 3: Potential future changes to available food will affect both grazing and 

production by Calanus spp. 

At the moment, understanding of the effects on copepods of different prey quality 

and quantity is incomplete, with limited data in the field (see table 2(Mitra et al., 
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2014)). It is likely a balance between the two that limits production, but this needs to 

be ascertained in the rapidly changing Arctic. 

Food quality and quantity changes were quantified across the Fram Strait, allowing a 

spatial comparison of its effects on grazing in Calanus spp. This was achieved by 

conducting incubation experiments using the natural plankton assemblage and 

quantifying grazing through cell removal by the copepods. Production was measured 

through egg counts and will be detailed with elemental and biochemical 

quantification. The elemental and fatty acid composition of the female copepods 

before and after incubations will determine to what degree biomass reserves were 

used. The differences in food quantity and quality are being compared with the 

effects on elemental-biochemical relationships and production in Calanus spp. This 

includes investigating the changes in proportions of EPA and DHA relative to other 

fatty acids and correlating this with grazing and production. 

Accurate physiological budgets are being created for Calanus spp. using 

stoichiometric theory. Our observations of Calanus spp. physiology will be combined 

with published rates and investigated using stoichiometric models to create 

elemental and lipid budgets, and to ascertain the compound in the available prey that 

is limiting production. This will be related to potential future variation in a rapidly 

changing climate. 

This research will provide observations across a natural plankton assemblage to 

better understand the effects of dietary nutrient supply on consumer metabolism 

within the context of stoichiometric theory.  
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2. Method  

2.1 -EXPERIMENTAL PROCEDURE 

Ingestion and egg production rates of C. finmarchicus and C. glacialis females were 

measured during a series of 120-hour food-removal incubations, using the natural 

plankton assemblage as feeding substrate. Incubations were conducted in May-June 

2018 and August 2019 aboard RRS James Clark Ross (cruises JR17005 and JR18007 

respectively). The sampling stations traversed the Fram Strait (figure 1 and table 1), 

although the transects differed between years due to ice conditions.  

The natural plankton assemblage was collected from the chlorophyll maximum every 

24 hours using Niskin bottles on a rosette, and was carefully transferred into nine 2.2 

L glass bottles using silicon tubing. Each bottle was filled a little at a time to ensure 

homogeneity. Copepods of a size visible to the eye were removed.  

Female C. finmarchicus were collected at the beginning of each incubation using a 

motion-compensated bongo net fitted with a 200 µm mesh and filtering cod-ends, 

hauled vertically from 200m. The contents of the cod end were immediately 

transferred into buckets containing surface seawater from the non-toxic underway 

supply and taken to the temperature controlled laboratory, where females were 

picked using a mesh, microscope and swan necked forceps. The temperature 

represented the temperature of the water column, although it remained fixed at 1.6 

± 2.6 oC to control for the many effects that temperature has on physiological 

functions. No attempt was made to discern between C. finmarchicus and C. glacialis 

due to uncertainty in differentiating between the two(Gabrielsen et al., 2012), so 
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healthy females were chosen as they were found. The community composition and 

samples of picked females will be analysed genetically at a later date to ascertain the 

true species. For a full experiment, 10 copepods were added to each of six 

experimental bottles (2.2L), while 6 replicates of 5 copepods were frozen at -80 oC for 

later lipid analysis, and 6 x 5 copepods were frozen in tin cups for later elemental 

analysis, also at -80 oC. Three additional experimental bottles were incubated without 

female copepods and acted as controls to account for microplankton growth during 

the incubation. All experimental bottles were placed on a plankton wheel at 1 

revolution per minute to keep plankton in suspension. 

After 24 hours, nine more experimental bottles were filled with the newly sampled 

plankton assemblage, seawater sampled from Niskin bottles fired at the chlorophyll 

maximum. The experimental copepods were transferred from the old bottles to the 

new using a plastic dip tube. This was repeated for a total of 5 consecutive days, after 

which the copepods were transferred onto a mesh. Five from each bottle were frozen 

at -80 oC for lipid analysis and five for elemental analysis. 

The plankton assemblage was preserved using Lugol’s iodine at the beginning and 

end of each 24-hour period to measure plankton removal. Two 200ml amber glass 

bottles were filled at the beginning to represent the starting community, and nine 

amber bottles were filled from both the experimental and control bottles after the 

incubation. To preserve these 1% Lugol’s iodine solution was added to all amber 

bottles, being a preservative that causes less volume shrinking than others(Choi and 

Stoecker, 1989). At this concentration there is no significant shrinking of the cell 

volume of diatoms, dinoflagellates and flagellates(Menden-Deuer et al., 2001; 
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Montagnes et al., 1994; Castellani et al., 2008). To quantify the elemental, isotopic 

and lipid composition of this plankton assemblage, 6x 1L replicates were filtered 

under gentle vacuum onto grade F glass fibre filters. 

After each 24-hour incubation the eggs were collected (minus those put into the 

plankton sample, a volume later accounted for) using a 63 µm mesh and counted. 

When there were enough eggs to be analysed for elemental or lipid content, the eggs 

were separated from all plankton, washed with 0.2 µm filtered seawater and 

transferred onto a pre-combusted glass fibre filter, grade F (GF/F) under gentle 

vacuum before being frozen at -80 oC. The fraction of the plankton assemblage <63 

µm was filtered under gentle vacuum into GF/F before being frozen at -80 oC for 

elemental, isotopic and lipid analysis. 

2.2 -MICROPLANKTON QUANTIFICATION 

Samples fixed with Lugol’s iodine were rotated gently for one minute before being 

transferred into 25 mL plankton settling chambers and left to settle for 48 

hours(Claessens and Prast, 2008; Chindia and Figueredo, 2018). Cells were identified 

and enumerated with a Brunel SP95I inverted microscope at a magnification of 250 

times for the cells >2 µm and a magnification of 400 for the small 

flagellates(Båmstedt et al., 2000; Mayor et al., 2006). Cell volumes were calculated 

using an ocular micrometer to measure different dimensions and applying geometric 

formulae. 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). The seven diatom size categories, two dinoflagellate categories, 
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and two ciliate size categories that were counted were combined to form the 

following groups: 

 Small centric diatoms (radius <5 µm) 

 Large centric diatoms (radius ≥5 µm) 

 Pennate diatoms 

 Dinoflagellates 

 Flagellates 

 Ciliates 
 

2.3 -PHYSIOLOGICAL RATES 

Clearance and ingestion rates were calculated using the equations of Frost(Frost, 

1972). The carbon specific ingestion was estimated using the mean carbon content of 

the female Calanus spp. and the ingestion rate. An estimated carbon budget was 

created for the copepods(Ikeda et al., 2000) using the equation below.  

𝐺 = 𝐼 − 𝐸𝑔 −  𝐸𝑥 − 𝑅  

Egestion was estimated assuming a relatively high carbon absorption efficiency of 

80%(Mayor et al., 2006; Landry et al., 1984; Mayor et al., 2011). It was assumed that 

carbon was not excreted by the copepods as they are primarily ammonotelic(Ikeda et 

al., 2000). Gross growth efficiency (EGG) was calculated as below. 

𝐸𝐺𝐺 =
𝐺

𝐼
 

Respiration was estimated from the globally-used equations of Ikeda(Ikeda et al., 

2001) as below. 

𝑙𝑛𝑌𝑀 = 1.640 + 0.843. 𝑙𝑛𝑋1 + 0.068. 𝑋2  

 

G = growth (somatic & reproduction); 
I = ingestion;  Eg = egestion; 
Ex = excretion;  R = respiration 

Y M = daily carbon excretion (mg CO2-C ind-1 day-1); 
X1 = body carbon weight (mg C); 
X2 = temperature (oC) 
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Table 2 - Grazing rates by Calanus finmarchicus in the Arctic, North Sea, and North Atlantic Ocean. Ingestion rate (IR) is shown in both µg and µmol, 
as both are commonly used. Carbon specific ingestion is shown where given, with ingestion as a proportion of body weight. SE is standard error. 

Year Area Month Temp 
(oC) 

IR  
(µg C cop-1 
day-1) 

SE IR  
(µmol cop-1 
day-1) 

Carbon-
spec IR 

Reference Method 

1997 Norwegian Sea March 3 1.433 0.119 0.01582 2.3 Irigoien et al. 1998 Natural plankton, gut fluorescence 
1997 Norwegian Sea May 6 14.295 1.190 0.16785 30 Irigoien et al. 1998 Natural plankton, gut fluorescence 
1997 Norwegian Sea June 7 7.587 0.631 0.07618 14 Irigoien et al. 1998 Natural plankton, gut fluorescence 
2002 Iceland April 7 1.1 0.091 0.06661 1.5 Mayor et al. 2009a Natural plankton, inverted microscopy 
2002 Iceland April 7 0.9 0.074 0.01665 1.2 Mayor et al. 2009a Natural plankton, inverted microscopy 
2002 Iceland April 7 0.6 0.049 0.0333 0.8 Mayor et al. 2009a Natural plankton, inverted microscopy 
2002 Iceland April 7 0.5 0.041 0.00833 0.7 Mayor et al. 2009a Natural plankton, inverted microscopy 
1997 Norwegian Sea March (prebloom) 3 0.64 0.053 NA 1.1 Meyer-Harms et al. 1999 Natural plankton, inverted microscopy 
1997 Norwegian Sea April (bloom 6 9.24 0.769 NA 15.4 Meyer-Harms et al. 1999 Pigment based 
1997 Norwegian Sea May (post-bloom) 6 1.26 0.104 NA 4.5 Meyer-Harms et al. 1999 Pigment based 
1999 Disko Bay, Greenland April (prebloom) -1.7 18 1.498 0.08326 1.2 Levinsen et al. 2000 Natural plankton, bottle incubations 

and inverted microscopy 
1999 Disko Bay, Greenland June (postbloom) 3 23 1.914 0.4163  Levinsen et al. 2000 Natural plankton, bottle incubations 

and inverted microscopy 
1991 Gulf of St Lawrence June - July 7 5.2 0.432 NA 2.3 Ohman & Runge 1994 Natural plankton, bottle incubations 

and inverted microscopy 
1991 Gulf of St Lawrence June - July 7 - - - 42-48 Ohman & Runge 1994 MAX 
1983 Barents Sea May-June -1 26.4 2.198 NA 32 Tande & Bamstedt, 1985 Gut evacuation 
1984 Kattegat and Skagerrak, 

North Sea 
     5 Kiorboe et al. 1985 Natural plankton, coulter counter 

1990 Barents Sea July 4 10.6 0.882     Hansen et al 1990 MIN. GF GE, cultured 3 types 
1990 Barents Sea July 4 332.6 27.691     Hansen et al 1990 MAX. GF GE, cultured 3 types 
1976 North Sea April-May 8.2-

10.4 
34 2.830  50 Gamble 1978 MAX. Bottle incubations, coulter 

counter 
1976 North Sea April-May 8.2-

10.4 
26 2.164  35-40 Gamble 1978 Average 

1999 Norwegian Sea Lab  10 0.7 0.058  124-134 Meyer et al. 2002 4 algal species, pigment analysis 
1999 Norwegian Sea Lab  10 12 0.999  19 Meyer et al. 2002  
2002 North Atlantic April-May 4.1-

11.4 
0.6 0.049 0.00833 0.6 Mayor et al. 2006 Min 

2002 North Atlantic July-August 4.1-
11.4 

8.1 0.674 0.02498 4.7 Mayor et al. 2006 Max 

2011 Raunefjord May-June 10 21.6 1.798 0.49955  Hildebrandt et al. 2016 *converted using 1:50 chla:C 
2002 Massachusetts Bay June- August 15 48 3.996   Urban-Rich et al. 2004 Bottle incubations, two-three food 

types, CDOM absorption, MAX 
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Table 3 - Egg production rates (EPR) of Calanus finmarchicus in the Arctic and North Atlantic Ocean. SE is standard error and SD is 
standard deviation. 

 

Year Area Month Temp (oC) EPR 
(egg 
female-1 
day-1) 

SE SD Carbon specific 
EPR (% body 
carbon day-1) 

Reference Notes 

1997 Norwegian Sea Prebloom  8  4  Niehoff et al. 1999  

1997 Norwegian Sea Bloom  24.5  11  Niehoff et al. 1999  

1997 Norwegian Sea Post-bloom  3  2  Niehoff et al. 1999  

2002 Iceland April 7 4.5 1.8  1.8 Mayor et al. 2009a  

2002 Iceland April 7 3.9 1.2  1.6 Mayor et al. 2009a Long term experiment - 2 day 

2002 Iceland April 7 7.8 1.3  3.2 Mayor et al. 2009a Long term experiment - 3 day 

2002 Iceland April 7 7.6 1.4  3.1 Mayor et al. 2009a Long term experiment - 4 day 

2002 Iceland April 7 4.4 1.7  1.8 Mayor et al. 2009a Long term experiment - 5 day 

1987 Fram Strait March - April 

(prebloom) 

0 0 0  0 Smith et al. 1990  

2012 Disko Bay April - May 0 36   0.05 Moller et al. 2016 MAX 

2002 North Atlantic April-May 4.1-11.4 0.3 2.8  0.1 Mayor et al. 2006 min - non-bloom 

2002 North Atlantic July-August 4.1-11.4 11 5.6  4.8 Mayor et al. 2006 max - non-bloom 

2008 Disko Bay February - April -1.3 0.03   0.01 Swalethorp et al. 2011 Pre-bloom 

2008 Disko Bay April - May 1 9.7   1.7 Swalethorp et al. 2011 Bloom 

2008 Disko Bay June 1 7   1 Swalethorp et al. 2011 Post-bloom 
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3. Results 

Station Exp. Day Cell group Microplankton Clearance rate ±SD Ingestion ±SD 

µmol C L-1 % mL fem-1 day-1   µmol C ind-1 day-1 

F17 3 1 

Small diatoms 45 40 4745 51 2.9 0.2 

Pennate diatoms 5.1 4.5 0.0 20 0.0 0.2 

Large diatoms 30 27 382 122 2.4 0.5 

Dinoflagellates 23 20 118 123 0.2 0.2 

Flagellates 3.3 2.9 0.0 0.0 0.0 0.1 

Ciliates 6.8 6.0 95 78 0.2 0.3 

Total 114       5.8 0.8 

F15 3 2 

Small diatoms 17 39 469 151 1.4 0.2 

Pennate diatoms 2.0 4.6 0.0 20 0.0 0.0 

Large diatoms 6.5 15 660 107 1.0 0.1 

Dinoflagellates 13 30 120 85 0.2 0.2 

Flagellates 1.2 2.7 214 77 0.1 0.0 

Ciliates 3.6 8.1 18 15 0.0 0.0 

Total 44       2.6 0.3 

F13 3 3 

Small diatoms 132 41 273 86 3.9 1.7 

Pennate diatoms 12 3.6 122 100 0.5 0.6 

Large diatoms 99 30 87 48 2.4 1.0 

Dinoflagellates 53 16 248 115 1.1 0.4 

Flagellates 1.5 0.5 131 55 0.1 0.0 

Ciliates 29 8.8 181 144 1.2 1.3 

Total 326       10 0.7 

F10 3 4 

Small diatoms 110 41 296 6 2.5 0.3 

Pennate diatoms 12 4.3 33 24 0.2 0.1 

Large diatoms 73 27 258 9 4.7 0.1 

Dinoflagellates 46 17 371 37 1.7 0.1 

Flagellates 0.9 0.4 222 30 0.1 0.0 

Ciliates 29 11 231 136 1.7 0.9 

Total 272       11 0.8 

FS1 3 5 

Small diatoms 31 14 356 85 0.8 0.1 

Pennate diatoms 23 10 81 64 0.7 0.5 

Large diatoms 66 29 59 34 0.9 0.5 

Dinoflagellates 64 28 118 46 0.4 0.1 

Flagellates 1.2 0.5 179 8 0.1 0.0 

Ciliates 41 18 265 112 1.3 1.0 

Total 226       4.6 2.3 

F8 4 1 

Small diatoms 87 39 307 345 1.8 3.4 

Pennate diatoms 11 5.2 143 68 0.7 0.3 

Large diatoms 64 29 185 146 0.8 3.7 

Dinoflagellates 49 22 323 34 1.3 0.1 

Flagellates 0.8 0.4 117 83 0.0 0.0 

Ciliates 9.7 4.4 312 23 0.3 0.1 

Table 4 (continued on next page) 
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Total 222       5.2 3.8 

HGIV 4 2 

Small diatoms 16 14 -18 238 0.3 0.4 

Pennate diatoms 20 17 139 54 1.2 0.4 

Large diatoms 6.7 5.8 483 163 0.7 0.1 

Dinoflagellates 32 28 158 96 0.3 0.2 

Flagellates 2.5 2.1 24 29 0.0 0.0 

Ciliates 39 34 0.0 169 0.0 2.0 

Total 115       2.9 1.3 

F4 4 3 

Small diatoms 7.6 7.5 378 375 0.4 0.3 

Pennate diatoms 16 15 136 87 0.9 0.5 

Large diatoms 1.2 1.2 148 114 0.0 0.1 

Dinoflagellates 37 37 0.0 0.0 0.0 0.1 

Flagellates 1.8 1.8 0.0 13 0.0 0.0 

Ciliates 38 38 64 125 1.6 1.2 

Total 101       2.9 1.4 

F2 4 4 

Small diatoms 9.5 4.5 0.0 169 0.0 0.4 

Pennate diatoms 62 29 56 20 1.5 0.5 

Large diatoms 0.4 0.2 52 42 0.1 0.0 

Dinoflagellates 67 32 0.0 30 0.0 0.2 

Flagellates 1.8 0.9 95 54 0.1 0.0 

Ciliates 69 33 233 137 4.6 1.1 

Total 209       6.4 1.5 

KB0 4 5 

Small diatoms 4.4 2.5 0.0 138 0.0 0.1 

Pennate diatoms 110 62 69 19 3.4 0.8 

Large diatoms 0.0 0.0 0.0 0.0 0.0 0.0 

Dinoflagellates 38 21 0.0 0.0 0.0 0.7 

Flagellates 0.9 0.5 45 41 0.0 0.0 

Ciliates 26 15 0.0 28 0.0 1.2 

Total 179       3.5 1.0 

ST1 5 1 

Small diatoms 28 30 487 141 1.6 0.3 

Pennate diatoms 8.0 8.5 -90 4.9 -0.4 0.3 

Large diatoms 11 12 403 140 0.5 0.2 

Dinoflagellates 36 38 115 92 0.2 0.2 

Flagellates 0.3 0.3 70 55 0.0 0.0 

Ciliates 11 12 2371 114 5.3 0.2 

Total 94       7.8 0.2 

Table 4 - Five-day grazing experiments across the Fram Strait with Calanus spp. females. 
Uncertainty for cell counts was ± 5%, as per Lund et al.(Lund et al., 1958) so the results of 

calculations are shown to 2-3 significant figures. 
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Station  Mean EPR (egg female-1 day-1) SD (egg female-1 day-1) 

NT11 0.1 0.2 

NT8 7.5 6.3 

NT7 8.7 6.3 

NT2 0.0 0.0 

F21 0.2 0.2 

F17 9.8 6.9 

F15 2.2 2.0 

F13 14 8.8 

F10 16 7.4 

FS1 23 10 

F8 13 7.7 

HGIV 14 5.3 

F4 6.6 3.8 

F2 15 3.2 

KB0 8.6 5.3 

ST1 9.2 4.8 

ST2g 7.7 2.3 

Table 5 - Egg production rates (EPR) for female Calanus at each station. SD is 
standard deviation of the mean 

 



Confirmation report – Holly Jenkins 

 

 25 

3.1 -MICROPLANKTON 

The composition and biomass of the microplankton available for feeding by Calanus 

spp. varied across the Fram Strait (fig. 3 and table 4). Diatoms were the dominant cell 

type in the majority of communities sampled, although dinoflagellates were also 

prominent. Ciliate biomass was generally low at all stations, as was the flagellate 

biomass. Overall biomass ranged from 27.4 to 190 µmol C L-1. The composition of the 

food environment was significantly different between stations (F=20.906, p=0.001) 

but the variance was spread between the cell groups and was not assigned to one 

(see fig. 4). Biomass was highest at two of the stations in the south of the study area - 

Figure 3 – The food environment for Calanus spp. across the Fram Strait, calculated from 
inverted microscopy of water sampled at the chlorophyll maxima, and the mean temperature 
of the water column at each point the food environment was sampled. S. – small, L. – large, 

Dinos – dinoflagellates, cils - cilates, and flags – flagellates. 
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NT7 and NT11 - where the water column contained 190.2 µmol carbon L-1 and 176.7 

µmol carbon L-1 respectively. The average biomass was 88.63 µmol carbon L-1. 

Stations in the area of the East Greenland Current were generally below this average 

(NT2, F21, F17 and F15 with 48.77, 34.62, 69.88, and 27.44 µmol carbon L-1 

respectively).  

The stations close to Svalbard and the West Spitsbergen Current have a lower 

proportion of both small and large diatoms, with those furthest west also having few 

pennate diatoms (fig. 3). Large diatoms peak in the mid stations suggesting diatom 

bloom. The communities along the more southerly transect seem to contain a higher 

proportion of dinoflagellates. When further investigated using principal component 

Figure 4 – PCA exploratory plot showing the variation in available food at 
different stations. These two principal components explain 57.3% of the 

variation. The combined influence of the small and large diatom categories 
may explain a grouping of more Easterly stations at (1, -0.3). 
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analysis, this East to West divide becomes more obvious (fig. 4), seeming that ciliates 

and pennate diatoms cause clustering of some westward stations. Flagellates were 

unimportant biomass wise, but they were numerous regardless, with colonies of 

Phaeocystis spp. found at many of the stations. 

The microplankton assemblage was affected by the mean temperature of the water 

column (F1,31=12.293, p=0.001), but there was less variation explained by 

temperature as there was by the stations (fig. 5). 

 

Figure 5 - The effect of station and temperature on the microplankton community 
through redundancy analysis 
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3.2 -ELEMENTAL COMPOSITION OF CALANUS SPP. 

The average carbon content of female Calanus spp. was 15.01 µmol female-1 and the 

average nitrogen content was 2.57 µmol female-1 (figure 6). Copepod carbon and 

nitrogen contents were variable but not significantly different at the start and end of 

incubations at each experiment (10 t-tests, p>0.3). Neither were the carbon and 

nitrogen contents significantly different between experiments (F(4,25)=2.41, p=0.08 

and F(4,25)=2.52, p=0.07 respectively) (fig. 7). 

 

Figure 6 (left) – The carbon and 
nitrogen content of Calanus spp. 
individuals used in incubations in 

cruise JR7005 

 

Figure 7 (below) – the difference in 
carbon (A) and nitrogen (B) content 
of Calanus spp. females at the start 

and end of each five-day incubation, 
labelled 1-5. 
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Figure 8 – The correlation between the quantity of available food and ingestion 
(A&C) and egg production rate (B&D). The quantity of available food is estimated 
from using the chlorophyll a concentration as a proxy (A&B) or calculated using 

inverted microscopy (C&D).  
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3.3 -INGESTION AND PRODUCTION 

Total daily ingestion rates ranged from 1.7 to 13.3 µmol C day-1 female-1, and average 

ingestion was 6.7 ± 1.0 µmol day-1 female-1 (mean ± standard error). This corresponds 

to carbon-specific ingestion rates ranging from 11.4 to 88.8 % day-1 and averages 44.7 

% day-1 (table 4). Ingestion was high at all stations, but lay within the range seen in 

the literature which was 0.008 – 0.500 µmol C day-1 female-1 (table 2). 

There is no significant difference between the proportions of the food types ingested 

and the proportion of the food types available (Mann Whitney U tests, p>0.05), as 

seen in fig. 9. 

 
Figure 9 – The contribution of food types to the diet of Calanus spp. against the 

contribution of the food types to the available food environment (mean ± 
standard deviation). Dashed lined represent the 1:1 ratio and so anything above 
this indicates selection. The proportion of food ingestion was not significantly 
greater than the proportion of food available in any of the cell groups (Mann 

Whitney U tests, p>0.05). 
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Figure 10 – Specific ingestion (A) and production (B) across the Fram Strait. Mid-
line represents the mean, whiskers the range, and black points the outliers. 

There was no somatic growth by Calanus spp. during the incubations so production 

approximates egg production alone. The average egg production rate was 9.0 ± 8.2 

eggs day-1 female-1, varying widely between 0.0 – 37 eggs day-1 female-1. The 

corresponding carbon specific egg production rate was 1.5 ± 1.4 % day-1. This is also 

within the approximate range of the literature, being 0 - 36 eggs day-1 female-1. 

Specific ingestion and specific production both vary spatially in the Fram Strait (fig. 

10), and both loosely correlate with the total carbon available, estimated from cell 

counts (fig. 8). This correlation is not mirrored by the chlorophyll a concentration; 

ingestion varies randomly with chlorophyll a, and production seems to show a 

bimodal distribution, peaking at both low and high chlorophyll a concentrations (fig. 

8). Despite the correlation between carbon available and ingestion and production, 

specific ingestion does not directly correlate with specific production (Spearman's 

correlation coefficient: ρ= 0.28, p=0.13) (supplementary fig. 1).  
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To assess the underestimation of eggs, egg production rate was compared to an 

independent study with a very similar method (albeit where copepods were starved) 

but with a prevention against cannibalism. Egg production was lower in this study 

than the comparison (fig.11) egg production rate were significantly different from 

each other F(1,234)=18.14, p=2.97x10-5. 

 

 

 

Figure 11 - a method 
comparison of the egg 

production rates of Calanus 
females in the Fram Strait. 
Method 1 is the one detailed 
here, whereas method 2 was 
completed by another using 

egg chambers with a mesh at 
the bottom, allowing eggs to 

sink out. 

 

 

 

 

The condition of the copepods would impact their metabolic processes. To hint that 

the copepods were in good condition, their carbon and nitrogen ratios were 

examined. As can been seen in supplementary figure 2, the C:N is constant. Future 

lipid analysis will allow this relationship to be investigated further. 
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3.4 -METABOLIC BUDGETS 

The metabolic carbon budgets for the animals in 11 of the incubations are shown in 

table 6. Ingestion was consistently lower than the total carbon needed for egg 

production, respiration, and egestion combined. Calanus spp. had on average 36 ± 21 

% excess carbon daily (mean + standard deviation). 

ID INGESTION EGGC GGE RESP EGESTION REQC REQC 

 µmol cop-1 

day-1 

µmol cop-1 

day-1 

 µmol CO2-C 

cop-1 day-1 

µmol cop-1 

day-1 

µmol cop-1 

day-1 

% 

EX3T0 5.92 0.36 5.90 0.36 0.07 -5.13 -32.65 

EX3T24 2.60 0.05 1.97 0.36 0.03 -2.16 -13.76 

EX3T48 11.86 0.24 1.96 0.36 0.15 -11.11 -70.73 

EX3T72 12.77 0.45 3.41 0.36 0.16 -11.80 -75.12 

EX3T96 4.44 0.36 7.74 0.36 0.06 -3.67 -23.35 

EX4T0 8.01 0.37 8.69 0.38 0.10 -7.16 -42.07 

EX4T24 3.23 0.39 13.77 0.38 0.04 -2.42 -14.24 

EX4T48 3.65 0.16 5.81 0.38 0.05 -3.06 -18.00 

EX4T72 6.77 0.44 6.97 0.38 0.08 -5.86 -34.47 

EX4T96 4.25 0.15 3.52 0.38 0.05 -3.67 -21.57 

EX5T0 8.77 0.24 2.69 0.36 0.11 -8.07 -51.60 

Table 6 - a working progress of the metabolic budgets of Calanus females in the 
incubations 
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4. Discussion 

4.1 -MICROPLANKTON COMMUNITY 

The spring bloom in the Arctic is known to be typically dominated by large 

phytoplankton cells such as diatoms, because these cell groups utilize nitrate that 

accumulated during the winter months with too little light for phytoplankton 

growth(Svensen et al., 2019). The post bloom is typically dominated by smaller cells 

that can grow efficiently using recycled sources of nitrogen (ammonium and urea) 

and dissolved organic carbon(Svensen et al., 2019; Shilova et al., 2017). Therefore, 

the microplankton communities encountered here seem to indicate the end of the 

spring diatom bloom, and that soon smaller after these samples were taken, the 

diatoms would be replaced by smaller cells, such as the Phaeocystis colonies that 

were seen. 

Differences in microplankton communities usually represent differences in 

hydrological regime(Li et al., 2009), and the abrupt change in temperature with the 

east to west transect matches the differences in the community. However, more 

detailed analysis of this temperature change is needed to assess this further. The 

temperature will be more relevant for our 2019 work, where the temperature of the 

cold lab where the incubations were held was changed. Here, the different water 

bodies seem to meet at station F8. West of this is the warmer West Spitsbergen 

Current travelling northwards from the North Atlantic, before being cooled by 

looping the Arctic Ocean for a few years. This current has been found to be 
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dominated by flagellates, whereas chain diatoms dominate as the current moves 

southwards again as the East Greenland Current(Gradinger and Baumann, 1991). 

4.2 -INGESTION, SELECTION AND PRODUCTION 

Copepods are tightly coupled to the strong seasonality in primary production, so 

logically it is expected that Calanus spp. have high grazing rates when there is prey 

available, and data here supports that. Ingestion rates were among the highest seen 

in the literature; a maximum carbon-specific ingestion of 85 % compared to a 

maximum of 134 % per day in the literature, although most are less than 50 % (table 

2), and there was a lot of variance which is also documented in the literature(Tande 

and Båmstedt, 1985; García-Comas et al., 2016). The highest grazing rates in the 

literature have been for stage V copepodites, the 134 %(Meyer et al., 2002). 

However, it seems unlikely that the copepods chosen here were immature, as the 

carbon specific egg production rate was typical when compared to the literature. It is 

possible that the ingestion measured here represents the animals’ maximum 

ingestion, as despite the food quantity being below one documented saturation 

threshold (33000 µmol L-1(Miesner et al., 2016), it is above what others have deemed 

surplus (74 µmol L-1(Båmstedt et al., 1999)). Ingestion can drop in environments with 

variable food, but that is not evident here(Båmstedt et al., 1999). Higher 

temperatures have been associated with a greater biomass of primary production 

and so more successful Calanus(Feng et al., 2018; Wassmann et al., 2015), and 

ingestion has been seen to increase linearly with temperature in Calanus spp. to an 

optimum of 2.5 oC(Grote, 2016; Alcaraz et al., 2014; Mauchline et al., 1998). Neither 

of these effects are evidenced in this data, although this is not unheard of(Saiz and 
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Calbet, 2011). This could be because it is only a snapshot of one time and one place, 

and when another season is taken into account, temperature might show a stronger 

signal. 

The success of copepods does not only rely on food quantity. This study shows that it 

may not simply be food quantity that is limiting production by Calanus, as ingestion 

does not correlate with production (supplementary fig. 1). The food quality is yet to 

be fully investigated with lipid analysis, but at this stage the variation in the 

taxonomy of the community almost certainly correlates with variation in the fatty 

acid composition – microbe taxonomic group has been found to explain more 

variation than all growth condition variables(Galloway and Winder, 2015). 

Amphipods have been found to increase their grazing rates in environments of poor 

food quality(Cruz-Rivera and Hay, 2000), and this could be a mechanism in Calanus 

that would explain the high grazing rates. However, the feasibility of this is low as 

diatoms were abundant – usually a signal of high food quality in terms of EPA. 

Additionally, some copepods increase their egg production rates when feeding on 

phytoplankton with a lower C:N ratio(Augustin and Boersma, 2006), yet egg 

production here was average. Further investigation into the PUFA composition of the 

microplankton assemblage is needed to determine the limit to production and the 

availability of PUFAs to higher trophic levels(Strandberg et al., 2018). 

Production was higher at the stations where the microplankton assemblage was 

controlled more by large diatoms (fig. 4). Small diatoms had a similar effect, and this 

suggests that the micronutrients these contain may correlate with production. 

Further analysis of this is needed and is planned. 
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There are contrasting reports in the literature of selective feeding. C. finmarchicus is 

omnivorous and can select for large conic ciliates(Leiknes et al., 2014), although this 

selection was not found in the Fram Strait. C. finmarchicus often selects for 

diatoms(Ray, Skaar, et al., 2016; Ray, Althammer, et al., 2016; Kiørboe, 2011; 

Nejstgaard et al., 2008; Peter and Sommer, 2012; Kiørboe et al., 1996) with selection 

being independent of food availability (Koski and Wexels Riser, 2006) and sometimes 

dependent on prey abundance, size, motility or chemical cues(Ray, Althammer, et al., 

2016). However, in this study it seems that food was ingested as it was found. 

4.3 -CARBON BUDGET 

The metabolic budgets presented here allow the comparison of supply and demand 

for carbon in adult Calanus spp. Future work will provide budgets for nitrogen too. 

The carbon requirement for metabolism represents the minimum food requirements 

when assimilation efficiency and growth are not taken into account(Ikeda et al., 

2000), and growth can be assumed to be nothing as the copepods were fully grown 

and did not change during the course of the experiment. 

This budget highlights that although the copepods were ingesting plenty of carbon, 

their reproductive outputs did not rise to meet that and they were not able to store 

the excess as lipid. Gross growth efficiencies (GGEs) were much lower than the 

literature (20-30% (Straile, 1997), 31% on Emiliania huxleyi(Båmstedt et al., 1999), 

30-40% on four foods(Båmstedt et al., 1999), 22% by Acartia tonsa(Støttrup and 

Jensen, 1990), 3-35% when modelled(Kuijper et al., 2004) and 34%(Corner et al., 

1967)). Station HGIV has the highest GGE, explained by that station having the lowest 
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grazing rate, yet at 13.8% it remains lower than the literature. Low GGEs here could 

indicate cannibalism of eggs as has been found in previous studies using a plankton 

wheel(Kang and Poulet, 2000). Egg cannibalism results in the loss of that carbon from 

the budget. This would, however, mean the carbon was available to the copepods 

again, so does not adequately explain all this ‘missing’ carbon. The comparison of 

methods (fig. 11) does indeed suggest that cannibalism was happening, and in future 

this difference could be used to calibrate the carbon budget here, using the egg 

production rate of method 2. However, it is more likely that some of the carbon lost 

is from the cost of excreting excess carbon(Anderson et al., 2005), and a limit to 

production (both to lipid and to eggs) by another compound. It has already been 

documented that the cost of excess carbon can be high, and could explain the excess 

that is not being stored or used elsewhere(Anderson et al., 2005). 

4.4 -POTENTIAL INTRODUCTIONS OF ERROR 

Microscopy to count cell removal can have a high degree of human error. To reduce 

this error, all cell counts were done blindly and by one person. Microscopy compares 

similarly to other techniques(Kiørboe et al., 1985), although it may get higher 

ingestion rates than gut fluorescence(Peterson et al., 1990). 

The five-day incubations reduce the chance of missing the ‘signal’ that the food 

shows in the egg production – egg production in C. finmarchicus responds to feeding 

history and is most likely related to feeding conditions 2–3 days prior(Mayor et al., 

2006; Irigoien et al., 2000). Future work will use a series of one day lags to assess the 

limitation of production in response to food history earlier in the incubation. 
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Swimming by the copepods is not a carbon output that is addressed in the carbon 

budget here, and adds some noise to the data. There is no feasible way to control the 

swimming, but by having the bottles suspended on a plankton wheel and rotating at 

the same rate, it minimises settling and so accumulation of attractive particles where 

the copepods might remain. 

GGEs in the literature often use copepods that have been starved previous to 

incubation. This would result in a different GGE, and could explain why the ones here 

are low in comparison(Grote et al., 2015). Conversely, it could be that a starved 

copepod would have a lower GGE. 

In conclusion, quantity of microplankton does not completely seem to limit 

production by Calanus spp. in the Fram Strait. Production correlates both with bulk 

carbon available, but the effect of ofod quality cannot be extracted from this 

relationship yet. It is possible that micronutrients present in diatoms are limiting 

production instead. Calanus spp. in the Fram Strait in May 2018 ingested carbon in 

excess of their requirements, although it is likely that this excess was at a metabolic 

cost to them. The success of Calanus spp. in the Fram Strait is relevant to elsewhere 

as these populations supply the Arctic Ocean through advection(Hirche et al., 1994), 

and so it is vital we further understand what is limiting their production. 
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5. Supplementary figures 

 

Supplementary figure 1 - specific ingestion and specific production by adult Calanus 
spp. during incubations. 

 

Supplementary figure 2 - the carbon to nitrogen ratio of the Calanus spp. used in 
the incubations. 
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6. Project progress 

As of September 2019, all fieldwork for data collection has been successfully 

completed. Fieldwork consisted of two research expeditions: cruises JR17005 and 

JR18007 aboard the RRS James Clark Ross. I conducted 9 x 5-day grazing incubation 

experiments, tackling hypotheses 1 and 2. Enough data has been collected to address 

both, and all objectives were achieved. To supplement this, I did some bulk egg 

production experiments to increase the sample size of the egg composition data. A 

colleague conducted egg production and hatching experiments and we will work 

these into a paper together. All samples are currently being maintained at 80oC to 

prevent damage to lipids(Ohman, 1996), and some of the elemental ones have been 

already analysed (see table 7). 

The remaining variables for the creation of metabolic budgets, such as absorption 

efficiencies and egestion rates, have been researched in the literature. A further 

experiment has been planned to assess the assumption within this work that diet 

components are repackaged into eggs with or lipid within five days of ingestion. This 

will involve a turnover experiment using stable isotope labelled phytoplankton of 

type species, measuring the amount of time it takes to see the labelled signal in the 

eggs. This experiment is not essential as some work has already been done in similar 

species(Irigoien et al., 2000; Tester and Turner, 1990) finding that eggs are created 

within four days, so if there are delays in the planned analyses this can be dropped.  

There are some differences between the planned progress for 2019 and the actual 

progress for 2019, as can be seen in figures 12 and 13. The upgrade process was 
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delayed until after the research cruise, to give additional time for analysis. The 

plankton analysis took longer than originally expected, and so a different approach 

will be used for the new samples – they will be run through a FlowCam. Additional 

experimentation will be dropped if delays are experienced again. 

Of particular importance are the deadlines for submission of an abstract (27th 

September) and manuscript (27th January) to the research topic ‘Biogeochemical 

Consequences of Climate-Driven Changes in the Arctic’ in the journal Frontiers. 

To supplement the data gained from fieldwork will be genomic data on the copepod 

community from Dr Penny Lindeque. Representative samples of the incubation 

animals are being genetically analysed and this will determine whether this research 

relates to C. finmarchicus, C. glacialis, or a mixture of the two. 

Further analysis (see table 7) will allow the investigation of the substrate for 

metabolism, the source of fatty acids, and the actual egg content. For the research 

here, I have only used a published egg carbon content of 309 µg egg-1(Mayor et al., 

2009). I plan on sending more copepod adults for elemental and isotopic analysis 

before I leave for the research placement in Hawaii. I will run the plankton samples 

from the second research cruise though a FlowCam, which will speed up the process 

of counting plankton. To calibrate the FlowCam measurements against the 

microscope counts, I will also run a subset of the samples that have already been 

analysed by microscope. However, initial tests have indicated that these samples 

have degraded and are of much lower quality. In this case I will do some microscope 

analysis of the samples from the second cruise on my return from the placement. On 
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my return I will work on the elemental, isotopic, and lipid analysis of the eggs and 

seston as a priority (fig. 13). The seston carbon and nitrogen will act as an 

independent check of my conversion from cell counts. 

7. Thesis plan 

Chapter 1: Literature review 

 Contents: Context – Arctic background, the importance of copepods, copepod 

physiology (see sections 1.1-1.4) 

 Data acquired: Literature review of published Arctic grazing rates, egg 

production rates, GGEs, and elemental and lipid composition of C. 

finmarchicus, C. glacialis and their eggs. Including search terms and process of 

creation and updating. 

Chapter 2: Grazing and egg production in the Fram Strait 

 Contents: relating grazing rates, carbon specific grazing rates, egg production 

rates, and carbon-specific egg production rates, to chlorophyll a and carbon 

measurements of the microplankton assemblage 

 Hypotheses addressed: Grazing of Calanus spp. is affected by a combination 

of food quality and food quantity. Production of Calanus spp. is affected by a 

combination of food quality and food quantity  

 Null hypothesis addressed: Bulk carbon availability cannot predict changes to 

ingestion and production by Calanus 

 Data acquired: plankton samples before and after incubation, carbon and 

nitrogen weights of Calanus spp. in the Fram Strait, egg counts. 
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Chapter 3: Elemental and lipid composition of Calanus spp. and their prey in the Fram 

Strait 

 Contents: relating elemental and lipid compositions of Calanus spp., eggs, and 

seston to the elemental and lipid composition of the microplankton 

assemblage. Using isotopic analysis to assess fatty acid biomarkers and 

therefore their origin. Carbon and nitrogen budgets for Arctic Calanus spp. 

 Hypothesis addressed: Calanus spp. composition and production can be 

predicted from the quality of available prey 

 Null hypothesis addressed: Food quality cannot predict changes to Calanus 

spp. females, eggs, or the seston 

 Data acquired: elemental, isotopic, and lipid compositions of Calanus spp., 

eggs, and seston. Samples acquired, waiting to be analysed (table 7) 

Chapter 4: The limitations on production by Calanus spp.: a stoichiometric analysis 

 Contents: stoichiometric models to asses which compound is in greatest 

demand, relative to supply and taking into account utilisation efficiencies.  

Using chapters 2 & 3 to validate stoichiometric models of Arctic Calanus spp. 

 Hypothesis addressed: Potential future changes to available prey will affect 

the metabolic budget of Calanus spp. 

 Null hypothesis: Potential future changes to available prey will not affect the 

metabolic budget of Calanus spp. 

 Data acquired: Use of previous data 
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Chapter 5: Limitation of Arctic Calanus: implications for a changing Arctic Ocean 

 Contents: Discussion of all other chapters. 

 Data acquired: None 
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TYPE OF DATA COLLECTION 
METHOD 

ANALYSIS # 
SAMPLES 

# 
PROCESSED 

FINISH PROCESSING COST THESIS 
CHAPTER 
USED IN 

COPEPOD ADULTS 
BEFORE 
INCUBATION 

Bongo nets Elemental & isotopic 

Lipid 

93 15 Awaiting response 
from JHI – sending 
before placement 

£9 per sample 
£536 total (not all 
to be analysed) 

3 

COPEPOD ADULTS 
AFTER 
INCUBATION 

From incubation 
bottles 

Elemental & isotopic 

Lipid 

135 15 Awaiting response 
from JHI – sending 
before placement 

£9 per sample 
£536 total (not all 
to be analysed) 

3 

PLANKTON 
SAMPLES BEFORE 
INCUBATION 

Niskin bottles Inverted microscope 
counts 

72 34 October 2019 [22] £0 2, 3 

PLANKTON 
SAMPLES AFTER 
INCUBATION 

From incubation 
bottles 

Inverted microscope 
counts 

162 114 October 2019 [22] £0 2, 3 

EGG COUNTS Light microscope 
after each incubation 

Counts 150 150 September 2019 
[21] 

£0 2, 3 

EGG SAMPLES Picked from 
incubations & filtered 
onto GF/F 

Elemental & isotopic 

Lipid 

52 0 February-March 
2020 [23] 

£9 per sample 
£468 total 

3 

SESTON BEFORE 
INCUBATION 

Niskin water through 
0.7µm GF/F 

Elemental & isotopic 

Lipid 

331 0 February-March 
2020 [23] 

£9 per sample 
£1117 total (not 
all to be 
analysed) 

3 

SESTON AFTER 
INCUBATION 

Incub. water through 
0.7µm GF/F 

Elemental & isotopic 

Lipid 

562 0 February-March 
2020 [23] 

£9 per sample 
£504 (not all to 
be analysed) 

3 

 
Table 7 - Sample attainment and future plans for processing them. Real costs will be below the estimates as lipid analysis will be done 

myself, costing £3 per sample rather than £9. Costs shown here are within budget, and if real costs are lower more samples will be 
processed 
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Figure 12 - Gantt chart showing planned progress until April 2019. 
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Figure 13 - Gantt chart showing actual progress until September 2019 and planned progress until the end of the PhD.
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8. Professional Development 

 Expansion of skills: 

o Research placement: processing a e-DNA metabarcoding dataset of 

zooplankton across the Atlantic Meridional Transect to assess trait-

based adaptations. 

 UK Polar Network (the UK branch of the Association of Polar Early Career 

Scientists): 

o Co-head of education and outreach, festival organiser and social media 

(2018-2019) 

 Organised and attended two festivals 

 Coordinated polar pen pal schemes 

 Organised and undertook 15 school visits 

o President of a 21-member committee, >400-member network (2019-

2020) 

 Outreach and media: 

o BAS Arctic Map (BAS 16A and 16B: Greenland and the European Arctic 

1:4 000 000, 2019) – wrote section on copepods and the importance 

of microbes in the Arctic Ocean, complete with infographics 

o Copepods – the unsung heroes of the ocean 

(https://nerc.ukri.org/planetearth/stories/1929/)- worked with a 

journalist to write an article about my PhD research 

o Article for the Arctic Institute 

(https://www.thearcticinstitute.org/vegan-sea-gan-arctic-ocean/) – 

https://nerc.ukri.org/planetearth/stories/1929/)-
https://www.thearcticinstitute.org/vegan-sea-gan-arctic-ocean/
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breaking the Arctic’s ice ceiling. Wrote about the experiences and 

challenges facing females in science 

o Podcast – GCI  podcast 

(https://www.spreaker.com/user/thinkarctic/thinkarctic-ep-048-holly-

jenkins). Invited guest, 134 downloads. 

 Policy: 

o Plan to work with the Climate Change Committee in September 2020 

o Already a SPITFIRE scheme in place to do so, undersubscribed this year 

 Committees: 

o Biogeochemistry journal club committee (2018) 

o Marine Life Talks committee (2017-2019) 

 Web presence: 

o Marine Biogeochemistry Blog creator 

(https://generic.wordpress.soton.ac.uk/mbblog) 

o Professional website (www.holly-jenkins.com) containing CV and 

portfolio and science outreach blog 

o UK Polar Network website maintenance (https://polarnetwork.org/) 

 Work experience: 

o Laboratory experience in February and March, giving experience in 

health and safety, risk assessment and organisation 

o Involvement in the final phase of ‘Linking land use change to the 

health of river environments and aquatic ecosystems, Sarawak’ 

https://www.spreaker.com/user/thinkarctic/thinkarctic-ep-048-holly-jenkins
https://www.spreaker.com/user/thinkarctic/thinkarctic-ep-048-holly-jenkins
https://generic.wordpress.soton.ac.uk/mbblog
http://www.holly-jenkins.com/
https://polarnetwork.org/
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 Creation of brochure for government officials in Malaysia, 

Sarawak 

(https://www.dropbox.com/s/b8lnrc32e6473ef/Sarawak%20d

ocument-FINAL.pdf?dl=0)  

 Creation and purchase of logo, merchandise, and campaign 

stand for conference held in Sarawak 

Words: 9614 (excluding references and textboxes) 
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