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Grazing, egg production and
carbon budgets for Calanus
finmarchicus across the
Fram Strait
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Elodie Jacob1,6,7 and Daniel J. Mayor1

1Ocean Biogeosciences, National Oceanography Centre, Southampton, United Kingdom, 2Ocean
and Earth Science, University of Southampton, Southampton, United Kingdom, 3Marine Systems
Modelling, National Oceanography Centre, Southampton, United Kingdom, 4Environmental and
Biochemical Sciences, The James Hutton Institute, Aberdeen, United Kingdom, 5Scottish
Association for Marine Science, Oban, United Kingdom, 6Observatoire des Sciences de l'Univers,
Pythéas Institute, OSU, Marseille, France, 7Faculté des sciences, Aix-Marseille Université, OSU,
Marseille, France
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
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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.
KEYWORDS

arctic, copepods, reproduction, climate change, life history, zooplankton physiology
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 –
02
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.

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
frontiersin.org
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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).
Frontiers in Marine Science 03
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
B

A

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.
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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.
Frontiers in Marine Science 04
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)
TABLE 1 Locations of the stations sampled on research cruise JR17005 in May and June 2018.

Ex Day Station Latitude (°N) Longitude (°E) Date Temp (°C) Depth (m) Data

Ex1 1 NT11 75.3356 -5.46428 16/05/18 1.32 20 E B

Ex1 2 NT8 75.79556 -7.21797 17/05/18 1.28 20 M P

Ex1 3 NT7 75.94908 -7.81496 18/05/18 -0.74 6* M P

Ex1 4 NT5 76.25775 -9.028673 19/05/18 -0.75 20 M E B

Ex2† 1 NT2 76.71327 -10.90499 20/05/18 -1.78 10 M B

Ex2† 3 F21 78.98491 -9.2813 23/05/18 -1.67 10 M B

Ex3 1 F17 78.99929 -5.98215 25/05/18 -1.52 22 M I E B G

Ex3 2 F15 78.98609 -4.99978 26/05/18 -1.50 32 M I E G

Ex3 3 F13 78.99685 -2.99575 27/05/18 -0.59 15 M I E G

Ex3 4 F10 78.99993 -0.00006 28/05/18 -0.58 8 M I E G

Ex3 5 FS1 80.28328 2.00005 29/05/18 -0.97 10 M I E B G

Ex4 1 F8 79.00002 2.00024 30/05/18 0.56 9 M I E B G

Ex4 2 HGIV 79.04837 4.33207 31/05/18 4.07 23 M I E G

Ex4 3 F4 79.03329 6.99998 01/06/18 4.31 12 M I E G

Ex4 4 F2 79.0333 8.33323 02/06/18 3.14 10 M I E G

Ex4 5 KB0 79.03509 10.84316 03/06/18 -0.66 20 M I E B G

Ex5 1 ST1 77.41672 19.50015 05/06/18 -0.53 23 M I E B

Ex5 2 ST2g 77.12498 20.74961 06/06/18 -0.83 17 M E B
fron
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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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):

I = E + R +W +W (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 (W). 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; mmol 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; mmol C ind-1 day-1) was measured and

converted to C units assuming 20.9 nmol C egg-1 (Mayor et al.,
Frontiers in Marine Science 05
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):

lnO2 consumption rate (ml O2 ind
−1 hr−1)

= 1:640 + 0:843� ln B + 0:068� T (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, W, 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, r). 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,
frontiersin.org

https://doi.org/10.3389/fmars.2022.981461
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Jenkins et al. 10.3389/fmars.2022.981461
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.

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
Frontiers in Marine Science 06
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).
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
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.
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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.

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).

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: r = 0.31;

large diatoms: r = 0.52; pennate diatoms: r = 0.72, p < 0.05 in all

cases). The proportion of ciliates ingested also correlated with

the proportion available (r = 0.48, p = 0.004). By contrast, there
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was a negative relationship between available and ingested

dinoflagellates (r = -0.56, p < 0.001) and no significant

correlation between the proportions of flagellates available and

those ingested (Figure 5).

The specific rate of ingestion increased significantly with the

concentration of microplankton carbon (Figure 6B). This

relat ionship 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 (r = 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; r = 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).
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.

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).
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).
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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
Frontiers in Marine Science 08
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.
TABLE 2 Gonad maturation stages of female C. finmarchicus.

Station n GS1 GS2 GS3 GS4C GS4B GS4A

F17 20 5 0 10 45 30 10

F15 20 0 0 35 25 25 15

F13 20 0 0 35 45 20 0

F10 20 0 0 20 25 40 15

FS1 20 0 0 25 30 45 0

F8 20 0 0 35 30 20 15

HGIV 10 0 10 40 40 10 0

F4 20 0 5 25 20 35 15

F2 10 0 0 30 40 30 0

KB0 20 0 0 5 35 40 20
frontie
N shows sample size. GS shows the percentage of females in gonad maturation stages 1-4a as per Niehoff and Runge, 2003.
B

C

D

A

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.
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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
Frontiers in Marine Science 09
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.
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.
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The relationships between the quantity of available food and ingestion (A–D) and egg production rate (E–H). Th
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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
Frontiers in Marine Science 11
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,
TABLE 3 Daily metabolic carbon (C) budgets for Calanus finmarchicus (female-1 day-1) [, showing measured ingestion and production].

Ex Day Station Ingestion(I) Production(E) GGE Production Respiration Carbon surplus (Ω)

(µmol C) (µmol C) (Proportion of
C intake)

(Proportion of
C intake)

(Proportion of
C intake)

3 1 F17 6.45 0.28 0.04 0.04 0.05 0.38 (0.39) [0.65]

3 2 F15 3.31 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 0.41 (0.42) [0.68]

3 4 F10 10.14 0.36 0.04 0.04 0.03 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 0.23 ± 0.12 0.04 ± 0.03 0.04 ± 0.03 0.06 ± 0.03 0.36 ± 0.06 (0.38 ± 0.05) [0.63 ± 0.06]

4 1 F8 9.01 0.31 0.06 0.03 0.04 0.40 (0.41) [0.67]

4 2 HGIV 1.85 0.32 0.20 0.17 0.18 0.11 (0.17) [0.38]

4 3 F4 1.15 0.13 0.18 0.12 0.30 0.06 (0.14) [0.33]

4 4 F2 2.01 0.36 0.31 0.18 0.17 0.12 (0.17) [0.39]

4 5 KB0 0.30 0.12 0.39 0.39 1.12 -1.04 (-0.73) [-0.77]

4 (average) 2.87 ± 3.5 0.25 ± 0.11 0.23 ± 0.13 0.18 ± 0.13 0.36 ± 0.44 -0.07 ± 0.56 (0.03 ± 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) 4.66 ± 3.4 0.24 ± 0.11 0.12 ± 0.13 0.1 ± 0.11 0.20 ± 0.32 0.17 ± 0.42 (0.22 ± 0.33) [0.44 ± 0.42]
fro
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 (Ω). 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 × (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-1 day-1. The C content of the animals was 15.72 µmol C ind-1 for Ex3, 17.01 µmol C ind-1

for Ex4, and 15.65 µmol C ind-1 for Ex5. The nitrogen (N) content of the animals was 2.12 µmol N ind-1 for Ex3, 2.40 µmol N ind-1 for Ex4, and 2.38 µmol N ind-1 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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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.
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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 whenmodelling 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
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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
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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
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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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