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Entering Diapause in the Fram Strait
and Their Contribution to the Boreal
and Arctic Lipid Pump
Geraint A. Tarling1*, Anna Belcher1, Mayleen Blackwell 2, Claudia Castellani3,
Kathryn Barbara Cook4, Finlo R. Cottier5,6, Victoria Dewar-Fowler1, Jennifer J. Freer1,
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Daniel J. Mayor4, Helen E. Parry3, Gabriele Stowasser1 and Marianne Wootton8
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Arctic and Marine Biology, UiT, The Arctic University of Norway, Tromsø, Norway, 7 Department of Biological and Marine
Sciences, University of Hull, Hull, United Kingdom, 8 Marine Biological Association, The Laboratory, Plymouth, United Kingdom

The boreal copepod Calanus finmarchicus sequesters substantial amounts of carbon (C)
in the deep layers of the North Atlantic Ocean through their contribution to the “lipid
pump.” This pump is driven by these zooplankton descending from the surface layers to
spend prolonged periods at depth during which time they metabolise substantial lipid
reserves and a fraction suffer mortality. C. finmarchicus is principally a boreal species but is
expatriated by currents flowing northwards into Arctic regions such as the Fram Strait,
where it is now able to complete its life cycle. We considered how this expansion to its
distributional range adds to the estimated magnitude of the lipid pump. Field sampling in
the Fram Strait found C. finmarchicus abundance to be spatially variable with high values,
equivalent to those reported for core distributional areas further south, found mainly in the
eastern region. Lipid reserve levels were sufficient for many individuals to survive the
overwintering period and reproduce the following spring. In accordance with abundance
patterns, lipid pump magnitude was greater in the Eastern Fram Strait (2.04 g C m−2

year−1) compared to the Western Fram Strait (0.33 g Cm−2 year−1). At least for the eastern
region, these rates are similar to those reported for this species elsewhere (average of 4.35
g C m−2 year−1). When extrapolated to the wider spatial area of the Fram Strait, the lipid
pump generated by this species in this ocean sector amounts to 0.3 Mt C year−1.
Although constituting a modest proportion of the total C. finmarchicus lipid pump of 19.3
Mt C year−1, it indicates that the continued northwards expansion of this species will act to
increase the size of its lipid pump, which may counteract that lost through the northwards
retreat of its Arctic congeners, Calanus glacialis and Calanus hyperboreus.
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INTRODUCTION

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

The known impacts of climate-driven changes to marine
zooplankton communities are often centred on copepods
(Pierson et al., 2013). In the Arctic and sub-Arctic pelagic
ecosystems, copepods of the genus Calanus are key,
dominating the biomass of the mesozooplankton (Smith and
Schnack-Schiel, 1990; Ashjian et al., 2003; Falk-Petersen et al.,
2009) and being the prime herbivores (Conover and Huntley,
1991; Mauchline, 1998; Søreide et al., 2008). Calanus is also an
important high-quality food source for pelagic fish species such
as capelin, herring, and pollock and can also be a key part of the
diet for larval and juvenile demersal fishes such as cod
(Wassmann et al., 2006). In effect, Calanus sit at a trophic
nexus since its population biology has important consequences
on both higher and lower trophic levels. This may be referred to
as a “wasp-waist” ecosystem, in that the intermediate trophic
level, in this case Calanus, controls the abundance of predators
through a bottom-up interaction and the abundance of prey
through a top-down interaction (Fauchald et al., 2011; Renaud
et al., 2018). In the Arctic and sub-Arctic sectors adjacent to the
Atlantic, three species of Calanus co-occur, making up 50%–80%
of the total mesozooplankton biomass (Søreide et al., 2008).
However, their respective core distributions align with different
water masses, with Calanus hyperboreus being a high-Arctic
oceanic species, Calanus glacialis being associated with the
relatively shallow and fresher water on the Arctic shelves, and
Calanus finmarchicus dominating the inflowing warm Atlantic
water (AW) (Ershova et al., 2021). Of these three species, the last
one stands to benefit most from ocean warming and perennial
ice retreat.
Frontiers in Marine Science | www.frontiersin.org 2
One of the key life-history traits of pelagic copepods is a form
of seasonal dormancy called diapause (Dahms, 1995). Diapause
usually takes place below the deep convection layer, out of the
reach of predators where temperatures are generally low
(Krumhansl et al., 2018). This deep habitat allows these
organisms to remain quiescent, reduce basal metabolic rate,
and minimise energy expenditure (Jónasdóttir et al., 2019). In
C. finmarchicus , dormancy generally occurs in later
developmental stages (CIII to CVI) during winter (Kattner and
Krause, 1987; Tande and Henderson, 1988; Hygum et al., 2000;
Heath et al., 2000b; Heath et al., 2004). In these stages,
assimilated food is increasingly channelled towards lipid
production (Jónasdóttir et al., 2019; Hygum et al., 2000). These
lipids form the energy reserves required to sustain the animals
through the winter. Towards late summer and autumn, the
population descends en masse to depths of 600–1,400 m to
overwinter. In the spring, the survivors migrate back to the
surface and develop into sexually-differentiated CVI adults,
mate, and spawn, initiating the next generation.

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

An important feature of this life-cycle pattern is that it
transports carbon (C) directly to the deep ocean with very little
loss on the way (Visser et al., 2017) in a process termed the “lipid
pump” (Jónasdóttir et al., 2015). The lipid pump is an efficient
means of C sequestration, relative to the passive flux of detrital
material because it transports little or no nutrient elements
(nitrogen, phosphorus, iron, etc.) that are required by primary
producers in surface waters. Nevertheless, estimation of this flux
is complex and must be based on stage-specific abundances of
June 2022 | Volume 9 | Article 926462
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the overwintering individuals, their respiration integrated over
their respective overwintering durations, and estimates of the
level of mortality at depth. The size of the lipid pump was
initially dismissed as insignificant by Longhurst and Williams
(1992), who have since been shown to have based their estimates
on a region where deep winter convection made deep diapause in
copepods less effective than in other areas (Visser et al., 2017).
Heath et al. (2000b) comprehensively mapped the North Atlantic
population of C. finmarchicus and facilitated Jónasdóttir et al.
(2015) to reveal the true magnitude of the lipid pump. At 1 to 4 g
C m−2 year−1, Jónasdóttir et al. (2015) showed this pump to
sequester C at a rate equivalent to that of the passive flux, at 2 to 8
g C m−2 year−1 (Giering et al., 2014; Marsay et al., 2015).
Subsequent analyses of additional data alongside an updated
overwintering respiration model by Jónasdóttir et al. (2019) put
upper estimates of the Atlantic C. finmarchicus lipid pump even
higher (up to 11.5 g Cm−2 year−1). So far, the rate of C flux by the
“Arctic” C. finmarchicus population has not been considered.

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

In this study, we determine the horizontal and vertical
distributions of C. finmarchicus in a spatially comprehensive
survey of the Fram Strait region during the late summer period,
when the population is entering diapause. Measurements of body
condition considering body size, lipid sac size, and total C weight
are made within the various oceanographic regimes of this
region. These are used alongside environmental measurements
to estimate respiration rate and diapause duration by applying a
metabolic model developed by Visser et al. (2017). This model
estimates the C flux due to overwintering C. finmarchicus
respiration to which is added the contribution from minimum
expected overwintering mortality (which is further subdivided
into the storage lipid and structural C fractions). Together, the C
released at depth through respiration and mortality constitutes
the lipid pump. Further context is provided by comparing our
results to other biogeographic regions where the magnitude of
the lipid pump has already been estimated. Lastly, we provide a
value for the C sequestered by this species that encompasses all
regions where the magnitude of the pump has so far been made.
Frontiers in Marine Science | www.frontiersin.org 3
METHODS

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

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

At 3 of the 14 stations (NT11, D1, and D2), time and
conditions were sufficient to deploy a 1-m2 MOCNESS
multinet system in order to resolve the vertical distribution of
FIGURE 1 | Sampling station locations in Fram Strait carried out during
cruise JR18007 (August 2019). (Red – northward flowing Atlantic Water; Blue
– southward flowing Polar Surface Water).
June 2022 | Volume 9 | Article 926462
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mesozooplankton to mesopelagic depths. The system was fitted
with 330-µm mesh nets and was deployed between the surface
and a maximum depth of 1,000 m. The tow speed was
approximately 2 knots, and the nets incremented on hauling
every 125 m, hence dividing the water column into 8 equal depth
intervals. On average, each net swept ~800 m3 of water. Two
MOCNESS deployments were made at each station as close in
time to each other as practicable (usual intervening period of 1 to
2 h). Samples from the first deployment were subsampled
immediately to extract specimens for body condition analysis.
All samples from the second deployment were directly preserved
in borax-buffered 4% formaldehyde without any subsampling
and were used to determine taxonomic composition
and abundance.

Taxonomic and Body Condition Analysis
Bongo Net Samples
The formalin-preserved samples were subsampled, where
necessary, diluted to 1 L using filtered seawater, and pumped
through a FlowCamMacro, fitted with a 5-mm flow cell, at a flow
rate of 700 ml min−1. A second subsample was analysed if fewer
than 2,000 particles were counted. Images were collected using
auto-image mode at a rate of 10 frames per second and were
classified manually into taxonomic groups using Visual
spreadsheet software (Version 4.3.55). The total abundance of
taxa within a sample was divided by the filtered volume of the
respective net and multiplied by maximum net depth to derive
NBongo, the number of individuals m−2 (ind m−2) in the upper 200
m or, if shallower, maximum water depth minus 10 m. For the
present study, it was assumed that all C. finmarchicus copepodite
stages CIV, CV, and CVI adults fell within the “3 mm to 6 mm
(total length) Calanus” FlowCam taxonomic category. This
category could also contain the equivalent life stages of C.
glacialis and earlier life stages of C. hyperboreus. Hence, the
proportions of these three species in each deployment were
Frontiers in Marine Science | www.frontiersin.org 4
established through molecular analysis of the paired ethanol
preserved sample. Subsamples of the ethanol sample were
analysed using a 16S ribosomal RNA gene barcode (16SAR,
16SB2R primers) (Lindeque et al., 1999) following an adapted
protocol (Lindeque et al., 2013). Amplified DNA was sequenced
using Illumina high-throughput sequencing (HTS) platform.
Resultant sequences were processed through the Qiime
pipeline and clustered into Operational Taxonomic Units at
97% homology, and taxonomy was assigned using BLASTn
(National Center for Biotechnology Information (NCBI)).
Sequences were uploaded to the BioProject portal with
accession number PRJNA838801 (www.ncbi.nlm.nih.gov/
sra/PRJNA838801).

MOCNESS Samples
The objectives of the MOCNESS net analysis were 1) to obtain a
detailed perspective of C. finmarchicus stage abundance and
distribution through the water column and 2) to carry out
body condition analyses on late-stage C. finmarchicus
specimens. For item 1, the formaldehyde preserved samples
were subsampled to obtain quantifiable fractions and then
examined under a light microscope. Calanus species were
identified as species for the CIV, CV, and CVI adult stages
following size classes established by Hirche (1997). The total
abundance of each stage within a sample was divided by the
filtered volume of the respective net and multiplied by net depth
interval to derive Ni, ind m−2 per depth stratum (i). For item 2,
approximately 10 C. finmarchicus CV and 10 CVI females
(where possible) were extracted from each depth interval,
placed on a calibrated ridged sorting dish, and photographed
using an Olympus SZX16 optical microscope fitted with a Canon
D6 camera. These images were subsequently analysed by using
“ImageJ” software to determine prosome length, lipid sac length,
and lipid sac area (mm). After images were collected, each
specimen was transferred to an individual tin capsule and
June 2022 | Volume 9 | Article 92646
TABLE 1 | Details of net sampling deployments during cruise JR18007 to the Fram Strait by RRS James Clark Ross.

Station name Event # Deployment type Date/time Latitude Longitude Zone

NT11 (S1)* 7 Bongo 08/08/2019 22:25 75.3356 -5.4642 WFS
NT11 (S1)* 11 MOCNESS 09/08/2019 04:11 75.3306 -5.4517 WFS
NT8 16 Bongo 09/08/2019 21:53 75.7955 -7.2191 WFS
NT6a 28 Bongo 10/08/2019 21:57 76.0386 -8.0952 WFS
F7 50 Bongo 13/08/2019 23:10 78.9999 3.3337 EFS
Ice Station 1 60 Bongo 14/08/2019 22:03 78.9033 -0.3087 WFS
Ice Station 2 66 Bongo 15/08/2019 22:02 78.3490 -4.6838 WFS
D1 75 Bongo 16/08/2019 21:53 78.3171 0.6162 EFS
D1 (S2)* 78 MOCNESS 17/08/2019 02:58 78.3213 0.6097 EFS
D2 (S2)* 82 Bongo 17/08/2019 21:56 79.3332 5.1672 EFS
D2 (S2)* 86 MOCNESS 18/08/2019 02:42 79.3354 5.1560 EFS
D3 (S3)* 92 Bongo 18/08/2019 21:50 79.6000 7.3330 EFS
D4 101 Bongo 19/08/2019 21:49 79.6666 9.3995 EFS
D4 106 Bongo 20/08/2019 06:21 79.6670 9.4003 EFS
D6 129 Bongo 22/08/2019 21:55 79.1665 6.5998 EFS
D7 136 Bongo 23/08/2019 21:54 79.3169 2.6493 EFS
D8 146 Bongo 25/08/2019 01:19 78.4166 6.9999 EFS
D9 154 Bongo 25/08/2019 22:19 77.7167 7.5831 EFS
* denotes the 3 stations analysed in Tarling et al. (2022) that were given alternative names (S1, S2 and S3).
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frozen at −80°C. Elemental (carbon, hydrogen, and nitrogen)
analysis of these specimens was carried out at the home
laboratory using a CE440 Elemental Analyser (Exeter
Analytical Limited, Coventry, UK). For some analyses, depth
strata were combined to reduce the number down to three:
surface (0 to 250 m), mid water column (250 to 500 m), and deep
(500 to 1,000 m).

As described above, four body condition metrics were
measured directly, namely, total body C (M, µg C), prosome
length (PL, mm), lipid-sac length (L, mm), and lipid sac area (A,
mm2; see Table 2 for a list of all terms). To facilitate the
calculation of diapause duration, as well as to compare with
other studies of C. finmarchicus body condition, some further
metrics were also derived, as follows. Lipid sac volume (V, mm3)
was calculated following Eq. 1 (see Table 3 for a list of all
equations) as derived by Miller et al. (1998). The mass of wax
ester (WE, µg) was calculated using Eq. 2 following Vogedes et al.
(2010). Wax ester C, otherwise termed the lipid reserve (w, µg C),
was estimated with Eq. 3 provided by Jónasdóttir et al. (2019).
From this, Eq. 4 can be used to determine the amount of
structural C (m, µg C).
Frontiers in Marine Science | www.frontiersin.org 5
Life-Cycle Modelling
Determining Respiration and Diapause Duration
To determine the potential amount of C sequestered by the
Calanus lipid pump in the Fram Strait, we followed the
calculation approach of Kahru et al. (2011). The calculation
was carried out for each of the three stations where MOCNESS
deployments were performed. First, it was necessary to
determine the diapause duration of the specimens extracted
from the MOCNESS catches and to analyse for body
condition. Diapause duration is defined here as the time it
would take to respire the lipid reserve to 20% of its pre-
diapause mass, following Saumweber and Durbin (2006). The
model is C based and includes estimates of structural mass, m,
which we distinguish from the lipid reserve, w (see Eq. 4). It is
assumed that onlym is responsible for the active metabolism that
determines respiration rate. m was calculated by applying Eqs. 2,
3, and 4 to data for total body C (M) and lipid sac area (A).

The respiration rate of a diapausing C. finmarchicus (r) was
calculated based on metabolic theory and the isomorphism
model (Eq. 5) presented in Visser et al. (2017). r was converted
from mg C s−1 to mg C day−1 by multiplying by seconds per day
TABLE 2 | Symbols, descriptions, units and constants used in equations and analyses.

Symbol Description Equation(s) Unit or value

A Lipid sac area 1,2 mm2

b Universal scaling constant 5 2.3 × 10−7 mg C1/4 s−1

b Mortality rate day-1

CIV C. finmarchicus copepodite stage 4
CV C. finmarchicus copepodite stage 5
D Diapause duration 6,9,11 days
DW Dry weight 7,8 mg
E Activation energy 5 0.6 eV
EFS Eastern Fram Strait
EGC East Greenland Current
Ftot Total C flux from C. finmarchicus (lipid pump) 16 µg C m-2 y-1

i MOCNESS depth stratum 9 to 16 M
j MOCNESS or Bongo station 9 to 16
k Boltzmann constant 5 eV K−1

L Lipid sac length 1 mm
M Total body carbon 4,8 µg C
m Structural carbon 4,5,14 µg C
N number of individuals m-2 9 to 15 ind. m-2

NBongo N for 0 to 200 m sampled by Bongo net ind. m-2

Ntot N for total water column (0 to 1000 m) ind. m-2

PL Prosome length 7 mm
Pr Proportion of individuals within a depth stratum 17
r Respiration rate 5,6,9 µg C s-1

Rind Mean respiration per individual 10 µg C ind-1

Rtot Total respiration flux 9,10,16 µg C m-2

Sind Mean flux of storage lipid per individual 13 µg C m-2

Stot Total flux of storage lipid from overwintering mortality 12,13,16 µg Cind-1

T In situ temperature 5 Kelvin
T0 (absolute zero) 5 −273°C
Uind Mean flux of structural carbon per individual 15 µg Cind-1

Utot Total flux of structural carbon from overwintering mortality 14,15,16 µg C m-2

V Lipid sac volume 1 mm3

w Wax ester carbon (or lipid reserve) 3,4,6,12 µg C
WE Wax ester mass 2,3 µg
WFS Western Fram Strait
WSC West Spitsbergen Current
June 2022 | Volu
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(86,400). Eq. 5 also requires in situ temperature, which was taken
from the respective CTD profile, averaging values across the
equivalent depth interval (i) in which the specimen was captured.

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

Inferring Body Condition of CIV Stage
Jónasdóttir et al. (2019) included C. finmarchicus CIV stage in their
calculations. Although CIV specimens were enumerated in the
present study, they were not included in the image capture and
elemental analyses to determine body condition. Therefore, we
inferred body condition values for CIV using relative indices
derived from data provided by Jónasdóttir et al. (2019) (Table 3).
According to Jónasdóttir et al. (2019), when averaged across all ocean
basin sectors, CIV prosome length (PL, mm) was 82.4% of the CV.
This percentage value was applied to the average CV PL value per
depth stratum (i) at each location (j). Based on Ingvarsdóttir et al.
(1999) for overwintering copepods in the Norwegian Sea, CIV PL
was converted to dry weight (DW, mg) using Eq. 7. Total body
carbon (M, µg C) for CIV was then determined by applying Eq. 8,
also from Ingvarsdóttir et al. (1999). It was further necessary to infer
CIV WE C (w, µg C) as being 34.13% of DW, as extracted from
Jónasdóttir et al. (2019). m, r, and D were then derived by applying
the same equations as detailed above.
Frontiers in Marine Science | www.frontiersin.org 6
Determining Carbon Flux
MOCNESS
For each station (j), the flux of C resulting from the
overwintering respiration (Rtot,j, µg C m−2) across all depth
strata (i = 1 to 8) was determined by multiplying abundance
(N), diapause duration (D), and respiration rate (r) for each
depth strata i and then summing across all depth strata, as
defined in Eq. 9. We also derived the mean respiration C flux per
individual (Rind,j, µg C ind−1, Eq. 10) to facilitate the calculation
of C flux in Bongo net samples (see below).

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

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

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

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

The MOCNESS was sampled in intervals of 125 m, while the
Bongo net was sampled between 0 and 200 m. To derive Prsurface,
the overlapping MOCNESS strata (Pri,j for 0–125 m and 125–
250 m strata) were treated as in Eq. 21, where abundance in the
deeper of the two strata was multiplied by a factor of 0.6 to be
equivalent to the maximum Bongo depth of 200 m.
TABLE 3 | Equations used to determine body condition factors, respiration
rates, mortality rates and rates of C flux that contribute to the lipid pump.

Eq. Formula

1
V =

pA2

4L
2 WE = 0.167A1.42 · 1000
3 w = 0.79 · WE
4 m = M−w
5

r(m,T ) = b · m
3
4exp½E ·

ðT − T0Þ
ðk · T · T0Þ

�
6

D =
w − (0:2 · w)

r
7 DW = 0.0106 · PL3.64 · 103

8 M = (0.623DW – 0.0143) · 103

9
Rtot; j =o

i=8

i=1

Ni,j · Di,j · ri,j

10
Rind,j =

Rtot,j

Ntot,j

11 Nb=Ni · e
(−0.001·D)

12
Stot,j =o

i=8

i=1

(Ni,j − Nb,j ) · wi,j

13
Sind,j =

Stot,j

Ntot,j

14
Utotal,j =o

i=8

i=1

(Ni − Nb ) · mi,j

15
Uind,j =

Utot,j

Ntot,j

16 Ftot,j = Rtot,j + Stot,j + Utot,j

17
For Bongo nets: Ntot,j =

1
Prsurface

· NBongo

18 For Bongo nets: Rtot,j=Rind,j·Ntot,j

19 For Bongo nets: Stot,j=Sind,j·Ntot,j

20 For Bongo nets: Utot,j=Uind,j·Ntot,j

21 For Bongo nets: Prsurface=Pr0−125m+0.6Pr125−250m
Refer to Table 2 for a list of terms.
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Statistical Tests
Comparisons between life stages, sample depths, and locations
were carried out using a combination of t-tests and 1-way
ANOVA tests, first performing tests for normality (Shapiro–
Wilk) and equal variance (Brown–Forsythe). The non-
parametric Mann–Whitney rank-sum test and Kruskal–Wallis
1-way ANOVA on rank test were applied when either of these
prior tests failed. Where significant differences were found, either
a Holk–Sidak (parametric) or Dunn’s method (non-parametric)
post-hoc test was performed to identify which categories were
significantly different from each other at p < 0.05 level. All tests
were performed in Sigmaplot v14.
RESULTS

Water Masses and Biogeographic Zones
We designated water masses based on the vertical water mass
descriptions of Rudels et al. (2005) but made no distinction
between the numerous deep water types that can be classified.
Overall, there were two major water types within the study
region. In the first water type, present at Stations NT11, NT8,
NT6a, Ice Station 1, and Ice Station 2 (Figure 2), there was a low
salinity surface layer (which is fresher closer to the shelf) of Polar
Surface Water (PSW) with Arctic Intermediate Water and Arctic
Deep Water (ADW) masses below. These features reflect a
dominant influence of the cold EGC flowing southwards from
the Arctic in the upper 100 m (Figure 1). The variation between
stations in this water type was most likely through the presence
Frontiers in Marine Science | www.frontiersin.org 7
of some recirculated AW approximately 200 m close to the shelf
slope at Ice Station 2, the presence of shallow, short-lived
warming of the PSW, and the influence of sea ice-melt on the
shallow layers at Ice Station 1 and Ice Station 2. The second water
type, containing Stations F7, D1, D2, D3, D4, D6, D7, D8, and
D9, showed evidence of the influence of AW inflow below the
surface layers, as characterised by salinities > 34.8. This reflects
the dominant influence of the warm WSC flowing northwards
from the Atlantic (Figure 1). As with the first water type, there
was some variation between stations due to local surface
warming and/or proximity to the ice edge. For the purposes of
the present analysis, we designated sample locations to
biogeographic zones, with those located in the first water type
as being within the WFS zone and those in the second water type,
within the EFS zone (Table 1).

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

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

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

B

FIGURE 2 | Oceanographic conditions during time of sampling showing
(A) temperature and salinity profiles and (B) TS plot [divided into two
oceanographic zones. denoting Western Fram Strait (WFS; blue) and Eastern
Fram Strait (EFS; red)]. PSWw - Polar Surface Water (warm) due to solar
heating. See text for all other terms.
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500 m as compared to 1% and 2% in Stations NT11 and
D1, respectively.

Body Condition
Mean prosome length was the highest in CVs in the surface
waters of Station D2 at 2.91 mm (SD 0.29), while the smallest
mean prosome lengths were found in deep CVs of Station D1 at
2.49 mm (SD 0.18) (Table 5). The amount of C per individual
spanned a range of between 100 and 600 µg C (Table 5;
Figure 5). Across all three locations, the average CV was
317.98 µg C (SD 103.14), and the average female was 270.05
µg C (SD 68.97). The C content of CVs was significantly higher
in Stations D1 and D2 compared to NT11 (Kruskal–Wallis 1-
Frontiers in Marine Science | www.frontiersin.org 8
way ANOVA on ranks, H = 6.06, 2 df, p = 0.048), with a
difference in medians of approximately 30 µg C. Female values
did not differ significantly between stations (1-way ANOVA, F =
1.187, 114 df, p = 0.309). Between depths, CV total body C was
significantly higher in the surface depth interval compared to the
deep depth interval (1-way ANOVA, F = 3.737, 207 df, p =
0.025), with a median difference of approximately 50 µg C. The
mid depth interval had C values midway between the other two.
There were no significant differences between depth intervals
in females.

In terms of lipid sac area, CVs had a significantly larger lipid
sac than females (Welch’s t-test, t = 2.235, 276.8 df, p = 0.0262),
although the difference amounted to only approximately 6%
FIGURE 3 | Top: relative percentage of 16S sequences attributed to Calanus finmarchicus and Calanus glacialis in Bongo net samples. Bottom: abundance of
Calanus between 3,000 and 6,000 µm prosome length in Bongo net samples as determined from Flowcam CMacro analysis.
A B C

FIGURE 4 | Calanus finmarchicus: depth distribution of CIV, CV, and females in depth-stratified MOCNESS samples at (A) station NT11, (B) station D1, and
(C) station D2. See Table 1 for station location details.
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(Figure 5). There was no significant difference in lipid sac area
between stations in either CVs or females. Across all stations,
CVs found on the surface had a significantly higher lipid sac area
than those found in the mid or deep depth intervals (1-way
ANOVA, F = 13.548, 207 df, p < 0.001), with the difference being
approximately 20%. There was no such depth-related difference
in females.

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

Carbon Flux
Depth-Integrated Assessment
An estimate of C flux resulting from the life-cycle behaviour of C.
finmarchicus was derived for the three MOCNESS locations
where a depth-discrete perspective to 1,000 m was obtained
(Table 6). Based on the model of Visser et al. (2017), we
estimated the rate of individual respiration to vary between
Frontiers in Marine Science | www.frontiersin.org 9
0.73 µg C ind−1 day−1 (SD 0.17) at Station NT11 and 1.01 µg
C ind−1 day−1 (SD 0.28) at Station D2. The predicted length of
diapause was the longest at Station NT11, at 126 days (SD 43)
and the shortest at Station D2 at 103 days (SD 43). Despite the
longer diapause, the lower respiration rate at NT11 resulted in
those individuals contributing the lowest amount to respiration
flux across the three locations, at 72.75 µg C ind−1 year−1 as
compared to a high of 111.36 µg C ind−1 year−1 at Station D1.
Stations D1 and D2 also contributed the highest storage lipid and
structural C flux, which reflects the fact that mean lipid sac area
and total C were the highest in the EFS.

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

Spatial Extrapolation
The spatial distribution of these fluxes was inferred by
multiplying individual fluxes from the above analysis by the
abundance levels determined from Bongo net samples (Eqs. 18
to 20) factoring in the likely size of the population between 200
June 2022 | Volume 9 | Article 926462
TABLE 4 | Calanus finmarchicus: Abundance and percentage contribution of late development stages in MOCNESS deployments at three locations in the Fram Strait.

Station Water column depth interval Stage Abundance (ind. m-2) %

NT11
(WFS)

Upper
(0-250m)

CIV 3534.25 53%
CV 2103.03 31%
Fem 157.57 2%

Mid
(250-500 m)

CIV 364.26 5%
CV 460.21 7%
Fem 21.76 0%

Deep
(500-1000 m)

CIV 34.24 1%
CV 28.47 0%
Fem 6.76 0%

Sum (0-1000 m) CIV-Fem 6710.55
D1
(EFS)

Upper
(0-250m)

CIV 4991.36 25%
CV 9003.23 45%
Fem 1354.21 7%

Mid
(250-500 m)

CIV 819.88 4%
CV 2832.46 14%
Fem 333.00 2%

Deep
(500-1000 m)

CIV 211.92 1%
CV 262.26 1%
Fem 77.39 0%

Sum (0-1000 m) CIV-Fem 19885.71
D2
(EFS)

Upper
(0-250m)

CIV 21368.66 48%
CV 3448.56 8%
Fem 1023.87 2%

Mid
(250-500 m)

CIV 1992.30 4%
CV 5421.30 12%
Fem 855.56 2%

Deep
(500-1000 m)

CIV 1700.24 4%
CV 6840.22 15%
Fem 2109.24 5%

Sum (0-1000 m) CIV-Fem 44759.95
Samples from the eight 125 m depth intervals have been merged to derive three major depth zones.
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and 1,000 m (Eqs. 17 and 21). Individual fluxes from Station
NT11 were used for all locations in the WFS, while an average
of individual fluxes from Stations D1 and D2 was used for all
locations in the EFS. Spatial variation in C flux is visualised in
Figure 6, which shows the large difference in the magnitude of
the flux between the WFS and EFS. The maximum flux in the
WFS was 0.61 g C m−2 year−1 at Station NT11, with the average
across the WFS being 0.31 g C m−2 year−1 (SD 0.22). In the
EFS, the maximum flux was 5.92 g C m−2 year−1 at Station D4,
with both sampling efforts at Station D2 also generating flux
estimates greater than 3 g C m−2 year−1. Nevertheless, there
were also regions in the EFS where flux was below 0.5 g C m−2

year−1, such as at Stations D7, D8, and D9. Hence, the average
across the EFS, of 2.04 g C m−2 year−1 (SD 1.90), was much
lower than the maximum. Furthermore, the influence of
patchiness on flux estimates is illustrated well by the contrast
between the two sampling efforts at Station D4 where the
second sampling effort generated a flux estimate that was less
than half of the first.
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DISCUSSION

Field sampling of the Fram Strait found C. finmarchicus
abundance to be spatially variable, with high values occurring
mainly in the eastern region (EFS). Individual copepods were
generally large in size but not necessarily high in levels of lipid
reserve. Nevertheless, for many, these reserves were sufficient to
survive the overwintering period and reproduce the following
spring (Tarling et al., 2022). Although many individuals had
already descended to depth by the time of sampling in late
summer and early autumn, a substantial fraction of the
population was still in the surface layers, with individuals often
containing larger lipid reserves than those in the deeper layers.
Altogether, we calculated that the rate of C flux generated by this
entire population, assuming all enter diapause, was equivalent to
that in many boreal areas considered to be distributional
epicentres of this species. Below, we consider further the
patterns and variability in our observations and provide some
wider context to our findings.
TABLE 5 | Calanus finmarchicus: Body conditions metrics for CV and females captured at three locations in the Fram Strait.

Total C (ug;
±SD)

Prosome
length (mm;

±SD)

Lipid sac
length (mm;

±SD)

Lipid sac area
(mm2; ±SD)

Lipid sac
volume (mm3;

±SD)

Wax ester (WE)
mass (mg; ±SD)

WE C (mg;
±SD)

Structural
carbon (mg;

±SD)
Measurement Direct Direct Direct Direct Eq. 1 Eq. 2 0.79·WE Total C – WE

C

NT11
(WFS)

Upper CV 309.13
(±76.15)

2.78 (±0.35) 2.71 (±0.33) 1.18 (±0.22) 0.43 (±0.15) 213.47 (±52.29) 168.64
(±41.31)

140.48 (±39.53)

Fem 279.26
(±56.56)

2.76 (±0.20) 2.67 (±0.21) 1.06 (±0.14) 0.34 (±0.08) 182.80 (±34.46) 144.41
(±27.22)

134.85 (±32.32)

Mid CV 258.19
(±104.95)

2.56 (±0.29) 2.45 (±0.27) 1.03 (±0.27) 0.35 (±0.16) 177.93 (±64.67) 140.57
(±51.09)

117.63 (±77.39)

Fem 224.91
(±79.26)

2.62 (±0.20) 2.52 (±0.19) 0.93 (±0.23) 0.28 (±0.13) 153.61 (±53.61) 121.35
(±42.35)

103.56 (±63.40)

Deep CV
and
Fem

Not available Not available Not available Not available Not available Not available Not available Not available

D1
(EFS)

Upper CV 329.31
(±57.46)

2.63 (±0.11) 2.54 (±0.12) 1.26 (±0.15) 0.50 (±0.11) 233.95 (±40.20) 184.82
(±31.76)

144.49 (±36.28)

Fem 277.60
(±71.18)

2.62 (±0.17) 2.48 (±0.18) 1.03 (±0.23) 0.34 (±0.14) 175.80 (±56.47) 138.88
(±44.61)

138.71 (±31.80)

Mid CV 368.75
(±71.41)

2.61 (±0.14) 2.49 (±0.17) 1.19 (±0.24) 0.46 (±0.16) 217.13 (±60.56) 171.53
(±47.84)

197.22 (±52.43)

Fem 295.39
(±77.36)

2.68 (±0.15) 2.57 (±0.15) 1.14 (±0.25) 0.41 (±0.16) 202.69 (±62.78) 160.13
(±49.60)

135.26 (±35.20)

Deep CV 296.14
(±102.73)

2.49 (±0.18) 2.36 (±0.20) 1.00 (±0.26) 0.34 (±0.15) 169.84 (±60.99) 134.18
(±48.18)

161.97 (±72.57)

Fem 267.39
(±68.25)

2.77 (±0.16) 2.62 (±0.12) 0.99 (±0.25) 0.31 (±0.15) 167.15 (±59.20) 132.05
(±46.77)

135.34 (±56.41)

D2
(EFS)

Upper CV 401.00
(±151.89)

2.91 (±0.29) 2.77 (±0.27) 1.39 (±0.37) 0.57 (±0.24) 273.13 (±99.72) 215.78
(±78.78)

185.22 (±80.02)

Fem Not available Not available Not available Not available Not available Not available Not available Not available
Mid CV 321.68

(±97.64)
2.62 (±0.14) 2.44 (±0.22) 0.99 (±0.22) 0.33 (±0.13) 166.46 (±51.92) 131.50

(±41.02)
190.17 (±96.59)

Fem 266.40
(±64.71)

2.68 (±0.15) 2.57 (±0.15) 1.15 (±0.17) 0.41 (±0.11) 204.36 (±43.77) 161.44
(±34.58)

104.96 (±45.78)

Deep CV 298.43
(±97.19)

2.56 (±0.12) 2.42 (±0.17) 1.11 (±0.27) 0.41 (±0.18) 196.01 (±65.50) 154.85
(±51.75)

143.58 (±68.35)

Fem 264.09)
(±67.46

2.73 (±0.12) 2.59 (±0.14) 1.02 (±0.24) 0.33 (±0.15) 173.92 (±59.68) 137.40
(±47.14)

126.69 (±40.07)
June 20
22 | Volume 9
Samples from the eight 125 m depth intervals have been merged to derive three major depth zones. Total C, Prosome length, Lipid sac length and Lipid sac area were measured for each
individual directly. The remaining metrics were derived through the application of formulas and factors.
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SPECIES DISTRIBUTION

According to our molecular analyses, we found that C.
finmarchicus was the dominant Calanus species in the surface
layer (0–200 m) across the majority of the Fram Strait. In any of
the surface layer samples, C. glacialismade up less than 4% of the
total 16S sequence reads. C. hyperboreus was mainly found in the
mid and deep water column (data not shown) with few, if any,
present in the surface layers. While, at the time of sampling, the
C. finmarchicus population appeared to be transitioning between
the summer and overwintering life-cycle phase, most C.
hyperboreus had already undertaken seasonal migration to
depth, consistent with previous studies (Hirche, 1997; Scott
et al., 2000; Visser et al., 2017). The relative absence of C.
glacialis in our samples most likely reflects that most sample
locations were open ocean and away from the preferred shelf
habitat of this species (Weydmann et al., 2016; Feng et al., 2018).
Melle et al. (2014) proposed that maximum C. finmarchicus
Frontiers in Marine Science | www.frontiersin.org 11
abundances occur within, or close to, deep ocean basins. High
abundances are also often close to overwintering centres (Heath
et al., 2000a; Speirs et al., 2004; Torgersen and Huse, 2005; Heath
et al., 2008; Head et al., 2013). Major C. finmarchicus epicentres
that neighbour the Fram Strait are the Labrador Sea and the sub-
polar gyre of the Norwegian Sea (Melle et al., 2014). It is unlikely
that the Labrador Sea is a major source of C. finmarchicus to the
Fram Strait given that the two regions are separated by the
southwards flowing EGC that would act to move Labrador Sea
expatriates away from the Fram Strait. Input of C. finmarchicus
into the Fram Strait from the Norwegian Sea via northwards
transport of AW by the WSC and then recirculation is more
likely (Ringuette et al., 2002; Hirche and Kosobokova, 2007).
Indeed, models have estimated that 1.5 Mt C year−1 of C.
finmarchicus are fluxed into the Fram Strait by the WSC
(Gluchowska et al., 2017). This is consistent with our further
finding that C. finmarchicus showed the highest abundances
towards the east of the Fram Strait, where the influence of the
WSC is the greatest. Nevertheless, although these inputs are
likely to dominate total population abundance of C. finmarchicus
in the Fram Strait, Tarling et al. (2022) proposed that local
recruitment also takes place. They found early developmental
stages of C. finmarchicus in the region during early summer that
could not have originated from remote epicentres.
POPULATION ABUNDANCE

Across all stages (CIV, CV, and CVI female), total water column
abundance varied between 878 and 45,000 ind m−2, with the
average value for the EFS being 15,644 ind m−2 (15,363 SD) and
the WFS being 3,387 ind m−2 (2,352 SD). For the EFS,
abundances are comparable to those of overwintering
populations found in C. finmarchicus epicentres further south.
For instance, in the Eastern and Central Norwegian Sea, Dale
et al. (1999) and Heath et al. (2004) estimated abundances
between 35,000 to 56,000 ind m−2, while in Nova Scotia and
Newfoundland Basins, Gulf of Maine, and Iceland Sea, densities
regularly fall in the range of 15,000 to 60,000 ind m−2 (Head and
Pepin, 2008; Gislason and Silva, 2012; Runge et al., 2015). This
emphasises that the EFS is no longer a marginal environment for
C. finmarchicus but is a region where this species now thrives.
Nevertheless, the comparatively low abundances in the WFS
FIGURE 5 | Calanus finmarchicus: distribution of carbon total weight (µg, left)
and lipid sac area (mm2, right) in CV and females in the upper, mid, and deep
depth strata at stations NT11, D1 and D2.
TABLE 6 | Calanus finmarchicus: Life-cycle parameters influencing C flux by individuals and the population at each of the three station locations where MOCNESS
deployments were made.

Abund.
(ind. m-2)

Individual
respiration

rate
(µg C ind-1 d-1)

± SD

Length of dia-
pause (d)± SD

Individual
respiration

flux
(µg C ind-1 y-1)

Individual
storage lipid

flux
(µg C ind-1 y-1)

Individual
structural C

flux
(µg C ind-1 d-1)

Population
respiration

flux
(g C m-2 y-1)

Population
storage lipid

flux
(g C m-2 y-1)

Population
structural C

flux
(g C m-2 y-1)

Total popu-
lation C flux
(g C m-2 y-1)

NT11
(WFS)

6711 0.69 ±0.15 137 ±58 72.82 9.63 9.57 0.49 0.06 0.06 0.62

D1
(EFS)

19886 0.82 ±0.18 115 ±23 111.36 16.25 14.75 2.21 0.32 0.29 2.83

D2
(EFS)

44760 0.93 ±0.26 110 ±42 90.53 9.69 10.41 4.05 0.43 0.47 4.95
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show that not all parts of this Arctic region are equally favourable
to this species, with differences in seasonality in primary
production and sea-ice (Freer et al., 2021) and advective inputs
(Wassmann et al., 2015) being major factors. Therefore, it is
necessary to make a biogeographic distinction between Fram
Strait regions primarily influenced by the EGC and those by
the WSC.
BODY CONDITION AND LIPID RESERVES

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

The mean prosome length of Fram Strait C. finmarchicus CVs
varied between 2.5 and 2.9 mm. These values are towards the
upper end of C. finmarchicus sizes in populations found
elsewhere. In a collation of a large number of boreal sectors by
Jónasdóttir et al. (2019), the mean prosome length of C.
finmarchicus CVs was 2.3 mm, with a range of 2.2 to 2.5 mm.
Frontiers in Marine Science | www.frontiersin.org 12
Indeed, prosome lengths of 2.9 mm for CV are at the upper size
limit of this species, beyond which they are designated as C.
glacialis according to morphological and pigmentation studies
(Lindeque et al., 2022; Kwasniewski et al., 2003; Arnkværn et al.,
2005; Gabrielsen et al., 2012). Nevertheless, we are confident in
our species designation given the accompanying molecular
analyses confirming that C. finmarchicus made up >95% of all
Calanus specimens captured (see above). Large body size likely
reflects the adherence of this species to the temperature-size rule
(Atkinson, 1995) where individuals are generally larger at lower
temperatures, although the ecophysiological mechanisms that
drive this phenomenon are far from fully agreed upon (Angilletta
et al., 2003; Hoefnagel and Verberk, 2015; Verberk et al., 2021).

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

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

The fact that deep individuals in the Fram Strait do not have
the highest body condition does not comply with one prevailing
hypothesis that descent and entry to diapause is a physiologically
induced hormonal response triggered by reaching a storage
threshold (Rey-Rassat et al., 2002; Irigoien, 2004). For such a
mechanism to be correct, we would expect to find that the
majority of CVs that have already descended are at the upper
end of the range of storage lipid volumes. It therefore appears
that these deep individuals have responded to a different or
additional cue to descend and enter diapause. What these cues
may be remain uncertain since none have yet been identified that
can explain the array of diapause entry and exit times observed
FIGURE 6 | Calanus finmarchicus: carbon flux (gC m−2 year−1) as a result of
respiration during diapause and mortality (divided into storage lipid and
structural carbon) at locations sampled in the Fram Strait either by MOCNESS
(M) or Bongo (B). Station locations are arranged according to whether they
occur in the West Fram Strait (WFS) and East Fram Strait (EFS) zones.
June 2022 | Volume 9 | Article 926462

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Tarling et al. Fram Strait Lipid Pump
over the wide distributional range of this species (Hirche, 1996;
Johnson et al., 2008; Bandara et al., 2021).
DIAPAUSE DURATION

Following the calculation method of Jónasdóttir et al. (2019), we
estimated the mean diapause duration to be 126 days (SD 43) in
the WFS and up to 106 days (SD 22) in the EFS. The longer
duration in the WFS is somewhat surprising given that storage
lipid levels were lower in that sector. However, this is countered
by the considerably lower mean respiration rate in the WFS (0.73
µg C ind−1 day−1 SD 0.17) than in the EFS (0.89 µg C ind−1 day−1

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

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

The present study also demonstrates that a shift in Calanus
species may bring further changes in terms of the timing and
duration of diapause. In turn, this will alter when reproduction
and spawning occur and the subsequent appearance of eggs and
early larval stages. Boreal fish species, such as capelin, Atlantic cod,
and mackerel, thrive on eggs and larvae of C. finmarchicus (Bjørke,
1976; Heath and Lough, 2007), and their capability to synchronise
their life cycles with those ofC. finmarchicus in the Fram Strait will
determine whether they too will become a dominant component
Frontiers in Marine Science | www.frontiersin.org 13
of this environment. Given that many C. finmarchicus fish
predators are commercially harvested, this may in turn lead to a
northwards migration of the fishing fleet. Meanwhile, the fate of
resident Arctic species, such as Arctic cod, may be one of further
poleward retreat if they are to maintain their preference for C.
glacialis prey (Bouchard and Fortier, 2020).
C FLUX COMPONENTS

We found the flux of C generated by the seasonal vertical
migration of C. finmarchicus in the Fram Strait to be
dominated by the respiration of individuals at depth during
diapause. The average population respiration flux amounted to
0.25 g C m−2 year−1 (SD 0.17) in the WFS and 1.64 g C m−2

year−1 (SD 1.53) in the EFS. By comparison, C flux resulting from
the mortality of overwintering individuals at depth was an order
of magnitude lower, at 0.03 g C m−2 year−1 (SD 0.02) for both
storage lipid and structural C flux in the WFS and 0.21 g C m−2

year−1 (SD 0.19) and 0.20 g C m−2 year−1 (SD 0.19), respectively,
in the EFS. A major sensitivity in the estimation of respiration
flux is the rate of respiration during the overwintering period. In
the present study, we calculated this following the method of
Visser et al. (2017), who applied metabolic theory. This also
allowed direct comparison with the respiration flux estimates of
Jónasdóttir et al. (2019) across the boreal North Atlantic.
Nevertheless, there are alternative methods for calculating
overwintering respiration rate, such as that proposed by
Saumweber and Durbin (2006) and since applied by Pierson
et al. (2013). We found very similar rates when applying this
alternative method to our data (mean across all individuals of
1.08 µg C ind−1 day−1 (SD 0.37) for Saumweber and Durbin
(2006) method compared to 1.06 µg C ind−1 day−1 (SD 0.38) for
the Visser et al. (2017) method used in the present study). Even
so, varying the metabolic rate or diapause length has the effect of
using up the same reserves at a different rate with little impact on
the final estimate of annual C flux.

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

We found that the total population C flux generated by the
combination of respiration and mortality over winter
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amounted to 0.31 g C m−2 year−1 (SD 0.22) in the WFS and 2.04
g C m−2 year−1 (SD 1.90) in the EFS. These values fall within the
range estimated for C. finmarchicus in other sectors of the
boreal North Atlantic, as collated by Jónasdóttir et al. (2019). In
the case of the WFS, similarly low values were found for the
Rockall Basin and the North Sea (Table 7). For the EFS, rates
were in the same order as those in the Irminger Basin (3.18 g C
m−2 year−1), Iceland Basin (4.28 g C m−2 year−1), and West
Norwegian Sea (4.69 g C m−2 year−1). Moreover, EFS rates fall
in the broad range of those reported for different species. In the
Nordic Seas, Visser et al. (2017) found rates of between 3 and 5
g C m−2 year−1 for C. hyperboreus. In the Southern Ocean,
Bradford-Grieve et al. (2001) reported values of between 2 and
9 g C m−2 year−1 for Neocalanus tonsus, while in the Pacific sub-
Frontiers in Marine Science | www.frontiersin.org 14
Arctic, Kobari et al. (2003) and Kobari et al. (2008) reported
values in the range of 2 and 4 g C m−2 year−1 across all
Neocalanus species.

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

C. finmarchicus is not the only species contributing to the
lipid pump within the Fram Strait since it co-occurs with the
true Arctic conspecifics C. glacialis and C. hyperboreus. As
already mentioned above, C. hyperboreus has been estimated
to generate a flux of 3 to 6 g C m−2 year−1 across the Fram
Strait, Greenland Sea, and Iceland Sea (Visser et al., 2017),
which is of the same order as that determined for C.
finmarchicus in the EFS by the present study. C flux
generated by C. glacialis is yet to be determined but, given
its similar size and overwintering lifestyle, may also be
equivalent to the other two. Hence, the total contribution to
C flux in this region from all Calanus species could likely be
triple and close to 1 Mt C year−1, which would be a substantial
contribution in the wider context. However, a further factor to
consider is that while conditions in the Fram Strait have
become increas ing ly favourab le for the borea l C.
finmarchicus (Freer et al., 2021), they have become less so
for C. glacialis and C. hyperboreus with core distribution
regions shifting ever northwards (Ershova et al., 2021). Therefore,
the true value of C flux generated by C. finmarchicus in the Fram
Strait may be in maintaining the lipid pump as the contribution
from true Arctic conspecifics diminishes.
TABLE 7 | Calanus finmarchicus: Spatially-discrete (g C m-2 y-1) and spatially integrated (Mt C y-1) population C flux for the West Fram Strait (WFS), East Fram Strait
(EFS) and different ocean sectors as calculated by Jónasdóttir et al. (2019).

Sector Population respiration flux (g C
m-2 y-1)

Population storage lipid flux (g C
m-2 y-1)

Population structural C flux (g
C m-2 y-1)

Total population flux (g C
m-2 y-1)

Area
(km2)

Mt C
y-1

WFS* 0.25 0.03 0.03 0.31 169,524 0.06
EFS* 1.64 0.21 0.20 2.04 133,594 0.27
LS 4.62 0.49 0.61 5.72 870,682 4.98
IRM 2.64 0.24 0.30 3.18 613,423 1.95
EGR 0.89 0.12 0.14 1.15 151,326 0.17
ICS 6.07 0.90 1.11 8.09 360,348 2.91
ICB 3.58 0.31 0.38 4.28 964,220 4.12
ROC 0.43 0.03 0.03 0.49 509,477 0.25
WNS 3.60 0.49 0.60 4.69 182,306 0.86
ENS 8.79 1.22 1.49 11.50 321,938 3.70
NS 0.07 0.00 0.01 0.08 251,410 0.02
Sum 4,528,248 19.30
June 2022 | Volume
 9 | Article
Areas for each sector were calculated through GIS analysis of their Figure 1. LS – Labrador Sea, IRM – Irminger Sea, EGR – East Greenland Sea, ICS – Iceland Sea, ICB – Iceland Basin,
ROC – Rockall Basin, WNS – West Norwegian Sea, ENS – Eastern Norwegian Sea, NS – North Sea. * present study.
FIGURE 7 | Oceanographic zones designated by Jónasdóttir et al. (2019) to
determine spatial variation in Calanus finmarchicus lipid content and carbon
flux. Zones for the West Fram Strait (WFS) and East Fram Strait (EFS) have
been added by the present study.
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CONCLUDING REMARKS

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

This study contributes to a growing awareness of the dynamic
responses of critical basal marine species to changing
environmental conditions likely resulting from climate change.
The rapidity with which planktonic species such as Calanus can
respond to change may have important impacts on broader
ecosystem function. While our understanding of the life-cycle
strategies of this species group is maturing, our ability to predict
environmental responses remains in its infancy. What we are
now appreciating is that how these species respond will have a
major influence on lipid pump magnitude and their role within
the marine carbon cycle.
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