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A B S T R A C T

The largest Calanus species in the Nordic Seas is also the copepod for which we have the poorest knowledge.
Recent studies have shown that C. hyperboreus is more likely of sub-Arctic rather than Arctic origins, and
the Nordic Seas are part of its core distribution areas worldwide. Large size and high fat content makes
C. hyperboreus important prey for planktivores, and the Nordic Seas serve as main feeding grounds for a
considerable biomass of planktivorous fish. We develop an individual-based model (IBM) based on existing
knowledge of growth and life history of C. hyperboreus, and couple the IBM to an ecosystem model system
encompassing physics, a nutrients–phytoplankton–zooplankton–detritus (NPZD) model and an IBM of the
Atlantic congener C. finmarchicus. Given the main circulation routes in the region, a key question we address in
this study is why C. hyperboreus is measured in low abundances in the (presumably) more favourable Norwegian
Sea environment. We show that a core population of C. hyperboreus in the Greenland Sea supplies individuals
to both the Iceland and Norwegian Seas, and that most copepods will visit more than one of the three regions
during their life time. Advective pathways through environmental gradients creates intraspecific variation
in development rates as reported by in situ observational studies. Furthermore, our results suggest that low
abundances in the Norwegian Sea are more likely controlled by top-down processes (predation) rather than
environmental limitations on growth or resource competition with C. finmarchicus.
1. Introduction

With its large size, Calanus hyperboreus is easily distinguished from
other calanoids when analysing zooplankton samples with a micro-
scope. It is one of four Calanus species present in the Nordic Seas
(Greenland, Iceland and Norwegian Sea, Fig. 1) where we also find
its congeners C. finmarchicus, C. glacialis and C. helgolandicus (Conover,
1988; Strand et al., 2020). Around 20 million tonnes of pelagic, plank-
tivorous fish utilize the Nordic Seas as main foraging grounds (ICES,
2020) and feed on calanoid copepods (Bachiller et al., 2016). Larger
body size means that C. hyperboreus has a greater total lipid content
than its congeners (Renaud et al., 2018), making it an important
prey source supporting high growth rates for fish (van Deurs et al.,
2015). Still, the current knowledge on the spatial distribution and
population dynamics of C. hyperboreus in this region of economically
important fisheries is based on few sources (Broms et al., 2009), and
the structuring mechanisms remain unclear.

C. hyperboreus is generally referred to as an Arctic copepod (e.g.
Falk-Petersen et al., 2009) and has some key characteristics that fa-
cilitates survival despite highly unpredictable food supply, a feature
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characteristic of Arctic marine ecosystems. It may overwinter as early
as copepodite stage C3 (Østvedt, 1955; Ashjian et al., 2003), and spends
up to 4 years or more to complete a life cycle (Hirche, 1997; Falk-
Petersen et al., 2009). Both egg production and survival through the
first nauplii stages are not dependent on external food sources but fu-
elled by lipid reserves in the adult and eggs, respectively (Niehoff et al.,
2002; Jung-Madsen et al., 2013). Eggs laid by female C. hyperboreus are
larger and more lipid-rich than eggs from the other calanoids (Jung-
Madsen et al., 2013). Furthermore, experimental studies have suggested
that female C. hyperboreus may be capable of spawning during succes-
sive years (Plourde et al., 2003; Hirche, 2013), which is considered a
unique trait amongst the Calanus species and presumably enhances the
chance of successful recruitment.

Conover (1988) described C. hyperboreus as an Arctic endemic, and
suggested that its presence in sub-Arctic regions was a result of expa-
triation; the large size and energy reserves would aid survival during
expatriation, leading to longer transportation distances compared to
other Arctic zooplankton. Later, the Greenland Sea has been pointed
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Fig. 1. Map of the Nordic (Greenland, Iceland and Norwegian) Seas and adjacent
regions, with bottom topography and main circulation features.

to as a core overwintering area supplying individuals transported both
southwards into the Iceland and Norwegian Seas and northwards to
the Arctic Ocean (Hirche, 1991, 1997). Recent data compilations have
demonstrated that this species is in fact more abundant in sub-Arctic
than in Arctic regions, and indicates that C. hyperboreus is an expatriate
rather than endemic species to the Arctic (Kvile et al., 2018). In the
Nordic Seas, C. hyperboreus is often associated with Arctic waters (e.g.
Astthorsson and Gislason, 2003; Broms et al., 2009; Strand et al.,
2020). It may dominate in biomass both in the Iceland (Astthorsson and
Gislason, 2003) and Greenland Seas, in the latter it has been observed
in dense aggregations as deep as 2500 m (Hirche et al., 2006). The
presence in the Norwegian Sea is considered negligible (Broms et al.,
2009), though it has been found to coexist with other Calanus species
in Norwegian fjords (Choquet et al., 2017).

Copepods drift with the ocean currents, and core populations must
be upheld by circulation loops or similar advective forces that enable
life cycle closure within a specific area. The Greenland Sea Gyre is
presumably key for maintaining a core population of C. hyperboreus in
the Greenland Sea (Falk-Petersen et al., 2009). Nevertheless, it must
exit this gyre to distribute further south into the Iceland Sea. Given
the long life cycle (3–6 years) and dominating current regimes in the
Nordic Seas (Mork and Blindheim, 2000; Aksnes and Blindheim, 1996)
(Fig. 1) one should perhaps expect a higher abundance of C. hyper-
boreus also in the Norwegian Sea. Why this species is observed in low
abundances here compared to other regions in the Nordic Seas is a key
question we address in this study. Low abundances in the Norwegian
Sea have earlier been ascribed to expatriation from the Greenland Sea
Gyre (Carstensen et al., 2012) and premature recruitment in relation to
the spring bloom leading to unsuccessful reproduction in warm Atlantic
water (Broms et al., 2009). Historic observations from Weather Station
M (66◦N, 2◦E) did nevertheless demonstrate reproductive activity by
C. hyperboreus here (Østvedt, 1955).
2

Modelling is a useful tool for studying the complex dynamics be-
tween zooplankton and their environment (e.g. Dorman et al., 2015;
Xu et al., 2015; Stillman et al., 2015), and individual-based models
(IBMs) allow explicit inclusion of individual variation in the model
population (DeAngelis and Mooij, 2005; Grimm and Railsback, 2005).
Here, we develop an IBM of C. hyperboreus encompassing observed
individual variation, and couple it to an established ecosystem model;
NORWECOM.E2E. In synthesizing existing C. hyperboreus observational
and experimental knowledge within this model framework, we study
the development and spatial distribution of a population advected
through environmental gradients within the Nordic Seas. Moreover, we
ask whether low abundances in the Norwegian Sea can be attributed
to (i) expatriation from the Greenland Sea Gyre, (ii) unsuccessful
recruitment due to mismatch between reproduction and the timing of
the spring bloom, (iii) poor growth due to interspecific competition
with the highly abundant C. finmarchicus or (iv) top-down population
control by planktivore predation. The first three hypotheses imply that
C. hyperboreus encounters unfavourable conditions when advected into
the Norwegian Sea, in line with the established view of environmental
control on this species’ distribution. The latter (iv), however, implies
that C. hyperboreus has the ability to thrive under Norwegian Sea
environmental conditions, which is a new perspective that may call for
a revision of the current understanding of this calanoid copepod.

2. Material and methods

2.1. NORWECOM.E2E

The NORWegian ECOlogical Model system End-To-End (NORWE-
COM.E2E) is a merger of an NPZD model for plankton and nutrient
cycling (Aksnes et al., 1995; Skogen et al., 1995) and different IBMs
developed initially for zooplankton (Hjøllo et al., 2012) and fish (Utne
et al., 2012). The system also includes modules for ocean acidifica-
tion (Skogen et al., 2014) and contaminants (Green et al., 2011), and
NORWECOM.E2E couples all components into one, integrated ecosys-
tem model where one can use all or a selected number of modules in a
simulation.

In this study, we present a newly developed IBM for C. hyper-
boreus (Section 2.2), which is used together with the NPZD and an
IBM module for the congener C. finmarchicus. Physical ocean fields
(velocities, salinity, temperature, water level and sea ice) are taken
from a hindcast simulation (Budgell, 2005; Lien et al., 2006) using the
ROMS model (Shchepetkin and McWilliams, 2005). The horizontal grid
in the model domain (Fig. 1) is identical to a subdomain of the original
ROMS grid, with a spatial resolution close to 20 × 20 km.

The NPZD is coupled to the physical model through light, hydrog-
raphy and the horizontal and vertical movement of water masses.
Prognostic variables are dissolved inorganic nitrogen (DIN), phospho-
rous (PHO) and silicate (SI), two different types of phytoplankton
(diatoms and flagellates), two detritus pools (N and P), diatom skeletal
(biogenic silica) and oxygen. Two types of generic zooplankton (meso-
and microzooplankton) are included in the NPZD based on a module
taken from the ECOHAM4 model (Moll and Stegert, 2007; Stegert et al.,
2009; Pätsch et al., 2009). Processes in the NPZD are primary and
secondary production, grazing by zooplankton on phytoplankton, and
detritus, respiration, algae death, remineralization of inorganic nutri-
ents from dead organic matter, self shading, turbidity, sedimentation,
resuspension, sedimental burial and denitrification. Remineralization
takes place both in the water column and in the sediments. Particulate
matter has a sinking speed relative to the water and may accumulate
on the bottom if the bottom stress is below a certain threshold value,
or become resuspended if the bottom stress is above a limit. Parameter-
ization of the biochemical processes is taken from the literature based
on experiments in laboratories and mesocosms, or deduced from field
measurements (Aksnes et al., 1995; Pohlmann and Puls, 1994; Mayer,
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1995; Gehlen et al., 1995; Lohse et al., 1995, 1996; Bode et al., 2004;
Garber, 1984).

The incident irradiation used in the biochemical model is formu-
lated based on Skartveit and Olseth (1986, 1987) using short wave
radiation outputs from the ROMS simulation, and corrected linearly at
the sea surface using the modelled ice concentration. Typical winter
values of Atlantic Water in the Norwegian Sea has been used as nutrient
initial fields (F. Rey, pers.comm.), together with some small initial
amounts of phyto- and zooplankton. These values are also used at the
open boundaries. Inorganic nitrogen is added to the system from the
atmosphere, while there are no river inputs of nutrients. To absorb
inconsistencies between the forced boundary conditions and the model
results, a 7 gridcell ‘‘Flow Relaxation Scheme’’ (FRS) zone (Martinsen
and Engedahl, 1987) is used around the open boundaries.

2.2. New Calanus hyperboreus IBM module

We here describe the C. hyperboreus IBM following the overview,
esign concepts and details (ODD) protocol (Grimm et al., 2006, 2010)
o enhance readability and reproducibility of individual-based models.

.2.1. Purpose
The C. hyperboreus IBM builds on an existing IBM for C. finmarchicus,

ut is adjusted to capture key traits of C. hyperboreus from the scientific
iterature. Our main purpose with this model is to study the spatial
istribution and life history variation of C. hyperboreus in relation
o the environment of the Nordic Seas. In addition, the model has
een constructed so that estimates of annual biomass production and
otal food consumption can be investigated. Since the IBM is set up
s a module in NORWECOM.E2E it can also be used to investigate
nteractions between the organisms included in this model system.

.2.2. Entities, state variables and scales
Model entities comprise individual copepods, hereafter referred to

s ‘‘compupods’’ for easier separation between modelled and actual
rganisms (following Maps et al., 2014), and their environment. Com-
upods are simulated through a full life cycle from eggs to spawning
dults (13 stages, Table 1). Each compupod is associated with an
ttribute vector (Chambers, 1993; Huse et al., 2018) consisting of
7 states including the structural weight, fat reserves, horizontal and
ertical position and age, as well as parent and (possible) death reason
Table 1). Due to the numerically vast numbers of C. hyperboreus in
he Nordic Seas, each compupod is assumed to represent a varying
umber of identical siblings following the super-individual (SI) ap-
roach (Scheffer et al., 1995). In addition to the attribute vector,
ompupods also keep a strategy vector (Huse et al., 1999) onto which
he behavioural strategy is coded. In the present model, the strat-
gy vector contains three behavioural and life history traits or genes
Table 1) used to determine the vertical annual cycle: overwintering
epth (OWD), wake up day from diapause (WUD) and daynumber for
escending to diapause (enter diapause day, EDD). The WUD trait was
irst presented by Fiksen (2000), while OWD is from Huse et al. (2018)
nd EDD is introduced in the present work. The IBM is coupled to
he surrounding environment through the physical forcing, the NPZD
odel and other IBMs in the NORWECOM.E2E model system (only C.
inmarchicus IBM in the present study), and is flexible in the way that
t operates on the same spatial grid as the physical model.

.2.3. Process overview and scheduling
Processes governing the compupods are feeding, growth, movement,

ortality and reproduction, and the IBM is run with a time step of
ne hour. The first four processes are updated by the hour, while
eproduction is computed on a 24 h (daily) basis. Compupods start
eeding at stage C3, and development up to this point is temperature
ependent predicted by a Belehradek’s function (Conover, 1967). From
3, growth is calculated as a function of food density, temperature
3

b

nd size using a functional response type 2 relationship (Carlotti and
olf, 1998). Growth is accumulated in the structural weight, and also

tored as fat for stages C4–C6. During times of negative growth, stored
at is depleted before the structural weight is reduced. Compupods
re assumed to change stage when a stage specific critical weight is
chieved (Table 2). Movement is both vertical, on diel and seasonal
ycles, and horizontal in passive drift with ocean currents. A sex ratio
f 1:1 is assumed and all males are killed when becoming adults.
emale compupods spawn in batches, and the total number of eggs
s a function of their fat reserves. Mortality consists of (i) unspecified
auses through a stage dependent death rate, (ii) starvation when the
eight goes below a critical weight, (iii) exhaustion if a maximum
umber of eggs have been spawned, (iv) size-dependent predation
rom pelagic, mesopelagic and tactile predators, and (v) extra mortality
utside the Greenland and Iceland Seas (see Discussion). The total
ortality rate is adjusted based on the total stock biomass, simulating
ensity-dependent processes and as a way of tuning the model to better
it with stock biomass estimates of C. hyperboreus in the Nordic seas.

.2.4. Design concepts
mergence

Spatial and temporal population dynamics emerge from the growth
nd behaviour of individual compupods. At the individual level, com-
upod attributes like position and fat reserves emerge from interactions
etween individuals and the modelled environment.
daptation

The three genes in the strategy vector are inherited from mother
o offspring and remain fixed over a compupod life cycle. However,
he gene frequency at population level will to some extent be subject
o adaptation through varying reproductive success among the com-
upods. Individuals with the ‘‘better’’ genes (e.g. in timing of descent
nd ascent) will produce more offspring and over time make a larger
ontribution to the total gene pool, thus improving the fitness of the
opulation as a whole.
ensing

Individuals are assumed to be able to sense the ambient chlorophyll
nd light levels, and to be aware of their own vertical position. Hence,
hey may locate the depth of chlorophyll maximum, avoid the upper
ayers during sunlight and reach the correct depth for overwintering
OWD). Compupods are also assumed to sense the day number, which
s used for limiting spawning to (i) winter (November–March) and (ii)
very 10th day (see Reproduction), and for deciding when to descend
o and ascend from overwintering.
nteractions

The IBM for C. hyperboreus enforces grazing on phytoplankton and
redation on microzooplankton in the NPZD in competition with the
BM for C. finmarchicus. Both IBMs are two-way coupled with the
PZD, meaning that the IBMs receive input on food density from the
PZD, and consumption in the IBMs is updated as reduced phyto- and
icrozooplankton availability in the NPZD. Feeding is modelled one

ndividual at a time, and local food resources will be higher for those
ating first. Hence, there is competition for food both for individuals
rom the same IBM, and between the two IBMs.
tochasticity

Stochasticity is used at initiation with random distribution of the
enes in the strategy vector as well as the initial position of compupods
though within defined limits, see Initialization below). Feeding order
s computed at random each time step, both between the different
BMs and between all SI for a given IBM. There is also a random walk
omponent in the horizontal movement of an SI to represent sub grid
iffusion processes. When an SI reaches the adult stage, sex is decided
y random and all males are killed. Nauplia N1 and N2 are given a
andom vertical position within the upper 40 m each time step.
ollectives

Modelled compupods are SI that each represent one or more iden-
ical siblings with similar attributes and strategies, but that die off one

y one.
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Table 1
The attribute and strategy vectors.
Attribute/Strategy Explanation

Alive Dead = 0, Alive = 1
Position Gridposition (x,y,z)
Mynumb Unique SI identifier
Inumb Internal number
Stage Egg, Nauplia N1–N6, Copepodite C1–C6
Age Age in years
Sweight Structural weight in μg C
Fat Fat weight in μg C
Lstage Stage longevity in days
Moult Moult cycle fraction for egg and N1–C2
Maxegg Number of eggs to be spawned
Cumegg Accumulated number of eggs spawned
Activity 0 = diapause, 1 = active, 2 = descending 3 = ascending
Sex 0 = male, 1 = female
Death Cause of death
Parent SI identifier of parent

OWD Overwintering depth (600–1000 m)
WUD Wake-up-day from diapause (March 1 – May 15) (Hirche, 1997)
EDD Enter-diapause-day (July 5 – August 25) (Hirche, 1997)
Table 2
Overview of model parameters.
Parameters Value Unit Reference

N1 weight (W) 0.53 μg C Jung-Madsen et al. (2013)
N2 0.41 μg C Jung-Madsen et al. (2013)
N3 0.29 μg C Jung-Madsen et al. (2013)
N4 1.20 μg C Jung-Madsen et al. (2013)
N5 2.40 μg C
N6 3.60 μg C
C1 6 μg C Hirche (1997)
C2 24 μg C Hirche (1997)
C3 min W 82 μg C Hirche (1997)
C3 critical W = C4 min W 418 μg C Hirche (1997)
C4 critical W = C5 min W 1430 μg C Hirche (1997)
C5 critical W = C6 min W 2024 μg C Hirche (1997)
Stage dependent mortality (egg) 10 % d−1

Stage dependent mortality (N1–N5) 2.2 % d−1

Stage dependent mortality (N6–C2) 0.15 % d−1

Stage dependent mortality (C3–C6) 0.0 % d−1

Egg stage longevity parameter (Eq. (1)) 1016 Jung-Madsen et al. (2013)
N1 904 Jung-Madsen et al. (2013)
N2 1555 Jung-Madsen et al. (2013)
N3 4449 Jung-Madsen et al. (2013)
N4 5245 Jung-Madsen et al. (2013)
N5 9042 Conover (1967)
N6 6510 Conover (1967)
C1 1446 Conover (1967)
C2 16 276 Conover (1967)
Maximum number of eggs 1500 Conover and Siferd (1993)
Minimum structural spawning weight 869 μg C
Eggweight 0.76 μg C Jung-Madsen et al. (2013)
Eggfat 0.55 μg C Jung-Madsen et al. (2013)
Clutch size 150 eggs Hirche and Niehoff (1996)
I𝑚𝑎𝑥 0.0266 hour−1 Campbell et al. (2009)
Q10 2.0 Campbell et al. (2009)
QR10 1.211
i1 (Eq. (2)) 100 Campbell et al. (2009)
r1 (Eq. (3)) 4 ⋅ 10−4

r2 (Eq. (3)) 0.2
a (Eqs. (2) and (3)) 0.8 Campbell et al. (2009)
𝜆 (Eq. (4)) 0.2
Diapause metabolism 0.1 % day−1 Fiksen (2000)
VM1 (daydepth, C4–C6, Eq. (6)) 13 Huse et al. (2018)
VM2 (daydepth, C4–C6, Eq. (6)) 20 500 Huse et al. (2018)
Observation

For model analyses, all SI and their attributes are stored every

48 h, as well as daily fluxes between the different species and pro-

cesses, e.g. biomass of phytoplankton eaten by C. hyperboreus and dead

biomass of C. hyperboreus from starvation.
4

2.2.5. Initialization
Initial distribution fields simulate a C. hyperboreus population over-

wintering in the Greenland Sea basin. First, 50,000 SI are distributed
randomly between 600 and 1000 m depth and between 70–78◦N and
22◦W-6◦E, restricted to positions where the surface temperature is
below 2.5 ◦C (Arctic water). The internal number in each SI are the
same, and the number of SI are divided equally between copepodite
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stage C3, C4, C5 and adult C6 with weights of 200, 800, 1800 and
2600 μg C, respectively, and a fat content of 61% for C4–C6 (mean fat
content in copepodites C4–C6 in Scott et al., 2000). The three genes
describing the seasonal vertical cycle (WUD, OWD and EDD) are given
as random numbers within a fixed range taken from observational
studies (see Table 1). Following, the model is run in 25 sequences using
physical forcing from 1995, and the output from December 30 on the
final run is stored and used as the initial distribution field for the C.
yperboreus population of the present study. Our main simulation starts
n January 1, 1995, and the biology is allowed to evolve over 26 years
here the first 16 will be referred to as ‘‘spin-ups’’ and the latter 10
s the ‘‘basic simulation’’ years. Forcing from 1995 was chosen since
his is the first year with available forcing, and is used throughout to
ave control over the environmental conditions when evaluating model
erformance.

.2.6. Input data
Input data on light, wind, currents, temperature, salinity and ice

re taken from a previously validated simulation of the ROMS model
Shchepetkin and McWilliams, 2005; Budgell, 2005; Lien et al., 2006),
hile food availability comes from the NPZD of NORWECOM.E2E (see
ection 2.1). The IBM is, however, strictly not driven by the NPZD
onsidering that these are fully (two-way) coupled.

.2.7. Submodels
eeding and growth

Compupods start feeding at stage C3, and mean development time
p to this point (egg–C2) is only temperature dependent and predicted
y a Belehradek’s function (Conover, 1967; Jung-Madsen et al., 2013):

= 𝑎 ⋅ (𝑇 + 12.7)−2.05 (1)

here 𝑎 is a stage dependent parameter and 𝑇 is the temperature in ◦C.
Stages C3–C6 are considered omnivorous and feed on a combination

f phytoplankton (two types; flagellates and diatoms) and microzoo-
lankton from the NPZD. The scientific literature is not consistent
ith regards to the relative importance of grazing versus predation
n microzooplankton in C. hyperboreus’ diet (e.g. Søreide et al., 2008;
ampbell et al., 2009), so for simplicity and in compliance with the C.
inmarchicus IBM we set feeding as non-selective reflecting the relative
roportion of each food source in the environment. Total ingestion is
alculated with a functional response type 2 relationship as a function
f food density (𝑓𝑜𝑜𝑑), 𝑇 and size (𝑊 ) (Carlotti and Wolf, 1998):

= 𝐼𝑚𝑎𝑥 ⋅𝑄10
𝑇 ∕10 ⋅𝑊 𝑎 ⋅

𝑚𝑎𝑥(0, 𝑓𝑜𝑜𝑑 − 𝑡ℎ𝑟𝑒𝑠)
𝑖1 + 𝑚𝑎𝑥(0, 𝑓𝑜𝑜𝑑 − 𝑡ℎ𝑟𝑒𝑠)

(2)

This relationship has been parametrized based on observational data
from Campbell et al. (2009) (Table 2). To avoid the phyto- and mi-
crozooplankton fields from becoming locally extinct, minimum concen-
tration thresholds (𝑡ℎ𝑟𝑒𝑠) set to 0.1 mg N m−3 for each food source
is not available for grazing. This is a purely technical solution and
not based on an observation that calanoids are unable to utilize all
available resources in the environment, so we compensate for this by
supplying an extra food source with a constant concentration of 0.3
mg N m−3 available for consumption by the compupods. Note that this
‘‘background food’’ is low compared to the other three resources which
together may reach concentrations > 200 mg N m−3 during a growth
eason.

Respiration consists of basic and active metabolism. The basic part
s a function of compupod size and ambient temperature, and the active
art is a constant fraction (20%) of the ingestion 𝐼 :

= 𝑟1 ⋅𝑊
𝑎 ⋅𝑄𝑅10

𝑇 ∕10 + 𝑟2 ⋅ 𝐼 (3)

where 𝑟1, 𝑟2 and 𝑄𝑅10 are constants calculated from observations (Ta-
le 2). Egestion is a constant proportion of the ingestion:

= 𝜆 ⋅ 𝐼 (4)
5

b

and growth emerges as the sum of the ingestion minus respiration and
egestion:

𝐺 = 𝐼 − 𝑅 − 𝐸 (5)

Positive growth is added only as structural weight for stage C3, since
we were not able to find data on % fat content in C3 for C. hyperboreus.
For C4–C6 growth is first added as fat reserves up to 61% of total
weight (Falk-Petersen et al., 2000; Scott et al., 2000), and thereafter
added in a 39:61 ratio between structural weight and fat. In periods of
negative growth, fat reserves are depleted before the structural weight
is affected. As in the C. finmarchicus IBM, compupods are assumed to
change stage when a stage specific critical weight is achieved (Table 2)
at a moulting cost of 10% of the structural weight (same as C. fin-
archicus IBM). Individual variability in the size at stage will be within

he ranges of the stage specific critical weights (see Table 2). When in
iapause, compupods do not feed and a resting metabolism of 0.1% d−1

s assumed similar to the C. finmarchicus IBM based on Fiksen (2000).
eproduction

Spawning is modelled as a capital breeding strategy (i.e. fuelled
y energy surplus stored from the previous season), and takes place
n winter between November 1 and April 1 when C. hyperboreus are
n the deep (Hirche and Niehoff, 1996; Gislason, 2018). To commence
pawning, the female compupod must have attained a structural weight
869 μg C (= C6 minimum weight + 10%), and enough fat reserves

o spawn a minimum of one clutch of eggs. The total number of eggs
compupod may produce is given by its fat weight divided by the egg
eight (Table 2). If the criteria for initiating spawning are fulfilled, a
ew offspring SI is produced. As C. hyperboreus are batch spawners and
o avoid a very high number of small SI, eggs are subsequently spawned
n clutches of up to 150 eggs every 10th day (Hirche and Niehoff,
996; Hirche, 2013), and each events generates one new SI. The 𝑖𝑛𝑢𝑚𝑏
number of identical siblings represented by the super-individual) of
he new SI is given by the clutch size multiplied by the parent 𝑖𝑛𝑢𝑚𝑏.
ollowing reproduction, the fat reserves of the parent SI is reduced
y an amount corresponding to the clutch size multiplied by the egg
eight.
ovement

Horizontal movement simulates passive drift with the ocean cur-
ents, and is computed using the velocity fields from the ROMS model
nd a 4th order Runge–Kutta method. In addition, we include a random
omponent representing sub-grid diffusion processes.

Vertical movement simulates diel and seasonal migrations by which
ompupods change their depth position (Z). For non-diapausing com-
upods, the vertical positioning is stage dependent. Eggs and nauplii
re positively buoyant and after release (at depth) they will ascend
owards the surface with a speed of 6 m d−1 (Jung-Madsen et al.,
013) until they reach 20 m depth. After that, nauplii and compupods
tages C1–C3 remain at the depth of the maximum chlorophyll (Daase
t al., 2008). Larger compupods (C4–C6) undertake diel vertical migra-
ions (DVM) where the day depth (𝐷𝐷) is calculated as a function of
ndividual size (Ohman and Romagnan, 2016):

𝐷 = 𝑉𝑀1 + 𝐿 ⋅ 𝑉𝑀2 (6)

ased on this formulation, the daytime depth for C4, C5 and C6 is
round 70, 95 and 105 m respectively. At night, active C4–C6 stay at
he depth of chlorophyll maximum.

Controlling factors for the initiation and termination of diapause
n calanoid copepods is to date poorly understood, but hypothesized
o be related to internal state (Johnson et al., 2008), predator avoid-
nce (Kaartvedt, 2000) or a combination of internal/external factors
nd gene expression (Häfker et al., 2018). In our model, ascent from
nd descent to diapause is determined by the WUD and EDD genes
Table 1), which can be viewed as a simplification of the results
y Häfker et al. (2018). The genes are static in the sense that they do
ot include any direct information on the condition of the compupods,

ut there is an indirect link to the environment as the time used in
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diapause and the time available for feeding will have an impact on the
available fat reserves and therefore on the contribution from a given
SI to the next generation. Compupods may enter diapause from stage
C3, and during diapause they reside at the overwintering depth (OWD)
given by the strategy vector. During ascent and descent the compupods
move at a speed of 2 m hour−1.
Mortality

Young developmental stages (egg–C2) suffer instantaneous mortal-
ity rates which decline as the compupod develops (Table 2). For older
stages, mortality is assumed to be primarily driven by visual and tactile
predation, starvation and spawning stress.

Visual predation from pelagic and mesopelagic fish is (for stages C1–
C6) estimated as a function of ambient light, predator visual capability
and compupod size, with equations and parameters similar to the C.
finmarchicus IBM described in Huse et al. (2018). The total rate is
further linearly modified by temperature 𝑝𝑟𝑒𝑑 = 𝑝𝑟𝑒𝑑 ⋅max(0., 𝑇 − 2.5),
so that visual predation is an increasing function of 𝑇 and zero at
2.5 ◦C. This adjustment is based on key pelagic and mesopelagic fish
distributions in relation to temperature in the Nordic Seas (Dale et al.,
1999; Misund et al., 1998; Olafsdottir et al., 2019). Tactile predation
is also set up as in the C. finmarchicus IBM as a function of predator
density, search area and swimming velocity (Huse et al., 2018), in
the current study also linearly modified by temperature the same way
as visual predation. Visual and tactile predator densities are taken
from Skjoldal (2004).

Starvation is implemented as additional mortality of 0.6% d−1 when
the structural weight gets below 40% of the stage specific moulting
weight. This means that compupods will suffer starvation mortality
around the time when all fat is lost, since the total weight (structural
weight + fat) determines when a compupod will moult into the next
stage and the structural weight to fat ratio is kept at 39:61.

Compupods advected outside the Greenland and Iceland Seas will
suffer additional mortality of 1% d−1, based on the low abundances
observed from these areas (Broms et al., 2009; Strand et al., 2020)
(see Discussion). Given the wide range and uncertainty of mortality,
the total rate is treated as a variable to better fit with the estimated
C. hyperboreus overwintering biomass from Visser et al. (2017). On
January 1 every year, a correction factor, 𝐶𝑚𝑜𝑟𝑡, is calculated and
multiplied with mortality rates the following year, simulating density
dependent mortality processes. The factor follows a log-like function:

𝐶𝑚𝑜𝑟𝑡 = (0.0738 + 0.5 ⋅ (1 + 1
𝐵

⋅ ln 𝐴
1 − 𝐴

) ) ⋅ (𝐶𝑚𝑎𝑥 − 𝐶𝑚𝑖𝑛) + 𝐶𝑚𝑖𝑛 (7)

where 𝐶𝑚𝑎𝑥 = 1.4 and 𝐶𝑚𝑖𝑛 = 0.6, 𝐵 = 4.59 and 𝐴 is a function of the
biomass on January 1 and the assumed long term mean biomass of C.
hyperboreus set to 3 million tonnes of carbon (based on Visser et al.
(2017)), so that 𝐶𝑚𝑜𝑟𝑡 = 𝐶𝑚𝑎𝑥 when the actual biomass is 6 MT, and
𝐶𝑚𝑜𝑟𝑡 = 𝐶𝑚𝑖𝑛 when the biomass drops to 1.5 MT.

Mortality is implemented as a reduction in the internal number of
the compupod until 𝑖𝑛𝑢𝑚𝑏 goes below 1 and the SI is taken out of
the population. Super-individuals who become males at C6, spawn the
maximum number of eggs, spend more than two years in the same
stage or are advected out of the model domain are taken out directly
irrespective of 𝑖𝑛𝑢𝑚𝑏.

2.3. Calanus finmarchicus IBM

The C. finmarchicus IBM has been documented in line with the
ODD protocol in Huse et al. (2018). Our purpose of including this
module in the current study is to account for indirect competition for
food considering that C. finmarchicus is the dominant grazer in the
Norwegian Sea ecosystem (Broms et al., 2009; Strand et al., 2020).
Briefly, the design and processes included in the C. finmarchicus module
are as for C. hyperboreus, but with parameter settings as described in
Huse et al. (2018) and Hjøllo et al. (2021). The main differences are: (i)
C. finmarchicus compupods cannot enter diapause before stage C5, and
decisions regarding overwintering is driven by a start date to allocate
6

Fig. 2. Modelled C. hyperboreus biomass for the total simulation of 26 years (main
simulation, Table 3) using forcing from 1995 (grey: 16 years spin-up period, white:
basic simulation). Dotted, vertical lines indicate January 1 each year.

fat (AFD) and a relative fat content to be obtained before descending,
(ii) feeding starts at N3 and fat is not accumulated before stage C5, (iii)
mortality rates in autumn for non-overwintering C. finmarchicus com-
pupods is slightly enhanced to better fit with stock biomass estimates of
C. finmarchicus in the Nordic Seas, (iv) C. finmarchicus is modelled as an
income breeder (spawning is fuelled by the spring bloom) and (v) initial
distributions for the C. finmarchicus IBM is taken from Hjøllo et al.
(2012). The two-way coupled NPZD and C. finmarchicus IBM have been
evaluated by comparison with field data from the North Sea, Nordic
Seas and the Barents Sea (Skogen et al., 2007; Hjøllo et al., 2012; Skaret
et al., 2014; Hjøllo et al., 2021; Gao et al., 2021).

3. Results

3.1. Temporal and spatial population dynamics

Modelled C. hyperboreus population biomass is relatively stable over
the 16 years spin-up plus 10 basic simulation years (Fig. 2), with a
mean 𝐶𝑚𝑜𝑟𝑡 (Eq. (7)) of 0.96 and without any trend (slope = −3 × 10−4

year−1). Over a growth season, the population increases in biomass by
around 50% from a mean minimum of 2 MT carbon in early April to
a mean maximum at 2.9 MT carbon in late August. We do observe a
periodicity in the interannual biomass fluctuations of 3–4 years, which
seems to be driven by the total biomass of C4 (Fig. 3) and may relate to
the median life-cycle length at population level (see Individual growth
and life histories below). It may also to some degree be an artefact of
the model arising from the use of 𝐶𝑚𝑜𝑟𝑡 to fine-tune the total mortality
rates, whereby the population alternates between periods of good and
weakened recruitment.

Stage C4 compupods constitute the largest biomass in the pop-
ulation, followed by C5 and C6 (Fig. 3). Averaging over the basic
simulation years, the C4 biomass (1.12 MT carbon) is close to the sum
of C5 (0.65 MT carbon) and C6 (0.60 MT carbon). This is due to the
higher modelled abundance of the smaller C4 compupods (Fig. 3 lower
left panel), which is more than twice the sum of C5 and C6. Stage C6
has the largest fluctuation in mean individual body mass, due to the
seasonal loss of fat from spawning.

Biomass aggregates spatially in the Greenland Sea, though there is
also a fairly large pool in the Iceland Sea (Fig. 4, left panel). Of the
total biomass, about 51% of the stock is found in the Greenland Sea,
30% in the Iceland Sea and 17% in the Norwegian Sea. Except for the
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Table 3
Overview of simulations, all run with physical forcing from year 1995.

Simulation Purpose Description

(1) Create initial population field 50,000 super-individuals initiated between 600–1000 m depth, 70–78◦N and 22◦W-6◦E,
restricted to positions where the surface temperature is below 2.5 ◦C. Population
allowed to evolve over 25 years.

(2) Main simulation End population from (1) used as start field. 16 years ‘‘spin-up’’ and 10 ‘‘basic
simulation’’ years.

(3) No geographically defined mortality Same as (2), but without added 1% d−1 mortality for compupods advected into the
Norwegian Sea.
Fig. 3. Biomass and abundance of C. hyperboreus over the basic simulation (year 16–25). Upper left: Biomass divided into areas: Total, Greenland Sea (G), Iceland Sea (I) and
orwegian Sea (N). Upper right: Modelled biomass by stage. Lower left: Abundance (log10) by stage. Lower right: Mean individual biomass by stage.
nnual cycle, the biomass is relatively stable in all these regions (Fig. 3).
n a separate model run excluding the additional 1% d−1 mortality
or compupods outside the Greenland and Iceland Seas (simulation 3,
able 3), the population in the Norwegian Sea outperforms the other
egions and gradually takes over as the dominant stock fraction (Fig. 4,
ight panel). The main simulation lays the basis for results displayed in
he rest of the Results section unless stated otherwise, but we will revisit
imulation 3 in the Discussion.

The seasonal biomass development of C. hyperboreus compupods
differs between the three regions (Fig. 5A). Biomass in the upper 200 m
of the Norwegian Sea peaks in May–June, while in the Greenland
and Iceland Seas it peaks in June–July. Compupod biomass peaks and
differences in timing between the three regions seem to be linked to
the seasonal food availability in the model environment (Fig. 5C).

3.2. Individual growth and life histories

The full life cycle of an arbitrary SI is shown in Fig. 6A. This compu-
pod reaches stage C3 in about 7 months and C4 after 17 months, which
is close to the median development times at population level (Table 4).
It becomes C5 after 40 months, which is longer than the median time
in the population, and it requires two growth seasons to become both
7

C5 and C6. The total life cycle is six years, and overwintering stages
are C3, C4 (twice), C5 (twice) and C6. The structural weight drops
slightly during first diapause since fat is not accumulated before stage
C4. During subsequent diapauses, the overwintering metabolism causes
a drop in the fat reserves but not the structural weight (red and black
lines Fig. 6A). In the final diapause the compupod spawns, seen as a
major drop in fat and a simultaneous peak in egg production, and it dies
of exhaustion after producing the maximum number of eggs (1500).

At population level, 73% of the SI reach C5 before the 3rd winter,
and average time to maturity (egg to C6) is 3.2 years. The fastest
growing SI reaches C5 in only 149 days. Nevertheless, few compupods
have short life cycles of 1–2 years, while 3–5 years length prevails in
the population (Fig. 7). Growth is temperature and food dependent, and
spatial variation in environmental conditions gives individual variation
in the model population. The shortest life cycles correspond to more
time spent within the Iceland and Norwegian Seas, while longer life
cycles (> 3 years) are characteristic for compupods that have spent
more time in the Greenland Sea (Fig. 6).

A majority of the compupods (95%) manage to reach the first
overwintering stage (C3) in time for overwintering, which is often con-
sidered critical for copepod survival in nature. A considerable amount
in the modelled population (12%) also reach stage C4 before first

diapause.
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Fig. 4. Annual mean depth integrated (g C m−2) C. hyperboreus biomass for basic simulation years 16–25. Black lines delineate the regions defined as the Greenland Sea
(northernmost region), Iceland Sea (south west) and Norwegian Sea (south east), and the two panels display biomass distribution with and without geographically defined mortality
rates (simulations 2 and 3 from Table 3). Left panel: 1% additional mortality d−1 for compupods in the Norwegian Sea. Right panel: no added mortality in the Norwegian Sea.

Fig. 5. Region-specific seasonal development of (A) C. hyperboreus and (B) C. finmarchicus biomass (both top 200 m), (C) phyto- and microzooplankton biomass (top 200 m) and
(D) temperature (average of top 200 m), averaged over the basic simulation years.
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Table 4
Summary of key model outputs on compupod development time (number of days to reach a given stage) and area-specific retention time (number of days from hatching of eggs)
over the basic simulation, changes in compupod strategies (strategy vector) from initialization to the end population, relative distribution of population biomass and egg production
in the three areas (GS: Greenland Sea, IS: Iceland Sea, NS: Norwegian Sea), and area-specific mortality causes (% of dead biomass) in an average year.

Development time (days to reach) Stage Mean Median SD
C3 212 191 87
C4 540 512 191
C5 934 893 217
C6 1173 1205 275

Retention time (days from hatching)

Area
GS 211 74 356
IS 88 54 116
NS 262 88 383

Strategies
OWD EDD WUD

Initial (mean) 800 m July 31 April 06
End (mean) 823 m July 28 March 26

Relative distribution
GS IS NS

Biomass (%) 51 30 17
Egg production (%) 56 28 15

Mortality causes (%)

Pelagic predation 3 9 16
Mesopelagic predation 2 6 9
Tactile predation 1 7 10
Outside GS 0 3 45
Spawning exhaustion 23 17 5
Insufficient development 10 8 1
Male sex 60 51 14
Starvation 0 0 0
Fig. 6. (A) Life cycle showing structural weight (μg C, black line), fat (μg C, red line), cumulative egg production (green line) and stage number (blue line) for an arbitrary
compupod. (B) Corresponding horizontal position for the same SI over the 6 years life cycle, where the black dot corresponds to the start and pink dot to the end position of the
super individual.
3.3. Advection

The model demonstrates how C. hyperboreus is following the main
circulation patterns with a counterclockwise transport in the Nordic
Seas, enabling individuals to return to the core area in the Greenland
Sea after being recirculated there. The compupod in Fig. 6 spends the
first 2.5 years of its life circulating in the Greenland Sea Gyre, before it
is transported south towards the Iceland Sea (year 3), northwards into
9

the Norwegian Sea (year 4–5) and back into the Greenland Sea and
Fram Strait (Year 6) (Fig. 6B).

The model also suggests a small transport of compupods into the
Arctic through the Fram Strait, and an even smaller transport south-
wards into the North Sea (mean 800 𝑇 carbon per year over the basic
simulation). With a mean population biomass of 3 MT carbon, 13% of
the stock (0.4 MT C) is advected out of the model area each year.

Retention time of compupods within the GS, IS and NS increases
with the size of the respective areas in Fig. 4. Median retention times
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Fig. 7. Distribution of life cycle length in the modelled C. hyperboreus population
top), and relative time spent within each of the model regions for compupod with
he corresponding life cycles (bottom). Panels share x-axes. GS: Greenland Sea, IS:
celand Sea, NS: Norwegian Sea.

n days from hatching ranges from 54 days in the Iceland Sea to 74 days
n the Greenland Sea and 88 days in the Norwegian Sea (Table 4). Since
ost compupods require a minimum of three years to reach maturity

Fig. 7), this means that the majority will not remain within the area
here they were hatched throughout the life cycle, but rather circulate
etween the three regions or leave the Nordic Seas altogether.

.4. Reproduction

Annual egg production is about 3 × 1017 (roughly averaged to 950
eggs per female), and resembles the spatial population distribution in
relative biomass. Yet, the Greenland Sea egg production is slightly
higher (56% of the total compared to 51% for biomass), and the
Iceland and Norwegian Seas slightly less than their respective biomass
fractions. Since the relative biomass distribution between stages is
similar in the three regions (results not shown) and egg mortality rates
are the same across the model domain, this indicates that females in
the Greenland Sea build more fat for spawning than those in the other
regions. Most females complete spawning within one season, and less
than 1% spawn during successive years. However, 25% of the females
die before producing the maximum of 1500 eggs.
10
3.5. Trophic interactions

The modelled C. hyperboreus stock consumes on average 5 MT
carbon each year, out of which 80% is phytoplankton. With a long
term mean modelled biomass of 3 MT carbon, this gives a P/B-ratio
of ∼1.7. Starvation is a negligible mortality cause across the whole
model domain (Table 4). Annual net growth is estimated to 3.1 MT
carbon and should in a stable system balance the loss (mortality)
terms. Visual, pelagic predation is close to the sum of mesopelagic and
tactile predation in all areas, but mortality causes differs between the
three regions in relative terms (Table 4). Death of males and spawning
exhaustion are the main causes in the Greenland and Iceland Seas,
while in the Norwegian Sea predation and the 1% extra rates specific
for this area dominate the total mortality. Insufficient development
(i.e. spending more than two years in the same stage) affects compupod
mortality in both the Greenland and Iceland Seas, but is negligible in
the Norwegian Sea.

Modelled biomass of C. finmarchicus in the Norwegian Sea is more
than 3× the biomass of C. hyperboreus in the same area (Fig. 5). The
two species ascend to the surface around the same time (∼day 100),
ut peak biomass in C. hyperboreus occurs around two months earlier
han for C. finmarchicus. This can be ascribed to differences in spawning
trategies (capital breeding for the C. hyperboreus IBM and income
reeding for the C. finmarchicus IBM), and also to higher mortality
ates for active (i.e. non-diapausing) C. hyperboreus compupods. At the
ther side of the growth season, C. hyperboreus leaves the upper 200 m
t a fixed date (mean late July, Table 4) while C. finmarchicus has a
ore prolonged descent period which gives a considerable biomass

n the Norwegian Sea also beyond the summer (Fig. 5). It should be
oted that in the simulation without 1% additional mortality for C.
yperboreus in the Norwegian Sea (Fig. 4 right panel), the biomass of C.
yperboreus in the Norwegian Sea increases dramatically even though
here is competition for food between the two IBMs. So interspecific
esource competition does not by itself seem to prevent a population of
. hyperboreus establishing here.

. Discussion

Physics are commonly a missing link in zooplankton observational
tudies. Ideally, one should have complete knowledge of a zooplankters
dvective history to fully assess e.g. relationships between species
istributions and environmental conditions. Modelling approaches that
ouple biological processes to the physical ocean environment are
mportant for filling knowledge-gaps where observational studies fall
hort. The NORWECOM.E2E model system is a useful tool in this
egard, and the individual-based model of C. hyperboreus enables us
o gain new insight and also point at unresolved questions and in-
onsistencies regarding the current understanding of this species in its
nvironment.

Development of compupods in our model fits well with exist-
ng knowledge of C. hyperboreus from observational studies. Hirche

(1997) proposed 3–4 years as the most common life cycle length
for C. hyperboreus in the Greenland Sea, while other studies have
suggested shorter life cycles under more favourable environmental
conditions (Diel, 1991; Gislason, 2018). In our simulations, a large
portion of the population requires at least 3 years to develop from eggs
to adults and the majority have life cycles of 3–5 years. Compupods
with shorter life cycles (1–2 years) share the common feature that
larger parts of the life has been spent in the Iceland and Norwegian
Seas, where environmental conditions are more favourable in terms of
food availability and temperature.

Long life cycles of 5–6 years were characteristic for compupods that
had spent a greater part of their life in the Greenland Sea, and means
that a compupod will overwinter in the same copepodite stage during
successive winters. We cannot rule out the possibility that this is an
artefact of the model dependent on the parameterization of respiration
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rates or mortality from starvation creating unrealistically high survival
rates for these compupods. Falk-Petersen et al. (2009) refers to personal
communication with Hirche in suggesting that the life span of C.
yperboreus may be longer than 5 years, which also implies multiple
verwintering phases in the same stage given that it must reach C3
o undertake diapause. Only 5% of our compupods needed 6 years
o complete a life cycle, but 31% required 5 years to reach maturity
Fig. 7). Multiple diapauses in stage C6 seems realistic based on the
xperiments by Plourde et al. (2003), but we have not been able to find
tudies assessing whether this is possible also for stages C3–C5. This
utcome of the model does however imply that the resource availability
phytoplankton and microzooplankton) in at least part of the Nordic
eas is limiting for C. hyperboreus development. Microzooplankton and
hytoplankton have both been suggested as core in C. hyperboreus’
iet measured from in situ observations (Søreide et al., 2008; Campbell
t al., 2009). Ice algae might have been a missing resource component
n our model system, though, a food source believed to be critical for
he congener C. glacialis (Søreide et al., 2010). To our knowledge it
s uncertain whether C. hyperboreus is able to utilize ice algae or not.
evertheless, implementing an ice algae module in NORWECOM.E2E
ill be an important addition to the future development of this model

ystem.
Biomass in our model population varies spatially between 0.2–8.5 g

ry weight m−2 (assuming 60% carbon content of total dry weight),
hich is in the range of biomass observed from the Greenland (Hirche,
991, 1997; Møller et al., 2006) and Iceland Seas (Astthorsson and
islason, 2003). Advective transport circumvent the Norwegian Sea
asins, which are almost devoid of C. hyperboreus biomass when ad-
itional mortality rates are implemented for this region (Fig. 2). A
radient of low (0.7 g dw m−2) biomass northwards from the Lofoten
asin (69◦N) with increasing biomass eastwards towards the Greenland
ea resembles the observations by Carstensen et al. (2012) from the
est Spitsbergen Current. Compupod stage C4 dominates in our model

opulation and has been reported as the most abundant stage also from
bservations (Hirche, 1997).

For planktonic organisms whose horizontal distribution is at the
ercy of ocean currents, the presence of retention areas is of paramount

mportance for a stable population to exist. Within the Nordic Seas,
hree such retention areas exist in the form of cyclonic gyres: the
orwegian Basin and Lofoten Basin Gyres in the southern and northern
orwegian Sea, respectively, and the Greenland Sea Gyre in the central
reenland Sea. The latter is considered the main overwintering and

etention area for C. hyperboreus. Our simulation without the 1% daily
ortality increase for compupods transported outside of the Iceland

nd Greenland Seas indicates that C. hyperboreus could in fact establish
large and thriving population within the Norwegian Sea, and the

radient comparable to Carstensen et al. (2012) is reversed (Fig. 4,
ight panel). Hence we do not find expatriation from the Greenland
ea Gyre to be a likely explanation for the low abundances observed
n situ in the Norwegian Sea. On the contrary, our simulations show
hat a large portion of compupods will visit more than one of our
hree regions in the Nordic Seas throughout a life time, due to the
ow median retention times (< 1 year) for each region and the species’
ulti-year life cycle. Thus, the whole Nordic Sea area can be regarded

s a super-retention area for C. hyperboreus. We cannot rule out that
he Greenland Sea receives C. hyperboreus e.g. from the Arctic Ocean, a
otential source population not considered in our study. Nevertheless,
ther modelling studies raise doubt on whether it manages to complete
life cycle there (Ji et al., 2012; Kvile et al., 2018). A natural question

hus arises as to why we need additional mortality in the Norwegian
ea to prevent a large population establishing there in the model, when
bservations show that C. finmarchicus is the dominant copepod within
he Norwegian Sea (although C. hyperboreus is commonly found in
maller numbers).

The Greenland Sea gyre and the Norwegian Sea gyres differ signif-
11

cantly in terms of water mass origin. While the Norwegian Sea gyres i
are heavily influenced from inflow of warm saline water from the Nor-
wegian Atlantic Current, the Greenland Sea Gyre is composed mainly
of cold water transported by the East Greenland Current emanating
from the Arctic Ocean. One possible explanation of low abundances
in the Norwegian Sea could be that C. hyperboreus, when transported
here, falls outside its preferred temperature regime. Strand et al. (2020)
showed that C. hyperboreus is seldom found in surface water of Atlantic
rigin with temperature higher than 5 ◦C, and that peak densities are
n Arctic water masses with temperatures lower than 2 ◦C. However,
n developing this model we have not been able to find evidence in
he existing literature that growth or reproduction of C. hyperboreus
hould be impeded under the temperature regime of the Norwegian Sea
Fig. 5). Rather, Henriksen et al. (2012) showed that temperature (0–
0 ◦C) had no effect on egg or fecal pellet production of C. hyperboreus
eared in laboratory. Food availability had a positive effect on C.
yperboreus fecal pellet production and growth in Henriksen et al.
2012), and is in our model system greater in the Norwegian Sea both
n terms of total amount and length of the growth season. Mis-match
etween the timing of reproduction and the spring-bloom has also been
roposed as an explanation for the low abundance of C. hyperboreus
n the Norwegian Sea (Broms et al., 2009). In our simulations, the
iomass peak in C. hyperboreus occurs earlier in the season and more
ightly linked to the peak resource abundance in the Norwegian Sea
ompared to C. finmarchicus. Temperature-dependent development up
o C3 is a potential weakness in our model in preventing resource
ependent starvation rates for nauplii and young copepodite stages.
owever, the seasonal growth of resources start over a month later

n the Greenland Sea compared to the Norwegian Sea (Fig. 5D). We
herefore find mis-match between reproduction and food availability
n unlikely explanation for the low abundances of C. hyperboreus in the
orwegian Sea given that the core population resides in the Greenland
ea.

Sainmont et al. (2014) argue, based on a theoretical model, that
opepod species adapted to a short and intense foraging season would
enefit from being capital breeders, while as the foraging season gets
onger, being smaller and switching to income breeding becomes more
dvantageous. This fits well with observed differences in relation to
pawning strategies and body size, as C. hyperboreus is a large capital
reeder and C. finmarchicus is a smaller income breeder (Conover,
988; Falk-Petersen et al., 2009). But in our simulations without added
ortality, we find no evidence that C. finmarchicus outcompetes C.
yperboreus even though both species forage on the same resources.
he C. finmarchicus IBM has a P/B ratio of 4.3 (Hjøllo et al., 2012)
hile for the C. hyperboreus IBM we have a P/B ratio of 1.7, and

ince C. finmarchicus is the most abundant and with highest turnover it
hould also be considered the major grazer in the Norwegian Sea model
egion. Nevertheless, the biomass of C. hyperboreus increases quite
ubstantially in the Norwegian Sea without the added mortality, despite
esource competition. Excluding the C. finmarchicus IBM from our main
imulation altogether (not shown) increases the total mean biomass of
. hyperboreus by 0.5 MT C (∼17%), so there is resource competition
etween the two IBMs. Nevertheless, food availability does not seem
o be a major limiting factor for C. hyperboreus in the Norwegian Sea
odel region, and low total resource demand from the C. hyperboreus

tock may be the reason for little competition between the two Calanus
BMs. Annual net primary production in the Nordic Seas have been
stimated at 70–80 g C m−2 (Rey, 2004; Richardson et al., 2005) which
s comparable to the production in NORWECOM.E2E (Skogen et al.,
018). The modelled C. hyperboreus stock consumes on average 2.6 g
d−2 y−1 in the Nordic Sea regions (main simulation), which amounts

o grazing down 3%–4% of the annual production here.
Predation is the second largest mortality cause in the Norwegian Sea

n our simulations, next to the 1% added mortality. In their model, Sain-
ont et al. (2014) assumes that copepod mortality is an allometric

unction of weight and the negative exponent (−1/4) implies that larger

ndividuals experience less predation. However, as Sainmont et al.
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(2014) also point out, it can be argued that copepod mortality does in
fact increase with increasing body size, particularity when exposed to
visual predators (Aksnes and Utne, 1997; Eiane et al., 2002). Assuming
parameters such as prey body contrast and shape being equal, Aksnes
and Utne (1997) shows that the detection distance of a visually foraging
fish on prey in the size range 1–4 mm increases more or less linearly,
and that the slope of the linear relationship increases with increasing
ambient light. With adult C. hyperboreus being more than twice as large
prosome length) as C. finmarchicus (McLaren et al., 1988), one would
xpect a considerably higher predation risk for C. hyperboreus, with
ncreasing differences with decreasing depth during daytime.

This brings forward another important difference between the Nor-
egian and Greenland Seas; the amount of visually foraging planktiv-
rous fish present. While the Norwegian Sea is well known for large
tocks of pelagic zooplanktivores such as mackerel, herring and blue
hiting (Utne et al., 2012), the Greenland Sea has little pelagic fish
hen measured as acoustic backscatter (Dale et al., 1999). Further-
ore, Klevjer et al. (2020), found that the amount of mesopelagic

ish steadily declined moving from the southern Norwegian Sea north-
astward into the Iceland Sea. Also, Gjøsæter and Kawaguchi (1980)
eports significantly lower biomasses of mesopelagic fish in the Green-
and Sea (0.1 g m−2) compared to the southern Norwegian Sea (2 g
−2). Dalpadado et al. (1998) showed that herring actively selected

arger stages of both C. hyperboreus and C. finmarchicus compared to in
itu densities of their stage distributions. And technicians specialized
n fish stomach analyses at the Institute of Marine Research in Norway
eport that it is not unusual to find C. hyperboreus carcasses in stomach
amples from pelagic fish in the Norwegian Sea (Herdis Langøy, pers.
omm.). Also, individual C. hyperboreus can only be identified when the
arcasses are whole and large compared to other calanoids, meaning
hat young stages may erroneously be placed as older stages of C.
inmarchicus. Langøy et al. (2012) showed that ‘‘other copepods’’ (a cat-
gory which comprises older stages of C. hyperboreus) and ‘‘unidentified
opepod remains’’ together may constitute from 30% to over 60% of the
otal content in herring and mackerel stomachs from the Norwegian
ea. This suggests that the importance of C. hyperboreus in pelagic
ishes’ diet in the Norwegian Sea might have been underestimated so
ar.

Visual predation from pelagic and mesopelagic fish in the pre-
ented model are implemented assuming size-dependent selectivity
nd a temperature-dependent distribution of predators (linear increase
n mortality from predation above 2.5 ◦C). This was however not
ufficient to prevent the establishment of a C. hyperboreus population
n the Norwegian Sea without a geographically defined increase in
ortality rates. Based on the above, we feel confident that adding a

ixed mortality for C. hyperboreus in the Norwegian Sea to some degree
lleviates the shortcoming of the implemented predator field, and that
ow abundances of C. hyperboreus in this region is more likely driven by
op-down control from predation rather than bottom-up limitations on
rowth. In this sense, the additional mortality rate could be modelled
ore realistically in future work by coupling it to estimates of annual

tock size and spatial distribution patterns of pelagic fish, or including
he pelagic fish IBMs in NORWECOM.E2E (e.g. Utne et al., 2012).

The main limitation of our study is the incomplete parameterization
f the full C. hyperboreus life cycle, together with a lack of precise
nformation on how to represent these in many cases poorly understood
rocesses. Also, thorough sensitivity testing of model parameters has
een difficult to perform merely due to the model’s size and compu-
ational constraints when running 3D ecosystem models over a large
rea (initial and final distributions of the OWD, WUD and EDD genes
re given as sensitivity information in the Appendix). We hope that
ew observations, experiments or other modelling approaches can help
s improve some of the shortcomings of this model in the future. For
nstance, feeding is known to start at nauplii stage N3 (Jung-Madsen
t al., 2013), however when implementing this the modelled stage
12

evelopment times did not agree with field observations. Therefore, ‘
t was chosen to use a Belhradek function parametrized from Jung-
adsen et al. (2013) and Conover (1967) for all stages from egg

o C2. Also, C. hyperboreus spends most of the year in the deep,
nd what triggers the descent and ascent between deep- and surface
aters is a large unknown. Building on a lipid-accumulation window
ypothesis (e.g. Johnson et al., 2008) such as in the C. finmarchicus
BM (Hjøllo et al., 2012) was difficult to implement for a calanoid
ith multiple overwintering phases as C. hyperboreus, and we landed
n a simpler but perhaps more unrealistic solution (fixed date within a
iven time window). This aspect should nevertheless be elaborated in
uture development of the model. Spawning in the model environment
s limited in time (November 1 to April 1) but could be made dependent
n environmental clues and/or previous life history. And are copepods
n nature able to undergo diapause in the same stage two subsequent
inters if their fats reserves can support this, or will their mortality

ncrease due to slow growth? Furthermore, the role of ice-algae as food
or C. hyperboreus arose as a key, unresolved question about this species.
he step going from individuals to a full population model depends
n model tuning. Mortality is almost impossible to measure in situ,
hus a population model is the art of balancing reproduction, growth
nd longevity with different mortality terms such that the population
either goes extinct nor explodes. Jung-Madsen et al. (2013) report on a
ortality of starving nauplii of 4 % d−1 which is comparable to our rate

Table 2). However, even if there are several environmentally dynamic
erms in the modelled mortalities, it still depends on fixed individual
ates; an assumption which is known to be wrong. As a full life cycle
BM integrates equations of mean observed behaviour of individuals
hat will take their own decisions based on earlier life history and
ocal environmental impact, the modelled within-population variability
ill always be limited. Nevertheless, through the present study the C.
yperboreus IBM has shown its ability to represent this key zooplankton
pecies and point at gaps in our understanding of its function in the
cosystem.

. Concluding remarks

While observations give an incomplete access to a natural phe-
omenon, ecosystem models offer an incomplete representation or
arameterization of processes and components of a natural system
Oreskes et al., 1994). In the present study an IBM is built from
ublished knowledge of C. hyperboreus encompassing observed natural
ariations. In this context the model represents a framework where
vailable information can be integrated and tested to disclose knowl-
dge gaps and possible inconsistencies between independent studies
nd observational data sets. We have shown that individual variation
n development and life cycle length may be a natural result from
ransportation through environmental gradients, which supports the
arge variation reported from observational studies. And the current
nowledge of C. hyperboreus does not support that its distribution is
tructured by environmental control. The role of C. hyperboreus as food
or planktivores in the highly productive the Norwegian Sea will be
mportant to address for future studies, perhaps using quantitative DNA
nalyses on pelagic fish stomach samples. In the end, predicting how a
arming climate will affect the base of the marine food chain will be

entral for our ability to project future states of marine ecosystems. But
o be able to do so, we first need to validate our current understanding
f the mechanisms structuring existing distributions and population
ynamics. Synthesizing observational and experimental results in a
odelling framework like our own is an important first step in this
‘knowledge validation’’.
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Fig. A.1. Frequency distribution of the wake-up-day (WUD) gene in the population of
super-individuals at the start (grey) and end (transparent yellow) of the 25 years main
simulation.

Fig. A.2. Frequency distribution of the enter-diapause-day (EDD) gene in the popula-
tion of super-individuals at the start (grey) and end (transparent yellow) of the 25 years
main simulation.
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Appendix

See Figs. A.1–A.3.
13
Fig. A.3. Frequency distribution of the overwintering depth (OWD) gene in the
population of super-individuals at the start (grey) and end (transparent yellow) of the
25 years main simulation.
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