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Abstract The changing Arctic environment is affecting

zooplankton that support its abundant wildlife. We

examined how these changes are influencing a key

zooplankton species, Calanus finmarchicus, principally

found in the North Atlantic but expatriated to the Arctic.

Close to the ice-edge in the Fram Strait, we identified areas

that, since the 1980s, are increasingly favourable to C.

finmarchicus. Field-sampling revealed part of the

population there to be capable of amassing enough

reserves to overwinter. Early developmental stages were

also present in early summer, suggesting successful local

recruitment. This extension to suitable C. finmarchicus

habitat is most likely facilitated by the long-term retreat of

the ice-edge, allowing phytoplankton to bloom earlier and

for longer and through higher temperatures increasing

copepod developmental rates. The increased capacity for

this species to complete its life-cycle and prosper in the

Fram Strait can change community structure, with large

consequences to regional food-webs.
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INTRODUCTION

The Arctic is experiencing the strongest warming on the

planet and, in recent decades, an unprecedented loss of sea

ice (Stroeve and Notz 2018). Arctic warming is not uni-

form, but amplified in certain regions, such as where there

is enhanced inflow of warm Atlantic water into the

Eurasian sector of the Arctic Ocean, termed ‘‘Atlantifica-

tion’’ (Årthun et al. 2012). As these warmer waters further

encroach, they bring with them boreal Atlantic species that

alter Arctic community structure and affect how food-webs

function (Kortsch et al. 2015; Polyakov et al. 2020).

At the base of these food-webs are microscopic zoo-

plankton that principally feed on phytoplankton (primary

producers) while themselves being a major prey-source for

fish, birds, seals and whales. Within the Arctic and the

northern seas, copepods of the genus Calanus are one of

the most important zooplankton groups, dominating bio-

mass and playing a key role in food webs and biogeo-

chemical cycles (Falk-Petersen et al. 2009). The Calanus

community in the region consists of three main species.

Calanus glacialis and C. hyperboreus are considered true

Arctic species with distributional centres limited mainly to

cold, Arctic and Arctic-influenced waters (Falk-Petersen

et al. 2009). Calanus finmarchicus is smaller and more

typically associated with Atlantic water masses but has

recently undergone a poleward distributional shift (Wass-

mann et al. 2020) increasing its contribution to the total

Calanus community biomass in several Arctic regions

(Weydmann et al. 2014; Aarflot et al. 2018; Møller and

Nielsen 2020), possibly at the expense of C. glacialis and

C. hyperboreus (Aarflot et al. 2018; Ershova et al. 2021).

Calanus species store energy-rich lipids (principally

wax esters, WEs) in a membrane-bound organ, the lipid sac

(Fig. 1) that can fill over half of the volume of the prosome

(Miller et al. 1998). Lipid sac size increases with devel-

opmental stage, reaching its largest size in either the final

pre-adult stage (copepodite five, CV) or the adult stage.

The life-cycle of Calanus in northern waters includes a

period of overwintering where late developmental stages

(principally CIV or CV) or adult stages outlast the dark

winter months in a state of diapause where they descend to
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depths of between 500 and 2000 m, lower their metabolic

rate (Saumweber and Durbin 2006) and become relatively

inactive (Hirche 1996). The lipid sacs fuel their residual

energy requirements during this time and further facilitate

the moult to adulthood, mate-finding and at least some egg

production the following spring (Jónasdóttir et al. 2019).

The timing of egg spawning is critical since the phyto-

plankton blooms that young developmental stages feed

upon are often short lived and dependent on the break-up of

sea-ice. Spawning that takes place prematurely may result

in starvation of the developing larvae, while spawning too

late results in insufficient time for the later developmental

stages to build up the required reserves to overwinter

(Varpe et al. 2007). The added complexity is that the break-

up of ice, which constrains the length of the productive

season in open water, is spatially and temporally variable

(Wassmann 2011; Lind et al. 2018). Calanus glacialis can

exploit ice-algae which can precede the open-water phy-

toplankton bloom by 1–2 months (Søreide et al. 2008)

which decreases their reliance on seasonal sea-ice break up

to facilitate feeding (Daase et al. 2013). Furthermore, both

C. glacialis and C. hyperboreus have multi-year life-cycles

that gives them the flexibility to cope with the impacts of

environmental variability (Falk-Petersen et al. 2009),

although C. glacialis can revert to a single year life-cycle

in certain conditions. Calanus finmarchicus must complete

its life-cycle in a single year, and relies on open-water

phytoplankton for its main source of food (Jónasdóttir et al.

2002; Melle et al. 2014). Furthermore, cold Arctic tem-

peratures slow development rates, making it difficult to

reach late developmental stages that can resource their lipid

sacs sufficiently to overwinter successfully (Ji et al. 2012;

Melle et al. 2014). It is considered, therefore, that C. fin-

marchicus is incapable of local recruitment within the

Arctic over multiple generations (Melle et al. 2014) and its

presence there is wholly dependent on being transported by

northward flowing Atlantic currents (Wassmann et al.

2015).

The Fram Strait comprises a complex transition between

Arctic and Atlantic water masses. Westward of this region

is the dominant outflow of 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 is an inflow of Atlantic water from

the Norwegian Sea, constituting the West Spitsbergen

Current (WSC), that flows northwards past the west coast

of Svalbard. Warming of the Fram Strait has resulted from

increased Atlantic inflow into the region (Schauer et al.

2004) which diminishes the extent of seasonal sea-ice and

lengthens the productive season (Kahru et al. 2011; Poly-

akov et al. 2020). This in turn will alter species composi-

tion and likely affect ecosystem function.

Here, we firstly consider the historical changes that have

occurred in the distribution of C. finmarchicus habitat

within the Fram Strait region of the Arctic. Secondly, we

analyse recent field data to assess the population structure

and body condition of C. finmarchicus within these popu-

lations. Finally, we assess the potential for these animals to

complete their life-cycles in this region and the implica-

tions this may have for the future of Arctic food-webs.

MATERIALS AND METHODS

Ecological niche modelling

To identify the suitability and changes in the habitat for C.

finmarchicus in the Fram Strait, we constructed an eco-

logical niche model (ENM) for this species, whereby

occurrence and environmental data were fitted using the

presence-only ENM algorithm MaxEnt v. 3.4.1 using the R

package SDMtune (Vignali et al. 2020). Further details on

the input data, methodology, and model performance are

detailed in Electronic Supplementary Material (ESM) and

in Freer et al. (2021). MaxEnt gives an estimate of the

relative habitat suitability of each grid cell by comparing

environmental conditions at occupied locations to the

available conditions within the study region. Accordingly,

suitable habitats were defined as all locations where

Fig. 1 Calanus finmarchicus CV taken from deep water layer in

Fram Strait during August 2019. The specimen is positioned on a

calibrated rimmed Petri dish to facilitate digital biometric analysis.

Critical dimensions taken during this analysis also shown
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environmental conditions match those of existing species

occurrence records. Separate estimates of habitat suitability

were predicted for each season; January–March, April–

June, July–September, and October–December. We then

compared these seasonal predictions between

two * 30 year eras, covering the periods 1955–1984 (Era

1) and 1985–2017 (Era 2). These eras were chosen as they

represent two different (cool and warm) oceanographic

regimes in the northern North Atlantic known to have

affected zooplankton community dynamics (Beaugrand

et al. 2008). The spatial extent of the model covers the

entire distribution of this species, including its northern

extent in the Arctic (see ESM). For the purposes of the

present study, we focus only on model projections for the

Fram Strait region, and further constrain ourselves to pro-

jections for just the early productive season (April–May–

June) and late productive season (July–August–Septem-

ber), coincident with our sampling campaigns (see below).

Population dynamics and depth distribution

Two multidisciplinary field campaigns were carried out in

the Fram Strait region during early summer 2018

(JR17005, 08/05/2018 to 08/06/2018) and late summer

2019 (JR18007, 04/08/2019 to 28/08/2019) aboard RRS

James Clark Ross. We analyse sampling carried out at

three locations (S1, S2 and S3) spaced approximately

equidistant from each other from west to east across the

Fram Strait and close to the prevailing ice-edge (Fig. 2;

Table 1; for S2, there were two station locations, a and b,

because of prevailing ice conditions). The locations were

within newly favourable habitats for C. finmarchicus

according to the ecological niche modelling described

above. At each station, a 1 m2 MOCNESS multinet system

was deployed between the surface and a maximum depth of

between 1000 and 1200 m and sampled 8 equal depth

intervals of 125–150 m. All catches were preserved in

buffered 10% formalin. Calanus species were identified to

species for the CIV, CV and CVI developmental stages

following size classes established by Hirche (1997). Stages

CI–III were initially binned into a single ‘‘Calanus’’ cate-

gory. For early summer samples, the prosome length of a

random subset of 30 CI–III individuals were measured to

discriminate C. hyperboreus from C. glacialis/C. fin-

marchicus so that the proportional representation of these

two groups could be estimated.

Further taxonomic discrimination of the three Calanus

species was carried out with molecular analyses for which

samples were taken with a 61 cm diameter Bongo net to a

maximum depth of 200 m and preserved in 99% ethanol.

Subsamples 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 the Illumina

high-throughput sequencing (HTS) platform. Resultant

sequences processed through the Qiime pipeline, clustered

into Operational Taxonomic Units at 97% homology and

taxonomy was assigned using BLASTn (NCBI). For cruise

JR17005, it was necessary to analyse samples from the

nearest available stations to S1 and S2 which were at

75.796� N, 7.218� W and 78.998� N, 2.999� W

respectively.

Full water column environmental profiles were obtained

using a calibrated Sea-Bird SBE911Plus Conductivity

Temperature Depth (CTD), of which analysis is provided

in ESM.

Body condition analysis

We examined the body condition of individual C. fin-

marchicus over their depth distribution through extracting

approximately 10 individuals (where possible) from each

MOCNESS depth-interval. Images were taken of individ-

uals through a microscope and subsequently analysed by

‘‘image-J’’ software to determine various morphometric

parameters including prosome length and lipid sac area

(Fig. 1). Each specimen was then transferred to an indi-

vidual tin capsule for subsequent elemental (carbon,

hydrogen, nitrogen) analysis using a CE440 Elemental

Analyser (Exeter Analytical Limited).

Life-cycle modelling

To determine the capacity of late-summer individuals to

overwinter and emerge in spring with sufficient reserves to

mature and reproduce, we followed the approach of

Jónasdóttir et al. (2019). Diapause duration was defined 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 carbon (C) based and includes esti-

mates of structural mass, m which we distinguish from the

lipid reserve, w, such that total carbon mass,

M = m ? w. It is assumed that only m is responsible for the

active metabolism that determines respiration rate.

To calculate m, we firstly determined the C content of

the lipid reserve. Lipid sac area derived by image analysis

was converted into WEs by using the formula WE (lg) =

0.167 9 A1.42 from Vogedes et al. (2010), where A is the

area of the lipid sac in mm2. This value was then multiplied

by 0.79 to convert to WE carbon (w), following Kattner
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and Hagen (2009). Finally, w was subtracted from our

estimate M, derived from elemental analysis, to determine

structural mass m (lg C).

Respiration rate of a diapausing C. finmarchicus was

calculated following Visser et al. (2017):

r M; Tð Þ ¼ b � m3
4exp E � T � T0ð Þ

k � T � T0ð Þ

� �
; ð1Þ

where r (lg C s-1) is respiration rate, T (K) is temperature

in Kelvin, b (lg C1/4 s-1) is a universal scaling constant,

E (eV) is the activation energy, and k (eV K-1) the

Boltzmann constant. T0 is base temperature, taken to be

T0 = - 273 �C (absolute zero). We used universal scaling

constant b of 2.5 9 10-7 lg C1/4 s-1. r (lg C s-1) was

converted in units lg C day-1 through multiplying by

seconds per day (86 400).

Diapause duration (D, days) for each individual included

in the body condition analysis (above) was determined as

follows:

D ¼ w� ð0:2 � wÞ
r

: ð2Þ

We considered individuals capable of performing a

successful diapause if D C 150 days. This represents a

conservative estimate of required diapause duration based

on an average duration of 141 days (SD ± 44) across most

major C. finmarchicus habitats using data provided in

Jónasdóttir et al. (2019). We further calculated a theoretical

maximum diapause duration based on the maximum

possible lipid reserve as a function of prosome length,

also following Jónasdóttir et al. (2019).

Fig. 2 Map of the Fram Strait showing sampling stations and the projected habitat suitability for C. finmarchicus in the era 1985–2017, as

determined by the ecological niche model we describe. Hatched areas indicate those regions where the habitat suitability has markedly increased

since the previous era (1955–1984), black hatching for early productive season (April–May–June) and red hatching for late productive season

(July–August–September). Sea ice extent during field sampling in August 2019 is also indicated. WSC West Spitsbergen Current, EGC East

Greenland Current. Also showing location of sampling stations. Note that there were two locations for S2—S2a sampled in early summer 2018

and S2b in late summer 2019
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RESULTS

Our ecological niche modelling indicated a widespread

increase in suitable habitat for C. finmarchicus since the

1980s, spanning much of the northern region of the Fram

Strait stretching from the north-western tip of Svalbard and

across to the Greenland Shelf (Fig. 2). Increases in suit-

able conditions appear to be much greater in the early

compared to late productive season. This is explicable in

terms of the influence of the sea-ice edge as it expands and

contracts on a seasonal basis. More specifically, it is

reflective of an earlier retreat of the seasonal sea-ice edge

in the present era.

Calanus abundance increases progressively from sta-

tions S1 to S3, with highest values being observed during

late summer (Table 1). 16S meta-barcoding analyses

indicated that C. glacialis were almost a negligible part of

the population in the upper 200 m at all three stations while

C. hyperboreus were only present in this part of the water

column in the early summer. Calanus finmarchicus made

up between 63 and 89% of the Calanus community in the

upper 200 m during the early summer and 100% across all

stations in the late summer. All CI–III individuals with

prosome lengths too small to be C. hyperboreus were

assumed to be C. finmarchicus given the negligible levels

of C. glacialis at these stations (Table 1). Moving from

station S1 to S3, C. finmarchicus made up a proportionally

greater part of the early summer Calanus CI–III popula-

tion, to the point where it dominated these developmental

stages at S3.

The abundance and depth distribution of C. finmarchicus

were relatively similar across all three stations in early

summer, with the large majority of the population residing

between the surface and 125 to 150 m, reaching abun-

dances of around 1000 ind m-2 (Fig. 3). In late summer,

abundances were mainly concentrated above 250 m at S1

and S2 but, in S3, there was a second abundance peak

between 625 and 375 m. Very few individuals were found

below 600 m at any station in either season.

Regarding diapause lengths, we calculated that indi-

viduals in the Fram Strait needed to attain an average of

76% of their theoretical maximum lipid sac size in order to

overwinter successfully and reproduce the following

spring. Only 10 to 15% of deep individuals contained such

lipid reserves (Table 2). However, the fact that population

size at S3 was so large meant that substantive numbers

([ 800 ind m-2) were capable of overwintering success-

fully (Fig. 4). This was not the case at S1 and S2, where the

deep population size was much smaller.

DISCUSSION

Changes in the distribution of C. finmarchicus

in the modern era

Our study indicates that, over the last 30 years, conditions

within the Fram Strait have increased in suitability for C.

finmarchicus. These areas span much of the northern region

of the Fram Strait and stretch down the west coast of

Svalbard and into the Barents and Greenland Seas. Our

findings are in line with other studies demonstrating a

northward biogeographic shift of this species’ ecological

niche (Chust et al. 2014). Calanus finmarchicus is

Table 1 Population status of Calanus in the Fram Strait showing: late development stage depth integrated abundance of C. finmarchicus;
percentage composition of three main Calanus species in surface waters according to 16S meta-barcoding analysis; abundance and percentage

composition of C. finmarchicus early developmental stage (CI–III) in the surface depth interval during the early summer; and average (± SD)

water column temperature in the surface 125 m. Note that S2a was sampled in early summer (2018), S2b in late summer (2019). *This was

5–1200 m in station S1 **this was 5–150 m in station S1

Station Summer

period

C. finmarchicus CIV, CV

and CVI abundance (ind

m-2, 5–1000 m)*

% of C. finmarchicus (C.f):C.

hyperboerus (C.h):C.

glacialis (C.g) from 16S

meta-barcode analysis

(0–200 m)

Abundance (ind m-2) of

C. finmarchicus CI–III

(% composition within

Calanus CI–III community;

5–125 m**)

Average surface temperature

�C ± SD (0–125 m)

Early Late Early Late Early Early Late

S1 (75.330� N, 5.466� W) CIV: 1995 CIV: 3933 C.f: 63% C.f: 100% 335 (33%) 0.939 ± 0.358 2.362 ± 1.589

CV: 1283 CV: 2592 C.h: 36% C.h: 0%

CVI: 703 CVI: 186 C.g: 1% C.g: 0%

S2a (79.003� N, 0.025� W) CIV: 588 CIV: 6023 C.f: 86% C.f: 100% 995 (50%) 1.017 ± 1.746 3.643 ± 1.436

S2b (78.320� N, 0.605� W) CV: 1300 CV: 12 098 C.h: 11% C.h: 0%

CVI: 812 CVI: 1765 C.g: 3% C.g: 0%

S3 (78.983� N, 4.366� E) CIV: 2615 CIV: 25 061 C.f: 89% C.f: 100% 4354 (70%) 2.750 ± 0.228 4.319 ± 1.528

CV: 1703 CV: 15 710 C.h: 9% C.h: 0%

CVI: 1827 CVI: 3989 C.g: 1% C.g: 0%
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generally considered to have centres of distribution in the

Norwegian and Labrador Seas, but it is also the dominant

biomass zooplankton species south of Newfoundland,

western Svalbard, the Barents Sea south of the Polar Front

and the Norwegian coast (Aksnes and Blindheim 1996;

Planque et al. 1997; Falk-Petersen et al. 2009). Histori-

cally, although the species has been recorded in the Arctic,

numbers have been comparatively low (Hirche and Koso-

bokova 2007). Our recent estimates of around 15 000 ind

m-2 CV at S3 in the late summer are nevertheless com-

parable with abundances in regions further south, such as

the Irminger Sea, West Norwegian Sea, Labrador Sea and

Iceland Sea (Heath et al. 2008; Pepin and Head 2009;

Jónasdóttir et al. 2019).

Areas expected to have undergone an increase in habitat

suitability for C. finmarchicus since the 1980s strongly

overlap with regions where seasonal sea-ice in the Fram

Strait has retreated over the last 30 years. In part, this is

attributable to the enlarged inflow of warm water into the

region (Schauer et al. 2004), bringing with it greater fluxes

of salt and heat that both prevents sea-ice formation and

increases ocean heat content. As a result, parts of the Fram

Strait that once exhibited Arctic type cold, stratified and

ice-covered features now resemble a more boreal Atlantic-

type warm, well-mixed open-water system. These latter

conditions are more suited to C. finmarchicus.

Evidence of self-sustaining populations of C.

finmarchicus in the Arctic

Increased habitat suitability for C. finmarchicus in Arctic

regions such as the Fram Strait does not necessarily imply

that a species recruits locally and high abundances may

simply reflect a greater level of expatriation from popula-

tion centres further south (Hirche and Kosobokova 2003;

Daase et al. 2007; Wassmann 2011). Models have
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0 500 1000 1500 2000

D
ep

th
 in

te
rv

al
 (m

)

150-5

300-150

450-300

600-450

750-600

900-750

1050-900

1200-1050
S1 

0 500 1000 1500 2000

125-5
250-125

375-250
500-375
625-500
750-625

875-750
1000-875

S2

0 500 1000 1500 2000

125-5
250-125

375-250
500-375
625-500
750-625

875-750
1000-875 S2 

0 500 1000 1500 2000 4000 6000 8000

125-5
250-125
375-250
500-375
625-500
750-625

875-750
992-875

S3

Abundance (ind m-2 )

0 500 1000 1500 2000

125-5
250-125

375-250
500-375
650-500
750-650

875-750
1000-875 S3

0 500 1000 1500 2000 4000 6000 8000

125-5
250-125

375-250
500-375
625-500
750-625

875-750
990-875

Early summer Late summer

Fig. 3 Depth distribution of C. finmarchicus CV during early summer (May, 2018) and late summer (August, 2019). Note that depth intervals in

S1 early summer are larger by 25 m compared to other station samples
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estimated that 1.5 Mt C year-1 of C. finmarchicus leave the

northern Norway shelf each spring and are transported

northwards, with a major flux directed to the eastern Fram

Strait (Gluchowska et al. 2017). As they become advected

into increasingly hostile Arctic conditions, their fate has

been considered as a ‘‘trail of life and death’’ (Wassmann

et al. 2015; Wassmann et al. 2020). This view is based on

observations that the biomass of C. finmarchicus in the

Fram Strait region decreases from October to May and

does not increase again until in August/September, when a

new spring cohort becomes advected into the region

(Wassmann et al. 2019). The historical lack of early life-

stages earlier in the year has led to the reasonable

assumption that all C. finmarchicus in the Fram Strait and

further north are allochthonous and sterile.

While C. finmarchicus will continue to be advected into

unsuitable regions further north and persist there as sterile

expatriates, in the Fram Strait we found early develop-

mental stages (CI–III) to be a substantive part of the

easternmost station (S3) in early summer. Weydmann et al.

(2018) considered the composition of C. finmarchicus life-

stages in the WSC to the west of Svalbard and found early

stages to be present in mid-summer (late June, early July).

Their consideration was that females that originated from

the Norwegian shelf spring cohort spawned them. How-

ever, early stages occurring in May and early June must

otherwise be spawned from a local overwintering popula-

tion since it is substantially in advance of the mid to late

summer influx.

Spawning in the Fram Strait from a local overwintering

population is further supported by our observation that 10

and 15% of the deep population at S3 were capable of

completing the final part of their life cycle of surviving the

winter and reproducing the following spring. Calanus fin-

marchicus have a high fecundity with egg production rates

often between 10 and 50 eggs per day (Melle et al. 2014).

Even if these viable individuals comprise just a compara-

tively small part of the Fram Strait population, optimal

timing of their reproductive efforts with the spring bloom

could enable them to support a substantial resident popu-

lation in this region (Varpe et al. 2007).

The abundance of early season CI–III is equivalent to

just 10% of the of the total population size of C. fin-

marchicus found at this location in late summer, indicating

that inward advection of C. finmarchicus remains the major

contributor to the late development stage population found

in this region. Nevertheless, our discovery of viable over-

wintering individuals and locally recruited early develop-

mental stages together provide the first empirical evidence

that C. finmarchicus is now capable of completing its life-

cycle at ice-edge locations in the Fram Strait.

While all our stations were in an area from which sea-

sonal sea-ice has retreated since the 1980s, strong evidence

that C. finmarchicus could complete its life-cycle was

found only at the most easterly station (S3) where surface

temperatures were around 2 �C warmer than at the westerly

station (S1). These warmer temperatures likely increase

development rates through the earlier stages of the life-

cycle meaning late overwintering developmental stages

will also be reached sooner, giving them greater opportu-

nity to feed and build up lipid reserves prior to overwin-

tering. Furthermore, abundance and nutritional quality of

phytoplankton is higher in the earlier part of the productive

season (Leu et al. 2011), giving further advantage to these

faster developing individuals. Thus, both decreasing sea ice

Table 2 Population status of deep Calanus finmarchicus CV in the

Fram Strait during late summer (August, 2019) showing abundance in

deeper depth layer ([ 250 m); average and range of the number of

days over which individuals can remain in diapause; and abundance of

deep CV capable of remaining in diapause for[ 150 days. Calcula-

tion of diapause length was based on Jonasdottir et al. (2019) and

takes account of the need to retain sufficient reserves to reproduce the

following spring

Deep CV

abundance

([ 250 m; ind

m-2)

Diapause length of

deep CV

population (days)

Abundance of deep CV

population capable

of[ 150 days diapause

(ind m-2)

S1 489 Max: 184

Min: 30

Av: 112

59

S2 3095 Max: 212

Min: 41

Av: 101

192

S3 12 262 Max: 213

Min: 4

Av: 95

816
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Fig. 4 Abundance of C. finmarchicus CV during late summer

(August, 2019) showing total abundance, deep abundance ([ 250 m)

and abundance of deep CV that are capable of successful

overwintering
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extent and increasing water temperature provide favourable

conditions that will enable C. finmarchicus to complete

their life-cycle (Fig. 5) and since these environmental

conditions are becoming more prevalent (Polyakov et al.

2017), C. finmarchicus is likely to establish itself further in

this region.

Pelagic populations exist within an advective environ-

ment where the influx and outflow of individuals to and

from other ocean regions occurs continuously and indi-

viduals often do not remain within a single region over

their entire lifespans. In this context, our study shows that

sufficient C. finmarchicus adults now complete their life-

cycle while moving through the Fram Strait to produce a

distinguishable population of offspring. As conditions

become even more favourable, life-cycle completion will

be achieved by more adults, producing more offspring and

making this region into a source rather than a sink for this

species.

Implications to Arctic ecosystems

Our findings that C. finmarchicus now complete their life-

cycle within the Fram Strait may indicate a shift towards

this small boreal species taking over dominance from the

larger Arctic species (C. hyperboreus, C. glacialis). Such a

shift to a smaller species, with a correspondingly smaller

lipid sac, may have the effect of decreasing the size of the

available lipid pool for planktivores and higher predators.

Models have indicated that the resulting faster generation

times and population turnover rates of this smaller species

Fig. 5 Schematic life-cycle of C. finmarchicus occurring in the Fram Strait in the 30 year era leading up to the mid 1980s (Era 1) and the

subsequent 30 years (Era 2). In Era 1, the C. finmarchicus population entirely relied on immigration from regions further south in order to

populate the region. The short period of open water after the break-up of ice means the phytoplankton bloom is comparatively late and brief. C.
finmarchicus are unable to develop sufficiently quickly in the cold temperatures and build up sufficient reserves to overwinter. In Era 2, increased

inflow of warm Atlantic water means less ice and a longer productivity season. Nevertheless, in those regions most influenced by the cold East

Greenland Current, slow development means that the late developmental stages miss ideal feeding conditions and sufficient overwintering

reserves cannot be attained. In Era 2, where the warm Atlantic inflow of the West Spitsbergen Current has greater influence, development is more

rapid and late developmental stages feed within the bloom, facilitating the build-up sufficient overwintering reserves. This enables a new cohort

to be spawned at the start of the phytoplankton bloom the following spring. Nevertheless, immigration of late stage C. finmarchicus from further

south still remains an important input into the Fram Strait population
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may compensate with regards to energy transfer to preda-

tors (Renaud et al. 2018). Nevertheless, the change in prey

size may impact predators that target individual Calanus,

such as little auks (Alle alle) who actively select larger

Calanus (Karnovsky et al. 2003; Kwasniewski et al. 2012;

Vogedes et al. 2014).

A Calanus species shift may bring further changes in

terms of the timing of respective life-cycles. The timing of

diapause and reproduction may differ between Calanus

species in the Arctic by one to two months (Madsen et al.

2001). This, in turn, alters the seasonal availability of a

particular Calanus life-stage to key predators, affecting the

ability of these predators to remain resident in these

regions. For instance, the biomass of polar cod in the

Barents Sea, which neighbours the Fram Strait, has

declined dramatically since 2006 (Hop and Gjøsæter 2013).

The young stages of that fish species have a strong pref-

erence for eggs and larvae of C. glacialis (Bouchard and

Fortier 2020), which are available prior to the spring bloom

and in close association with the ice (Daase et al. 2013). By

contrast, boreal fish species, such as capelin, Atlantic cod

and mackerel are increasing in the Barents Sea and further

north (Berge et al. 2015; Fossheim et al. 2015; Kortsch

et al. 2015). The young of those species thrive on eggs and

larvae of C. finmarchicus (Bjørke 1976; Heath and Lough

2007) which are more closely synchronised to the open-

water spring bloom (Melle et al. 2014). Fish stocks that are

more capable of matching the timing of their young stages

with that of its principal food are the ones most likely to

continue to succeed as these systems change (Cushing

1990). With greater levels of open water in the Fram Strait,

this temporal matching may well increasingly favour bor-

eal fish species.

Polar ecosystems such as the Fram Strait can be con-

sidered as sentinel systems for the wider fate of polar

regions. As the region experiences greater encroachment of

warm Atlantic currents and the retreat of seasonal sea-ice,

what was a minor expatriate population of C. finmarchicus

in decades past has now become reproductively viable of

this region. This has implications not only for other Arctic

species in this region, but also to species such as large

baleen whales (blue, fin, bowhead, humpback) that migrate

in and out of this region to exploit its rich feeding grounds

(Moore et al. 2019). A Calanus species shift is also likely

to facilitate further northward expansion of commercially

exploited fish stocks. We must manage our further inter-

actions with this system carefully to avoid exceeding the

tolerance of an ecosystem already undergoing rapid

change.
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25000 Besançon, France.

e-mail: mayleen.blackwell@edu.univ-fcomte.fr

Claudia Castellani is a Visiting Researcher at the Plymouth Marine

Laboratory. Her research interests are in the mechanisms driving

spatial and temporal changes in marine zooplankton species abun-

dance and productivity.

Address: Plymouth Marine Laboratory, Prospect Place, West Hoe,

Plymouth PL1 3DH, UK.

e-mail: clc@pml.ac.uk

Kathryn B. Cook is a Pelagic Biogeochemist in the Ocean

BioGeosciences Group at the National Oceanography Centre. Her

research focusses on how the abundance and structure of marine

zooplankton communities relate to the functioning of the ecosystems

within which they reside.

Address: National Oceanography Centre, European Way, Southampton

SO14 3ZH, UK.

e-mail: Kathryn.Cook@noc.ac.uk

Finlo R. Cottier is a Professor of Oceanography at the Scottish

Association for Marine Science and holds an Adjunct Professorship in

Arctic Oceanography at the Department of Arctic Marine Biology,

The Arctic University of Norway, Tromsø. His research interests span

the coupled physical and ecological processes occurring in polar seas,

particularly Arctic shelves.

Address: Scottish Association for Marine Science, Dunstaffnage

Marine Laboratory, Dunbeg, Oban, Argyll and Bute PA37 1QA, UK.

e-mail: finlo.cottier@sams.ac.uk

Malin Daase is a Research Scientist at UiT The Arctic University of

Norway. Her research interest are in Arctic zooplankton ecology and

life history strategies.

Address: Institute for Arctic and Marine Biology, UiT The Arctic

University of Norway, Breivika, 9037 Tromsø, Norway.

e-mail: malin.daase@uit.no

Magnus L. Johnson is a Senior Lecturer in Environmental Marine

Biology at the University of Hull. His research interests are in crus-

taceans and fisheries.

Address: Department of Biological and Marine Sciences, University

of Hull, Hull HU6 7RX, UK.

e-mail: m.johnson@hull.ac.uk

Kim S. Last is Senior Lecturer at the Scottish Association for Marine

Science. His area of interests include the behaviour and chronobiol-

ogy of marine organisms.

Address: Scottish Association for Marine Science, Dunstaffnage

Marine Laboratory, Dunbeg, Oban, Argyll and Bute PA37 1QA, UK.

e-mail: kim.last@sams.ac.uk

Penelope K. Lindeque is Head of Science: Marine Ecology and

Biodiversity at Plymouth Marine Laboratory. PKL has a background

in molecular ecology with a focus on marine eukaryotes.

Address: Plymouth Marine Laboratory, Prospect Place, West Hoe,

Plymouth PL1 3DH, UK.

e-mail: PKW@pml.ac.uk

Daniel J. Mayor leads the Marine Ecosystem Processes Subgroup at

the National Oceanography Centre. His research examines how

organismal physiology and ecology drives biogeochemical cycling.

Address: National Oceanography Centre, European Way, Southampton

SO14 3ZH, UK.

e-mail: dan.mayor@noc.ac.uk

Elaine Mitchell is a Senior Research Assistant at the Scottish

Association for Marine Science. Her research interests are phyto-

plankton taxonomy, bacterial and picoplankton enumeration and their

contribution to marine biomass, predominantly in the polar and

northern regions.

Address: Scottish Association for Marine Science, Dunstaffnage

Marine Laboratory, Dunbeg, Oban, Argyll and Bute PA37 1QA, UK.

e-mail: elaine.mitchell@sams.ac.uk

Helen E. Parry is a Molecular Biologist at Plymouth Marine Labo-

ratory. Her research interests are varied, employing molecular tech-

niques to investigate marine ecology and biodiversity.

Address: Plymouth Marine Laboratory, Prospect Place, West Hoe,

Plymouth PL1 3DH, UK.

e-mail: hech@pml.ac.uk

Douglas C. Speirs is a Senior Lecturer in Marine Resource Model-

ling at Strathclyde University. His focusses on developing computa-

tionally efficient population models of fish stocks in which

physiological structure and spatial structure are combined.

Address: Department of Mathematics and Statistics, University of

Strathclyde, Livingstone Tower, 26 Richmond St, Glasgow G1 1XH,

UK.

e-mail: d.c.speirs@strath.ac.uk

Gabriele Stowasser is a Researcher in the Ecosystems Group at

British Antarctic Survey. Her research interests are in the application

of biomarkers to marine food web ecology.

Address: British Antarctic Survey, High Cross, Madingley Rd,

Cambridge CB3 0ET, UK.

e-mail: gsto@bas.ac.uk

Marianne Wootton is the Senior Plankton Analyst at the Continuous

Plankton Recorder Survey at the Marine Biological Association. Her

interests centre around all aspects of marine plankton taxonomy and

identification, in particular copepods, and developing these skills in

others.

Address: The Laboratory, Citadel Hill, Plymouth PL1 2PB, UK.

e-mail: mawo@MBA.ac.uk

123
� The Author(s) 2021

www.kva.se/en

344 Ambio 2022, 51:333–344


	Can a key boreal Calanus copepod species now complete its life-cycle in the Arctic? Evidence and implications for Arctic food-webs
	Abstract
	Introduction
	Materials and methods
	Ecological niche modelling
	Population dynamics and depth distribution
	Body condition analysis
	Life-cycle modelling

	Results
	Discussion
	Changes in the distribution of C. finmarchicus in the modern era
	Evidence of self-sustaining populations of C. finmarchicus in the Arctic
	Implications to Arctic ecosystems

	Acknowledgements
	References




