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Abstract

Life history strategies such as multiyear life cycles, resting stages, and capital breed-

ing allow species to inhabit regions with extreme and fluctuating environmental con-

ditions. One example is the zooplankton species Calanus hyperboreus, whose life

history is considered an adaptation to the short and unpredictable growth season in

the central Arctic Ocean. This copepod is commonly described as a true Arctic ende-

mic; however, by statistically analyzing compiled observational data, we show that

abundances are relatively low and later stages and adults dominate in the central

Arctic Ocean basins, indicating expatriation. Combining data analyses with individ-

ual‐based modeling and energy requirement estimation, we further demonstrate that

while C. hyperboreus can reach higher abundances in areas with greater food avail-

ability outside the central Arctic basins, the species’ resilience to environmental fluc-

tuations enables the life cycle to be completed in the central Arctic basins.

Specifically, the energy level required to reach the first overwintering stage—a pre-

requisite for successful local production—is likely met in some—but not all—years.

This fine balance between success and failure indicates that C. hyperboreus functions

as a peripheral population in the central Arctic basins and its abundance will likely

increase in areas with improved growth conditions in response to climate change.

By illustrating a key Arctic species’ resilience to extreme and fluctuating environ-

mental conditions, the results of this study have implications for projections of

future biogeography and food web dynamics in the Arctic Ocean, a region experi-

encing rapid warming and sea ice loss.
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1 | INTRODUCTION

The Arctic is an extreme environment characterized by low tempera-

tures, presence of sea ice, and highly seasonal biological productivity.

Since climatic extremes often correlate with species’ range edges,

we may expect many species to meet their range limits in the Arctic

(i.e., “peripheral populations”) (Hardie & Hutchings, 2010), as

illustrated by recent climate‐driven range expansions of boreal spe-

cies into arctic waters (Wassmann et al., 2015). Peripheral

populations commonly display lower but more variable abundances

than core populations, along with adaptations to environmental fluc-

tuations such as physiological tolerances and plastic life history

strategies (Hardie & Hutchings, 2010). These adaptations can enable

peripheral populations to quickly colonize newly available habitats

under climate change. Climate change in the Arctic is manifested in

recent increases in land and sea surface temperatures and sea ice

loss (Larsen et al., 2014). To predict how climate change will impact
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species currently living in the Arctic requires understanding of how

the historical environment has shaped their distributions and life his-

tories.

Calanus copepods constitute a critical component of Arctic and

subarctic marine ecosystems. Calanus glacialis and C. hyperboreus

dominate zooplankton biomass in the central Arctic (Johnson, 1963;

Kosobokova & Hopcroft, 2010; Olli et al., 2007), with C. glacialis

being more important in shelf areas, and the larger and more lipid

rich C. hyperboreus in slope and basin areas (Kosobokova, Hanssen,

Hirche, & Knickmeier, 1998). Calanus hyperboreus’ exceptional ability
to store lipid allows it to overwinter at all life stages including and

after copepodid stage C3, spend up to 5 years completing its life

cycle (13 life stages, Figure 1), and spawn based on internal lipid

reserves (i.e., capital breeding) and is considered an adaptation to

the short and unpredictable growth season in the central Arctic

(Falk‐Petersen, Mayzaud, Kattner, & Sargent, 2009; Sainmont, Ander-

sen, Varpe, & Visser, 2014). Thus, the species is regarded as a true

Arctic endemic with core habitats in deep‐water areas of the Green-

land Sea, Fram Strait, Labrador Sea, Baffin Bay, and the central Arc-

tic Ocean (Conover, 1988; Falk‐Petersen et al., 2009).

However, the known distributional range of C. hyperboreus is

based on few studies (Choquet et al., 2017), and it has conversely

been suggested that the species may be an expatriate in the central

Arctic Ocean basins. Field campaigns have observed reduced abun-

dances in the central Arctic basins relative to surrounding areas

(Hirche, 1991; Hirche & Mumm, 1992; Kosobokova & Hirche, 2009),

particularly of early copepodid stages (Dawson, 1978; Kosobokova

et al., 1998; Lane, Llinás, Smith, & Pilz, 2008; Olli et al., 2007). This

could result from recruitment failure, that is, the species cannot

complete the life cycle locally, but advection, facilitated by multiple

years of diapause in conjunction with favorable ocean currents,

could supply older stages to the central Arctic from surrounding

areas (Ji et al., 2012).

Assuming that a prerequisite for local production is that individu-

als reach the first diapausing stage within one growth season, and

that long‐lived diapausing stages are more likely to be supplied by

advection (Figure 1), we identify these indicators of expatriation in

the central Arctic Ocean basins: (a) low abundances relative to sur-

rounding areas (e.g., Arctic shelves); (b) later stages and adults domi-

nate in the central Arctic basins; (c) stage C3 is unlikely to be locally

produced in the central Arctic basins and is therefore more abundant

prior to the growth season (after exiting diapause) than at the end

of the growth season. To evaluate these indicators, we compiled and

statistically analyzed pan‐Arctic observational data from the 1930s

to 2010s, allowing us to achieve a more complete mapping of C. hy-

perboreus’ distribution and seasonality than single‐case studies. We

then used an individual‐based model (IBM) to identify sources of

successful C3 individuals and further estimated if the energy

required for an individual to develop to stage C3 can be met in the

central Arctic basins. We hypothesized that the short growth season

has historically impeded local production of C. hyperboreus in the

central Arctic basins, but that increased growth season length under

climate change may push the species’ range limit poleward. By

combining historical data and mechanistic modeling to investigate

C. hyperboreus’ distribution and resilience to environmental fluctua-

tions, we could elucidate implications of climate change on the spe-

cies’ success in the future Arctic.

2 | MATERIALS AND METHODS

2.1 | Statistical analyses of compiled survey data

2.1.1 | Compilation and standardization of survey
data

We compiled stage‐specific abundance data for C. hyperboreus cope-

podid stages (C1–C5) and adults (C6 male or female) given as ind./m3

or ind./m2 from published sources (Supporting Information Table S1),

excluding data of merged stages (e.g., C1–C3) or of other units (bio-

mass, presence/absence etc.). Further, we only included data with

information about sampling date, location (longitude and latitude),

depth (upper and lower depths of sample), gear, and mesh size. If

only lower sampling depth was given for subsequent stations, we

assumed upper sampling depth was at the surface. We checked for

obvious errors (e.g., unrealistic sampling positions) and corrected

these if it was a clear data entry error, or otherwise removed the

entry. The data compilation is available online at www.arcticdata.io

(https://doi.org/10.18739/A2T43J24K). Note that since many data-

sets were not included due to missing information on, for example,

sampling date, location, or stage‐specific abundances, this is not an

exhaustive compilation of C. hyperboreus observational data.

For analyses of spatial distribution patterns, we converted all

data to depth‐integrated abundance (ind./m2) by multiplying data

given as ind./m3 with the sampled depth interval. Since sampling

procedures differed between datasets, we used the following crite-

ria to standardize data: (1) We only included stations integrating

the water column, that is, (1a) the lower sampling depth was

≥100 m or ≤10 m above the bottom for stations with bottom

depth <100 m; (1b) sample(s) covered ≥70% of the upper 100 m

or ≥70% of the water column if the bottom depth was <100 m. If

a station included samples from multiple depth layers, we summed

stage‐specific abundances (ind./m2) for all samples and applied crite-

ria 1a‐b to the total sampling depth of the station. If sea bottom

depth was not recorded, we used the closest grid point from the

International Bathymetric Chart of the Arctic Ocean (IBCAO Ver-

sion 3.0 June 8 2012, 500 m spatial resolution) or Southern Alaska

Coastal Relief Model (24 arc‐second resolution) (Lim, Eakins, &

Wigley, 2011).

(2) We summed data from different depth layers using these cri-

teria: (2a) If a complete depth‐integrated sample was available, we

used this instead of summing depth‐specific samples. (2b) We inter-

polated gaps (e.g., samples covered 0–10 and 25–100 m) by averag-

ing concentrations (ind./m3) in the adjacent depth layers and

multiplying with the depth interval of the gap. (2c) If samples over-

lapped in depth, we reduced abundances (ind./m2) in each sample by

the “overlap fraction”. For example, if two samples covered 0‐150
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and 100–200 m, abundances were reduced by 25/150 for the upper

sample (now representing 0–125 m) and by 25/100 for the lower

sample (now representing 125–200 m). This approach assumes uni-

form distribution with depth within each sample, but not necessarily

between samples. (2d) If more than one sample was given for the

same depth layer (e.g., multiple observations the same day with

missing time information), we averaged stage‐specific abundances

across these samples. (2e) If all observations from a station for a

given stage were missing, we considered these true NAs (i.e., the

stage was not looked for), but NAs were converted to zeroes if

observations for a given stage were a mix between positive values

and NAs.

To account for any bias due to differing mesh size, we converted

observed abundances (ind./m2) in station i, Ncaught(i), to expected

abundances, Ntotal(i), based on the estimated proportion of individu-

als caught per body width/mesh size ratio (R), using stage‐specific
body widths observed in the western Arctic (R. G. Campbell, pers.

comm.) and the function from Nichols and Thompson (1991):

NcaughtðiÞ
NtotalðiÞ ¼ 1

1þ e�8:9ðR�1Þ (1)

We excluded data for which Ncaught/Ntotal was <25% (7% of the

data for stage C1 and <1% for stages C2‐C3, respectively) as this

could lead to highly inflated abundances.

F IGURE 1 Schematic overview of two scenarios explaining C. hyperboreus presence in the central Arctic basins: (1) local production or (2)
expatriation. In scenario 1, C. hyperboreus completes its life cycle in the central basins, that is, individuals develop from egg to the first
diapausing stage C3 or an older stage (+) within one growth season (upper arrows), then overwinter (lower arrows) and continue to develop
during the following growth seasons until reaching the adult stage (C6). In scenario 2, C. hyperboreus completes its life cycle in surrounding
areas (e.g., the Arctic shelves). Individuals can be advected into the basins during overwintering and following growth seasons, leading to
dominance of older stages in the central basins. Expatriated individuals may reach adult stage and spawn, but the short growth season
prevents the new generation from reaching the first overwintering stage (C3). Note that (a) the life cycle length may vary depending on
environmental conditions (as indicated by “+”); (b) because it is unclear if stage C5 develops to females that spawn directly during the first
winter/spring or if females spend an extra season feeding before spawning (Conover, 1988), the ultimate stage is indicated as C5/C6; (c) we
here focus on the basin population, not whether C. hyperboreus is likely to complete its life cycle on the shelf [Colour figure can be viewed at
wileyonlinelibrary.com]
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2.1.2 | Statistical modeling of spatial distribution
patterns

To extract spatial distribution patterns of C. hyperboreus from the

compiled data, we used generalized additive models (GAMs) (Wood,

2006), including spatiotemporal (sampling time and location) and

environmental explanatory variables. We constructed models

describing abundances (ind./m2) per development stage C1‐C6m/f

separately. Since the data contained zeroes, we used a binomial

model with logit‐link function to describe probability of presence

(converting positive values to 1) and a model with Gaussian error

distribution to describe abundance when present (natural log‐trans-
formed positive values).

The binomial model had the form:

logitðpÞl;t ¼ βþ teðXl;YlÞþ s1ðMtÞþ s2ðDl;tÞþ s3ðBlÞþ s4ðIl;tÞþ s5ðSl;tÞþYt

(2)

pl,t is the probability of observing at least one individual in location l

and time t; β is the intercept; te(Xl, Yl) is a 2D tensor product smooth

function of sampling position (max. 30 knots, determining the max.

degrees of freedom), calculated by converting longitude and latitude

to Azimuthal Equidistant projection centered at the North Pole;

s1(Mt) a cyclic cubic regression spline of sampling month (accounting

for seasonal variation, max. 5 knots); s2–s5 are thin plate regression

functions (max. 5 knots) of the sampled depth interval (D, accounting

for varying depth coverage between samples), sea bottom depth (B)

at the sampling location, and sea ice concentration (I) and sea sur-

face salinity (S) at the time and location of sampling. Y is a factor

variable of year. The depth interval (D) was natural log‐transformed

to reduce the influence of a few outliers with high values.

The model used to describe abundance when present had the

form:

lnðNÞl;t¼βþteðXl;YlÞþs1ðMtÞþs2ðDl;tÞþs3ðBlÞþs4ðIl;tÞþs5ðSl;tÞþYtþɛl;t

(3)

Here, ln(N)l,t is the natural logarithm of C. hyperboreus stage‐
specific abundances (ind./m2, zeroes removed) in location l and time

t and ε a Gaussian error term. Other covariates correspond to Equa-

tion 2.

Since environmental observations are rare in the central Arctic,

we extracted daily sea surface salinity (0–5 m depth) and sea ice

concentration at the time and location of samples from hindcast sim-

ulations (1930–2016) of a pan‐arctic ice‐ocean coupled model (Pan‐
arctic Ice‐Ocean Modeling and Assimilation System, PIOMAS) with a

mean spatial resolution of ~22 km (Zhang & Rothrock, 2003). We

did not include sea surface temperature in the statistical models

because temperature and sea ice were significantly negatively corre-

lated (Kendall's rank correlation coefficient τ: −0.65, p < 0.01), while

sea ice concentration and sea surface salinity were uncorrelated (τ:

−0.01, p = 0.65).

To visualize spatial distribution patterns, we extracted predic-

tions from Equations 2 and 3 for the full domain of PIOMAS and

considered the product of the predictions as predicted abundances

weighed by probability of presence. Beside location and bottom

depth, covariates were set fixed for the prediction: month to June,

salinity and ice concentration to average conditions in June per

grid cell, and sampling interval and year to the mean for the obser-

vation data. To assess significance of model terms, we compared

deviance explained and genuine cross validation (GCV) for the full

model and models with single terms removed. The GCV was the

mean squared leave‐one‐out prediction error, obtained by remov-

ing data for 1 year at a time, refitting the model for the reduced

dataset and predicting for the removed year. The effect of year

was removed when calculating GCV. All analyses were done in R

(version 3.3.2) (R Core Team, 2016) using the mgcv library for

GAMs (Wood, 2006) (code available at github.com/kristokv/

chyp_arctic).

2.1.3 | Seasonal variation in copepodid stage C3

To describe seasonal variation in stage C3, we plotted concentra-

tions (ind./m3) in the upper and deeper layers (defined as samples

with a maximum sampling depth of 200 m and samples from

depth layers deeper than 200 m, respectively) per sampling day in

three regions: north of 85°N and ≥200 km from the shelf (“north-
ern Arctic basins”), 70–85°N and ≥50 km from the shelf (“south-
ern Arctic basins”) and north of 70°N and <50 km from the shelf

(“Arctic shelf and slope”). We defined the shelf as areas with bot-

tom depth ≤500 m. We compared C3 concentrations to the

growth season using daily mean phytoplankton concentrations in

the upper 60 m from a pan‐arctic ice‐ocean‐biogeochemical model

(Biology‐Ice‐Ocean Modeling and Assimilation System, BIOMAS)

(Zhang et al., 2010, 2014, 2015). This included both pelagic phyto-

plankton and sea ice algae released to the water column (hereafter

referred to as phytoplankton) given as mmol N/m3, which we con-

verted to μg C/m3 using the Redfield C:N ratio of 106:16. For

each region, we averaged daily phytoplankton concentrations

within the corresponding model domain for 1987 and 2012, the

years with the highest and lowest September sea ice extent in the

Arctic since 1980, respectively (Fetterer, Knowles, Meier, Savoie,

& Windnagel, 2017).

2.2 | Identifying sources of successful diapausers

We used an IBM (github.com/fengzhixuan/ArcIBM/tree/trunk‐1)
(Feng, Ji, Ashjian, Campbell, & Zhang, 2018; Feng, Ji, Campbell, Ash-

jian, & Zhang, 2016; Ji et al., 2012) to identify successful diapausers,

that is C. hyperboreus individuals reaching halfway through stage C3.

To simulate physical advection and temperature‐ and food‐depen-
dent life cycle development, the IBM was coupled offline to BIO-

MAS, which provided upper 60 m depth‐averaged flow fields,

temperature and food concentration, which includes phytoplankton

(diatoms and flagellates), sea ice algae and microzooplankton. We

ran experiments assuming either that C. hyperboreus only feed on

phytoplankton (including sea ice algae released to the water column)

or microzooplankton in addition to phytoplankton. The food‐
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dependent life stage development of simulated C. hyperboreus indi-

viduals had no feedback effect on modeled food concentrations.

In the two contrasting years 1987 and 2012, we uniformly

released 22,492 C. hyperboreus individuals at the egg stage in the

regions outlined above on January 1st. From egg to the first feeding

stage (naupliar stage N3), development time is temperature‐depen-
dent (T, °C) according to the Belehrádek function:

Di ¼ aiðT þ αÞβ (4)

where Di is development time of stage i (days), α and a are parame-

ters fitted for C. hyperboreus (Campbell, Wagner, Teegarden, Bou-

dreau, & Durbin, 2001; Ji et al., 2012) and β is a constant (−2.05) for

C. hyperboreus and its congeners (Corkett, McLaren, & Sevigny,

1986). From stage N3 onward, development is constrained by food

availability according to an Ivlev function:

Di ¼ aiðT þ αÞβ=ð1� e�F=KÞ (5)

where F is food concentration (mmol N/m3) and K a food‐limitation

parameter. K was ~0.5 mmol N/m3 (39,785 μg C/m3) for laboratory‐
reared C. finmarchicus (Campbell et al., 2001; Feng et al., 2016), but

to our knowledge, data are unavailable for determining K for C. hy-

perboreus. We ran experiments with K ranging from 0.1 to 0.5 mmol

N/m3, where 0.1 and 0.5 represent low and high food requirement,

respectively, and an experiment with no food requirement (applying

Equation 4 for all stages).

2.3 | Energy requirement estimation

The lack of prior knowledge to parameterize food‐dependent devel-
opment of C. hyperboreus leads to uncertainty in the IBM experi-

ments described above. Therefore, to evaluate if it is realistic that

C. hyperboreus can obtain sufficient energy to develop from the first

feeding stage (N3) to overwintering (C3) within the northern Arctic

basins, we compared energy requirements for growth and metabo-

lism with estimated food availability from BIOMAS. Since a number

of assumptions had to be made, results should be considered “back‐
of‐the‐envelope” estimates of whether reaching C3 is realistic.

Stage‐specific body weight data (μg C) were available for nau-

pliar stages N3 (fed/unfed), N4, and N6 and copepodid stages C1‐
C3 (Ashjian, Campbell, Welch, Butler, & Van Keuren, 2003; Jung‐
Madsen, Gissel Nielsen, Grønkjær, Winding Hansen, & Friis Møller,

2013). We assumed these values represent weights at the end of

the stage, that is, growth during stage i = μgCi − μgCi−1, and that

the full weight of C3 (μgCC3) must be met before diapause. Since

data for stages N2 and N5 were missing, we assumed μgCN5 =

mean(μgCN4, μgCN6) and growth during N3 = μgCN3(FED) − μgCN3

(UNFED).

To calculate energy required for growth and metabolism (μg C

ind−1 day−1), we assumed individuals spend the full growth season

to develop from N3 to halfway through C3. We defined the growth

season as days with mean phytoplankton concentration in the upper

60 m > 500 μg C/m3, using phytoplankton concentrations for the

northern Arctic basins in 1987 and 2012 from BIOMAS (see

Seasonal variation in copepodid C3 abundance). This definition gave

comparable results to the commonly used bloom definition of 5%

above the median of the year (Brody, Lozier, & Dunne, 2013), but

reflected the longer growth season in 2012. Assuming relative stage

durations are equiproportional according to Belehrádek functions (Ji

et al., 2012), we could calculate the number of days spent at each

stage in 1987 and 2012 and thereby the daily energy requirement

for growth per stage (μgC ind−1 day−1).

We calculated metabolism per stage (μgC ind−1 day−1) as a func-

tion of weight of active individuals (μgC ind−1 s−1) (Maps, Record, &

Pershing, 2014):

M ¼ 7� 10�7 � C0:76 (6)

To compare the total daily energy requirement (growth +

metabolism) with food availability in μgC/m3, we adjusted the

energy requirement by filtration rates (m3 ind−1 day−1) within the

range observed for C. hyperboreus C2‐C6f (Campbell et al., 2009).

Assuming a constant filtration rate within this range, we calculated

the total energy required to develop from N3 to C3 and the day‐
of‐year when this requirement is met (assuming no feedback from

food uptake on food availability). We compared results with phy-

toplankton only (including released sea ice algae) or with phyto-

plankton and microzooplankton as food, using model estimates for

the northern Arctic basins in 1987 and 2012 from BIOMAS. See

Supporting Information Figure S1 for an overview of the estima-

tion approach and github.com/kristokv/chyp_arctic for R code and

data.

3 | RESULTS

3.1 | Spatial and seasonal distribution of observed
C. hyperboreus

Statistical model results based on field observations indicated that

C. hyperboreus abundances were highest in the Greenland Sea and

Baffin Bay/Canadian Arctic Archipelago and lowest in the East Siber-

ian Sea and Chukchi Sea/Bering Sea (Figure 2, see Supporting Infor-

mation Figures S2 and S3 for predictions from the Gaussian and

binomial models separately). Predicted abundances in the central

Arctic basins were low for the younger copepodid stages (C1 and

C2) but increased for older stages, except for adult males that were

rarely observed.

The most important variables explaining variation in the observa-

tional data were sampling position and year (Supporting Information

Table S2). Month was important for C1‐C3, which were most abun-

dant in June‐July (Supporting Information Figure S4), and adult

males, which tended to occur in winter (Supporting Information Fig-

ure S5). Larger sampling depth intervals were generally linked to

increased abundances and higher probability of presence, but high

abundances of stages C1‐C5 were associated with bottom depths

<1,000 m. Sea surface salinity and ice concentration generally cap-

tured little of the observed variation, likely because their explanatory

power was captured by the spatial and seasonal terms. More
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observations were available to fit the GAMs for late compared to

early copepodid stages (with the exception of adult males, Support-

ing Information Table S2). In particular, only 239 nonzero observa-

tions were available for stage C1 (compared to >1,000 for stages

C4‐C6f). Moreover, in contrast to the other stages, the GCV scores

for stage C1 indicated poor predictive power of sampling location

(reduced GCV score when the spatial term was removed from the

Gaussian model). Thus, the predicted abundances for stage C1 (Fig-

ure 2) should be interpreted with caution.

We compared seasonal variation in the first diapausing stage

(C3, pooled for all years) with estimated growth seasons in 1987, a

year with extensive summer sea ice and short growth season, and

2012, a year with record low summer sea ice and hence longer

growth season (Table 1). During the growth season (defined here as

days with mean phytoplankton concentration in the upper

60 m > 500 μg C/m3), highest C3 concentrations were as expected

found in the upper 200 m (presumably active), while during winter

C3 concentrations were higher below 200 m (presumably diapausing)

(Figure 3). Highest concentrations across seasons were recorded in

areas with bottom depth <500 m (Figure 3f). Data were scarce for

the northernmost basins, but C3s were observed in the upper

200 m at the end of the growth season (Figure 3d). Note that since

these patterns are shaped by the availability of observations, missing

data do not necessarily imply absence.

3.2 | Origins of successful diapausers

Assuming high food requirement for C. hyperboreus during develop-

ment (K in Equation 5 = 0.5, parameterized based on its subarctic

congener C. finmarchicus), few or no simulated individuals released

as eggs in the central Arctic basins (Figure 4a) reached diapause

(stage C3) (Figure 4b,f). Results did not change substantially if micro-

zooplankton was included as food (Figure 4c,g), however, reducing

the food requirement (K in Equation 5 = 0.1) largely increased the

number of diapausers in the central basins (Figure 4d,h, see Support-

ing Information Figure S6 for experiments with K = 0.2, 0.3 and 0.4).

The percentage of individuals reaching diapause in 1987 (all regions)

increased from 15% (Figure 4b) to 52% (Figure 4d) by reducing the

food requirement and from 20% (Figure 4c) to 94% (Figure 4e) when

microzooplankton was included as food. Increased duration and mag-

nitude of food availability in 2012 (Table 1) further raised success

rates, with 99% successful diapausers in a simulation with low food

requirement and microzooplankton food (Figure 4i).

At high food requirement, there was limited influx of successful

diapausers from surrounding regions to the Arctic basins (Table 2).

Since a higher percentage of individuals developed to diapause at

low food requirement, there was also more exchange between

regions, however, most influx to the northern basins occurred from

the southern basins and vice versa. Nevertheless, while the

F IGURE 2 Predicted distribution of C. hyperboreus from statistical models of compiled observational data. Maps show predicted
abundances (loge ind./m

2, color scale) per copepodid stage (C1–C5) and adult females (C6f) and males (C6m) as the product of predictions from
GAMs describing probability of presence and abundance when present (i.e., predicted abundances weighed by the predicted probability of
presence, results from each model separately are shown in Supporting Information Figures S2 and S3). Gray circles show locations of
observational data, with size reflecting observed abundances, and black crosses indicate zero observations
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percentage was low, some trajectories transported individuals from

the shelf to the basins where they reached diapause. For the north-

ern basins, these primarily originated from the East Siberian Sea and

Chukchi Sea shelf break and slope, while for the southern basins,

individuals were also transported in from the northern Barents Sea

and from along the vicinity of the shelf break in the Laptev Sea,

Beaufort Sea and Canadian Arctic Archipelago (Supporting Informa-

tion Figure S7).

3.3 | Energy requirement estimation

We estimated the total energy required for a C. hyperboreus individ-

ual to develop from the first feeding stage (N3) to the first diapaus-

ing stage (C3) and compared results with model‐derived food

availability in the northern Arctic basins. Results suggested that aver-

age filtration rates must be above ~6.3 × 10−5 m3 ind.−1 day−1 to

meet the energy requirement within 1 year (Figure 5). This is in the

TABLE 1 Environmental conditions in the Arctic Ocean in 1987 and 2012. Model‐based estimates of sea ice area in September (×106 km2),
temperature in the upper 60 m (°C), growth season length (days with phytoplankton concentration >500 μg C/m3), and phytoplankton
concentration in the upper 60 m (μg C/m3). Annual means and SD (±) were estimated for the coverage of BIOMAS north of 70°N and
separately for the northern Arctic basins (NB), southern Arctic basins (SB), and Arctic shelf and slope (SS)

Year

Temperature (°C) September sea ice area (106 × km2)

Total NB SB SS Total NB SB SS

1987 −0.64 ± 1.43 −1.3 ± 0.26 −1.13 ± 1.06 −0.28 ± 1.56 6.14 ± 0.75 0.79 ± 0.05 2.57 ± 0.25 2.67 ± 0.46

2012 −0.06 ± 2.09 −0.8 ± 0.52 −0.53 ± 1.30 0.3 ± 2.47 2.01 ± 0.35 0.54 ± 0.11 0.94 ± 0.18 0.45 ± 0.06

Growth season length (days) Phytoplankton concentration (μg C/m3)

1987 185 ± 27 154 ± 11 180 ± 22 190 ± 28 13,687 ± 36,140 3,370 ± 6,341 7,302 ± 12,723 18,580 ± 45,639

2012 208 ± 20 180 ± 10 205 ± 19 211 ± 19 19,858 ± 47,454 4,946 ± 8,478 8,413 ± 14,289 28,374 ± 59,718

F IGURE 3 Seasonal variation in stage C3 in relation to growth season and water column depth. (a–c) Spatial distribution of data from three
regions: (a) northern Arctic basins, (b) southern Arctic basins, (c) Arctic shelf and slope. (d–f) By region, observed C3 concentrations (loge ind./
m3 + 1) in the upper (maximum sampling depth 200 m, black triangles) and deeper (sampling depth deeper than 200 m, grey dots) layer per
sampling day. Shaded areas show, by region, daily average phytoplankton concentrations (μg C/m3) in the upper 60 m in 1987 (dark shading)
and 2012 (light shading) [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 4 End locations of successful C3 diapausers in 1987 (b–e) and 2012 (f–i) under high (b, c, f, g) and low (d, e, h, i) food requirement
(K in Equation 5 = 0.5 or 0.1, respectively) and without (b, f, d, h) or with (c, g, e, i) microzooplankton (MZ) included as supplementary food.
Color scale (a) indicates release locations of individuals at the egg stage in the northern Arctic basins, southern Arctic basins, and Arctic shelf
and slope [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Transport of simulated individuals across regions. The percentage of simulated C. hyperboreus individuals released in different
regions (columns) in 1987 and 2012 (rows) reaching diapause in total (top row) and by region where diapause is reached (lower rows). Results
are shown from experiments with high and low food requirement (K in Equation 5 = 0.5 or 0.1, respectively) and without or with inclusion of
microzooplankton (MZ) as a supplementary food. NB: northern Arctic basins, SB: southern Arctic basins, SS: Arctic shelf and slope (see
Figure 4)

Release (n = 22,492)

Experiment

High food
requirement

High food
requirement + MZ

Low food
requirement

Low food
requirement + MZ

NB SB SS NB SB SS NB SB SS NB SB SS

1987 End (%) Total 0 9 28 0 11 38 6 54 80 93 95 91

NB 0 0 0 0 0 0 0 1 1 49 15 1

SB 0 7 3 0 8 3 6 41 8 44 68 10

SS 0 2 25 0 3 34 0 11 71 0 11 79

2012 End (%) Total 0 15 53 0 20 66 51 84 91 100 97 96

NB 0 0 0 0 0 0 20 15 0 42 16 0

SB 0 9 4 0 11 5 31 55 11 57 65 12

SS 0 6 49 0 10 62 0 14 80 1 16 84
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lower range of filtration rates observed for adult females, but in the

higher range or above rates observed for early copepodid stages

(Campbell et al., 2009). Including microzooplankton as food in addi-

tion to phytoplankton reduced the filtration rate needed to meet the

energy requirement and, in particular, at high filtration rates, enabled

the requirement to be met earlier in the year.

4 | DISCUSSION

The high Arctic is an extreme environment hosting species adapted

to sustain long periods of low primary productivity. Climate change

is altering the Arctic but how this will influence species distributions

is poorly understood. Using C. hyperboreus as a model species, we

show that although the central Arctic basins are considered its core

habitat (Choquet et al., 2017; Conover, 1988; Falk‐Petersen et al.,

2009), abundances are higher in relatively lower‐latitude regions with

increased food availability. Nevertheless, C. hyperboreus’ high resili-

ence and responsiveness to environmental fluctuations allow the life

cycle to be completed in the central Arctic basins and may enable

this copepod to rapidly respond to improved growth conditions

under climate change.

4.1 | Ambiguous biogeography of an Arctic
endemic

Since data collection in the Arctic Ocean is challenging, few studies

have investigated species’ distributions at the pan‐Arctic scale. One

recent exception constructed habitat models for several zooplankton

species using compiled historical data (Rutzen, 2017). C. hyperboreus

was predicted to be most abundant in areas with bottom depth

>1,000 m, supporting the species’ status as an Arctic basin endemic.

However, the study did not investigate stage‐specific abundances or

potential sources of individuals, so the basin population's origin could

not be resolved.

We explored two proposed sources of C. hyperboreus to the

central Arctic basins, local production or expatriation (Figure 1). The

compiled data confirmed C. hyperboreus’ pan‐arctic distribution;

however, the central basins showed relatively low abundances and

dominance of later stages and adults, supporting the expatriation

scenario (Figure 2). Highest abundances were predicted in the

Greenland Sea, Baffin Bay, and Canadian Archipelago, which have

been described as C. hyperboreus distribution centers (Hirche, 1991,

1997). As suggested by the IBM results, the probability of reaching

the first diapausing stage is higher in shelf‐ and lower‐latitude basin

areas compared to the northernmost basins (Figure 4), due to

higher concentration and longer duration of food supply (longer

growth season) and higher temperature (faster development rate

and thereby shorter development time) (Feng et al., 2018; Xu,

Zhang, & Sun, 2018; Table 1). For the Baffin Bay and Canadian

Archipelago, highest abundances were observed in the Cape Bath-

urst polynya, North Water polynya, and nearby Lancaster Sound

(Figure 2; dataset 13, Supporting Information Table S1). Polynyas

of persistent open water provide hotspots for Arctic pelagic pro-

duction and allow copepods to develop faster and reach higher

abundances compared to surrounding ice‐covered areas (Ringuette

et al., 2002).

A combination of favorable growth conditions and access to

overwintering habitat might drive the high abundances in lower‐lati-
tude Arctic basins. Calanus hyperboreus’ overwintering habitat

includes deep waters (>500 m) in the central Arctic Ocean, Amund-

sen Gulf, Baffin Bay, Icelandic‐, Norwegian‐, and Greenland Seas

(Falk‐Petersen et al., 2009; Visser, Grønning, & Jónasdóttir, 2017).

However, the observational data suggest that C3 (Figure 3) and simi-

larly later diapausing stages (C4‐C6, results not shown) are present

at higher concentrations in winter in the Arctic shelf and slope than

in deep basins. Overwintering may thus occur in shallower areas

than commonly assumed.

F IGURE 5 Estimated number of days needed for a C. hyperboreus
individual to obtain sufficient energy to reach diapause. (a) Day‐of‐
year (DOY, y‐axis) on which the energy required to develop from the
first feeding stage (N3) to diapause (C3) is met under different
filtration rates (x‐axis) for 1987 (solid line) and 2012 (dashed line),
without or with microzooplankton as supplementary food (black or
gray lines, respectively). Crosses mark thresholds below which
filtration rate the energy requirement cannot be met and green
shading the growth season length for 1987 (dark green) and 2012
(light green). (b) Filtration rates observed per developmental stage
C2‐C6f in grazing experiments (Campbell et al., 2009) [Colour figure
can be viewed at wileyonlinelibrary.com]
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Although our study suggests that C. hyperboreus’ core habitat is

lower‐latitude Arctic areas, it also indicates that the life cycle can be

completed in the central Arctic basins. Data from the northernmost

basins showed that the first overwintering stage is present at the

end of the growth season (Figure 3), contradicting the premise that

locally produced individuals are unable to reach this stage. Moreover,

because of relatively slow ocean currents, it seems unlikely that

advection from surrounding areas is the single source of these indi-

viduals (Figure 4). Chances of reaching the central basins from sur-

rounding areas will increase over multiple years of advection (Ji

et al., 2012), which may explain relatively higher abundance of late

stages (Figure 2). Without data on genetic exchange among popula-

tions (e.g., Nelson, Carmack, McLaughlin, & Cooper, 2009), it is diffi-

cult to disentangle the importance of imported vs. local production

for long‐lived zooplankton, but our results indicate nonnegligible

local production of C. hyperboreus in the northernmost basins.

4.2 | Resilience to extreme and fluctuating
environment

Relatively low abundances but ability to complete the life cycle sug-

gests that, rather than being expatriated, C. hyperboreus is resource‐
limited and functions as a peripheral population in the central Arctic

basins. Several aspects of C. hyperboreus’ life history, including its

large body size, plastic life cycle, and reproductive strategies, illus-

trate the high resilience to environmental fluctuations typical of

peripheral populations.

Storing energy is advantageous when food availability is short

and unpredictable (Lee, Hagen, & Kattner, 2006). A larger body

allows building larger lipid reserves and makes C. hyperboreus more

likely to sustain a long winter compared to its congeners (Falk‐Peter-
sen et al., 2009; Lee et al., 2006). Efficient lipid accumulation also

enables C. hyperboreus to overwinter from an earlier stage and spend

1–5 years or more to complete its life cycle (Falk‐Petersen et al.,

2009). This plasticity, found in both C. hyperboreus and C. glacialis,

serves as a buffer to unpredictable feeding environments. Plastic

reproductive strategies can also increase resilience to environmental

fluctuations; for example, C. glacialis spawns based on available food

(“income”) or stored energy (“capital”) depending on the environ-

ment (Daase et al., 2013). As the growth season shortens, large bod-

ied capital breeders will be favored because the new generation can

fully exploit the short growth season and larger storage capacity

increases fecundity (Sainmont et al., 2014).

Thus, C. hyperboreus’ large size and capital breeding strategy are

tailored to sustain long periods of food shortage, but mating oppor-

tunities might also be scarce in resource‐limited areas such as the

high Arctic. Many copepods, including Calanus, stay fertile after a

single mating, but infrequent mate‐encounters may still restrict pop-

ulation growth at low population densities (Kiørboe, 2006). Calanus

hyperboreus’ large size may facilitate mate‐encounters and counter-

act this “Allee effect” (Kiørboe, 2006), and, perhaps more impor-

tantly, females can remain fertile for a very long period (>2 years in

the laboratory) (Hirche, 2013) and possibly spawn in successive years

(“iteroparity”) (Conover & Siferd, 1993; Plourde, Joly, Runge, Dod-

son, & Zakardjian, 2003; Swalethorp et al., 2011). Dawson (1978)

hypothesized that an observed lack of young stages following two

spawning seasons in the central Arctic resulted from either absence

of reproduction or failed recruitment due to mismatch with the phy-

toplankton bloom. Our results support that successful recruitment is

sensitive to environmental fluctuations, but prolonged fertilization,

iteroparity, and a multiyear life cycle that enables a new generation

of females to spawn in years following recruitment failure (Hirche,

2013) can buffer against population collapse.

4.3 | The Arctic copepod under climate change

Effects of climate change on species’ distributions will depend on

their adaptations to the past and present environment. Our study

indicates that C. hyperboreus is resource‐limited in the central Arctic

but its life history enables it to sustain and rapidly respond to envi-

ronmental fluctuations. This suggests that effects of climate change

on resource availability may enable the copepod to push its core

habitat further into the central Arctic basins.

Increased open water area and duration improve light availability

for phytoplankton growth. Satellite data and numerical models have

shown increased net primary production and changes in phytoplank-

ton phenology in response to recent sea ice decline in the Arctic

(Arrigo & van Dijken, 2011, 2015; Ji, Jin, & Varpe, 2013; Zhang et

al., 2010). We used 2 years with contrasting sea ice conditions to

illustrate how these changes can influence C. hyperboreus’ success.

1987 and 2012 had the highest and lowest September ice extent

since 1980, respectively, constraining the growth environment for

Arctic zooplankton (Table 1). In association with decreasing sea ice

area since the early 1980s, the model‐derived mean ocean tempera-

ture and growth season length significantly increased in the Arctic

Ocean, including in the northern basins, and although the sea ice

area was record low in 2012, the year was representative for tem-

perature and food conditions since the early 2000s (see Supporting

Information Figure S8 and Figure 3 in Feng et al., 2018).

The IBM experiments showed that increased food availability in

2012 improved C. hyperboreus’ success in the central Arctic, in terms

of reaching the first diapausing stage C3 (Figure 4). Given a certain

growth season window, higher ocean temperature also increases

success rate by accelerating development (Ji et al., 2012). This sug-

gests that sea ice loss will positively influence C. hyperboreus abun-

dances in the central Arctic from a bottom‐up perspective. It has

been proposed that phytoplankton growth in the Arctic basins is

top‐down controlled by food‐limited mesozooplankton grazers (Olli

et al., 2007), and our results suggest that an increase in primary pro-

duction would largely be consumed pelagically by grazers such as

C. hyperboreus. However, stratification‐induced nutrient limitation

may prevent primary production from increasing sufficiently to sup-

port increased production of higher trophic levels in the central Arc-

tic Ocean (Slagstad, Wassmann, & Ellingsen, 2015).

Sea ice loss will also increase light availability for visual predators

(Langbehn & Varpe, 2017; Varpe, Daase, & Kristiansen, 2015). Life
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history theory predicts that higher adult mortality leads to faster

development and smaller size at maturation (Stearns, Ackermann,

Doebeli, & Kaiser, 2000); thus, size‐selective visual predation may

favor relatively small and fast‐growing zooplankton (Brooks & Dod-

son, 1965; Kaartvedt, 2008). Therefore, depending on the hitherto

uncertain constraints on planktivorous fish distributions in the Arctic

(Kaartvedt & Titelman, 2018), sea ice loss may be disadvantageous

for relatively large zooplankton species such as C. hyperboreus from

a top‐down perspective. Additionally, Arctic zooplankton may face

increased competition if the extended growth season allows faster‐
growing boreal species such as C. finmarchicus to penetrate further

into the central Arctic (Wassmann et al., 2015). Meanwhile, C. hyper-

boreus coexists with boreal congeners in regions such as the Norwe-

gian Sea and fjords (Choquet et al., 2017), where it displays a

shorter life cycle (Falk‐Petersen et al., 2009) and smaller size (M.

Choquet, pers. comm.) than in the Arctic. We therefore hypothesize

that due to its high plasticity, C. hyperboreus will become more “bo-
real‐like” but not perish under climate change in the Arctic.

4.4 | Data needs and model sensitivity

The limited spatiotemporal coverage of observational data constrains

our capability of determining the effect of sea ice loss on Arctic zoo-

plankton species, including our target species, C. hyperboreus. This

study has shown that model‐based results are sensitive to the choice

of parameters and that more consistent observation efforts are

needed to improve model skill. More importantly, this study has

allowed us to identify several knowledge gaps that can guide future

research efforts.

Our results suggest that, at least in some years, C. hyperboreus

can reach the first overwintering stage in the central Arctic basins.

To successfully complete the life cycle, individuals need sufficient

lipid reserves to sustain diapause and further development, but data

on overwintering populations in the central Arctic are limited. Both

stage‐resolved data and information about the lipid content of over-

wintering individuals would be valuable in determining the impor-

tance of local production in the central Arctic basins.

Interestingly, the compiled data also suggest that C. hyperboreus

overwinters in shelf and slope regions, contradicting the common

notion of overwintering being confined to cold and dark deep‐water

refuges. In the Northwest Atlantic, C. hyperboreus and C. finmarchicus

were similarly observed in winter under variable temperature and

light conditions across shelf, slope, and basin areas (Krumhansl et al.,

2018). If, as commonly assumed, high temperature and predation risk

impede successful diapause on the shelves, individuals present here

in spring must be supplied from other sources. Further modeling

efforts coupled with winter sampling across shelf breaks could shed

light on the importance of local vs. imported Calanus production on

the Arctic shelves.

Our IBM experiments were sensitive to the parameterization of

food‐dependent development. The observed presence of C3 at the

end of the growth season in the central Arctic (Figure 3) was only

achievable under lowered food requirement (Figure 4), specifically, a

food‐limitation parameter K (Equation 5) of around 0.1–0.2 mmol N/

m3 (around 8,000–16,000 μg C/m3, Supporting Information Fig-

ure S6). While large lipid reserves imply high starvation tolerance

(Lee et al., 2006), it seems counterintuitive that C. hyperboreus

requires less food to reach C3 than its smaller congener C. finmarchi-

cus (“high food requirement” scenario) (Campbell et al., 2001). Can

individuals in the central Arctic basins obtain enough energy to reach

stage C3? We tested this by—instead of estimating development

time as a function of temperature and food—calculating the cumula-

tive energy required for growth and metabolism, assuming individu-

als spend the full growth season to reach C3. While it is

contradictory that development times are longer in warm compared

to cold years (e.g., 2012 vs. 1987, Supporting Information Figure S1),

this only increased the energy required for metabolism (since more

time was spent at each stage)—which is expected to increase with

higher temperature (Maps et al., 2014). Results were more sensitive

to filtration rates (Figure 5), which were surprisingly low in the few

observations available for early feeding stages of C. hyperboreus

(Campbell et al., 2009). Further experiments are needed to elucidate

how the species develops and attains sufficient energy in the central

Arctic.

Finally, results from both the IBM simulation and energy require-

ment estimation were sensitive to food availability. Although the

model‐derived phytoplankton concentrations we used are compara-

ble to observations in the central Arctic (assuming C:Chl a ratio of

50), concentrations can be higher in surface or subsurface maxima

that zooplankton can target (Darnis & Fortier, 2014; Olli et al.,

2007). Moreover, ice algae can constitute a significant food source

for Arctic Calanus (Kohlbach et al., 2016), but since it is unknown if

C. hyperboreus directly targets algae in ice, we only included ice algae

released to the water column and pooled with the available phyto-

plankton food in the model. On the other hand, C. hyperboreus is

known to consume microzooplankton, albeit less selectively than C.

glacialis (Campbell et al., 2009), and can shift from primarily her-

bivory to omnivory when phytoplankton availability is reduced

(Søreide et al., 2008). Including microzooplankton in the diet

increased the likelihood of reaching C3 in the central Arctic basins

(Figures 4 and 5). In effect, a flexible diet may be important to sus-

tain populations of large copepods in the central Arctic basins and

the role of opportunistic omnivory as an adaptation to environmen-

tal fluctuations should be investigated further (Varpe, 2012).

4.5 | Outlook

As a critical link in the Arctic marine food web, the copepod C. hy-

perboreus displays characteristics of a peripheral population pushing

the species’ limit in the central Arctic basins, with relatively low

abundances and adaptations to extreme and fluctuating environmen-

tal conditions. Plastic life history strategies make C. hyperboreus pre-

adapted to take advantage of improved growth conditions and thus

potentially increase its abundance in response to longer growth sea-

sons in the “new” central Arctic. Presently, however, the lack of con-

sistent observational data from the central Arctic limits our ability to
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confirm this prediction. Moreover, experimental and field studies are

required to reduce uncertainty in model predictions, specifically; we

encourage studies on food dependency during development, filtra-

tion rates, and the importance of alternative food sources in the cen-

tral Arctic. In short, comprehensive research efforts are needed to

elucidate effects of ongoing climate change on the central Arctic

zooplankton community.
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