
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 517: 85–104, 2014
doi: 10.3354/meps11024

Published December 15

INTRODUCTION

Temperature is believed to be the most important
factor structuring marine ecosystems (e.g. Richard-
son 2008, Hoegh-Guldberg & Bruno 2010), and
warming of the oceans due to climate change is cur-
rently altering a wide range of marine ecosystem
properties (e.g. production, species composition and
seasonal timing; Pörtner et al. 2014). By virtue of a
combination of factors, zooplankton are thought to be
ideal climate indicators (Richardson 2008). For exam-
ple, as zooplankton are poikilothermic, physiological
processes such as growth and reproduction are
tightly coupled to temperature variation. The short
life span of most zooplankton (often less than 1 yr)

allows a quick response in population dynamics to
climatic variation. Furthermore, since few zooplank-
ton species are to date commercially harvested,
effects of climate variation are less likely to be con-
founded with effects of fishing than in many other
marine groups.

Effects of temperature variability have been re -
ported on zooplankton distribution, species composi-
tion, abundance and phenology (seasonal develop-
ment) (Edwards & Richardson 2004, Richardson
2008). Zooplankton populations typically display
pronounced seasonality correlated with variation in
temperature or other external factors (e.g. photo -
period, phytoplankton production), particularly in
high- latitude areas where food availability is re -
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stricted to a short time window (Eiane & Tande 2009,
Mackas et al. 2012). Observed alterations in pheno -
logy have often been correlated with temperature,
typically with seasonal processes occurring earlier
during warmer years (Orlova et al. 2010, McGinty et
al. 2011, Mackas et al. 2012). Climate change can
affect marine plankton phenology differently across
functional groups and trophic levels (Edwards &
Richardson 2004). In this study, we demonstrate how
temperature variation might affect a zooplankton
species differently depending on the geographical
area, season and developmental stage.

The Barents Sea is a highly productive subarctic
shelf sea, in particular in southwestern areas adja-
cent to the Norwegian Sea, and plankton represent
the bulk of animal production (Sakshaug et al. 2009).
Calanus finmarchicus is the dominant copepod spe-
cies in the Atlantic water masses in the Norwegian
and Barents Seas (Melle et al. 2004, Eiane & Tande
2009, Orlova et al. 2010). In the Norwegian Sea,
north of 68°N, C. finmarchicus usually has a 1 yr life
cycle, during which it develops through 6 nauplii
stages (NI−NVI) and 5 copepodite stages (CI−CV) to
the adult stage (CVI) (Eiane & Tande 2009). By the
end of the growth season (late summer), older stages
(mainly CV, but also CIV and CVI; Melle et al. 2004)
descend to deeper waters to over-winter. When
adults return to the surface in spring to feed on
phytoplankton and spawn, the life cycle is com-
pleted. C. finmarchicus is the primary food source for
many fish species, including Northeast Arctic cod lar-
vae that prey on nauplii and young copepodite stages
(Ellertsen et al. 1987, 1989, Karamushko & Kara-
mushko 1995).

The Barents Sea experienced alternating cold and
warm periods during the second half of the 20th cen-
tury, with a warming trend dominating since the
1980s (Johannesen et al. 2012). Although spatial and
temporal variation in zooplankton biomass has been
observed (e.g. Dalpadado et al. 2012, Johannesen et
al. 2012), long-term data series to study the effect of
climatic variability on copepod dynamics have been
scarce (Tande et al. 2000, Eiane & Tande 2009), and
several previous studies in the Barents Sea did not
identify a clear association between temperature
variation and the dynamics of C. finmarchicus
(Tande et al. 2000, Stige et al. 2009, 2014, Dalpadado
et al. 2012). Note, however, that the data analysed in
these studies were limited to the upper water layer
(0−50 m depth) (Tande et al. 2000, Stige et al. 2009),
a few selected years (Tande et al. 2000) and/or ag -
gregated biomass data (Stige et al. 2009, 2014, Dal-
padado et al. 2012).

A notable exception, the Knipovich Polar Research
Institute of Marine Fisheries and Oceanography
(PINRO, Murmansk, Russia) collected zooplankton
data during their ichthyoplankton surveys in the Nor-
wegian and Barents Seas between 1959 and 1993.
Some of these data have previously been analysed,
with results available in Russian (Degtereva 1973,
1979, Antipova et al. 1974, Degtereva et al. 1990,
Nesterova 1990, Drobysheva & Nesterova 2005;
Tande et al. 2000 also analysed some of these data).
Analyses of data from the Kola section (along 33.5°E)
showed a positive association between temperature
and zooplankton biomass in spring during the 1960s
(Antipova et al. 1974), and earlier plankton develop-
ment during warmer years when 8 yr of contrasting
temperatures in the 1970s and 1980s were compared
(Drobysheva & Nesterova 2005).

The Russian survey data on both ichthyoplankton
and zooplankton have recently been digitised, and
we here report on the first analyses of the complete
dataset of C. finmarchicus stage-specific abundance.
The data cover both shelf areas in the Norwegian
and Barents Seas where variation in Atlantic water
inflow is believed to be a main regulator of C. fin-
marchicus biomass (Helle & Pennington 1999, Dal-
padado et al. 2003, Edvardsen et al. 2003a), and Nor-
wegian Sea off-shelf areas considered as sources of
C. finmarchicus to the shelves (Slagstad & Tande
1996, 2007, Halvorsen et al. 2003, Edvardsen et al.
2006). The long time span, high spatial resolution
and coverage, region (subarctic) and separation into
developmental stages make this dataset unique
among climate effect studies on zooplankton (Rich -
ardson 2008, Mackas et al. 2012). Using spatiotempo-
ral statistical analyses, we investigated associations
between temperature and C. finmarchicus abun-
dance, separating responses to temperature between
different developmental stages, depths, seasons and
geographical areas. This enabled us to shed light on
whether temperature effects act primarily on abun-
dances, vertical distribution or phenology.

MATERIALS AND METHODS

Zooplankton data

Zooplankton data were collected by PINRO during
their ichthyoplankton surveys in spring (April−May)
and summer (June−July) between 1959 and 1993.
Sampling methods are described by Nesterova
(1990). In brief, plankton samples were collected in
the northeastern Norwegian Sea and southwestern
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Barents Sea along specific transects and depth layers
(Fig. 1). The gear used was a Juday plankton net
(37 cm diameter opening, 180 µm mesh size) with a
closing mechanism, towed vertically from the lower
depth to the upper depth of the sample. The main
component of zooplankton biomass in the area and
the dataset is Calanus finmarchicus (Nesterova
1990). For a total of around 5000 samples, specimens
of this species were recorded as stage-specific abun-
dance, expressed as ind. m−3, accounting for the
opening area of the net and the depth hauled. While
nauplii are difficult to determine to species and were
recorded as Calanus sp., C. finmarchicus cope-
podites (CI−CV) and adult males and females (CVI-

M and CVI-F) were discriminated from other
calanoid copepods.

There was some year-to-year variation in the sta-
tions sampled and depths hauled, particularly during
the early years of the programme. In some years,
sampling effort was reduced (specifically, no samples
were collected in spring 1967, and no stage-specific
counts were recorded in 1990 or 1993). All samples
were in the dataset described by an ‘upper sampling
depth’ (i.e. the shallowest depth of the vertical haul)
and a ‘lower depth’ (i.e. the bottom of the haul). In
most cases, the depths hauled fell within these 
3 depth categories: 0–50 m, 50–100 m and 100 m–
bottom. However, some samples deviated from this
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Fig. 1. (A) Study region (dashed area) with depth contours at every 500 m. (B−D) Distribution of sampling stations with stage-
specific Calanus finmarchicus abundance data (n = 5026) by (B) geographical position, (C) depth layer (Upper: upper sampling
depth ≤20 m and lower sampling depth ≤60 m, Middle: upper sampling depth 40–60 m and lower sampling depth ≤120 m,
Lower: upper sampling depth >90 m) and (D) year. In (B), the size of the mapped circles reflects the number of times a station
was sampled during the period 1959 to 1992. The positions of the Skrova station and the Kola section are marked with a red 

triangle and a red dashed line, respectively
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scheme. In order to encompass as
many samples as possible, we formu-
lated the following new depth cate-
gories: Upper: upper sampling depth
≤20 m and lower sampling depth ≤60
m (n = 3578); Middle: upper sampling
depth 40–60 m and lower sampling
depth ≤120 m (n = 724); Lower: upper
sampling depth >90 m (n = 724). Less
than 5% of the samples were ex -
cluded when using these categories
(n = 256). These were mainly samples
covering a large depth interval (e.g.
from the surface to several hundred
meters), but also some samples falling
between the set intervals (e.g. from
30 to 60 m) or with missing depth
information.

Due to their small size, nauplii are
under-sampled by the mesh size used
(Hernroth 1987, Nichols & Thompson
1991). Considering this, in addition to
the uncertainties in species determi -
nation of nauplii, we therefore pres-
ent results for total nauplii abun-
dances only (N total), which should be interpreted
with caution. Abundances of adult males (CVI-M)
were 0-inflated; 60% of the samples contained no
males, compared to 25% for females (CVI-F) and
10−20% for nauplii and copepodite stages. C.
finmar chicus males are known to appear earlier than
females after overwintering, and die off sooner after
fertilisation (Melle et al. 2004). As the data indicated
that the spring survey was too late to sample males
during their main appearance, the abundance data
on adult males (CVI-M) were not included in the
analyses of temperature associations described
below.

Ocean temperatures

To assess associations between year-to-year varia-
tion in C. finmarchicus abundance and regional tem-
perature, we used monthly mean sea temperature
observations from the Kola section (along 33.5°E in
the Barents Sea, 0−200 m depth) provided by PINRO
(Tereshchenko 1996), and monthly temperature ob -
servations from the Skrova station in Vestfjorden,
Lofoten Islands (68.1°N, 14.7°E, 0−200 m; Institute of
Marine Research, Aure & Østensen 1993) (Fig. 1B).
Vertically averaged (0− 200 m) seasonal indices of
these 2 temperature series were calculated by aver-

aging observations from the months December (from
the previous year) to February (Winter index), March
to May (Spring index) and June to August (Summer
index). To study associations between C. finmarchi-
cus abundance and local temperature variation
(spatial ly and seasonally), we used temperature esti-
mates corresponding to the date (day, month, year)
and position (latitude, longitude) of samples from a
numerical ocean model hindcast archive (Lien et al.
2013). The model domain includes the Nordic Seas
and the Barents Sea back to 1959 at 4 km resolution,
and it realistically represents the variability in the
Atlantic water masses in the zooplankton survey area
(Lien et al. 2013). Three depth-integrated tempera-
ture indices were calculated per station by averaging
local temperature estimates from 0, 10, 20 and 50 m
(Upper), 50 and 100 m (Middle) and 100 and 250 m
(Lower). Local temperature anomalies were calcu-
lated by extracting the residuals from a generalised
additive model (GAM, Hastie & Tibshirani 1990,
Wood 2006) where the local temperature index
described above was modelled as a function of posi-
tion, day-of-year and depth layer (see Eq. S1 in Sup-
plement 1 at www.int-res.com/articles/ suppl/ m517
p085_ supp.pdf). These local temperature anomalies
can be interpreted as deviances from the expected
temperature at the position, day-of-year and depth of
a zooplankton sample.
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Model Equation Eq. 
number

General
Spatial, seasonal and Z = β + s( j) + s(d) + te(x,y)l + s(Y) + ε 1
vertical variation

Interaction between position Z = β + te(x,y,j) + ε 2
and day of year

Temperature effects
Simple temperature effect Z = β + s( j) + s(d) + te(x,y)l + s(T) + ε 3
Seasonally varying Z = β + s( j) + s(d) + te(x,y)l + s(T)l + ε 4
temperature effect

Spatially varying Z = β + s( j) + te(x,y)l + te(x,y)lT + ε 5
temperature effect

Spatially and temporally Z = β + te(x,y,j)+ te(x,y,j)T + ε 6
varying temperature effect

Table 1. Model equations describing general patterns of Calanus finmarchicus
abundance (Eqs. 1 & 2) and temperature associations in abundances (Eqs. 3− 6).
Z: stage-specific abundance, β: intercept, s( j): smooth function of day-of-year,
s(d): smooth function of average sampling depth, te(x,y): 2-dimensional tensor
product of longitude and latitude, l: indicator variable of season (spring or
summer), s(Y): random effect of year, ε: random error, te(x,y,j): 2-dimensional
tensor product of longitude and latitude (2-dimensional smooth) and day-of-
year (1-dimensional smooth), s(T): smooth function of temperature anomaly, T:
linear function of temperature anomaly. See Supplement 1 at www.int-res.
com/articles/suppl/m517p085_supp.pdf for further details on model terms

http://www.int-res.com/articles/suppl/m517p085_supp.pdf
http://www.int-res.com/articles/suppl/m517p085_supp.pdf
http://www.int-res.com/articles/suppl/m517p085_supp.pdf
http://www.int-res.com/articles/suppl/m517p085_supp.pdf
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General patterns of C. finmarchicus abundance

Year-to-year variation in C. finmarchicus abun-
dance was assessed by constructing year- and sea-
son-specific indices of stage-specific abundances.
These seasonal abundance indices were constructed
by extracting year-specific intercepts from a GAM
formulated separately for spring and summer sam-
ples, where the natural logarithm of observed stage-
specific abundances (with 1 added to avoid taking
the logarithm of 0) was a function of day-of-year,
sampling depth and location (Eq. S2 in Supplement 1).
The indices can be interpreted as mean stage-
 specific abundances for a given season and year, tak-
ing into account year-to-year variability in sampling
stations (both in time and space).

Spatial, seasonal and vertical variation in abundance
was explored by fitting GAMs where observed stage-
specific abundances (loge[n+1]) were a function of
location, day-of-year and depth (Eq. 1 in Table 1).
The effect of location could vary between spring and
summer, defined as the transition be tween May and
June (Day-of-year 150). An alternative version of
Eq. (1) where the effect of depth on abundance could
vary with season was formulated to investigate
whether vertical distribution patterns differed be -
tween spring and summer (Eq. S3 in Supplement 1).

We hypothesised that seasonal variation in abun-
dances might differ geographically (e.g. earlier ap -
pearance in the southern parts of the surveyed area;
Manteufel 1941, Loeng & Drinkwater 2007). To visu-
alise seasonal variation in abundances in different
areas, we extracted model predictions from an alter-
native model (Eq. 2 in Table 1) where the effects of
geographical position and day-of-year interact. Pre-
dicted abundances from late April (Day 115) to mid-
July (Day 194) in the upper water layer (lower sam-
pling depth ≤60 m) were computed for 3 locations:
(1) off-shelf in the northeastern Norwegian Sea
(69.7°N, 15.0°E), (2) in the Barents Sea entrance
south of Bjørnøya (72.7°N, 19.5°E) and (3) in the Bar-
ents Sea proper (73.0°N, 30.5°E).

Associations with temperature

Associations between stage-specific abundances
and regional temperature were quantified by calcu-
lating the Spearman rank correlation coefficient (rS)
between seasonal abundance indices and tempera-
ture indices from the Kola section and Skrova station.
To account for autocorrelation in the time series, the
effective number of degrees of freedom in the signif-

icance test for the correlation was adjusted according
to the method described by Quenouille (1952) and
modified by Pyper & Peterman (1998).

Associations between stage-specific C. finmarchi-
cus abundances and local temperature anomalies
were investigated with statistical analyses (GAMs) of
spatially and temporally resolved observation data.
Before the analyses, the observation data were as -
signed to 1 of the 3 depth categories decscribed in
‘Zooplankton data’ above: upper, middle or lower. 

GAMs with various levels of complexity (Eqs. 3−6
in Table 1, Eq. S4 in Supplement 1) were investi-
gated to address how associations between local
temperature anomalies and stage-specific abun-
dances of C. finmarchicus (1) differ between devel-
opmental stages, depths and seasons, (2) differ
between different geographical areas and (3) shape
variation in abundances throughout the spring and
summer seasons.

(1) Simple additive temperature effect. In the sim-
plest case, we assumed that temperature has a simi-
lar additive effect on abundances (loge [n+1]) across
space and time (Eq. 3 in Table 1). The first part of the
model formulation corresponds to the first part of Eq.
(1) and constitutes the null-model to which a smooth
function of local temperature anomaly was added
(see Supplement 1 for further details). Further, to
investigate whether the temperature effect differed
seasonally and between depth layers, we added a
factor variable of season (Eq. 4 in Table 1) and depth
(Eq. S4 in Supplement 1) to the temperature term.

The following more complex models were only
explored for samples from the surface layer, corre-
sponding to the depth layer with the highest abun-
dances during the growth season (Tande 1988b, Dale
& Kaartvedt 2000, this study).

(2) Spatially varying temperature effect. To investi-
gate whether the association between temperature
and abundance differs between areas, we explored
spatially varying coefficient models (Hastie & Tibshi-
rani 1993), where the effect of temperature is as -
sumed to be linear at any given location, but the
slope of the temperature term can change smoothly
and non-linearly in space and can differ between
seasons (Eq. 5 in Table 1). Site-specific predictions of
the temperature term were extracted, and signifi-
cantly positive slope coefficients (for which the 2.5%
percentile of the bootstrap distribution of the slope
value was >0) or significantly negative slope coeffi-
cients (for which the 97.5% percentile of the boot-
strap distribution was <0) were mapped. The boot-
strap procedure is explained in the final paragraph
below.
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(3) Spatially and temporally varying temperature
effect. To further investigate whether, and how, zoo-
plankton phenology is influenced by temperature,
and how this varies across areas, the temperature
 ef fect was modelled as a linear function varying
smooth ly with both geographical position and day-of-
year (Eq. 6 in Table 1). Predicted daily abundances
from late April (Day 115) to mid-July (Day 194) in the
3 locations previously described (see ‘General patterns
of C. finmarchicus abundance’ above) were  extracted
for a colder-than-average scenario and a warmer-
than-average scenario. For the colder scenario, tem-
peratures were set to be 1°C below the  expected tem-
perature for a given time and position (i.e. temperature
anomalies = −1), and for the warmer scenario, temper-
atures were set at 1°C above the  expected (i.e. tem-
perature anomalies = +1).

The different models (Eq. 1−6 in Table 1) were
compared to null-models, only accounting for spa-
tiotemporal variation in the data with genuine cross-
validation (GCV), a measure of predictive power,
and R2, a measure of the proportion of data variation
explained by the model. For the comparison, models
were only fitted for data from the upper water layer,
not including the effect of sampling depth. To ac -
count for within-year spatial autocorrelation which
might lead to erroneous identification of significant
effects (Zuur et al. 2007), 95% confidence intervals of
the model effects were computed for all model for-
mulations using nonparametric bootstrapping (1000
samples with replacement) with year as the sampling
unit (Hastie et al. 2009). Further details on the calcu-
lation of GCV and model comparison are given in
Supplement 2 at www.int-res.com/ articles/suppl/
m517 p085_supp.pdf. All analyses were implemented
in R (R Development Core Team 2014), using the
mgcv library for GAMs (Wood 2013).

RESULTS

Temperature variation

Ocean temperature measurements from the Kola
section and Skrova station fluctuated over the years
of the study, with a cold period in the late 1970s, and
generally increasing temperatures since the 1980s
(Fig. 2) (as described by Johannesen et al. 2012). The
local temperature estimates for the surveyed area
generally increased from spring to summer, with
highest temperatures occurring in the Norwegian
Sea coastal areas compared to open Norwegian Sea
and Barents Sea areas.

General dynamics in C. finmarchicus  abundance

Temporal variation

Stage-specific abundances fluctuated throughout
the years of the survey, without displaying any clear
upward or downward trends (Fig. 3). The seasonal
variation in abundances from spring to summer dis-
played a transition between increasingly older de -
velop mental stages throughout the spring and sum-
mer. On average, abundances of nauplii and stages
CI−CII were higher in spring than summer, while the
opposite was found for stages CIII−CV (Fig. 3).
Abundances of CVI-F were generally higher in
spring than summer, while CVI-M were only present
in low abundance in both seasons. Predicted abun-
dances from early spring to late summer in the upper
water layer (Eq. 2 in Table 1) for a selected Norwe-
gian Sea location (69.7°N, 15.0°E) indicated that
abundances of nauplii and stages CI−CIII generally
peaked during (or possibly before) the early parts of
the spring survey, with indications of a second peak
during late summer (Fig. 4, Location 1). Abundances
of CIV, CV and CVI-F were relatively stable or in -
creased throughout spring and summer. The sea-
sonal dynamics were delayed in locations farther
north and east in the surveyed area (Fig. 4, Locations
2 and 3), where abundances of nauplii remained
higher during the surveyed period than in the
southern most location (but also decreased); CI−CIII
seemed to peak around the transition between spring
and summer (Day 150), and CIV and CV peaked later
in summer, or possibly after the summer survey. In
Locations 2 and 3, CVI-F were present in low abun-
dance during the surveyed period. CVI-M were pres-
ent in low abundance in Locations 1 and 2, and
nearly absent in Location 3.

Spatial variation

The spatial variation of C. finmarchicus stage-
 specific abundances is illustrated in Fig. 5 as predicted
abundances per position (Eq. 1 in Table 1) at median
sampling depth (28 m) and median sampling day in
spring (Day 129: 9 May) and in summer (Day 175: 4
July). In spring, the highest abundances of nauplii
and stages CI−CIII were generally found off the Nor-
wegian coast and in the southern Barents Sea, while
in summer, the distribution centre was relocated far-
ther north in the Norwegian and Barents Seas. Abun-
dances of CIV were highest in the Norwegian Sea and
the Barents Sea entrance in spring, with a shift to in-
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creased abundances in the Barents Sea in summer.
There was less seasonal difference in the spatial dis-
tribution of stages CV and CVI-F, which were found
in higher abundances in the Norwegian Sea than in
the Barents Sea in both spring and summer. Stage CVI-
M were found primarily in the Norwegian Sea area.

Vertical variation

Abundances of all stages were highest in the upper
50 m and decreased in deeper water (Fig. S1 in Sup-
plement 3 at www.int-res.com/articles/suppl/ m517
p085_ supp.pdf), although stages CIV, CV and CVI-F
also showed a slight increase in abundances from
around 100 to 200 m. An alternative model with a
seasonally varying depth effect (Eq. S3 in Supple-
ment 1) indicated that this second peak was more
pronounced in summer than in spring (Fig. S2 in

Supplement 3). The influence of position, day-of-year
and sampling depth on stage-specific abundances is
shown in Table S1 in Supplement 3.

Associations between temperature and 
C. finmarchicus abundance

Regional temperature

Correlations between seasonal abundance indices
of nauplii and copepodite stages CI−CIV and Kola
and Skrova temperatures were generally positive in
spring and negative in summer (Table S2 in Supple-
ment 3). Statistically significant correlations were
identified for stages CII−CIV in spring and summer
and for stage CI in summer. No significant correla-
tions were observed between regional temperature
indices and abundances of stages CV or CVI-F.
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Fig. 2. Spatiotemporal variation in temperature during the course of the study. Local temperature estimates (°C) at the survey
stations (see Fig. 1B), averaged over the years 1959 to 1992 and 0 to 250 m depth, in (A) spring and (B) summer. Year-to-year
variation in temperature indices (°C) from the Kola section (solid line) and Skrova station (dashed line) in (C) spring and 
(D) summer. Local temperature estimates were interpolated in space using a generalised additive model with local tempera-
ture as a function of a tensor product smooth of longitude and latitude. See ‘Materials and methods’ for calculation of regional 

temperature indices
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Local temperature anomalies

(1) Simple additive temperature effect. In the sim-
plest case (Eq. 3 in Table 1), we assumed that the ef -
fect of temperature variation on abundance does not

change across space or in time but can differ be -
tween developmental stages. The results indicated a
weakly positive but non-significant temperature
effect on abundances of nauplii and stages CI−CIV,
and a significant positive association for stages CV

92

Fig. 3. Year-to-year variation in Calanus finmarchicus stage-specific seasonal abundance indices (loge[n+1]) in spring (solid
lines) and summer (dashed lines). Abundance indices are year-specific intercepts from Eq. S2 in Supplement 1 at www.int-
res.com/articles/suppl/m517p085_supp.pdf. The vertical lines mark the nominal 95% confidence interval (not accounting for
spatial autocorrelation) of the abundance indices (solid lines for spring, dashed lines for summer). Also displayed are, per
developmental stage, the overall mean and standard deviation of the spring and summer indices. N total: total nauplii 

abundance, CI−CVI: stage-specific copepodite abundances; M: male; F: female

http://www.int-res.com/articles/suppl/m517p085_supp.pdf
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Fig. 4. Predicted abundances (plots) of Calanus finmarchicus developmen-
tal stages (loge[n+1]) throughout the spring and summer seasons in 3 loca-
tions (map): 1 (left column), off-shelf in the north-eastern Norwegian Sea
(69.7° N, 15.0° E); 2 (centre column), in the Barents Sea entrance south of
Bjørnøya (72.7° N, 19.5° E); and 3 (right column), in the Barents Sea proper
(73.0° N, 30.5° E). Predictions were extrac ted from Eq. 2 in Table 1, based
on pooled data from the upper water layer for the period 1959 to 1992.
Shaded area: 95% confidence interval from bootstrap procedure. Grey
dots: sampled stage-specific abundan ces (loge[n+1]) from stations within
50 km of each location. N total: total nauplii abundance, CI−CVI: stage-

specific copepodite abundances; M: male; F: female
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and CVI-F (Fig. 6, left). However, when we let the
temperature effect differ between spring and sum-
mer (Eq. 4 in Table 1), a more detailed picture
emerged. Positive temperature anomalies were asso-
ciated (1) with above-average abundances of nauplii
and CI−CIV in spring, (2) with below-average abun-
dances of these stages in summer and (3) with above-
average abundances of CV and CVI-F in both spring
and summer (Fig. 6, middle and right). The associa-
tions for CIV−CV in summer did not significantly dif-
fer from 0 (the 95% confidence interval of the addi-
tive effect surrounded 0). We found few indications
of a differing effect of temperature with depth

(Fig. S3 in Supplement 3). The confidence intervals
for the temperature effects in different depth layers
were generally overlapping, with a possible excep-
tion of nauplii and CI−CIII in summer, for which the
negative association with temperature was only ob -
served in the upper water layers. Based on these
findings, we proceeded with the more complex model
investigations looking only at temperature effects on
abundance in the upper water layer.

(2) Spatially varying temperature effect. Slope co -
efficient values from a spatially varying coefficient
model (Eq. 5 in Table 1) mapped per sampling posi-
tion (Fig. 7) reflected the seasonal patterns from the
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Fig. 5. Predicted stage-specific abundances (loge[n+1], Eq. 1) of Calanus finmarchicus in the study area in spring and summer,
at averaged values for sampling depth (28 m) and day-of-year (spring, Day 129: 9 May; summer, Day 175: 4 July), based on
pooled data for the period 1959 to 1992. The numbered isolines mark the predicted stage-specific abundances, from green
 areas with the relatively lowest abundances, to orange/red areas with the relatively highest abundances. Note that model
 predictions are more uncertain for areas with low data coverage (see Fig. 1B). N total: total nauplii abundance, CI−CVI: stage-

specific copepodite abundances; M: male; F: female
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simple additive model (Fig. 6), but displayed some
spatial variation in the strength of the temperature
association. For nauplii, the positive association in
spring was restricted to west of around 24°E, and
the negative association in summer to the east of

this border. The largest spatial extent of significant
temperature associations was found for stages
CI−CIII, with significant positive associations in
spring in most of the survey area (except the north-
ernmost transects for CI and CIII). Negative associa-
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Fig. 6. Additive effect of local temperature anomalies on Calanus finmarchicus stage-specific abundances (loge[n+1]). Left col-
umn: additive temperature effect estimated for spring and summer combined (Eq. 3 in Table 1). Centre and right columns:
additive effect estimated for spring and summer separately (Eq. 4 in Table 1). Shaded area: 95% confidence interval from
bootstrap procedure. Dashed line: 0 effect isoline. Stars indicate a significant association, i.e. that the effect differs from 0 in 

parts of the covariate’s range. N total: total nauplii abundance, CI−CVI: stage-specific copepodite abundances; F: female
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tions in summer were mainly found along the Nor-
wegian shelf edge and the southernmost Barents
Sea. Abundances of CIV−CV were positively associ-
ated with temperature in spring, and higher slope
values were predicted in areas with generally
higher abundances in the Norwegian Sea and in the

southern Barents Sea. In summer, negative (for CIV)
or positive (for CIV and CV) associations were iden-
tified within smaller areas. Abundances of adult
females (CVI-F) were positively associated with
temperature only in re stricted areas in both spring
and summer.
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Fig. 7. Significantly negative (blue) or positive (red) slope coefficients for a linear temperature effect on Calanus finmarchicus
stage-specific abundances (Eq. 5 in Table 1) in spring and summer. The size of the circles reflects the magnitude of the slope
coefficient. The numbered isolines show predicted abundances (loge[n+1]) when a temperature effect is excluded, correspon-

ding to Fig. 5. N total: total nauplii abundance, CI−CVI: stage-specific copepodite abundances; F: female 

(Figure continued on next page)



Kvile et al.: Temperature effects on Calanus finmarchicus

(3) Spatially and temporally varying temperature
ef fect. The seasonal difference in the temperature
as sociation for younger copepodite stages indicated
an effect on phenology rather than on total abun-
dances only. To further explore this hypothesis, we
formulated a model where the response to temper-
ature could vary smoothly both with position and
day-of-year (Eq. 6 in Table 1). Model predictions
for a warmer-than-average and a colder-than-
average scenario indicated earlier abundance
peaks in the warmer-than-average scenario for
nauplii and CI−CIII (Fig. 8), but not all combina-
tions of stage and location showed significant dif-
ferences between the 2 scenarios. For stages CIV
and CV, temperature generally seemed to deter-
mine abundances rather than seasonal timing
(except perhaps CIV in Location 1), but the differ-
ences were only significant for Location 2. Abun-
dances of CVI-F did not differ significantly be -
tween the scenarios.

Model comparison

The different models (Eqs. 1−6 in Table 1) were
compared by their GCV and R2 values (Table 2, see
Supplement 2 for details). In comparison to a null
model without a temperature effect (Eq. 1), model
predictive power improved for stage CV when adding
a simple additive temperature term (Eq. 3), and for
nauplii and copepodite stages CI−CIV when allowing
for a differing temperature association in spring and
summer (Eq. 4). A spatially varying co efficient model
(Eq. 5) explained more of the data variation compared
to the simpler models for all stages, and improved
model predictive power for CII and CIII. For nauplii,
CI, CIV−CV and CVI-F, the GCV values indicated
that this model was over-parameterised. Allowing for
a spatially and temporally varying temperature effect
(Eq. 6) improved model predictive power for nauplii
and stages CI−CIV when compared to a correspon-
ding null model without temperature (Eq. 2).
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Fig. 7  (continued)
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Fig. 8. Predicted abundances of Calanus finmarchicus developmental stages (loge[n+1]) under warm (red dashed line) and
cold (blue solid line) temperature scenarios (Eq. 6 in Table 1) for 3 selected locations (see Fig. 4). Significant differences
between the temperature scenarios (periods of non-overlapping confidence intervals) are marked with a star. Shaded areas:
95% confidence intervals from bootstrap procedure. N total: total nauplii abundance, CI−CVI: stage-specific copepodite 

abundances; F: female
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DISCUSSION

We analysed data on Calanus finmarchicus abun-
dances in the northeastern Norwegian Sea and
southwestern Barents Sea from a recently digitised
dataset. The long time-span, biannual sampling
regime and high spatial resolution of the data en -
abled us to explore both temporal (year-to-year and
seasonal) and spatial variation of stage-specific C.
finmarchicus abundances. Furthermore, by extract-
ing local temperature estimates from a numerical
ocean model hindcast archive, we could analyse
associations between local temperature anomalies
and abundances. According to our results, abun-
dances of copepodite stages CI−CIII in the north -
eastern Norwegian Sea and southwestern Barents
Sea generally peaked, respectively, early in spring or
around the transition between spring and summer
(Fig. 4), and were positively correlated with in -
creased temperatures in spring, with the opposite
association in summer. Similar associations were
identified when correlating abundances with regio -
nal temperature observations (Table S2 in Supple-
ment 3) and local temperature anomalies (Fig. 6).
Our results further indicated that abundances of
stages CIV−CV peaked in summer or possibly after
the summer survey (Fig. 4), and were positively asso-
ciated with temperature in spring, with a weaker
association in summer (negative for CIV, positive for
CV). The temperature associations were present
across a large area for young copepodite stages
(Fig. 7), with positive associations in spring in areas
with generally higher copepodite abundances off the
Norwegian coast and in the southwestern Barents

Sea (Fig. 5). In summer, negative associations were
primarily confined to the southern parts of the sur-
veyed area, and were less pronounced in Barents Sea
areas with generally higher copepodite concentra-
tions in summer.

We found few indications of differing temperature
effects with depth (Fig. S3 in Supplement 3), which
would be expected if temperature variation influ-
enced vertical distribution rather than total abun-
dances. On the other hand, the results indicated a
temperature effect on phenology, particularly affect-
ing the seasonal timing of young copepodite stages.
The observed temperature associations can be
related to (1) direct physiological effects of tempera-
ture or (2) indirect effects of temperature through
other environmental factors. We will discuss these 2
alternatives in the following sections.

Direct effects of temperature

Carbon-specific growth rates are known to be
higher and more temperature-sensitive for stages
CI−CIV than CV (Eiane & Tande 2009), and labora-
tory experiments have shown that development time
from eggs to CV decreases with increased tempera-
tures (Tande 1988a, Pedersen & Tande 1992, Camp-
bell et al. 2001). Faster development could explain
the observed association between temperature and
abundances of young stages (positive in spring and
negative in summer), as a higher proportion of the
population would have developed into older stages
by the end of May during warm years. The spatial
distribution of the temperature associations for
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Stage Without interactions Interaction between position and day
Null model (1) Simple Add. (3) Seasonal (4) Spatial (5) Null model (2) Spatial by day (6)

R2 GCV R2 GCV R2 GCV R2 GCV R2 GCV R2 GCV

N total 0.328 1.965 0.329 1.973 0.349 1.947 0.349 1.959 0.328 1.945 0.354 1.941
CI 0.357 1.785 0.357 1.795 0.384 1.756 0.386 1.764 0.352 1.789 0.381 1.784
CII 0.316 1.699 0.318 1.701 0.348 1.662 0.353 1.660 0.309 1.709 0.342 1.700
CIII 0.263 1.746 0.266 1.748 0.296 1.720 0.302 1.715 0.250 1.760 0.282 1.748
CIV 0.270 1.773 0.273 1.773 0.285 1.765 0.290 1.766 0.249 1.794 0.267 1.793
CV 0.439 1.629 0.447 1.624 0.449 1.629 0.453 1.648 0.413 1.645 0.428 1.645
CVI-F 0.537 1.292 0.539 1.294 0.539 1.297 0.540 1.304 0.517 1.299 0.522 1.303

Table 2. R2 and genuine cross-validation (GCV) for different models of the temperature effect on Calanus finmarchicus stage-
specific abundances, compared to null models without the temperature effect included. Two different null models were formu-
lated, one without interactions (Eq. 1, left side of the table) and one with interaction between position and day (Eq. 2, right side
of the table). For each of the 2 sets of models, the highest R2 and lowest GCV scores are highlighted in bold. The numbers in
the model name correspond to the equation number (see Table 1 and details in Supplement 1 at www.int-res. com/ articles/
suppl/ m517p085_supp.pdf). Note that for the comparison, models were only fitted for data from the upper water layer, not
 including the effect of sampling depth. Add.: additive, N total: total nauplii abundance, CI−CVI: stage-specific copepodite 

abundances; F: female

http://www.int-res.com/articles/suppl/m517p085_supp.pdf
http://www.int-res.com/articles/suppl/m517p085_supp.pdf
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young stages (Fig. 7) could also reflect a temperature
effect on growth rates, where increased tempera-
tures speed up the regular northward shift in cope-
podite production from spring to summer, increasing
copepodite abundances in the northeastern Norwe-
gian Sea areas in spring, but reducing abundances in
the same areas in summer. Furthermore, increased
temperatures have been associated with earlier
spawning (Ellertsen et al. 1987, Orlova et al. 2010)
and increased egg production (Hirche et al. 1997),
additional factors that could lead to both earlier
appearance and increased abundances of young
copepodite stages. In a previous investigation of the
Russian survey data on total biomass of C. finmarchi-
cus, Nesterova (1990) noted more year-to-year varia-
tion in spring than summer biomass, which was
hypothesised to depend on the timing of C. fin-
marchicus spawning. During cold years, spawning
occurs later (end of April) and biomass remains low
for a long period, with the opposite situation for
warmer years.

Temperature might also affect survival from one
copepodite stage to the next. A laboratory study
showed increased copepodite mortality at lower tem-
perature (Tande 1988a), and the author suggested
that in cold regions, a certain temperature increase
during the growth season might be necessary for suc-
cessful development from copepodite stage CI to
stages CIV and CV (see also Pedersen & Tande
1992). Generally, a temperature increase reduces
stage duration and thus the time to be preyed upon,
so the chance of surviving to the next stage should
increase, even if temperature does not affect mortal-
ity rates per se. However, contrasting results were
found in a field study in the Northwest Atlantic
(Plourde et al. 2009), where C. finmarchicus mortality
was positively linked to temperature.

For older stages, a positive temperature association
in spring would be expected if an earlier abundance
peak of young stages with increased temperatures
propagates into an earlier (spring) peak of older
stages. Additionally, if egg production increases
(Hirche et al. 1997), or a higher proportion of young
copepodite stages survives (Tande 1988a, Pedersen
& Tande 1992) with increased temperatures, we
would expect higher abundances of older stages in
both spring and summer. The results from a model
with a spatiotemporally varying temperature effect
(Eq. 6, Table 1) seemed to support this hypothesis,
and indicated that abundances of young stages peak
earlier during warmer years, while for older cope-
podite stages temperature apparently affects ampli-
tude rather than timing (Fig. 8).

Indirect effects of temperature

Associations between temperature and C. fin-
marchicus abundance might result from direct
physio logical effects on spawning, growth and sur-
vival as discussed above. But other factors associated
with temperature variation influence C. finmarchicus
dynamics, such as food availability (primary produc-
tivity; e.g. Hirche et al. 1997, Melle & Skjoldal 1998,
Head et al. 2000, Campbell et al. 2001) and inflow of
Atlantic water masses bringing both zooplankton
and warmer water from the Norwegian Sea to the
Barents Sea (Helle & Pennington 1999, Dalpadado et
al. 2003, Edvardsen et al. 2003b).

Models and ocean satellite data have suggested
that during a warming period in the Barents Sea
between 1998 and 2006, the spring bloom started
progressively earlier (Johannesen et al. 2012, Harri-
son et al. 2013). While no routinely collected ocean
colour data from the Barents Sea are available prior
to 1998, it is likely that warmer periods were accom-
panied by earlier spring blooms also in the past. In
situ studies on both sides of the North Atlantic have
found positive associations between C. finmarchicus
egg production and food availability (levels of chl a),
but not with temperature, indicating that the main
link between temperature and C. finmarchicus pro-
duction is through the spring bloom (Gislason 2005,
Runge et al. 2006, Head et al. 2013a,b). However,
laboratory experiments have found that C. fin-
marchicus egg production increases with a combina-
tion of both temperature and food (Plourde & Runge
1993, Hirche et al. 1997, Campbell et al. 2001). With-
out available information on food availability, we
cannot determine whether the associations between
temperature and C. finmarchicus abundance detec -
ted in the present study are due to direct physio -
logical effects, or to temperature effects on primary
production. The same holds for other field studies
relating increased temperatures to earlier spawning
(Ellertsen et al. 1987, Nesterova 1990, Orlova et al.
2010) or increased egg production (Hirche et al.
1997) without considering the role of the spring
bloom.

In advective systems such as the Norwegian and
Barents Seas, water transport can also influence
temperature associations in C. finmarchicus dynam-
ics. Atlantic water inflow into the Barents Sea both
brings zooplankton from the Norwegian Sea and
warmer water potentially improving the growth
conditions (Helle & Pennington 1999, Dalpadado et
al. 2003). Therefore, the effects of temperature and
ad vection on C. finmarchicus dynamics in the Bar-
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ents Sea are profoundly linked. Specifically, increased
advection of Atlantic water can (1) create more
favourable temperature conditions in the Barents
Sea, (2) increase the inflow of spawning females
from the Norwegian Sea, potentially producing
more eggs due to favourable temperature and food
conditions in the past, and (3) trigger an earlier
spring bloom by increasing Barents Sea tempera-
tures. The positive associations observed be tween
temperature and abundances of adult fe males in the
present study might thus be explained by increased
advection from upstream areas. Similarly, the ob -
served temperature associations of both abundances
and timing of nauplii and young copepodite stages
could be due to (1) increased inflow of warmer
water creating favourable growth conditions, (2) the
effect of advection on abundances of spawning
females and egg production and (3) the effect of
advection on spring bloom dynamics potentially
improving food availability.

However, while advection certainly is important in
Barents Sea areas where Atlantic water inflow is
believed to be an essential regulator of zooplankton
biomass (Helle & Pennington 1999, Dalpadado et al.
2003, Edvardsen et al. 2003a), we also identified tem-
perature associations in Norwegian Sea off-shelf
areas considered as sources of C. finmarchicus to the
Norwegian and Barents Sea shelves (Slagstad &
Tande 1996, 2007, Halvorsen et al. 2003, Edvardsen
et al. 2006). The presence of a seasonally differing
temperature association (Fig. 7) and predicted earlier
abundance peak with increased temperature (Fig. 8)
in these areas supports the presence of a temperature
effect on the phenology of young stages of C. fin-
marchicus.

In summary, it is difficult to disentangle the true
mechanisms behind the temperature associations
observed in this study, but it is likely that both
advection and spring bloom dynamics are essential
driving factors. Importantly, our results indicate the
presence of temperature associations that differ
between developmental stages, seasons and areas.
Further studies should consider the importance of
resolution when assessing the combined effects of
temperature and other variables such as primary
production and advection. Similar conclusions were
drawn by Persson et al. (2012), who identified tem-
perature associations in C. glacialis biomass in the
White Sea only when data were finely resolved in
time and developmental stages. Similarly to the
present study, a positive correlation was found
between spring temperatures and young stages
(nauplii and CI−CIII), with an earlier peak of these

stages during warmer years. A following decline of
young stages later in summer was not observed, but
older stages disappeared earlier in autumn during
warm years, possibly due to a migration into ‘cold-
water refuges’ in deeper water. No indications of a
temperature effect on vertical distribution of C. fin-
marchicus were found in the present study, but the
Arctic species C. glacialis in the White Sea is likely
more sensitive to higher-than-average temperatures
than the subarctic C. finmarchicus, which in the
northern Norwegian Sea and Barents Sea is in the
northern range of its distribution (Conover 1988,
Hirche & Kosobokova 2007).

CONCLUSIONS

Temperature is considered one of the major factors
shaping marine zooplankton dynamics (Edwards &
Richardson 2004, Richardson 2008). While some stu -
dies have shown a positive association between year-
to-year variation in zooplankton biomass and tem-
perature along the Kola section (Antipova et al. 1974,
Degtereva 1979), other studies have not identified a
clear link between temperature and C. finmarchicus
abundance or biomass in the Barents Sea (Tande et
al. 2000, Stige et al. 2009, Dalpadado et al. 2012,
Johannesen et al. 2012). The results from the present
study indicate that this might be related to the coarse
spatiotemporal resolution and/or use of aggregated
biomass data in previous studies. Climate effects on
phenology are known to vary across functional
groups and trophic levels (Edwards & Richardson
2004). Our results indicate that variation also exists
among developmental stages of the same species,
emphasising the value of detailed data in ecological
climate effect studies.

Studies of temperature effects on zooplankton phe-
nology have typically shown a pattern of ‘earlier
when warmer’ (McGinty et al. 2011, Mackas et al.
2012). Changes in seasonal timing can have cascad-
ing impacts on the ecosystem, as formalised in the
match/mismatch hypothesis (Hjort 1914, Ellertsen et
al. 1989, Cushing 1990, Beaugrand et al. 2003, Du -
rant et al. 2007). A temperature increase due to cli-
mate change, which is predicted to be particularly
pronounced in Arctic regions (Stocker et al. 2014),
might, according to our results, trigger an earlier
peak of C. finmarchicus copepodites. Based on these
findings, it is potentially the predators on the
youngest stages of C. finmarchicus that are most
prone to experience a mismatch with their prey in a
warmer climate.
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