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ABSTRACT: The effects of temperature and food was examined for Calanus finmarchicus and C.
glacialis during 3 phases of the phytoplankton spring bloom in Disko Bay, western Greenland.
The 2 species were collected during pre-bloom, bloom, and post-bloom and exposed to tempera-
tures from 0 to 10°C, combined with deficient or excess food. Fecal pellet and egg production were
measured as indices for grazing and secondary production, respectively. Furthermore, changes in
body carbon, nitrogen, and lipid content were measured. C. glacialis sampled before the bloom
and incubated with excess food exhibited high specific egg production at temperatures between
0 and 2.5°C. Higher temperatures did not increase egg production considerably, whereas egg pro-
duction for C. finmarchicus more than tripled between 2.5 and 5°C. Starved C. glacialis produced
eggs at all temperatures stimulated by increasing temperatures, whereas starved C. finmarchicus
needed temperatures above 5°C to produce eggs fueled by their lipid stores. Few C. finmarchicus
had mature gonads at the initiation of the pre-bloom and bloom experiment, and egg production
of C. finmarchicus therefore only increased as the ratio of individuals with mature gonads
increased. During the bloom, both C. glacialis and C. finmarchicus used the high food availability
for egg production, while refueling or exhausting their lipid stores, respectively. Finally, during
the post-bloom experiment, production was low by C. finmarchicus, whereas C. glacialis had
terminated production. Our results suggest that a future warmer ocean will reduce the advantage
of early spawning by C. glacialis and that C. finmarchicus will become increasingly prevalent.
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INTRODUCTION

Arctic marine ecosystems are experiencing sub-
stantial changes. Climate change is directly and indi-
rectly impacting sea ice coverage and circulation
patterns and thereby the underwater light climate,
availability of nutrients, and the mixing layer depth

*Corresponding author. Email: tgin@aqua.dtu.dk

(Rysgaard et al. 1999, Comiso 2002, Tremblay &
Gagnon 2009). The seasonality in these factors drives
the characteristic annual patterns of plankton succes-
sion, and changes in these forcing factors will greatly
impact the succession and productivity of Arctic
marine ecosystems (Kitaysky & Golubova 2000, Rin-
guette et al. 2002, Falk-Petersen et al. 2007, Kahru et
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al. 2011). The break-up of sea ice triggers a short and
intense phytoplankton bloom when light enters the
water column (Dinweber et al. 2010).

The key grazers of phytoplankton in the Arctic are
copepods of the genus Calanus (Madsen et al. 2001).
The proportion of lipid in the dry mass increases from
10-20% in phytoplankton to 50-70% in Calanus
(Falk-Petersen et al. 2007). This lipid-based energy
flux is believed to be the primary reason for the large
stocks of fish, birds, and mammals present in Arctic
waters (Karnovsky et al. 2003, Falk-Petersen et al.
2007, Laidre et al. 2007). Phytoplankton grazed by
Calanus species are either used for growth, matura-
tion of gonads and oocytes, and egg production
or converted into lipids (Falk-Petersen et al. 2007).
The accumulation of lipids allows Calanus species
to withstand long periods of food shortage during
their winter hibernation close to the seafloor (Falk-
Petersen et al. 2007).

It is essential that the upward migration of Calanus
from the overwintering depths match the phyto-
plankton bloom in order for them to reproduce suc-
cessfully (Madsen et al. 2001, Hirche & Kosobokova
2003) and subsequently refuel their lipid stores (Lee
et al. 2006, Swalethorp et al. 2011). However, it is not
known to what extent Arctic Calanus spp. are capa-
ble of timing their ascent from the seabed after hiber-
nation to the occurrence of the spring bloom. A mis-
match between these events will result in insufficient
food quantity and/or quality, and consequently low
reproductive success (A. S. Hansen et al. 2003)

Disko Bay on the west coast of Greenland is influ-
enced by sub-Arctic waters of southwestern Green-
land and High Arctic waters of Baffin Bay (Buch 1990,
Holland et al. 2008, Hansen et al. in press). Disko Bay
is located at the southern border of the Arctic sea ice
extent, and the average sea ice cover shows high year
to year variability. In the bay, an annual mean air
temperature increase of 0.4°C yr™' and a 50% de-
crease in sea ice cover have been observed between
1991 and 2004 (Hansen et al. 2006). In the same pe-
riod, a tendency for earlier initiation of the spring
phytoplankton has been observed (Nielsen & Hansen
1995, Madsen et al. 2001, S.J. Madsen et al. 2008).
This impact of climate change makes Disko Bay an
ideal location to investigate the effects of increasing
temperatures, change in sea ice cover, and subse-
quent changes in the development of the phytoplank-
ton and succeeding links in the marine pelagic food
web. Furthermore, Disko Bay roughly represents the
northern border for the reproduction of the Atlantic
Calanus finmarchicus (Gunnerus) and the southern
border for C. glacialis (Jaschnov).

These 2 Calanus species have very similar overall
morphology, but differ in their life cycle, reproduc-
tive strategy, and lipid content, and may therefore
respond differently to future climate change (Scott et
al. 2000, Falk-Petersen et al. 2007). C. glacialis initi-
ates spawning prior to the spring bloom, with gonad
maturation and egg production fueled by internal
lipid reserves (i.e. ‘capital breeder’ sensu Varpe et al.
2009), most likely an adaptation to the unpredictable
food conditions in the Arctic environment (Conover
& Huntley 1991, Falk-Petersen et al. 2009). However,
to achieve maximum egg production, C. glacialis
needs to feed (Hirche & Kattner 1993). On the other
hand, C. finmarchicus is dependent on food to finish
gonad maturation and initiate spawning (i.e. ‘income
breeder’ sensu Varpe et al. 2009).

The air temperatures in the Arctic are predicted
to increase by 4 to 7°C over the next 100 yr (ACIA
2004). Such a time scale is comparable to ~100
Calanus generations and will obviously increase
the selective pressures of the Calanus populations
and allow them to evolve and adapt to the new
environmental situation. Such adaptations are ex-
tremely difficult to predict or quantify. However,
the temperature changes will not necessarily hap-
pen gradually, but sometimes rapidly with large
increments, e.g. 1 to 2°C in bottom water tempera-
ture over 1 mo as observed in Disko Bay in 1996 to
1997 (Holland et al. 2008, Hansen et al. in press).
Little is known on how flexibly Calanus can cope
with such rapid changes, but quantifying this
through experiments will help us to more reliably
predict the response of species to such changes,
given their current physiological and behavioral
adaptations. Calanus spp. in Disko Bay encounter
a range of temperatures during their migration.
In the spring, this can range from 3-4°C at the
bottom to —1.8°C in surface water, but later in May
when a thermocline is established, they can poten-
tially be exposed to gradients of 8 to 10°C. Here
we present results of experimental investigations
of Calanus conducted in the laboratory that simu-
lates a warmer environment.

Our hypothesis was that Calanus glacialis may lose
its present advantage of early spawning compared to
C. finmarchicus (Niehoff et al. 2002) in a future
warmer ocean. The hypothesis was tested by evalu-
ating effects of food availability, temperature, and
timing of the phytoplankton bloom on grazing (fecal
pellet production) and egg production as well as
the biochemical composition of C. finmarchicus and
C. glacialis through 3 successive phases during the
spring bloom.
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MATERIALS AND METHODS
Field sampling

The copepods were sampled in Disko Bay close to
Qeqertarsuaq in West Greenland from holes drilled
in the sea ice (69°14'N, 53°30'W) on 22 March
and from RV 'Porsild’ (Arctic Station, University of
Copenhagen) on 22 April and 28 May 2008 at a moni-
toring station used in previous studies (Nielsen &
Hansen 1995, Levinsen et al. 2000, Madsen et al.
2001, Niehoff et al. 2002, S.J. Madsen et al. 2008),
1 nautical mile off the Qeqgertarsuaq harbor (69° 14’ N,
53°23"'W; Fig. 1). Additional information on oceano-
graphy, plankton succession, in situ production, and
biochemical composition of the Calanus spp. are re-
ported by Diinweber et al. (2010) and Swalethorp et
al. (2011).

Phytoplankton culture and
experimental set-up A

A culture of the diatom Thalassiosira
weissflogii was grown in 15 1 aerated algal
plastic bags filled with 0.2 pm filtered sea-
water (salinity 33 + 2). The cultures were
diluted daily and kept in exponential
growth phase. B, medium (1 ml 1Y and
silicate (1.1 ml 17!y were added every sec-
ond day. Vitamins (1 ml 1"') were added
weekly (Hansen 1989). The bags were
exposed to a 12:12 h light:dark cycle with
50 pE m~2 57!, at 20 + 2°C. The chlorophyll
a (chl a) concentrations were estimated
from a linear relationship between chl a
and the fluorescence measured directly in
the culture (x):
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Chla=0.313x,12=0.98, n = 14, for chl a< 250 pg 1I™* (1)

Three consecutive 2 wk experiments were con-
ducted, initiated on 24 March, 24 April, and 30 May.
The experimental setup included 5 temperatures:
0, 2.5, 5, 7.5, and 10°C. This temperature range was
chosen based on the ACIA (2004) prediction for a
future climate. All experiments were carried out in
0.2 pm filtered seawater with 2 treatments, without
food or with saturated food conditions (added 15 ng
chl al™! of Thalassiosira weissflogii, equal to 690 pg C
1"}, Reigstad et al. 2005). The experiments were con-
ducted in 5 200 1 temperature-controlled thermo-
boxes filled with water. The temperature was logged
every 15 min using Hobo thermo-loggers (Table 1).

In each thermo-box, 4 buckets were placed, each
filled with 7.5 1 of 0.2 pm filtered seawater and con-
taining a cylinder (28.3 cm high and 18 cm in dia-
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Table 1. Measured temperature (mean + SD) during the lab-
oratory experiments, logged every 15 min

Intended Mean temperature (°C)
temperature (°C) Pre-bloom Bloom Post-bloom
0 -02+04 04+04 0.4 +0.2
2.5 26+04 27+04 26+04
5 51+0.5 43+04 48+04
7.5 7.2+0.2 7.0+0.2 7.5+0.3
10 10.5+04 10.5+0.2 10.3+0.3

meter) with an egg separator (400 pm mesh). Two of
these buckets contained Calanus finmarchicus and
the other 2 contained C. glacialis. For each of the spe-
cies, one of the buckets was kept with filtered seawa-
ter and one with Thalassiosira weissflogii-enriched
filtered seawater. Every 24 h, the cylinders were
gently transferred to new buckets containing 2.5 1 of
seawater at the appropriate temperature, and eggs
and pellets were collected from the bottom of the old
bucket by filtration through a 50 pm filter. Thus, each
experiment included 14 observations over time, per
treatment. After filtration of fecal pellets and eggs, 51
of the seawater were reused. The food concentration
in the recycled water was measured and adjusted by
addition of T. weissflogii to obtain the desired 15 ng
chlal ™.

Sampling and sorting of

pods were inspected, and only active and undamaged
females were transferred to new 600 ml beakers con-
taining 0.2 pm filtered seawater with either 30 C.
finmarchicus (25 in the pre-bloom experiment) or 20
C. glacialis (15 in the pre-bloom experiment).

To acclimatize the copepods, the bottles containing
copepods later used in the experiment at 0 and 2.5°C
were kept at 0°C for another 24 h, whereas the cope-
pods used in the experiment at 5, 7.5, and 10°C were
kept at 5°C. After 24 h, the copepods were released
into the experimental cylinders (no copepod had died).

Eggs, fecal pellets, and mortality

In addition to counting all eggs and fecal pellets,
the length and width of 30 fecal pellets and eggs
were measured 3 times (4 in Expt 1) in each experi-
ment for each treatment (Days 1, 7, and 14). Only
pellets 3 times as long or longer than the width were
considered. Copepods that died during the experi-
ments were removed and their prosome length mea-
sured. In the analysis, the copepods were assumed
to have been alive until removal. These were not
included in the carbon and lipid measurements. Mor-
tality was on average 7.5 % for Calanus finmarchicus
and 8.5 % for C. glacialis and was not related to tem-
perature or food conditions.

Due to the large number of samples, samples of
egg and pellets were fixed in acid Lugol's solution

copepods and acclimation

Calanus finmarchicus and C.
glacialis were collected with a
WP-2 nylon net (200 pm mesh
with a closed 1 1 cod-end). After
collection, the copepods were
kept in a thermo-box at approxi-
mately 0°C. In the laboratory, a

b

100 adult females of each species

were sorted under a dissection
microscope and identified ac-
cording to the morphological and
pigmentation criteria illustrated
in Fig. 2 and Table 2. Sorting was
done under a dissecting micro-
scope where a small Petri dish
containing copepods and seawa-
ter was placed in a larger Petri
dish with snow. The bottles were
kept dark at 0°C until the next
day. The following day, the cope-

Fig. 2. Calanus finmarchicus and C. glacialis. Morphology and pigmentation used to
separate females and eggs of (a) C. finmarchicus from (b) C. glacialis. Scale bars are
1 mm and 0.1 mm for females and eggs, respectively. Photo by S. Kjellerup

Table 2. Identification criteria for Calanus finmarchicus and C. glacialis. Mean + SD (n)
prosome length of all females, egg diameter + SD (n), and pigmentation of the antennae
and genital somites

Prosome length Egg diameter Antennae Genital Abdomen
(mm) (nm) somite
C. finmarchicus 2.7 +£0.1 (11292) 153 + 10 (1775) White/pale White/pale Pale
C. glacialis 3.5+0.3 (7429) 178 + 12 (2883) Red Red Red




Kjellerup et al.: Effects of ocean warming on Calanus 91

(final concentration 2%) and analyzed within 1 to
6 mo. To detect possible shrinkage due to fixation,
approximately 100 fecal pellets were measured for
all treatments before and after preservation. There
were no significant changes in fecal pellet volume in
the treatments with food present (p > 0.05), but in
treatments without food, the fecal pellet volumes
shrank by 21% (p < 0.001). Consequently, all fecal
pellets from starved treatments were volume ad-
justed accordingly. For eggs, no significant shrinking
was found for any of the treatments (p > 0.05).

Lipid, carbon, and nitrogen measurements

When copepods were inspected before acclima-
tion, some were collected for initial lipid, carbon, and
nitrogen measurements, and their prosome length
was measured. For a more detailed description of the
methods applied, see Swalethorp et al. (2011).

The initial carbon and nitrogen content for each
experiment was determined on 15 Calanus finmar-
chicus and 15 C. glacialis. At the end of each ex-
periment, the experimental copepods were stored for
lipid, carbon, and nitrogen measurements, with 4
replicates for lipids and 7 for carbon and nitrogen for
each species.

Three carbon versus length regressions (initial,
starved and fed individuals) were established for
approximately 15 individuals from each experiment
based on all temperatures and both species (Fig. S1
in the supplement at www.int-res.com/articles/suppl/
m447p087_supp.pdf). These relationships were used
to estimate carbon content during the experiment
and for normalization of egg and pellet production
and lipid content based on measurements of prosome
length.

Lipids were measured as triacylglycerol (TAG),
phospholipid (PL), and wax esters (WE) as well as
total lipid (TL; sum of TAG, PL, and WE). The effects
of the treatments for both normalized carbon and
lipid content were evaluated as percent changes
relative to the initial samples.

Fecal pellet and egg production

The fecal pellet (FP) volume (pm?®) was calculated
from the length and width assuming that their shapes
were cylindrical. The FP volume was converted to
carbon (Cpgp, pg C pellet™) using a conversion factor
of 8.03 x 108 nug C pm= (Reigstad et al. 2005) for
the fed treatment and a conversion factor of 4.75 x

1078 ng C um™ (Seuthe et al. 2007) for the starved
treatment. These 2 conversion factors were based on
experiments with comparable food concentrations
to this experiment, using Calanus finmarchicus and
C. glacialis, respectively.

FP production was counted daily and transformed
into specific pellet production (SPP, ng C pg C* d}).
The cumulative SPP (SPP_,, ng C ug C™) is the sum
of FPs produced from the start to Day d. A clear
2-phase trend was apparent (Figs. 3 & 4) and
modeled as bi-linear relationships:

if d<Ip, then SPP_ =dx k;,
otherwise SPP_, = Ip x k;+ k,(d - Ip) (2)

The termination of the lag phase (Ip) is the day (d)
where the 2 lines intercept each other. The slope
of the first phase, k; (% C d™!) is derived between
d, and Ip, and k, is the slope between Ip and d,,
(Fig. 5). The model included the constraint that k, >
k, for the fed treatments and no criteria for the
starved treatments. This difference was based on
the observation that in some of the starved treat-
ments, production ceased during the experimental
period. k, was interpreted to represent the maxi-
mum potential SPP_ ., (1g C pg C' d7') at the
given temperature and food level. If production had
ceased in the second phase, SPP ., was used.
The parameters in Eq. (2) were estimated using the
Proc Nlin procedure in SAS Software (SAS Insti-
tute). Initial guesses for slopes and lag phase were
provided (k; and k, = 0.5 specific egg production
or SPP d™! and I = 3 d). The procedure then esti-
mated the parameter values including SE and p val-
ues. The initial guesses did not affect the estimated
parameter values within reasonable limits.

The egg volume (um®) was calculated assuming
a spherical form (Table 3). The egg volume was
converted to carbon content using the same con-
version factor for Calanus glacialis and C. fin-
marchicus (Hygum et al. 2000; 13.65 x 1078 ng C
pm™2). The daily specific egg production (SEP), the
cumulative SEP (SEP_ ), and the potential SEP
rate (SEP o) were calculated in the same way
as the FP production.

Statistical analysis

The influence of food availability and temperature
on FP and egg volume was analyzed using a split-
plot variance analysis and random effects systematic
analysis (Hicks 1966). The effect of temperature, food
availability, and differences between species and
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Fig. 5. Calanus finmarchicus and C. glacialis. [llustration of

the model used to describe the cumulative specific produc-

tion of fecal pellets and eggs. k, (% C d™') is the slope of the

line between d, until the termination of the lag phase (Ip),

and k, (% C d7') is the slope from the termination of the lag
phase until d,,

Table 3. Calanus finmarchicus and C. glacialis. Mean size + SD
and carbon content + SD of eggs. n is no. of eggs measured

Carbon
(hg egg™")

Volume
(10° pm?)

Diameter
(pm)

Species n

C. finmarchicus 1775 153 +10 19.0+4.0 0.26 +0.05
C. glacialis 2883 178+ 12 30.0x5.7 0.41+0.08

phases were tested with a procedure for a general
linear model (GLM, SAS Version 9.1, SAS Institute
2004) including both direct and combined effects of
the independent variables. The most pronounced
effects were found for food availability and tempera-
ture, but different patterns were observed for the
response variable. For simplicity, we chose to apply
the same model for all response variables and sepa-
rately for the 2 species and the 3 phases. Differences
between species and periods were analyzed by com-
paring the parameter estimates and their confidence
limits. The model was:

y = intercept + (K, oq x food) + (K, X temp) (3)

where y is the rate for SEP, .y, and SPP,., and
changes in carbon and content of lipids (total and dif-
ferent forms).The effect of Lugol's solution on the
eggs and FP volume was tested using a t-test. A
power function was chosen to describe the carbon-
length relation based on a best fit analysis.

RESULTS
Sampling conditions and species identification

The in situ conditions on the dates when fe-
males for the experiments were collected are sum-
marized in Table 4. More detailed descriptions of
the oceanography and copepod biology are pre-
sented by Swalethorp et al. (2011) and Dunweber
et al. (2010).

Only females fulfilling the pigmentation criteria
were included in the experiments. The size and mor-
phology (Calanus glacialis having a larger peri-
vitelline space) of the eggs were inspected on several
occasions during the experiment. The validity of
these criteria (Fig. 2, Table 2) was confirmed by egg
production of the 2 species incubated individually by
Swalethorp et al. (2011).

Eifect of temperature and food availability on FP
and egg volume

Within the same treatment (temperature and food)
in each period, no significant difference was detected
for pellet and egg volumes on Day 3 or 4 (p > 0.05).
There were significant differences between the
FP volume from the fed and starved treatment as
well as between species (p < 0.05; Table S1 in the
supplement at www.int-res.com/articles/suppl/m447
p087_supp.pdf). The effect of temperature on the FP
volume was only significantly different between
some temperatures, and the measured volume at
each temperature was therefore applied for each
temperature treatment (Table S1). No significant
effects of food were detected on egg volumes within
each species (p > 0.05). It was not possible to test the
effect of temperature on the egg volume at intervals
of 24 h, as some eggs incubated at temperatures
above 2.5°C were more developed or sometimes
even hatched. The egg volume of the 2 species was
significantly different (p < 0.05) when comparing 0
and 2.5°C treatments. This difference was confirmed
by the egg volumes from a parallel in situ study
(Swalethorp et al. 2011)

The carbon-length regressions were combined for
the 2 species, as the residuals for the 2 species were
not significantly different from a common power
function. Carbon-length regressions were estab-
lished for each of the 3 phases and for each treat-
ment (initial, fed, and starved copepods) as the rela-
tionships were different for the 3 conditions (Table 5,
Fig. S1).


http://www.int-res.com/articles/suppl/m447p087_supp.pdf
http://www.int-res.com/articles/suppl/m447p087_supp.pdf
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Table 4. Calanus finmarchicus and C. glacialis. In situ conditions on the 3

dates when females were collected for the experiments and spawning %,

specific egg production rate (SEP), specific fecal pellet production (SPP), egg
production (EP), and fecal pellet production (FP)

for unfed C. glacialis. Finally, when
tested separately for each case (2 spe-
cies x 2 food treatments x 3 periods =
12 experiments), the lag phase was

Pre-bloom Bloom Post-bloom positively influenced by temperature

Date 22 March 22 Aprll 28 May in 2 of 12 cases (bOth for C. finmarchi-
cus) and negatively influenced in the
Mean temperature (°C) 0-50 m -1.3 -1.3 0.5 remaining cases, with 4 out of 12
01_100 m -0.3 0.8 0.7 being significant (p < 0.04).
Mean chl a 0-50 m (pg ™) 0.08 0.9 0.3
Chl a peak, pg 1™ (depthinm) 0.2 (1) 15.1 (1) 0.4 (20)
C. glacialis
Spawning % 5 55 22 Eifect of temperature and food
SEP (% d™) 0.12 £ 0.51 1.74 £2.17 0.57 +1.12 concentration on SEP ..., and
SPP (% d™) 0.03 £0.02 0.44 +0.26 0.04 £ 0.05 SPP
rate(k2)
% females in 0-50 m 46 52 95
EP (no. fem.”! d7!) 0.7+29 143 +17.5 6.6 £ 13.2
FP (no. fem.”' d1) 1.2+0.9 17.0 + 8.1 3.4+36 The GLM (Eq. 3) always showed
C. finmarchicus a positive effect of temperature on
Spawning % 0 11 12 SEPrate(kZ), and the coefficient was sig-
SEP (% d™) 0+0 0.23 £0.75 0.08 £ 0.26 nificantly above 0 for both species
-1

SPP (% d™) 001+001  085%048  0.27x0.28 in the pre-bloom and bloom periods
% females in 0-50 m 31 50 86 h food £ d (Table 6
EP (no. fem.”' d!) 0£0 12+4.1 0.6=1.9 when food was offered (Table 6).
FP (no. fem.”! d°!) 03+05 20.7 + 9.3 10.0 + 9.0 Moreover, the temperature response

was significantly higher for Calanus

SEP_,,, and SPP_,  during pre-bloom, bloom, and
post-bloom

From Figs. 3 & 4, it is evident that both food and
temperature influenced the egg and FP production of
both species (the raw data, i.e. mean egg and FP d™!
in the different treatments after the lag phase, are
shown in Table S2 in the supplement). All statistical
analyses on eggs and FPs are based on data from
Figs. 3 & 4 after the lag phase using Eq. (2). The
length of the lag phase was tested statistically and
found to be negatively influenced by temperature for
both species, but the effect was only significant for
Calanus glacialis. When food is included as a para-
meter, the lag phase was still negatively influenced
by temperature, but the effect was only significant

finmarchicus than for C. glacialis. In
the post-bloom period, temperature dependency was
about 10 to 25 times lower and in most cases not sig-
nificantly different from 0. The intercepts were
higher for C. glacialis than for C. finmarchicus in the
pre-bloom and bloom, as was the coefficient for food
availability, suggesting higher egg production of C.
glacialis at near-0 temperatures, although the dif-
ference was not significant. However, combined with
the higher positive coefficients of temperature, this
gave the overall patterns observed in Fig. 6, that spe-
cific egg production was highest for C. glacialis at
low temperature, whereas the opposite pattern was
seen at higher temperatures.
Table 6 showed that SPP, ., increased with tem-
perature when animals were fed, as seen for egg pro-
duction (Fig. 6, Table 6). This effect was significant in

Table 5. Calanus finmarchicus and C. glacialis. Relationship between body weight (BW, mg C) and prosome length (PL, mm)
in females of both species combined. The relationship for the initial samples, when food (the diatom Thalassiosira weissflogii)
was available (food) and when food was absent (no food), at the 3 phases of the bloom. All temperatures are included. Each
relationship is described by a power function where BW = a x PL?

Pre-bloom

Bloom

Post-bloom

Initial

Food

No food

BW (mg C) = 0.0008 x PL(mm)*%

r? = 0.79 (30)
BW (mg C) = 0.0041 x PL(mm)>*2
2 = 0.84 (54)

BW (mg C) = 0.0015 x PL(mm)*1°
2 =0.75 (51)

BW (mg C) = 0.0010 x PL(mm)*>7

) )
r? =0.78 (30) r? =0.92 (30)

BW (mg C) = 0.0127 x PL(mm)?4° BW (mg C) = 0.0057 x PL(mm)>3*
r? = 0.64 (76) r? = 0.73 (69)

BW (mg C) = 0.0005 x PL(mm)**%° BW (mg C) = 0.0009 x PL(mm)*%°
r?=0.78 (81) r? = 0.84 (70)

BW (mg C) = 0.0048 x PL(mm)>57
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Table 6. Calanus finmarchicus and C. glacialis. Effects of food availability and temperature on specific egg and specific fecal pellet pro-
duction in the second phase (k,, Eq. 2). Parameter values are given + SE and p levels are indicated (p > 0.05 [ns], *p < 0.05, **p < 0.01,
***p < 0.001). Significant differences between species (p < 0.05) are indicated in bold

Intercept kioq food Kiemp Intercept Kiooa food Kiemp
Kyegqay = intercept + (Ki,oq x f00d) + (Kiopy, x temp), with and without food
C. finmarchicus - pre-bloom C. glacialis - pre-bloom
-0.14 £ 0.78 (ns) 1.23 = 1.1 (ns) 1 0.93 = 0.13 (**) 0.41 +0.81 (ns) 3.0+1.14 () 1 0.41 = 0.13 (*)
0 0.20 = 0.13 (ns) 0 0.09 + 0.13 (ns)
C. finmarchicus - bloom C. glacialis — bloom
0.07 + 1.68 (ns) —1.45 +2.40 (ns) 1 1.41 £ 0.27 (**) 1.03 £ 0.43(*) 1.24 + 0.60 (ns) 1 0.59 = 0.07 (***)
0 0.24 + 0.27 (ns) 0 0.05 + 0.07 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
0.49 +£0.12 (**) 0.20£0.17 (ns) 1 0.054 £0.020 (ns) 0.49 £0.16(*) -0.10 = 0.23 (ns) 1 0.045 + 0.027 (ns)
0 0.028 +0.020 (*) 0 0.023 + 0.027 (ns)

k, 9y = intercept + (Ky,,q x fo0d) + (K, x temp), with and without food

pellet( foo emp
C. finmarchicus - pre-bloom C. glacialis — pre-bloom
0.16 £ 0.70 (ns) 1.56 + 0.98 (ns) 1 0.46 £0.11 (***) 0.15+0.53 (ns) 1.51 +0.75 (ns) 1 0.39 £ 0.09 (ns)
0 0.07+0.11 (ns) 0 0.02 = 0.09 (ns)
C. finmarchicus - bloom C. glacialis — bloom
1.46 +£0.64 (ns) 3.02+0.91(%) 1 1.59 = 0.11 (***) 0.57 £ 0.69 (ns) 4.47 +0.98 (**) 1 0.77 £ 0.11 (***)
0 0.05+0.11 (ns) 0 0.04 +0.11 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
0.20 £ 0.41(ns) 1.01 +£0.59 (ns) 1 0.11 + 0.07 (ns) 0.08 £ 0.16 (ns) 0.48 £0.23 (*) 1 0.04 + 0.03 (ns)
0 -0.00 +0.07 (ns) 0  —0.00 +0.03 (ns)
Specific egg production Specific fecal pellet production
12
Pre-bloom Pre-bloom
9 4
-
o 61
X
3 4
0 A —‘—w‘ﬁ@:g
Bloom Bloom
20 1 1
- 151
©
X 10 1 Fig. 6. Calanus finmar-
chicus and C. glacialis.
51 ] Specific egg production
(SEP 4e2)) and specific
04 o= @:P@—;—Q:g fecal pellet production
in © -1
4 Post-bloom Post-bloom (SPPryeqep) In % d7° at the
3 phases of the bloom
31 —@—C. finmarchicus +TW ?}f Sid on prt(.)ductiotr}ll aflter
i —O—C. finmarchicus ~-TW ¢ termination of e ‘ag
© o phase + SE. C. finmarchi-
o 21 —&—C. glacialis+TW !
=N C. alacialis —TW cus when food was avail-
- glacialls = able (®) or absent (0) and
11 t§t/‘/t\ C. glacialis when food
was available (A) or absent
0 ‘ ‘ ‘ ‘ é——m (4). Note different y-axis

0 25 5 75 10 0 2.5 5 75 10 scales
Temperature (°C) Temperature (°C)
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the pre-bloom and bloom period for Calanus fin-
marchicus and in the bloom period for C. glacialis,
and was significantly higher for C. finmarchicus.
Food availability had similar positive effects on the
pellet production for both species. However, the
effect was only significant during the bloom period.
For the starved copepods, the relationship to temper-
ature was low and not significantly different from 0 in
all phases of the bloom as well as for the fed cope-
pods during post-bloom for both species. The inter-
cept (pellet production at 0°C and no food) was
always positive, indicating some production of ghost
pellets (empty transparent fecal pellets; see Fig. 7a),
but the values where never significantly above 0.

Eifect of temperature and food on the carbon and
lipid contents of the two Calanus species

The initial carbon content differed substantially
for Calanus finmarchicus and C. glacialis between
the pre-bloom, bloom, and post-bloom experiments
(Table 7). To be able to compare individuals and spe-
cies independent of body size, carbon content was
normalized to length based on the carbon-length
regressions (Table 5).

The pattern from the GLM analysis was that the
carbon loss during the experiment increased with
increasing temperature for both species when the
animals were starved (significantly in 5 out of 6
cases, Table 8). Food had a positive effect both on the
overall level of carbon at the end of the experiment
for both species. In 5 out of 6 cases, the coefficient for
temperature was less negative compared to the
experiments without food. The exception was C.
glacialis in the post-bloom period, where the animals
probably had stopped grazing. Before and during the
bloom, grazing compensated for increasing tem-
perature, so the coefficients for temperature was
not significantly different from 0.

TL (ng fem.™) in the initial samples decreased
between the pre-bloom and bloom, and then in-
creased between the bloom and post-bloom for
both species (Table 7). For C. finmarchicus, WE
were the dominating lipid at the start of all experi-
ments. During the development of the bloom, the
initial values decreased from 97 to 77% of TL,
while PL. became more predominant (Table 7). For
C. glacialis, WE were also the dominating lipids at
the initiation of the experiments in the pre-bloom
and post-bloom, while PL were dominant during
the bloom (Table 7). To be able to compare lipid
reduction and gain between large and small indi-

viduals and between species, lipid was normalized
to carbon content.

In the GLM analysis, the TL content decreased in
all 3 experiments without food (Table 9). Access to
food had no clear effect except for Calanus glacialis
in the bloom period where food caused a significant
increase in the lipid content, probably due to resup-
plying of their lipid reserves. The loss rate of lipids
was increasing with temperature for both species
both with and without food in 10 out of 12 experi-
ments, most conspicuous for C. finmarchicus where
the temperature coefficients were significantly nega-
tive for the bloom and post-bloom period (Table 9).

The GLM analysis on the TAG content showed that
Calanus finmarchicus accumulated large amounts of
TAG, both compared to C. glacialis and compared to
the changes for other types of lipids. However, TAG
data had much higher variability compared to the
other lipid classes, and only the effect of food was sig-
nificant during the pre-bloom and bloom phase, indi-
cating that the animals were actively feeding and start-
ing to build up their TAG content. No clear patterns for
temperature coefficients were observed (Table 9).

The GLM analysis also showed that Calanus fin-
marchicus was accumulating PL during the bloom
and post-bloom phases showing positive intercepts
and a strong response to food in the pre-bloom and
bloom. In contrast, neither intercept nor response to
food was significant for C. glacialis. Both species
showed a tendency to higher losses with higher tem-
perature, but the pattern was only significant for
C. finmarchicus during the bloom period and post-
bloom (Table 9).

The pattern for WE resembled the pattern for TL
(Table 9), and the GLM showed overall that animals
were losing WE during the experiments. In all 3
experiments for Calanus finmarchicus and for C.
glacialis in the pre-bloom and bloom, the intercept
was significantly negative. The impact of food avail-
ability was not significantly different from 0. The
temperature coefficients were negative except for C.
glacialis without food in the bloom experiment, al-
though these were only significant in 3 cases (Table 9).

DISCUSSION
Initiation of the phytoplankton bloom
In a future warmer ocean, 3 potential scenarios
could be envisioned for the initiation of the spring

bloom: (1) An earlier phytoplankton bloom; if sea ice
is present, it will melt earlier and strengthen the
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Table 7. Calanus finmarchicus and C. glacialis. Mean length (mm), mean dry weight (DW, ng), mean carbon weight (ng C fem.™?), C:N ratio,
and total lipid (TL, pg fem.™) + SE in each phase of the bloom and for each treatment. TL (ng fem.™), lipid content in percentage of carbon
content, and percentage of triacylglycerol (TAG), phospholipid (PL), and wax ester (WE) of the TL content + SE. Sample size is shown in

parentheses
Temp Food Length DwW Carbon C:N TL TL TAG PL WE
(°C)  (+/-) (mm) (ng fem™) (ugC fem.™) (ng fem.™) (% C) (% TL) (% TL) (% TL)

C. finmarchicus - pre-bloom

Initial 2.70£0.03 (15) 253+23 (15) 135+16 (15) 7.1 73 +7(10) 54 +5(10) 0.2+0.03 (10) 3.0 +0.5 (10) 96.9 + 0.5 (10)
0 +  2.77+0.03(19) 319+21(7) 151+13(7) 55 45+4(3) 29+2(3) 14+03(3) 144+25(3) 84.3+23(3)
0 - 2.74%0.04 (18) 327+49(6) 149+32(6) 6.9 51+10(3) 49+8(3) 0.1+01(3) 34+05(3) 96.5+0.5(3)
2.5 +  2.62+0.03(24) 266+18(7) 113+6(7) 43 39+2(4) 30+2(4) 123+45(4) 36.7+3.4(4) 509=53(4)
2.5 - 2.66+0.03(23) 209+10(7) 88=x5(7) 43 17+2(4) 19+1(4) 1.0+0.1(4) 75+29(4) 91.5+2.8(4)
5 + 2.68+0.03(18) 497+76(3) 171+18(3) 4.2 42+2(2) 31+2(2) 75+45(2) 26.0+7.2(2) 66.5=11.7(2)
5 - 2.73+0.03(20) 377+33(8) 114+10(8) 56 43+11(3) 40+9(3) 03+0.1(3) 75+1.2(3) 92.2+1.3(3)
7.5 +  2.68+0.02(19) 251+15(7) 117+9(7) 44 27+18(2) 21+14(2) 17.9£59(2) 47.0+15.9(2) 35.1+21.8(2)
7.5 - 2.72+0.03(16) 215+13(4) 88+8(4) 4.6 30+10(3) 29+9(3) 14+05(3) 75+1.2(3) 91.1+23(3)
10 + 2.71+0.03 (18) 296+19(4) 126+11(4) 4.1 25+8(3) 18+6(3) 10.8+1.0(3) 54.3+14.0(3) 34.8=15.1(3)
10 - 267003 (12) 184+35(4) 76+18(4) 51 28+3(2) 32+2(2) 05+04(2) 3.9%25(2) 956=2.1(2)
C. finmarchicus - bloom
Initial 2.65+0.04 (16) 236+20 (15) 109+6(15) 52 45+7(10) 41+6(10) 0.2=0.1(10) 11.4+ 1.4 (10) 88.3+ 1.4 (10)
0 + 2.73+0.03 (30) 397+32 (10) 148+17 (10) 4.6 31+3(4) 22+2(4) 10.0+4.1(4) 46.1+6.3(4) 43.9+10.1(4)
0 - 270+0.03(29) 187+12(8) 66+7(8) 4.2 12+4(4) 18+6(4) 28+1.0(4) 49.8+9.8(4) 47.3+10.8(4)
2.5 +  2.68+0.03(29) 313+22(9) 136+11(9) 43 26+4(4) 19+2(4) 21.3+3.3(4) 527+3.6(4) 26.0+6.9 4)
2.5 - 269+002(30) 321+10(9) 77+8(9 39 9+2(4) 14+4(4) 34+12(4) 41.8+63(4) 54.8+6.6(4)
5 +  270+0.02(29) 328+24(9) 134+17(9) 4.1 29+6(4) 21+5(4) 207+6.6(4) 50.4+105(4) 289157 (4)
5 - 273+0.03(29) 321+10(9) 72+6(9 37 6+1(4) 10+1(4) 6.8+29(4) 384+91(4) 54.8+6.6(4)
7.5 + 275+0.03(27) 209+16(9) 130+14(6) 3.8 21+4(4) 14+2(4) 153+4.0(4) 66.2+10.7(4) 18.5+8.3 (4)
7.5 - 276+0.03(29) 174+28(9) 63+5(9) 35 4x3(2) 6+4(2) 229224(2) 526+259(2) 24.5+23.5(2)
10 +  2.68+0.03(27) 290+26(7) 127+13(7) 3.8 14+2(4) 10+1(4) 14.1+4.0(4) 67.3+6.7(4) 186+ 10.3 (4)
10 -  267+0.03(29) 160+17(8) 51+4(8) 33 2x2(2) 3+3(2) 11.324.6(2) 269+122(2) 61.8+16.8(2)
C. finmarchicus - post-bloom
Initial 2.75+£0.03 (14) 279+25(14) 181+14 (15) 52 56+5(10) 31+3(10) 7.3+ 1.0(10) 16.2+2.0 (10) 76.6 = 2.5 (10)
0 +  2.74+0.02(28) 309+33(7) 154+20(7) 53 26+3(4) 15+1(4) 23.6+35(4) 41.6+6.4(4) 34.8+7.6(4)
0 - 2742002 (30) 324+41(7) 124+20(7) 43 19+4(4) 16+3(4) 149+1.7(4) 472+65(4) 37.9+8.0(4)
2.5 + 280+0.03(31) 399+51(7) 145+15(7) 40 31x2(4) 16+2(4) 194+56(4) 44.0+3.7(4) 36.6+6.1(4)
2.5 - 2.71+£0.03 (33) 238 + 33 (7) 87+12(7) 3.7 18x3(4) 16+2(4) 17.0+£52(4) 46.6=+6.7 (4) 36.4 + 2.8 (4)
5 + 2.79+0.03 (31) 359+35(7) 152+15(7) 4.2 22x+1(4) 12+1(4) 282+£52(4) 56.0+4.5(4) 15.8 £+ 9.2 (4)
5 - 2742003 (29) 283+34(7) 114+19(7) 42 12+2(4) 10+2(4) 11.9+24(4) 48.0+9.0(4) 40.1+10.6 (4)
7.5 +  275+0.03(29) 382x41(7) 152+24(7) 51 26x+3(4) 16+1(4) 186+55(4) 42.1+3.7(4) 39.3+8.38(4)
7.5 - 2.70+£0.03 (28) 192+ 15 (7) 705 (7) 39 11+4(4) 9+2(4) 20.6+10.8(4) 45.0+8.3 (4) 34.4+£159 (4)
10 + 2744002 (32) 284+48(7) 88x12(7) 37 9x1(4) 5x1(4) 273+3.0(4) 69.9=1.54) 2.8+£2.3 (4)
10 -  276+0.03(29) 183+24(7) 67+6(7) 35 7+2(4) 5+1(4) 145£33(4) 672+1(4) 18.3 +11.6 (4)
water column stratification, triggering an early bloom ably induce adaptations that will affect their life
(Smith 1987, Wu et al. 2007, Kahru et al. 2011); (2) An cycle, such as the timing of diapause as suggested
unchanged timing of the bloom, in a warmer ocean for North Atlantic C. finmarchicus populations (John-

with less or no sea ice; and (3) A prolonged spring son et al. 2008, Maps et al. 2010). Such selection-
bloom period controlled by nitrate supply (Tremblay mediated changes may co-occur with the responses
& Gagnon 2009), since weak stratification and impact predicted in the present study; however, they are not
of wind may allow higher exchange between the considered further here.

deeper nutrient-rich water and the relatively nutri-

ent-poor water in the photic zone. Based on our

experiments, we discuss the potential implications of Scenario 1: Early spring phytoplankton bloom

the 3 scenarios for the coexistence and competition of

Calanus finmarchicus and C. glacialis females. We mimicked an early bloom by offering the cope-
Changes in the environment will change the selec- pods collected in mid-March unlimited food in combi-

tive pressures on the Calanus populations and prob- nation with increasing temperatures. The potential
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Table 7 (continued)

Temp Food Length DW Carbon C:N TL TL TAG PL WE
(°C)  (+/-) (mm) (ng fem™) (pngC fem.™) (ng fem.™) (% C) (% TL) (% TL) (% TL)
C. glacialis - pre-bloom
Initial 3.36 £ 0.07 (15) 620 £ 65 (15) 332 +42 (15) 6.9 198 +30 (10) 60 +9 (10) 0.6 +0.2 (10) 7.1+0.8(10) 92.3+0.8(
0 + 345+0.06(14) 653+79(6) 282+41(6) 54 181+26(4) 48+6(4) 3.1x1(4) 16.1 £ 0.6 (4) 80.8 + 1.3 (
0 - 3.38x0.06 (14) 66713 (6) 275+78(6) 5.7 70+28(4) 28x9(4) 23+x09(¢4) 253=x11.2¢4) 724+116
2.5 + 3.30+0.08(10) 662+15(4) 272+78(4) 4.8 68x14(3) 25+3(3) 81x29(3) 19.9+6.8(3) 72.0 £9.4 (
2.5 - 3.38x0.06 (10) 533+10(4) 215+48(4) 4.7 161+40(3) 63+17(3) 1+0.1(3) 151x4.1(3) 83.9+4.1(
5 + 349+0.07(13) 759+15(5) 308+60(5) 4.6 85+21(4) 24+6(4) 12+28(4) 422+9.1(4) 458 +11.1
5 - 373x009(6) 971+1(2) 515+10(2) 7.7 - - - - -
7.5 + 3.50+0.09(11) 670+11(5) 303x66(5) 49 79+11(3) 21+3(3) 43x19(13) 29.8+3.2(3) 65.9 + 2.3 (3)
7.5 - 3.53+0.07 (13) 608+70(5) 269+36(5 52 b57+14(4) 21+4(4) 23+x1.6¢4) 270x172(4) 70.8+16.7 (4)
10 + 337+0.06(14) 610+51(6) 284+28(6) 4.7 53+16(4) 16+4(4) 11.9+26(4) 383+7.8(4) 49.8 £ 8.2 (4)
10 - 3.26+0.06(14) 391 +72(5) 161+41(5) 46 76+26(4) 39+12(4)11.1+7.8(4) 12.5+4.3(4) 76.4 + 10.1 (4)
C. glacialis — bloom
Initial 3.44 +0.07 (15) 588 +£61 (15) 28739 (15) 5.5 43+15(6) 15+5(6) 2.5+04(6) 49.2+12.1(6) 48.5+123
0 + 3.36+0.06(19) 625+42(7) 24617 (7)) 4.0 57+15(3) 24+6(3) 18.7+6.2(3) 57.0+12.6(3) 24.3+18.2
0 - 3.50+0.06 (20) 570+62(8) 223+39(8) 43 32+6(4) 15+3(4) 49+18¢4) 49.7+134(4) 453+150
2.5 + 3.40+0.06(20) 602+26(8) 269+13(8) 4.6 67+26(4) 26+9(4) 72+3(4) 51.7+150(4) 41.0x156
2.5 - 3.40+0.05(19) 527+58(7) 214+38(7) 48 20+4(4) 12+3(4) 28+12(¢4) 639=x17.1(4) 33.3+16.6
5 + 3.37+0.06(20) 499+28(8) 210+13(8) 4.1 883+23(4) 34+7(4) 144+53(4) 34.0+6.7 (4) 516114
5 - 3.40+0.06 (19) 408 +28(7) 143+13(7) 3.7 26+5(4) 13+2(4) 54+33(3) 44.7+11.7(3) 49.8+14.5
7.5 + 340+0.05(19) 531+34(7) 214+18(7) 4.0 41x6(4) 17x2(4) 222x23((4) 60.2+4.3(4) 177+ 5.1 (
7.5 - 344+05(20) 371+31(8) 135+x20(8) 3.8 34+14(4) 16+6(4) 51+21(4) 553+189(4) 39.6+19.6
10 + 319+0.08(17) 525+62(5) 224+31(5) 43 49+9(4) 26+x7(4) 106+26(4) 41.9+794) 47.5+8.2(
10 - 332x0.05(20) 322+37(8) 113+14(8) 3.5 24+8(4) 13+3(4) 27+12(4) 434+18.0(4) 53.9+182
C. glacialis — post-bloom
Initial 3.46 £ 0.09 (15) 856 +63 (15) 487 +38(15) 7.7 306+27(8) 63+6(8) 56+12(8) 8.6x0.6(8) 85.7+1.2
0 + 3.56+0.07(20) 800+52(7) 429+18(7) 7.0 247+49(4) 59+6(4) 29=x1(4) 8.5+2.5(4) 88.6 + 2.8
0 - 3.51+0.05(20) 705+68(7) 372+50(7) 7.0 235+44(4) 107+15(4) 28+06(4) 78=x19(4) 89.3+2.4
2.5 + 3.52+0.06(20) 903 +80(6) 497+56(6) 7.3 217+19(3) 59+4(3) 31x09@3) 9.8+23(3) 87.1+2.3
2.5 - 3.52x0.06(19) 900+51(7) 472+39(7) 7.3 290+19(3) 74+1(3) 1.7+03(3) 84=x14(3) 89.9+1.6
5 + 3.58+0.06(20) 884+95(7) 472+53(7) 7.3 180+34(4) 44+6(4) 68=x22(4) 10.5+2.5(4) 82.7+4.6
5 - 3.62x0.06 (20) 863 +110(7) 461 +59(7) 74 218+19(4) 50+5(4) 45+15(4) 89=x24(4) 86.6 + 3.8
7.5 + 3.59+0.06(19) 821+72(7) 425+44(7) 6.8 198+43(4) 49x9 (4) 3+0.6(4) 11.2+24 (4) 85.8+2.2
7.5 - 3.54x0.07(20) 736+99(7) 401+66(7) 7.6 192+61(4) 42+11(4) 2+08(4) 92x15(4) 88.8 +2.1
10 + 346+0.07(19) 674+49(7) 320x30(7) 6.2 177+18(4) 51+4(4) 55394 6.6+23(4) 88.0 +3.9
10 - 367x005(19) 791 +11(7) 399+79(7) 7.2 233+37(4) 49x5(4) 26=+1.1(4) 83=x16(4) 89.5+2.1

specific egg production responded almost linearly to
temperature by a factor of 12 for Calanus finmarchicus
between 0 and 10°C and by a factor of 3.7 for C.
glacialis between 0 and 7.5°C (Fig. 6). At all tempera-
tures during the pre-bloom as well as during the
bloom experiment, the carbon-specific egg production
for C. glacialis was within the previously observed
range from a study in the Greenland Sea and the Arc-
tic Ocean (Hirche & Kosobokova 2007). The specific
egg production for C. finmarchicus was similar to that
reported by Runge (1985) at all temperatures as well
as that reported by Plourde & Runge (1993) at 7.5°C.
However, values were lower than those reported by
Hirche et al. (1997) in the Norwegian Sea. SPP was

similar for the 2 Calanus species at all temperatures
during the pre-bloom, which indicates equal feeding
rates. During and after the bloom, C. finmarchicus
was grazing at a higher rate than C. glacialis (Fig. 6).
The increase in grazing rate between the pre-bloom
and the bloom experiment was about 3-fold for C. fin-
marchicus and 2-fold for C. glacialis (Fig. 6), indicating
that both species are less efficient or not ready to ex-
ploit the food early in the season.

The ratio between grazed material and the quan-
tity allocated to egg production was almost constant
for Calanus glacialis at all temperatures, whereas the
energy allocated for egg production increased with
temperature for C. finmarchicus. Maximal egg pro-
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Table 8. Calanus finmarchicus and C. glacialis. Effects of food availability and temperature on carbon content (ng C) normalized to length

(pm) for the 2 species tested for the 3 periods. Ln(ug C pm™!) = intercept + k;, 4 x food + Kiemp % temp (with and without food). Parameter val-

ues are given + SE and p levels are indicated (p > 0.05 [ns], *p < 0.05, **p < 0.01, ***p < 0.001). Significant differences between species
(p <0.05) are indicated in bold

Intercept ki oq food k

temp

Intercept kiooa food k

temp

C. finmarchicus - pre-bloom
1.7 £ 1.6 (ns) 1 -0.37+0.38 (ns)
0 -1.41+0.31(**)

C. finmarchicus - bloom

0.86 + 1.2 (ns)

-0.8+1.1(*) 3.4+1.5(*) 1 0.06 + 0.34 (ns)
0 -2.1+0.25 (*")

C. finmarchicus - post-bloom
-4.1+13(**) -09=+1.7 (ns) 1 -0.65+0.38 (ns)

0 -2.11=0.28 (*)

C. glacialis — pre-bloom

-2.0 £ 1.7 (ns) -1.7+£2.2 (ns) 1 0.27 + 0.50 (ns)

0 —-0.87 £ 0.39 (ns)
C. glacialis - bloom

-1.5+ 1.1 (ns) 0.2 + 1.5 (ns) 1 -0.23 £ 0.35 (ns)

0 -1.8+0.2 (**)
C. glacialis — post-bloom

-1.1+0.9 (ns) 0.2+ 1.3 (ns) 1 -0.55 = 0.27 (*)

0 —-0.48 = 0.20 (*)

duction rates depend on the time required for gonad
maturation, which is related to the use of storage
lipids, food supply, and temperature (Plourde &
Runge 1993, Niehoff et al. 2002). Niehoff et al. (2002)
observed 45% C. glacialis with fully developed go-
nads in Disko Bay in mid-March 1996 and only 10 %
C. finmarchicus. The relative contribution of C. fin-
marchicus to the biomass may therefore be expected
to be reduced if the bloom initiates earlier in the
future, unless increased temperatures accelerate the
gonad maturation rate considerably. The relatively
high egg production of C. glacialis at all tempera-
tures and that of C. finmarchicus at high tempera-
tures (>5°C) cannot be supported by the grazing
alone, assuming that ingested carbon was converted
into eggs by an efficiency of 36 % as seen for Acartia
tonsa (Kiegrboe et al. 1985). Grazing only accounts
for approximately half of the egg production, and
the remainder would have to be supported by use
of internal lipids (Table 7).

Based on the discussion above, one could be
tempted to conclude that Calanus glacialis would be
better adapted to an early bloom with a relatively
small temperature increase. However, C. glacialis
may have a multiple year life cycle as adults (Con-
over 1988, Kosobokova 1999, Madsen et al. 2001,
Swalethorp et al. 2011). Thus, it is important to stress
that C. glacialis did not refuel their lipid stores during
the early bloom experiment, contrary to the bloom
experiment (Table 7). It is therefore doubtful that
C. glacialis will survive the following hibernation
period, if the same strategy prevails in a future
warmer climate, because food probably will be much
less abundant at the time of refueling. The compara-
ble or higher egg production by C. finmarchicus at
higher temperatures (>2.5°C) suggests that the bio-

mass of C. finmarchicus would increase in a warmer
future. However, it is important to note that a quick
response to the phytoplankton bloom is crucial for
realizing this success (Varpe et al. 2007), and only
those nauplii initiating feeding at or shortly after the
onset of the bloom will survive (Ringuette et al. 2002).
In Disko Bay, C. glacialis initiate gonad maturation
up to 5 wk before C. finmarchicus (Niehoff et al.
2002) and will therefore respond faster in an early
bloom situation (Fig. 3). At the same time, gonads
and oocytes will mature faster with increasing tem-
peratures (Plourde & Runge 1993, Niehoff 2007), and
the development time from spawning to the first
feeding nauplius stage will decrease as the tempera-
ture increases (Cook et al. 2007, Bonnet et al. 2009).
This will also enable nauplii from later spawned eggs
to feed in the bloom, which will be an advantage for
C. finmarchicus.

The grazing and reproduction potential of the 2
Calanus species before the bloom were evaluated in
the starved bloom experiment. Here the potential
specific egg production responded to temperature by
a factor of 26.6 for C. finmarchicus and by a factor of
4.2 for C. glacialis. The in situ female spawning per-
centage at the initiation of the experiment was 0%
for C. finmarchicus and 5.3% for C. glacialis at
—-1.5°C (Swalethorp et al. 2011) and with 0.08 pg chl
a 17! in the upper 50 m (Diinweber et al. 2010). This
documents that C. glacialis is capable of producing
eggs prior to the bloom without feeding (Smith 1990),
fueled by stored lipids (Hirche & Kattner 1993). How-
ever, the findings for C. finmarchicus are in contra-
diction to earlier findings (Smith 1990, Plourde &
Runge 1993). Although production by C. finmarchi-
cus has also been observed without food, this was
only in a minority of the population (Plourde & Runge
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Table 9. Calanus finmarchicus and C. glacialis. Effects of food availability and temperature on changes in lipid content. Parameter values
are given + SE and p levels are indicated(p > 0.05 [ns], *p <0.05, **p <0.01, ***p < 0.001). Significant differences between species (p < 0.05)
are indicated in bold. TAG: triacylglycerol

Intercept kiooa food Kiemp Intercept ki oq food Kiemp
Change in total lipid content (%) = intercept + (Kg,oq X f00d) + (K, x temp), with and without food
C. finmarchicus - pre-bloom C. glacialis - pre-bloom
-32+£10 (**) -10 + 14 (ns) 1 -2.2+ 1.6 (ns) -32 + 17 (ns) 19 + 23 (ns) 1 -6.3+2.6 (%)
0 -1.6 £ 1.7 (ns) 0 -0.1 + 2.6 (ns)
C. finmarchicus - bloom C. glacialis - bloom
=576 (***) 12 + 8 (ns) 1 -2.7+£09 (**) =54 £21 (%) 87 £38 (*) 1 -4.8 + 4.7 (ns)
0 -3.7+x1.1 (*") 0 4.4 + 3.4 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
-45+£0.5 (***) 0+ 7 (ns) 1 -2.7+0.8 (**) -1+ 12 (ns) -19 + 20 (ns) 1 0.03 = 2.3 (ns)
0 -3.7+0.8 (***) 0 -1.4 + 2 (ns)
Change in TAG content (%) = intercept + (ky,,q x f00d) + (Ko, x temp), with and without food
C. finmarchicus - pre-bloom C. glacialis - pre-bloom
17 £+ 751(ns) 2295 + 1060 (*) 1 51 + 126 (ns) -23 + 161 (ns) 465 £ 223 (*) 1 —-13 = 25 (ns)
0 17 £ 134 (ns) 0 50 +25 (%)
C. finmarchicus - bloom C. glacialis — bloom
593 + 862 (ns) 4657 + 1204 (**) 1 —205 + 137 (ns) —61 + 38 (ns) 171+ 71 (%) 1 4.5 + 8.8 (ns)
0 —66 + 165 (ns) 0 1.9 £6.2 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
19 + 22 (ns) 50 + 32 (ns) 1 -8.1 +3.7 (%) -54 + 22 (%) —24 + 35 (ns) 1 6.4 + 4.1 (ns)
0 -8.5+3.7 (%) 0 -1.4 + 3.5 (ns)
Change in phospholipid content (%) = intercept + (k; 4 x food) + (ktemp x temp), with and without food
C. finmarchicus - pre-bloom C. glacialis — pre-bloom
13 £ 65 (ns) 332 +92 (**) 1 9.2+ 11.0 (ns) 65 + 33 (ns) 70 + 46 (ns) 1 —6.0 £ 5.1 (ns)
0 -0.1+11.7 (ns) 0 -6.7 £ 5.1 (ns)
C. finmarchicus - bloom C. glacialis - bloom
75+ 12 (***) 76 £ 16 (***) 1 -7.2+1.9 (***) -5+ 16 (ns) 55 + 31 (ns) 1 -1.0 £ 3.8 (ns)
0 -16.4=x23(*) 0 0.8 = 2.7 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
57 £ 11 (***) -3.8 + 16 (ns) 1 -4.8+1.8 (%) =5+ 12 (ns) 9.5 + 19 (ns) 1 -3.3 + 2.6 (ns)
0 -9.5 + 1.8 (**) 0 -1.2 £ 2.0 (ns)
Change in wax ester content (%) = intercept + (K, ,q x food) + (K., x temp), with and without food
C. finmarchicus - pre-bloom C. glacialis - pre-bloom
=33+ 11 (**) -25+ 13 (ns) 1 -2.7 + 1.6 (ns) -39+ 17 (*) 12 + 23 (ns) 1 -6.3+2.6 (%)
0 -1.7 + 1.7 (ns) 0 —0.0 = 2.5 (ns)
C. finmarchicus — bloom C. glacialis - bloom
=72+ 7 (*") 3+9 (ns) 1 -1.9 + 1.3 (ns) =73+ 27 (%) 93 + 51 (ns) 1 -7.0 £ 6.2 (ns)
0 -2.4 +1.1 (ns) 0 6.0 £4.4 (ns)
C. finmarchicus - post-bloom C. glacialis — post-bloom
=71+£5(*") 3.5+ 7 (ns) 1 -1.8+0.8 (%) 2.7 + 14 (ns) =22 + 22 (ns) 1 —-0.1 + 2.6 (ns)
0 -2.1+£0.8 (%) 0 -1.5+ 2.2 (ns)

1993). Richardson et al. (1999) as well as M.L. Mad-
sen et al. (2008) suggested that C. finmarchicus also
use their lipid stores for this early egg production.
Our study confirms that starved C. finmarchicus pro-
duce eggs (Richardson et al. 1999), albeit at a very
low specific rate, below 5°C (<0.1% d!) and subse-
quently SEP increases with temperature to a level

similar to that detected for C. glacialis (Fig. 6a). This
is in line with Melle & Skjoldal (1998), who, based on
their findings of eggs collected in the water column,
concluded that pre-bloom spawning was equal in
both C. finmarchicus and C. glacialis when environ-
mental conditions (e.g. warm winter temperature)
allowed early gonad maturation.
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Richardson et al. (1999) found that 20 pg of lipid
could fuel the production of approximately 100 eggs
for Calanus finmarchicus. This corresponds well to
the egg production and extra lipid loss recorded in
the 7.5 and 10°C experiments for C. finmarchicus
(Table 7). The lipid loss of approximately 37 pg
(~50%) body lipid observed for C. finmarchicus at
0 to 5°C, where egg production was very low, could
probably meet the energy demand of maturing the
gonads and oocytes. Similar results have also been
observed by Jénasdéttir (1999). The very low TAG
content in the initial samples (Table 7) suggests that
neither of the species had been feeding, as TAG is a
dietary lipid (Hakanson 1984), excluding possibly
feeding on ice algae. Based on this study, tempera-
ture may be a limiting factor for the potential egg
production by C. finmarchicus prior to a bloom as
well as in an early bloom situation, as proposed by
Melle & Skjoldal (1998), but contradicting Hirche
(1990).

Using FP production as a proxy for grazing makes
no sense for the starved treatment. The observed FP
production must be due to forced elimination of the
intestinal epithelium (Besiktepe & Dam 2002) fueled
by lipids. This is also supported by the appearance of
the FPs (Fig. 7). Similar whitish-transparent FPs have
also been observed by Seuthe et al. (2007). The
enhanced FP productions at increasing temperature
for both species indicate that forced elimination of
the intestinal epithelium is temperature dependent
(Fig. 6). The mean increase in potential egg produc-
tion at all tested temperatures between fed and
starved copepods was 7-fold for C. glacialis and 12-
fold for C. finmarchicus. This supports earlier find-
ings on the close relationship between food availabil-
ity and egg production (Marshall & Orr 1952, Runge
1985, Smith 1990, Hirche & Kattner 1993, Niehoff et
al. 2002), and highlight that both species are able to
increase egg production the most when offered food
(Hirche & Kattner 1993, Hirche & Kosobokova 2007).

300 pm

Fig. 7. Calanus glacialis. Example of a fecal pellet from (a)
the starved treatment (ghost pellet) and (b) the treatment
where food was available

Scenario 2: Unchanged timing of the spring
phytoplankton bloom

We investigated the effect of increasing tempera-
tures during the bloom by collecting copepods just
at the initiation of the phytoplankton bloom (Fig. 1,
Table 4) and offering them an unlimited supply of
food.

Both species were grazing at a higher rate at all
temperatures during the bloom experiment com-
pared to the pre- and post-bloom experiments. In
parallel, an increase in TAG content was measured,
revealing recent feeding activity (Hakanson 1984).
TAG accumulated during feeding and was used for
egg production or converted into WE for long-term
storage (Lee et al. 2006). However, the presence of
TAG as well as WE can also indicate egg production,
as they each make up about 15% of the egg lipids;
however, PL accounted for the rest (~70 %; Ohman &
Runge 1994) and are therefore a strong indicator of
egg production (Swalethorp et al. 2011). The higher
specific grazing rate did not result in a corresponding
increase in SEP compared to the pre-bloom. Instead,
Calanus glacialis were refueling their WE stores
likely in preparation to overwinter again (Table 7;
Kosobokova 1999, Swalethorp et al. 2011). C. fin-
marchicus was not refueling but seemed to prioritize
reproduction. The comparable egg and FP produc-
tion rates found in situ (Swalethorp et al. 2011) dur-
ing this phase of the bloom confirm the use of Tha-
lassiosira weissflogii as a good food object for both
species.

The potential specific egg production responded
by a factor of 3.5 for Calanus glacialis between 0 and
10°C. For C. finmarchicus, the production increased
up to a factor of 25 at 7.5 and 10°C. C. glacialis had
the highest specific egg production of the 2 species at
temperatures below 5°C and was at the same time
refueling, contrary to the pre-bloom experiment
(Table 7). The specific egg production for C. fin-
marchicus at 0°C was 0.6% d~! and similar to what
was detected in the pre- and post-bloom experiment.
This is much lower than the 4% d™! (Hirche et al.
1997) and 4.5% d~! (Hirche 1990) reported at 0°C in
the Greenland Sea at unlimited food conditions. The
large difference to this study cannot be explained by
the use of a slightly different conversion factor, but
rather by the experimental precondition, which will
be discussed later.

Madsen et al. (2001) observed a similar low SEP
rate (0.5 to 1.2% d™') during the bloom in May 1996
in a study in Disko Bay. Based on parallel gonad
index measurements, they argued that gonad devel-
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opment had been slowed down due to the low tem-
peratures resulting in this mismatch. A later initiation
of the bloom experiment would probably have in-
creased the egg production (S.J. Madsen et al. 2008).
As the gonads mature up to 5 wk earlier in Calanus
glacialis (Niehoff et al. 2002), they are less vulnerable
to an early initiation of the bloom than C. finmarchi-
cus. The reported findings by Hirche (1990) and
Hirche et al. (1997) correspond to the rate observed
between 5 and 7.5°C in this study. Hirche & Koso-
bokova (2007) used data from Hirche et al. (1997) to
make comparisons between temperature effects on
the egg production of C. finmarchicus and C. gla-
cialis, and found that C. finmarchicus had the highest
egg production at all tested temperatures (-1.5 to
8°C). In our study, it was only at 10°C that C. fin-
marchicus had the highest specific egg production,
almost double that of C. glacialis (15.7 and 8.1 % d-t,
respectively).

At the initiation of the bloom experiment, 11 % of
Calanus finmarchicus and 55% of C. glacialis were
spawning (Swalethorp et al. 2011). The tempera-
ture-dependent increase in C. finmarchicus cumu-
lative grazing used for egg production indicates
that the fraction of females with mature gonads
increased with temperature, as during the pre-
bloom. The fact that C. glacialis had the highest
potential carbon-specific egg production at <5°C
suggests that C. glacialis may continue to be domi-
nant in areas that do not exceed approximately 5°C
during the spawning period. However, the duration
of gonad maturation and oocyte maturation de-
crease considerably with only small increases in
temperature (Niehoff et al. 2002, Niehoff 2007),
and C. finmarchicus will therefore probably match
the bloom in a future warmer climate at a less
pronounced temperature increase. Hirche & Koso-
bokova (2007) found that C. finmarchicus had a
higher egg production than C. glacialis even at
—1.5°C based on data from Hirche et al. (1997) (Fig.
8). However, it is important to stress that the C. fin-
marchicus used by Hirche et al. (1997) were taken
from 9°C water and then acclimatized to 0°C for 4
to 7 d prior to the study. These preconditions obvi-
ously increased the proportion of C. finmarchicus
with mature gonads and oocytes to an artificially
high level. The tipping point for a change in the
biomass composition depends on duration, rate,
and magnitude of the temperature increase. A 1°C
increase in the surface during the phytoplankton
bloom in 1996 to 1997 resulted in an increase in
SEP during the bloom for C. finmarchicus from
0.5-1.2% d! to 2.4-5.3% d* (Madsen et al. 2001,
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Fig. 8. Calanus finmarchicus and C. glacialis. Specific egg
production (SEP) during the bloom compared to SEP calcu-
lated based on data from Hirche & Kosobokova (2007) and
Hirche et al. (1997), assuming a mean carbon content of both
copepods during bloom conditions (see Table 7) as well as
similar egg carbon content (see Table 3) as used in this study

Niehoff et al. 2002) assuming similar carbon
content and egg volume as in this study. The low
production in 1996 is explained by the low share of
C. finmarchicus with mature gonads in 1996 as a
consequence of the 1°C difference. For C. glacialis,
an increase was also detected from 2.5% d! in
1996 to 3.4 % d~!in 1997 (Madsen et al. 2001). Con-
sidering the in situ temperatures, it is also crucial to
know whether the time spent at the surface is
enough to trigger the high production detected for
C. finmarchicus at >5°C.

Calanus finmarchicus accounted for 73% and C.
glacialis only 27 % of the adult biomass of the 2 spe-
cies in Disko Bay during the spring and early summer
of 2008 (Swalethorp et al. 2011). Biomass is influ-
enced by recruitment in previous years as well as by
predation. Sea-ice coverage was low in 2003 to 2007
in Disko Bay (Artic Station monitoring program).
Even though the bay has been partly ice-free, only
the surface water has experienced temperature in-
creases, but the large fraction of adult C. finmarchi-
cus supports the notion that the short time spent in
the warmer surface layer is enough to trigger high
egg production, as documented at high temperatures
in the present study. The total in situ specific egg
production in 2008 was almost twice as high for C.
glacialis as for C. finmarchicus between 21 February
and 19 May (end of the in situ bloom) while SEP of C.
finmarchicus was 4 times higher than that of C.
glacialis in the period 19 May to 18 July (Swalethorp
et al. 2011). In the 2 periods, the surface temperature
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increased gradually from -1.7 to 2°C in the first
period and from 2 to 10°C in the latter period. Eggs
spawned at the end of or after the spring bloom may
have a lower survival probability (Varpe et al. 2007),
and the ratio of C. glacialis could then be expected to
have increased in 2009 assuming the same hatching
percentage and predation pressure. Melle & Skjoldal
(1998) found that the majority of the eggs of C. fin-
marchicus was collected in the water column during
the late bloom in the Barents Sea polar front region,
whereas in the Barents Sea Atlantic water, >95% of
the eggs were spawned during the bloom mainly as a
result of the temperature difference. Assuming the
time spent in the warmer surface water is enough to
trigger the high production, C. finmarchicus will be
an even more dominant species in areas like Disko
Bay (Madsen et al. 2001) within the next century, as
sea-surface temperature is expected to increase by 4
to 7°C in the Arctic (ACIA 2004). A further northward
migration of C. finmarchicus and stronger competi-
tion with C. glacialis require that they also reproduce
in those areas. Hirche & Kosobokova (2007) did find
C. finmarchicus present at all stations investigated
on their cruise across the central Greenland Sea, but
they only found developmental stages (CI-CIV) close
to regions of submergence of Atlantic water under
the polar water, indicating no reproducing popula-
tion in the polar waters. Our study indicates that
temperatures close to 0°C in the bloom period could
be limiting for reproduction, as gonad maturation is
delayed, influencing the reproductive success of C.
finmarchicus, in contradiction with Hirche (1990).
Knowledge about temperature tolerance of the de-
velopment stages is essential to conclude whether
C. finmarchicus possibly could reproduce in polar
water. Based on sampling with high vertical resolu-
tion, Sameoto (1984) showed that C. finmarchicus
CII-CIV preferred to be located in the warmer sur-
face layer above the upper part of the thermocline,
whereas CV and adults preferred to be just below
the thermocline, indicating different ontogenetic tem-
perature preferences.

Copepods collected at the initiation of the bloom
were also starved to investigate reproduction based
on stored reserves. The copepods used in the bloom
experiment had experienced an average phyto-
plankton concentration of 0.94 pg chl a 1! in the
upper 50 m, whereas the concentration at 1 m depth
was above 15 pg chl a 17! (Table 4). The TAG mea-
surements suggested limited feeding prior to the
experiment. This higher production is also reflected
in the exhausted body lipid reserves at the termina-
tion of the bloom experiment (Table 7).

Scenario 3: A prolonged spring phytoplankton bloom

In the post-bloom experiment, we mimicked a pro-
longed bloom by offering unlimited food to copepods
collected in late May after the spring bloom. There
was no effect of food on egg production. A weak
effect was found on pellet production, but it was only
significant for Calanus glacialis. (Fig. 6, Tables 6 & 7).
C. finmarchicus continued to produce FPs when
offered food but only at a low rate of 1 to 3% at,
whereas C. glacialis had terminated feeding prior to
the overwintering period and produced <1% d! at
all temperatures. Moreover C. glacialis pellets also
appeared similar to those in the starved treatment,
indicating low or no grazing. There was a tendency
to high temperature coefficients for both species
when food was present, but the effect was not signif-
icant. The unchanged TAG measurements compared
to the initial measurements support that C. glacialis
was only feeding at a very low rate if at all (Tables 7
& 9). This has also been suggested by Levinsen et al.
(2000). C. finmarchicus also had a higher but not sig-
nificant specific egg production than C. glacialis, but
both species only produced eggs at a very low rate.
Melle & Skjoldal (1998) also observed low egg abun-
dance in the late-bloom for C. glacialis compared to
C. finmarchicus in a study from the Barents Sea. The
difference between the egg production of the 2 spe-
cies is also clear in the PL measurements (Table 7),
assuming that a substantial part of the females’ PL
content is bound in the membranes of eggs (Lee et al.
2006).

The effect of having experienced a pre-starved
period prior to the experiment, which earlier was
shown to have an effect on egg production (Hirche et
al. 1997), was excluded in the present study by only
using the production after the lag phase. Spawning
percentage measured in situ in a parallel study was
50% for Calanus finmarchicus and only 15% for C.
glacialis on 3 June 2008, a decrease from the maxi-
mum spawning of 80 and 100 % observed on 2 May
and 29 April, respectively (Swalethorp et al. 2011).
Combined with a reduction in potential specific egg
production at all tested temperatures of >93 % for C.
glacialis and >84 % for C. finmarchicus (> 0°C) com-
pared to the bloom experiment, this suggests an
endogenous control of the egg production in addition
to food and temperature also proposed by Hirche et
al. (1997). The increase in TL and WE detected in C.
glacialis during the bloom experiment and between
the bloom and the post-bloom experiment of >7-fold
is a clear indication that C. glacialis refueled for the
coming hibernation period, indicating a multiple year
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lifecycle as adults (Kosobokova 1999, Madsen et al.
2001, Swalethorp et al. 2011). The 100% spawning
frequency observed for C. glacialis by Swalethorp et
al. (2011) during the bloom also indicates that fe-
males in their second year can reproduce (Koso-
bokova 1999, Madsen et al. 2001). It cannot be ex-
cluded that some of the adult C. glacialis in the
post-bloom had molted to adults during the spring,
but the majority of C. glacialis and C. finmarchicus
overwinter as stage CIII/CIV/CV and CV, respec-
tively (Runge 1985, Lee et al. 2006, Falk-Petersen et
al. 2009). C. finmarchicus then molt to adults the fol-
lowing winter/early spring (Marshall & Orr 1952,
Falk-Petersen et al. 2009), whereas C. glacialis prob-
ably needs 1 additional year to develop from CV to
females (Scott et al. 2000, Falk-Petersen et al. 2009),
depending on temperature and food conditions
(Niehotf 2007). In contrast to C. glacialis, C. finmar-
chicus continued to decrease in lipid content across
all 3 experiments, demonstrating a lifecycle includ-
ing only 1 reproductive season (Scott et al. 2000,
Falk-Petersen et al. 2009). During the post-bloom
experiment, it is also important to note that C.
glacialis lost lipid stores with increasing tempera-
tures, and it is therefore important for C. glacialis
to avoid the warmer surface layer in a warmer future,
to successfully complete the hibernation period
(Table 7).

In a prolonged bloom situation, pelagic secondary
production is expected to increase, as food is a limit-
ing factor for production (Kigrboe & Nielsen 1994).
Our study indicates that Calanus finmarchicusis able
to exploit a longer season to a higher extent than C.
glacialis (Figs. 3 & 4). This suggestion is supported by
a parallel in situ study (Swalethorp et al. 2011) as
well as by Melle & Skjoldal (1998) and Kosobokova
(1999). Survival of eggs spawned during the post-
bloom may, however, be expected to be low (Rin-
guette et al. 2002, Varpe et al. 2007), and the number
of abnormal and unhealthy eggs has also been re-
ported to increase late in the season (Marshall & Orr
1952). Therefore, predictions of changing population
dynamics based on egg production, like this study,
should be made with some precautions. To fully elu-
cidate the changes in the future Calanus community,
the growth response of the smaller non-reproductive
stages have to be investigated and considered. How-
ever, relatively high egg production in the post-
bloom period by C. finmarchicus (Swalethorp et al.
2011) may allow them to develop fast in the warm
surface layer (Cook et al. 2007) if food is present.
Temperature is the primary controlling factor on
development time for Calanus helgolandicus (Bonnet

et al. 2009), and this is most likely also true for C.
finmarchicus and C. glacialis. A study by Sameoto
(1984) also showed that CII to CIV of C. finmarchicus
and C. glacialis are located above chl a max in the
warmer surface layer, and thereby experience ap-
proximately 2°C warmer water than CV and adults
placed just below the chl a max. In a warmer ocean,
the population development rate will therefore likely
speed up even more (Cook et al. 2007). Based on Cor-
kett et al. (1986), we calculated that a temperature
increase from 0 to 10°C reduces the development
time from egg to CIV and CV from 107 and 85 d at
0°C to only 27 and 26 d at 10°C for C. finmarchicus
and for C. glacialis, respectively. Part of the huge C.
finmarchicus biomass seen in 2008 could originate
from eggs spawned after the termination of the
bloom in 2007, depending on whether the timing of
the first feeding nauplii stages matched a secondary
phytoplankton peak and spent time in the warmer
surface layer. Grazing on ciliates and heterotrophic
dinoflagellates may also support the late-developed
copepods (Ohman & Runge 1994, Turner et al. 2001).

CONCLUSION

Timing and duration of the spring bloom in a
future warmer ocean will obviously affect secondary
production. We suggest that a warmer ocean will
cause a shift in the composition of the zooplankton
community towards a more prominent role of the
smaller, less energy-rich Calanus finmarchicus. The
temperature threshold for when C. finmarchicus
will be dominating in the Arctic waters will depend
on (1) the timing of the bloom and (2) the magnitude
of the temperature increase. The earlier the initia-
tion of the bloom occurs, the higher a temperature
increase will be required for C. finmarchicus to
match the bloom. The adaptation to the variable
Arctic conditions by C. glacialis, such as early
spawning, will no longer be profitable when C. fin-
marchicus matches the bloom with mature gonads.
In addition to this, the biomass accounted for by C.
finmarchicus will increase (Hirche & Kosobokova
2007) due to its higher growth rate and shorter life-
cycle (Scott et al. 2000). The needed temperature
increase for this shift to occur is overestimated in
this study due to the precondition of low tempera-
ture during the winter. A smaller increase in tem-
perature will result in a similar increase in egg pro-
duction if the duration of exposure is prolonged (i.e.
warmer winter temperatures). The water tempera-
ture increase required would rather be within ~1 to
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2°C (Madsen et al. 2001) in Disko Bay and expect-
edly higher farther north (Scott et al. 2000). Temper-
ature increases at this order of magnitude fall
well within the modeled predictions for this century
(ACIA 2004). A change in the competition of the
Calanus-dominated Arctic mesozooplankton from
lipid-rich Arctic species toward the smaller, less
lipid-rich species will most likely affect the breeding
success and composition of the higher trophic levels
(Kitaysky & Golubova 2000, Karnovsky et al. 2010).
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