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ABSTRACT: The aim of this study is to examine the reproduction and development of Calanus fin-
marchicus, C. glacialis and C. hyperboreus in relation to the timing and progress of the phytoplankton
spring bloom in different water masses of the Barents Sea. From 1986 to 1988, 8 cruises were con-
ducted, covering Atlantic water in central parts of the Barents Sea and the Polar front region in the
north. During the cruises hydrography, nutrients, chlorophyll and abundances of eggs, nauplii and
copepodites were mapped. In the Polar front region stabilisation of the water column was caused by ice
melting and a surface layer of melt-water. The phytoplankton bloom was initiated in April, more than
a month earlier than in Atlantic water. A close relationship was found between phytoplankton spring
bloom development and egg production of C. glacialis. Egg production of C. finmarchicus did not
match the spring bloom and peaked here during the decline of the bloom, probably due to late devel-
opment of the overwintered stock. Mis-match between egg production and the phytoplankton bloom
due to late development may be the main factor making C. finmarchicus an expatriate in the Arctic. In
Atlantic water masses stabilisation of the water column was probably caused by formation of a ther-
mocline due to atmospheric warming, and development of the phytoplankton spring bloom was closely
related to this process. A strong correlation between rate of egg production and water column chloro-
phyll content and a high fraction of adult females in the populations before spawning of both C.
finmarchicus and C. glacialis indicated a functional relationship between egg production and food sup-
ply. C. finmarchicus had a predominantly 1 yr life cycle within the study area. From copepodite stage
distribution the population of C. glacialis was judged to contain individuals having both 1 yr and 2 yr
life cycles, and CIV to be a resting stage during winter. The fraction of the population having a life cycle
shorter than 2 yr was highest in Atlantic water masses. C. hyperboreus started reproducing before
February, showing a pre-bloom spawning strategy. Nauplii older than NIII, which may be the first feed-
ing stage, did not occur in the samples until the food concentrations increased during the spring bloom.
A secondary egg production during the bloom was probably important, and part of the population
seemed to have a reproductive strategy similar to that of C. finmarchicus and C. glacialis.
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INTRODUCTION teufel 1938, Jaschnov 1970, Hassel 1986, Hassel et al.

1991, Tande 1991), while C. glacialis dominates the

Three species of the genus Calanus are common in zooplankton biomass of the Arctic water masses in the

the Barents Sea. C. finmarchicus dominates the zoo- north (Jaschnov 1958, 1970, Tande et al. 1985, Hassel

plankton biomasses of the Atlantic and coastal water 1986, Hassel et al. 1991, Tande 1991). C. hyperboreus

masses in the southern and central Barents Sea (Man- generally occurs in low numbers in the Barents Sea but

e is most abundant in Arctic water masses (Hirche &
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© Inter-Research 1998
Resale of full article not permitted



212 Mar Ecol Prog Ser 169: 211-228, 1998

Egg production in Calanus finmarchicus has been
shown to depend on an external food supply and egg
production rate increases with increasing algae and
chlorophyll concentrations (Marshall & Orr 1952,
1953, Runge 1985, Hirche 1990, Smith 1990, Diel &
Tande 1992, Plourde & Runge 1993, Hirche et al.
1997). Egg production rate also increases with
increasing temperature (Runge 1985, Hirche et al
1997), but the separate effects of temperature and
food are not easily distinguished in field investiga-
tions. For ecological studies we are interested in time
series relating rate of egg production to the seasonal
cycle of primary production within well-defined eco-
logical regions. More or less complete time series
from inshore sites have shown that rate of egg pro-
duction of C. finmarchicus follows the phytoplankton
spring bloom dynamics (Diel & Tande 1992, Plourde &
Runge 1993). Although the core habitats of C. fin-
marchicus are oceanic gyres (e.g. Jaschnov 1970,
Aksnes & Blindheim 1996), time series relating the
spawning to seasonal cycles of primary productivity
are still lacking from such sites.

Egg production prior to the phytoplankton bloom has
been confirmed by measurements of pre-bloom egg
production rates in Calanus glacialis. Under ice, in the
Gulf of St. Lawrence, Canada, egg production was
fuelled by feeding on ice algae before the phytoplank-
ton bloom (Tourangeau & Runge 1991). Smith (1990)
suggested that the population of C. glacialis in the
Fram Strait depended on reproduction prior to the
bloom using lipids stored the previous feeding season.
However, egg production rates measured in this region
and in the Barents Sea prior to the bloom were low
(Hirche & Kattner 1993), and the significance of pre-
bloom reproduction to the recruitment of C. glacialis is
questionable.

Time series relating rate of egg production of
Calanus glacialis to phytoplankton bloom develop-
ment are rare. The complex nature of the bloom
which follows the retreating ice edge, and the climat-
ically harsh and difficult conditions for sampling in
periodically ice covered oceanic regions, being the
centre of the C. glacialis distribution (Conover 1988,
Hirche 1991), are obvious reasons for this (Hirche &
Bohrer 1987, Hirche & Kwasniewski 1997). A notable
exception is the time series obtained at a fixed geo-
graphic location from a coastal site in Hudson Bay
measuring egg production of C. glacialis from before
the break up of the ice to the start of the phytoplank-
ton bloom (Tourangeau & Runge 1991). There is a
strong need for complete oceanic time series relating
spawning of C. glacialis to the dynamics of ice edge
blooms.

The main reproductive pen’ofi of Calanus hyper-
boreus usually occurs in winter, well before the phyto-

plankton spring bloom, and is dependent on internally
stored lipids (Semme 1934, Wiborg 1954, Ostvedt 1955,
Conover 1967, 1988, Matthews et al. 1978, Smith 1990,
Conover & Siferd 1993, Hirche & Niehoff 1996).

Calanus finmarchicus typically has a 1 yr life cycle in
the Norwegian and Barents Seas (Jstvedt 1955, Tande
et al. 1985). For C. glacialis both 1 and 2 yr life cycles
have been proposed, possibly due to geographical
variations (MacLellan 1967, Tande et al. 1985, Conover
& Siferd 1993). Life cycle lengths of C. hyperboreus
range from 1 yr in the Norwegian Sea and in Norwe-
gian fjords to at least 4 yr in the Greenland Sea and the
Arctic Ocean (Semme 1934, Wiborg 1954, Ostvedt
1955, Johnson 1963, Dawson 1978, Matthews et al.
1978, Rudyakov 1983, Conover 1988, Conover & Siferd
1993, Hirche 1997).

In the Arctic regions of the Barents Sea, covered by
ice during winter, the phytoplankton spring bloom
starts relatively early when the water column is sta-
bilised by less saline surface water from the melting
ice. In Atlantic water the bloom is later due to the
slower process of water column stabilisation by forma-
tion of a thermocline (Rey & Loeng 1985, Skjoldal &
Rey 1989). Lately, the view that the bloom is initiated
by thermocline formation (cf. Sverdrup 1953) has been
challenged, and it has been suggested that blooms
take place in homogeneous water columns, initiated by
the rapid increase of incident light after vernal equinox
north of the Polar circle (Eilertsen et al. 1989, 1995,
Townsend et al. 1992, Eilertsen 1993). The physical
conditions facilitating phytoplankton blooms and their
timing in the water masses of the Barents Sea are
important to the understanding and quantification of
secondary production since the timing and magnitude
of egg production in Calanus finmarchicus and C.
glacialis are probably determined by the phytoplank-
ton bloom dynamics.

Our main objectives are: (1) To examine the relation-
ships between physical conditions, phytoplankton
bloom development and egg production rates of
Calanus finmarchicus and C. glacialis in Atlantic and
Polar front water masses. Our hypothesis is that stabil-
isation of the water column is a prerequisite for the
phytoplankton bloom to take place and thus the start of
Calanus spp. reproduction. (2) To find life cycle
lengths of C. finmarchicus and C. glacialis in the Bar-
ents Sea, and possible causes of expatriation of C. fin-
marchicus in the Arctic. Abundances of C. finmarchi-
cus and C. glacialis are low in Arctic and Atlantic
water, respectively, suggesfing that mechanisms of
expatriation are strong across the Polar front. Our
hypothesis is that inability to spawn during the bloom
and reduced rate of development at low temperatures
are factors that make C. finmarchicus an expatriate in
Arctic water masses.
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Fig. 1. Sampling stations and main features of the surface current system of the
Barents Sea after Loeng {1991). Coastal currents (solid lines), Atlantic currents
(dashed lines}, Arctic currents (dotted lines). Sampling station symbols: (*) Arc-
tic water early bloom; (O) Atlantic water pre-bloom; (A) Atlantic water early
bloom; (V) Atlantic water bloom; (O) Atlantic water late bloom; (4) Polar front
region early bloom; (¥) Polar front region bloom; (m) Polar front region

pump (Solemdal & Ellertsen 1984), as
described in Melle & Skjoldal (1989),
or with a WP-2 net, which had a 52 cm
opening and a 180 pm mesh size. The
net was towed vertically from 200 m
(or the bottom) to the surface. Zoo-
plankton was fixed in sea water with
4% formaldehyde.

Sampling procedures for hydrogra-
phy and chlorophyll a were as given
by Melle & Skjoldal (1989). Nutrients
were usually taken from the entire
water column, at intervals of 10 or 20 m
down to 50 m, 25 m between 50 and
100 m, and 25 or 50 m below 100 m.

Laboratory and data analyses.
Formaldehyde fixed zooplankton sam-
ples were sorted and counted under a
stereo microscope using body size to
identify all developmental stages of
the Calanus species. Detaills on size
distributions and methods of species
identification from overlapping size
distributions are given in Melle
(unpubl.). Some morphological charac-
teristics in addition to size were used in

late bloom

MATERIAL AND METHODS

Field sampling. Eight cruises during the years 1986
to 1988 covered different water masses and phyto-
plankton bloom situations from February to July in the
Barents Sea (Fig. 1, Table 1). Two cruises in April 1986
were carried out with ice going vessels from the Nor-
wegian Coast Guard; the other cruises were limited to
the open sea. At all stations samples of eggs, nauplii
and copepodite stages of Calanus spp., chlorophyll a,
nutrients and hydrography were obtained.

Eggs and nauplii were sampled with 30 1 Niskin
water bottles, usually at 8 depths from the surface to
100 or 150 m. The samples were sieved on 30 um
(1986) or 90 pm nets. During the cruises with MV

identifying eggs and nauplii. Eggs of

C. glacialis were recognised by their

spiny outer membrane. Eggs of C.
hyperboreus were pink when alive and became black
after fixation (Melle unpubl. obs.). This was probably
related to the high fat content of the eggs (Conover &
Siferd 1993). Co-occurring in the sea with these eggs
were relatively large (Melle unpubl.) and similarly
coloured nauplii in the nauplius stages 1 to 3 (NI to
NIII). We assumed these to be nauplii of C. hyper-
boreus also supplied with a large fat reserve. The nau-
plii of C. glacialis and C. hyperboreus could not be
identified from size alone because in the nauplius
stages a higher degree of size overlap is found
between these 2 species than between C. finmarchicus
and C. glacialis (Melle unpubl.).

Table 1 Cruises and sampling periods for data used in this

‘Endre Dyrey’ eggs and nauplii were sampled with a study
Juday net, which had a 36 cm opening and a 90 um
mesh size. The net was hauled vertically from 150 m Ship Sampling period No. of sampling
(or the bottom) to the surface. Whether catch efficiency stations
due to avoidance and clogging differed between the . ) T -
net and the water bottles is not known. However, the CV Senja > April-11 April 1986 4

CV 'Andenes’ 15 April-22 April 1986 8

net samples used in the present investigation were
obtained during pre- and early bloom situations, when
the abundance of algae was low, and therefore clog-
ging of the net was probably a minor problem. Cope-
podites of Calanus were collected with a submersible

MV ‘Endre Dyroy’ 1 February-28 April 1987 18
(4 cruises)

RV '‘G.O. Sars’
RV ‘G.O. Sars’

19 May-8 June 1987 7
9 July-22 July 1988 9
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Table 2. Cephalothorax length (mm) limits for distinguishing
between Calanus finmarchicus, C. glacialis and C. hyper-
boreus in copepodite stages CI and CII

Stage C. finmarchicus C. glacialis C. hyperboreus
CI <0.84 0.84-1.22 >1.22
CH <1.22 1.22-1.62 >1.62

Copepodite stages 3 to 6 (CIIl to CVI) were identified
to species according to cephalothorax length using size
limits obtained in the Barents Sea (Tande et al. 1985,
Hassel 1986). Species specific size limits for Calanus
finmarchicus, C. glacialis and C. hyperboreus in CI
and CII were established during this study (Table 2).

Egg size was measured as diameter, NI and NII were
measured as total body length, NIII to NVI as length of
carapace and copepodites as length of cephalothorax.
Eggs and nauplii were measured at 100x magnifica-
tion and copepodites at 25x magnification. All eggs
and nauplii in the water bottles were measured except
when the total number of one stage exceeded 100
specimens. In such cases a subsample of about 50
specimens was measured, but all specimens were
always counted. Cl and CII were measured to establish
size limits between species (Table 2). Otherwise cope-
podites were measured only when this was necessary
for allocation of specimens to the correct size group.

Egg production rates of Calanus finmarchicus and C.
glacialis were calculated as the ratio between numbers
of eggs and females in the water column at each station;
this is termed the egg ratio method, a method most
appropriately used to measure egg production in egg
carrying zooplankton (Edmondson 1960), but also used
on broadcast spawners (Semme 1934, Tourangeau &
Runge 1991). The ratio was normalised to eggs female™!
d™! using temperature dependent embryonic duration
(Corkett et al. 1986). When losses due to egg mortality
and sinking of the eggs (Melle & Skjoldal 1989) are not
accounted for, the egg ratio method applied to broad-
cast spawners will tend to underestimate the popula-
tion egg production rate (but see ‘Discussion’).

An index of the ratio between abundances of cope-
podite stages [(CVI females - CV)/(CVI females + CV);
Diel & Tande 1992] was calculated to describe the state
of development in the overwintered populations and to
see if the spawning event led to changes in the female
population that was traceable in the copepodite stage
ratio.

Samples for chlorophyll @ were stored and analysed
as described by Rey & Loeng (1985). Nutrients (nitrite,
nitrate, phosphate, silicate) were usually analysed
onboard using an ’automated sampling system' as
described by Feyn et al. (1981). On the cruises with

MYV 'Endre Dyrey' the nutrient samples were pre-
served by adding chloroform and kept in the dark in a
refrigerator until they were analysed shortly after the
cruise (Hagebe & Rey 1984). In the present investiga-
tion only nitrate data are used.

The consumption of nitrate in the water column
gives a cumulative measure of the development of the
phytoplankton spring bloom, at least during the early
phases of the bloom when remineralisation is low.
Amount of nitrate consumed was estimated as the dif-
ference between integrated nitrate concentrations in
the upper 100 m and assumed amounts of nitrate over
the same depth during winter (mmol m™2), taken as
nitrate concentrations at 100 m. Chlorophyll concen-
trations were integrated over the upper 100 m to rep-
resent the water column chlorophyll content (mg m™2).

Two different measures of water column stability
were derived: Ac,, which is the difference in water
density between 5 and 100 m depth in 6, units, and AT
(°C), which is the maximum change in temperature
over every 5 m depth interval in the water column.
Temperature was used instead of density because
salinity data were missing at some stations and
because stabilisation in the Atlantic water mass is
mainly related to the formation of a thermocline (e.g.
Rey & Loeng 1985).

The sampling stations were grouped into hydro-
graphic regions and within hydrographic regions into
state of phytoplankton bloom development. Using char-
acteristic temperatures and salinities as given by Loeng
(1991) and Hassel et al. (1991}, sampling stations were
classified as belonging to Atlantic water, the Polar front
region or Arctic water. Since only 2 truly Arctic stations
were available, these data were not included in further
analyses except egg production rates given in Table 4.
The Polar front region, as defined here, is not a water
mass but a region where Atlantic and Arctic water
masses are mixed and transformed as described by Lo-
eng (1991). A common feature of the stations from the
Polar front region was the layer of low salinity melt-wa-
ter from melting ice topping the water column during
spring and summer. Stations with melt-water on top of
Atlantic water were also put in this category.

Phytoplankton spring bloom development was sepa-
rated into 4 phases: pre-bloom, early bloom, bloom and
late bloom. The classification was based on vertical
profiles of hydrography, nitrate and chlorophyll con-
centrations. These data are not shown here. The pre-
bloom situation was characterised by low water col-
umn stability, low chlorophyll concentrations (<0.5 ug
1"y and winter concentrations of nitrate (10 to 13 uM)
in the water column. The early bloom situation was
characterised by weak stratification, low chlorophyll
concentrations (<2 pg I'!) and high nitrate concentra-
tions (>5 pM) in the water column. The bloom situation
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was characterised by some stratification, high chloro-
phyll concentrations {>2 pg I'!) and low nitrate con-
centrations (<2 uM) in the mixed layer. The late bloom
situation was characterised by strong stratification, low
nitrate concentrations in the mixed layer (<0.5 pM)
and a deep chlorophyll maximum (>1 pg 1"') within or
just below the pycnocline.

RESULTS
Atlantic water
Phytoplankton bloom development

Spring phytoplankton bloom development in Atlan-
tic water was described by combining the stations sam-
pled from early February to late July in 1986, 1987, and
1988 on a single time axis (Fig. 2). In late April and in
the middle of May 1987 small amounts of chlorophyll
and some consumption of nitrate in the water column
indicated that phytoplankton growth had started.
Bloom development at stations sampled in April 1986
did not deviate from that at stations in April 1987.
Some time during the last half of May bloom develop-
ment accelerated, as evident from the large amounts of
nitrate consumed and the high chlorophyll content in
late May and early June (Fig. 2). The limited number of
stations available from Atlantic water in May prohib-
ited a more accurate dating of the initiation of the
bloom. In July 1988 the amount of chlorophyll in the
water column was low and the bloom was over. The
amount of nitrate consumed and the index of water
column stability, Ac,, were both high (Fig. 2).

The high water column stability that occurred at the
late bloom stations in July showed that strong stabili-

- - {1 - - Nitrate consumption
— O~ - Chlorophyll
—L4— Ao,
.0
. -0 Q.

Julian day

sation of the water column was related to the culmina-
tion rather than the initiation of the bloom (Fig. 2).
However, the phytoplankton bloom was initiated
before the major increase in the index of water column
stability, Ac,. Therefore, AT, which, supposedly, better
reflects the small changes in density in the thermo-
cline, was introduced as an alternative measure of sta-
bility. After log-log transformation the nitrate con-
sumption showed a significant linear relationship with
AT, indicating that the initiation of the bloom is associ-
ated with a weak stabilisation (Fig. 3). When the bloom
stations were excluded from the analysis the relation-
ship was still significant (Fig. 3).

Egg production and stage distribution of Calanus spp.
Variations in rate of egg production (eggs female™
d™') of Calanus finmarchicus were closely related to
integrated water column chlorophyll content (Fig. 4).
The index of the stage ratio between number of CVI
females and CV of C. finmarchicus increased from only
CV (-1) in February to almost exclusively adult
females (1) in early May (Fig. 4). The most distinct drop
in the stage ratio index coincided with the highest rate
of egg production, and in July the index was mostly
below -0.75, which is more than 87 % CV (Fig. 4).

A general decrease in the abundance of CV of the
overwintered generation from February to June re-
flected the moulting into adults (Fig. 5). After the strong
increase of egg production in late May, a reduction in the
abundance of females relative to CV followed, as seen in
the decrease of the stage ratio index in Fig. 4. The re-
duction in the stage ratio index was probably not related
to the recruitment of CV from the new generation as this
generation had only reached CIII at the stations in May




216
4 - T —— -— a

— y =27 +0.6x
o~

' R2=073

= 3] P <0001 o

£

E

=}

g 2

e

£

=

g

§ 1

v y=21+03x
£ R2=0.44
=0 . P=0.014

[=%o]

Qo

-

-1 - — . .
-3 ) -1 0 1
Log AT (°Q)

Fig. 3. Relationship between phytoplankton bloom develop-
ment expressed as depth integrated nitrate consumption (0 to
100 m) and thermocline formation, AT, expressed as the
strongest temperature differences over 5 m in the water col-
umn. Upper equation and statistics refer to the regression of
the total data set, the lower refer to the regression of the pre-
bloom and early bloom stations (®) excluding the bloom and
late bloom stations (O). One station (M) was defined as an
outlier and not included in the regressions

and early June (Fig. 5). Hardly any adult males were
found during the sampling period, which may have been
related to shorter life span duration of the males, but also
to the limited sampling depths during the winter and
early spring (200 m) and the general tendency of
Calanus finmarchicus to mate in deeper waters
(Conover 1988, Miller et al. 1991). Adult males during
summer, indicative of a second spawning, were only ob-
served at the last and southernmost sampling station

400 7 1.07 50 1
| - - {3 - - Egg production
— O~ ~Chlorophyll
40 —— Stage ratio
3007 051
- -
< 3 n
" W
£ 1'5 1=
gz &Y
= le |8
Z 2001 2007 §
o > =
e o g
s = Z20-
= (g g
Q & =
2 2
=3 =9
1001<.0.51 =
=107
0’ -1.0°

120
Julian day

Mar Ecol Prog Ser 169: 211-228, 1998

(day number 202, Fig. 5). The very few adult females still
spawning in July probably were remnants of the over-
wintered generation.

The new generation of Calanus finmarchicus first
occurred in low numbers as eggs and young nauplius
stages in late March and early April (Fig. 5). These
were recruits from the low pre- and early bloom
spawning (this may not be visible in Fig. 4, but see
Table 4 in which averaged egg production rates for the
pre- and early bloom phases are shown). The abun-
dances of eggs and nauplii peaked in late May and
early June when the chlorophyll content peaked. Gen-
erally low numbers of nauplii were found in July
except on day 200 at the easternmost station (Fig. 5).
Copepodites in high numbers were first encountered
in the beginning of June and mainly as CI and CII. The
first CIV made considerable contributions to the popu-
lation in July. However, we had no samples from mid
and late June. The high abundances of CV in July most
likely represented the new generation. C. finmarchi-
cus seemed to have a 1 yr life cycle in Atlantic water.

The pattern of spawning in Calanus glacialis resem-
bled that of C. finmarchicus. Egg production was low
during the pre- and early bloom periods, high but vari-
able during the bloom period, and low again during
the late bloom period (Fig. 6, see also Table 4). The
copepodite stage ratio index dropped at the start of, or
just before, the period of high egg production in May.
The fall in the ratio when the spawning at a high rate
started could have been due to reduced numbers of
CVI females, but also development of overwintered
CIV into CV. In contrast to C. finmarchicus, there were
no CV of C. glacialis from February to April (stage ratio
index = 1.0). Stage distribution after wintering was
bimodal and consisted of CIII, CIV and CVI (Fig. 7).
CIV seemed to be a resting stage during wintering

Fig. 4. Egg production of Calanus
finmarchicus and copepodite stage
ratio index and depth integrated
chlorophyll content (0 to 100 m) vs
time (Julian day and months) in
Atlantic water. Open and filled
symbols as in Fig. 2
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Fig. 5. Calanus finmarchicus. Abundance of eggs, nauplii and
copepodites vs time (Julian day and months) in Atlantic
water. Note that the time axis is not linear

which may indicate that some individuals had a life
cycle of more than a year.

In February and March the eggs of Calanus hyper-
boreus were more abundant than the eggs of C.

glacialis (Figs. 7 & 8). From February to April most
Calanus nauplii of the largest size fraction, which
could in principle be of both C. glacialis and C. hyper-
boreus, were rich in fat like the eggs of C. hyperboreus
(see 'Material and methods'). We therefore assume
that the nauplii occurring from February to April were
mainly C. hyperboreus. After April the fraction of fatty
nauplii was lower, the abundance of eggs of C.
glacialis was higher relative to C. hyperboreus, and CI
and CII in May and June were mainly C. glacialis.
Therefore the largest Calanus nauplii in May and June
presumably were mainly C. glacialis. Due to the equiv-
ocal species identification, however, all Calanus nau-
plil belonging to the large size fraction are included in
both Fig. 7 and Fig. 8.

The new generation of Calanus glacialis in Atlantic
water was mainly found as eggs and nauplii during the
bloom in May and as copepodites in June and July.
The high numbers of CV that occurred in late June and
early July could not have developed from the low num-
bers of CIII and CIV during spring (taking sampling
over different years into consideration). Therefore a
major part of the new generation seemed to reach CV
and possibly CVI before the start of the winter, having
a 1 yr life cycle.

The reproduction of Calanus hyperboreus could not
be described by egg production rate and copepodite
stage ratio because CV and CVI females were hardly
present in Atlantic water during the sampling period.
Egg abundances showed that spawning occurred
throughout the sampling period from February to July
(Fig. 8). Highest abundances of eggs were found dur-
ing the bloom period in May and June. Even though
spawning had been going on since February, and pos-
sibly earlier, no nauplii older than NIII were found
until the first NIV occurred in the middle of April, at
the time of the first weak increase in chlorophyll con-
tent (Figs. 2 & 8). Although the spawning started ear-
lier, the new generation of C. hyperboreus did not
seem to develop into copepodites earlier than the other
2 Calanus species (Fig. 8).

Polar front region
Phytoplankton bloom development

In the Polar front region, as opposed to Atlantic
water, the phytoplankton spring bloom did not
develop strictly with time. This was expected since
the bloom starts when the ice melts and the water col-
umn is stabilised by the input of low salinity water
from the melting sea ice. In general various stages of
phytoplankton bloom succession are found along a
gradient from the open sea towards the retreating ice
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edge (Rey & Loeng 1985, Skjoldal et al. 1987, Skjoldal
& Rey 1989). Therefore, areas ranging from typical
pre-bloom to post-bloom situations can be observed at
the same time during spring and summer in the Polar
front region.

To be able to make general conclusions about
spawning and development of Calanus spp. relative to
bloom development, we needed a gradient other than
time along which the bloom development of this region
could be sequenced. Neither nitrate consumption nor
water column stability alone described bloom develop-
ment very well. We therefore included physical and
chemical variables representing both requirements
and results of the bloom in a Principal Component
Analysis (PCA). Before the PCA a correlation analysis
was used to remove redundant parameters from
groups of highly correlated parameters, and the
remaining parameters are listed in Table 3. PCA was
performed on a covariance matrix in SYSTAT (Wilkin-
son 1992). Prior to analysis variables were standard-
ised to zero mean and unit variance, and Ac,, NCONSU
and CHLMAX were log-transformed.

The PCA showed that the first axis was mainly a gra-
dient of salinity, nitrate and temperature. The sample
(station} scores (e.g. ter Braak & Prentice 1988} along
the first PCA axis were taken as an index of bloom
development; however, due to the inclusion of both
determinant and responding parameters in the analy-
sis the axis is not considered a causal gradient.

A plot of nitrate consumption and chlorophyll con-
tent versus the first PCA axis showed that nitrate
increased towards an asymptote and that chlorophyll
content increased to a maximum and thereafter
decreased to low values (Fig. 9), apparently describing
the initiation and culmination of the ice edge bloom. As
in Atlantic water the bloom was initiated before the

Fig. 6. Egg production of Calanus

glacialis and copepodite stage ratio

index and depth integrated chloro-

phyll content (0 to 100 m) vs time

(Julian day and months) in Atlantic

water. Open and filled symbols as
in Fig. 2

major increase in Ac,. The initiation and culmination of
the bloom was described by data from one year, 1986.
The bloom started in April, more than a month before
the bloom in Atlantic water masses (Fig. 9). Data from
May 1987 and July 1988 described the late bloom
period. Since the stations now seemed to be arranged
along a quantitative axis of bloom development we
used this sequence in the further analysis of spawning
and development of Calanus spp. relative to the spring
phytoplankton bloom.

Egg production and stage distribution of Calanus spp.

Rather low rates of egg production (~10 eggs
female™! d™!} of Calanus finmarchicus were observed
in the middle of April during the bloom (Fig. 10). Max-
imum spawning rate was not observed during the
bloom but at a late bloom station, sampled in July
1988. Unlike the situation in Atlantic water, the stage
ratio index did not reach high values before spawning
(Fig. 10), and the index was rather low throughout the
sampling period. This may indicate that spawning in
the Polar front region starts before the major part of the
CV has developed into CVI, and that after the start of
spawning reduction in number of females prevents the
ratio from building up towards 1.0.

Eggs of Calanus finmarchicus were found at all times
from April to July in the Polar front region. The first
nauplii occurred in late April and the maximum num-
bers of eggs and nauplii were found during the late
bloom period in late May and early June 1987 (Fig. 11}.
The new generation of copepodites (CI to CIII)
occurred in high numbers at only 1 station, in July
1988, indicating late or low recruitment. The relatively
high numbers of CIV and CV from the overwintered
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generation together with the low stage ratio index dur-
ing the early bloom and bloom periods indicated that
development of the overwintered population in the
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Polar front region was late compared to the population
in Atlantic water (Fig. 11). Individuals emerging from
the wintering as CV and CVI persisted in the popula-
tion until mid July. There did not seem to be more than
1 yr class present, however, and most individuals prob-
ably had a 1 yr life cycle. It is not clear whether late
spawned individuals can complete their life cycle
within the next year.

The egg production rate of Calanus glacialis in the
Polar front region peaked at nearly 80 eggs female™!
d~! during the bloom in the middle of April, while the
spawning rate was lower in May, June and July
(Fig. 12). The stage ratio index showed that the over-
wintered generation about to spawn consisted of CVI
females only. The low stage ratio index at late bloom
stations in May-June 1987 and July 1988 may in part
have been due to CIV moulting into CV.

The new generation of Calanus glacialis had devel-
oped into nauplii during the bloom in April (Fig. 11).
We made no attempt to distinguish between nauplii of
C. glacialis and C. hyperboreus from the Polar front
region; however, the abundance of C. hyperboreus
was much lower than of C. glacialis. Thus, most nauplii
were probably C. glacialis. During the late bloom
period in May, June and July the new generation
occurred as late nauplius stages and as copepodite
stages CI, CII and CIII {Fig. 11).

Stage distribution of the overwintered population of
Calanus glacialis was bimodal (CIII, CIV and CVI).
CIIl and CIV seemed to start developing into CV in
May after the culmination of the bloom, and until then
no CV were present. The last overwintered individu-
als of CIII developed into CIV at that time. Adult
females seemed to persist through the bloom and late
bloom phase and disappeared at the most advanced
station in July probably after spawning (Fig. 11). It is
not clear whether all of these females had overwin-
tered twice or if some of them were late spawners
developing from the overwintered CIII and CIV.
Many CV among the high numbers occurring in June
and July most likely were spawned the same spring,
thus approaching a 1 yr life cycle. The relatively high
numbers of CIIl and CIV in late May that already had
overwintered once indicated that a higher proportion
of the CV in late summer had developed from these.
Thus, individuals with 1 and 2 yr life cycles seemed to
co-exist in the Polar front region. Still, the fraction
with a 2 yr life cycle was higher here than in Atlantic
water.

DISCUSSION

We were not able to obtain complete time series
describing seasonal cycles of phytoplankton bloom
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development and Calanus spp. reproduction from a
single year in any water mass. Still, our time series
from Atlantic water in 1987 and the Polar front region

in 1986 (Table 1) covered the shift from the pre- or low
reproductive to the reproductive phase of C. fin-
marchicus and C. glacialis, and the initiation of the
phytoplankton bloom. Thus, our data could be used for
relating reproduction of Calanusspp. to phytoplankton
spring bloom development based on time series from
oceanic sites.

Time series of biological parameters in marine zoo-
plankton populations are influenced by advection. The
relationship between advective and biological pro-
cesses Influencing time series of ocean studies of
Calanus finmarchicus has been analysed by Aksnes &
Blindheim (1996). We classified our sampling stations
according to water masses and our main focus was
changes in egg production rates. Biological processes
may be homogeneous within water masses and egg
production rate is characterised by rapid changes;
thus, our results may reflect biological processes more
than advection.

Phytoplankton spring bloom development

The initiation of the phytoplankton spring bloom in
Atlantic water coincided with the first water column
stabilisation (Fig. 3). Except for episodic phytoplankton
growth under extremely calm conditions (e.g. Halldal
1953, Sverdrup 1953) and blooms in shallow shelf
regions where bottom depth is less than the critical
depth (Sverdrup 1953), stabilisation of the water col-
umn is generally a prerequisite for the initiation of a
phytoplankton bloom (Sverdrup 1953). Our results
obtained at deep water locations agree well with the
classical theory of water column stabilisation and initi-
ation of phytoplankton spring blooms (Sverdrup 1953,
Sambrotto et al. 1986) and contradict more recent
reports that phytoplankton blooms are initiated in
homogeneous water columns controlled by the rapidly
changing light conditions of northern regions (Eilert-
sen et al. 1989, 1995, Townsend et al. 1992, Eilertsen
1993). Whether the very weak thermoclines observed
in the present investigation are enough to initiate the
phytoplankton bloom calls for further experiments. At
present, however, we conclude that the initiation of
phytoplankton blooms in Atlantic water depends on
water column stratification.

The largest difference in stability of the water col-
umn in Atlantic water was observed between bloom
stations in June (1987) and late bloom stations in July
(1988). Thus, culmination of the bloom occurred after
strong stratification of the water column.

In the Polar front region the layer of less saline melt-
water on top of Atlantic water stabilised the water col-
umn in April, causing initiation and culmination of a
phytoplankton bloom as described by Rey & Loeng
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Table 3. Parameters included in ordination (Principal Component Analysis) of sampling stations representing phytoplankton
spring bloom development in the Polar front region

Parameter Description
MAXPDT Depth of pycnocline. Defined as depth of maximum change of water density over a 5 m interval within
the water column (m)
Ag, Difference in water density between 5 and 100 m (o, units)
S100 Salinity at 100 m
T100 Temperature at 100 m (°C)
NCLDT Depth of nitracline (m)
NCONSU Nitrate consumption, see ‘Material and methods’ (mmol m™?)
CHLMAX Maximum chlorophyll concentration in water column {(pg m~?)
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(1985). The time for the initiation of the bloom coin-
cided with other estimates in the Polar front region of
the Barents Sea (Rey & Loeng 1985, Skjoldal et al.
1987, Sakshaug & Skjoldal 1989, Skjoldal & Rey 1989).
The bloom in the Polar front region was initiated more
than 1 mo earlier than in Atlantic water, which shows
the strong effect of the melt-water on the timing of the
bloom.

Egg production, development and life cycle
of Calanus spp.

Rates of egg production of Calanus finmarchicus and
C. glacialis in different water masses and bloom condi-
tions (Figs. 4, 6, 10 & 12) are summarised in Table 4
and compared with results of previous investigations
relating rates of egg production to bloom conditions or
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Fig. 12. Calanus glacialis. Egg
production and copepodite stage
ratio index and depth integrated
chlorophyll content (0 to 100 m)
vs station scores along first PCA
axis for stations from the Polar
front region. Open and filled
symbols as in Fig. 2. Numbers
beside chlorophyll symbols are
times of sampling (Julian day)
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Table 4. Calanus finmarchicus and C. glacialis. Egg production rates (eggs female™! d™!) in relation to bloom conditions. Results
related to bloom conditions defined by the authors or results obtained from time series are given in bold. Otherwise, the sites
were classified by us according to the amount of chlorophyll in the water column {0 to 100 m): pre-bloom <5, early bloom 5 to 30,
bloom >30, and late bloom 5 to 30 mg chl m™ (note that levels of chlorophyll are different from those used in the present

*Egg production during their 'start’, ‘main’ and 'end’ spawning phases
bAll female C. finmarchicus had immature gonads
‘Range of egg production rates during 5 d incubation as calculated by Hirche & Kattner (1993) from Smith's data

investigation)

Site Pre- Early Bloom Late Source

bloom bloom bloom
Calanus finmarchicus
Nova Scotia, Canada 2 21,30 Runge (1985)
Greenland Sea 0 Smith (1990)
Norwegian coast <10 21-23 <10 Diel & Tande (1992)*
Barents Sea 0° Hirche & Kattner (1993)
St. Lawrence Estuary, Canada ~0 0-10 22-82 ~40 Plourde & Runge {1993)
Gulf of St. Lawrence 21 26 Ohman & Runge (1994
Barents Sea Atlantic water 0-0.2 2-8 24-44 0.3-4 This study
Barents Sea Polar front region - 2-12 4-12 4-40 This study
Barents Sea Arctic water - 9-18 This study
Calanus glacialis
Greenland Sea 0 0-~8 15-45 Hirche & Bohrer (1987)
Greenland Sea 1-6° Smith (1990)
Gulf of St. Lawrence -0 ~10 Tourangeau & Runge (1991)
Barents Sea 1 Hirche & Kattner (1993)
Greenland Sea 0 0-60 30-70 Hirche et al. (1994)
Greenland Sea 0-~50 0-70 5-90 Hirche & Kwasniewski (1997)
Barents Sea Atlantic water 0-4 0.6-4 15-99 0-0.4 This study
Barents Sea Polar front region - 7-37 17-77 0-22 This study
Barents Sea Arctic water - 0-42 This study

chlorophyll content. The measured egg production
rates are characterised by high variability (Table 4).
Egg production rates of C. finmarchicus and C.
glacialis in Atlantic water and of C. glacialis in the

Polar front region of the Barents Sea generally fall
within the range of previously reported rates. Highest
degrees of similarity are found between time series of
egg production rate of C. finmarchicus obtained in
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Atlantic water (present study), in a north Norwegian
fjord (Diel & Tande 1992) and in the Gulf of St
Lawrence (Plourde & Runge 1993).

In the present investigation we used the egg ratio
method to obtain egg production rates (see ‘Material
and methods') while in the other studies referred to in
Table 4, the more direct egg production method have
been used (e.g. Marshall & Orr 1952, 1953, Runge
1985). The results in Table 4 indicate that the 2 meth-
ods give similar egg production rates, a conclusion also
drawn by Tourangeau & Runge (1991) using both
methods simultaneously. The sources of error, how-
ever, are very different in the 2 methods. Applying the
egg ratio method to broadcast spawners causes under-
estimation of egg production rates when egg mortality
and sinking rates of the eggs are not accounted for.
Further, one has to assume that the females which are
present with the eggs at a sampling site are the
females having spawned the eggs. The egg production
method, on the other hand, involves capture and sort-
ing of females which are incubated for spawning under
laboratory conditions. This may influence the perfor-
mance of the specimens. There may also be egg canni-
balism before the eggs sink through the false screen
bottom usually used to separate eggs and females.
Similar results obtained by the 2 methods may suggest
that handling and egg cannibalism have significant
effect on the results obtained by the egg production
method.

Egg production of Calanus finmarchicus and C.
glacialis in the Barents Sea occurred in chlorophyll
contents much higher than those reported in the other
investigations (Table 4). For example during the bloom
in Atlantic water and the Polar front region chlorophyll
contents varied between 150 and 500 mg m * (Figs. 2
& 9), while in the other investigations referred to in
Table 4 chlorophyll contents during the bloom usually
were lower than 150 mg m™ (e.g. Plourde & Runge
1993, Hirche et al. 1994). The seemingly weak overall
relationship between egg production rates and chloro-
phyll content may be because egg production rates
increase towards an asymptote at high chlorophyll
concentrationss as shown by laboratory and field data
(Hirche et al. 1994, 1997). The relationship between
egg production rates and chlorophyll concentrations
may also have been confounded because het-
erotrophic microplankton can make a significant con-
tribution to the diet of Calanus spp. (e.g. Hirche &
Kwasniewski 1997).

Pre-bloom spawning of Calanus finmarchicus and C.
glacialis in Atlantic water started at a very low rate in
late February (Table 4, Figs. 4 & 6). In the Polar front
region the pre-bloom phase was not sampled. How-
ever, both species produced eggs at considerable rates
at 3 early bloom stations in April (Figs. 10 & 12). By

extrapolation from first occurrence of CI, using tem-
perature dependent developmental rates according to
Corkett et al. (1986), the start of the spawning for both
C. finmarchicus and C. glacialis was estimated to be
late March in Atlantic water and early April in the
Polar front region. The later start of spawning in
Atlantic water as estimated by extrapolation compared
to direct observations of egg production may be due to
a lower survival rate of the early spawned recruits, as
suggested by Melle & Skjoldal (1989) based on obser-
vations of high sinking rates of the eggs spawned early
in the spring. Also, sub-optimal feeding conditions
during the pre-bloom period may have led to lower
survival rates. Estimated start of pre-bloom spawning
was later in the Polar front region than in Atlantic
water, which may be due to a slower development of
the parent generation of both species towards the Arc-
tic as suggested by the stage ratio index (Figs. 4, 6, 10
& 12). We conclude that the tendency for pre-bloom
spawning is equally present in both C. finmarchicus
and C. glacialis when environmental conditions (e.g.
winter temperature) allows an early gonad maturation.

In the present investigation eggs of Calanus hyper-
boreus were found reqgularly from the first day of sam-
pling in February (Fig. 8). Thus, winter spawning,
which is known from previous investigations of C.
hyperboreus (Semme 1934, Ostvedt 1955, Conover
1967, 1988, Smith 1990, Conover & Siferd 1993, Hirche
& Niehoff 1996), was confirmed. In Vestfjorden, north-
ern Norway, a secondary spawning occurred during
the phytoplankton bloom (Semme 1934). We observed
a similar increase in egg numbers during the spring
bloom, indicating higher egg production rates during
the bloom (Fig. 8).

Energy resources fuelling pre-bloom egg production
may vary among the Calanus species. In C. hyper-
boreus lipids stored from the previous growth season
are regarded as the most important energy source
(Conover 1988, Conover & Siferd 1993, Hirche &
Niehoff 1996). Observations of pre-bloom spawning of
C. glacialis have led to the conclusion that C. glacialis

fat reserves from the previous feeding season for pre-
bloom egg production (Smith 1990, Hirche & Kattner
1993). This is supported by observations of C. glacialis
spawning under 2 m of fast ice in the central Canadian
Arctic when the chlorophyll concentration was less
than 0.1 pug 1! (Conover 1988). On the other hand, C.
glacialis can produce eggs by feeding on ice-algae
(Tourangeau & Runge 1991), and both C. finmarchicus
and C. glacialis can produce eggs by feeding on het-
erotrophic microplankton during various parts of the
phytoplankton bloom development (Ohman & Runge
1994, Hirche & Kwasniewski 1997, Nejstgaard et al.
1997). In the Barents Sea, gut analyses showed that C.
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finmarchicus and C. glacialis start to feed at a low rate
during the pre-bloom phase in late February in
Atlantic water (Nejstgaard & Skjoldal 1991). Thus,
spawning of C. finmarchicus and C. glacialis before
the bloom in the Barents Sea may be initiated and sup-
ported by low pre-bloom food concentrations rather
than, or in addition to, internal fat reserves.

Spawning before the bloom may be advantageous
because development through the egg and non-feed-
ing nauplius stages, presumably NI and NII, before the
bloom increases the chances of the feeding stages in
exploiting the food resources during a short lasting
bloom. An earlier birth may also be advantageous if
the specimens can complete their life cycle within
fewer growth seasons. We found C. hyperboreus to
spawn eggs during winter which due to their dark
appearance after fixation were considered to have a
high fat content (Conover & Siferd 1993). These eggs
did not develop past NIII, which probably is the first
feeding stage, before the initiation of the phytoplank-
ton bloom. By allocating extra and different types of
lipids to the eggs, C. hyperboreus seems to be spe-
cialised towards this spawning strategy (Conover &
Siferd 1993). After the initiation of the bloom the nau-
plii rich in fat disappeared from the samples and the
first NIV were observed (Fig. 8). This may have been
because C. hyperboreus nauplii disappeared from the
samples altogether, or the nauplii produced during the
bloom contained less fat. The latter possibility indi-
cates that some individuals within the C. hyperboreus
population have a reproductive strategy similar to that
of C. finmarchicus and C. glacialis. With less fat
deposited in their eggs and possibly shorter non-feed-
ing survival time for eggs and nauplii, pre-bloom
spawning of C. finmarchicus and C. glacialis is proba-
bly of limited advantage.

Egg production rates of Calanus firmarchicus and C.
glacialis and phytoplankton biomass, as chlorophyll
content, increased simultaneously at the end of May
and in early June in Atlantic water (Figs. 2, 4 & 6), and
increased egg production of C. glacialis coincided with
the increase of chlorophyll content in the Polar front
region (Figs. 9 & 12). The close relationship between
the main spawning of C. finmarchicus and the phyto-
plankton spring bloom in Atlantic water is in accor-
dance with results obtained from time series studies
in a north Norwegian fjord (Diel & Tande 1992) and in
the Gulf of St. Lawrence {Plourde & Runge 1993).
Increased rate of egg production of C. glacialis during
the bloom of planktonic algae following the ice break-
up in Hudson Bay, Canada, matches our results from
the Polar front region (Tourangeau & Runge 1991).
Laboratory experiments have established functional
relationships between food, such as diatoms, and egg
production rate in C. finmarchicus (Hirche et al. 1997).

We conclude that egg production of C. finmarchicus
and C. glacialis in Atlantic water and of C. glacialis in
the Polar front region was food limited during the pre-
and early bloom periods and then accelerated, fuelled
by feeding on algal cells, during the blooms.

In the Polar front region there was a mis-match
between spawning of Calanus finmarchicus and the
phytoplankton bloom. Maximum spawning rate was
not found at the stations with the highest chlorophyll
content in April but rather at a late bloom station in
July (Fig. 10). The ratio between CVI females and CV
never exceeded 0.5 during the pre-bloom and bloom
periods, indicating that development during winter or
the previous growth season was slower in the Polar
front region than in Atlantic water. The stage ratio
index of C. glacialis equalled 1.0 before the bloom in
the Polar front region (Fig. 12). Similarly, it has been
found in other Arctic regions that the fraction of
females with immature gonads during winter is higher
in C. finmarchicus than in C. glacialis (Smith 1990,
Hirche & Kattner 1993, Hirche et al. 1994). This sug-
gests that slow development causes mis-match
between the phytoplankton blooms and the spawning
of C. finmarchicus, which probably is an important
reason why this species is an expatriate in the Arctic.
Thus, spawning strategies of C. finmarchicus and C.
glacialis seem be similar; however, C. finmarchicus
does not seem to survive very well with its strategy in
the Polar front region, probably due to low tempera-
tures and early, short lasting blooms.

There are known sources of error that may have
biased our results. For example, female mortality
affects realised fecundity by shifting the relative abun-
dance levels of females in the pre-reproductive, repro-
ductive and post-reproductive stages (Ohman et al.
1996). Together with seasonally pulsed cohorts this
may confound conclusions about food dependency of
egqg production rates. Also, other food particles, such as
microzooplankton which is likely to increase in abun-
dance during the bloom, may have been important for
egg production rates of Calanus finmarchicus and C.
glacialis in the Barents Sea. Mesocosm experiments
have shown that heterotrophic microplankton may be
the main food of C. finmarchicus during egg produc-
tion, and that abundances of these organisms peaked
during the phytoplankton bloom (Nejstgaard et al
1997). In the Greenland Sea no relationship was found
between egg production rate of C. glacialis and chloro-
phyll content, and feeding on microzooplankton in
addition to algae was suggested to be the reason for
this (Hirche & Kwasniewski 1997). Ohman & Runge
(1994) showed that a high rate of egg production in C.
finmarchicus can be sustained by feeding on hetero-
trophic microplankton. Thus, future investigations of
reproduction of C. finmarchicus and C. glacialis should
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include abundance estimates of alternative food parti-
cles and a dietary mapping.

Temperature affects rate of development in cope-
podites of Calanus spp. (Corkett et al. 1986) and,
thereby, length of life cycles and timing of important
life history events such as reproduction. In the Norwe-
gian Sea overwintering of C. finmarchicus occurs be-
low Atlantic water at temperatures of about —1°C while
in the Barents Sea overwintering occurs more or less
evenly distributed in the Atlantic water masses at about
3°C (Dstvedt 1955, Loeng 1991, Melle et al. 1993, Ped-
ersen et al. 1995). Thus, with respect to temperature,
we expect development during overwintering in the
Barents Sea to be faster than in the Norwegian Sea.
During the growth season temperatures are highest in
the Norwegian Sea and development presumably
faster than in the Barents Sea, feeding conditions not
taken into consideration. If we compare stage distribu-
tions of C. finmarchicus when the spawning periods
start, the population consisted of 60% adult females
and 20 % CV in the Norwegian Sea (Dstvedt 1955), and
only females in the Barents Sea. Even 1 mo earlier the
copepodite stage ratio was close to 0.5 in the Barents
Sea, corresponding to 75% females (Fig. 4). Although
comparison between different years may be difficult,
development of C. finmarchicus in Atlantic water of the
Barents Sea was not delayed compared to the popula-
tion 1in the Norwegian Sea, and a larger fraction of the
Barents Sea population may have been ready to spawn
when the phytoplankton bloomed. This could have
been due to higher wintering temperatures in the Bar-
ents Sea, and it may have an influence on the link be-
tween primary and secondary production, and on the
Barents Sea as a region of high fish production.

Diel & Tande (1992) suggested that reduction in the
ratio between CVI females and CV immediately after
the main spawning in connection with the bloom could
be used as an indicator of the spawning event in
Calanus finmarchicus. This is supported by our results
from Atlantic water (Fig. 4), where few CV of the new
generation appeared before July (Fig. 5). Therefore,
the reduction in the copepodite stage ratio index was
most likely due to reduction in the number of females,
probably because the spawning or spent females have
a higher mortality rate. In the Polar front region, how-
ever, a corresponding reduction in the copepodite ratio
did not take place, since adult females were not the
only developmental stage left of the overwintered pop-
ulation before spawning, and adult females were con-
tinuously arising from a pool of CV (Fig. 10). For C.
glacialis in Atlantic water the period of intensified
spawning during the bloom coincided with a reduction
in the copepodite ratio. In this species, however, the
reduction in the ratio, in addition to the reduced num-
bers of females, may also be due to the high numbers

of overwintered CIII and CIV moulting into CV There-
fore, the stage ratio index should be used with more
caution for this species.

Stage distribution of Calanus finmarchicus as
revealed In the present investigation generally fitted a
1 yr life cycle (Tande et al. 1985). Stage distribution of
C. glacialis indicated that both 1 and 2 yr life cycles
were common (cf. MacLellan 1967, Tande et al. 1985).
During late winter and spring the generation of C.
glacialis overwintering for the first time probably were
in stages CIII and CIV, and the generation overwinter-
ing for the second time were in stage CVI (Figs. 7 &
11). With a 2 yr life cycle, 2 generations and many
copepodite stages are involved in the wintering (e.g.
Tande et al. 1985). A wide stage distribution also has
been considered to reflect a prolonged spawning sea-
son within a 1 yr life cycle (Grainger 1961, MacLellan
1967, Conover 1988). In the present investigation the
extreme bimodality of the copepodite stage distribu-
tion of C. glacialis after wintering indicated that devel-
opment was arrested in CIV during winter (Figs. 7 &
11). Arrested development in CIV probably serves as a
mechanism to increase survival of the youngest gener-
ation during winter. With life cycles less than a year,
arrested development in CIV may synchronise late and
early spawners, but this would induce 2 separate
spawning events, which does not seem to be advanta-
geous as the bloom develops continuously.

Individuals of Calanus glacialis having a life cycle
shorter than 2 yr may have accomplished this in 2
ways. The high numbers of CV and CVIin July in the
Atlantic and Polar front regions (Figs. 7 & 11) indicated
that part of the new generation developed past CIV
and was able to reproduce the next spring, having a
1 yr life cycle. Among the females spawning in July
(Fig. 6) some may have developed from the overwin-
tered CIII and CIV, thus having a life cycle of 1 y1, or a
few months more than a year. The advantage of a
shorter life cycle would probably come from a reduced
life time mortality, as, to the late summer spawners,
both conditions for egg production and feeding condi-
tions for the recruits probably are sub-optimal.
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