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Abstract Seasonal dynamics of feeding activity, oil sac
volume, gonad development, sex ratio and spawning
periods in the two sibling species Calanus finmarchicus
and C. hyperboreus, the key zooplankton copepod
organisms throughout the northern Atlantic waters, were
studied simultaneously in Malangen, northern Norway,
during 1992. We were also tracing differences in surface-
and deep-dwelling components of these populations in
terms of oil sac volume and gonad development during
the time period when the G is preparing for a subsequent
generation (G,) or hibernation. The main difference in
the life cycle strategies of these species is the earlier
maturation and spawning of C. hyperboreus. No feeding
activity in either of the two species was found in Febru-
ary, but both commenced feeding in March, prior to
the spring phytoplankton peak. The larger copepod,
C. hyperboreus, had a more intensive energy deposition
than C. finmarchicus. The period of active feeding was
much shorter for the former species, only from March
through July in copepodite stages CIV and CV, and even
less in females — March and April. Basically, a similar
pattern of seasonal changes in gonad length and lipids
was observed in the two species. In June, oil sacs in the
surface- and deep-dwelling specimens were about equal,
during the rest of the year, lipids in the deep CVs
exceeded those in the surface. We propose that as cope-
pods accumulated sufficient lipid reserves, they started to
descend, while others, containing less fat, stayed in the
upper layers feeding. The mean length of the gonads in
the surface-dwelling copepods was consistently less than
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in their deep counterparts from October to February, so
that gonad development at the expense of accumulated
reserves during resting stage was confirmed. C. finmar-
chicus males were found in considerable numbers only in
February and March, and were only occasionally found
in the upper layers (0—100 m), while adult male C.
hyperboreus were present from October to March, but
were never found in the surface layers. The differences in
life cycle timing among the two species are discussed
in relation to tradeoffs with regard to foraging strate-
gies, generation numbers, bioenergetics and predator
avoidance.

Introduction

In the high-latitude pelagic systems, adaptations to
overwintering are a pivotal part of the life cycle strat-
egies of planktonic copepod species. The Calanus spe-
cies, which often dominate biomass of the high-latitude
plankton communities, adjust the timing of their
reproduction to phytoplankton bloom. Basically, their
life cycle strategies are believed to be similar: after a
period of active feeding and accumulating of lipid
reserves, older copepodite stages cease feeding and
descend into the deep water layer, where they reduce
their metabolic rates and enter a resting state. During
this resting period, gonad growth and development are
sustained by internal energy deposits (Hirche 1996),
processes which are extremely important for the
Calanus populations, because they determine not only
a successful overwintering, but also a subsequent
successful reproduction.

The two sibling species C. finmarchicus and
C. hyperboreus are the key copepod species throughout
North Atlantic waters, and the former is one of the most
studied marine copepod species. Besides the fundamen-
tal study on the biology of C. finmarchicus by Marshall
and Orr (1955), a number of studies dedicated to the
gonad development and reproduction of both species
have been carried out more recently (i.e. Conover 1965,
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1967; Tande and Hopkins 1981; Grigg and Bardwell
1982; Tande et al. 1985; Smith 1990; Hirche 1996; Hir-
che and Niehoff 1996; Niehoff and Hirche 1996). Pre-
viously it has been claimed that stored lipid was used
mainly to sustain basic metabolism during starvation. It
has recently been advocated that lipid reserves fuelled
primarily gonad development, molting and reproduc-
tion, and only a smaller part of stored energy is used to
support basic metabolic requirements (Tande 1982;
Sargent and Falk-Petersen 1988; Hirche and Kattner
1993; Hagen and Schnack-Schiel 1996; Hirche 1996).
The reproductive event within a generation cycle could
be suggested to fit into the following scheme: during high
phytoplankton concentration, copepods of the recruiting
generation feed and grow actively with a subsequent
increase in oil sac volume. Gonads are very small in newly

molted CIV and CV, and show no pronounced tendency
to enlarge until autumn, when fat, older copepodites
cease feeding and descend. Then, their gonads begin to
grow and differentiate. As both gonad development and
molting occur at the expense of stored lipids, towards the
end of the winter, oil sacs decrease in volume.

In high latitudes this reproductive scheme is ex-
pressed at different time scales for the two species, al-
though the environmental conditions determining the
number of generations are not well understood. C. hy-
perboreus in most regions needs more than a year to
complete its life cycle (Conover 1967, 1988; Hirche
1998). For C. finmarchicus, the prevailing pattern is on
an annual basis (as a G;), but there are regions which
have been found to enable the species to produce
another generation (G,) as well. In northern Norwegian

Fig. 1 Map of the region of
investigation with a detailed
map of Malangen with depth
contours and the location of the
two sampling stations, Malsj-
ord (M) and Spildernes (S)

Table 1 Classification system

Diverticula
and oviducts

Oocytes

of gonad maturity applied in Present Niehoff and
the present study in comparison ~ PaPer Hirche (1996)
ith that of Niehoff and Hirch
Xlg%) at of NIeRot and Hirehe Immature GS 1 and GS 2
Mature GS 3 and GS 4
Spent Senescent

Single rows of small dark
red stained oocytes

Several rows of oocytes
increasing in size ventrally,
large pink oocytes visible in one
Or more rows

Oviducts not filled, few
oocytes there

Oogonia and oocytes in ovary,
only small oocytes

Oogonia and oocytes in ovary,
oocytes of every size

Abnormal degenerated oocytes
present, no smallest oocytes
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waters, for instance, there are, from year to year, indi-
cations of a G, (Lie 1965; Hirche 1998; Halvorsen and
Tande 1999). Recently Falkenhaug et al. (1997) dem-
onstrated that abundance of CIV and CV C. finmar-
chicus had a bimodal vertical distribution during June
and July in Malangen, with a surface- and a deep-
dwelling population component during the period when
a G, was expected to arise. Although only a small cohort
of females was found in late summer and early autumn
in Malangen during the above study, we pose the
question: Is the bimodal vertical distribution during
summer indicative of differences in energetics and
reproductive status among the G, CIV and CV?

As far as we know, no year-round study on feeding
activity, oil content and state of gonad development of
these two species, with high time resolution, has been
carried out until now. The objective of the present
research was to compare and contrast simultaneously
seasonal dynamics of feeding activity, oil sac volume,
gonad development, sex ratio and spawning periods in
the two closely related species, Calanus finmarchicus and
C. hyperboreus. We were also tracing differences in
surface- and deep-dwelling components of C. finmar-
chicus in terms of oil sac volume and gonad development
during the time period when the G, is preparing for a
subsequent generation (G,) or hibernation.

Materials and methods

Sampling was carried out in one of the northern Norwegian fjords,
Malangen, located 30 km south of Tromse (69°30'N’; 18°21’E).
Zooplankton for this study was collected close to the estuary of the
river Malselv at Malsjord, station N23, with a bottom depth of
200 m (Fig. 1). A detailed description of the fjord is given in Fal-
kenhaug et al. (1997). As these samples were collected during the
day-time, and the population of Calamus finmarchicus has been
shown to undertake diel vertical migrations in the summer (Fal-
kenhaug et al. 1997), an additional set of June, July and August
samples from Spildernes (Fig. 1), consisting of day and night series,
was used to analyze the impact of diel vertical distribution on the
studied variables in CV C. finmarchicus.

Zooplankton was collected monthly during the cruises of R.V.
“Johan Ruud” from February to December 1992, with a MOC-
NESS (1 m? opening area, 180 pm mesh size). Five strata from the
bottom to the surface were sampled in oblique hauls. Each sample
was split twice with a Motoda splitter device (Motoda 1959), so for
this study we used one-fourth of each sample preserved in 4%
buffered formaldehyde.

About 30 individuals of every developmental stage (CIV, CV
and adults) of both species from every sample were studied for
feeding activity, gonad development and oil sac volume when
available. Percentage of copepods containing food in the guts was
calculated. The mean length of fecal pellets in copepods containing
food in the posterior gut was estimated, as it has been shown that
length of the fecal pellet satisfactorily reflects feeding activity (Drits
1985; Ayukai and Nishizawa 1986; Tsuda and Nemoto 1990).
These two indices of feeding activity, the mean size of the fecal
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pellet and the percentage of the copepods with full guts, were often
highly correlated (Drits 1985; Pasternak 1995). Copepods with a
fecal pellet inside were dissected, and the gut contents examined
under a light microscope.

Length of the prosome and length, width and height of the oil
sac were measured under a dissecting microscope. The volume of
the oil sac was used as an index of stored lipid reserves, as they have
been shown to be closely connected (Escribano and McLaren 1992;
Arashkevich et al. 1996). Oil sac volumes were calculated from
approximation to simple geometrical shapes. Copepods were then
sorted in four groups according to the volume of their oil sac, and
stained in 2% borax carmine solution in filtered seawater according
to Tande and Hopkins (1981). Stained specimens were gently
washed in several changes of filtered seawater, dehydrated through
a graded ethanol series (from 10% to 90% ethanol), and cleared in
cedarwood oil. Usually the genital system was examined, and
gonad measured in cedarwood oil under the dissecting microscope.

The females of both species were classified as immature, mature
and spent (Table 1).

Results
Feeding activity

The two chosen indices of copepod feeding activity, i.e.
the percentage of copepods with the full guts and the
mean length of the fecal pellets (Figs. 2, 3), were well
correlated (Spearman’s rank correlation test: rg = 0.69,
P =0.0002). In February, only copepods of the both
species with empty guts were found. They began feeding
in the surface layer in March, presumably prior to the
phytoplankton bloom. From then on, Calanus finmar-
chicus was found to feed, except for an unexpected drop
in female feeding activity in the surface that was
recorded in April (Fig. 2). In CVs of C. finmarchicus,
and CIVs, CVs and females of C. hyperboreus, feeding
activity at that time was high (Figs. 2, 3). In the begin-
ning of August, the few C. hyperboreus CVs remaining in
the surface layer did not contain food, and no CIVs were
detected in the surface layers. Females of this species
ceased feeding even earlier in the season, in June.

The gut content analysis revealed that most of the
time the major component of fecal pellets was an
unidentified pale-green granular mass with inorganic
items, diatom frustules and tintinnids.

Oil sac volume and gonad length

The maximum volume of the oil sac in C. finmarchicus
CVs was observed in the deep-dwelling individuals in
August (Fig. 4). The general pattern of seasonal changes
in the oil sac volume was similar in C. finmarchicus CVs
inhabiting the upper and the lower layers, but the
absolute values were higher in the latter case. Volumes of
oil sacs differed between CVs from the two overwintering
generations studied, i.e. in February they contained more
fat than the CVs from a subsequent generation studied in
December. A high February mean value decreased in
March and April/June (only three specimens were

recovered from the upper layer in April, and they con-
tained no lipid). The volume of the oil sac increased again
in July—August, reaching the maximum in August, then
gradually declined towards December (Fig. 4). Lipids in
C. hyperboreus CVs were low in February; in the surface
copepods, they began to increase in March, reaching a
maximum in April. In the deep-dwelling C. hyperboreus,
the oil sac volume began to increase in April, reaching a
maximum in July through September, and gradually
declining thereafter (Fig. 5).

Seasonal changes of gonad length in CV C. finmar-
chicus within the water column are shown in Fig. 6. In
February, the overwhelming majority of the CVs had
large gonads (group 1V). They seemed ready to molt into
adults. The percentage of copepods with large gonads
considerably decreased in March (group IV made up
only about 40%), and no CVs with group IV gonads
were found in June. The percentage of the CVs with
small gonads, on the contrary, increased from the spring
to summer, and reached a maximum in June—July.
Afterwards, the number of copepods with group III
gonads increased, and a significant number of CVs with
large gonads of the group IV type reappeared in
December (Fig. 6). The first male type gonad (which
could be considered the beginning of sexual differentia-
tion) was found in October.

A similar pattern was observed in the gonad devel-
opment in C. hyperboreus CVs (Fig. 7). The most
prominent difference between these two species was the
shift towards an earlier seasonal development in
C. hyperboreus. Even in February, group IV made up
only about 60%, while in C. finmarchicus the corre-
sponding value was >90%. Although the proportion of
copepods with small gonads reached the maximum also
in June, about half of the CVs was composed of indi-
viduals with growing gonads of groups III and IV al-
ready in July. From September onwards, the proportion
of the CVs with mature gonads (group I'V) exceeded 50%
(Fig. 7). The first male gonads were found in August.

The difference between mean gonad length in the
surface- and deep-dwelling CVs changes throughout the
year (Figs. 4, 5). The mean length of the gonads in the
surface-dwelling C. finmarchicus was shorter than in their
deep counterparts from October to February. In the few
recovered surface CVs in April, gonads were not appar-
ent, and from then onwards gonads of deep- and surface-
dwelling specimens did not separate consistently until the
autumn (Fig. 4). In March, gonads in the surface-
dwelling CVs were larger than in their deep counterparts.
No CVs of C. hyperboreus were found in the surface layer
in February. From March to October, gonads in the
copepods from the two strata did not segregate consis-
tently with regard to size, except for April and June
(Fig. 5). In December, gonads of the deep-inhabiting
CVs were large, while the few CVs recovered from the
surface layer contained only very small gonads.

In order to see if there were any consistent day and
night differences in CV during the period of descent into
the deep waters (June, July and August), we measured
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the monthly change in prosome, gonads and oil sac size
for the population at Spildernes, Malangen. No clear
diel variations in gonad length or oil sac volume were
observed in C. finmarchicus CV (Fig. 8). Oil sacs of the
“deep” copepods were consistently larger than those
sampled in the surface layer. The mean gonad length in
the surface specimens slightly exceeded those at depth,
while their prosome length was slightly less, but both
differences were small and insignificant.

Reproductive state of females, and male:female ratio

Reproductive state of females and adult sex ratio within
both of the populations changed dramatically through-
out the season (Figs. 9, 10). C. finmarchicus males were
found in considerable numbers only in February and
March, later in the season, in April-August, only a few
individuals were caught in the upper layers. Male:female
ratio was exceptionally high in February and March,
especially in the deep layer, where it almost reached 2:1.
Most of the females were mature and ripe in February,
March and April. In June, spent females appeared in

considerable numbers, and, after July, only spent
females were found in small numbers.

Adult males of C. hyperboreus were never found in
the surface layer (Fig. 10). Two periods of high
male:female ratio were obtained: February—March and
October—December, although the proportion of males
never reached as high a value as in C. finmarchicus. Most
of the C. hyperboreus females were ripe in February; the
percentage of spent females was already high in March.
Only spent females were found in low numbers in April,
June and July. No females were recorded among the
August samples, and, in September, the first young
immature females were found. In October—-December,
mature females began to appear (Fig. 10).

Discussion
Feeding activity

No feeding activity in either of the two species was
found in February, contrary to the observations of
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Fig. 4 Calanus finmarchicus. Mean volume of oil sac and gonad
length in copepodite stage V from February to December 1992 at
Malsjord in Malangen (crosshatched bars gonad length in deep-
dwelling CVs; dotted bars gonad length in surface-dewelling CVs; solid
triangles, solid line volume of oil sac in deep-dwelling CVs; open
circles, dashed line volume of oil sac in surface-dwelling CVs).
Means + SE are given

Bathmann et al. (1990) on Calanus finmarchicus in the
Norwegian Sea in 1987. In their study, two stocks of
C. finmarchicus were observed in the water column in
February: one (smaller) near the surface and a larger one
in deep waters. Copepods inhabiting the upper layer
were capable of active feeding, while at depth, copepods

July

Sept Oct

did not feed, and were considered to be in dormancy.
The authors suggested that the “upper” stock of cope-
pods lived at the sea surface during winter and fed.
Another possibility is that this stock consisted of the first
early ascending copepods; since the studies of Ostvedt
(1955) and Lie (1968) it is known that the time of up-
ward migration of deep-overwintering copepods in the
Norwegian Sea varies considerably from year to year. In
the present study, however, both of the species com-

Fig. 5 Calanus hyperboreus. Mean volume of oil sac and gonad length
in copepodite stage V from February to December 1992 at Malsjord
in Malangen. Symbols as in Fig. 4
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Fig. 6 Calanus finmarchicus.
Seasonal changes in gonad
length from February to
December 1992 at Malsjord in
Malangen categorized in four
groups: / — group I (gonad not
apparent); 2 — group 11
(25-100 pm); 3 — group 111
(125-200 pm) and 4 — group 1V
(>200 pm)
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menced feeding in March, just at the beginning of the
bloom (Falkenhaug et al. 1997). According to Fal-
kenhaug et al., at the very beginning of the spring bloom
in March, the highest fluorescence values were found in
the inner part of the fjord, close to the estuary of Mal-
selv (station 23). A month later, high values had ex-
tended to a larger area of the fjord, with maximum
values slightly above 7 pg chlorophyll equiv. 17! Low
fluorescence levels were recorded in June, with a second
smaller peak in August (our unpublished data). After
feeding commenced in March, both of the chosen indices
(percentage of copepods with full guts and the mean
length of fecal pellets), did not seem to be closely linked
with the chlorophyll concentration, as the maximum
feeding activity in C. finmarchicus was reached not in

AR AL AN AN

T

June July October December

August

September

April, but in July-August. Moreover, the low values of
females feeding in April is contrary to expectation. A
possible explanation for the phenomenon is the differ-
ence in physiological state of females inhabiting the
upper and deeper layers at the peak of spawning. The
majority of surface-dwelling females at that time had
empty guts. However, most of the small number of
females staying in the deeper layers contained food, and
the mean length of their fecal pellets was not small
(0.28 mm).

What was the difference between females in the upper
and deep layers at that time? In the upper layer, almost
100% of females were ripe, with large oocytes (>125 pm
in diameter, corresponding to the final developmental
stage OS 4 in Niehoff and Hirche 1996) ready to spawn.
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Fig. 10 Calanus hyperboreus. Abundance and reproductive state of
females and male:female ratio in surface (upper panel) and deep (lower
panel) waters from February to December 1992 at Malsjord in
Malangen. Symbols as in Fig. 9

In the lower layer, the majority of females contained
smaller oocytes (50-75 um in diameter, corresponding
to OS 2 and OS 3 in Niehoff and Hirche 1996). We
suggest that at the peak of spawning females could
reduce or even stop feeding during spawning events,
which resulted in an overall decline in daily ration. Our
observations in the laboratory did not contradict this
suggestion.

The larger copepod, C. hyperboreus, had a more
intensive energy deposition period than C. finmarchicus.
The period of active feeding was much shorter for the
former species, only from March through July in CIV
and CV, and even less, March and April, in females



(Fig. 3). At the same time, C. hyperboreus females
proved to be exceptionally active — 100% of surface fe-
males contained food in their guts. A similar situation
was found in the CVs as well, which suggests that their
elevated foraging activity compensates for the shorter
period of feeding.

Oil sac volume and gonad development

The main spawning period for C. finmarchicus in north-
ern Norwegian fjords occurs in April (Tande and Hop-
kins 1981; Tande 1982) and in the Atlantic waters of the
Barents Sea, in April-May (Tande etal. 1985).
According to our data, spawning commenced at
Malangen a little earlier in 1992, in March. Visible sex-
differentiation in CVs, as well as molting into adults,
occurred in the closely situated Balsfjorden at least 2
months before spawning in April (Tande and Hopkins
1981; Tande 1982). Sargent and Falk-Petersen (1988)
suggested that most of the wax ester catabolism during
winter is used for reproductive processes (see also
Kattner et al. 1989). Hagen and Schnack-Schiel (1996)
showed the reliance of reproductive processes in the
dominant Antarctic calanids on the accumulated lipid
reserves, only a smaller portion of which appeared to be
utilized for metabolic maintenance during overwintering.

Experiments have shown that approximately one-half
of the wax ester reserves in C. helgolandicus is utilized
when CV molted to adult females, and when gonado-
genesis was rapid (Gatten et al. 1980). So, gonad growth
and development must be strongly coupled with changes
in the oil sac volume. If gonad growth and differentia-
tion accelerated in December—February, there must be a
pronounced decrease in the volume of the lipid sac at
that time, because feeding did not start before March.
The observed changes in the oil sac volume reflected the
balance between energy expenditure for gonad devel-
opment and molting, on the one hand, and acquisition
from feeding, on the other hand. The fact that the pro-
portion of CVs with large, differentiated gonads was
extremely high in February, and decreased dramatically
in March and April, suggests that most of the developed
CVs have already molted into adults by that time. In
April, only a few CVs were recovered from the upper
layers; we believe those found at depth were retarded
in their development. Although feeding already began in
March, the oil sac volume decreased until April, both in
the surface- and in deep-dwelling CVs, reflecting po-
tentially a lagged recovery and a differential molting of
the larger CVs into adults at that time. No specimens
with depleted oil sacs were recorded during the late
winter and early spring of 1992 in the population at
Malangen.

There was a difference in lipid content of CVs
between the two successive winters, which was also
evident in the data on C. helgolandicus from the English
Channel (Gatten et al. 1979). Similar to our data, the
CV body lipid in the first studied winter was more than
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twice that found in the following winter. The authors
suggested this could be connected with a considerably
higher average lipid level in particulate material during
the first year of observations. We also assume the dif-
ference was due to inter-annual variations in feeding
conditions.

In June, oil sacs in the surface- and deep-dwelling
copepods were about equal in size; during the rest of the
year, lipid in the deep CVs exceeded those in the surface
specimens (Fig. 4). We suppose that as copepods accu-
mulated sufficient lipid reserves, they started the descent,
while others stayed in the upper layers feeding. So, in the
surface layer there would be a mixture of freshly molted
thin CVs, and CVs at various stages of lipid accumula-
tion, while in the deep layer, in summer, copepods would
be more homogeneous as to their lipid reserves. This was
confirmed by a comparison of the coefficients of varia-
tion (C.V.) of oil sac volume between the surface- and
deep-dwelling components of CVs during summer (C.V.
of 108% and 84%, respectively). From June to August
at Spildernes, the difference between mean oil sac vol-
ume and the C.V.s for surface and deep layers was even
more pronounced. Oil sac volume of the deep-dwelling
copepods was about twice that of surface specimens;
C.V.s were 117% in the upper and 51% in the deep
layer. Gonads were more homogeneous with regard to
length in the deep layer too, but the difference between
the deep and upper layers was not as pronounced.

At the same time, there was a marked difference
between absolute values of oil sac volume and gonad
length in CVs from Spildernes and our main study site,
Malsjord. Lipids (i.e. volume of oil sac) were similar in
the surface in June. Thereafter, lipids at Spildernes did
not change, while they increased at Malsjord. At
Spildernes, gonads of C. finmarchicus CVs were larger
than at Maélsjord, but at Spildernes they also demon-
strated depth-related differences: length was nearly equal
in the surface- and deep-dwelling components of CVs in
June, while, in July and August, size of gonads in surface
specimens exceeded that of the deep ones. At Malsjord,
gonads were very similar in size in late summer
(July—August), but in September the size of the gonads
in surface dwellers was significantly larger than that of
their deep counterparts. All the above evidence suggests
that the early maturation cycle of C. finmarchicus
occurred about a month earlier at Spildernes than at
Malsjord. Although advection might play an important
role (i.e. Falkenhaug et al. 1997), introducing specimens
at different stages of reproductive development and lipid
content into the studied sites in Malangen; such obser-
vations have also been made concerning the deep-water
prawn Pandalus borealis in the same area (E. Nilssen,
personal communication).

Basically, a similar pattern of seasonal changes in
gonad length and lipids was observed in C. hyperboreus.
The main difference in the life cycle strategies of these
two species is the early maturation and spawning of
C. hyperboreus (Heinrich 1962; Conover 1965, 1967,
1988; Hirche and Niehoff 1996). Thus, it is not surpris-
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ing that the oil sacs were already small in February,
when sampling began. In April, a month after feeding
had begun, the lipids in the surface CVs were extremely
high, and afterwards, the well-nourished CVs began
their descent to the overwintering depth. From July to
September, oil sacs in the deep layer did not change, but
then gradually decreased. However, the growth of go-
nads began already in July—August, but was not mir-
rored in a decline of lipid reserves as was observed in C.
finmarchicus. This discrepancy could be explained by the
fact that feeding activity of both CIVs and CVs was still
high in July (Fig. 3). Specimens accumulating higher
lipid reserves were gradually descending, thus adding to
a deep-dwelling population component which had
already begun burning lipids for their gonad growth.

Sex ratio and reproductive cycles

The sex ratio in calanids usually favors females, and the
highest proportion of males often coincides with the
time of fertilization (Marshall 1949; Marshall and Orr
1955). Although the period of abundance of males in our
study was almost the same as in Balsfjorden (Tande and
Hopkins 1981), we obtained even higher values for the
deep layer, up to 200%. The majority of males was
concentrated in the two deep layers (approx.
190-100 m), so the sex ratio would not be as skewed
towards males in the total water column. Immature
young females were found in our samples only in
December and March, and we hypothesize that the main
molting event (from overwintered CVs to females)
occurred in January. In February to April, most of the
females were in the surface layer, they were ripe, and the
first spent females appeared in April. Many C. finmar-
chicus eggs were found in March at the surface. All this
evidence allows us to suggest the major spawning event
occurred in March—April, which is close to that found in
neighboring Balsfjorden (April; Tande and Hopkins
1981). In March, increase in fluorescence had already
begun, and copepods were actively feeding. This is in
accordance with the idea that the final act of spawning in
C. finmarchicus requires fresh dietary input from phy-
toplankton (Marshall and Orr 1955; Tande and Hopkins
1981; Tande 1982; Grigg and Bardwell 1982; Marshall
1973; Runge 1985; Hirche 1990).

Males of C. hyperboreus were abundant in
October—March in the deep layers, which coincides with
the data of Hirche and Nichoff (1996), but never in such
high numbers as C. finmarchicus. Females inhabited the
surface layer in February—April, earlier than in the
Greenland Sea (April-July, Hirche and Niehoff 1996).
An early appearance of males suggests early insemina-
tion and breeding, which our data would indicate as
early as February (or, perhaps, January—February).
Young immature females already appeared in small
numbers in the deep layer in October. The main
spawning season of C. hyperboreus in the present study
is close to that described for the central Greenland Sea,

where breeding started around the beginning of No-
vember and was mostly completed by March/April,
before the spring ascent (Hirche and Niehoff 1996). This
is earlier than found in other studies performed at more
southern and northern latitudes, where various charac-
teristics relevant to reproduction (i.e. appearance of
males, gravid females, actual time of spawning) have
been described by others (Semme 1934; Wiborg 1954;
Brodski and Nikitin 1955; Conover 1965; Grainger
1965; Dawson 1978; Matthews et al. 1978; Rudyakov
1983; Conover and Siferd 1993). Heinrich (1962)
included C. hyperboreus into a group of copepods
breeding independently from the immediate food supply.
Conover (1965, 1967, 1988) pointed out early matura-
tion and spawning of C. hyperboreus, usually in deep
water in winter, without feeding. Our data are in
agreement with this, as a considerable number of ripe
females were found only in deep layers in February, at a
time when feeding had not yet started.

Life cycle tradeoffs

Our results do not contradict the idea that during
summer those C. finmarchicus CVs low in lipids remain
in surface waters longer, before permanently entering
overwintering depths, and that this is the reason why the
more homogeneous lipid-rich copepods with smaller
gonads are concentrated at depth in the summer and
early autumn. An “inner clock’ mechanism could be in
operation, prompting copepods to descend at a favor-
able time. If an animal is aware of its physiological
status through hormone kinetics associated with storage
of surplus energy (see Thorpe 1986), the timing of the
descend would then be related to bioenergetics (i.e. the
first to descend would be the fattest copepod). After they
have accumulated a certain amount of lipids, others
would follow. Those molting late into CIVs need to stay
in the surface layers. In the more favorable environment,
they could develop successfully into a new generation
(Gy) as well. Although we have been able to demonstrate
a pattern showing that the deep-dwelling stock of
copepods in summer possessed higher lipid reserves and
smaller gonads, and was more homogeneous with regard
to these features than the surface stock, the data are not
sufficient to affirm this mechanism.

The main difference in the reproduction cycles of
C. finmarchicus and C. hyperboreus, as detailed in a
number of studies (Heinrich 1962; Conover 1965, 1967,
1988; Hirche and Niehoff 1996), is that C. hyperboreus
spawns early in the season, prior to the phytoplankton
bloom, while C. finmarchicus is more dependent on
external dietary input for reproduction. Another mech-
anism differing between the two species and closely as-
sociated with their two different modes of life is their
foraging and descending behavior in summer. The
overwintering stages of C. hyperboreus have a very short
and intense energy deposition period in May and June,
when most of the lipids are accumulated, but C. finm-



archicus has an energy deposition period commencing
later in the season and lasting for a longer time period
(from May to late August). The summer descent, gonad
development and sexual differentiation also occur earlier
in the season in C. hyperboreus than in C. finmarchicus.

What are the tradeoffs for these two different pat-
terns? There are clearly gains related to body size and
habitat temperatures, similar to what has been described
by Parsons and Lalli (1988) for Pseudocalanus elongatus
and C. finmarchicus at station I in the North Atlantic. If
C. hyperboreus is at a higher predation risk from fish
than C. finmarchicus (e.g. Zaret 1980), then the short
period of active feeding would be a tradeoff between the
necessity of building up energy reserves and seeking a
safe refuge at depth. C. finmarchicus, which has a higher
reproductive output by its putative multivoltine gener-
ation patterns, can, even at high mortality risk, endure a
longer surface-dwelling foraging period.
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