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Abstract Growth and developmental rates were deter-
mined for copepodids of Calanus finmarchicus (Gunne-
rus) from experimental seawater mesocosms in a western
Norwegian fjord. The instantaneous growth rates (g)
from copepodid stage I (CI) to adult ranged from 0.08 to
0.10 d™'. Daily per capita mortality rate of the cohorts
was as low as 0.012 d™' (1.2% d™"). At local increasing
temperatures (5.1 to 8.3 °C), development was equi-
proportional, and the cumulative median development
time from egg to CV was approximately 65 d. CV mo-
ulted to males and females, and egg production was
initiated. Enhancement of food resources by nutrient
addition caused a 23.4% increase in growth rates from
CI to adult. Additionally, copepodid stages showed a
generally larger body size, carbon and nitrogen content
and total storage lipid content (wax esters + triacyl-
glycerols) in response to enhanced resources. Our data
support an elsewhere proposed exponential-growth hy-
pothesis; growth of the structural compartments and
store lipids (mostly wax esters) was exponential during
the copepodid stages. However, a sigmoidal pattern of
growth best described growth of adult stages if reared at
high resources, and depot lipid accumulation in late CVs
and adults at high resources. Body nitrogen growth in-
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creased exponentially, however, no significant changes
in nitrogen specific growth rates were found between
individuals from low and high resources. CV and adults
seem to have reached near-maximal weights at high re-
sources, whereas structural weight continued to increase
at low resources. Despite the differences in structural
growth dynamics, cohort development was similar until
the end of CV. During the onset of sexual differentia-
tion, the male:female ratio and the adult:CV ratio were
highest at high food resources, suggesting that the time
used for the final moult depends on the feeding history
of the copepods in relation to food quality and quantity.
It appears that relatively small changes in food avail-
ability strongly influence the biochemical composition of
C. finmarchicus copepodids.

Introduction

The calanoid copepods occupy a key position in the
food chain in boral North Atlantic and North Sea wa-
ters, dominated by the herbivorous species Calanus

finmarchicus and C. helgolandicus (Marshall and Orr

1955; Conover 1988). The dominant copepod in the
North Sea and in the Norwegian fjord areas is
C. finmarchicus (Williams and Lindley 1980; Tande
1982; Aksnes and Magnesen 1983; Backhaus et al. 1994)
C. finmarchicus populations have an important impact
on higher trophic levels in northern ecosystems in that
eggs and nauplii are the principal food for the first-
feeding larval stages of fish stocks (Marshall and Orr
1955; Runge 1988; Cushing 1990).

In order to understand the life cycle and production
of Calanus spp. in the oceanic food web, a description of
the quantitative relationship between phytoplankton
and copepod production is of importance. In general,
the growth rates of zooplankton are likely to be limited
by the availability of food in open ocean environments,
but not in coastal regions (Huntley and Boyd 1984).
Food availability may fall below the critical concentra-
tion induced by marked seasonality of phytoplankton
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community composition or senescent blooms reflecting
diets of different size and nutritional quality (Sargent
and Falk-Petersen 1988). Calanus spp. have developed
the capability to accumulate extensive lipid stores in the
form of wax esters (WE) and triacylglycerols (TAG) as a
consequence of the strongly seasonal food availability in
their habitat (e.g. Lee et al. 1970; Kattner and Krause
1987; Sargent and Falk-Petersen 1988; Miller et al. 1998;
Hygum et al. 2000b). The amount of lipid deposited
seems to be linearly related to the available food con-
centration (e.g. Lee et al. 1970, 1971b) and quality of
food (Hakanson 1984). The lipid stores have several
important metabolic functions in Calanus spp., e.g. fu-
eling their metabolism during food-limitation in the
growth season and especially during winter when the
copepods are diapausing at great depth (reviewed by
Hirche 1996b). Further, the depot lipids have a central
role during the energy-demanding processes of go-
nadogenesis and oogenesis (reviewed by Hirche 1996a).

The functional relationship between growth of Cal-
anus spp. and the supply of food has been investigated
by laboratory studies (e.g. Paffenhéfer 1971; Vidal 1980;
Thompson 1982; Peterson 1986; Pedersen and Tande
1992). It is relatively easy to measure the response by
copepods to different conditions of food in the labora-
tory, but the relevance of these observations for de-
scribing conditions at sea is doubtful (Hakanson 1987).
The quality of food and the feeding history of the co-
pepod are important for the nutritional status of the
copepods (Huntley 1988; Harris 1996), however, in na-
ture, food is often patchily distributed, which makes it
difficult to describe both in quantitative and qualitative
terms. A complete understanding of the reasons under-
lying changes in biochemical composition of Calanus
spp. requires knowledge about the time of recruitment of
a particular developmental stage and how long it persists
in the population (Hopkins et al. 1984). This requires
frequent sampling of a particular population with a long
generation time which is almost impossible to accom-
plish in the ocean. However, Hygum et al. (2000b)
demonstrated that aspects of the development and the
nutritional status of nauplii and copepodid stages of
C. finmarchicus could be followed in mesocosms at ex-
cess food concentrations.

It has been suggested that when the development rate
is at a maximum in Calanus finmarchicus, the “struc-
tural” growth rate is exponential (McLaren 1986). We
here address this hypothesis by comparing and con-
trasting patterns of “‘structural” growth with the pro-
duction of lipid for storage by C. finmarchicus
copepodids reared in mesocosms at different natural
plankton concentrations in a Norwegian fjord. Two
separate papers describe the growth and development
rate of nauplii (Hygum et al. 2000a), and the fecundity
of the females reared in mesocosms (Rey et al. 1999). In
the present study we examine how different levels of
food availability influence the cohorts in relation to: (i)
mortality rate, (ii) growth, development and sex ratios
and (iii) biochemical changes in terms of carbon, nitro-

gen, and storage lipid (WE and TAG) deposited within
each stage.

Materials and methods

Mesocosm set-up

Large scale incubations were conducted with artificial cohorts of
Calanus finmarchicus at the Marine Biological Field Station, Es-
pegrend, University of Bergen, Norway, 11 March to 12 May 1997.
The experiment included four mesocosms made of polyethylene
(90% penetration for PAR), with an enclosed volume of approxi-
mately 18 m® (diameter: 2 m, depth: 7 m). Further details of the
design of the mesocosm experiments have been presented in Hygum
et al. (2000b). The mesocosm water was screened while being filled
using 50 um Nitex, to remove potential predators and mesozoo-
plankton competitors of the cultured cohorts. The mesocosms were
manipulated by addition of inorganic nutrients simulating near-
natural food concentrations for the fjord (termed L1, L2 for low
resources) and enhanced food concentrations (termed H1, H2 for
high resources). Growth dynamics of the copepods in terms of
stage specific body carbon, nitrogen and lipid storage, and infor-
mation on the diet (phytoplankton and microplankton) will be
presented with a focus on mesocosms L1 and H1. To compare the
biochemical composition of the copepods from the replicate mes-
cosms, L2 and H2 and in situ, Copepodid Stage V (CV) males and
females were measured at the end of the experimental period.

Female collection and egg production

Calanus  finmarchicus females were collected in Raunefjord
(60°17'N; 05°10’E) using a pelagic fish larval trawl, 4 m? opening
and 600 um mesh size, fitted with a non-filtering 40-litre plastic cod
end. Hauls covered the depth strata from 0 to 100 m. The net was
retrieved at low speed, and the contents of the cod end were gently
emptied into a darkened container with 30 litre seawater. The co-
pepods were transported to the laboratory within 2 to 3 h of
collection and brought to a walk-in cold room at 4 to 5 °C. Large-
scale egg production for the build-up of the artificial C. finmar-
chicus cohorts was conducted in the cold room with females kept in
100-litre cylinders with 400 pm mesh false bottoms suspended in
120-litre containers. The females were fed cultures of Rhodomonas
baltica in excess concentrations. Every 24 h the produced eggs were
decanted from the 120-litre containers. The eggs were then sus-
pended in 10-litre glass cylinders containing filtered, aerated sea-
water. Numbers of nauplii were recorded every 24 h allowing an
estimate of total numbers. Approximately 80000 nauplii, 1 to 2 d
old, were added to mesocosms L1 and L2 on 10 March, and H1
and H2 on 12 March.

Abiotic and biotic analyses

Temperature (°C) was measured continuously with a temperature
data-logger, and salinity and oxygen were measured at regular time
intervals with a Sea Cat Profiler (Sea Bird Instruments). Water
sampling was conducted with a 3-litre heart-valve water-sampler
every second day, representing the depth strata 0, 1, 2, 3,4 and 5 m.
Samples were pooled in a container, and subsamples were taken for
chemical and biological analysis.

The concentrations of particulate organic carbon and nitrogen
(POC, PON) were measured on precombusted GF/C (47 mm) fil-
ters and analysed with an EA 1110 CE Instruments CHNS ana-
lyser. Samples for chlorophyll @ and phacopigment were extracted
with methanol and measured fluorometrically using a Turner flu-
orometer (methods of Holm-Hansen et al. 1965). On the first three
sampling days in March, total plant pigment was spectrophoto-
metrically determined in ethanol extract according to Jespersen and



Christoffersen (1987). The total plant pigment in that period was
converted to chlorophyll a assuming that 30% of the pigments were
phaeopigments. The C:chlorophyll @ ratio was calculated following
Banse (1977) from the slope of the POC versus chlorophyll « re-
gressions.

Microscopic enumeration of samples was done by the Uter-
mohl (1931) technique, and samples were preserved in 2% acid
Lugol fixative. Samples were counted at 400x (small Phaeocystis-
like cells of approximately 5 pum) and 200x (diatoms, dionofla-
gellates and ciliates). Cells smaller than ~2 um were not resolved
at these magnifications. Cells were identified to genus or whatever
possible to functional groups from the categories: diatoms, dino-
flagellates and ciliates. However, the group of Phaeocystis-like cells
could be a mixture of various small autototropic or heterotrophic
cells or detritus, but spherical colonies of Phaeocystis sp. were very
abundant during the post-bloom period, and the colonies were
easily identified in the unpreserved net haul samples for zoo-
plankton collection. Cell volume was calculated using simple
geometrical formulas, and carbon was calculated by multiplying
cell volume by a conversion factor of 0.13 pg C um > for thecate
dinoflagellates (Smetacek 1975) and 0.11 pg C pm™ for diatoms
(Strathmann 1967), athecate dinoflagellates, ciliates (Smetacek
1975) and Phaeocystis-like cells. Cell volume of diatoms was es-
timated using a constant thickness of 1 pum of the plasma, and
90% of the vacuole volume was subtracted from the plasma
volume.

Copepods were collected every second or third day by towing a
25 cm diam., 200 pm mesh net vertically from 5 m depth up the
centre of the mesocosm by hand. The contents of the codend were
preserved in 5% buffered formalin. The copepods were enumerated,
determined to developmental stage, and 40 individuals were mea-
sured (prosome length) from each stage using a dissecting micro-
scope with eyepiece micrometer.

Potential sibling species of Calanus finmarchicus (Gunnerus),
i.e. C. helgolandicus (Claus) and C. glacialis (Jaschnov), were de-
termined from the formalin-preserved samples. A spot-test of 20
randomly selected, egg-producing females and 20 females origi-
nating from the cohort were classified to species. The females were
dehydrated in 96% ethanol before the fifth swimming leg (P5) was
removed from the specimens and gently flattened under a cover slip
containing Euparal. Taxonomic characters of P5 were studied at
200x magnification on a Leica inverted microscope following the
procedure described by Frost (1974) and Fleminger and Hulse-
mann (1977). Digitized images of the P5s were captured with a
Photometrics SenSys 1400 CCD camera system. The image analysis
system allowed a precise detection of length and curvature of the
basipod and comparison of specimens. Additionally, five to ten
individuals from each stage of CV, males and females representing
all mesocosms, and five to ten females that produced eggs for the
cohort were identified to species by PCR methods (Bucklin un-
published results).

Individual copepods for carbon and nitrogen analysis were
grasped from freshly collected materials with fine-pointed forceps,
rinsed in 0.2 um filtered seawater, and then placed on precombu-
sted aluminium boats, dried at 60 °C overnight and stored at
—18 °C for later measurement. Individual carbon and nitrogen
content were determined from late stages of CIV to adults, and
measurements of CIII and early CIV were made on 15 to 30 indi-
viduals with an EA 1110 CE Instruments CHNS analyser. Indi-
vidual carbon content of CI to early CIV was determined with an
IRGA infrared gas analyser ADC 225 MK3. Measurements on
stages CI and CII represented two or three individuals, from which
a mean carbon value for the group was calculated.

Lipid analysis of individual copepods followed the method
described above, but individuals were placed in glass vials con-
taining chloroform:methanol (2:1 v/v), purged with N, gas and
stored in liquid N,. Hexadecane-3-one (ketone) was used as the
internal standard, and lipids were analysed by thin layer chroma-
tography/flame ionization detection (TLC-FID) using an Iatro-
scan™ MK-5. Extraction and analysis were performed following
standard procedures (Jonasdottir 1999). A standard of native wax
esters extracted from Calanus finmarcicus stage CV was used for
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calibration of the TLC-FID. Other standards for calibration were
tristearine (triacylglycerol), palmitine acid (free fatty acid), cho-
lesterol (sterol) and methyl manganate (phospholipid). Measure-
ments on stages CIII and CIV represented 10 to 30 individuals, and
CV and adults represented 3 to 6 individuals, from which a mean
lipid value for the group was calculated.

Wax esters and triacylglycerols dominated the storage lipid of
Calanus finmarchicus. WE was quantitatively the most important
storage lipid, and the dominant fatty acids in WE were 16:0,
16:1(n - 7) or 18:4(n - 3), 20:5(n - 3) and 22:6(n - 3) polyunsatu-
rated moieties (Hygum et al. in preparation). Thus when storage
lipid was converted to carbon units, a lipid weight per C conversion
of 0.8 was used.

Calculations and statistical analysis

Stage duration was estimated on cumulative frequencies of indi-
viduals sampled every second or third day using the method of
median development time (MDT) of untransformed data. The
method is described by Landry (1983) and Peterson and Painting
(1990); briefly, the MDT is defined as the time at which 50% of the
population has moulted to a specific stage. The initial time 7(0) was
defined as the mean time of egg collection: #, = ZN X t;/(EN;)n,
where N; is the egg number released on Day i, #; is the time of Day i
and n is the total number of days during which eggs were collected.

The sex ratio of the cohort was determined from the onset of
the final moult. The ratio between males and females and the ratio
between adults and CVs were estimated.

Structural body carbon of the copepods were estimated ac-
cording to g = w — s, where g is structural body C of the copepod,
w is the total body C and s is the weight of the storage lipid con-
verted to C. Growth rate was estimated from the observed carbon
and nitrogen content, which was assumed to increase exponentially
over time according to W, = Wye®’, where W, is the weight (ug C
or pug N) at time ¢, W is the weight at time 0, g is the instantaneous
growth rate (d™') and 1 is the elapsed time (e.g. Huntley and Lopez
1992). The slopes, g, of the linear regressions of In W, on ¢ were
used to test for differences between L1 and H2, using a Student’s
t-test. Differences between means of copepodid prosome length
from L1 and H1 were analysed using a z-test.

Daily per capita mortality rates (m) for the cohorts in L1 and
H1 were estimated by the relationship (see Aksnes et al. 1997):
m = In[n(t,)] — In[n(z,)]/t> — t;, where n(z) is the total abundance
(Z all stages — individuals removed due to sampling) of the cohort
at time 7. The abundance of individuals was estimated from sixty 3-
litre heart-valve water bottle catches, representing ten samples at
each depth from 0, 1, 2, 3, 4 to 5 m of the mesocosm. This sampling
technique is a better measure of the abundance of individuals in the
mesocosm compared with net hauls or video techniques (unpub-
lished data). This sampling program was carried out at seven dif-
ferent dates for each mesocosm, and a mean abundance of
individuals was estimated for each specific date. In addition, the
initial and final number of copepods was known. Lines were fitted
to abundance of individuals versus time by simple exponential re-
gression. As the population was closed, the slopes of the regression
lines were interpreted as per capita mortality rates, and all de-
creases in population size were attributed to mortality. Percent
daily mortality of the population was estimated by the equation:
Percent daily mortality = [1 — ¢™"”"] x 100, where m is the daily per
capita rate of mortality.

Results
Total plant pigment in mesocosms and in situ

The temperature rose from 5.1 °C in March to 8.3 °C by
the end of the sampling period in May (Fig. la). An
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Fig. 1 a Time course of temperature, b total plant pigments and ¢
POC and PON in mesocosms and in situ from 27 March to 9 May
1997 (Symbols in b: A, ¥, mesocosms L1, L2, continuous line mean
values; <, ®, mesocosms H1, H2, dashed line mean values;ﬁne dotted
line in situ; symbols in c: as in b, the curves below 250 pg 17 represent
PON values)

algal bloom occurred in the mesocosms and in situ by 23
March, peaked on 29 March, and the declining bloom
could be followed until mid-April (Fig. 1b). During the
bloom the plant pigment concentration varied signifi-
cantly between mesocosms, with mean pigment values of
184 ug1™'in L1 and L2 and 35.4 pg "' in H1 and H2
on 27 March. The pigment concentrations in situ where
almost identical with L1 and L2 until 8 April; thereafter,

Table 1 Mean values of total chlorophyll ¢ and size-fractionated
chlorophyll ¢ < 10 um (in parentheses) concentrations 17' in
mesocosms with low and high food resources during growth of the
copepodid stages and adults of Calanus finmarchicus. Minimum

the concentrations in situ exceeded L1 and L2 until 2
May (Fig. 1b). In H1 and H2 the pigment concentra-
tions were higher than in situ, except in mid-April when
concentrations were 1 to 2 pg 1™ lower. Mean values of
chlorophyll ¢ in L1 and H1 during the growth of the
different copepodid stages are shown in Table 1. Sig-
nificant changes were found between treatments during
the growth of CIII to adult. The percentage of chloro-
phyll @ < 10 pm increased from 5 to 10% during the
bloom up to 80% at the end of April and was highest in
L1 until 2 May, after which it was equal to H1 (Fig. 2a,
b). The percentage of phaeopigments of chlorophyll a
increased in both treatments from around 40% during
the bloom up to 80-100% at the end of the sampling
period (Fig. 2a, b).

POC and PON

POC concentrations in L1 and L2 decreased from a peak
concentration of 1070 pug 1! to 370-650 pg 17!, and
PON from 118 pg I™' to 42-73 pg I”' during April and
May (Fig. 1¢). Fluctuations of the POC concentrations
were seen in H1 and H2, with an initial concentration of
2100 pug 17! decreasing to 870 pg 17!, and PON from
221 pg 17" to 69-121 pg 1" during April and May
(Fig. 1c¢). The C:N ratios ranged from 5.6 to 10.9, with
increasing C:N ratios during the declining bloom. The
C:N ratio decreased by the end of April with a mean
value of 7.8 and did not show any trend in relation to the
different resources of the mesocosms. The C:chlorophyll
a ratios ranged from 45 to 56 during the bloom and
increased to a range of 250 to 400 throughout the post-
bloom period. The N:chlorophyll a ranged from 5 to 9
during the bloom to 40-50 by the end of April. POC was
related to chlorophyll ¢ in LI by POC = 417 +
35 + 34 + 8 chlorophyll a (* = 0.58, p < 0.01) and
in H1 by POC=551 + 41 + 50 = 4 chlorophyll «
(* = 0.92, p<0.001). Both equations are shown =+
standard error. The intercept of both equations indicates
a high proportion of carbon unrelated to phyto-
plankton.

and maximum values of total chlorophyll @ and standard deviation
are shown. Mann—Whitney U-test was used to determine significant
differences between the medians of the two food resources (ns not
significant)

Copepodid ~ Chlorophyll a (pg 17") Significance
stage

Low resources (L1) High resources (H1)

Mean Min. Max. SD Mean Min. Max. SD
I-11 10.49 (9.22) 9.63 11.36 0.86 25.25 (23.7) 7.42 41.00 16.88 ns
II-111 5.72 (5.28) 3.25 9.63 3.42 6.67 (6.21) 5.58 7.42 0.96 ns
I-1v 1.99 (1.63) 0.94 2.70 0.82 4.45 (4.07) 3.52 5.58 0.89 p < 0.05
Iv-v 0.62 (0.31) 0.38 0.94 0.29 2.68 (2.17) 2.16 3.52 0.73 p < 0.05
V-VI 0.88 (0.35) 0.53 1.21 0.22 1.59 (0.86) 0.65 2.97 0.74 p < 0.05
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Fig. 2 Time course of chlorophyll a (W), phaeopigments (A) and
fractionated (<10 pum) chlorophyll ¢ (@) in mesocosms L1 and H1
from 27 March to 9 May 1997 (a, b). Biomass of diatoms and
Phaeocystis-like cells in mesocosms L1 and H1 (¢, d). Biomass of
ciliate and dinoflagellate biomass in mesocosms L1 and HI (e, f)

Phytoplankton and microplankton

Diatoms were dominant during the bloom, represented
by Thalassionema sp. (L1 = 23 cells ml™'; H1 = 784
cells mlI™") and Thalassiosira sp. (L1 = 1544 cells ml™";
H1 = 2896 cells ml™"). From 12 April, the bloom de-
creased to a mean diatom cell abundance of 4 cells ml™'
in L1 and 153 cells ml™" in H1. After the bloom, Phae-

8 12
March, April, May 1997

16 20 24 28 2 6

ocystis sp. became dominant. The estimated biomass in
terms of carbon in the group of diatoms, Phaeocystis sp.,
dinoflagellates and ciliates is presented in Fig. 2c, d.
Dinoflagellates peaked on 2 April in L1 and were
dominated by the genera Protoperidinium, Prorocen-
trum, Gyrodinium and Gymnodinium, with a mean
abundance of 20 cells ml™". On 12 April the mean
abundance decreased to 13.3 cells ml™" and by the end of
April to 0.6 cells mI™". In H1, the genera Gyrodinium and
Gymnodinium were most abundant and the mean con-
centration of dinoflagellates was 12 cells ml™" on 2 April
and 13 cells mI™' on 12 April. At the end of April the
concentrations decreased to 2 cells mlI™'. Only minor
differences in dinoflagellate biomass were found between
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L1 and HI1 (Fig. 2e, f). Ciliates were only abundant
during the bloom period and were dominated by
Strombidium and Lohmaniella oviformis in both treat-
ments and the obligate autotroph Myrionecta cf. rubrum
in H1. The ciliate biomass declined from 1.1 pg C 1!
(1.3 to 0.9 cells ml™") during the diatom bloom in L1 to
<0.1 pg CI17' throughout the experimental period
(Fig. 2e, f). Ciliates were most abundant in H1, peaked
with a mean biomass of 4.7 pg C 17! (1.4 to 3.4 cells
ml™") during the bloom and decreased to 0.3 pg C ™!
(1.1 cells mI™") in mid-April and to <0.1 pg C 17! by the
end of April.

Species distribution, development, sex ratio
and mortality

Calanus finmarchicus was the numerically dominant
Calanus species among females collected in Raunefjord
(Table 2). These females produced eggs for the build-up
of the cohorts, thus C. finmarchicus was also numerically
dominant in the mesocosms (Table 2). However, the
sibling species C. helgolandicus and C. glacialis were
represented, although in low numbers, and the former
were only identified among the females collected in
Raunefjord. Development was equiproportional, and
enhancement of food resources did not affect the de-
velopment rate (Table 3). Instar duration increased
throughout the developmental stages (Fig. 3; Table 3).
The estimated duration of CV was an underestimate
because the experiments were terminated before > 50%
of the cohort developed to their final moult. The sex
ratio between males and females showed that, when
exposed to high resources (H1, H2), males dominated
the adult stages (Table 4). During low resources (L1, L2)
a more equal sex ratio was seen. The ratio of adults:CVs
changed from <0.01 to 0.3-0.5 during 15 d in L1 and
L2 (Table 4). In H1 the ratio changed from 0.03 to 0.35

Table 2 Calanus spp. ldentification of sibling species developed
during the growth of the cohorts in the mesocosms (LI, L2; HI,
H?2), identified by polymerase chain reaction (PCR) and by the fifth
swimming leg (P5) characters. Females collected in Raunefjord (R),

during 12 d and, in H2, adults dominated at the end of
the experimental period. The daily per capita mortality
rates of the cohorts from L1 and H1 (Fig. 4) were based
on abundance distributions from 3-litre heart-valve
water bottle catches. Almost equal mortality rates were
found between treatments, and the slopes of the expo-
nential regressions showed a daily per capita mortality
rate of 0.012 (N, = 5.717 ¢ %1% ;2 = 0.61) for indi-
viduals in L1 and 0.011 (N, = 5.0945 ¢ 001137
r* = 0.80) in H1. The percent daily mortality of the
cohorts in L1 and H1 was estimated to be 1.2 and 1.1%,
respectively.

Growth and lipid deposition

Food quantity (as pg chlorophyll 17!, Table 1) was a
major determinant of nutritional status of the cope-
podids. The slope of pooled power regressions for the
relationship between body weight in carbon and length
relationships of Calanus finmarchicus copepodids chan-
ged by a factor of 1.22 between individuals grown at L1
and H1 (Fig. 5). Significant changes between treatments
were also found for mean prosome length (um) for all
copepodid and adult stages (Table 5). The effect of food
resources on individual growth of early copepodid stages
was not clearly distinguished due to a natural nutrient
pool in the enclosed water column resulting in a rela-
tively high phytoplankton bloom in all mesocosms
(Table 1). Carbon growth from CI to adult was greater
than nitrogen growth (CIII to adult), and slopes of the
carbon-specific growth rates were significantly different
(p < 0.01) between L1 and H1 (Table 6; Fig. 6). No
significant differences were recorded between nitrogen-
specific growth rates from CIII to adult (Table 6).
Growth of the oldest instars within Stage IV was nega-
tive in both treatments, which biased the exponential
growth estimate for that particular development stage

which produced eggs for the build-up of the artificial C. fin-
marchiucs cohorts, were also analysed (+, only Calanus finmarch-
icus identified in a spot-test; —, species not detected in a spot-test;
+, sibling species identified in a spot-test)

Stage Date (d.mo.yr) Method Site C. finmarchicus C. helgolandicus C. glacialis n
CV 12.5.97 PCR L1 + - - 5-10
12.5.97 PCR L2 + - - 5-10
11.5.97 PCR H1 + - - 5-10
11.5.97 PCR H2 + - - 5-10
Males 12.5.97 PCR L1 + 1 - 5-10
12.5.97 PCR L2 + - 1 5-10
11.5.97 PCR H1 + - - 5-10
11.5.97 PCR H2 + - 5-10
Females 06.3.97 PCR R + 2 5-10
06.3.97 P5 R 16 3 1 20
12.5.97 PCR L1 + - - 5-10
12.5.97 PCR L2 + - - 5-10
11.5.97 PCR H1 + - - 5-10
11.5.97 PCR H2 + - - 5-10
12.5.97 P5 L1 18 - 2 20




Table 3 Calanus finmarchicus. Median development time (M DT) of
copepodid stages in days and time of first appearance of the adult
stages in cases where >5% of the cohort consisted of the adult
stage. Cumulative MDT of the developmental stages and propor-
tion of development time spent in each developmental stage until

1063

end of CV in mesocosm rearing of C. finmarchicus at low and high
food resources at in situ temperature (5.1 to 8.3 °C). Time zero was
considered the time at which 50% of the eggs had hatched; pro-
portion was calculated as (cumulative MDT)/(total developmental
time from eggs to end of CV)

Copepodid Stage Adults
I 11 111 v \Y% Male Female
Low resources (L1)
MDT (d) 4.6 4.9 5.2 9.6 >23 - -
Time of first appearance (> 5%) 63.4 60.4
Cumulative MDT (d) 23.6 28.5 33.7 434 66.4 - -
Proportion on development time 0.35 0.42 0.51 0.65 1
High resources (H1)
MDT (d) 3.7 4.9 5.3 8.3 >23 - -
Time of first appearance (> 5%) 554 64.4
Cumulative MDT (d) 22.9 27.8 33.1 41.4 64.4 - -
Proportion of development time 0.36 0.43 0.51 0.64 1

(Fig. 6). Estimating the specific growth rate without the
latest CIVs showed an effect of food resources; relatively
low growth of 2.5% body C d™! and 2.2% body N d™!
was obtained in L1 and 9.3% body C d™' and 1.5%
body N d™' in H1. The low content of body carbon and
nitrogen of the late instars of CIV corresponded with the
relatively small body length of individuals (prosome
length between 1750 and 1900 um in H1 and 1850 and
2000 um in L1); this indicates that the lower tail of the
Gaussian distribution of recruits is slower to moult or
may never succeed. There was no significant difference
among slopes in carbon and nitrogen within stage V
from different resources (Table 6), but significant
(ANOVA, p<0.0001) changes of biomass (C and N)
during the instar development time were found. The
biochemical composition of the copepods at the end of
the experimental period and in situ is shown in Table 7.
In general, no significant changes in mean body carbon
and nitrogen were found between L1 and L2, except for
body carbon in CVs (Table 7), indicating that growth
was almost identical between mesocosm L1 and L2.
Higher variability of the copepods was seen in H1 and
H2; significant changes in mean carbon and nitrogen
were found in females, and in nitrogen in males and in
carbon in CVs (Table 7). The nutritional status of the
in situ males, females and CV on 29 April (Table 7) were
similar to individuals from L1 and L2, but different from
H1 and H2, indicating that growth of Calanus finmar-
chicus in Raunefjord was not maximal.

The deposition of total storage lipids, WE and TAG,
was different between animals reared at L1 or HI
(Fig. 7). In both treatments, WE accumulated from
CIII to CV, but, in L1, adults continued accumulation
of WE. In H1, depletion of WE occurred in males and
females (Fig. 7). The TAG content of individuals from
L1 was almost constant from CIII to CV, almost absent
in males, and depleted in females. However, accumu-
lation of TAG was found from CIII to CV in individ-
uals from HI1 and depleted in males and females
(Fig. 7). The WE fraction constituted 82 to 99% of the

total storage lipid (WE + TAG) in CIII to adults, and
the lowest proportions were seen in CIII. The storage
lipid proportion in carbon equivalents constituted on
average 21% of total body carbon and ranged from 13
up to 30% in CIII to CV and adults. Highest per-
centage values were seen in late stages of CIII and CIV
in L1. Relatively low variability of the proportion of
total store as percentage of body carbon (18 to 26%)
was seen in instars from H1. This indicates that struc-
tural and store weights increased by a constant pro-
portion in the rich food environment. The C:N ratio
increased from approximately 4 in CIII, to 10-12 in late
CIVs, indicating lipid deposition. Decreasing or almost
constant C:N ratios were seen in late CVs and adults
(12 to 10), indicating catabolism of their major organic
reserves during gonad growth and maturation. The ef-
fects of food resources on the increase in total body
carbon weight and structural weight (total carbon —
WE) and lipid content (WE) of the copepods are shown
in Fig. 8.

Discussion

The taxonomic separation of Calanus sibling species
showed that C. finmarchicus dominated both the stand-
ing stock of females in Raunefjord in early March 1997
and the cohorts in the mesocosms. Both morphological
characteristics (P5) and PCR species analysis identified
C. helgolandicus and C. glacialis among the females
originating from Raunefjord, but the former species was
not observed among CVs or adults in the mesocosms
(Table 2). Different behavioural patterns among
C. finmarchicus and C. helgolandicus have been reported
from the shelf seas around the United Kingdom (Wil-
liams and Conway 1980), the eastern North Atlantic
(Planque and Fromentin 1996) and in a Swedish fjord
(Hirche 1984). Interspecific competition was minimised
where the species have sympatric distributions, leading
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to different feeding regimes and strategies in the water
column (Williams and Conway 1980). Our results indi-
cate that competition between the two species favours
the development of C. finmarchicus in the mesocosms.
C. glacialis developed to adult stages in the mesocosms
but with low abundance (Table 2). Calanus glacialis are
normally somewhat larger in body size than C. finmar-
chicus in the northern part of Norway (Unstad and
Tande 1991). However, there was no indication of bi-
modality of the prosome length of stage CV, males or
females. Diagnostic taxonomic characters of P5 for
species identification of the genus Calanus have been
reported (e.g. Frost 1974; Fleminger and Hulsemann

April, May 1997

1977). We offer our digital images as evidence of the
validity of this method in the present study (Fig. 9).
The present study covers the range of oligotrophic to
mesotrophic conditions with regard to food quantity
during the growth of CII to adult, a food concentration
typically represented in the Norwegian fjord areas and in
the North Sea (Carlotti and Radach 1996). Therefore,
the copepods generally exhibited good nutritional con-
dition, also reflected by low mortality, despite rearing at
different food quantities and, to some extent, also food
qualities (Fig. 2). Development was equiproportional,
and total development time from hatching to the end of
CV was almost equal at low and high resources



Table 4 Sex ratio of males and females and the ratio between
adults and CVs at the end of the experimental period in mesocosms
with low (L1, L2) and high (H1, H2) food resources

Mesocosm Date (d.mo) Male:Female Adult:CV
ratio ratio
L1 27.4 - 0.002
30.4 1 0.004
03.5 0.2 0.03
06.5 0.5 0.11
09.5 0.4 0.28
12.5 0.8 0.53
L2 27.4 — 0.002
30.4 1.2 0.02
03.5 1.5 0.07
06.5 14 0.16
09.5 0.7 0.27
12.5 1.1 0.31
H1 30.4 4 0.03
03.5 3.6 0.09
06.5 6 0.25
09.5 9.9 0.29
12.5 3.6 0.35
H2 30.4 0.6 0.24
03.5 1.8 0.64
06.5 1.3 1.31
09.5 14 0.74
12.5 1.8 1.58

Low Resources (L1)
6 4
T
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'
£4]
=
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Fig. 4 Calanus finmarchicus. Time-dependent mortality rates of the
cohort reared in mesocosms L1 and HI. Initial and final numbers of
copepods in each mesocosm were estimated by counting. Curves are
least-squares fits to the data, and the per capita mortality rate (1)
is given by the slope of the regression: L1: m = 0.012 d™' (1.2% d™")
and Hl: m = 0011 d™! (1.1% d7Y)

(Table 3). The estimates of total development time are
longer than reported by Thompson (1982). She reared
Calanus sp. (probably C. helgolandicus and C. finmar-
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Fig. 5 Calanus finmarchicus. Length-weight relationships for copepo-
did stages reared in mesocosms L1 (upper panel, A) and H1 (lower
panel, &)

chicus) in the laboratory at 7.5 °C and found a total
development time to adult of 56.6 d. In the present study
the temperature increased from 4.8 to 8.3 °C. The longer
development time in our study can be explained by lower
temperatures (reviewed by Carlotti et al. 1993). In the
Gulf of Maine, Durbin et al. (1995) obtained estimated
stage durations of 4.0 d for CIII and 6.6 d for CIV, at
6 °C. Our estimates were 5.2 to 5.3 d for CIII and 9.6 to
8.3 d for CIV in L1 and HI, respectively. These dura-
tions were slightly longer than reported by Durbin et al.
(1995), but their data may have been biased by the
confounding effect of spatial differences in the age of the
cohort with the temporal pattern of sampling. Our es-
timates compare well with mesocosm rates reported by
Hygum et al. (2000b) (5.1 d for CIII and 7.5 d for CIV)
at excess food and in a similar temperature range, in-
dicating that development rates in the present study were
close to maximal.

Enhancement of food resources seems to have limited
effect on the moult cycle in this study (Table 3). This
indicates that tissue growth and related increases in body
size resulting in a moult may proceed periodically in-
dependent of food concentration if the copepod has al-
ternative energy sources such as TAG and WE deposited
in the depot store. This energy store is dependent on the



1066

Table 5 Calanus finmarchicus. Mean prosome length (um) + 95%
confidence intervals for Copepodid Stages I to V and adults reared
in mesocosms with low and high food resources. Z-test results for

comparing the means of L1 and HI are shown (*p = 0.05;
**p = 0.01)

Copepodid Stage Adults
1 I 111 v \Y% Male Female
Low resources (L1)
Prosome length 770 £ 9.0 1123 £ 9.6 1538 £ 159 1983 £ 26.9 2429 + 28.9 2574 + 20.8 2779 + 26.8
High resources (H1)
Prosome length 791 £ 10.2 1145 £ 10.0 1563 + 18.7 2064 + 23.1 2636 £ 264 2773 £ 253 2915 + 27.2
Z-test ok Hok * ok B ok ok

Table 6 Parameters of least-squares linear regressions of the re-
lationship between growth [In(specific carbon or nitrogen weight)]
and time in experiments with Calanus finmarchicus reared in me-
socosms with low and high food resources. Significance levels of

regressions are shown. Slopes (instantaneous growth rate, g) which
differ significantly between treatments are shown in the * column
(only significant regressions are included) (ns not significant;
*p < 0.05; ¥*p < 0.001; ***p < 0.0001)

Copepodid Growth Intercept (In) Slope + SE n "
Stages parameter ng (d‘l)
Low resources (L1)
C 1.02 0.144 + 0.019™" 19 0.77
I C 1.33 0.138 + 0.017°*" 24 0.76
I C 2.67 0.043 + 0.027" 37 0.07
N -0.56 0.197 + 0.133" 4 0.52
v C 3.94 0.007 + 0.007" 47 0.02
N 2.41 -0.022 + 0.014™ 25 0.09
\% C 3.44 0.042 + 0.003"" 80 0.67"
N 1.08 0.047 + 0.004 80 0.66"
Male C 4.03 0.022 + 0.010" 21 0.20
N 0.95 0.046 + 0.009"" 21 0.58
Female C 3.03 0.044 + 0.012" 28 0.33
N 0.74 0.052 + 0.013"" 28 036
CI to adult C 2.06 0.077 + 0.002 256 0.82
CIII to adult N 0.90 0.049 + 0.003"*" 158 0.64
High resources (H1)
I C 1.13 0.052 + 0.028" 19 0.17
I C 0.45 0.209 + 0.171" 16 0.10
I C 1.20 0.176 + 0.017°*" 37 0.76
N 0.40 0.096 + 0.028" 4 0.78
v C 4.28 0.007 + 0.019" 36 0.00
N 4.57 -0.109 + 0.033" 21 0.37
A C 4.28 0.035 + 0.003"" 85 0.62"
N 1.69 0.041 + 0.004 85 0.60"
Male C 5.41 —0.0002 =+ 0.008" 29 0.00
N 3.06 0.028 + 0.007" 29 0.01
Female C 5.66 —0.007 + 0.014™ 16 0.02
N 1.91 0.029 + 0.019" 16 0.14
CI to adult C 1.97 0.095 + 0.003"*" 238 0.817
CIII to adult N 1.37 0.046 + 0.004™" 155 0.53"

feeding history of the copepod, in that earlier stages
must have been grown at a food level that exceeds the
minimum maintenance food concentration (Huntley and
Boyd 1984); otherwise one could expect arrested growth
and moulting. Studies on the importance of lipid ca-
tabolism fueling the moulting process during food-lim-
ited periods in the spring season are scarce. Depleted
concentration of TAG was seen in newly moulted CVs
from L1, indicating losses in stored energy during the
moulting processes. This is consistent with a study of
Calanus helgolandicus in which CVs utilised WE reserves
during moulting and especially during female gonado-

genesis (Gatten et al. 1980). During the onset of sexual
differentiation, males first appeared in the mesocosms
with high food resources (Fig. 3), and a more equal sex
ratio was seen in the low resource mesocosms at the end
of the experimental period (Table 4). The highest adult:
CV ratio was seen in H2, and these animals were also the
fattest (Table 7), suggesting that the time used for the
final moult depends on the feeding history of the cope-
pods in relation to food quality and quantity. The esti-
mated sex ratios demonstrate that culturing C.

finmarchicus in the present set-up does not affect the

final moult. This is in contrast to other culture experi-
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Table 7 Calanus finmarchicus. Mean body carbon (C), nitrogen
(N), wax ester (WE) and triacylglycerol (TAG) content + standard
deviation (SD) of copepodid stage V and adults determined on 10
and 11 May from the mesocosms L1 and L2 and HI and H2 re-
presenting low and high food resources, respectively. Also in situ
individuals from the Raunefjord determined on 29 April are shown.

n represents numbers of samples analysed. Significant differences
(t-test) of mean body C and N within the replicate mesocosms L1
and L2 and H1 and H2 are shown. In case of different variances of
the two samples (indicated by #), a Mann—Whitney U-test was used
(ns not significant; *p < 0.05; **p < 0.01)

Food Stage Carbon Nitrogen n WE (ugind™") TAG (ugind™") » t-test
resources (ng ind™h (ng ind™h mean + SD mean + SD

Carbon Nitrogen
L1 Male 153.1 £ 25.9 20.4 £ 3.2 10 412 +£ 4.2 0.40 + 0.17 4 ns ns
L2 Male 154.7 + 31.5 19.2 + 2.8 8 49.63 1
L1 Female 148.3 £+ 18.6 225 +£ 59 10 345 £ 6.3 0.58 £+ 0.19 4 ns # ns
L2 Female 163.4 £ 45.7 227 £ 7.7 8 30.3 £ 13.6 0.04 £ 0.06 2
L1 CvV 190.4 + 40.7 23.7 £ 5.1 10 289 £ 9.2 1.28 £+ 0.63 4 *x ns #
L2 CvV 2424 + 258 247 £ 2.5 10 60.2 + 9.6 1.91 £ 0.71 6
H1 Male 218.3 £ 358 239 + 4.1 10 53.4 + 42 1.83 £ 0.77 4 ns **
H2 Male 223.4 £+ 31.1 30.7 £ 2.2 10 57.7 £ 13.9 1.19 + 1.10 5
HI Female 2142 £ 37.2 254 £ 4.7 7 55.9 £ 4.46 3.74 £ 091 4 *E o
H2 Female 287.3 + 204 394 + 24 10 68.5 £ 9.07 2.88 + 0.97 3
HI CvV 296.9 + 37.2 30.7 £ 4.7 10 69.9 £+ 8.90 1031 £ 4.54 4 * ns
H2 Cv 331.7 + 38.9 32.8 £ 3.8 10 77.03 £ 4.30 7.6 £ 4.39 4
In situ Male 142.2 + 45.1 20.2 + 5.29 5
In situ Female 101.9 + 13.7 13.7 £ 4.99 5
In situ CvV 1334 £+ 61.8 11.6 £ 4.62 6
In situ CIV 41.2 £ 17.1 3.5 £ 1.98 5

ments in which males of the genus Calanus did not de-
velop or were rare (e.g. Hirche 1980; Peterson 1986).
However, in rearing experiments with C. pacificus, a sex
ratio of 0.69 females was obtained (Landry 1983). The
estimated daily per capita mortality rate was 0.012 d™'
(1.2% d™") in L1 and 0.011 d™" (1.1% d™') in HI. The
estimated rates cannot be related to top-down preda-
tion, because potential predators were removed during
the initial screening of the mesocosm water. Top-down
predation had a pronounced effect on the C. finmar-
chicus populations (mortality 0.02 to 0.4 d™!) in Korsf-
jorden, western Norway (Matthews etal. 1978).
However, a similar low mortality rate (0.8% d™') simi-
lar to that found in the present study was estimated for
Calanus spp. in Lurefjorden, a western Norwegian fjord,
which lacked mesopelagic fish (Bageien 1999). The
length—weight relationships determined for copepodid
stages of C. finmarchicus at low and high food resources
(Fig. 5) were consistent with length—weight relationships
reported for similar species, location and experimental
set-up in 1996 (Hygum et al. 2000b). In the present
study, the effect of food resources on the length—weight
determinations resulted in a 30% higher biomass of
individuals from H1 compared to individuals from LI
(Fig. 5).

Growth of stages CI and CII continued during the
declining bloom that was dominated by diatoms (Fig. 2c,
d). In the post-bloom phase during the growth of CIII to
adult, Phaeocystis sp. dominated the phytoplankton
biomass in both treatments, but dinoflagellates were also
present (Fig. 2e, f). Diatom fatty acids can easily be dis-
tinguished from those of dinoflagellates and Phaeocystis
sp. The principal fatty acids of diatoms are 16:1(n - 7)
and 20:5(n - 3) (e.g. Sargent and Falk-Petersen 1988;
Graeve et al. 1994), and major fatty acids of Phaeocystis

pouchetti and dinoflagellates are 18:4(n - 3) 22:6(n - 3)
(Sargent et al. 1985; Sargent and Falk-Petersen 1988;
Graeve et al. 1994). The 18:4(n - 3) fatty acid was one of
the major acids during the growth of late copepodid
stages from both L1 and H1, and 16:1(n - 7) was quan-
titatively most important during the early copepodid
stages and in the adult stages (Hygum et al. in prepara-
tion). This demonstrates that diatoms, but also Phaeo-
cystis sp. and dinoflagellates, were part of the diet, and the
declining biomass of dinoflagellates during the growth of
CVs suggests grazing control (Fig. 2). The characteristic
Phaeocystis sp. fatty acids at the end of the experimental
period verify that this prymnesiophyte is a part of the diet
of Calanus spp. (as also confirmed by Kattner and Krause
1987; Tande and Bamstedt 1987; Estep et al. 1990;
Hansen et al. 1990; Hygum et al. 2000b).

It is well established that calanoids are rich in depot
lipid, predominantly WE (Lee et al. 1970; Sargent and
Henderson 1986; Kattner and Krause 1987; Miller et al.
1998); the Calanus finmarchicus studied in the present
work conform to this general pattern (Fig. 7). Varia-
tions in body carbon and nitrogen (C:N ratio) reflected
the lipid deposition in the different developmental
stages. The highest C:N ratio was seen in individuals
from HI1, corresponding with high lipid values. Highest
lipid deposition (high C:N ratio) was seen in late CIVs.
Decreasing C:N ratio in late CV and adults in H1 sug-
gests that sexual maturation with its inherent require-
ments for gonad growth occurs at the cost of lipid
deposition. The amount of lipid deposited by the cope-
pods was related to the concentration and quality of
food, and there seems to be an upper threshold for the
amount of lipid that can be deposited (Fig. 8). This
is consistent with reported laboratory studies demon-
strating that the growth rate of C. pacificus increases
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Fig. 8 Calanus finmarchicus. Relationship between total mean body
carbon weight (sum of the structural weight and the lipid content),
structural weight (total body C — WE) and lipid (WE) content and
age (1) of copepodids and adults reared in mesocosms L1 and H1. A
third order polynomial was used to describe data. Lipid content was
plotted as pg WE mean ind™" but converted to carbon when structural
weight is described (see “Materials and methods”). Error bars are
standard deviations

with food availability up to some ‘‘critical concentra-
tion”, above which it remains constant (Vidal 1980).
Minor depot lipid accumulation has been found in
Calanus finmarchicus from CI to CII (Kattner and
Krause 1987; Hygum et al. 2000b). The present study
shows that the ability to accumulate WE is prominent
from stage IIT and absent in adult females and males in
H1. However, adults fed in L1 continued lipid deposi-
tion (Fig. 7). The deposition of TAG in copepods from
L1 or H1 was different. In the former, the TAG content

was in general low, with a weak increase from CIII to
CV; it was almost absent in males and reduced in fe-
males (Fig. 7). However, in the latter, TAG accumulated
from stages III to V, and again was almost depleted in
males and reduced in females. TAG is a more labile lipid
reserve compared to WE (Lee et al. 1971a; Sargent et al.
1977; Hakonson 1984). Freshly caught C. helgolandicus
were starved and re-fed on a diatom diet. Starving the
copepods resulted in lipid depletion, and the animals
utilised nearly 90% of their TAG but only 30% of their
WE (Sargent et al. 1977). A similar experimental set-up
was utilised by Ohman and Runge (1994), but with
C. finmarchicus. Starvation for 3.5 d resulted in 54%
depletion of TAG and 22.6% of WE. Re-feeding with
diatoms resulted in increased TAG content, but no
change in WE content. Thus, in terms of percentage loss,
TAG was more labile than WE as a lipid reserve. In the
present study, growth was limited by food availability
from CIII/CIV to adult in L1. Compared to H1, diatoms
constituted a lower proportion of the ration, and dino-
flagellates, Phaeocystis and detritus constituted equally
important prey categories in L1 during these stages. The
low amount of TAG in the copepods from L1 is con-
sistent with the interpretation that TAG varies in rela-
tion to recent nutritional conditions (Hakanson 1984).
The almost total lack of TAG in males from both
treatments may be related to energy costs needed to
ripen the genital products, consistent with data on
C. finmarchicus males from Balsfjorden in Norway
(Tande 1982; Hopkins et al. 1984). Furthermore, sper-
matophores were found on females on 30 April; thus
energy for spermatophore production and copulation
could have been metabolised from the depot lipids.

Fig. 9 Morphological characters of the fifth swimming legs (PS) in
adult females a Calanus finmarchicus, b C. helgolandicus, ¢ C. glacialis.
Curvature of the toothed border of the inner margin of the basipod of
PS5 easily separates C. helgolandicus from the two other species.
However, taxonomic separation between C. finmarchicus and
C. glacialis based on P5 morphology is not easy. Size difference of
the basipod between the two species seems to be a valid parameter,
but the curvature of the basipod is not a valid morphological
character for C. glacialis in the present study




In our investigation we verified that relatively small
changes in food quantity and quality (Fig. 2) have sig-
nificant effects on the amount of storage lipid (WE +
TAG) and structural components (proteins and carbo-
hydrates) deposited during the growth of a Calanus
finmarchicus population (Fig. 8). WE, accumulated
during the later developmental stages, provides fuel for
the developing eggs and embryos (Guisande and Harris
1995), and the amounts of WE present in mature ani-
mals are likely to be critical in determining the brood
size and survival of the ensuing generation (Sargent
et al. 1977). Thus, shortage in food quantity and quality
may have important implications for C. finmarchicus’
ability to provide offspring with large lipid reserves or to
survive when diapausing at great depth. The lipid con-
tent may provide an estimate of total reproductive po-
tential (Hirche and Kattner 1993). The total storage
lipid content in females from L1 and H1 varied between
22.4-35.1 pg and 59.7 ng, respectively (Fig. 7). Given
that the transformation of storage lipid content was
exclusively towards egg production, that the carbon
content of an egg is 0.191 ug (Hygum et al. 2000a), and
a lipid weight per C conversion of 80%, then maximum
potential fecundity of a female from L1 would have been
between 93-147 eggs female™' and 250 eggs female™' in
H1 until all lipids were exhausted. The calculation em-
phasises the importance of the feeding history of the
females; relatively small changes of food quantity be-
tween L1 and H1 significantly affected the accumulation
of lipids in stages CIII to CV, which may later influence
the female egg production, especially if food availability
falls below the critical concentration (Huntley and Boyd
1984).

This study provides the first quantitative and quali-
tative descriptions of the biochemical composition of all
copepodid stages and adults of Calanus finmarchicus
related to a natural, complex food composition experi-
enced in Norwegian fjord areas. The study supports the
exponential-growth hypothesis (McLaren 1986); growth
of both structural and storage compartments was ex-
ponential. However, a sigmodal pattern of growth
(Fig. 8) or deviation from exponential growth pattern
best described: (i) growth of adult stages if reared at high
food resources and (ii) depot lipid accumulation in late
CVs and adults at high resources. Body nitrogen con-
tent, which might be a better measure of “‘structural
compartments” (McLaren 1986), showed exponential
growth; however, no significant changes in nitrogen-
specific growth rates were found between individuals
from low and high resources (Table 6). For comparison,
the carbon-specific growth rate was 0.077 d~' in low and
0.095 d~" in high resources, or a 23% higher growth rate
in individuals from high resources. Individuals from HI
were heavier, and CV and adults seemed to have reached
near-maximal weights. However, structural weight con-
tinued to increase in L1 showing that the near-maximal
weight has not been reached (Fig. 7). Despite the dif-
ferences in structural growth dynamics, the cohort stage
development was similar until the end of CV (Table 3).
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The estimates of the sex ratio, the mortality rate and the
fecundity of the females (Rey et al. 1999) demonstrate
that the mesocosm set-up is a valid ecological tool for
investigating key aspects of C. finmarchicus’ life cycle
and will be closer to reality than laboratory systems.
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