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ABSTRACT: Fecundity of the copepod Calanus helgolandicus was monitored at a coastal station in the
western English Channel during January to September 1994 and varied seasonally from 3 to 33 eggs
female™! d-! (mean 17 eggs female™! d™'). Particulate fatty acid levels, particularly in the <20 pm size
fraction, were more highly correlated with fecundity than either chl a, particulate carbon or nitrogen,
and this reflected the size and species composition of the microplankton. Diatoms, dinoflagellates and
ciliates all sustained high fecundity. The mean volume of eggs produced by C. helgolandicus was
inversely related to both food availability and fecundity, with increased numbers of smaller eggs pro-
duced during periods of high food availability. Female C. helgolandicus with the highest body nitrogen
and carbon produced eggs with the highest carbon and nitrogen contents, although these eggs were
also smaller. Hatching viability was consistently high with a seasonal mean of 83% and both viability
and the incidence of deformed nauplii were negatively correlated with the carbon and nitrogen content
of females and eggs. Hatching viability was not correlated with the abundance of diatoms, but was
closely correlated with the levels of 18:2(n-6) and 20:4(n-6) fatty acids in both the environment and in
the eggs. Particulate concentrations of the polyunsaturated fatty acids 20:5(n-3) and 22:6(n-3), although
abundant in the environment and therefore good indicators of food availability, were not correlated
with either egg viability or naupliar survival. The levels of saturated and monounsaturated fatty acids
in the eggs were important factors determining naupliar survival under starvation conditions. Although
food availability limited fecundity, female recruitment was possibly limited by predation pressure,
particularly during the late summer. This study highlights the value of seasonal and nutritional based
studies in understanding variability in zooplankton fecundity.
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INTRODUCTION

The importance of nutrition as a fundamental deter-
minant of marine zooplankton productivity has been
realised for decades (Corner 1961, Cowey & Corner
1963, Corner & Cowey 1968, Marshall & Orr 1972, Sar-
gent et al. 1977). In pelagic ecosystems, the quantity
and quality of particulate material is highly variable
both temporally and spatially (Jeffries 1970, Kattner et
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al. 1983, Parrish 1987, Frazer et al. 1989, Mayzaud et
al. 1989, Pond et al. 1993) and this variability in the
nutritional environment is thought to be a significant
factor controlling secondary production.

Some bilochemical components of the diet of marine
organisms, such as some vitamins, amino acids and
fatty acids, are either not synthesised, or synthesised in
quantities insufficient for growth, development and
reproduction. Hence, these compounds are considered
‘essential’ dietary components for higher marine
organisms (Kanazawa et al. 1979, Castell 1982,
Hapette & Poulet 1990, reviews by Sargent et al. 1993,
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1995a, b). In the laboratory and in aquaculture, con-
trolled nutritional experiments have conclusively
established the essential role of such dietary compo-
nents for marine organisms. However, at present, it is
not certain to what extent the availability of such
‘essential’ dietary components limits zooplankton pro-
duction in the natural environment.

The biochemical composition of particulate material,
i.e. the food environment of zooplankton, is known to
be taxon specific, with different groups of phytoplank-
ton and microzooplankton biosynthesising a diverse
range of biochemical constituents in accordance with
their physiological and behavioural requirements
(Chuecas & Riley 1969, Volkman et al. 1989, Dunstan
et al. 1992, Sargent et al. 1995a, b). Environmental
variables such as light, temperature and nutrient avail-
ability are well known to influence the biochemical
composition of particulate communities in culture
{(Ben-Amotz et al. 1985, Parrish & Wangersky 1987,
Martin-Jézéquel et al. 1988, Hodgson et al. 1991) and
in the field (Jeftries 1970, Goutx & Salicot 1980, Katt-
ner et al. 1983, Parrish 1987, Mayzaud et al. 1989).
Although diatoms have traditionally been regarded as
the dominant food source for zooplankton, it is now
established that protozoans are also an important and
nutritious food source (White & Roman 1992, Sargent
et al. 1995a, b, Atkinson 1996).

The fecundity of marine copepods varies in response
to variability in the food environment, and is also con-
sidered to be a useful and sensitive measure of sec-
ondary production (Kierboe et al. 1988a, b, Kierboe &
Nielsen 1994, Hay 1995, Poulet et al. 1995a). Field
studies on the reproductive response of copepods to
both spatial and temporal variability in the food envi-
ronment have tended to utilise bulk biochemical para-
meters such as chlorophyll a (chl a), carbon, protein,
lipid and carbohydrate as descriptors of food quantity
and quality (Checkley 1980, Runge 1985, Kleppel
1992, Plourde & Runge 1993, Guisande & Harris 1995).
However, only a few studies have adopted a more
detailed biochemical approach {Jonasdottir et al. 1995)
although it has been suggested for decades that such
an understanding is necessary to further understand
variability in zooplankton production (Cowey & Corner
1963).

In order to use copepod fecundity as a measure of
recruitment and therefore production, it is necessary to
quantify both the number of eggs produced and their
viability (Kierboe et al. 1988a, lanora & Poulet 1993,
Peterson & Kimmer 1994, Poulet et al. 1995a). In the
field, egg viability has been shown to be highly vari-
able (lanora et al. 1992, Laabir et al. 1995b) and depen-
dant on such factors as anoxia (Lutz et al. 1994), the
presence of males and remating (Williamson & Butler
1987, lanora et al. 1992), the age of females (lanora &

Poulet 1993), and the presence of inhibitory com-
pounds (Poulet et al. 1994, lanora et al. 1995, Chau-
dron et al. in press). As yet, few studies have investi-
gated the link between maternal nutrition and egg
viability in the laboratory (Jonasdottir 1994, Guisande
& Harris 1995) and only Guisande & Harris (1995) have
investigated this aspect in the field.

The aim of this study was to investigate a wide range
of physical, biological and biochemical factors which
could potentially influence the overall reproductive
success and hence the seasonal population dynamics
of Calanus helgolandicus in the coastal waters off
Plymouth, UK.

METHODS

Sample collection and storage. Weekly samples
were collected between January and September 1994,
from a coastal station (Stn L4: 50° 15" N, 4° 13" W)
approximately 10 km off Plymouth, western English
Channel. Sea water was sampled from a depth of 10 m
using 10 [ water bottles. To determine Calanus helgo-
landicus abundance and sex ratio, samples were
collected by vertical net hauls (WP2 net, mesh 200 pm;
UNESCO 1968) from the sea floor (53 m depth) to the
surface and stored in 5% formalin. Females for deter-
mination of fecundity and biochemical composition
were collected by short duration net tows. All samples
were transported back to the laboratory in good condi-
tion in an insulated container within 2 h of collection.

To quantify total particulate chl a, carbon and nitro-
gen (CN), triplicate 250 ml aliquots of seawater were
first prefiltered through a 200 pm mesh, then filtered
onto 25 mm ashed glass fibre filters (GF/F). Size frac-
tionation was achieved by collecting the filtrate which
passed through a 20 um nylon filter and subtracting
this from the total, to derive the 20 to 200 um fraction.
CN samples were washed with phosphate buffered
saline before storage at -25°C. Water samples for
microplankton species identification and carbon bio-
mass estimates were preserved with 2% Lugol’s iodine
solution (Holligan & Harbour 1977). Between 10 and
100 ml of sample, depending on cell density, was
settled and species abundance was determined using
an inverted microscope. Cell volume and carbon esti-
mates for the microplankton were derived from the
volume calculations of Kovala & Larrance (1966) and
the cell volume and carbon determinations of Eppley
et al. (1970).

For particulate fatty acid determination, between 4
and 10 | of seawater was fractionated by successive
filtration, under light vacuum, through 200 pm and
20 ym nylon mesh and ashed glass fibre filters (What-
man GF/F). Particulate fatty acid samples were stored
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at -25°C in 7 ml screw capped Teflon septum vials
containing methanol and 0.05% butylated hydroxy-
toluene (BHT), an anti-oxidant, for the nylon filters,
and chloroform:methanol (2:1 v/v) + BHT for the glass
fibre filters (Pond et al. 1993). Samples of female Cala-
nus helgolandicus for CN analysis (5 replicates of
5 animals) were quickly sorted under low magnifica-
tion and similarly stored at -25°C.

Egg production measurements. Female Calanus
helgolandicus were captured during mid-morning and
incubations were initiated at mid-day. Five replicates
of 20 healthy females were randomly picked from the
net samples and incubated for 24 h in 2 1 glass beakers.
Each beaker contained a plexiglass egg production
tube (mesh 500 ym) and was filled with 0.6 um filtered
seawater at ambient sea temperature. The relatively
high density of females (10 I"!) was necessary to pro-
vide sufficient eggs for fatty acid analysis and the eqgg
production tubes were therefore employed to reduce
egg cannibalism (Laabir et al. 1995a). After 24 h incu-
bation, eggs from each of the 5 replicates were gently
concentrated onto a 53 pm nylon mesh, then back-
washed into a petri dish and counted. All the eggs
were then pooled and the diameters of 30 randomly
selected eggs were determined using an inverted
microscope (x400). Egg volume was calculated on the
assumption that the eggs were spherical. One hundred
eggs were randomly selected and placed individually
into the 1.5 ml wells of a Multiwell tray, each contain-
ing 0.2 pm filtered seawater. Trays were placed into an
incubator at 12.5°C (x0.2°C) on a 12 h light/dark cycle
and monitored daily to determine egg viability and
survival of nauplii under starving conditions. The incu-
bator temperature was set to 12.5°C, which was close
to the mean surface seawater temperature during the
study, in order to standardise the development time
for estimation of naupliar survival. For CN analysis,
200 eggs were carefully pipetted onto the centre of a
25 mm ashed (GF/C) glass fibre filter, excess water
removed by gentle vacuum and the sample frozen at
-25°C. Finally, all remaining eggs were pipetted onto
47 mm GF/F filters and stored in chloroform:methanol
(2:1 v/v) containing BHT at -25°C until analysis.

Chlorophyll and CHN analysis. Chl a was quanti-
fied with a Turner Designs fluorometer following the
method of Yentsch & Menzel (1963). All carbon and
nitrogen analyses were conducted using a Carlo-Erba
Elemental Analyser, Model NA1500.

Lipid analysis. Total lipid samples in the chloro-
form:methanol (2:1 v/v) extracts (GF/F filters) and
methanol (nylon mesh) were supplemented with an in-
ternal fatty acid standard (21:0) and extracted using
ultrasonication. The nylon filter was removed from the
homogenate and twice the volume of chloroform was
added. The suspensions were filtered through a

prewashed (chloroform:methanol 2:1) Whatman No. 1
paper filter. The lipid extract was then prepared fol-
lowing Folch et al. (1957} and dried under vacuum at
room temperature. Purified lipid extracts were stored
in chloroform:methanol (2:1 v/v), in nitrogen purged
vials at -25°C until analysis.

To determine total fatty acid composition of the size
fractionated particulates and the eggs, samples of total
lipid were dried under nitrogen and transmethylated
in absolute methanol containing 1.5% (v/v) sulphuric
acid for 16 h at 15°C (Christie 1982). The fatty acid
methyl esters (FAME) were extracted in hexane:
diethyl ether (1:1 v/v}, and purified by TLC (thin-layer
chromatography) before analysis on a Carlo-Erba 5160
gas chromatograph (GC), equipped with on column
injection and a Stabilwax 30 m x 0.32 mm column
(Restek). Hydrogen was used as the carrier gas and the
GC was programmed from 50 to 190°C at 40°C min~!,
followed by 190 to 220°C at 1.5°C min~! with the GC
held at 220°C for a further 15 min. FAMEs were identi-
fied by comparison of retention times with charac-
terised commercial standards and quantified using
data acquisition software (PU6000, Phillips).

Data analysis. All statistical analyses were con-
ducted using the MINITAB statistical package (Ryan et
al. 1988). Principal components analyses (PCA) were
performed on a correlation matrix of arcsine trans-
formed percentage data and untransformed mass data.

RESULTS
Environmental conditions

Sea surface temperatures between January and Sep-
tember 1994 ranged from 8.5 to 17.6°C with an overall
mean of 12.7°C (Table 1), which appears to be typical
for Stn L4 (Green at al. 1993, Bautista et al. 1994).
Although essentially marine, the Stn L4 study site
receives inputs of terrestrially derived material from
the Tamar Estuary during periods of high precipita-
tion. The 10 m sampling depth was taken to be repre-
sentative of the water column as for the majority of the
study the water column was well mixed (Fig. 1A)
whilst during periods of weak stratification, animals
tend to feed in the surface layers.

Microplankton species composition

The seasonal succession of microplankton over the
period of study (Fig. 2) was similar to that described by
Holligan & Harbour (1977). The winter period was
dominated by <5 pum flagellates, although diatoms,
ciliates and colourless dinoflagellates were also pre-
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Table 1 Calanus helgolandicus. Summary statistics of environmental variables and reproductive responses at Stn L4 during 1994

Variable Overall
(n = 36)

n Mean Min Max
Sea temperature (°C) 36 12.7 8.5 176
<200 pm chl a (pg 1) 36 1.3 0.1 6.6
<20 um chl a (ng 1) 26 09 0.5 2.8
20-200 pm chl a (ug 1™ 26 07 001 42
<200 um C (ug 1Y) 36 327 165 568
<20 um C (ug 1Y 26 234 82 464
20-200 um C (ug 1Y 26 102 10 208
<200 um N (pg I'hH 36 48 23 86
<20 um N (pg I'Y 26 35 14 71
20-200 um N (pg 1Y) 26 15 5 28
<200 pm fatty acid (pg 1Y) 36 309 50 635
<20 pm fatty acid (pg I™") 36 174 17 415
20-200 pm fatty acid (ug 1) 36 127 1.1 446
C:N ratio <200 pm 36 6.9 51 8.8
C:N ratio <20 pm 26 6.8 4.7 8.9
C:N ratio 20-200 pm 26 6.6 2.1 8.9
C. helgolandicus C (pg female™!) 28 45 28 69
C. helgolandicus N (ng female™!) 28 11 6 16
Eggs female™'d™! 36 17 3 33
Egg volume (x 10° pm~?) 36 26 23 3.0
Egg carbon (ng egg™!) 28 357 210 691
Egg nitrogen (ng egg™) 28 80 43 139
Egg fatty acid (ng egg™) 36 53 27 82
Egg viability (%) 28 83 74 98
Nauplii survival {days) 28 3.6 1.9 52

Fecundity = 12
eggs female ' 4™

Fecundity = 11
eggs female™' d'

(n=15) (n=21)

n Mean Min Max n Mean Min Max
15 12.4 85 172 21 13.0 93 176
15 0.9 0.4 1.8 21 1.6 0.1 6.6
5 0.9 0.5 1.4 21 0.9 0.5 2.8
5 04 0.1 0.8 21 0.7 0.01 4.2
15 315 165 464 21 335 239 568
5 240 163 327 21 233 82 464

5 79 49 126 21 108 10 208
15 44 23 68 21 51 34 86
5 34 21 43 21 36 14 71

5 12 8 18 21 16 5 28
15 21.4 50 439 21 37.2 8.1 63.5
15 11.2 1.7 249 21 21.6 3.5 415
15 9.6 1.1 371 21 14.8 3.5 446
15 7.3 5.5 8.8 21 6.7 5.1 8.4
5 7.2 5.5 7.8 21 6.7 4.7 8.6
5 6.4 58 7.0 21 6.6 2.1 8.9
7 37 28 59 21 48 33 69
7 9 6 13 21 11 8 16
15 8 3 11 21 24 11 33
15 2.8 2.4 3.0 21 2.5 2.3 2.7
7267 210 442 21 388 236 691

7 60 43 97 21 87 56 139
15 61 48 82 21 47 27 67

7 88 77 93 21 82 74 98
7 3.8 3.5 4.1 21 3.5 1.9 52

sent (Fig. 2). For a short period during late March, cili-
ates and in particular Strombidium sp. (<20 um) domi-
nated and this was followed by an intense spring
diatom bloom, comprising predominantly Rhizosolenia
delicatula which initially developed during the second
week of April (Fig. 2). During late April and early May
the prymnesiophyte Phaeocystis pouchetii constituted
a significant component of the biomass and at its peak
contributed an estimated 46 mg C 17! to the micro-
plankton carbon pool. A second, although less pro-
nounced, diatom bloom occurred during the first 2 wk
of June and comprised predominantly the chain form-
ing diatoms R. delicatula, Nitzschia delicatissima, the
colonial diatom Chaetoceros socialis and the ciliate
Strombidium sp. (>20 pm).

From late spring to mid-summer the microplankton
community comprised a mixture of small diatoms (Nitz-
schia delicatissima and Chaetoceros socialis), dino-
flagellates and ciliates. However, from mid-sumimer
until early autumn when stratification was most
marked, the dominance of flagellates, dinoflagellates
and colourless dinoflagellates increased, culminating
in August with an intense bloom of the dinoflagellate

Gyrodinium aureolum, which at its peak accounted for
over 80% of the estimated particulate carbon. During
September, the microplankton composition was similar
to the pre-spring bloom community, i.e. dominated by
flagellates, although notably, a bloom of the ciliate
Mesodinium sp. occurred during early September.

Particulate chl a, carbon, nitrogen and
total fatty acid content

Levels of <200 pm chl a ranged from from 0.1 to
6.6 pg 1! with an overall mean of 1.3 pg I'* (Table 1,
Fig. 1B) Two periods of high chl a were observed and
these coincided with the spring diatom bloom and late
summer dinoflagellate bloom (Fig. 2). Chl a was corre-
lated with both the 20 to 200 um and the <20 um fatty
acid concentrations (p < 0.05), but only with the
<20 pm fraction for carbon (p < 0.05). Particulate car-
bon and nitrogen were highly correlated (p < 0.001) for
all size fractions. The size fractionated data for chl a,
particulate carbon, nitrogen, and fatty acid indicated
that the majority of the biomass was contained within
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the <20 pm size fraction (Table 1, Fig. 1B-E), with the
exception of a short period during the spring bloom
when the 20 to 200 pm size fraction dominated. This is
consistent with the microplankton species and size
composition of the microplankton. Although over the
season, the levels of 20 to 200 um chl a and total fatty
acid were correlated (p < 0.05), maximum levels of
total particulate fatty acid occurred a week later than
the chl a maxima, and remained high throughout the
summer (Fig. 1B, E).

Carbon and nitrogen ratios for <200 pm and the 2
size fractions were similar to those found for a stratified
system by Holligan et al. (1984) with a seasonal mean
of 6.9 (range 5.1 to 8.8). The mean carbon:nitrogen
ratios for the 2 size fractions were essentially similar
although the range of values was more variable, par-
ticularly for the 20 to 200 pm fraction where ratios
ranged from 2.1 to 8.9 (Table 1).
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Fig. 1. (A) Sea temperature for 0, 10 and 40 m depths, and size

fractionated, <200 pm, 20 to 200 pym and <20 pm microplank-

ton: (B) chlorophyll, (C) carbon, (D) nitrogen and (E) fatty acid,
at Stn L4

Particulate fatty acid content and composition

The seasonal mean fally acid content (ng I'') and
composition (%) of saturated, monounsaturated and
polyunsaturated fatty acid groupings were essentially
similar for both the <20 um and the 20 to 200 pm size

—
M Diatoms ‘
8 Dinoflagellates Flagellates O ciliates
| O colourless dino's M Coccolithophores  E3 Others

Carbon contribution (%)

Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 2. Microplankton species composition at Stn L4 (based on
cell volume/carbon conversions)
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Table 2. Fatty acid content and composition of size fractionated microplankton from Stn L4. For clarity only major fatty acids are
shown (n = 36)

Fatty acid (%) Fatty acid (ng17')
<20 pm 20-200 um <20 pm 20-200 pm

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
14:0 79 22 15.0 8.3 22 156 1.5 01 6.1 13 0.1 6.6
16:0 230 59 31.1 248 131 4038 3.8 0.3 105 2.6 0.4 9.7
16:1(n-7+9) 7.8 1.1 18.2 9.6 1.4 253 1.5 0.1 7.1 1.7 0.1 115
16:4(n-3) 0.8 0 4.7 1.2 0 4.4 0.1 0 1.0 0.2 0.1 1.6
18:0 52 20 10.3 6.5 24 140 0.6 0.1 2.0 0.5 0.1 1.9
18:1(n-7+9) 102 26 27.4 8.5 20 149 1.8 0.1 8.0 09 01 3.8
18:2(n-6) 3.2 14 5.3 2.6 0 7.9 0.6 0.1 21 0.3 01 1.9
18:3(n-3) 35 0 7.1 2.1 0 6.6 0.6 0.1 1.9 0.3 0 2.6
18:4(n-3) 65 08 12.6 4.8 0 13.7 0.9 0 2.8 0.7 0.1 2.9
18:5(n-3) 60 06 15.9 4.6 0 17.3 11 0.1 4.6 0.6 0 2.8
20:4(n-6) 14 05 2.1 1.0 0 1.2 0.2 0.1 0.4 0.2 0 0.2
20:5(n-3) 67 05 15.5 8.9 1.4 229 1.0 0.1 4.2 1.4 0.1 8.4
22:6(n-3) 9.1 1.2 14.8 7.7 0.8 163 1.7 0.1 6.8 1.1 0.1 5.9
Saturated fatty acids 41.0 31.0 57.5 434 261 702 6.7 0.3 203 5.7 0.7 277
Monounsaturated fatty acids 20.5 106 47.1 20.7 107 30.5 3.6 03 136 29 02 134
Polyunsaturated fatty acids 37.1 137 55.9 343 101 629 6.3 06 178 5.1 0.1 18.4

fractions (Table 2). However, the content and composi-
tion of all 3 fatty acid groupings in the size fractionated
particulates were highly variable over the course of the
study (Fig. 3A, B, Table 2). Saturated fatty acids tended

30

—®— < 20 um saturated f.a.
< 20 um monounsaturated f.a.
- & - ¢ 20 um polyunsaturated f.a.

25 o

20

Fatty acid groupings (ug I'")

30

—®— 20-200 pum saturated f.8. i
---0--  20-200 um monounsaturated f.a [ |
— A= 20-200 um polyunsalurated f.a. |
20 |1

25

Fatty acid groupings (ug 1)

’ooﬁlo“o

Jul

Aug

Fig. 3. Levels of saturated, monounsaturated and polyunsatu-
rated fatty acids for (A} <20 um and (B} 20 to 200 um size frac-
tions at Stn L4

to dominate the microplankton carbon pool until the
spring bloom and accounted for 60 and 68 % of fatty
acids for the <20 pm and 20 to 200 pm particulate size
fractions respectively (Fig. 3A, B). An early peak in
particulate fatty acid levels in both the <20 um and
20 to 200 pm size fractions corresponded with the
bloom of Strombidium sp. although this increase in
particulate biomass was not apparent from the chl a
data (Fig. 1B).

The microplankton fatty acid composition was
dominated by 16:0, 16:1(n-7+9), 18:1(n-7+9), 18:4(n-3),
18:5(n-3), 20:5(n-3) and 22:6(n-3), although the relative
contribution of each of these fatty acids varied seasonally
in accordance with microplankton species composition.

The polyunsaturated fatty acid 22:6(n-3), which is
known to be a significant factor determining the fecun-
dity of marine organisms, was relatively abundant

crtOess 20-200 um
— % — <20um

22:6(n-3) (ug 1)

Fig. 4. Levels of 22:6(n-3) in size fractionated (<200 pm, 20 to
200 um and <20 pm) microplankton at Stn L4
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throughout the study (Fig. 4). During the season there
were 3 periods of high microplanktonic levels of
22:6(n-3) and these corresponded with the late March
ciliate bloom, the post spring Phaeocystis bloom and
the late summer to early autumn dinoflagellate blooms
respectively (Figs. 1 & 4).

Factors influencing fecundity and egg composition

Calanus helgolandicus abundance, carbon and
nitrogen content and sex ratio

Adult Calanus helgolandicus were present at Stn L4
throughout the entire period of study although the
total abundance and sex ratio fluctuated markedly
(Fig. 5). Adult female abundance increased rapidly
prior to the spring bloom and this coincided with
increased numbers of ciliates. Only a small increase in
females was apparent during the spring diatom bloom,
but approximately 1 mo later during June, the abun-
dance of females increased substantially up to a sea-
sonal maximum of 24 females m~*. Female abundance
then rapidly decreased to a level of approximately 2 to
5 females m™® until late September when sampling
ceased.

Male Calanus helgolandicus were generally present
in lower numbers than females with a seasonal mean
ratio of 3.6 in favour of females (Fig. 5). However, the
ratio was variable over the course of the season and on
4 sampling occasions, males were more abundant than
females.

Female carbon content varied seasonally, reaching a
peak of 69 pg C female™! during the spring diatom bloom
and a minimum of 28 ng female™' during late summer
(Table 1, Fig 6A) The body carbon content of female
Calanus helgolandicus was not significantly correlated
with particulate chl a, carbon or nitrogen, but only with
the <20 pm fatty acid size fraction (p < 0.05).
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Fig. 5. Calanus helgolandicus. Abundance of males and
females at Stn 1.4 between 26 April and 26 September 1994
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Fig. 6. Calanus helgolandicus. Carbon and nitrogen content
of (A) females and (B) eggs at Stn L4. Vertical bars indicate
standard error (n = 5)

Egg production, egg size and composition

The seasonal fecundity ranged from 3 to 33 eggs
female ! d~! with an overall mean of 17 eggs female™'
d™! (Table 1). For each sampling date, egg production
was also calculated in terms of percentage of body C
d! The seasonal mean was 16.0% of body C d™! with
a maximum of 31.5% recorded in late June and a min-
imum of 5.9% in September.

Egg volume was inversely correlated with fecundity
(p < 0.001) as is shown clearly in Fig. 7A, B. Thus, dur-
ing periods of high egg production the females pro-
duced smaller eggs (minimum 2.3 x 10° um™~?) whereas
larger eggs (maximum 3.3 x 10° uym™) were produced
when fecundity was low. The seasonal minimum in
eqgqg size corresponded with the spring bloom, whilst
larger eggs were produced during early spring and
late autumn when food availability was minimal
(Fig. 7B).

The carbon content of eggs produced by Calanus
helgolandicus during the laboratory incubations
ranged from 210 to 691 ng egg™’ (Fig. 6B). Both the
egg carbon and nitrogen content were inversely cor-
related with egg volume (p < 0.005 in both cases).
However, the fatty acid content did increase with
increasing egg volume, although this relationship was
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Fig. 7 Calanus helgolandicus. (A) Eggs female ! ¢! and (B)
egg volume at Stn L4. Vertical bars indicate standard error
(n =5 and 30 respectively)

not significant (p > 0.06). The fatty acid content of the
eggs varied considerably over the season with mini-
mum values observed during the spring and autumn
blooms (Table 1, Fig 8A). The saturated fatty acid
16:0 and the polyunsaturated fatty acids 20:5(n-3) and
22:6(n-3) were consistently the major components
(Table 3). The n-6 series fatty acids 18:2(n-6) and
20:4(n-6) were only minor components (Table 3).
Index of Multiple Seriation (IMS) was used to investi-
gate the degree of ‘similarity’ between the particulate
and egg fatty acid compositions (for a detailed expla-
nation of the methods see Clarke et al. 1993). An IMS
value of 0.17 indicated that the fatty acid composition
of the eggs were not significantly 'similar’ (p > 0.05) to
the fatty acid composition of the particulate food envi-
ronment.

Egg production was correlated with a number of
variables, most notably particulate fatty acid concen-
trations and the abundance of colourless dinoflagel-
lates and ciliates (Table 4). In order to investigate the
effects of biotic and abiotic variables on fecundity, a
multivariate analysis (principal component analysis,
PCA) was conducted on the ecological and biochemi-
cal variables presented in Table 5. As PCA is an un-
realistic technique on excessively large data matrices,
a reduced number of variables were selected on the
basis of literature sources (Table 5).

Table 3. Calanus helgolandicus. Fatty acid content and com-
position of eggs. For clarity only major fatty acids are given.

tr: trace
Fatty acid Fatty acid
(%) (ng egg™)

Mean Min Max Mean Min Max
14:0 3.1 0.7 56 1.6 0.2 3.5
16:0 247 197 313 134 85 215
16:1(n-7+9) 6.5 24 13.0 3.5 1.1 8.1
18:0 34 1.7 7.0 1.9 0.7 5.3
18:1(n-7+9) 57 23 106 3.0 1.4 5.1
18:2(n-6) 2.2 tr. 4.8 1.1 tr. 2.7
18:3(n-3) 0.4 tr. 1.6 0.2 tr. 0.7
18:4(n-3) 1.9 0.5 4.3 1.0 03 2.6
20:4(n-6) 0.4 tr. 1.1 0.2 tr. 0.7
20:5(n-3) 16.5 10.0 23.1 89 39 167
22:6(n-3) 203 136 275 10.2 1.1 17.0
Saturated 353 269 469 188 7.9 332
fatty acids
Monounsatu- 155 122 227 83 33 142
rated fatty acids
Polyunsatu- 453 30.6 52 239 13.0 364
rated fatty acids

The first 3 principal components accounted for
72.7% of the total variation within the data set and
an ordination of the scores of variables is presented
in Fig. 9. Fig. 9A indicates the sampling dates,
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Fig. 8. Calanus helgolandicus. (A) Egg fatty acid content and
(B) naupliar survival under starving conditions in the laboratory
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Table 4. Summary of significant correlations of egg production (eggs female™! d-') with a range of variables. Significance values (p)
with an asterisk indicate negative correlations. With the exception of the egg data, bottom 3 rows, all values are pg 1™’

n
<200 pm chl a 36
<200 pm fatty acid 26
<20 pm fatty acid 26
Diatom C 36
Colourless dinoflagellate C 36
Ciliate C 36
<20 um saturated fatty acids 36
<20 pm monounsaturated fatty acids 36
<20 um polyunsaturated fatty acids 36
<200 pm 14:0 36
<200 pm 16:1 36
<20 um 18:0 36
<20 pm 18:1 36
< 200 pm 20:5(n-3) 36
< 200 pm 22:6(n-3) 36
< 20 pm 22:6(n-3) 36
<20 um n-3:n-6 36
Egg volume (x10° pm?) 36
Egg fatty acid (ng) 36
Egg fatty acid concentration (ng nl™}) 36

Intercept Slope R? P
13.8 2.83 0.144 0.05
9.70 0.25 0.245 0.01
11.7 0.33 0.182 0.01
15.3 0.14 0.151 0.05
13.5 0.21 0.235 0.01
13.7 0.26 0.123 0.05
12.0 0.812 0.187 0.01
12.8 1.29 0.198 0.01
13.3 0.666 0.122 0.05
13.8 1.41 0.153 0.05
14.5 1.02 0.143 0.05
12.1 9.00 0.157 0.05
13.8 2.17 0.151 0.05
14.0 1.57 0.125 0.05
13.8 0.001 0.111 0.05
14.3 0.002 0.131 0.05
257 -0.644 0.124 0.05°
954 -29.8 0.467 0.001"
40.1 -0.425 0.353 0.001"
31.8 -0.702 13.3 0.05°

whilst in Fig. 9B, the superimposed black spheres are
linearly scaled to fecundity (3 to 33 eggs female™!
d!). The size of the spheres and their position in
relation to the axis loadings on PC1 indicate that the
variables contributing to fecundity are sea tempera-
ture, ciliate carbon, <200 pm fatty acid and the indi-
vidual particulate fatty acids: 14:0, 16:0, 16:1(n-7+9),
18:2(n-6), 18:3(n-3), 18:4(n-3), 18:5(n-3), 20:5(n-3) and
22:6(n-3). The PC2 axis contrasts the abundance of
diatoms (negative loading) during May and early
June with the abundance of dinoflagellates and cili-
ates (positive loading) during July and August
(Fig. 9B). It is apparent from the fecundity scaled
scatterplot (Fig 9B) that diatoms, dinoflagellates and
ciliates are all important food sources sustaining egg
production at Stn L4 during different periods of the
season.

By segregating the season into periods of high
(>11 eggs female ! d"') and low (<11 eggs female ' d™})
egg production, further correlations become more
apparent. During the period of 'low’ egg production,
which is essentially early spring and late autumn, a
number of variables were correlated with fecundity
and these were generally similar to the ‘overall’ sea-
sonal pattern. However, during this period, sea tem-
perature (positive correlation p < 0.005) and female
Calanus helgolandicus abundance (negative correla-
tion p < 0.05) were additional variables correlated with
fecundity. By contrast, during the period of 'high' egg
production only the abundance of colourless (hetero-
trophic) dinoflagellates correlated significantly with
fecundity (p < 0.05).

Table 5. Calanus helgolandicus. Variables used in a multi-

variate, principal component analysis (PCA) to investigate (A)

factors determining fecundity and (B) factors determining egg

viability and naupliar survival of C. helgolandicus at Stn 1.4
{see Figs. 8,9 & 11)

A B

Sea temperature (°C) Sea temperature (°C}

<200 pm (pg 1Y

<200 pm C (pg 1Y

<200 um N (ug 1Y)

<200 pm fatty acid (pg 1’1

Diatom C (ug 1)

Dinoflagellate C (pg 17"

Colourless dino-
flagellate C (ug 1"}

Flagellate C (ug 1'Y)

<200 um chl a (ug 1Y

<200 pm C {pg 1Y)

<200 pm N (pg 'Y

<200 pm fatty acid (pg 1™Y)

Diatom C (pg ™"

Dinoflagellate C (ng 1"

Colourless dino-
flagellate C (pg 1I"")

Flagellate C (ng 1Y)

Ciliate C (ug 1" Ciliate C (ug I'h
Female C. helgolandicus Female C. helgolandicus
C (pg female™) C (pg female™)
Female C. helgolandicus Female C. helgolandicus
N (pg female™) N (ug female™)
Egg C (ng egg™’)
Egg N (ng egg™)

<200 pm particulate

fatty acids (ug 1) Egg fatty acids (ng egg™')

14:0 14:0
16:0 16:0
16:1(n-7) 16:1(n-7)
18:0 18:0
18:1(n-7+9) 18:1(n-7+9)
18:2(n-6) 18:2(n-6)
18:3(n-3) 18:3(n-3)
18:4(n-3) 18:4(n-3)
20:4(n-6) 20:4(n-6)
20:5(n-3) 20:5(n-3)
22:6(n-3) 22:6(n-3)
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Egg viability and naupliar survival o os A
Field estimates of egg viability were consistently 4004 197
high throughout the season (mean 83 %; Table 1)
with the lowest hatching success of 74 % recorded "
during mid-July. Egg viability tended to increase e %7 B e
over the season and was significantly correlated PC2 15‘97 L i ’°~6“ “';azu
with increasing sea temperature (p < 0.05; Table 6). sl 22 L me a2
The female body size, at least in terms of the carbon * ';:vj o
and nitrogen content, was inversely correlated with 45 16‘_'5"
egg viability (p < 0.05; Table 6). Similarly, the car- %) > e
bon and nitrogen content of the eggs was also in-
versely correlated with viability (p < 0.005). A single 400/ 138
fatty acid in the egg, 18:2(n-6), was highly corre-
lated with egg viability both on a percentage (p <
0.001) and mass basis (p < 0.05). This was reflected e Y S o o 360 560
by the egg n-6/n-3 fatty acid ratio PC1
which was also correlated with viabil- *
ity (p < 0.005; Table 6). o S 200wm particutate carbon Y B
Principal component analysis was Dinoflaugelzalelz:rab:nm mieol
also conducted on variables poten- Citiee carbon .
tially influencing egg viability (Fig. °
10). The first 3 principal components 200 ® .
account for 59.0% of the variability . @ o e
within the data set. An ordination of U_UOJ 6 ‘® ‘. 0.
PC1 and PC2 is presented in Fig. 10 PC2 ° ° ¢ e © )
and the superimposed black spheres '
are scaled to egg viability (74 to 98 %). -2.001 '
Periods of high and low viability are Diatom carbon °
clearly separated on PC1, with low 4,f;%',cl:(;ﬁf:fga;ada'Am
viabilities observed during April, 20:5(n-3) o
May and early June and higher egg
viabilities observed from late June to -6.00 : : : . . : —
- . - -9.00 -700 -5.00 -3.00 -1.00 1.00 300 5.00
September. Variables contributing to Sea temperature
PC1 and the periods of high egg o oy a1 PC1 _
viability are temperature, particulate Particulate fatty acids; € > No variables
) N 14:0, 16:0. 16:1(n-7+3)

carbon, dinoflagellate and ciliate car- 18°2(n-6). 183(n-3)
bon (positive loading), whilst female ;g;‘};g;;ig{:i;

body carbon and nitrogen were asso- _ _ o _ _

ciated with low egg viability (negative Fig. 9 Calanus helgolandicus. Ordination qf the scores Qf v.anabl'es derived from a
A . . - principal component analysis (PCA) of biotic and abiotic variables at Stn L4.

loading) (Fig 10). The main variables (A) Sampling dates. (B) Superimposed spheres are linearly scaled to fecundity

contributing to PC2 were the egg fatty (smallest sphere = 3 eggs female™! d™!; largest sphere = 33 eggs female™ d-1)

Table 6. Calanus helgolandicus. Summary of variables which significantly influenced egg viability. Significance values (p) with
an asterisk indicate negative correlations

n Intercept Slope R? p
Sea temperature (°C) 28 69.8 0.959 0.14 0.05
Female C. helgolandicus C (ng female™) 28 92.7 -0.214 0.193 0.05°
Female C. helgolandicus N (ng female™) 28 93.1 -0.947 0.202 0.05°
Egg C (ng) 28 93.0 -27.3 0.261 0.005"
Egg N (ng) 28 95.1 -150 0.259 0.005"
Egg 18:2(n-6) (o) 28 75.1 3.37 0.357 0.005
Egg 18:2(n-6) (ng) 28 79.0 3.61 0.182 0.05
Egg n-3/n-6 ratio 28 68.4 -0.640 0.312 0.005°
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acids 14:0, 16:0, 16:1(n-7+9), 18:1(n-7+9), 18:2(n-6) and
20:4(n-6) which contrasted with egg carbon and
nitrogen.

Again, when the data set was considered in terms of
low' and 'high' egg production a different pattern
emerged. During periods of low egg production, only 2
variables correlated with egg viability. Both dinofla-
gellate carbon and the <200 pm fatty acid fraction
were inversely correlated with viability (p < 0.05 and
p < 0.01 respectively). During the period of high egg
production, only the fatty acid 18:2(n-6) content of the
egg was correlated with egg viability (p < 0.05). During
most weeks of the study some eggs which successfully
hatched resulted in nauplii which were abnormally
formed (Fig. 11). The incidence of deformed nauplii
was inversely correlated with female somatic carbon
and nitrogen content and egg carbon content (p <
0.005 and p < 0.01 respectively).

The survival of nauplii in filtered seawater was very
variable and values derived from the mean of all eggs
which hatched each week ranged from 1.9 to 52 d
(mean 3.6 d; Table 1). The 2 periods during the year
when naupliar survival was lowest corresponded with
the onset of the spring and autumn microplankton
blooms, when particulate food was abundant (Fig. 8B).
Indeed, over the entire season of study the survival of
nauplii under starving conditions in the laboratory was
inversely correlated with the availability of food in the
environment as characterised by chl a < 200 pm (p <

Dinoflageliate carbon
Cihate carbon

0.01), chl a 20 to 200 pm (p < 0.01), diatom carbon (p <
0.01), colourless dinoflagellate carbon (p < 0.05) and
flagellate carbon (p < 0.05; Table 7).

In terms of the biochemical composition of the eggs,
only the levels of saturated fatty acids and in particular
16:0, which was the main component of the saturated
fatty acids in the egg, were correlated with naupliar
survival. Neither egg volume nor egg carbon and
nitrogen content correlated with the survival of the
nauplii.

Principal component analysis was conducted on the
same set of variables as for egg viability, and although no
clear pattern emerged from an ordination of PC1 and
PC2, a comparison of Figs. 10 and 12 and linear regres-

Detormed nauplii (%)

Jan Feb Mar Apr May Jun Jul Aug Sep

Fig. 11. Calanus helgolandicus. Percentage of deformed nauplii
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Table 7 Calanus helgolandicus. Summary of variables which significantly influence the survival of nauplu (survival days) under
starving conditions in the laboratory. Significance values (p) with an asterisk indicate negative correlations

n
<200 um chl a (ug 1I'Y) 28
20-200 pm chl a (pg 17"} 26
Diatom C {ug 1) 26
Colourless dinoflageliate C (ug 1™') 28
Flagellate C (ug I'!) 28
Egg saturates (ng) 28
Egg 16:0 (ng) 28

Intercept Slope R? p
4.03 -0.267 0.249 0.01°
3.87 -0.391 0.228 0.01°
3.82 -0.012 0.223 0.01*
3.87 -0.013 0.170 0.05*
4.13 -0.024 0.162 0.05*
2.36 0.073 0.237 0.01
2.29 0.108 0.236 0.01

sion (p < 0.7) indicates that there was no relationship
between hatching viability and the subsequent survival
of the nauplii.

DISCUSSION
Microplankton

The importance of hydrography in controlling phyto-
plankton community structure and dynamics is well
established (Holligan & Harbour 1977, Pingree et al.
1978, Mayzaud & Taguchi 1979, Holligan et al. 1984).
The different hydrographic features characteristic of
mixed and stratified environments are known to
invoke different responses in community structure,
with stratification and water column stability tending

to support high particulate biomass, particularly of
microzooplankton, which in turn sustains high
mesozooplankton production (Holligan et al. 1984).
Throughout 1994, the microplankton community struc-
ture changed markedly with flagellates, diatoms and
dinoflagellates all dominating the plankton during the
season. The biochemical composition of these various
taxa and hence their nutritional suitability for meso-
zooplankton are very variable and not fully under-
stood. The spring diatom bloom supported high fecun-
dity, but this then remained relatively high for most of
the summer. [t is of note that the 2 short periods of ele-
vated ciliate abundance, i.e. immediately prior to the
spring diatom bloom and post autumn dinoflagellate
bloom, coincided with increased fecundity. In a com-
parable field study of Temora longicornis and Acartia
hudsonica, Jonasdottir et al. (1995) suggested that the
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chemical composition of microplankton and particu-
larly ciliates supported high fecundity. Although cili-
ates are a suitably sized food particle for efficient
ingestion by Calanus helgolandicus, very little is
known about their biochemical composition. It is
notable that increased ciliate abundance coincided
with increased levels of the polyunsaturated fatty acid
22:6(n-3), particularly the <20 pm size fraction in
which the ciliates occurred. Whether marine ciliates
can synthesise long chain polyunsaturated fatty acids
has not been established. However, it has been con-
firmed that some marine ciliates, particularly those of
the genus Mesodinium, contain algal symbionts which
can contribute significantly to the host organism'’s
nutrition (Taylor 1982, Stoecker et al. 1988, Wilkerson
& Grunseich 1990) and they can contribute up to 20 %
of microplankton primary productivity in coastal
waters (Stoecker 1991, Stoecker et al. 1991). It is also
possible that the 22:6(n-3) associated with the ciliates
is derived from their microplanktonic prey, particularly
small flagellates and dinoflagellates (Azam et al. 1983,
Leakey et al. 1992) as these organisms are known to be
a rich source of 22:6(n-3) (Sargent et al. 1995a, b). This
may be further evidence of a microzooplankton facili-
tated nutritional linkage between autotrophs and
mesozooplankton which is likely to be of particular
importance during periods of relatively low primary
production, i.e. prior to or after the spring bloom
(Stoecker & Capuzzo 1990, Atkinson 1995).

The peak period of female Calanus helgolandicus
abundance in June resulted from eggs released during
the spring bloom period although there was also a sub-
stantial increase in abundance prior to the spring
bloom, which coincided with a bloom of the ciliate
Strombidium sp.

Fecundity

Fecundity of Calanus helgolandicus at Stn L4 during
the period of study in 1994 never exceeded 33 eggs
female™! d-! which is approximately half the physiolog-
ical maximum reported for a similar species, Calanus
finmarchicus (Marshall & Orr 1952), and implies that a
factor or combination of factors was limiting fecundity.
Temperature is known to be an important factor con-
trolling copepod fecundity (Runge 1984, Beckman &
Peterson 1986, Kigrboe et al. 1988a, b, Kleppel 1992,
Hirakawa 1995) and this is also suggested by multi-
variate statistics in the present study. Food availability
is obviously of critical importance in determining egg
production, and of the various descriptors of food avail-
ability determined here, particulate fatty acid concen-
tration was clearly the most closely correlated with
fecundity, supporting studies by Jonasdottir (1994) and

Jonasdottir et al. (1995). This finding 1s not surprising
as it is well established that the chl a, carbon and nitro-
gen content of particulate matter is not always a good
measure of food availability and quality (White &
Roman 1992, Pond 1993, Kierboe & Nielsen 1994}, par-
ticularly when detritus and heterotrophic microplank-
ton are abundant (Pond et al. 1993, Ohman & Runge
1994, Prestidge et al. 1995). Chl a and fecundity are
often reported as being poorly correlated. In this
respect it is notable that particulate fatty acid levels at
Stn L4 peaked 1 wk after the chl a maximum and that
similar observations have been reported previously
(Morris 1984, Morris et al. 1985, Parrish 1987, May-
zaud et al. 1989). This may at least partly explain the
apparent uncoupling of chl a and fecundity.

The body carbon specific rates of egg production
determined in the present study are higher than those
reported previously for Calanus sp. (Kierboe et al.
1985, Plourde & Runge 1993, Ohman & Runge 1994)
where 8 to 12% was considered to be the upper limit.
At Stn L4 the seasonal mean value was 16 % body C d~!
with a maximum of 32% recorded during late June.
Egg carbon determinations in the present study indi-
cated a seasonal mean of 0.36 ng C egg™' which is
higher than the 0.25 pg C egg ! reported for C. fin-
marchicus by Plourde & Runge (1993). However, in
terms of body carbon, the C. helgolandicus at Stn L4
were considerably smaller (28 to 69 png C female ') in
comparison to the C. finmarchicus in the Gulf of St.
Lawrence, Canada (160 to 220 ug C female™!). There-
fore, body size may explain the difference in carbon
specific rates of egg production between the Calanus
sp. in the Gulf of St. Lawrence and the English Chan-
nel. Another factor known to influence carbon specific
rates of egg production in copepods 1s temperature
(Uye 1981), which reached a maximum of 18°C at
Stn L4, but rarely exceeds 10°C in the Gulf of St.
Lawrence.

Calanus helgolandicus is known to accumulate sub-
stantial lipid reserves in the form of wax esters (Lee et
al. 1971, 1972, Gatten et al. 1979), but the extent to
which these lipids and particularly the fatty acid
moiety are incorporated, modified or unmodified into
eggs is unclear. However, the eggs of Calanus pacifi-
cus (termed C. helgolandicus by Lee et al. 1972) con-
tain only low levels of wax esters, with triacylglycerols
as the major neutral lipid (Lee et al. 1972). Also, C.
helgolandicus and C. finmarchicus have both been
noted to catabolise approximately 50% of their wax
ester reserves during the process of moulting and mat-
uration from Stage V to adult female (Gatten et al.
1980, Hopkins et al. 1984). This is analogous to obser-
vations of zooplanktivorous fish where 20:1(n-9) and
22:1(n-11) fatty acids are catabolised during gameto-
genesis whilst polyunsaturated fatty acids are selec-
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tively translocated to eggs (Henderson et al. 1984). In
C. helgolandicus, the long chain monounsaturated
fatty alcohols, 20:1(n-9) and 22:1(n-11), which are
abundant components of calanoid wax esters, only
constitute minor components of the egg lipid pool.
Therefore, as these 20 and 22 carbon molecules are not
present in eggs in either the acid or alcohol form, it is
likely that these lipids are not translocated directly, or
at least unmodified, to the eggs of C. helgolandicus,
but that they are utilised by the females during energy
intensive gametogenesis. Also as wax esters of
calanoid copepods are known to contain only trace
levels of polyunsaturated fatty acids (PUFA}, the high
PUFA levels present in eggs of C. helgolandicus are
probably of recent dietary origin and therefore the lev-
els of PUFA in the environment may at times limit egg
production in C. helgolandicus. A statistical analysis
(index of multivariate seriation, IMS) of PUFA abun-
dances at Stn L4 indicated that the fatty acid composi-
tion of the eggs was not similar to that of the particu-
lates, which suggests that the C. helgolandicus were
feeding selectively and/or selectively retaining dietary
fatty acids.

Viability

The causes of variability in the hatching success of
marine zooplankton is a matter of some debate, with
anoxia (Lutz et al. 1994), sex ratio and remating (Par-
rish & Wilson 1978, Williamson & Butler 1987, lanora et
al. 1992), nutritional deficiencies (Jonasdottir 1994,
Guisande & Harris 1995) and inhibitory compounds
(Poulet et al. 1994, lanora et al. 1995, Chaudron et al.
unpubl.) proposed as possible explanations. The over-
all hatching success of the eggs of Calanus helgolandi-
cus at Stn L4 during the 1994 season was relatively
high with a minimum value of 74 %. This contrasts with
the findings at Stn L4 during 1993 and in a similar
study in coastal waters off Roscoff (France) where
hatching success was more variable and sometimes
<30% (M. Laabir pers. comm.). Considerable interan-
nual variability in the nutritional environment at Stn L4
has been reported previously, with the particulate lipid
and C. helgolandicus lipid levels of 1978 being only
50% of the level determined for 1977 (Gatten et al.
1980) The implications of this nutritional variability for
egg viability is unclear. Although there is some evi-
dence from laboratory studies that diatoms contain
compounds which reduce egg viability (Chaudron et
al. unpubl.), in the present study, the abundance of
diatoms did not appear to be implicated in determining
hatching success in the field. At Stn L4 during 1994,
egqg viability was correlated with sea temperature,
although previously, laboratory experiments have

indicated that temperature may not be important
(Laabir et al. 1995a) Therefore, it is possible that
covariance of sea temperature with other variables
such as age of females accounts for this finding, or that
the long term environmental temperatures to which
the females are exposed influence viability. In the
experiments of Laabir et al. (1995a), females were
incubated at each temperature for only 24 h.

Guisande & Harris (1995) found that increasing egg
size has beneficial implications for viability and
although in the present study egg size and viability
were positively correlated, the relationship was not
significant (p = 0.07). Poulet et al. (1995b) also found no
significant relationship between egg size and viability
for Calanus helgolandicus. In this study, egg size was
negatively correlated with both the carbon and nitro-
gen content of the eggs. This result is surprising and
contrasts with Guisande & Harris (1995} who sug-
gested that the organic content of the egg increased
with size. The factors which determine egg size are not
known but may be more complex than simply organic
content of the eggs. On release by females, the eggs
are generally misshapen, but rapidly swell into
spheres and therefore seawater salinity, membrane
permeability and/or the ionic composition of the egg
nutrients may have implications for egg size.

Hatching success was negatively correlated with the
carbon and nitrogen content of both female Calanus
helgolandicus and their eggs. Thus, females with high
body carbon and nitrogen contents produced eggs
which also contained high carbon and nitrogen con-
tents, however, the viability of these eggs tended to be
low and the resulting nauplii exhibited a higher inci-
dence of deformities. Again this finding 1s clearly in
direct contrast to Guisande & Harris {1995) who noted
that eggs with a higher organic carbon content were
more viable. However, the Guisande & Harris (1995)
study was conducted over a short period approxi-
mately 1 mo after the spring bloom and hence the
single major variable in their experiments was food
availability, whilst the present seasonal study con-
siders a much wider range of factors. The finding that
well nourished females produce eggs with low viability
is surprising, and could indicate that these females
have accumulated substances which negatively affect
viability.

Principal component analysis and simple linear
regression both indicated that the (n-6) series fatty
acids, 18:2(n-6) and 20:4(n-6), contained in the particu-
late food environment and in the eggs were potential
factors involved in hatching success. It is now estab-
lished that both the (n-3) and (n-6) series of fatty acids
are essential dietary components for marine fish and
that 20:4(n-6) is a substrate for eicosanoid biosynthesis.
Eicosanoids are potent bioactive compounds and
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although only ever present in low concentrations,
induce powerful biochemical and physiological effects
in marine organisms (Hill et al. 1993, Sargent et al.
1993, Vas Dias 1995). 20:4(n-6), which is derived from
elongation of 18:2(n-6), is one of the principal precur-
sors of eicosanoids. Although both 18:2(n-6) and
20:4(n-6) were components of the particulate fatty acid
pool at Stn L4 throughout the study period, they were
only ever present in relatively low levels and therefore
it is difficult to ascribe them to any particular taxo-
nomic group. The actual mechanism by which
eicosanoids could potentially influence egg viability is
uncertain, although they have been shown to induce
synchronous hatching of barnacle eggs (Holland et al.
1985, Hill et al. 1993), possibly by stimulating muscle
activity (Clare et al. 1982). The fatty acid 22:6(n-3),
which is an important factor in determining hatching
success of the Chinese prawn Penaeus chinensis (Xu et
al. 1994), did not appear to be important in the present
study. However, although 22:6(n-3) is probably an
essential dietary nutrient for Calanus helgolandicus,
serving vital physiological and biochemical functions
in cell membranes, levels were never limiting in this
study.

When considering the hatching success of the eggq it
is also important to consider sperm quality. The sper-
matozoa of marine calanoid copepods have been infre-
quently studied and to date, nothing is known about
the factors which influence the quantity and quality
produced during the lifespan of a male. In this context,
it is of note that the majority of eggs that failed to hatch
in the present study did not appear to have undergone
any degree of cell division which implies that the eggs
were not fertilised. The availability of males and hence
the mating success of females could feasibly be a factor
causing variability in egg viability, although in the pre-
sent study, no relationship was found between male
abundance and hatching success. Certainly the age of
sperm may be an important factor determining its via-
bility; this has been demonstrated in a study by lanora
& Poulet {1993) which established that female Temora
stylifera required constant remating to produce viable
eggs. It has previously been established that female
Calanus helgolandicus are mated on a single occasion
shortly after moulting from Stage V to adulthood (Mar-
shall & Orr 1972). Thus, all the eggs produced during
the lifetime of a female are fertilised by the initial
batch of sperm and in marine fish at least, sperm via-
bility is well documented as decreasing with age (Bil-
lard et al. 1995). In the present study it was not possi-
ble to determine the age of females, but they were
characterised in terms of body carbon and nitrogen
content. Females with high carbon and nitrogen
tended to produce less viable eggs and such females
were present prior to and during the spring bloom. As

the development period of C. helgolandicus from eggs
to adulthood takes approximately 1 mo in favourable
conditions (Paffenhofer 1970), it is unlikely that these
females were recent recruits to the population, but
more probably remnants of an overwintering stock
that had accumulated the large reserves of carbon in
the form of wax esters. If this is the case, then these
females would have been mated during the previous
autumn and hence carried spermatozoa for a pro-
tracted period.

The (n-6) series of fatty acids have also been impli-
cated in the viability and functioning of the spermato-
zoa of marine organisms, with unusually high levels of
18:2(n-6) present in the spermatozoa of fish (Drokin
1993) and substantial levels of 20:4(n-6) contained in
spermatozoa of sea urchins (Mita & Ueta 1989). The
functional role of these fatty acids in sperm is unclear
although membrane fatty acid composition has been
implicated in membrane permeability and the acro-
some reaction (Mita & Ueta 1989).

Survival

The eggs of Calanus helgolandicus must contain suf-
ficient nutrients for extensive membrane development
during embryogenesis and to provide adequate energy
reserves to sustain the nauplius during the initial non-
feeding stages. It is apparent from the present study
that saturated and monounsaturated fatty acids were
catabolised during naupliar development to provide
the necessary metabolic energy for growth and devel-
opment, although the levels of these compounds were
not correlated with the hatching success of the eggs.
This supports Lee et al. (1972) who observed a marked
reduction in the levels of triacylglycerols (TAG) in the
eggs of C. pacificus (termed C. helgolandicus by Lee)
during embryogenesis. TAG is an 'energy storage’
which contains predominantly saturated and mono-
unsaturated fatty acids. A recent study by Guisande &
Harris (1995) implicated carbohydrate as a source of
metabolic energy for embryogenesis and it is therefore
possible that carbohydrate reserves are also an energy
source during embryogenesis. In the present study,
naupliar survival was inversely correlated with food
availability in the field and this suggests that during
periods of abundant food, female C. helgolandicus pro-
duce more eggs, but that each egg receives a lower
nutritional investment because in an environment of
plentiful food, the reliance of the first feeding nauplii
on egg nutrients is reduced. This finding is again in
contrast to that of Guisande & Harris (1995) who con-
cluded that egg size and content of protein, carbohy-
drate and lipid all increase in response to increasing
food supply, and that this has beneficial implications
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for the egg hatching viability and the survival of the
nauplii. However, their study was conducted over a
relatively short period during which environmental
and biological factors were relatively constant,
whereas in the present seasonal study, both environ-
mental and biological factors, particularly female age,
oocyte and spermatozoa condition, were likely to be
more variable.

Conclusion

Were nutritional factors limiting fecundity at Stn L4
during 19942 Clearly during the pre-spring bloom and
post autumn periods food limitation was the dominant
factor regulating fecundity of Calanus helgolandicus
although sea temperature also appeared important dur-
ing the pre-bloom period. Certainly on the basis of fatty
acid composition, the nutritional quality of particulate
material at Stn L4 was consistently high throughout the
1994 season although the absolute levels of these com-
pounds did vary widely. This implies that those factors
limiting fecundity are different to those limiting recruit-
ment. The rapid increase in egg production during the
spring bloom period resulted in substantial recruitment
of adult C. helgolandicus in June. However, fecundity
remained at the spring bloom levels for the remainder
of the summer, yet no further significant recruitment of
adults or copepodites was observed (R. P. Harris un-
publ.). The eggs produced during the post spring bloom
period were of good quality with high hatching success
which resulted in healthy nauplii. Food levels were well
above the ‘critical’ threshold of 29 pg C 1! required by
C. helgolandicus to develop from nauplii to the cope-
podite stages (Green et al. 1991) and were probably
approaching non-limiting food concentrations for
growth during most of the summer. Therefore, a plausi-
ble explanation for the low recruitment of adult C.
helgolandicus during the summer at Stn L4 was the
abundance of predators, particularly gelatinous zoo-
plankton which are known to be numerous at Stn L4
during the summer months (C. Guisande & R. Harris
unpubl.).

The present study highlights the complexity of
planktonic ecosystems and emphasises the need to
adopt a detailed multidisciplinary approach to fully
understand variability in zooplankton production. It is
apparent that no single factor determined the repro-
ductive success of Calanus helgolandicus at Stn L4, but
that fecundity and ultimately recruitment are regu-
lated by a complex array of temporally variable, envi-
ronmental, physiological and nutritional factors. Fatty
acids are a reliable and accurate estimate of food avail-
ability and quality, although future comprehensive
studies should also include analyses of amino acids

and vitamins. Ultimately programmes such as
GLOBEC, which aim to model zooplankton production
and population dynamics, will need to consider more
detailed biochemical information such as that pre-
sented here, to accurately and reliably predict variabil-
ity in the marine environment.
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