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ABSTRACT: Occurrence of vitamin C, observed in 26 species of the major zooplankton taxa, confirms
the ubiquity of this essential micronutrient in eukaryotes. Short- and long-term variations of vitamin C
in copepods reflected the dependence of vitamin incorporation upon phytoplankton. The link existing
between the source of vitamin C, or its precursor, and the rank of the organisms in the marine food-
chain is illustrated by the significant difference found between carnivorous and omnivorous/herbivor-
ous species. Copepods and their fecal pellets are substantial carriers of vitamin C, constituting a
potential pathway from phytoplankton to consumers in higher trophic levels and probably unable to
synthesize this molecule. Information about properties and functions of vitamin C, known for plants and
vertebrates, is scant in zooplankton, although it could be relevant to plankton ecology involving

feeding, reproduction and growth.

INTRODUCTION

L(+)-ascorbic acid (vitamin C:L(+)-threo-2-hexe-
nono-1,4-lactone) is a ubiquitous oligonutrient whose
biochimestry, biosynthesis and physiological functions
is well documented (Englard & Seifter 1986, Loewus &
Loewus 1987). It is a product of hexose metabolism
(Loewus 1971), the main precursor of which is D-glu-
cose produced by photosynthetic organisms. The 2
known biosynthetic conversions of D-glucose into
vitamin C reported for eukaryotic organisms (Grin &
Loewus 1984) involve either a direct process or an
inversion pathway, depending on species. The direct
process, characterized by the oxidation of D-glucose
and conservation of the hydroxymethyl group at Csg,
has been studied in higher terrestrial plants (Loewus &
Helsper 1982) and in some algae such as Chlorella
pyrenoisa (Renstrem et al. 1982/83) and Cyclotella
cryptica (Grin & Loewus 1984). The second pathway is
characterized by the conservation of the Cg-carbon
chain of the sugar and by the inversion of the sequence
of carbons (Renstrom et al. 1982/83). This pathway
seems to be typical for animals synthesizing ascorbic
acid, such as rats (Loewus et al. 1960), although it has
been described in a few species of algae (Shigeoka et
al. 1979, Helsper et al. 1982).

Chatterjee et al. (1975) listed species not capable of
synthesizing vitamin C, in relation to their phylogeny.
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Organisms that lack L-gulonolactone oxidase or D-
glucurono-reductase, 2 enzymes required for the
biosynthesis of ascorbic acid (Wilson 1973, Yamamoto
et al. 1978), have to find this molecule in their food.
Vitamin C is known as a micronutrient essential to life,
but the capability of most marine organisms to synthe-
size this molecule has not been established. In crusta-
ceans and fishes, the ability to synthesize vitamin C is
either absent or weak (Guary & Guary 1975, Kean et al.
1985, Dabrowski et al. 1988). Recent application of
high-performance liquid chromatography (HPLC;
Poulet et al. 1989, Hapette & Poulet 1990) to the meas-
urement of vitamin C in zooplankton should allow a re-
examination of these questions, which have remained
unanswered since Fisher's (1960} review.

1t is tempting to extend to zooplankton the inability
of invertebrates and fishes to synthesize ascorbic acid
(Chatterjee 1973), as well as their physiological
requirement for this molecule (Guary & Guary 1975,
Halver et al. 1975, Barnes & Barnes 1982). If this is the
case, it becomes important to study the flux of ascorbic
acid between the primary and secondary planktonic
trophic levels, as well as to investigate the physiologi-
cal role of this molecule in the plankton. Before such an
investigation can take place, 2 fundamental questions
must be answered: (1) Does vitamin C occur and vary
in plankton? (2) Does vitamin C incorporation in zoo-
plankton reflect food conditions?
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In this report, short- and long-term variations of vi-
tamin C in copepods have been investigated in relation
to the standing stock of phytoplankton. The occurrence
and variations of vitamin C have been compared
among various species of plankton in relation to their
position in the marine food chain.

MATERIAL AND METHODS

Field observations. Comparison of the vitamin C
content in micro-, meso- and macrozooplankton was
made with species belonging to different taxa, sampled
in the Celtic and Irish Seas in 1987 and 1988 ('Rosimer’
cruises) and in the Mediterranean sea in 1989 (‘Tomo-
front-89 b’ cruise). Bongo, WP-2 and Isaacs Kidd nets
(200 to >500 um mesh size) were used, depending on
depth of capture (0 to 1000 m) and size of the plankton.
Samples were also collected in the English Channel, in
coastal waters (surface to 40 m) off Plymouth (UK) and
off Roscoff (France), and in the Baie du Morbihan
(Kerguelen Island, South Indian Ocean), using conical
plankton nets (75, 200 and 710 um mesh size}. Samples
were stored in liquid nitrogen (—196°C), except those
from Kerguelen which were kept at —80°C.

Seasonal variations of vitamin C in 2 representative
species of copepods, Acartia clausi and Calanus hel-
golandicus, were evaluated from samples collected
weekly or monthly in coastal waters off Roscoff and
Plymouth from 1987 to 1989. Live specimens picked
from each plankton haul were identified, accurately
weighed (<250 mg wet weight [ww]) and stored in
liquid nitrogen until analysis.

Shipboard incubations of natural assemblages of
copepod populations were conducted overnight at
different sites located in the Celtic, Irish and Mediterra-
nean seas (Claustre et al. unpubl.). Containers filled
with 20 or 400 | of pre-sieved seawater (100 um mesh
size) were used on deck for the incubations. Fecal
pellets were collected and concentrated <10 to 12 h
later, according to a method described by Poulet et al.
(1986). Feces were separated from other particles,
organisms and eggs by sequential filtering, followed by
microscopic sorting. Sub-samples were preserved in
formaldehyde (4 %) for counting and stored in liquid
nitrogen until chemical analysis. Precise composition of
the copepod populations (dominant species were
Calanus helgolandicus, Temora longicornis, Oithona
sp.. Acartia sp., and Centropages typicus, depending
on site), as well as the chemical analyses of fecal
pellets, will be reported elsewhere (Claustre et al.
unpubl., Williams et al. unpubl.).

Salinity, temperature and chlorophyll a concen-
tration were evaluated on board, using the Guildline
CTD (General Oceanics) or the Seabird model SBE 19,

(Seabird Co., equiped with a fluorometer Seatech), or
from frozen (~20°C) phytoplankton samples concen-
trated on GF/C filters, from which chlorophyll a and
phaeophytin contents were determined, using a Turner
Designs fluorometer following Yentsch & Menzel
(1963) and Lorenzen (1967).

Laboratory experiments. Incorporation and decrease
of ascorbic acid in the body pool of Acartia clausi and
Calanus helgolandicus were measured in the labora-
tory by starving and feeding experiments. Copepods
were collected in coastal waters off Roscoff and Ply-
mouth, using conical plankton nets {200 and 710 um
mesh size) towed oblically from 40 to 0 m at <1 knot.
Stocks of copepods were pipetted gently into 1 1 beak-
ers contalning filtered seawater (0.45 um) and sorted
according to species and sex using a binocular micro-
scope. These selected sub-samples were formed of
100 % adult male and female C. helgolandicus, and of
70 to 100% A. clausi including mixed developmental
stages (C IV to adult); the remaining 30 % was formed
of various species of copepods, decapod, annelid and
cirriped larvae. Sub-samples from these initial stocks
were accurately weighed prior to vitamin C analysis to
estimate initial content in copepods before incubations
started. Copepods were then starved for 10 h or 3 d in
filtered seawater under temperature and light condi-
tions similar to those measured in situ at time of cap-
ture. At the end of this phase, the remaining population
of live copepods was transferred into new containers
filled with filtered seawater containing a known con-
centration of cultivated phytoplankton cells. The dura-
tion of the feeding period varied from 12 h to 3 d. Visual
observation of the variation of the fullness and color of
copepod gut contents gave a rough evaluation of the
feeding by copepods. Counts of suspended particles in
seawater before, during and after both the starving and
feeding periods, using a Coulter counter {(Model ZBC
1000), in conjunction with the measurement of total gut
pigments (Dagg 1983, Stearns et al. 1989}, was used to
estimate the feeding activity. Variation of vitamin C in
copepods was estimated in samples (20 to 60 pug ww)
collected at regular time intervals during the 2 phases
of the experiment.

Calanus helgolandicus were incubated in 1 or 21 of
filtered seawater (0.45 um) at 15 to 20 ind. 17!, kept
gently suspended with a plankton wheel (ca 1 rpm;
Robins & Bellan 1986) in a room at constant tempera-
ture (12°C). Containers of 1 m®, containing 200 to 300 1
of filtered seawater (0.6 um), were utilized for Acartia
clausi at a concentration of 6.6 to 13.3 ug ww 17! in
order to obtain enough sub-samples despite the high
mortality rate (50 to 70%) during starvation. Air
bubbling facilitated resuspension of copepods and
particles during the incubatiomn.

Phytoplankton cultures. Thalassiosira weissflogii
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(Bacillariophyceae) and Cryptomonas maculata (Cryp-
tophyceae) were obtained from Plymouth Marine
Laboratory (UK). Phytoplankton was grown in batch
cultures at 15°C in {/2 medium (at Roscoff: Guillard &
Ryther 1962; at Plymouth: Eppley 1977). Cells at a
concentration of 10% to 10° 17! depending on species
and experiment, were fed to copepods at the end of the
starvation periods. Other species of phytoplankton
(Dunaliella primolecta, Chaetoceros sp. and Phaeocys-
tis pouchetii) were also cultivated at Roscoff to compare
their intracellular pool of vitamin C.

Chemical analyses. In addition to the chlorophyll a
and phaeopigment analyses reported above, the total
protein content in copepods was measured according
to Bradford's method (1976). Vitamin C in plankton
was analysed using HPLC following a method recently
described by Hapette & Poulet (1990). A polystyrene
divinyl benzene column (PLRP-S: 25X4.6 mm I. D.; 100
A, 5 um — Polymer Laboratories) was used for all the
analyses reported here. Results were expressed in pg
per cell or ug per g wet wt (ww). Wet weight was used
instead of a dry weight unit, to avoid the potential
degradation of vitamin C by heat.

RESULTS

Vitamin C was analyzed among 26 common species
of zooplankton found in European coastal and shelf
waters and in the Indian ocean. Values ranged from 10
to 800 ug g~! ww (Table 1). Vitamin C in zooplankton
was not related to any environmental conditions such
as temperature or salinity at the site of capture. Rather,
interspecific variations of vitamin C were related to the
mode of feeding of the organisms (Table 1). The mean
vitamin C content in carnivorous species (36.89%
21.60 ug g7! ww) was 6 times less per unit weight
than in omnivorous/herbivorous species (183.37x
134.87 ug g~ ww).

Short-term variation of ascorbic acid in relation to
food and feeding was studied in copepods. Initial con-
tent of vitamin C in naturally occurring adult male and
female Calanus helgolandicus was 190 and 150 ug g~ %,
respectively. They were starved for 192 h in filtered
seawater, then fed 66 h on cultures of Thalassiosira
weissflogii renewed daily, at constant concentration
(<10° cells 17Y). The decrease of vitamin C in the body
pool of the females was 54 % of the initial content,
corresponding to 0.28 % h™! during the starving period.
The rate of increase was 1.54 % h™! during the follow-
ing feeding phase, corresponding to an uptake of
62.12% of the content measured at 192 h (Fig. 1).
Uptake rate was 5 times higher than rate of decrease.
Similar results were obtained for males. Neither males
nor females had recovered their initial pool of vitamin
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Fig. 1 Calanus helgolandicus. Variation of vitamin C in

copepods collected in July 1988 in the English Channel off

Plymouth (UK), kept in filtered seawater (starved) and then

supplied every day with 10° cells 17! of Thalassiosira weiss-

flogii from 193 to 288 h. T, initial content in freshly collected
copepods prior to experiment

C by the end of these incubations. Vitamin C in C
helgolandicus also exhibited variability with time
(Table 2).

Seasonal variation in Acartia clausi was monitored
from 1987 to 1989 (Fig. 2). Vitamin C in A. clausi varied
seasonally, reaching minimum values in fall and winter
and maxima in spring and summer. Values could
changed by =50 to 100 ug g~! within a week; during
the year the maximum amplitude was 330 pg g=*
During the same length of time, maximum variation of
the concentration of chlorophyll a in seawater was *1
ug 17 In 1987, the monthly mean values of vitamin C
co-varied with the standing stock of chlorophyll a
measured in the same area (coefficient of correlation:
R = 0.89; variance:F = 23.2; n = 8; o < 0.01). In
1988-89, these 2 variables were not significantly corre-
lated (R = 0.24; n = 18). Because in situ chlorophyll a
and vitamin C samples were not always collected each
month in the same week, only 8 and 18 paired data
collected on the same day in 1987 and in 1988-89
respectively were statistically compared.

The relationship between food concentration and
vitamin C content was further tested with Acartia clausi
kept for 156 h in microcosms (Fig. 3). The mean con-
centration of suspended particles in the incubators var-
ied from 200 to 850 ml™! after addition of copepods,
then decreased to 300 ml™* (Fig. 3B). From 0 to 95 h,
particles were mainly detritus and broken fecal
material having negligible food value for copepods;
this phase was defined as a ‘starvation’ period. At time
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Table 2. Calanus helgolandicus. Seasonal variation of vitamin
C in copepods collected in the English Channel off Plymouth
(UK). n: number of replicate samples. nd: below detection

73

the variations of the gut pigment concentration
(= chlorophyll a + phaeopigments: Fig. 3C). During the
starvation period, the decrease both of the gut pig-

limit. Unit: ug g~" wet weight ments from 42 to 18 ug g~ ww and of the proteins from

Date Female Male 65 to 37 mg g~ ! ww confirmed that these particles were
= == not suitable food and that copepods did starve. Addi-

25 Aug 1988 106.22 122.79 tion of phytoplankton was followed by an increase in
n=1 n=1 the gut pigment concentration. Then it decreased

30 Sep 1988 187.37 122.31 again in conjunction with the clearance of particles.
n=>5 n=3 Total protein concentration in copepods (Fig. 3D} also

4 Oct 1988 229.42 nd varied significantly during the 2 phases of the experi-
n=8 n=3 ment. Maximum values were observed 40 to 50 h after

29 Nov 1988 13129 1215337 the food was added to the incubators. Copepods could
lose 83 % of their initial content of vitamin C in 24 h

t = 95 h, addition of phytoplankton (Cryptomonas
maculata or Thalassiosira weissflogii: 50x10° to 10°
cells 17!) increased the background level of particles.
The feeding activity of copepods was demonstrated by

when starved (Fig. 3A). The content of vitamin C
remained below 35 ug g~?! during most of the starvation
phase. Food uptake by A. clausi (Fig. 3C) induced an
increase of vitamin C in the body between 101 and 106
hinto the experiment (Fig. 3A). During this short period
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Fig. 2. Acartia clausi. Seasonal variation of vitamin C in copepods collected in coastal waters off Roscoff (France) and of the
phytoplankton biomass measured in seawater. For comparison, the 1987 data were taken from Poulet et al. (1989)
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replicate samples. Algae provided only once to copepods, at time T = 95 h, were either Cryptomonas maculata or Thalassiosira

weissflogii. Gut pigments correspond to total pigment concentrations (chlorophyll a + phaeophytin) measured in acetonic extracts
of copepods

(<10 h) vitamin C increased at a rate of <4 % h™'. As
food decreased in quantity (after 110 h), both gut pig-
ment and vitamin C followed similar fluctuations with
time. Although gut pigments of fed copepods were
equal or higher than nonstarved specimens, as shown
at the start of the experiment, neither vitamin C nor
proteins ever returned to their initial levels.

Content of vitamin C in copepod fecal pellets was
evaluated. Natural populations of copepods, primarily
Calanus helgolandicus, Temora longicornis, or Cen-
tropages typicus, were incubated on deck on 3 occa-
sions (April to June), to sample fresh fecal material.
Vitamin C incorporation into copepod feces occurred
but was less than 0.7 pg per fecal pellet (Table 3}.

Furthermore, vitamin C in feces was detectable only
when chlorophyll a was >1.5 ug 171,

Preliminary measurements of vitamin C in 5 species
of phytoplankton are shown in Table 4. The intracellu-
lar content of vitamin C varied with species by about
20-fold. The mean ratios (n = 10 replicate samples)
between vitamin C and pigment content, evaluated in
Dunalliela primolecta, were 7.8 107> for vitamin C/
chlorophyll a and 6.9 x 10~ for vitamin C/phaeophytin.

DISCUSSION

Our results have emphasized the ubiquity and
unevenness of vitamin C in plankton. The occurrence
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Table 3. Vitamin C in copepod fecal pellets in relation to in situ chlorophyll a concentration. nd: below detection limit

Site Food level Copepod species Feces vitamin C Range of No. of
chlorophyll a content samples samples
(ug 171 (pg pellet™*)
Celtic Sea 1.5-2.5 Calanus helgolandicus 0.61 nd-0.61 2
Irish Sea >2 Temora longicornis 0.59 nd—0.59 4
Mediterranean Sea < 1.2 Centropages typicus nd nd 5

Table 4. Vitamin C in some species of phytoplankton

Class Species of phytoplankton

Chlorophyceae
Bacillariophyceae

Dunaliella primolecta
Thalassiosira weissflogii
Chaetoceros sp.
Cryptomonas maculata
Phaeocystis pouchetii

Cryptophyceae
Haptophyceae

Vitamin C content (pg cell™)

No. of samples

0.35
4.23
0.96
6.45

3.05 x 1072

W W W W w

and variation of vitamin C in other vertebrate and
invertebrate species are reviewed in Table 5 to com-
pare with results in Table 1. Although methods used by
most authors were different, at this stage of generaliza-
tion it appears that vitamin C is highly variable. Values
reported for non-planktonic species and for zooplank-
ton fall generally into the same range. Contents in
some plankton species (e.g. omnivorous-herbivorous
copepods; fish larvae) are higher than whole body, or
as high as in specific tissue, of vertebrates known for
their ability to store or synthesize vitamin C (e.g. liver,
kidney). In humans, the average total vitamin C con-
tent is 20 to 50 ug g~ ', but it can be as high as 500 ug
g~ !in specific tissues (Courtand & Sagaut 1987). These
data confirm the universal presence of ascorbic acid in
eukaryotes.

One may wonder about the relationship between
vitamin C and size of zooplankton. This question was
addressed recently for copepods by Poulet et al. (1989).
Intraspecific variations reported for this group were of
the same order of magnitude as the interspecific varia-
tions detected among taxa (Table 1). These results
underline some interaction between vitamin C and
physiological conditions, plankton life, growth rate,
stage of growth and mode of feeding, rather than
species, as shown in Table 1, when comparing mero-
plankton against holoplankton, fish larvae against eggs
and carnivorous against omnivorous species.

The pool of vitamin C in the body of marine carnivo-
rous species seems to be 10 times less than in omnivo-
rous-herbivorous species (Table 1). An order of mag-
nitude difference between these 2 groups probably
reflects some relationship between their trophic posi-
tion in the marine food chain and their specific capabil-
ity to incorporate vitamin C. Comparison of the sea-

sonal variations between free-swimming zooplankters
(e.g. copepods: Table 2; Figs. 2 and 3) and benthic
organisms (e.g. Balanus balanoides, Chthamalus spp.:
Barnes & Barnes 1982) show that they differ by a factor
of 10, despite both species being crustaceans and her-
bivorous. The lack of information on the biochemistry
of vitamin C in most invertebrates is still a major prob-
lem in interpreting such biochemical differences.

The true relationship between vitamin C and food
could not be investigated in nature, due to various
interfering and uncontrolled factors, such as the ade-
quacy and concentration of food, the hunger and selec-
tivity of copepods, and match-mismatch between prey
and predator in time and space. Nevertheless, con-
tradicting results in Fig. 2 did not rule out the relation-
ship found with Calanus helgolandicus between food
and vitamin C. The response of Acartia clausi to the
ingestion of food was illustrated by a slow incorpora-
tion of proteins (Fig. 3D), reflecting hte transformation
of amino acids during proteogenesis. Time lag between
ingestion of food and the biochemical response of these
copepods was 40 to 50 h for proteins and <10 h for
vitamin C or gut fullness. Considering that copepods do
not synthesize chlorophyll a and phaeophytin and
knowing that both vitamin C and gut pigments varied
quickly following food uptake, results in Fig. 3 thus
suggest that biosynthesis of vitamin C does not occur in
copepods. This hypothesis is confirmed when
chlorophyll a (0.75 to 1.5 ug 17%) or number of cells
{between 50x 10° and 10° cells 17!) corresponding to
the addition of phytoplankton into the incubators is
converted into vitamin C. Knowing that Dunalliela
primolecta has a chlorophyll a concentration per cell
similar to Thalassiosira weissflogii or Cryptomonas
maculata (e.g. Moal et al. 1987), conversion (pg vit. C
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Table 5. Summary of the values and ranges of vitamin C measured in non-planktonic organisms

Organism Range of vit. C  Location Species Source

ngg™"

Vertebrate

Fish 1.5-450 Liver, kidney, gill, brain, 10 species: including Mugil  Giroud & Rakoto-Rat-
muscle, ovaries, egg cephalus, Gadus morrhua simamanga (1936), Gordon &

Martin (1980), Sandnes &
Braekkan (1981}, Carr et al.
(1983}, Thomas et al. (1985)

Rat 12-151 Liver, kidney, lung, testis, Carr et al. (1983)
brain, muscle

Primate 0.7-500 Suprarenal, hypophysis, Homo sapiens Courtand & Sagaut (1987)
liver, lung, kidney, testicle,
thyroid, heart, muscle, brain,
pancreas, eye, plasma, saliva

Invertebrate

Insect 60—470 Gonad, gut, muscle, egg Dytissus marginalis Giroud & Rakoto-Rat-

Anthomornus grandis simamanga (1936), Vander-
zant et al. (1962)

Crustacean 10-320 Hepatopancreas, gonads, 9 species including: Cragon In Fisher (1960): reported by
gill, muscle, egg, vulgaris, Palaemonetes Nespor & Wenig (1939),
cephalotorax, whole body pugio, Balanus balanoides Giroud & Rakoto-Rat-

simamanga (1936), von Euler
& von Euler (1933), Barnes &
Barnes (1982}, Carr et al.
(1983)

Mollusc 20-1300 Hepatopancreas, gut, gill, Octopus vulgaris, Mytilus Giroud & Rakoto-Rat-
gonads, muscle galloprovincialis simamanga (1936)

Annelid 4-25 Gut, muscle, posterior Neanthes virens Carr & Neff (1980)
segments

Echinoderm 30400 Hepatopancreas, gonads, 6 species Giroud & Rakoto-Rat-
gut simamanga (1936)

Coelenterae 50-180 Whole body Anemonia sulcata, Jellyfish ~ Giroud & Rakoto-Rat-

simamanga (1936)

per cell X number of cells added in 200 1, taking 5 pg
cell ™} as the average vitamin C cell™!; Table 4) gives a
maximum yield of vitamin C of the order of 50 to 100 ug
200 17!, a value of the same order of magnitude as the
quantity incorporated by copepods (i.e. 37.8 to 79.8 ug
vit. C for the entire population of copepods in the
incubators, knowing that the range of copepod wet
welght was 1260 to 2660 pg in 200 1) 10 h after they had
started to feed (Fig. 3A). The ratio between gut pig-
ments and vitamin C content was close to 1 during this
period (Fig. 3A, C:t = 100 to 110 h), demonstrating
further a direct link between food uptake and incorpo-
ration of vitamin C by copepods. These conclusions,
based on only a few observations, should be ultimately
tested through enzymatic assays, similar to those per-
formed on rat and fish (Loewus et al. 1960, Chatterjee
1973, Thomas et al. 1985, Koshizaka et al. 1988).
Minimum concentrations of vitamin C in both
Calanus helgolandicus and Acartia clausi starved in
the laboratory were close to values recorded in natur-

ally occurring copepods during winter, or on stations
where the concentration of chlorophyll a in seawater
was <0.5 ug 1™ . The effects of food concentration upon
feeding (e.g. Paffenhofer 1971), growth (e.g. Huntley et
al. 1987) and production (e.g. Stearns et al. 1989) rates
are well documented for copepods. However the
importance of food quantity against food quality is still
controversial (e.g. Kierboe 1989). The concept of food
quality, based on the induction of some specific biologi-
cal function, could be defined better by vitamin C. For
example, one known function of vitamin C among
crustaceans is to stimulate reproduction. Collier et al.
(1956) reported that Balanus sp. exposed to 14 ug 17}
vitamin C immediately started reproducing. In nature,
input of dissolved vitamin C in relation to extracellular
excretion by phytoplankton, which could be as high as
70 % of the quantity synthesized in some alga (Helsper
et al. 1982), might induce such a response. In the
decapod Palaemon serratus, Guary & Guary (1975),
and Guary et al. (1975) have shown that vitamin C
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increases both in the female ovaries before hatching
and in eggs during embryogenesis. These authors sug-
gested that vitamin C is required during egg division
and should favour survival of larvae. Furthermore, a
relationship between vitamin C and molting has been
reported in Palaemon serratus {(Guary et al. 1975) and
in Homarus americanus (Desjardins et al. 1985). The
dependence of reproduction and growth upon vitamin
C or its precursor might have also great ecological
importance in zooplanktonic crustaceans. Earlier
studies on population dynamics, reported for Acartia
clausi in the coastal waters off Roscoff (Le Févre-
Lehoérff 1972), showed some coincidence in time (e.g.
spring-summer) between maximum values of vitamin
C and population density. Considering these results
with those in Fig. 2, it would be speculated that vitamin
C might also induce reproduction in copepods.

Three other functions might be relevant to plankton.
Vitamin C is a factor in detoxification mechanisms
against heavy metals (Kanner et al. 1977, Thomas et al.
1982) and is an essential micronutrient for fish (e.g.
growth and reproduction: Millikin 1982). These func-
tions would be worth exploring in zooplankton. Fur-
thermore, vitamin C could be used as a new biochem-
ical marker, characterizing phytoplankton-zooplank-
ton interactions as shown in Figs. 1 to 3. The gut
pigment/vitamin C ratio varied from 1 to 3 among fed
copepods, while it was <1 during starvation (Fig. 3). Its
nutritional and physiological function could offer this
marker a subsidiary advantage over the classical index
of zooplankton feeding using measurements of gut
pigments (Mackas & Bohrer 1976, Dagg 1983, Conover
et al. 1986), which have no such function.

Transfer of vitamin C between trophic levels relating
phytoplankton, zooplankton and fish has some impor-
tance, mainly for species unable to synthesize this vi-
tamin. Droop & Scott (1978) observed that as much as
60 % of labeled vitamin B;, contained in the alga
Bachiomonas submarina was incorporated into the
rotifer Brachionus plicatilis through direct feeding. The
role of copepods as a source of food for fish is well
established (Turner 1984). As demonstrated for polyun-
saturated fatty acids (Watanabe et al. 1983), well-fed
copepods could be a source of vitamin C for fish. The
importance of such a transfer would be quantified
when requirements of planktivorous fish are known.
This information is scant for most fish. Turnover times
for ascorbic acid in primates are 20 d, and 2 to 3 d in
guinea-pigs and rats (Tolbert 1979). If vitamin C and
size of organism are related, then turnover in fish might
be on the order of days to hours, depending on the
stage of growth. According to Millikin (1982), Dab-
rowski (1986} and Soliman et al. (1986), the daily
requirement of fish (juvenile to adult) is of the order of
1.25 ug g~ ? of dry diet. Such a quantity could be

supplied by 10 to 50 copepods of the size of Calanus
helgolandicus. Copepod fecal pellets could transfer low
amounts of vitamin C to the next trophic level, except
under oligotrophic conditions (e.g. Mediterranean Sea:
Table 3). Copepods exposed to a high quantity of food
would produced pellets enriched with vitamin C, as a
result of unabsorbed organic matter (e.g. Clarke et al.
1988). Vitamin C found in fecal pellets (Table 3) is more
likely an excretory pathway when the amount supplied
by food exceeds copepod needs, as mentioned by Tol-
bert (1979) for urine of rats or primates.

A survey of the vitamin C literature {e.g. Cowey &
Sargent 1979, Englard & Seifter 1986, Loewus &
Loewus 1987) reveals little information regarding
marine plankton compared with other plants and ver-
tebrates; the existing plankton information is generally
dated (e.g. Fisher 1960, Swift 1980, Barnes & Barnes
1982, Poulet et al. 1989, and results therein). Biochemi-
cal aspects, such as biosynthesis ability, metabolism
pathways and requirements have been investigated in
the past for non-planktonic organisms (e.g. Guary &
Guary 1975, Tolbert 1979, Soliman et al. 1986,
Koshizaka et al. 1988). Hopefully, this information
should make the study of vitamin C more popular
among marine plankton biologists and will encourage
new research regarding vitamin C in marine plankton.
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