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Abstract  The effect of the chemical composition of food 
on the reproductive success of the copepods Acartia tonsa 
Dana and A. hudsonica Pinhey was studied in the labora- 
tory. Laboratory-reared individuals were fed one of three 
monoalgal diets at different stages of growth: the diatom 
Thalassiosira weissflogii, the flagellate Rhodomonas lens 
and the dinoflagellate Prorocentrum minimum. The diet 
was analyzed for carbon, nitrogen, protein, carbohydrate 
and fatty acid content. Reproductive success was measured 
as eggs female -1 day -j (E~) and as the hatching success of 
the eggs. The E~ of Acartia spp. was correlated with pro- 
tein and specific fatty acids [16:1o)7 (negative), 20:5(o3, 
22:6o)3, and 18:0 (positive)] and, especially, the fatty acid 
composition of the algae expressed as the o)3:o)6 and 20:22 
fatty acid ratios. The youngest diatom cultures and expo- 
nentially-growing flagellates displayed the highest E~; the 
lowest E~ was recorded for females fed the senescent dia- 
tom cultures. The development time of eggs was affected 
by the age of the phytoplankton culture fed to the female. 
Hatching success of eggs decreased with the age of the al- 
gal culture, but no correlation was found with the meas- 
ured chemical components of the food. 

Introduction 

Temporal changes in both the physical and chemical com- 
position of seston in the oceanic environment are well re- 
ported (Kattner et al. 1983; Morris et al. 1983; Sakshaug 
et al. 1983; Fraser et al. 1989; Mayzaud et al. 1989) and 

Communicated by N. H. Marcus, Tallahassee 
S. H. J6nasd6ttir 
Marine Sciences Research Center, 
State University of New York at Stony Brook, 
Stony Brook, New York 11794-5000, USA 
Present address: Danish Institute for Fisheries and Marine Research, 
Charlottenlund Castle, DK-2920 Charlonenlund, Denmark 

take place, for example, as a result of  changes in species 
composition (phytoplankton, microzooplankton, detritus, 
etc.), physiological state of the phytoplankt0n, and nutri- 
ent availability. Mayzaud et al. examined changes in the 
chemistry of particles from winter to fall, and found strong 
seasonality for most chemical and biochemical compo- 
nents (carbon, nitrogen, protein, carbohydrates and lipids). 
Similarly, Morris et al. reported changes associated with 
the growth, development and decay of individual phyto- 
plankton blooms. Laboratory an d field studies have shown 
that phytoplankton undergo compositional changes in their 
lipid classes and specific fatty acids as nutrient availabil- 
ity changes (Kattner et al. 1983; Parrish 1987; Parrish and 
Wangersky 1987; Mayzaud et al. 1989) as well as with the 
age of the phytoplankton culture (Ackman et al. 1964; 
Pugh 1971; Webb and Chu 1982). Protein and carbohy- 
drate content of algal cells also changes when nutrients are 
depleted (Harrison et al. 1977; Raymont 1980; Morris 
et al. 1983). 

The effects of such compositional changes of phyto- 
plankton on zooplankton growth and reproduction are not 
well understood. Different food types elicit different re- 
productive responses in copepods (Marshall and Orr 1952; 
Nassogne 1970; Checkley 1980; Arnott et al. 1986). How- 
ever, with the exception of 'nitrogen i n a  few studies 
(Checkley 1980; Cahoon 1981; Ki0rboe 1989), the spe- 
cific compositional constituents in the diet that cause dif- 
ferent reproductive responses in copepods have not been 
identified. 

The few previous studies on the nutritional require- 
ments of crustaceans indicate that fertility and develop- 
ment may require specific fatty acids (Cladocera: Conklin 
and Provasoli 1977; Acartia tonsa: St0ttrup and Jensen 
1990; shrimp: Jones et al. 1979). The lipid content of co- 
pepod eggs and gonads of females is higher than that Of 
the whole individual (Giese 1966; Gatten et al. 1980), sug- 
gesting the potential importance of lipids in egg produc- 
tion by copepods. Previous studies showed that crustaceans 
do not or cannot easily biosynthesize the polyunsaturated 
fatty acids (PUFAs) o)3 and o)6, and that these fatty acids 
are found in the crustacean in proportion to their availabil- 
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ity in the its diet (Lee et al. 1971; Castell 1982; Sargent 
and Falk-Petersen 1988; Bourdier  and Amblard  1989; 
Fraser et al. 1989). Addit ionally,  the PUFAs 20:5 and 22:6 
of the 0)3 type are essential for somatic growth and survi- 
val of some crustaceans (Kanazawa et al. 1977; Jones et al. 
1979; Mart in  1980). Both 20:5 and 22:6 PUFAs of dietary 
origin are enriched in the eggs and naupli i  of  Calanus f in -  
marchicus  (Sargent and Falk-Petersen 1988). Ki0rboe 
et al. (1985) also suggested that lipids were important  for 
egg production,  while protein was important  for somatic 
growth of naupl i i  and copepodites.  

Numerous  egg-product ion studies of zooplankton have 
been conducted both in the laboratory and in the field, Egg- 
product ion studies usual ly have not considered either 
hatching success of the eggs produced (% viabili ty),  or sur- 
vival  of the offspring. The first stage after hatching (Nau- 
pliar Stage NI) is of part icular  interest, as it is a non-feed-  
ing stage (Landry 1983) in which the naupli i  util ize ma- 
ternal ly-provided energy reserves. Thus, the hatching suc- 
cess and survival  through the initial nauptiar  stages may 
be more appropriate measures of the actual recrui tment  to 
the populat ion (Ambler  1985; Ianora et al. 1992), and, 
hence, may be more important  parameters in est imating 
populat ion growth than is the number  of eggs produced. 

The specific objectives of the present  study were to in- 
vestigate the effects of food of different chemical  compo-  
sition on the reproductive success of copepods in the la- 
boratory and to try to identify some of the chemical  com- 
ponents  affecting the reproductive success. This paper de- 
scribes egg-product ion responses of Acar t ia  tonsa Dana 
andA. hudsonica Pinhey in a series of experiments  in which 
the copepods were fed on three monoalgal  cultures at dif- 
ferent stages of growth: the diatom Thalassiosira weiss-  
f logi i ,  the flagellate Rhodomonas  lens and the dinoflagel-  
late Prorocen trum minimum.  Phytoplankton were ana- 
lyzed for total protein, total carbohydrate,  specific fatty ac- 
ids and carbon and ni trogen content.  Al though a detailed 
study of the special requirements  for individual  amino ac- 
ids and vi tamins would also be of interest (Conkl in  and 
Provasoli  1977; see also Dadd 1982 and Harrison 1990), 
this study focused on specific fatty acids. This choice was 
based on the results of  the studies ment ioned  above. Spe- 
cific at tention was given to the 20:5, 22:6, 0)3 and 0)6 
PUFAs in the diet. 

Materials and methods 

The experiments tested the effects of dissimilar food conditions on 
egg-production rates of the copepods Acartia tonsa Dana andA. hud- 
sonica Pinhey. The expected relationship between egg-production 
rate and food concentration is a curvilinear function, known as the 
functional-response curve. In order to obtain a functional-response 
curve, the egg-production experiments were run at four food con- 
centrations, and the egg-production rates were compared to the chem- 
ical composition of the food. Before each experiment, the copepods 
were acclimated for 48 h to their food (algal type and condition) so 
that measured egg-production rates would reflect ingestion under ex- 
perimental food conditions. 

Phytoplankton cultures 

Phytoplankton were grown in batch cultures using f/2 media (Gull- 
lard 1975) at 16 ~ under fluorescent light (10 h light:10 h dark cy- 
cle). The silica in the diatom media was neutralized with HCI, which 
also minimizes precipitation of silica hydroxide (M. J. Perry person- 
al communication). As food for each egg-production experiment, 
three algal cultures were grown: two to feed the copepods on the two 
acclimation days and an additional one for the experimental day. The 
cultures were started at three different initial concentrations to en- 
sure that each culture was at similar growth stage on the day it was 
used (see Jdnasd6ttir 1992), 

When the experiment was started, an aliquot of the algal culture 
to be used as food was filtered onto combusted GF/C filters for chem- 
ical analyses. Duplicates were filtered for each of the chemical com- 
ponents to be analyzed. Filters were folded and put into 2 ml cryo- 
genic vials and frozen at -90 ~ immediately after filtration. Sam- 
ples for carbon and nitrogen content were filtered through combust- 
ed GF/F filters which were folded and wrapped in combusted foil 
and dried at 60 ~ An aliquot of the batch culture was fixed with 
Lugol's solution for cell counting. Culture densities were determined 
using a 1 m! Sedgewick rafter counting cell and 10x magnification 
on a compound microscope. Between 100 and 300 cells from a known 
volume were counted to estimate the cell density. Daily growth rates 
were calculated from these counts. 

Three phytoplankton species were used in the different experi- 
ments: the diatom Thalassiosira weissflogii (cell diam -~ 14 lain; vol- 
ume estimated at 1500 gin3), the dinoflagellate Prorocentrum mini- 
mum (cell diam -~20 gm; estimated volume 3500 lt,tm3), and the flag- 
ellate Rhodomonas lens (cell diam : 9  gin; estimated volume 
226 ~l.m3). 

Chemical analysis of food 

Proteins were determined using bicinchoninic acid (BCA) protein 
assay reagent (Pierce) (Smith et at. 1985). Protein was solubilized 
from the cells on the filters using 1% sodium dodecyl sulfate (lau- 
ryl) detergent prior to analysis. The light extinction of the protein so- 
lution was quantified on a spectrophotometer at a wavelength of 
562 nm. Carbohydrates (CHO) were measured by the 3-methyl-2- 
benzothiazolinone hydrazone hydrochloride (MBTH) assay de- 
scribed by Burney and Sieburth (1977), Johnson and Sieburth (1977), 
and Johnson et al. (1981). The light extinction of the carbohydrate 
solution was measured at 635 nm on a spectrophotometer. Carbon 
and nitrogen content of the samples were measured on a Perkin El- 
mer 240 B elemental analyzer. 

Fatty acids were analyzed by gas chromatography on a capillary 
column following standardized methods of fatty acid analysis as de- 
scribed by Peltzer et al. (1984) and Wakeham and Canuel (1990). 
Lipids were extracted by ultrasound sonication into CH2Cl2-metha- 
nol (2:1, v/v) and the fatty acids trans-methylated with BF3-metha- 
nol to form fatty acid methyl esters (FAME). The FAME fraction was 
purified and separated from the other lipid compound classes on a 
short, fully activated silica-gel column (Peltzer et al. 1984). The 
FAME sample in hexane and with a known amount of C I9 fatty acid 
as an internal standard, was injected into a gas chromatograph (Car- 
lo Erba 2150) using hydrogen as a carrier gas at 0.8 kg cm -2. The 
temperature program was increased from 100 to 230 ~ in 3 rain, and 
then remained isothermal at 230~ for 15 rain. Peaks from chroma- 
tograms were compared to SUPELCO FAME I and II standards for 
specific fatty acid identification, and the integrated peaks of each fat- 
ty acid compared to the peak area of the C19 internal standard. 

As phytoplankton cultures were not axenic, the chemical meas- 
urements reflect both phytoplankton and bacterial composition. A 
detailed description of each of the chemical analyses is outlined in 
J6nasddttir (1992). 

Copepod rearing 

Copepods for the experiments were obtained in 1991 by towing a 
210 gm mesh-size plankton net in Long Island Sound (LIS), New 



Table 1 Phytoplankton species 
and batch-culture conditions 
used in egg-production experi- 
ments with Acartia tonsa and 
A. hudsonica (EE early expo- 
nential; ME mid-exponential; 
LE late exponential; S senes- 
cent; Tw Thalassiosira weiss- 
flogii; Rl Rhodomonas lens; 
Pm Prorocentrum minimum; 
h A. hudsonica; t A. tonsa) 

Experiment Algal type 
No. 

A. tonsa 
1 T. weissflogii 
2 T. weissflogii 
3 T. weissfIogii 
4 T. weissflogii 
5 R. lens 
6 R. lens 
7 R. lens 
8 P. minimum 

A. hudsonica 
9 P. minimum 

10 T. weissflogii 
11 T. weissflogii 
12 R. lens 
13 R. lens 

Batch Divisions Culture 
culture conc d- ~ stage 
(cells ml -I) 

Code 

69 

25 000 0.58 EE TwEE-t 
100 000 0.12 ME TwME-t 
180 000 0.06 LE TwLE-t 
300 000 0.07 S TwS-t 

40 000 0.84 EE RlEE-t 
200 000 0.55 LE RILE-t 
300 000 0.56 S RIS-t 

9 000 0.86 EE PmEE-t 

70 000 0.33 LE PmLE-h 
40 000 0.58 EE TwEE-h 

300 000 0.05 S TwS-h 
50 000 1.08 EE RIEE-h 

400000 0.14 S RlS-h 

York (40 ~ 50 'N;  73 ~ 07 'W).  They were reared under controlled con- 
ditions in batch culture in the laboratory. The zooplankton species 
used were the copepods Acartia tonsa, found in LIS during the sum- 
mer and fall, and A. hudsonica, which is abundant from early fall 
through winter and spring. Experiments with A. tonsa were run in 
July through September, and with A. hudsonica in April to May with 
one experiment (No. 9) in September. The copepod cultures were 
kept at 16~ in dim light on a 14 h light:10 h dark cycle. Actively 
swimming individuals (predominately females, but also males and 
Copepodite Stage V) were picked from fresh field samples. Approx- 
imately 40 copepods were placed in each of several 2-liter beakers 
containing GF/C filtered 27%o seawater from LIS. The water was 
lightly aerated. The copepods were fed excess food consisting of a 
mixture of three exponentially growing algal species (Thalassiosira 
weissflogii, Rhodomonas lens and Prorocentrum minimum) twice a 
week. Three quarters of the water was replaced every 7 to 10 d and 
eggs and nauplii were separated from the copepodites and adults. Re- 
moving females for experiments, additionally diluted the cultures 
and allowed the nauplii to grow without grazing pressure from adults. 

Experiments 

Egg production 

Actively swimming females were chosen from the zooplankton batch 
cultures for the experiments. Four females were placed in a Plexi- 
glas container which had a 210 ~tm screen on the lower end and was 
hung inside a l-liter beaker filled to a total of 800 ml with filtered 
seawater and the experimental food. This resulted in =200 ml of wa- 
ter inside each container. The 210 gm screen was coarse enough to 
prevent cannibalism of the eggs spawned by the females by allow- 
ing the eggs to fall easily through the screen while keeping the co- 
pepods inside the container. Incubations were conducted at 16 ~ in 
dim light on a 14 h light: 10 h dark cycle. 

A series of experiments was run to determine the effect of the 
growth stage of algal monocultures and the species of phytoplank- 
ton on the egg production of copepods (Table 1). Experiments 1 to 
8 measured egg-production rates ofAcart ia tonsa and Experiments 9 
to 13 the rates of A. hudsonica. The algal culture used was diluted 
into four different food concentrations (in triplicate) with the excep- 
tion of Experiments 12 and 13, in which the cultures were diluted 
into five algal concentrations (in duplicate). These concentrations 
ranged from extreme food limitations to excess food in order to 
examine the egg-production response at both stressed-food and ex- 
cess conditions. The concentrations were based on algal-cell vol- 
ume to facilitate comparison among the three algal species. The cell- 

5 5 5 volume concentrations used were 7 .5x 10 ,  15x 10 , 30x  10-, and 
6 0 x l 0 5 g m 3 m l  1 in Experiments l to 11 and 4.5• 9 x 1 0  s, 

15x 105, 30x 105, and 60x  105 gm3ml -I in Experiments 12 and 13. 
(For comparison, 7.5 x 105 gm 3 ml -I equals -~ 500, 3300, and 215 cells 
m1-1 for Thalassiosira weissflogii, Rhodomonas lens, and Prorocen- 
frum minimum, respectively.) 

Copepods were acclimated at the experimental conditions (food 
type and concentration) for 48 h prior to the experiment. For the first 
acclimation day, food suspension were made from the first phyto- 
plankton culture in the three-culture series described in the preced- 
ing section. The food suspensions on the second acclimation day 
were made from Culture 2. Females were carefully transferred to the 
fresh food suspension with the wide end of a Pasteur pipette, and the 
old food suspension and eggs were discarded. The experiment start- 
ed on Day 3 with food suspension from Culture 3. Copepods from 
each beaker were transferred from their containers into small dishes 
24 h later, and prosome length was measured. The copepods were 
dipped into distilled water to remove salt, placed in small tared alu- 
minum cups, and dried at 60~ for later dry-weight measurements. 
The contents of each beaker were carefully poured through a 20 jam- 
mesh screen and the eggs were rinsed into a counting chamber and: 
counted. If mortality over the 3 d of an experiment exceeded one in- 
dividual in a beaker, the data from that beaker was excluded. 

Egg-development time, hatching success and naupliar survival 

Concurrent with the egg-production incubations, another set of ex- 
periments was set up to measure hatching success of eggs. All incu- 
bations were conducted at 16 ~ Twenty-five females were placed 
in a 2-liter beaker and acclimated for 48 h using the same procedure 
as described in3 the preceding section, at an algal concentration of 
22.5x 105 lain- ml -I. This concentration is close to the critical food 
concentration. After acclimation, females were carefully transferred 
to the experimental food conditions for an additional 24 h, after 
which time the eggs were removed and 20 to 30 were placed togeth- 
er in each of several 15 ml wells (tissue-culture plates) filled with 
filtered seawater. Hatching was checked every 24 h for 3 to 4 d or 
until no egg had hatched during the last 24 h period. After the eggs 
had hatched, 18 to 38 nauplii were selected for naupliar survival 
measurements. Each nauplius was placed in a 2 ml well in a glass 
culture plate containing filtered seawater, and survival was checked 
every 24 h for 2 to 3 d. 

Due to an overestimation of the development times of eggs for 
some of the experiments described in the preceding paragraph, the 
series of development times was incomplete. Therefore, a separate 
set of experiments to determine the development time of eggs was 
carried out for Acartia tonsa females only; these were fed on Tha, 
lassiosira weissflogii and Rhodomonas lens (Experiments DI to D6 
in Table 2). Three different algal growth stages were used in this se, 
ries of experiments. Three paired experiments using both food types 
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Table 2 Acartia tonsa. Experiments to determine development 
times. Culture stages of Thalassiosira weissfIogii and Rhodomonas 
lens as in Table 1 

Experiment Algal type Batch culture Divisions Culture 
No. conc d -~ stage 

(cells ml -j) 

D l T. weissflogii 27 000 0.50 EE 
D2 T. weissflogii 70 000 0.45 ME 
D3 T. weissflogii 160 000 0.07 LE 
D4 R. lens 30000 0.39 EE 
D5 R. lens 175 000 0.30 ME 
D6 R. lens 440000 0.01 S 

were carried out simultaneously (Experiments D1 and D4; D2 and 
D5; D3 and D6: Table 2). The same 50 females (25 for each food 
type) were used in all these experiments, which were run for a total 
of 9 d: after each paired experiment, the females were mixed and 
split randomly again for the next set. The experiments were carried 
out in a manner similar to that used for the hatching experiment, and 
the eggs were incubated at 16 ~ After the 72 h feeding period, the 
females were carefully removed, all eggs were sieved from the wa- 
ter with a 20 gm-mesh screen, and the females were again placed in 
the experimental beakers. After 4 h they were removed and any new- 
ly spawned eggs were sieVed out carefully with a 20 gm screen. 
Twenty to 30 eggs were placed in each of several 15 ml wells as de- 
scribed in the preceding paragraph. Time zero (T o) was set at 2 h af- 
ter the initiation of the experiment, i.e., females were removed at T 2. 
Eggs were checked for hatching at Tj6 and every 4: h thereafter un- 
til no more eggs had hatched for >12 h. The avera~ge development 
time was calculated as Y~(h. T)/~,h, where h is the number of eggs 
hatched at Time T. 

The sizes of eggs and nauplii were measured in Experiments D1 
to D6. At T 2, 6 to 10 eggs (0 to 4 h-old) were fixed in formalin for 
size determinations. At least 10 nauplii per experiment were pre- 
served in formalin 0 to 4 h after hatching (Naupliar Stage NI). Sep- 
arate experiments on the effect of formalin preservation on egg siz- 
es indicated no significant differences (one-way ANOVA, P=0.82) 
in sizes ofAcartia tonsa eggs before and after 1 wk of fixation. Size 
measurements were made by videotaping the image of the eggs and 
nauplii through a compound microscope. The outlines of the imag- 
es on the screen were traced on acetate. A micrometer ruler was vid- 
eotaped and traced in the same manner and used to calibrate the size 
measurements. Measurements were made using a digitizing pad 
(Summagraphics MacTablet), and calculations were performed us- 
ing the NIH (National Institute of Health) image-analysis software 
on a Macintosh II computer. Length was measured twice for each 
nauplius and the mean of the two measurements was used for calcu- 
lfition s. Three cross-sections were generally measured for each egg. 
Egg volume was calculated, assuming a spherical shape, as: 
4/3rcrlr2r3, where ?1, r2, and r3 are the radii of the eggs (one-half of 
each of the three cross-sections measured). When only two cross- 
sections were measured the equation used was 4/37trlr2 ~, where r 2 
is the shorter radius of the two cross-sections measured (Allan 1984). 

Results 

Egg product ion 

Egg product ion o f b o t h A c a r t i a  tonsa andA. hudsonica fol- 
lowed the expected funct ional  response pattern (Fig. 1). 
That is, egg-product ion rate increased curvi l inear ly  with 
increasing food concentrat ion up to a max im um level 
(Emax) and stayed constant  with further increases in food 

concentrat ions.  As the copepods do not produce eggs at 
zero food concentrat ion,  a line was drawn from zero to the 
E r measured at the lowest food concentrat ion to demon-  
strate the funct ional  response curve. This assumes no 
threshold concentrat ions of food for egg production,  but 
this study did not test E r at a low enough concentrat ion to 
confirm that this was actually the case. 

A comparison of the egg-product ion rates was con- 
ducted using a Model 1 three-way general l inear model 
(GLM) ANOVA, Type III sums-of-squares (SAS) which 
permits missing cells in the ANOVA design. The effects 
of Er of the phytoplankton species, age of the batch cul- 
ture and the four experimental  food concentrat ions were 
determined as well as the interactions among all these var- 
iables. 

The egg-product ion rates of both copepod species were 
observed to be a funct ion of both food concentrat ion 
(P<0 .001 )  and algal type (P<0 .0001) .  The E~ increased 
with increasing food concentrat ion until  a critical concen-  
tration was reached. The E~ o fAcar t i a  tonsa females (the 
test pools the means of all algal stages) was highest  when 
they were fed Rhodomonas  lens; lower but similar values 
were recorded for females fed Thalassiosira weissf logii  
and Prorocentrum minimum. However, the interaction of 
algal species and culture age was highly signif icant  for the 
E~ ofA.  tonsa (P<0 .0003) ,  while the interaction between 
algal age and food concentrat ion was non-signif icant .  
These results indicate that while the age of the culture may 
affect E~, the nature of such age effect is dependent  on the 
algal species used as food. As just  one culture age was 
tested for P. minimum, effect of culture age could be tested 
for R. lens and T. weissf logii  only. 

Similarly,  E r was higher for Acart ia  hudsonica fed 
Rhodomonas  lens, than when this species was fed Thalas- 
siosira weissf logii  or Prorocentrum minimum. The age of 
the Cultures did not affect egg-product ion rates of A. hud- 
sonica when data from all three algal species were com- 
bined. However,  a combined  effect of culture age and food 
concentrat ion was signif icant  o n t h e  E r of A. hudsonica 
(P<0 .05) .  That is, for this copepod species, the effect Of 
culture ago'on E r was greater at high than at low food con- 
centrations.  

In order to further test the s ignif icance of the observed 
differences in E r when Acart ia  spp. was fed different-aged 
phytoplankton cultures of the same species, a Student ' s  
t-test was applied to the max imum egg-product ion rates 
measured at the highest food concentrat ion used in the ex- 
periments,  60 x 10- ~tm 3 ml -I . The test showed that for both 
copepod species fed Thalassiosira weissflogii  (Fig. 1 a, d), 
the youngest  algal culture yield the highest Emax, the Ema x 
then decreased with increasing culture age. A signif icant  
difference (at P < 0 . 0 5 )  was found between the mean Ema ~ 
of A. tonsa females fed the youngest  and the two oldest 
T. weissf logii  cultures (TwEE-t vs TwLE-t  and TwS-t). The 
difference between the culture at mid-exponent ia l  growth 
and the oldest culture was also signif icant  (TwME-t  vs 
TwS-t). There was no significant  differences in the Ema x of 
A. hudsonica fed the two different culture stages of 

T. weissflogii.  



Fig. 1 Acartia tonsa and 
A. hudsonica. Egg-production 
rates (E,., eggs female 1 d-l) ex- 
pressed as means _+1 SE, as a 
function of volume-based food 
concentration (P, gm 3 m1-1) 
when different-aged cultures of 
Thalassiosira weissflogii, 
Rhodomonas lens and Proro- 
centrum minimum were fed to 
females (Growth stages of phy- 
toplankton cultures = �9 early 
exponential, EE; �9 mid-expo- 
nential, ME; �9 late exponen- 
tial, LE; x senescent, S) 

Table 3 Chemical composi- 
tion (pg) of phytoplankton cul- 
tures used in experiments, stan- 
dardized to cell volume of 
1000 ~lm 3 (C carbon; N nitro- 
gen; CHO carbohydrate; ex- 
periments numbered and coded 
as in Table 1 ). Where values 
have no standard error, only 
one sample could be analyzed 
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Experiment no. C N C:N Protein CHO 
and code 

1 TwEE-t 66.99.+5.51 13.48-+0.95 4.97 47.69+9.4 0.82+0.2 
2 TwME-t 74.46+0.72 14.11 ___ 1.74 5.28 65.80_+ 1.2 24.69-+0.5 
3 TwLE-t 8 2 . 6 6 _ + 0 . 4 4  13.16.+0.64 6.28 54.06_+2.1 32.81 
4 TwS-t 68.56_+0.69 11.55 .+0.77 5.94 48.39.+ 14.6 18.52.+ 1.8 
5 RlEE-t 224.06.+5.60 54.41 _+6.42 4.12 228.03_+0.8 14.28_+ 1.7 
6RlLE-t 1 9 2 . 4 7 . + 0 . 5 1  59.21.+1.61 3 . 2 5  261.53.+13.2 16.67+0.0 
7 RlS-t 231.41 _+5.02 55.02.+6.75 4.20 232.75.+9.5 13.31 
8 PmEE-t 72.48-+9.80 12.19+0.70 5.62 372.50 4.88 
9 PmLE-h 55.04_+ 1 . 4 7  9.32_+0.23 5.91 42.91 _+3.4 16.36.+0.2 

10 TwEE-h 58.11 _+1.32 10.95_+0.35 5.29 4 8 . 8 6 _ + 7 . 4  9.97_+0.5 
11 TwS-h 53.84.+0.39 7.58_+0.11 7 . 1 1  1 9 . 8 5 _ + 0 . 8  12.77_+0.8 
12RIEE-h 2 0 3 . 3 5 _ + 2 . 5 8  46.61_+0.91 4.37 257.59_+12.6 17.45+6.4 
13 RlS-h 234.40.+2.79 54.26_+0.38 4 . 3 1  233.70_+22.7 33.29_+2.8 

This trend of lower Ema x with increasing culture age was 
not observed for the egg production of either copepod spe- 
cies fed the flagellate Rhodomonas  lens (Fig. 1 b, e). For 
Ac ar t i a  tonsa, egg-product ion rates with the early-expo- 
nential  stage R. lens culture were significantly lower than 
those with the two older cultures (RIEE vs RILE and RIS). 
No difference in Ema x was observed for A. hudsonica fed 
R. lens of different ages. Only one experiment  was carried 
out for each Acart ia  species using the alga Prorocentrum 
min imum (Fig. 1 c, f). 

Chemical  composi t ion of phytoplankton cultures 

To facilitate comparison of chemical  composi t ion among 
cells of different sizes, algal cells were normalized to a cell 
volume of 1000 gm 3 (Table 3). The carbon and ni trogen 
content  of Rhodomonas  lens, as a funct ion of cell volume, 
was --3 and 4 times higher than that of Thalassiosira weiss-  
f log i i  and Prorocentrum minimum.  Nitrogen concentrat ion 
decreased slightly with age in cultures of both T. weissf lo-  
gii and P. minimum,  but not in the R. lens cultures. Protein 
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Table 4 Fatty acid composition (pg) of phytoplankton in Experiments 1 to 13 standardized to cell volume of 1000 gm 3 (PUFA polyunsa- 
turated fatty acids; MUFA monounsaturated fatty acids; SAFA saturated fatty acids; experiments numbered and coded as in Table 1 ) 

Fatty Experiment No. 
acids 

l 2 3 4 5 6 7 8 9 l0  l l  12 13 
TwEE TwME TwLE TwS R1EE RlLE RIS PmEE PoLE TwEE TwS RIEE RIS 

14:0 . . . . . . . . .  0.23 0.20 0.90 0.41 
15:0 0.03 0.07 0.04 0.08 0.02 0.04 0.03 0.03 
iso 16:0 0.02 0.03 0.02 0.04 0.03 0.04 0.04 0.02 0.05 0.05 
16:0 0.43 0.86 0.51 0.85 0.68 0.58 0.55 0.69 0.60 0.49 0.46 2.04 0.87 
16:1 0.10 0.05 0.04 0.28 0.10 
16:1o7 0.43 0.98 0.59 1.15 0.12 0.06 0.05 0.07 0.05 0.51 0.47 0.16 0.05 
16:1 0.09 0.16 0.07 0.17 0.23 0.22 0.27 0.03 0.08 0.06 0.45 0.54 
16:2 0.05 0.07 0.03 0.10 0.05 0.02 
16:3 0.24 0.57 0.26 0.57 0.25 0.20 
16:4 1.03 1.60 0.74 1.94 0.97 0.55 
16:5? 0.02 0.04 0.02 0.03 0.06 0.06 0.06 0.01 0.04 0.08 
l 8:0 0.02 0.01 0.0 t 0.08 0.08 0.07 0.05 0.03 0.07 0.01 0.22 0.13 
18:1o7 0.02 0.03 0.04 0.05 0.11 0.09 0.06 0.11 0.08 0.10 0.02 0.67 0.05 
18:1o9 0.07 0.04 0.02 0.04 0.61 0.54 0.50 0.09 0.04 0.05 0.02 1.19 0.38 
18:2o6 0.04 0.11 0.05 0.14 0.06 0.07 0.04 0.07 0.07 0.06 0.05 0.23 0.03 
18:306 0.02 0.03 0.02 0.04 
unknown 0.02 0.03 
18:3o3 0.02 0.03 0.03 0.10 1.18 1.51 1.36 0.07 0.07 0.03 0.01 2.80 1.64 
18:4o3 0.08 0.24 0.I0 0.12 3.42 3.37 3.86 0.40 0.42 0.17 0.11 6.36 3.76 
18:5o3 1.92 1.93 
20:1 0.08 0.05 0.04 
20:2 0.05 0.04 
20:4(96 0.02 0.04 0.01 0.04 0,03 0.01 
20:5o6 0.17 0.25 0.28 0.29 0.65 
20:503 0.86 1.78 0.81 1.89 1.38 1.87 1.84 0.08 0.12 1.19 0.78 2.80 2.53 
22:1 
22:4 0.05 0.06 
22:4o6 
22:5 0.02 0.02 
22:6o6 0.04 0.02 0.04 0.01 
22:6o3 0.24 0.42 0.17 0.48 0.81 1.27 1.01 0.80 0.84 0.29 0.16 1.49 1.35 

Total 3.74 7.14 3.53 7.82 9.16 10.07 10.10 4.53 4.41 4.61 3.21 20.08 12.63 
PUFA 2.61 4.93 2.22 5.41 7.14 8.36 8.49 3.44 3.51 3.02 1.92 I4.02 9.97 
MUFA 0.61 1.21 0.71 1.40 1.16 0.96 0.91 0.34 0.26 0.73 0.57 2.79 1.12 
SAFA 0.50 0.97 0.58 0.98 0.80 0.70 0.65 0.75 0.63 0.85 0.71 3.24 1.46 
o3 1.21 2.49 1.11 2.58 6.86 8.04 8.10 3.29 3.39 1.68 1.08 13.50 9.30 
m6 0.08 0.18 0.07 0.22 0.23 0.32 0.32 0.10 0.09 0.07 0.07 0.52 0.68 
m3:o6 15.12 1 3 . 8 3  15.86 11.73 29.82 25.12 25.31 30.90 38.96 24.00 1 5 . 4 3  25,96 13.68 
20+ 18:22 3.55 4.23 4.62 3.95 1.63 1.47 1.81 2.46 2.46 4.08 4.86 1.82 1.86 

concent ra t ions  were  =4 t imes  higher  in R. lens and P. min- 
imum (EE) than in T. weissflogii cultures,  but  did  not vary 
great ly  with cul ture age in any of  the three species .  Carbo-  
hydra te  concent ra t ions  were  h igher  in T. weissflogii than 
in R. lens and P. minimum, and appeared  to be h igher  in 
old  cul tures  in all three species,  

Based  on volume,  the total fatty acid concentra t ion of  
Thalassiosira weissflogii and Prorocentrum minimum was 
similar;  these species  conta ined about  one- th i rd  less fatty 
acids  per  unit cell  vo lume than did Rhodomonas  lens (Ta- 
b le  4). The  major  fatty acid groups (PUFA,  monounsa tu-  
rated fatty acids;  MUFA,  and saturated fatty acids; S A F A )  
of  the three phytoplankton  species  differed s l ight ly  (Fig. 2). 
T. weissflogii had re la t ive ly  lower  PUFA levels but higher  
M U F A  levels  than did ei ther  R. lens or P. minimum. No dis- 
tinct d i f ferences  in the amount  o f  S A F A  were observed  
among the phytoplankton  species.  The three phytoplankton  

species  also differed in specif ic  fatty acid composi t ion .  
T. weissflogii was character ized by the C16 series fatty 
acids  and 20:5(93 (Fig. 3 a, Table 4), whereas  the C l s  series 
o f  fatty acids  were representa t ive  o f  the f lagel la tes  (Fig. 3 b, 
Table 4). T. weissflogii had higher  levels  of  the 20:5(93 fatty 
acid than did the f lagel lates ,  whi le  the f lagel la tes  had greater  
percentages  of  the 22:6(93 fatty acid (Fig. 3 c). R. lens and 
P. minimum had a s imilar  fatty acid compos i t ion  and con- 
ta ined approx imate ly  twice the amount  of  (93 fatty acids as 
T. weissflogii (Fig. 3 d, Table 4). P. minimum had a high con- 
tent of  the 18:5(93 fatty acid and a low concentrat ion of  the 
20:5(93 fatty acid. There  were no obvious  trends in percent-  
age fatty acid compos i t ion  as a function of  culture age. The 
most  obvious  differences in fatty acid concentrat ions  
be tween stages were  among the different  Z weissflogii cul- 
tures, but some differences  were also evident  between the 
R. lens cultures in Exper iments  12 and 13 (Table 4). 



Effect of phytoplankton chemical composition 
on egg-production rates 

The effects of chemical composition of food on egg-pro- 
duction rates will be described for an algal concentration 
of 15 x 105 gm 3 m1-1 only. This concentration represents 
the critical food concentrations or one that is 0nly slightly 
limiting for both Acart ia  tonsa and A. hudsonica (Fig. 1). 
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Fig. 2 Thalassiosira weissflogii, Rhodomonas lens and Prorocen- 
trum minimum. Division of fatty acid composition into polyunsatu- 
rated (PUFA), monounsaturated (MUFA) and saturated (SAFA) fat- 
ty acids. Growth stages of cultures as in Fig. 1 
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Similar patterns of E r responses to food composition were 
obtained at algal concentrations of 7.5 and 60 x 105 g3 ml-1 
(reported in J6nasd6ttir 1992). Results for the intermedi- 
ate concentration of 30 x 105 gm 3 ml-I were subject to large 
variations and could not be used for comparative purposes. 
The correlations between the E r of Acart ia  tonsa and 
A. hudsonica at 15x 105 gm3m1-1 and volume-based con- 
centrations of each of the measured chemical components 
of the phytopankton cells (carbon, nitrogen, protein, car- 
bohydrate and total and individual fatty acids) are shown 
in Table 5, which also gives the correlations between E,. 
and the C:N, o)3:o)6 and 20:22 fatty acid ratios of the phy- 
toplankton cells. 

Carbon, nitrogen and protein content of the cells all ex- 
hibited significant correlations with egg production of 
Acart ia  tonsa (Table 5). No correlation was observed 
between carbohydrate (CHO) and egg-production rate of 
A. tonsa, while the correlation was significant and positive 
for A. hudsonica.  

Not all fatty acids could be considered in testing corre- 
lations with Er, as some occurred in only one of the three 
phytoplankton species and the concentration range was 
thus limited to one species only. These fatty acids were 
15:0, 16:2, 16:3, 16:4, 18:3o)6 and 20:40)6 which were 
present only in Thalassiosira weissflogii;  20:5o)6, 22:4 and 
22:5 which were only found in Rhodomonas  lens; and 20:1 
and 20:2 which were recorded only in Prorocentrum min- 
imum. 

Prorocentrum min imum is characterized by a high con- 
centration of 18:5o)3, but not of 20:50)3. The 18:5 fatty 
acid does not appear in many microalgae and its nutritional 
importance is not well known (Harvey et al. 1987; Fraser 

Fig. 3 Thalassiosira weiss- 
flogii, Rhodomonas lens and 
Prorocentrum minimum�9 Con- 
tribution of a C16, b Cis; 
e 20:50)3, 18:5o33, 22:60)3 and 
d 0)3 and o36 fatty acids. 
Growth stages of cultures as in 
Fig. 1 
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Table 5 A c a r t i a  t o n s a  and A.  h u d s o n i c a .  Summary of correlations of egg-production rates with various chemical components of cells. Null 
hypothesis tested (Ho; ~3=0). Significance levels of the slopes=NS: P>0.05; *:P<0.05; **: P<0.01; ***: P<0.001 

Component A c a r t i a  t o n s a  (15• 105 gm3ml i; d f =  1,21) A c a r t i a  h u d s o n i c a  ( 15 x 105 ~tm 3 ml-l; d f =  1,22) 

intercept slope (_+SE) R 2 F P intercept slope (_+SE) R 2 F P 

Carbon 19.79 0.12 (0.04) 0.291 9.035 ** 9.86 0.04 (0.02) 0.313 5.019 * 
Nitrogen 24.43 0.36 (0.14) 0.240 6.949 * " 10.57 0.15 (0.07) 0.317 5.109 
Protein 19.50 0.09 (0.02) 0.479 20.203 *** 10.76 0.03 (0.01) 0.341 5.686 * 
CHO 43.52 -0.53 (0,33) 0.101 2.475 NS 7.39 0.39 (0.17) 0.313 5.011 * 
Total FA 23.43 1.66 (1,25) 0.074 t.772 NS 10.20 0.48 (0.22) 0.306 4_853 * 
PUFA 22.38 2.40 (1.33) 0.128 3.227 NS 9.96 0.71 (0.29) 0.356 6.084 * 
(03 22.23 3.05 (l.01) 0.293 9.129 ** 10.36 0.73 (0.27) 0.402 7.387 * 
(06 26.95 42.82 (34,31) 0.066 1.558 NS 11.08 12.16 (5.28) 0.345 5.793 * 
16:0 45.44 -16.85 (23,17) 0.022 0.505 NS 10.04 4.84 (2.51) 0.255 3.758 NS 
16:1 (07 46.18 -26.87 (6.25) 0.456 18.450 *** 19.02 -18.72 (5.14) 0.547 13.291 ** 
18:0 20.84 343.87 (82.38) 0.442 17.425 *** 11.14 35.67 (19.30) 0.237 3.416 NS 
18:1(o7 15.36 301.81 (83.25) 0.374, i3.143 ** 12.56 8.95 (6.64) 0.141 1.812 NS 
18:1(09 26.81 34.64 (11.58) 0.289 8.949 ** 12.32 6.14 (3.36) 0.232 3.334 NS 
18:2(06 48.23 -193.52 (97.04) 0.153 3.977 N S  11.71 27.67 (23.16) 0.116 1.440 NS 
18:3(03 28.67 11.94 (4.61) 0.233 6.714 * 12.02 2.74 (1.24) 0,305 4.820 NS 
18:4(03 27.53 5.22 (1.71) 0.296 9.253 ** I 1.79 1.27 (0,57) 0.320 5.182 * 
20:5+18:5 18.37 10.18 (6.37) 0.104 2.548 NS 6.13 4.14 (1.13) 0.548 13.321 ** 
22:6 19.51 23.67 (7.71) 0.300 9.478 ** 8.42 7.55 (2.03) 0.557 13.825 ** 
C:N 61.23 -5.23 (3.16) 0.111 2.744 NS 28.88 -2.68 (1.31) 0.276 4.203 NS 
C03:(06 2.15 1.55 (0.30) 0.555 27.426 *** 10.30 0.15 (0.16) 0.071 0.846 NS 
(20+18):22 63.30 -9.25 (2.34) 0.415 15.617 *** 26.01 -3.66 (0.94) 0.578 15.080 ** 

Table 6 A c a r t i a  t o n s a  and A.  h u d s o n i c a .  Development times and hatching success of eggs, naupliar (NI)  survival, egg sizes and naupliar 
size. Values are means +SE (n number of measurements; - not measured). Experiments numbered and coded as in Tables 1 and 2 

Experiment Development Hatching success NI survival Egg size Nauptiar size 
time (h) (%) (%) (105 ~tm 3) (gm) 

1 T w E E - t  - 96.97 (n= 165) 77.78 (n= 18) - - 
2 T w M E - t  - 73.72 (n= 137) 100 (n= 15) - - 
3 T w L E - t  - 49.69 (n= 161) 100 (n= 18) - - 
4 T w S - t  - 39.85 (n= 138) 100 (n= 18) - - 
5 R l E E - t  - 94.84 (n= 175) 66.67 (n= 18) - - 
6 R l L E - t  - 50.86 (n = 125) 100 (n = 18) - - 
7 R l S - t  - 100.0 (n =204) 100 (n=36) - - 
8 P m E E - t  - 94.72 (n=284) 89.47 (n= 19) - - 
9 P m L E - h  - 89.17 (n = 120) 100 (n = 20) - - 

10 T w E E - h  - 6.82 (n= 132) 71.43 (n = 7) - - 
11 T w S - h  - 14,81 (n=81) 66.67 (n= 12) - - 
12 R l E E - h  - 34.00 (n = 50) 82.33 (n = 17) - - 
13 R l S - h  - 21.05 (n-- 114) 66.67 (n= 18) - - 

D1 T w E E - t  30.75+0.63 (n= 16) 93.69 (n= 111) 2.98+ 1 . 2 1  107.74_+0.958 
D2 T w M E - t  32.38_+0.55 (n=21) 62.61 (n= 115) - 107.34___0.958 
D3 T w L E - t  ' 34,80+0,69 (n= 13) 49.04 (n= 104) - 3.07-+0.09 111.60_+ 1.118 
D4 R1EE- t  31.43-+0.42 (n=35) 74.74 (n=95) 2.89-+0.12 108.64-+0.958 
D5 R l M E - t  31.72_+0.46 (n=29) 60.00 (n= 110) - 2.74+0.07 106.47-+0,991 
D6 R l S - t  29.20_+0.79 (n= 10) 69.15 (n=94) 3.15_+0.10 109.55+ 1.514 

et al. 1989; B r a d s h a w  et  al. 1990). T h e s e  i nves t i ga to r s  
d e m o n s t r a t e d  that  w h e n  the  fa t ty  ac id  18:5 is p r e s e n t  in the  
c rus t acean  diet ,  it is a s s i m i l a t e d  but  does  no t  appea r  as 18:5 
in the c ru s t acean  i tself .  T h i s  i nd ica t e s  an ab i l i ty  in c rus ta -  
ceans  to e l o n g a t e  the  18:5 fat ty  ac id  to 20:5 .  E l o n g a t i o n  o f  
the  fat ty  ac id  18:3eo3 to 20:5co3 by c r u s t a c e a n s  has  been  
r e p o r t e d  by  seve ra l  au thors  ( Jones  et al. 1979; see  a lso  Cas -  
te l l  1982). T h e r e f o r e ,  the  p r e sen t  s tudy  has  p o o l e d  the  18:5 
fa t ty  ac id  wi th  the  20:5 fat ty  ac id  in the  case  o f  P. m i n i -  

m u m .  N e i t h e r  T h a I a s s i o s i r a  w e i s s f l o g i i  nor  R h o d o m o n a s  

l e n s  c o n t a i n e d  the  18:5 fat ty  acid.  

C o n c e n t r a t i o n s  o f  the  fat ty  ac ids  16:1 co7 and 18:0 w e r e  
co r r e l a t ed  (P  < 0 .001)  wi th  the E, .  o f A c a r t i a  t o n s a  (16:1 co7 
was  n e g a t i v e l y  co r re l a t ed )  as w e r e  18:1co9, 18:1~o7, 
18:4a~3, 22:6co3 and co3 ( P < 0 . 0 1 ;  Tab le  5). T h e  e g g - p r o -  
duc t ion  rates  o f A .  h u d s o n i c a  w e r e  s ign i f i can t ly  co r r e l a t ed  
(P  < 0 .01)  wi th  16:1 (o7 (nega t i ve ly ) ,  and wi th  20:5co3 and 
22:6co3 (pos i t i ve ly ;  Tab le  5). 

T h e  C : N  ra t io  and the  fa t ty  ac id  ra t ios  20 :22  and co3:m6 
h a v e  been  s h o w n  to be  o f  po ten t i a l  i m p o r t a n c e  for  r ep ro -  
duc t i on  (Cas te l l  1982; Ha r r i son  1990; S tc t t rup  and J e n s e n  
1990; A h l g r e n  et al. 1992). In ne i the r  spec ies  did e g g - p r o -  



duction rates correlate with the C:N ratio of the diet. The 
co3:m6 ratio yielded a highly positive correlation (nonsig- 
nificant for Acartia hudsonica), and the 20:22 ratio a highly 
significant negative correlation for both species. 

Egg development time, hatching success 
and naupliar survival 

Differences in the development times and hatching success 
of the eggs were apparent among the different experiments 
(Table 6). A Model I, two-way nested ANOVA showed 
that microalgal species (Thalassiosira weissflogii and 
Rhodomonas lens: pooled culture-ages) did not signifi- 
cantly affect the development times ofAcartia tonsa eggs. 
However, there were highly significant differences 
between the development times of eggs of copepod fed al- 
gae of different age (F=5.02, df=5,141, P<0.001). An a 
posteriori Tukey honest significant-difference (HSD) test 
revealed that eggs from females fed the youngest (early ex- 
ponential, EE) T. weissflogii cells developed significantly 
faster than eggs from females fed older (late-exponential, 
LE) cells. However, eggs of females fed the LET. weiss- 
flogii culture developed significantly slower than eggs 
from females fed R. lens cultures of any age. There were 
no significant differences between development times of 
eggs of females fed any of the R. lens culture stages. 

A G-test for analysis of frequencies (Sokal and Rohlf 
1981) was made using the LOGLIN statistical program 
(BIOM Statistical Program, SUNY, Stony Brook, New 
York) to test the effects of phytoplankton species and age 
on the hatching success of Acartia tonsa eggs. Due to the 
nature of the analysis, only data from the Thalassiosira 
weissflogii and Rhodomonas lens experiments (1 to 7) were 
used, since the Prorocentrum minimum experiment was 
carried out for only one age group. Results from Experi- 
ment D5 (R/ME) were used to fill in the missing age group 
in the R. lens series. The analysis-of-frequency revealed a 
highly significant three-factor interaction between phyto- 
plankton species, algal stage (age) and hatching success 
(G= 154.8, df= 3). In other words, the degree of associa- 
tion between algal species and hatching success differed 
as a function of algal stage. The hatching success of eggs 
from A. tonsa females fed T. weissflogii decreased with in- 
creasing age of the culture, but the age of R. lens cultures 
did not affect the hatching success. 

The hatching success of Acartia hudsonica eggs was 
very low in most experiments (6 to 34% for Experiments 
10 to 13), but was high (89%) in Experiment 9. Hatching 
success ofA. tonsa eggs appeared to be a function of growth 
rate 0f the phytoplankton cultures used to feed the females 
(Fig. 4); it increased with increasing growth rate 
(R2=0.494, P=0.005). However, when the hatching suc- 
cess of the eggs was correlated with the different chemi- 
cal components of the cell, no significant correlaions were 
evident for either A. tonsa or A. hudsonica. 

Egg and naupliar sizes were similar in the six treatments 
(Experiments D 1 to D6) for which they were measured (Ta- 
ble 6). The only significant difference in egg size was 
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Fig. 4 Acartia tonsa. Hatching success of eggs as a function of 
growth of batch cultures used as food for females broadcasting eggs; 

4 R-=0.  94 (V  Thalassiosira weissflogii; �9 Rhodomonas lens; 
�9 Prorocentrum minimum) 

found between eggs spawned by females fed Rhodomonas 
lens at exponential growth stage (D5, which produced the 
smallest eggs) and senescent R. lens cells (D6, which pro- 
duced the largest eggs) (Tukey HSD test, c~=0.05). There 
were no significant differences between the sizes of the 
nauplii in these experiments (Tukey HSD test, c~=0.05). 
There was a significant relationship between egg size and 
naupliar size (Fig. 5a; R2=0.60) but no correlation was 
found between the development times and either the egg 
or naupliar size for these experiments (Fig. 5 b, c). 

Survival of N] nauplii to NII stage was always >65%. 
No correlation was observed between hatching success and 
naupliar survival or the chemical contents of food and nau- 
pliar survival. 

Condition factors 

The length and weight of the females, measured at the end 
of the experiments, were used to calculate the condition 
factor (which is an index of fitness, btg mm-3; Durbin et al. 
1983). Table 7 gives the means of the replicates in each ex- 
periment, while Fig. 6 plots all the replicates. Egg produc- 
tion and condition of females after the experiments were 
positively correlated for Acartia t o n s a  (R 2 = 0 . 3 0 ,  

P < 0.01), but not for A. hudsonica (Fig. 6). No correlation 
was found with female length (unrelated to weight) and 
egg-production rate of either species (one-way ANOVA, 
A. tonsa: df=l ,22,  F=2.62, P=0.119; A. hudsonica:: 
dr= 1,11, F=0.00, P= 0.99). 

Discussion and conclusions 

The goal of the experiments was to determine the effect of 
chemical composition of food on the reproductive success 
of copepods and to identify some of the major chemical 
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Table 7 Acartia tonsa and A. hudsonica. Mean (_+SD) prosome 
length, female dry weight and condition factor of females at end of 
experiments. Experiments numbered and coded as in Table 1 

Experiment Prosome length Mean weight Condition factor 
(mm) (gg) (gg mm -3) 

1 TwEE-t 0.946_+0.010 7.35_+1.72 8.64_+1.78 
2 TwME-t 0.929_+0.018 6.60_+0.81 8.24_+0.87 
3 TwLE-t 0.915_+0.030 7.10_+0.78 9.39+1.94 
4 TwS-t 0.896_+0.044 8.07+ 1.02 11.22-+0.88 
5 RlEE-t 0.931 _+0.029 8.46+2.27 10.34_+ 1.72 
6 R1LE-t 0.926+0.020 9.25_+0.87 11.65+ 1.03 
7 RlS-t 0.992_+0.028 11.69+2.80 11.92_+2.28 
8 PmEE-t 0.929-+0.017 8.72_+0.39 10.91 + 1.06 
9 PmLE-h 0.719_+0.022 5.39_+0.12 14.56-+ 1.74 

10 TwEE-h 0.777-+0.013 5.45_+0.13 11.62-+0.33 
11 TwS-h 0.810_+0.039 5.99-+0.61 11.31_+1.05 
12 RlEE-h 0.816+_0.026 7.34-+0.86 13.48_+0.29 
13 RIES-h 0.858-+0.009 7.48-+ 1.25 11.83_+ 1.59 
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Fig. 6 Acartia tonsa and A. hudsonica. Egg-production rates (eggs 
female l d l) at algal concentration of 15x 105 gm3ml l as a func- 
tion of condition of females (gg ram-3). R2=0.300 (**) and 0.184 
(NS) for A. tonsa and A. hudsonica, respectively 

components of the food which affect the reproductive suc- 
cess of two species of Acart ia.  

Egg production 

Acart ia  tonsa is an opportunistic copepod that does not 
build up energy reserves but rather invests its entire meta- 
bolic production in egg production as soon as food condi- 
tions become favorable (Ki~rboe et al. 1985). A. tonsa has 
been reported to spawn eggs just 9.5 h after ingestion of 
food (Tester and Turner 1990), and A. hudsonica to respond 
in less than 24 h to changes in food availability (at 4 ~ 
Durbin et al. 1992). These species rapidly decrease egg- 
production rates when food conditions deteriorate 
(Kiorboe et al. 1985; Durbin et al. 1992). 

Production of eggs is energetically expensive. The fe- 
male has to synthesize genetic material and oocytes and 
provide nutritionally adequate egg yolk. The embryo must 
obtain all its nutrition from the egg yolk within the egg. 
Sufficient nutrition is essential for the female to meet the 
increased energy expenditure of egg production. 

The present results show that the concentration of indi- 
vidual chemical components (volume-based) in their food 
can greatly affect the egg-producing ability o f  Acart ia  spe- 
cies. The concentrations of the chemical components 
measured in the algae used as food in the present study lay 
within those recorded for the same or similar-sized dia- 
toms and flagellates (protein: Hitchcock 1982; fatty acids: 



Ackman et al. 1964, 1968; Volkman 1989; Thompson et al. 
1990). However, the absolute concentration of CHO per 
cell recorded in the present study must be viewed with cau- 
tion, since it was about two times lower than reported for 
similar-sized algae (Hitchock 1982; Houde and Roman 
1987). As the MBTH method gave a good linearity with 
increasing concentration of standards, the relative differ- 
ence in CHO content among algal cells can be used in cor- 
relation with egg-production rates. 

Maximum egg-production rates differed significantly 
among most of the treatments (Fig. 1). Factors other than 
food quality which could have produced differences in egg- 
production rates (temperature, previous feeding, food con- 
centration) were controlled or kept constant. Body length 
was measured and was found not to influence egg-produc- 
tion rates. 

Uye (1981) observed that adaptation to different tem- 
peratures affected egg-production rates in Acartia clausi. 
In the present study this factor could only have affected 
Experiment 9, in which A. hudsonica was fed Prorocen- 
trum minimum. The copepods for this experiment were col- 
lected in September in waters of= 15 ~ whereas the other 
experiments with A. hudsonica used the winter population 
collected in April from waters of 9 to 10 ~ However, the 
E r for this particular experiment was similar to that in the 
other A. hudsonica experiments. The temperatures chosen 
for the experiments were slightly high for A. hudsonica and 
slightly low for A. tonsa, based on the in situ temperatures 
in Long Island Sound. However, several preliminary ex- 
periments at 20 ~ had proved unsuccessful due to high 
mortality of females, whereas survival was always close 
to 100% at 16~ thus all experiments were conducted at 
this latter temperature. The egg-production rates recorded 
for both species were comparable to the maximum rates 
determined at similar temperatures in Narragansett Bay 
(Sullivan and McManus 1986; Durbin et al. 1992) and with 
rates measured for both A. tonsa in Long Island Sound 
(Beckman and Peterson 1986; Bellantoni and Peterson 
1987) and A. hudsonica in Long Island embayments dur- 
ing conditions of enriched food (Londsdale et al. 1994). 
A. hudsonica exhibited lower egg-production rates than did 
A. tonsa (Table 5). A similar pattern for these species at 
the same temperature was observed by Sullivan and 
McManus (1986). 

Although carbon was significantly correlated with E~ in 
these laboratory experiments (Table 5), it is not a good pa- 
rameter for estimating in situ egg-production rates (J6nas- 
ddttir 1992). In nature, particulate organic carbon consists 
of both living and dead particles, whereas in the laboratory 
experiments only living carbon in the form of phytoplank- 
ton cells was present. The similar E~s measured for Acar- 
tia spp. fed on particles of 226 gm 3 (Rhodomonas lens) and 
3650 gm 3 (Prorocentrum minimum) excludes the impor- 
tance of cell size as an indicator of food quality. This is 
consistent with the findings of Ahlgren et al. (1990) and 
St~ttrup and Jensen (1990), but contrasts with the assump- 
tions of other investigators (Nassogne 1970; Gaudy 1974; 
Ambler 1986; Verity and Smayda 1989). Thus, the posi- 
tive correlation of E~ with carbon but not cell size recorded 
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in the present study indicates that for these three phyto- 
plankton species, E,, depends more on the "compactness" 
of the cell than on cell size alone. 

The nitrogen and protein content of the food also cor- 
related well with E r. Most of the nitrogen is bound in the 
protein fraction of the food. This positive correlation is 
understandable, since protein and nitrogenous non-protein 
compounds (such as free amino acids) are extremely im- 
portant in the nutrition of female copepods, being essen- 
tial for the production of DNA, nucleotides, enzymes, hor- 
mones and egg yolk proteins (Harrison 1990). Although 
the protein content of the diet clearly affected the rate of 
egg production in Acartia spp., the chemical constituents 
providing the best correlation with egg-production rates 
were in the lipid fraction of the phytoplankton. The spe- 
cific fatty acid requirements appeared to be different for 
the two Acartia species. Egg production of A. tonsa was 
most highly correlated (positively) with the c03:m6 ratio of 
the cell, and a highly significant negative correlation was 
recorded for the 20:5 to 22:6 ratio. No correlation with the 
co3:m6 ratio was found for A. hudsonica, in which the pa- 
rameters that accounted for most of the Er variability were 
the 20:5 to 22:6 ratio (negative) and the individual 20:5 
and 22:6 fatty acids (positive). This result is in agreement 
with the data of St0ttrup and Jensen (1990), who found a 
similar negative trend between egg production of A. tonsa 
and the 20:22 ratio of its food; they did not measure the 
m3 and (o6 fatty acids. The highest E~ for A. tonsa reported 
by St0ttrup and Jensen was at a 20:22 ratio of 0.034 in the 
flagellate Isochrysis galbana, and the lowest at a 20:22 ra- 
tio of 8 in Ditylum brightwelli. Their ratios of 4.5 for Tha- 
lassiosira weissflogii and 1.5 for Rhodomonas baltica are 
comparable with the ratios of 3.5 to 5 for 71. weissflogii and 
1.5 to 2.0 for R. lens in the present study. 

The co3:m6 ratio has been suggested as an important in- 
dicator in metabolic growth and reproduction processes in 
crustaceans (Castell 1982; Ahlgren et al. 1990; Harrison 
1990). Webb and Chu (1982) and Enright et al. (1986) re- 
ported a (o3:(06 ratio of >3 to be a good indicator of a nu- 
tritious diet for bivalve larval growth. It is likely that co- 
pepods have somewhat different requirements than bi- 
valves, but no study on copepod feeding has investigated 
the effects of this dietary ratio. The present study recorded 
highest egg-production rates at m3:m6 ratios of 25, while 
rates at a ratio of 3 were very low. Ahlgren et al. (1990) 
obtained the highest growth response for three cladoceran 
species on a diet of flagellates containing m3:m6 ratios of 
both 10 and 18. The role of these fatty acids is not well 
known. The m3 fatty acids are thought to be important in 
the maintenance of membrane fluidity in cold environ- 
ments (Benson and Lee 1975), while there is some evi- 
dence that m6 acids might be precursors for some prosta- 
glandins (Stryer 1988; Harrison 1990). Castell (1982) 
states that the requirements for m3 and m6 fatty acids de- 
pend on temperature, salinity, genetic variation and other 
environmental and biotic factors. The uncertainty of 
the roles of the m3 and m6 fatty acids, as well as those of 
the 20:5 and 22:6 fatty acids, makes it difficult to explain 
the reasons for the different nutritional requirements 
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observed for egg production of Acartia tonsa and A. hud- 
sonica. 

Other fatty acids not previously reported to be impor- 
tant for copepod or crustacean reproduction are the 18:3m3, 
18:4m3 and 18:1m9 fatty acids. The role of these fatty ac- 
ids is not well understood. The 18:3m3 and 18:4m3 fatty 
acids are thought to be important precursors for prostaglan- 
dins (Castell 1982; Harrison 1990). The 18:1m9 fatty acid 
is thought to be elongated to 20: I m9 which can, for exam- 
ple, be used to generate wax esters (Sarget and Falk-Peter- 
sen 1988). 

Development time of eggs 

Factors affecting egg development times are egg size, with 
larger eggs requiring longer development times than 
smaller eggs of the same copepod species (McLaren 1965; 
Corkett 1972; Lonsdale and Levinton 1985) and tempera- 
ture (McLaren 1965). However, in the present study, no 
correlation was found between development time and egg 
size (Fig. 5 b); the temperature was kept the same prior to 
and during all experiments. The parental acclimation tem- 
perature (Tester 1985) was also constant. Although the 
same females were used in all six experiments concerning 
development time, there was still a significant difference 
in development times among several of the experiments. 
The different development times of the eggs cannot, there- 
fore, be due to any genetic differences. 

There has been no previous report of the development 
times of eggs being affected by the nutritional value of the 
food available to the female copepod, and the present study 
did not clearly identify the causes for the time differences 
recorded. A more thorough study is necessary to test if the 
chemical composition of the food could affect develop- 
ment times of eggs. 

Hatching success 

During observations and experiments on copepod egg-pro- 
duction, many researchers have reported non-viable eggs 
(Uye and Fleminger 1976; Parrish and Wilson 1978; Cow- 
gill et al. 1984; Ambler 1985; Arnott et al. 1986; Ianora 
et al. 1989, 1992). A number of explanations for the non- 
viability or differences in hatching success have been sug- 
gested. In the present study, all the experiments were set 
up in the same manner, with filtered, oxygen-saturated sea- 
water, so different oxygen levels (Ambler 1985) could not 
have caused the observed variations in hatching success. 
The low hatching success ofAcartia hudsonica eggs in Ex- 
periments 10 to 13 could have been due to formation of 
diapause eggs. The individuals in these four experiments 
originated from 9 to 10 ~ waters in the field and were 
reared in the laboratory at 16 ~ This increased tempera- 
ture could have induced the formation of resting eggs (Mar- 
cus 1989). The experiments with A. tonsa were run at tem- 
peratures optimal for this species in the field, so it is not 
probable that the differential egg hatching observed in 
A. tonsa arose from the production of resting eggs. 

Parrish and Wilson (1978) reported that egg viability 
was related to time since last mating, and associated non- 
viability with non-fertilized eggs. Ianora et al. (1989) sug- 
gested that low hatching success in Temora stylifera eggs 
was due to poor fertilization during broadcast-spawning. 
In the present study, males were present in all batch cul- 
tures and throughout the acclimation period in Experiments 
D 1 to D6. Therefore, it is reasonable to assume that all eggs 
were fertilized. Moreover, non-fertilized eggs usually dis- 
integrate fairly soon after being spawned and are easily dis- 
tinguished from fertilized eggs. Non-fertilized eggs were 
not noted in any of the experiments. Therefore, the ob- 
served differences in hatching success probably resulted 
from differences in the chemical composition of the food 
fed to the females and/or the condition of the females while 
producing the eggs. 

The copepod embryo is dependent on nutrition from the 
egg yolk for growth and survival and for sufficient energy 
to sustain it through one or two nonfeeding naupliar stages. 
Few studies have concentrated on the chemistry of copepod 
eggs. Sargent and Falk-Petersen (1988) observed 16:0, 
20:5m3, 22:6m3 and 24:1 o)9 fatty acids of dietary origin in 
the eggs of Calanus finmarchicus. In some crustaceans 
these fatty acids have been found in 2 to <5-fold higher 
amounts in eggs and ovaries compared to the rest of the fe- 
male (Hayashi 1976; Sargent and Falk-Petersen 1988), in- 
dicating that these fatty acids may be important for em- 
bryonic survival and growth. However, in this study, none 
of the correlations between hatching success and the indi- 
vidual chemical components measured were significant. 

No pattern could be detected between diet and naupliar 
survival: generally, once an egg hat hatched, the nauplius 
had a good chance of surviving through the non-feeding 
stages. 

Conclusions 

This study focused on the specific fatty acids of algal cells 
in the diet of Acartia spp. but did not separate protein or 
carbohydrates into their specific compounds. However, the 
importance of other specific components of the phyto- 
plankton ceils (such as amino acids and sugars) should not 
be ignored. 

The algal components that appear to be best correlated 
with Acartia spp. egg production are protein and specific 
fatty acids (A. tonsa=18:0 and 16:1m7; A. hudson- 
ica = 20:5m3, 22:6m3 and 16: I m7) and the m3:m6 and 20:22 
fatty acid ratios. Females appear to utilize energy from lip- 
ids to fuel biosynthesis of eggs, and to direct certain spe- 
cific dietary fatty acids (probably 20:5, 22:6, (o3 and m6) 
directly into vitel logenesis.  

These experiments have demonstrated that more care 
must be taken when selecting food for experimental co- 
pepods. The diatom Thalassiosira weissflogii has been 
widely used in feeding and egg-production experiments on 
various copepods in the laboratory, and as food enrichment 
in some field studies (Runge 1984; Ambler 1985; Frost 



1985; Houde  and Roman  1987; Cowles  et al. 1988; J6nas-  
d6tt ir  1989; Durbin  et al. 1990). However ,  the present  re- 
sults indicte  that, with the except ion  o f  the younges t  cul-  
ture, the nutr i t ional  compos i t ion  of  Z weissf logi i  does  not 
favor  successful  egg product ion  in Acart ia  spp. (in con- 
trast  to the f lage l la te  and d inof lage l la te  food i tems used).  
Use of  T. weissf logi i  as a food for Acart ia  spp. would  prob-  
ably  resul t  in a marked  underes t imat ion  of  their  m a x i m u m  
egg-produc t ion  capacity.  

The  effect  of  chemica l  changes  associa ted  with aging 
of  phy top lank ton  popula t ions  on the b io logy  of  copepods  
are well  demons t ra ted  in the present  s tudy by  the egg-pro-  
duct ion responses  (Fig.  1) and the reduct ion in egg-hatch~ 
ing success (Table 6) of  both Acart ia  species  fed T. weiss-  
f logi i  of different  cul ture stages.  This study was not  able 
to c lear ly  de te rmine  the chemica l  component ( s )  in the ag- 
ing T. weiss f logi i  cul tures  that caused the different  repro-  
duct ion responses  in the copepods .  However ,  based  on the 
results  of  the present  study, there is an indica t ion  that the 
compos i t iona l  changes  of  par t icula te  organic  mat ter  ob- 
served in nature may  s igni f icant ly  affect  copepod  repro-  
duct ion and growth.  I f  the chemica l  compos i t ion  of  a dia-  
tom b loom changes  in a manner  s imi lar  to that observed  in 
batch cul ture in the present  study, then copepod  egg pro-  
duct ion in situ could  jus t i f i ab ly  be expec ted  to respond  in 
a s imi lar  way to that observed  in my exper iments .  Highes t  
egg product ion  would  thus occur  during the ear ly devel -  
opment  phases  o f  the d ia tom b loom and decrease  gradu-  
al ly as the b loom progressed.  

Kleppe l  et al. (1991) pointed out  the potent ia l  impor-  
tance of  d inof lage l la tes  in the diet  of  copepods .  The present  
study, as wel l  as that of  StCttrup and Jensen (1990), also 
sugges ted  that compared  to older  stages of  the d ia tom Tha- 
lassiosira weissf logii ,  some f lagel la tes  (Rhodomonas  lens 
and R. baltica) may const i tute  a very impor tant  food i tem 
for Acart ia  spp. The nutr i t ional  value of  the T. weissf logi i  
cul ture appears  to deter iora te  with age whi le  the compos i -  
t ion of  aging f lagel la tes  seems more  stable.  Therefore ,  the 
frequent  use of  d ia toms such as T. weissf logi i  should be 
careful ly  recons idered  when rear ing copepods  in the labor-  
atory and/or  when conduct ing  exper iments  in which food 
qual i ty  could  be a l imi t ing factor. 
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