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ABSTRACT

Larvae of the American oyster, Crassostrea virginica
(Gmelin) were subjected to eighteen experimentail algal diets.
The test parameters in which the diets were assessed were growth
rate, survival, pediveliger production and setting success.
Additional experiments on the effect of larval density and
algal density on the test parameters.were also examined. Re-
sults indicated Pyramimonas virginica to be the most influential
dietary component. The best diet was the combination of
Pyramimonas virginica, Pseudocisochrvsis paradoxa and Chlorella sp.
An experiment on larval density recommended that for optimal
culture success, larval density should not exceed five larvae
per milliliter. The algal density experiment suggested that
larval culture may benefit from an increase in algal density
in the later laxrval period.




EFFECT OF VARIOUS ALGAL DIETS AND LARVAL DENSITY
IN THE LARVICULTURE OF THE AMERICAN OYSTER,
CRASSOSTREA VIRGINICA (GMELIN)




INTRODUCTION

The nutritional aspect of oyster larviculture has been
studied by biologists for many years. Early investigators
relied exclusively on naturally occurring food in seawater
to raise their larvae (Wells, 1920; Prytherch, 1924; Cole,
1937; Hughes, 1940; and Wilson, 1941). Cole (1937) and
Hughes (1940) and Wilson (1941) demonstrated that not all
phytoplankton species were of equal nutritional value to the

larvae of Ostrea edulis and aside from the importance of

physical parameters (i.e. salinity and temperature), quantity
and quality of the food available to the larvae were equally
important. Oyster larviculture was greatly enhanced by the
work of Bruce et al. (1940), who developed fundamental methodo-
logy using unialgal cultures as food for the larvae of Ostrea
edulis. Their work added important evidence on the nutritional
variability of the algal species as a food source.

These early investigations were limited to the natural
spawning period of oysters and only when year-round condition-
ing of adults became possible did substantial advances occur
in the artificial culturing of oysters (Loosanoff, 1945).

Work performed by Davis (1953), Loosanoff (1945), Loosanoff
et al. (1955). Walne (1956), Davis and Guillard (1958), and
Loosanoff and Davis (1963) confirmed previous indications that

naked flagellates were better rations for larvae, and that the

2



presence of cell wall thickness and/or the degree of toxicity
of algal metabolites were found to be important factors in
determining the suitability of such foods.

Experimenting with larvae of Mercenaria mercenaria,

Loosanoff et al. (1953), showed optimal concentrations of
algae used as larval food were proportional to cell densities.
Walne (1965), agreed with Loosanoff and concluded that larvae
of Ostrea became relatively satiated with food at much lower
cell densities when cells were large than when they were small.
Therefore, one must consider not only the effect of food con-
centration but also size of the food particle to get a realistic
evaluation of the food value of an algal species for larval
culture.

Though it is apparently agreed upon that. phytoplankters
are a major food source for larvae, many investigators have
continued searching for other food sources. Imai et al. (1949,
1950) used the non-photosynthetic flagellate Monas to successfully
rear oysters. Walne (1956), also experimented with a non-
photosynthetic flagellate, Bodo sp. in his work with Ostrea.

However, Davis (1950), reported C. virginica larvae did not

appear to utilize either species. The nutritional value of
bacteria is questionable. Davis (1953) found no evidence of
bacteria being a food source for oyster larvae; while others
suggest certain species may be used (Hidu and Tubiash, 1963).
Davis (1950) evaluated several sources of detritus as possible
diets and found none satisfactory. Addition of dissolved
glucose or yeast extract to larval cultures proved unsatis-

factory in low concentrations and greater amounts only promoted



dense bacterial blooms and high larval mortalities (Davis,
1950). Carriker (1956) reported larvae could be reared on
cereal flakes but his results were inconclusive.

Of all the commercially valuable marine species the oys-
ter has undoubtedly been the most extensively studied. Never-
theless with all the knowledge and impressive progress in cul-
turing techniques, there are apparently still various gaps in
our knowledge which hamper commercial application. An im-
portant factor determining the survival and development rate
of any phytotrophic larvae is the food source which they are
given. At the present time there are several species of
phytoplankton being utilized as food sources at various hat-

cheries including: Monochrysis lutheri, Isochrysis galbana,

Dunaliella sp., Cyclotella sp., Skeletonema costatum, Phaeo-

dactylum tricornutum, and Chaetoceros sp. (Dupuy, personal

communication). These species have been tested and widely
accepted as ''good" foods for larvae. However, more emphasis
has been placed on the ease of culturing these food sources
then on their nutritional value to oyster larvae. The develop-
ment of a nutritionally complete diet for oyster larvae which
yields a high percentage of spat would do much to improve the
economic success of existing hatcheries.

The purpose of the present study was to determine the effects
of various algal diets on growth, survival, production of pedi-
veligers and setting success of oyster larvae. Four algal
species have been successfully utilized as a standard diet

for bivalve culture at the Virginia Institute of Marine Science



for several years (Dupuy, 1973, 1975). However, little quan-
titative work has been done on the nutritional value of the
different algal species. All species were isolated from thé
York River, Virginia. The four species include two species

of Chlorophyceae, Nannochloris oculata (2.0 um) (isolated by

F.D. Ott), Chlorella sp. (unidentified) (2.0 um) (isolated by

N.T. Windsor), a Prasinophyceae, Pyramimonas virginica nom. prov.

(4.0 um) (isolated by F.D. Ott) and a Haptophyceae, Pseudoiso-

chyrsis paradoxa nom. prov. (5.0 ym) (isolated by F.D. Ott).

These four species singly and in various combinations,

and Monochrysis lutheri (Droop) and Isochrysis galbana (Parke),

traditional diets for oyster larvae (Davis, 1953; Davis and
Guillard, 1958; Walne, 1965, 1970; Ukeles, 1969) were tested
and compared.

Other objectives considered in this study included the
effects of larval and algal densities on larval survival and
growth. These two aspects should receive consideration when
attempting to achieve "optimal" culturing conditions. Experi-
ments were run to determine the spatial requirements of the
larvae and the effect of various algal densities on the para-
meters of growth rate, survival, production of pediveligers

and success of setting.



MATERIALS AND METHODS

Algal Culture

All algal cultures were grown in pasteurized, enriched
filtered estuarine water contained in 40 liter Pyrex carboys.
York River estuarine water was triple filtered through a
series of Cuno Cottoéﬁ)filters (10 um, 1 ym, 1 pm). The fil-
tered water was passed through an Aquafine Model MP-2PVC1l Ul-
traviolet water sterilizer. The water was heated to 82 C
in a glass heat exchanger (Corning Model 135GRB) and passed
directly into sterilized 40 liter carboys. The water was
then enriched with NZM medium and Guillard's vitamin mix
{Tabie 1]}.

Algal cultures were held at 18 C under continuous illumina-

tion. Pyramimonas and Pseudoisochrysis were grown using a light

source of 2000 lux, whereas Chlorella, Nannochloris, Mono-

chrysis and Isochrysis grew best at 3300 lux. All cultures
were aerated with gas dispersion fritted discs. Because of
the enormous amounts of algal culture needed, no attempt was
made to grow axenic algal cultures.

Depending on the cell counts, the amount of inoculum used
to initiate the batch cultures was such as to obtain the
latter part of log phase, usually reached within two weeks.
Algal cells used as larval food were always harvested during
log growth. 1If the algal culture showed any change in colora-

tion, pH, or if frothing was noted, the culture was discarded



TABLE 1

N2M Enrichment and Vitamin Mix for Algal Cultures

N.M Enrichment is composed of six basic stock solutions
which Zre prepared as follows:

(1) Sodium Silicate Solution (5) Arnon's Micronutrient
NapSi03-9H50...... 4.66 g Solution (modified)
Distilled H,0..... to 100 ml HyBO5........ ..0.286 g

MnC12'4H20 ..... 0.181 g

(2) Ketchum and Redfield's ZnSOy - 7H30.. ... 0.022 g
Solution "A'" CuSO, - 5H,50. . ... 0.0079 g
KNOg......00vvnen. 20.2 g CoCl, *6H50..... 0.004 g
Distilled HpO..... to 100 ml Distilled H,0..to 100 ml

(3) Ketchum and Redfield's (6) Soil Extract
Solution ""B" One kilogram of top soil
Na,HPO, - 7Hy0. .. ... 3.0 g was mixed with 2 liters
CaCl,y-2H90........ 2.7 g of distilled water and
MgsO, (anhyd.)...2.9 g sterilized in a large flask
FeP04 ............. 0.5 g 1 hour at 15 1bs pressure.
HCl (conc.)....... 2.0 ml After allowing to settle,
Distilled HZO ..... to 100 ml the liquid was decanted,

. passed through a Whatman

(4) Sodium Molybdate Solution No. 1 filter paper.
Na,MoO4 - 2H20. .. ... 0.0119 g
Distilled Hy0..... to 100 ml

The N, M Enrichment is made up of the above six stock solu-
tions as fgllows:

Sodium Silicate Solution...100 ml Sodium Molybdate

Ketchum and Redfield’'s Solution...sceeeeeennn 50 ml
Solution “AY............. 200 ml Arnon's Micronutrient

Ketchum and Redfield's Solution (modified)...50 ml
Solution "B"............. 100 ml Soil Extract........... 200 ml

The Vitamin Mix is made up as follows:

Thiamine HCl............. 200 mg
Biotin.......ceeueuoan. 1 mg
Big.. i 1 mg
Distilled H9O............ to 100 ml

The N,M Enrichment is distributed 2 ml per 1 liter of sea
water and %he Vitamin Mix is added at the rate of 1 ml per
liter of sea water in preparing algal cultures.



and the cells were not used as larval food.

The feeding criteria were based on cell volumes. The
cell volume for each species was calculated by using a Model
TA Coulter-Counter [Table 2]. Mean algal densities were
determined from replicate counting-on a hemacytometer. Algal
counts were done every other day on the cultures being used
as food. Tables 3 and 4 show the feeding schedules for the
experimental diets and the control.

For experimental treatments single species diets comprised
the daily total cell volumes of 690 x 109 ym3 and 1380 x 10° um°.
With the multiple species the total cell volumes were equally
divided amongst the species fed to a given larval culture.

For example, in the diet consisting of the species P. Earadqgéﬂ

and P. virginica, each species contributed 345 x lOg‘pm3 in

Stage I and 690 x log‘um3 in Stage II out of a total of 690
x 109‘}_1m3 and 1380 x 10° pm3 respectively.

All possible combinations of the four locally isolated
species were tested as food for oyster larvae. 1In addition

as previously mentioned, diets of Monochrysis and Isochrysis

were compared to the VIMS' Protocol (control). The eighteen
diets were divided into 4 groups which could be tested
simultaneously with available facilities [Table 5]. The

VIMS' Protocol was also run with each group as a control
(Dupuy, 1975). This was done not only for comparison purposes
but also to judge the quality of the batches of larvae used

throughout the experiments.



TABLE 2

Volumes of Individual Algal Cells

Pyramimonas virginica (Va-17) 33.50 mn3

3
Chlorella sp. (Va-52) 4 .85 ym
Nannochloris oculata (Va-19) 5.58 nm3
Pseudoisochrysis paradoxa (Va-12) 47.70 pm3

3
Monochrysis lutheri 73.50 pm

Isochrysis galbana 57.80 pm3




10

TABLE 3

Feeding Schedule for Experimental Diets

A sequential feeding program for all diets was used

LARVAI, SIZE RANGE TOTAL CELL VOLUME FED DAILY
9 3

Stage I - 70 um--120 um 690 x 10° um
9

Stage II - 120 uam--300 um 1380 x 10 ‘um3

The algal culture volumes to be fed are then calculated with
the equation:

F = Ve
Va x Cgq
where
F = milliliters of one species of algal culture to be fed
per 250 liter larval tank per day
Ve = theoretical volume required of one algal species per
larval tank
V, = known volume of a single algal cell of one species

Cs = number of cells per ml of algal culture
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TAELE 4

The Sequential Feeding Schedule for the Protocol Diet

LARVAL SIZE RANGE SPECIES TOTAL CELL TOTAL COMBINATION
VOLUME FED CELL VOLUME FED
- 9 3
Va-17% 300 x 107 um 9 3
70 ym -- 100 um 9 3 690 x 107 um
Va-19 390 x 10° um
Va-17 390 x 10° pm> o 1
100 yum -- 120 um 9 3 690 x 107 ym
va-19 300 x 107 zm
9
| , Va-17 390 x 10~ ym>
120 ym -- 300 ym  Va-19 300 x 102 ym> 1380 x 102 ym3
Va-12 690 x 10° um>

The algal culture volumes to be fed are then calculated with
the equation

* sgee Table 2

** see Table 3
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TABLE 5

Experimental Diets

Group 1
Diet 1 Pyramimonas virginica
Diet 2 Pseudoisochrysis paradoxa
Diet 3 Nannochloris oculata
Diet &4 Chlorella sp.
Diet 5 P. virginica - P. paradoxa - N. oculata - Chlorella
VIMS' Protocol
GROUP 2
Diet 6 P. paradoxa - N. oculata
Diet 7 P. paradoxa - Chlorella sp.
Diet 8 P. virginica - Chlorella sp.
Diet 9 N. oculata - Chlorella sp.
Diet 10 P. virginica-- P. paradoxa
Diet 11 P. virginica - N. oculata
VIMS' Protocol
GROUP 3
Diét 12 P. virginica - P. paradoxa - Chlorella sp.
Diet 13 P. virginica - P. paradoxa - N. oculata
Diet 14 P. paradoxa - Chlorella sp. - N. oculata
Diet 15 P. virginica - N. oculata - Chlorella sp.
VIMS' Protocol
GROUP 4

Diet 16 Monochrysis lutheri

Diet 17 Isochrysis galbana

Diet 18 M. lutheri - I. galbana

VIMS' Protocol
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Larval Culture

Oyster broodstocks were obtained from the Rappahannock
River. 8Six different broods were used to complete the experi-
ments. During the months when ambient temperatures were too
low for natural gonadal development oysters were conditioned
in the laboratory over a 4-8 week period by temperature
manipulation and supplementary feeding of cornstarch (Haven,

1965; Dupuy, 1975; Creekman, 1977) and Tetraselmis suecica

(Helm et al., 1973).

Water pumped from the York River was heated by a Karbate
heat exchanger (Union Carbide Corp; Material System Division,
Cleveland, Ohio). The heated water was cascaded in a system
of two flumes (4.1 meters by 0.6 meters) and aerated through
a series of airstones to insure removal of excess gases from
the heated water (Dupuy and Rivkin. 1972; Malouf et al., 1973).
Flow rates were adjusted to give each oyster 10 liters of
estuarine water per hour (Galtsoff, 1964).

Desired temperature regimes for the conditioning flumes
were obtained by mixing heated water and ambient water. Oys-
ters were gradually acclimated to 22 C by raising the flume
water temperature 6-8 C per week (or 1 C/day). Oysters held
at 22 C usually produced mature gametes within 4-6 weeks.

A starch suspension (0.48 g/oyster/day) was metered by a Mil-
royal metering pump to the conditioning flume at the rate of

30 ml per minute. Tetraselmis suecica was also metered to the

flumes at the same rate from an aerated stock bottle with a
cell density of 1.0 x 10° cells/mi.

Three to six oysters from the broodstock were sacrificed
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weekly to determine the stage of gonadal development. When
histological samples of the oysters were found to contain suf-
ficient mature gametes, spawning was initiated within a few
days. The method used to induce spawning was similar to that
described by Dupuy (1975). Approximately twenty-five oysters
were placed in a conditioning flume with running unfiltered
estuarine water. The water temperature was gradually increased
from 22 C to 30 C during the first hour. This increase allowed
the oysters to pump and eliminate fecal material before
spawning commenced. As a further inducement to spawn, sperm
stripped from a ripe male was added to the water. Spawning
usually occurred within the first few hours. Spawning oysters
were removed from the flume and placed into individual spawn-
ing jars (4 liters) containing 30 C estuarine water filtered

to 1 um. After spawning, all eggs were pooled and screened
through a stainless steel sieve (100 um) to remove feces and
shell debris. Portions of sperm suspensions from each spawned
male were also pocoled and used for fertilization. Mass crosses
of at least six oysters were used for each experiment to help
insure a large gene pool and viable larvae. After fertiliza-
tion, eggs were resuspended in 10 liters of filtered water

from which two 1 ml samples were drawn, transferred to Sedge-
wick-Rafter cells and counts made. Once the zygote density

was known., an appropriate volume of zygote suspension was
placed into two 250 liter fiberglass larval tanks (conical
shaped, 1.30 m x 0.55 m) to obtain a final concentration of 50
zygotes per ml. Holding zygotes at this density yielded straight-

hinge larvae within 24 hours at 25 C. Straight-hinge larvae



15

larvae were collected on a 50 ym sieve and washed off the sieve
with filtered water into a 10 liter calibrated container filled
with filtered water. Larvae were counted by the same method
used for zygotes except the samples were preserved with 5%
formalin. 1If the total larval populations were below one mil-
lion a 1 liter volumetric flask was used to achieve a more
accurate count.

An initial population of 2.5 x 1O6 larvae (10 larvae/ml)
was chosen for all diet and control experiments (Davis and
Guillard, 1958; Loosanoff and Davis, 1963; and Dupuy, 1975).
The culture water was changed three times a week using a
sieve of an appropriate size to retain all the larvae. At
each change, population counts were made on each culture.
Samples of each culture were taken daily and 50 larvae were
measured (anterior-posterior length) using an ocular micro-
meter. During the course of the experiments the salinity
varied 14 to 19 ©/oo. All larval cultures were maintained at
27-28 C.

The available facilities necessitated the establishment
of a time schedule to compare the performance of each diet in
the production of pediveligers and the success of setting.
Pediveligers were harvested for three days after they first
appeared in a culture. They were removed by screening the
entire population through a 280 ym sieve (which is the mini-
mum size for pediveligers). The pediveligers were then placed
in a 1 liter volumeéetric flask and replicate sample aliquots
were removed and counted. The larvae were transferred to a

setting tray module and allowed to set on frosted Mylar sheets



16

(Dupuy, 1975). The setting tray module consists of a fiberglass
tray (25 1/2 inches x 20 1/2 inches x 4 inches), a fiberglass
liner and a Mylar sheet. The liner aids in holding down the
sheet and helps to prevent larvae from escaping the area desig-
nated for setting. The trays were filled with 15 liters of fil-
tered estuarine water, aerated with two airstones and fed 100 ml
of the appropriate larval culture diet daily. The trays were
checked for set and the filtered estuarine water was changed
daily. Sheets wére changed if the set was heavy. Pediveligers
from cach experimental and control culture were given six days
to set. The number of pediveligers that set from each culture
container (i.e. experimental or control) was determined by
subtracting the number of pediveligers remaining at the end

of six days from the total number of pediveligers added at

the beginning of the setting period.

Given the large initial population and the time required
to evaluate each diet for the parameters chosen, it was
decided that it would be adequate to test each diet only once
since the repeatability of the VIMS' Protocol used as a con-
trol had been demonstrated many times (Dupuy, personal com-
munication).

After determination of the '"best'" larval diet on a quali-
tative basis, experiments with larval and algal densities as
variables were performed. Densities of one, three, five, seven,
and ten larvae per ml were tested. The same test parameters
used in the diet determinations were measured in these experi-
ments. Once an optimal larval density was chosen various

algal densities were fed to the oyster larvae (normal algal
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density, double algal density, double algal density - 1/2

the volume per 12 hours, triple algal density, triple » 1/2
the volume per 12 hours, normal to double algal density after
day 6 of culture and double to triple algal density after day
6 of culture). The effect on test parameters previously des-

cribed was determined.



RESULTS

Diet Experiments

Growth Curves

Figures 1 through 4 illustrate the effect of the dif-
ferent diets upon larval growth rates. Regression curves and
their slopes for each experimental diet are also presented in
Appendix A. Growth measurements were taken until the first
pediveligers were removed from the larval cultures.

The data presented in Figure 1 shows that within the
Group 1 series. the quadruple diet and the single diet of

Pyramimonas yielded a growth rate almost identical to that

of the VIMS' Protocol (Control). It should be noted that

the curves for Nannochloris and Chlorella represent larval

growth at one half the total cell volumes. When Nannochloris

and Chlorella were fed to the larvae at the identical volume

as the other experimental foods almost complete mortality was
seen by day 6. Therefore, referring back to Table 3. the
total cell volumes for Stage I and II were 345 x 109_nm3 and
690 x 10° pm3 respectively.

The diets within the Group 2 series reinforce the con-

clusion that Nannochloris and Chlorella are inadequate larval

foods. It is interesting to note diets containing Pyramimonas

in any combination gave growth curves similar to or better

than the Protocol (Control). Diet combinations containing

18



FIGURE 1

Growth Curves of the Experimental Diets
and the VIMS' Protocol Diet

within Group 1 Series
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FIGURE 2

Growth Curves of the Experimental Diets
and the VIMS' Protocol Diet

within Group 2 Series
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FIGURE 3

Growth Curves of the Experimental Diets
and the VIMS' Protocol Diet

within Group 3 Series
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FIGURE 4

Growth Curves of the Traditional Diets
and the VIMS' Protocol Diet

within Group 4 Series
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Pseudoisochrysis were only slightly poorer than those of

Pyramimonas [Figure 2].

The series of triple diets within Group 3 support the con-

clusion that Pyramimonas is the best species of those tested as

food for oyster larvae since the diet without Pyramimonas had a

slower growth rate [Figure 3].
The data presented in Figure 4 shows the growth rates of the

traditional larval diets, Monochrysis and Isochrysis singly and in

combination versus the Protocol (Control). It is clearly shown

that Monochrysis and Isochrysis are poor foods for larval growth.

It is interesting that the growth rate of the combination of

Monochrysis and Isochrysis is almost exactly half way between the

single diets. 1t appears Isochrysis may be the determining

factor in the combination.

Yield Parameters

Survival of the cultures to early pediveliger, production of
pediveligers, and setting success within each group are compared
graphically in Figures 5 through 8. These parameters are ex-
pressed as percentages from which the data can be seen in
Appendix B.

Nannochloris and Chlorella gave poor results for survival

and subsequently low percentages of pediveligers and set [Figure 5]

Pyramimonas, Pseudoisochrysis and the ''Quad'" diets were similar in

survival rates but differed in pediveliger production. Protocol

(Control) had the highest survival rate but the Pyramimonas

diet gave slightly better overall yields.

The survival rates for Group 2 were all low [Figure 6],



FIGURE 5

Percentages of Survival, Pediveliger Production,
and Set of the Diets

within Group 1 Series
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FIGURE 6

Percentages of Survival, Pediveliger Production,
and Set of the Diets

within Group 2 Series
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FIGURE 7

Percentages of Survival, Pediveliger Production,
and Set of the Diets

within Group 3 Series



26

138 % []

NOILONAONd ¥39113AI03d %% /7]

- 00l
TVAIAYNS %

39VIN304d3d



FIGURE 8

Percentages of Survival, Pediveliger Production,
and Set of the Diets

within Group 4 Series



FIGURE 8

Percentages of Survival, Pediveliger Production,
and Set of the Diets

within Group 4 Series
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which may be a reflection of the quality of the larvae used
in this experiment. It is apparent that diets which contained

Pyramimonas rank highest in yields of pediveligers and set.

Another indication of the beneficial quality of Pyramimonas

as a dietary component can be seen in Group 3. Althought the

diet, Pyramimonas, Pseudoisochrysis and Chlorella did not

have the highest survival rate, the diet yielded a significantly
larger number of pediveligers and set when compared to the

other diets within Group 3.

Monochrysis. Isochrysis and their combination gave low

yields of pediveligers and set [Figure 8]. This supports
the conclusion that they are poor foods for oyster larvae.
The Protocol (Control) within this group had extremely high
yields in all parameters. This indicates an exceptionally
good larval brood compared to Groups 1, 2 and 3 Controls.
The results of Chi-Square Contingency Tests among
treatments within each group are listed in Table 6. The

poor results of Nannochloris and Chlorella as larval foods

influence the degree of difference within Group 1 in all
the parameters. In Group 2 the significant differences among
treatments were effected by the poor survival rate of the

entire series, and by the results of the diet Nannochloris

and Chlorella. Group 3 results reflect the treatment differ-

ences of Pyramimonas. Pseudoisochrysis and Chlorella to the

other triple diets and Protocol (Control). The results of
Group 4 reflect the significant differences between treatments

of the Protocol and the traditional diets, Monochrysis and

Isochrysis.
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TABLE 6

Chi-Square Contingency Tests For
Group 1, Group 2, Group 3, and Group &

Experimental Diets

Diet Degrees Total Total Total
Group of Larval Pediveliger Set of
Freedom Survival Production Pediveligers
From Survival
Population
6 = 3
1 5 11.8 x 10 %% 1.9 x 10 ** 3.1 x 10 **
5 5 2
2 6 4,7 x 107%* 3.4 x 10 %* 4.8 x 10%%*
3 4 7.2 x 10%%% 3.2 x 107%* 3.4 x 10w
6
4 3 2.5 x 10%%% 1.0 x 10 = 6.7 x 107%x%
™~ = 0.05

*% = highly significantly different
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The VIMS' Protocol diet gave the highest survival rate
in all groups; however, in choosing the ''best" diet all para-
meters (growth, survival, pediveliger production and setting
success) had to be considered. Therefore, the 'best' diet
was that which within its group surpassed the performance of

Protocol. Based on this criterion the triple diet, Pyramimonas,

Pseudoisochrysis, and Chlorella was chosen. This diet was

utilized for all subsequent larval and algal density experiments.

Larval Density Experiment

The data illustrated in Figure 9 show the effect of larval
densities on growth rates. Growth rates differed towards the
end of the larval period. The growth rate of the denser cul-
tures began to tail off after day 6, while the cultures with
the least amount of larvae showed very little lag in growth.
Regression curves and their slopes for each larval density cul-
tures can be seen in Appendix A.

Survival. pediveliger production and set percentages can
be seen in Table 7. Parameter percentages were greatly in-
fluenced by larval density. with the lowest percentages in the
cultures with the highest larval densities (7-10 larvae/ml).
The data from which the percentages were obtained can be seen
in Appendix B.

The results of Chi-Square Contingency tests among treat-
ments (larval densities) are listed in Table 8. The significant
differences among treatments were effected by the low per-
centages of the dense cultures.

Densities of 3, 5, and 7 larvae per milliliter were re-



FIGURE 9

Growth Curves of Cultures at

Various Larval Densities
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TABLE 8

Chi-Square Contingency Tests For

Larval Density Experiment

33

Experi- Degrees Total Total Total
ment of Larval Pediveliger Set of
Freedom Survival Production Pediveligers
From Survival
Population
-Larval 5 6 6
Densities 4 4.6 x 107 %% 2.1 x 10 #=* 1.2 x 10 %%
oL = 0,05

*%* = highly significantly different
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plicated therefore allowing analysis of variance tests to be
performed on the yield parameters after transformation to
arcsin [Table 9]. All F values (X= 0.05) were significant,
therefore Tukey's Multiple Comparison Tests were run on
the treatment means [Table 10]. 1In percent survival,:thére
was no significant difference between 5 and 7 larvae per ml.
and 3 and 5 larvae per ml., however, there was significant
difference between 3 and 7 larvae per ml. 1In percent pediveli-
gers produced there was no significant difference between 3
and 5 larvae per ml., but 7 larvae per ml. was significantly
different from 3 and 5 larvae per ml. Finally in percent set
there was no significant difference between 3 and 5 larvae per
ml. but significant difference was seen between 5 and 7 larvae
per ml.

The population size distributions of the larval density
experiment are shown in Figure 10. Larval densities appear
to influence the size range of the larval population. The
size distributions of the lower larval densities show more
larvae in the upper size range than the more densely populated

cultures.

Algal Density Experiment

The effect of various algal densities on larval growth
can be seen in Figure 11. Regression curves and their slopes
can be found in Appendix A. The larval density for this ex-
periment was 3 larvae per ml. The growth rates were very
similar until day 6, however, at this point the cultures

receiving the normal density, and triple denéity began to lag
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Analysis of Variance on percent survival, percent pedi-
veliger production, and percent set at the three different lar-

val densities (3, 5, and 7 larvae/ml)

Analysis of Variance with Arcsin Transformation

% Survival Source Degrees Sums Mean F
of of of Square Ratio
Variation Freedom Squares
Among Treatments 2 772.2 386.1 16.6%*
Within Treatments 3 69.7 23.2
Total 5 841.9
% Pediveli- Source Degrees Sums Mean F
ger Pro- of of of Square Ratio
duction Variation Freedom Squares
Among Treatments 2 306.0 153.0 38.6%%
Within Treatments 3 11.9 3.96
Total 5 317.9
7% Set Source Degrees Sums Mean F
of of of Square Ratio
Variation Freedom Squares
Among Treatments 2 1141.77 570.88 378.07%*
Within Treatments 3 4.54 1.51
Total 5 1146.31

* significant at the 0.05 level



TABLE 10

Tukey's Multiple Comparison Test between treatment

means of the three different larval densities (3, 5, and
7 larvae/ml)
— —q T T= 1
(x - x') - TYMS_ =_1 . 9(1-e)(r-n) T = 4.18
VN
L= 0.05
% Survival ,
T - \/MSw = 20.13
3 larvae/ml 5 larvae/ml 7 larvae/ml
x = 80.68 x = 63,61 x = 53.16
% Pediveliger Production
T - \/MSW = 8.32
3 larvae/ml 5 larvae/ml 7 larvae/ml
x = 77.08 X = 76.16 =x = 61.49
% Set
T - \/MSW = 5.13
3 larvae/ml 5 larvae/ml 7 larvae/ml
x = 71.96 X = 69.92 x = 41.72

36



FIGURE 10

Population Size Distribution of the

Larval Density Experiment
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FIGURE 11

Growth Curves of Cultures at

Various Algal Densities
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behind the remaining cultures. Perhaps the larval culture
receiving algal cells at the normal density was not receiving
enough food and the culture being fed the triple density was
getting too much thus interfering with the feeding rate. The
cultures which were fed additional amounts of food (i.e. nor-
mal density to day 6 -- double density) showed better growth
rates. This might indicate a need for additional food towards
the end of the culturing period.

The percentages of the yield parameters are listed in
Table 11 and the data from which the percentages were obtained
can be seen in Appendix B. Setting was less successful in
the experiment because larvae escaped under the setting tray
inserts and were trapped under the Mylar sheets.

A Chi-Square Contingency test was also performed on the
algal density experiment. Significant differences were found
in all test parameters [Table 12].

Population size distributions of larval cultures at all
algal densities can be seen in Figure 12. There is very

little difference between the distributions.



TABLE 11
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Influence of Algal Density on

Percent Survival, Percent Pediveliger Production,

and Percent Set

Diet Total % Total % Total %

Larval Pediveliger Set of
Pyramimonas Survival Production Pediveligers

Pseudoisochrysis From Survival

Chlorella Population

Normal Algal

Density¥* 96.8 90.0 70.0

Double Algal

Density 92.3 93.9 65.2

Double Density -

1/2 per 12 hours 88.6 96.0 . 75.6

Triple Algal

Density 82.2 92.9 74.8

Triple Density -

1/2 per 12 hours 95.6 95.4 72.8

Normal Density to

day 6 - Double

Density 96.7 97.0 67.5

Double Density to

day 6 - Triple

Density 100.0 95.5 67.1

* Normal Algal Density

Double Algal Density

Double Density -
1/2 per 12 hours

2 x

690
£j1380
-
t1380

TOTAL CELL VOLUME FED

X

X

X

X

X

X

109,11m3 ‘Stage I
9 3 per 24 hours
10 um Stage 11

109 3 Stage I

9 3 per 24 hours
10 Stage 11

9 3
10 um Stage 1

9 3 per 12 hours

107 um Stage 1II
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TABLE 12

Chi-Square Contingency Tests For

Algal Density Experiment

Experi- Degrees Total Total Total
ment of Larval Pediveliger Set of
Freedom Survival Production Pediveligers
From Survival
Population
Algal 4 . 4 6
Densities 6 4.7 x 10°** 4,7 x 10 %% 3.6 x 10 #%
A = 0.05

5
|

highly significantly different



FIGURE 12

Population Size Distribution of the

Algal Density Experiment
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DISCUSSION

The results of this investigation not only illustrated
the effect of different algal diets on larval growth rates,
but also showed the influence of diet on the production of
pediveligers and success of setting.

Limited comparisons can be made when contrasting this
study to former investigations (Davis, 1950, 1953; Davis and
Guillard, 1958; Loosanoff et al., 1963; and Walne, 1965, 1966,
1970). For the most part all previous work was in an assay
type design where a diet was tested for a short period of time.
Investigators used various culturing vessels and it has since
been shown that vessel size influences growth rates (Dupuy,
1973). Parameters such as temperature, salinity and feeding
regimes differed greatly. One can not always equate the

British work involving the European oyster, Ostrea edulis

to studies with Crassostrea virginica, because of the varia-

tions in methodology and culturing techniques. Therefore,
only generalized statements can be made. These nutritional
investigations relied almost entirely on growth rate to judge
the value of algal species as food for oyster larvae. Although
growth is an important factor this study suggests that it is
not always an adequate indicator for setting success.

In determining whether or not an algal species is a
satisfactory food for oyster larvae, all aspects must be

considered. For example, in Figure 1, the diet Nannochloris

43
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exhibits a fair growth rate, but further analysis of larval
response (Figure 5) shows a low percentage of survival, pedi-
veligers and set. In this case such a misleading growth curve
was due to a mortality of the smaller larval class sizes towards
the end of the larval period. This eliminates the small lar-
vae from the daily measurements thus causing a large jump in

the mean size of the remaining population.

There seems to be no correlation between the three yield
parameters, however, they do influence one another. When
considering the relationship between survival and pediveligers
produced, survival only affects the number of larvae available
to become pediveligers. The same can be said for setting
success, In general a high survival rate yields a higher
pediveliger count which in turn yields a higher set.

Ukeles et al. (1969) using an estimation of the mouth

size of Ostrea edulis (Yonge, 1960) approximated the mouth

size of a Crassostrea virginica larvae (measuring 78 um x 67 gm)

at less than 10 jym. Yonge (1926), Millar (1955) and Fretter
and Montgomery (1968) proposed that there is no selection of
food particles being swept into the mouth other than by size
limitation. However, Mackie (1969) states that oyster larvae
qualitively selected algal cells ranging from 1 yum to 30 um.
All algal species tested in the present study were within this
size range. It is interesting to note that the smaller size

foods (Nannochloris and Chlorella) gave poor results. Because

the feeding protocol was based on total cell volumes the lar-
val cultures were exposed to high densities of these species.

Ukeles et al. (1969) concluded that larval feeding was con-
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tinuous and retention time in the larval gut was inversely re-
lated to algal density. Therefore, considering the small

cell size and the presence of a cell wall, the short retention
time at high algal densities 1is inhibitive to cell digestion.
By decreasing algal density the gut retention time was leng-
thened and algal cells were more readily utilized.

Another aspect of assimilation which may play a role in
utilization of different algal cells is the digestibility of
the cell (Dean, 1958). Since retention time of the larval gut
is so short the better foods are those which are assimilated
most quickly. This of course would explain the observation
that naked flagellates are better foods than species which
possess thick cell walls. The present study has shown that
not only is this true but there is also a difference among
the naked flagellates tested. The superior species 1is

Pyramimonas. Pyramimonas is not a classical laboratory

"weed organism''. It is temperamental and its cells are quite
fragile., There is difficulty in growing the species in mass
culture if physical and chemical parameters such as light,
pH, salinity and temperature are not closely controlled. And
yet such fragility may be a dietary advantage which makes

Pyramimonas more easily digested in the larval gut.

Aside from the physical attributes, each algal species
may also contribute different chemical constituents to the
diet. These nutrients may determine whether the species is
a good or poor food. Biochemical examination of those algal
species which promote fast growth and yield impressive set,

would give necessary insight into the nutritional needs of
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larvae in culture. The few analyses of phytoplankton com-
position may be misleading in their homogeneity (Parson et al.,
1961). Analyses that consider only total protein, fats and
carbohydrates are of little value in giving nutritional direc-
tion when other important factors such as pigments, vitamins,
trace metals and most importantly the quality and ratios of
cell constituents are disregarded.

The larvae may be exposed to the nutrients by the algae
in two ways, intracellularly and extracellulary. The litera-
ture in this area is rather incomplete because much of the
biochemical data deals with macroalgae. 1In the biochemical
work that has been done onphytoplankton, methodology is not
uniform, results are inconclusive and therefore it is difficult
to obtain complete chemical information on a single species.
Because very limited biochemical analysis has been done on
the VIMS' algal species, the literature can only serve as
a guideline.

Craigie et al. (1967), Craigie (1974) investigated the
storage products of various algal species. Among the species

examined were a Nannochloris sp., a Chlorella sp., a Pyramimonas

sp. and Monochrysis lutheri. Nannochloris sp. was found to

store mannitol, unusual in the Chlorophyceae where the normal

‘storage product is sucrose (as was found in Chlorella sp.).

Pyramimonas sp. also stores mannitol whereas Monochrysis was

found to store glycerol. Monochrysis is considered unique be-

cause it accumulates a cyclitol, 1,4/2,5-cyclohexanetetrol.

Isochrysis also produces this substance but does not retain it.

Preliminary results indicate a significant difference in the
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amount of protein among the VIMS' algal species but few
differences were noted in the amino acid ratios making up the
protein component (Chu and Dupuy, personal communication).

Concerning free amino acids, Pyramimonas virginica has a

higher mole percent of glycine than the other VIMS species.

Pseudoisochrysis is relatively higher in arginine. Chlorella sp.

contains trytophas whereas Pyramimonas and Pseudoisochrysis

do not. Nannochloris has a high amount of glutamic acid. On-

going lipid analyses of these species tentatively show dif-
ferent ratios of fatty acids which may prove to be an important
dietary factor.

Extracellular products must also be considered since it
has been established by Davis and Chanley (1956) that oyster
larvae are capable of taking up dissolved organics from the
culture water.

A Pyramimonas sp. gave the highest percent carbon excreted

in a total of twenty-three species examined by Hellebust (1965).
Seventy percent of the total percent carbon was released in
the form of mannitol. Mannitol is then not only stored but

also secreted by Pyramimonas. Pyramimonas also secretes pep-

tides but no proteins. Hellebust (1965) also found that

Chlorella sp. releases amino acids. Droop (1968) found

-Monochrysis to release vitamin B;, binding substances thus

deactivating vitamin Byy and both Monochrysis and Isochrysis

release 1,4/2.5-cyclohexanetetrol.
All cultures of algal species tested had some degree of
bacterial contamination associated with them. Therefore a

1ist of extracellular components would not be complete without
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considering the bacteria. The food value of bacteria is
questionable as mentioned previously. Whether or not the
larvae gain any nutritional benefit from them is not known,
however, Burkholder (1963), stated that many marine bacteria

produce excess vitamins which perhaps enrich the algal culture.

This in turn may be advantageous to the larvae. Pyramimonas

virginica was noted (Sutton, personal communication) to have

the richest bacterial flora and perhaps this increased the
dietary value of this species. Bruce and Duff (1967) noted

that Isochrysis galbana produced and released an antibacterial

substance. This may have contributed to its rather poor per-

formance as a larval diet.

Although it seems Pyramimonas alone is an adequate diet,

most nutritionists believe that a more varied diet has a
better chance of meeting the dietary needs. With this ar-
rangement one species can compensate for the deficiencies of

another. The combination containing Pyramimonas virginica,

Pseudoisochrysis paradoxa and Chlorella sp. was chosen as the

best diet from the results. The three species may differ
enough chemically to include all necessary nutritional re-
quirements for oyster larvae whereas each species alone may

not., For example, tryptophan is found only in Chlorella, so

~although this species has been shown a rather poor food by

itself, it might be of some benefit in a mixed species diet.

Effect of Larval Density and Algal Density

It has been well documented in the literature that the

higher the larval density the lower the growth rate (Davis,
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1950; Matthiessen and Toner, 1966). The present study supports
this conclusion. Davis (1950) and Matthiessen and Toner (1966)
believed there are three possible explanations for this pheno-
menon. Frequent collisions may occur within dense cultures,
thus hampering feeding. Secondly, accumulation of larval ex-
cretory products may inhibit growth and thirdly, possible com-
petition for food in the later larval stages may also retard
growth. An experiment done in conjunction with this problem
eliminates the third possibility. Two cultures, one containing
10 larvae per ml. and the other containing 3 larvae per ml.
were run simultaneoulsy. The larval culture with the density

of 3 larvae/ml. was fed the normal amount of algae (690 x 109

ym3 - 1380 x 109 pm3). To allow for the same amount of algal
cells per larvae, the denser culture was given three times
the amount of algae. Little improvement was seen in the growth
rate (10 larvae/ml.), therefore it is believed that the tailing
off in higher larwal density cultures may be attributed to
physical interference and/or a build up of excretory products.

It is evident from the results of the larval density ex-
periment that densities not only influence larval vigor -
growth but also affect the production of pediveligers and set.
To insure high yields of pediveligers and set it is recommended
that larval cultures be held to densities of five larvae or
less per milliliter.

The experiments concerning algal densities were performed
to determine whether an increase in food would enhance the
yields of pediveligers and set. Little advantage can be seen

in overfeeding. The results do suggest that a higher quantity
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of algae is needed in the last few days of culture. Further
work is necessary for an optimal feeding sequence.

The experiments done in this investigation were meant to
improve upon existing larviculture methods. The results
have produced an exceptional algal diet which consistently
promotes high yields of set. The ancillary experiments have
brought to light other factors influencing culture success,
the most important of which is an optimal larval density.

Groups were tested separately because of space limita-
tions. Therefore, between-group analysis was not possible.
Future workers should endeavor to run all experimental work
wimultaneously, if feasible, to eliminate such variables as

salinity fluctuations and broodstock quality.



CONCLUSTIONS

Algal diets not only affect growth rates of the larvae

of Crassostrea virginica but also influence the production

of pediveligers and the success of setting.

In the eighteen diets tested, Pyramimonas virginica was

found to be the most important and successful dietary
component.

The best diet was that consisting of the three species,

Pseudoisochrysis paradoxa, Pyramimonas virginica, and

Chlorella sp.

Larval densities of three to five larvae per milliliter
are considered optimal.

Varying algal densities had little effect on culture
success. However, results indicated additional food for

larvae in the latter stages of culture could be beneficial.
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APPENDIX A

Regression Curves and Slopes
with 957% Confidence Intervals

of the Larval Populations



Experimental Diets and Their Slopes

Slope
(log um/day)
Group 1
Diet 1 Pyramimonas virginica 0.055
Diet 2 Pseudoisochrysis paradoxa 0.035
Diet 3 Nannochloris oculata 0.051
Diet 4 Chlorella sp. 0.029
Diet 5 P. virginica - P. paradoxa -
N. oculata - Chlorella sp. 0.053
Group 2
Diet 6 P. paradoxa - N. oculata 0.045
Diet 7 P. paradoxa - Chlorella sp. 0.041
Diet 8 P. virginica - Chlorella sp. 0.050
Diet 9 N. oculata - Chlorella sp. 0.033
Diet 10 P. virginica - P. paradoxa 0.051
Diet 11 P. virginica - N. oculata 0.047




Expefimental Diets and Their Slopes
Slope
(log am/day)
Group 3
Diet 12 P. virginica - P. paradoxa -

Chlorella sp. 0.040

Diet 13 P. virginica - P. paradoxa -

N. oculata 0.037
Diet 14 P. paradoxa - Chlorella sp. -

N. oculata 0.040
Diet 15 P. virginica - N. oculata -

Chlorella sp. 0.043

Group 4

Diet 16 Monochrysis lutheri 0.025
Diet 17 Isochrysis galbana 0.029

Diet 18 M. lutheri - I. galbana 0.028



Spatial (Larval Density) Slopes

Larvae per milliliter

10

Slope
(log um/day)
0.070
0.081
0.076

0.063

0.052
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Nutritional (Algal Density) Slopes

Algal Density

Normal Algal Density
Double Algal Density

Double Density -
1/2 per 12 hours

Triple Algal Density

Triple Density -
1/2 per 12 hours

Normal Density to day 6 -
Double Density

Double Density to day 6 -
Triple Density

Slope
(log um/day)

0.077

0.081

0.082

0.077

0.081

0.080

0.082
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APPENDIX B

Yield Parameter Data for
Experimental Diets and Larval and

Algal Density Experiments
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