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PART A � ST. CROIX "ARTIFICIAL UPWELLING" MARICULTURE

Summar Pro ress Re ort: 1974

Our work during the past year was centered primarily

around the optimization of our system for producing food

for bivalve molluscs, and upon selecting bivalves with

the greatest economic potential for commercial-scale

"artificial upwelling" mariculture. Other work covered

the beginnings of a hatchery operation and continued inves-

tigations into multiple uses of the effluent from our bi-"

valve tanks for production of valuable plants and animals.

The progress made in our various projects this year

is summarized here; the detailed reports on these projects

are located in the main body of the report under the same

headings.

ENGINEERING

The major engineering activity during 1974 was the

design and construction of a Hatchery/Wet Lab. This

building will house a Hatchery in which we can spawn new

batches of shellfish as they are needed for experiments, an

Experimental Shellfish Area in which quantitative studies of

shellfish feeding and growth can be accomplished, and a

Pilot Shellfish Area in which designs for a commercial-

scale system for rearing bivalves to market size will be

tested.



Algal cultures from ten elevated 550-gallon tanks  and

from the two 12,000-gallon pools! adjacent to the Hatchery/

Wet Lab can be fed to juvenile larval shellfish in any

desired combination or concentration  by diluting with deep

water! at sites throughout the building. This facility will

enable us to find the optimal diets, flow rates and food con-

centrations for maximum shellfish growth and food utilization

throughout their life cycle, from spawning through growth

to market size and development of ripe gonads.

Five additional 550-gallon algal reactors were instal-

led for studies of the relationships between deep water,

flow rate  nutrient supply!, light intensity, and growth rate

of a diatom used as food for juvenile bivalves. A recording

Zppley pyranometer was installed for measurement of solar

radiation during algal growth experiments.

Monthly SCUBA dives over the inshore section of three

deep-water pipelines installed in 1972, and weekly water

analyses of the water delivered by the pipes, indicate that

the pipelines are still in excellent shape.

CHEM IS TRY

A second channel was added to our Technicon Auto-

Analyzer II, enabling us to process a greater volume of

samples for dissolved nutrients.

A preliminary study was undertaken to determine the

efficiency of deep-water nutrient utilization by diatoms

grown in our two 12,000-gallon pools as food for bivalves.



Tests with a Nonitek 250 turbidimeter indicated that

measurement of forward scattering by particulate matter in

water would be a suitable means of monitoring fluctuating

properties in our deep-water supply, as well as the cell

density from our algal cultures and shellfish tanks.

ALGAL CULTURE

Since mid-l974, we have used the diatom, Chaetoceros

curvisetus  STX-167! as one of three algal foods for bivalve

shellfish. This diatom is maintained in nearly unialgal

culture for periods of 2 to 4 weeks in unenriched deep water

cultures with a turnover of l.l dilutions per day in a

13,000-gallon pool. Enriching the deep water with a chelated

iron-trace metals-vitamin mixture does not influence the

longevity of cultures of this diatom as it does for the

other species used. Wall growth and competition with other

species of algae is apparently eliminated in cultures of

this diatom because of its high efficiency of nitrate and

silicate utilization. Calculations from experiments in

outdoor continuous cultures with neutral density screens

indicate that an optimal pool depth for this diatom is 4.1

meters at a turnover rate of 1.2 dilutions per day.

Three of five species of naked flagellate algae tested

for tolerance of warm temperatures were found to grow well

at temperatures up to 32'C. One of them was successfully

used  in a mix with three diatoms! to rear larvae of the

little-neck clam  i~a es semidecussata!. tc the juvenile stage.



Reliable growth of flagellate algae is necessary for success-

ful operation of a shellfish hatchery in the tropics.

We found that the screening of a.lgal species for

successful growth in unenriched deep water could be accom-

plished in small-scale laboratory, semi-continuous culturesg

thus simplifying this task.

Laboratory studies at our home base in Palisades, N.Y.

on nitrogen uptake and assimilation and growth by Chaetoceros

~sim lex  STX-105! in deep water, and of "resting cell" for-

mation by the pennate diatom, A~m hera coffaeformis, isolated

from deep water were completed. These studies give important

insights into the physiology of the primary steps of the

food chain.

SHBLLFXSH CULTURE: PELECYPOD

Nine species of bivalves were studied during 1974 for

their suitability in the St. Croix mariculture system. Five

species were harvested at market, size during the year. An

analysis of six species grown to market size in our system

indicates that four species have the greatest potential for

commercial-scale mariculture  Japanese little � neck clams,

~Ta es semidecussata; Southern hardshell clams, Mercenaria

h 9:

and Pacific oysters, Crassostrea <~igas!. The European

oyster, Ostrea edulis, requires further testing. The bay

but has low priority for further investigation in -our

system on economic grounds.



The Kumomoto strain of Crassostrea ~i  as, valued for the

half-shell trade, was introduced into our system and is

growing well.

A comparative growth study of Mercenaria cam echiensis,

M. mercenaria, a..d the Fl cross of these two clams in our

system and in natural environments in St. Croix', Florida,

Virginia, New York, and Hawaii, was completed this year.

reached market size in our system earlier than in any of

the natural environments, and M. mercenaria again did poorly

in our system.

Adult Blue Mussels  !~  tiles edulis! were brought to

St. Croix in August of this year for spawning studies.

Initial attempts to spawn them failed, probably due to their

emaciated condition. Another attempt will be made after a

period of "fattening" in our system.

A third batch of European oysters  Ostrea edulis! intro-

duced to St. Croix this year, grew well initially but began

to die off as they approached market size. The die-off may

have been associated with a change in algal diet; this will

be investigated in future experiments.

The Japanese little-neck clam  T~a es semidecussata!

was reared to market size and three batches of larvae were

reared to the juvenile stage in our system this year. The

ability to spawn this clam at will and its very rapid growth

at high densities in our tanks makes it a prime candidate for

commercial mariculture based on artificial upwelling.



Analyses for mercury and pesticides  chlorinated hydro-

carbons! in shellfish reared in our system showed insigni-

ficant amounts of these pollutants. In contrast, mangrove

oysters from local waters showed significant contamination

by mercury.

A preliminary test of a method to reduce hydrogen sulfide

production in sand substrate containing clams showed some

success and will be further tested. The method involves

circulating water beneath a porous-bottom tray containing

the sand and clams.

SHELLFISH CULTURE: GASTROPODS

Juvenile Queen Conch  Strombus ~igas! have been main-

tained on a strictly algal diet in the effluent from our

bivalve-rearing tanks for l4 months. The algal scum which

grows spontaneously in an open tank is an adequate diet

for their growth.

CRUSTACEAN CULTURE

A few Spiny Lobster tpanulirus arcrus! are still being

maintained on a diet of bivalves culled from our system, to

get. a measure of their long-term growth rates.

The remainder of the juvenile North American Lobsters

 Homarus americanus! brought to St. Croix in September l973,

died by August of this year, of unknown causes.

A brood of Brine Shrimp  Artemia salina! were reared

to the adult, reproductive stage in a preliminary experiment

to compare batch-feeding and continuous-flow methods of



feeding these animals diatoms. The information gained will

be useful in designing a semi-automated system fo= rearing

brine shrimp in our system.

SEAWEED CULTURE

Growth of H~~nea musciformis, a carageenin-producing

red seaweed, grew about three times faster in the effluent

from a clam tank than in reef water from Tague Bay  its

natural environment! and about five times faster than in

870-m deep water. Growth rate was positively correlated with

ammonia concentration in the water supplied to the tanks,

but there was no correlation with nitrate or phosphate con-

centration. H. musciformis appears to have a high potential

as a source of carrageenin and to clear the effluent from a

bivalve shellfish-rearing operation.
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University of Manitoba  Jan. 22!. Unpubl.

Roels, O.A., 1974. The sea as a source of protein.
Agriculture-Canada, Food Research Institute, Ottawa
 Feb. 7!, Research Branch Seminars. Unpubl.
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through artificial propagation and restocking. Pre-
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Series, Duke University Marine Laboratory, Beaufort,
N. Carolina  May 28!. Unpubl.
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cold deep-sea water. The Si ma Xi Lectures, Olin
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for publication in l974 Proceedin s.
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Series  Nov. 26!. Unpubl.
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1 ADMINISTRATION

1.1 Pro'ect Staf fin: 1974"

Principal Investigator:
Roels, Oswald A.  Ph.D.!

Co-investigators:
Aust, Leo G.  N.S., Engineering!
St. Croix Station Manager

Garside, C.  Ph.D.!
Chemistry

Haines, Kenneth C.  Ph.D.!
Project Chief Scientist; Algal Culture

Malone, Thomas C.  Ph.D.!
Phytoplankton Dynamics

Sunderlin, Judith S.  M.S.!
Shellfish Culture

Van Hemelrijck, L.  M.E.E.!
Engineering

Supporting Staff: St. Croix:
Berg, David
Nariculture Technician

Boatswain, G.
Facilities Upkeep

Davidson, Joan
Laboratory Assistant

Farmer, Nary W.  M.S.!
Graduate Student; Algal Culture

Forbes, Milton  Ph.D.!
Shellfish Hybridization  Faculty Associate!

MacDonald, Paul  B.S,!
Water Chemistry

*alphabetical order within categories.



Rodde, Kenneth  B. S. !
Shellf ish Culture

Wallace, Michael
Mariculture Technician

Supporting Staff: New York:
Amos, Lynn M.
Administrative Assistant

Anderson, 0. Roger  Ed.D.!
Electron Microscopy  Faculty Associate!

Berger, G ~  B.S.!
Library and Lab Assistant

Hammond, L.
Laboratory Assistant

Kostyk, N.  M.S.!
Analytical Chemistry

Lui, N.S.T.  Ph.D.!
Nitrogen Metabolism of Phytoplankton
 Visiting Sr. Res. Associate!

McClain, I.
Darkroom and Lab Assistant

Pasek, B.  B.S.!
Purchasing Secretary

Picard, G.  Ph.D.!
Algal Culture  achieved Ph.D. 1974!

Trout, N. E.  B. S. !
Laboratory Manager

1.2 Consultants

Menzel, R.W.  Ph.D.!
Professor, Florida State University
Tallahassee, Fla.
Shellfish

Castagna, M,
Laboratory Director, Eastern Shore Lab.,
Virginia Institute of Marine Sciences
Shellfish
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Chanley, P.
Shelter Island Oyster Farms, Inc.
Greenport, L.X., N.Y.
Shellfish

Budge, W.W.
Pacific Mariculture, Inc.
Pescadero, California
Shellfish

Hirota, J.  Ph.D.!
Aquatic Sciences Corp.
Honolulu, Hawaii
Shellfish

Guillard, R. R. L,  Ph. D. !
Woods Hole Oceanographic Institution
Woods Hole, Mass,
Phytoplankton

In addition to those above, the following have given

us the benefit of their advice and collaboration: Dr. D.F.

Othmer  Polytechnic Institute of New York: sea thermal

power and desalination processes!; Mr. W. Lodge  Consultant

to Biological Oceanography at Lamont: Phase 2 planning

and fund-raising!; Dr. C. Angell  Fundacion La Salle, Vene-

zuela: phytoplankton!; Dr. F. Ott  Virginia Institute of

Marine Sciences: phytoplankton!; Dr. C.E. Zpifanio  Univer-

sity of Delaware: phytoplankton!; Mr. R. Eissinger  Inter-

national Shellfish Enterprises: phytoplankton!; Dr. J.

Gonzalez  Puerto Rico Nuclear Center: phytoplankton!; Dr.

R. Tuttle  Harvard University: phytoplankton!; Mr. H. Norve

 Genue Products, Nova Scotia: seaweeds!; Dr. Harold J. Humm

 University of S. Florida, St. Petersburg: seaweeds!.



1.3 Facilities  Current!

The Lamont-Doherty Marine Biology Station on St.

Croix has expanded during 1974 to occupy all of the buildings

on Estate Rust-op-Twist, on the North Shore about three miles

west of Baron Bluff. The additional leased space includes

the remainder of the warehouse and the Manor House, which

will be renovated to make three additional apartments for

transient and. permanent staff. At this time, the complex

houses five permanent staff members  two with families! .

The laboratory area of approximately half an acre is

about 1400 ft back from the shore. On the lower floor of the

renovated building are the laboratory, including a new dust-

free culture transfer room, business office, kitchen, office

for the Chief Scientist, and storeroom, comprising approxi-

mately 1,200 sq.ft. On the smaller second floor are two

apartments for resident scientists. In a 582 sq.ft. section

of the warehouse are our two diesel-powered emergency gene-

rators, a workshop, and tool and spare parts storage.

The shore area  approximately 40,000 sq.ft! contains

the mariculture complex which includes:  a! the onshore ter-

minus of the three 3-inch deep-water pipelines;  b! pump

house with two 42-gpm glass-lined centrifugal pumps installed

in parallel  each with its own motor!, one 360-gal. priming

tank, two graphite vane pumps to supply aeration, and a

recording device  Eppley pyranometer! for continuous readout



of solar radiation;  c! the shellfish hatchery and wet lab

for shellfish feeding and growth experiments  described in

detail in section 2.3!;  d! deep-water constant head device

for constant pressure in the entire deep-water distribution

system;  e! two 12,000-gal. capacity concrete pools for

algal culture as food for shellfish;  f! six 200-gal. poly-

ehtylene tanks, four of which are used for algal culture in

our continuous food-production system; two are used for

experimentation;  g! four 200-gal. wood-and-fiberglass tanks

in which our prime populations of shellfish are housed;

 h! two 150-gal. polyethylene tanks for experimental use;

 i! four 200-gal. wood-and-fiberglass tanks for miscellaneous

uses;  j! ten 550-gal. concrete tanks for comparative algal

growth studies;  k! submersible pumps to move the algae-rich

water from the pools to the shellfish tanks; �! assorted

tanks, wood-and-fiberglass or PVC, used in the lobster and

seaweed programs;  m! one shipping container for storage of

tools and supplies for the beach and pipeline work;  n! a

cottage which is the residence of the junior mariculture

technician.

The facilities at the Biological Oceanography depart-

ment at our Palisades, N.Y. home base have been described in

detail in earlier reports and proposals.
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2 ENGINEERING

2.l Dee -Water Pi elines

The three pipelines installed in 1972 are still

in excellent shape. Monthly SCUBA inspection dives by our

beach technicians have revealed no wear or corrosion on any

part of the pipelines, and only minor wear on their sup-

porting cables. The only maintenance work required has been

occasional replacement of the anchor lines for the buoys

marking the offshore end of the inshore sections of the pipe.

In addition, weekly nutrient and salinity analyses from the

individual pipes allow us to monitor the integrity of the

pipelines below the depth limits of our divers  see Appendix

III for the year's nutrient and salinity data! .

2.2

The de-aerating chamber for the deep water was

not installed as planned, because we have not needed de-aerated

water for the lobster larvae studies which were delayed until

a lobster biologist can be added to our staff.

A continuously recording Eppley pyranometer has been

installed for use in our algal productivity studies.

Zilters were installed on the graphite vane aeration

pumps to trap the graphite particles which eventually clog

the metering valves. The pumps, which have run continuously

for three to four years, are being rotated through a factory

service program.
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2 s 3 Al al Reactors

Six more 550-gal. algal reactors have been set up;

five have shade-screens of varying light opacities �6, 30,

20 and 1% light transmission!. The shaded reactors are used

by Miss Mary Farmer  predoctoral student! in experiments on

the effects of light intensity on phytoplankton. nutrient

uptake and productivity in continuous-flow deep-water cultures

 see Appendices I and IX for details!. The ten reactors

will be used during 1975 to provide food for shellfish larvae

in the h~atchen , and juveniles in the es erimental shellfish

area  see section 2.4!.

2.4 Hatcher /Net Lab

This year will see the completion of our hatchery/

shellfish area of the building. Also included in the hatchery

/wet lab is a ilot shellfish area, where designs for a small-

scale automated shellfish-rearing tank will be tested.

wet lab, consisting of a roofed area, 20 x 60 ft. At the end

of the hatchery/wet lab is a 16 x 28 x 7  high! ft. supporting

structure for the ten algal reactors in which food for the

hatchery will be grown  Figures 2:1A-C!. All ten reactors

will be piped to receive deep water for growing algae and five

will also be piped to receive algal culture from the two

12,000-gal. pools, so that algal culture can be diluted with

deep water and thus provide varied algal-cell densities  with



l8

Figure 2:l  A!. Reactor-supporting structure with

decking in place, ready to accom-

modate the ten reactors for growing

algae.

 8!. Five of the ten algal reactors  pre-

sently in use as described in section

2.3! to be installed on the reactor-

supporting structure  A!.

 C!. Interior view of the Hatchery/Wet Lab

during installation of distribution

system for algal cultures grown in

the reactors.  The temporary tank in

the background contains a batch of

Tages semidecussata spawned on St.

Croix. !
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The hatcher /wet lab will have tap-offs for deep water,

air, and algal culture from each of the ten reactors at 10-ft

intervals through the length of the building. At the same

intervals, there are entries to an under-floor drainage

system leading to an external percolation field, where waste

sea water is filtered through sand before returning it to the

sea.

A diagram of the facilities of the St. Croix mari-

culture system is given as Figure 2:2.

2.5 Reverse Osmosis

An experimental reverse osmosis test, using deep

water  proposed by E.I. duPont Co.! was not funded. The

exceptional clarity  law particulate content! of our deep

water supply has the potential of making reverse osmosis an

effective method of providing fresh water.



Figure 2:2. Diagram of the facilities of the St.

Croix mariculture system.
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3 CHEMISTRY

3.1 Weekl Dete'rmination of Dee -Water Qualit

As in the previous year, we monitored the nutrient

content and salinity of our three pipelines at weekly intervals.

Another channel was added to our Technicon AutoAnalyzer 1I,

so that two nutrients can be analyzed simultaneously  this

has expanded our analytical capability for studies such as

algal utilization of nutrients!. Salinity is titrated manu-

ally.

The means and ranges of nutrient concentrations and

salinity are given for the three pipelines in Table

over the period. January 1 to December 31, 1974. The

values for the same period in 1973 are also given, for com-

parison.  The data are given in Appendix III.!

3.2 Potential Method  Forward Li ht Scattering! for

Nonitorin Dee Water Pi elines

Discrete measurements of deep water turbidity were

done on the Monitek Model 250 Turbidimeter to evaluate the

method for monitoring the deep-water pipelines. The instru-

ment measures the amount of forward scattering caused by

particulate matter in the water sample. Duplicate samples

were taken every three hours for 54 consecutive hours from

each deep-water pipe. Turbidimeter readings are shown in

Figure 3:l.

During the time of study, Pipe 1 had the least turbid
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Figure 3:l. Turbidimeter reading versus time for the

three deep-water pipes and for the mean of

three pipes. Vertical bars represent the

range of two duplicate samples for Pipes 1-3.

For the mean of three pipes, vertical bars

represent the range of the pipes. The tur-

bidimeter scale readings are ppm; a gelled

diatomaceous earth standard was used for

calibration.
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water and Pipe 3 the most turbid water. The water in all

three pipes generally became less turbid during the course

of the experiment. No attempt was made to determine the

cause of the turbidity; higher readings may have been

related to the presence of silt, detritus, or plankton, or

any combination of these agents. It was concluded that the

turbidimeter provides a sensitive measurement of turbidity

in discrete samples from the pipelines. An in-line detector

might be an effective device for continuous monitoring of

the pipelines.

3.3 Short-Term Observations of Biolo ical and

Chemical Pro erties of Dee Water

The dissolved nutrient  H, P, Si! content, sali-

nity, and chlorophyll a content. of deep water pumped from

each of the three pipelines were observed at three-hour

intervals over a 24-hr period. The results of this study,

undertaken at weekly intervals in November 1973, are being

prepared for publication.

3.4 Test of a New, Automated Method for Ammonia

A new automated method for ammonia analysis, a

modification of a method found in Strickland and. Parsons

�968!, was studied this year. The method is reputed to

exhibit greater sensitivity to ammonia than the Berthelot

hypochlorite method used previously, and amino acids are

also determined. Basically, the analytical method consists



of the oxidation of ammonia to nitrite, employing sodium

hypochlorite as the oxidizing reagent. The nitrite is then

coupled to N-1-Naphthylenediamine dihydrochloride to form

a red-purple azo dye which is analyzed spectrophotometrically.

The oxidation is carried out. in a very basic solution in a

heated water bath while the complexing is done in an acid

solution. Excess hypochlorite is removed utilizing sodium

arsenite as a reducing agent.

Our tests showed that. a precipitate  calcium and magne-

sium hydroxides! formed at the point of injection of the

oxidizing reagent from seawater which was made basic. The

precipitate buildup eventually disrupted flow continuity

and had to be removed with a 5% HCl wash. The method did

not give a linear response to standards and reproducibility

of duplicate samples was not acceptable. Therefore, the

new method was not adopted and we continue to use the auto-

mated Berthelot  phenol-hypochlorite} reaction for the

determination of ammonia nitrogen.

3.5 Preliminar Stud of Nutrient, Utilization

b Continuous Cultures of Diatoms in 10,000-

and 12,000-Gallon Outdoor Pool Cultures

The purpose of this study was to compare the effi-

ciency of nutrient  N, P, Si! utilization by two of the

species of diatoms grown as food for bivalves.

Chaetoceros curvisetus  clone STX-167! in continuous-flow,

10,000- and 12,000-gallon pools  Pools 1 and 2, respectively!
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were sampled for dissolved nitrate, phosphate, and silicate

over a 24-hr period every four hours. Samples for intra-

cellular nitrate, Lowry protein and particulate nitrogen

analysis were also taken. The sky was overcast during the

daylight hours of the sampling period. The results given

here are incomplete; many of the analyses have not been

finished.

Cells, while continuing to divide slowly, were irregular

in shape and appeared to be "unhealthy" {Pool 1, containing

STX-114, was scrubbed the day sampling ended due to invasions

of flagellates!. Nevertheless, dissolved nitrate and phos-

phate values showed that both STX-167 and STX-114 stripped

100% N03-N and approximately 95% P04-P. Si04-Si was not

utilized as efficiently as nitrate or phosphate.
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4 AL'GAL CULT URZ

4.1 Continuous Outdoor Culture of Chaetoceros

curvisetus in Unenriched Deep Water

We have been utilizing the diatom Chaetoceros

curvisetus  clone STX-167! as one of three foods for bivalve

shellfish since mid-l974. The diatom is grown in a. 13,000-

gallon pool with a dilution rate of 1.1 per day, to produce

15,000 gallons of culture per day in unenriched deep water.

Cultures of this diatom can be maintained in a nearly

unialgal state for periods up to one month in duration.

The apparent reason for this is the diatom's high efficiency

of nitrate and silicate utilization, which virtually elimi-

nates competition with other algal species with presumably

lower efficiencies of nutrient uptake. The results of a

nutrient uptake and growth study in 550-gallon outdoor tanks

at various flow rates  unpublished data! showed that at

dilution rates of 0.5 and 1.0 per day, concentrations of

nitrate and nitrite, phosphate, and silicate remain constant

day and night,; at higher dilution rates  l.25 and 1.5 per

day! nitrate and phosphate uptake were decreased during the

night. The generally higher nutrient concentrations at the

two higher dilution rates favored wall growth of contami-

nating organisms, but no wall growth was observed at the two

lower dilution rates.

Cell density, and cell carbon and nitrogen per liter

decreased at dilution rates over 1.0 per day, and for this



reason we chose a dilution rate for our 13,000-gallon pool

close to l.0 per day.

4.1.1 'GroWth of Four Species of Diatoms in

Enriched vs Unenriched Deep Water

Enrichment of deep water with a chelated

iron-trace metal-vitamin mixture  or its components! had

no beneficial effect on growth of Chaetoceros cuzvisetus

in either outdoor continuous cultures �.5 dilutions per

day; Fig. 4: 1 ! or in indoor semi-continuous cultures

 Fig. 4: 2 !. The indoor semi-continuous cultures show the

beneficial effect of the enrichment on growth of three

other species of diatoms used in our mariculture system.
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Figure 4: l . Growth of Chaetoceros curvisetus  clone

STX-167! in unenriched deep water and in

deep water enriched with a chelated iron-

trace metals-vitamin mixture or compo-

nents of the mixture. The culture was

diluted continuously at a rate of 0.5

dilutions per day; enrichments were metered

in continuously using an. intravenous dripper.

The enrichments were terminated. at the time

indicated by the dashed line.
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 S5'X-114!, Caaetoceros ~sim les  STX-105!,

Chaetoceros curvi s etus  STX-16 7!, and Thalas-

P

indoor cultures, using unenriched deep water

or deep water enriched with a chelated iron-

trace metals-vitamins mi..ture. The cultures

were diluted once daily by adding 25 ml of

new medium to 25 ml of culture, to give a dilu-

tion rate of leO per day. Cultures were main-

tained at 23-27'C with l2 hr light/12 hr dark

illumination from "daylight" fluorescent bulbs.

The values plotted are the average cell densi-

ties from duplicate cultures: Open circles,

unenriched deep water; closed circles, enriched

deep water. The lines showing the calculated

cell density expected in the absence of growth

are extrapolated from the peak yields of the

unenriched deep water cultures.  In addition

to the dilut.ions indicated on the graphs,

clones STX-105 and 3H were also diluted one

additional time, on Day 1 or 2.!

The decline in cell numbers of the STX-l67 cul-

tures during the first 2 days was caused by the

use of an inoculum from a stationary-phase cul-

ture; the inocula of the other three diatoms

were taken from exponentially-growing cultures.
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4.2 0 timization of Al al Yield

4.2.1 Abstract

The pool depth for optimal yield of

Chaetoceros curvisetus in continuous outdoor deep-water

cultures was calculated. The data used for the calcu-

lations were obtained from experiments at. two dilution

rates �,25 and 1.2 dilutions day 1! in which incident

light intensity reaching the culture surface was regu-

lated by neutral density screens. The greatest calculated

yields of cells and cell carbon were at a simulated depth

of 4.l meters and a dilution rate of 1.2 day . Maximum

calculated net carbon fixation was more than double that

estimated for natural upwelling areas. Additional experi-

ments in real  rather than simulated! culture depths are

recommended to more accurately predict optimal culture

depth.

4.2.2 Introduction

The depth of a pool used for the continuous

culture of algae in a mariculture system affects  l! the

intensity of light reaching the bottom of the culture, and

�! the productivity of algae per unit surface area. Thus,

the depth of the pool affects production in space while the

rate-of flow of a continuous culture affects production in

time. Xn a mariculture system, the production of algae

should be close to optimal, both in space and in time, to

obtain maximal yield.

One approach to determining optimal pool conditions is
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to operate a series of continuous cultures using shades to

reduce the light intensity reaching the cultures, thus

roughly simulating different pool depths. By running a

series of experiments at. different flow rates, the optimal

combinatio~ of flow rate and pool depth ought to be deter-

mined. Two of a series of four such experiments have been

conducted  Appendices I and II! and some preliminary calcu-

lations are presented.

4.2.3 Materials and Methods

In each experiment, continuous cultures

of Chaetoceros curvisetus  STX-167! were grown in reactor

vessels of 2-m volume �.5 m surface area, 0.8 m depth!

using unenriched deep water as medium. Shading was pro-

vided by neutral density screens so that cultures were

exposed to the following degrees of incident light inten.sity:

100, 46, 30, 20, and 3%. In the first experiment, dilution

rate was 0.25 day 1 and in the second experiment, 1.20 day

for all five reactors. A dilution rate of 1.20 day 1 is

close to the maximum dilution rate at which cultures of

this diatom can be maintained before washout occurs  unpub-

lished data!.

Samples for several parameters were collected at sun-

rise and sunset  see Appendices I and II for details!.

Incident light intensity was recorded continuously with a

pyrheliograph  Belfort Instrument Co., Baltimore, Md.!.

Temperature and visible light penetrating the cultures were
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measured at sampling times. The rate at which light

decreased with depth of culture was expressed as the extinc-

tion coefficient  k! and was calculated from the formula

-kz

solving for k,

2 ~ 3  log Io - log I z!
z

where e = base of natural log, Io � light penetrating the

surface of the culture, I = light reaching the bottom of

the culture, z = depth of the culture �.8 m!, and 2.3 is

the factor for conversion of natural logs to base l0 logs.

Watertight Weston photocells were used to measure under-

water light intensities.

Net carbon fixation  as calculated from fixation of

radioactive carbon!, cell production and extinction coeffi-

cients will be discussed here. Net nitrogen fixation can

also be used for calculations similar to the ones to be

presented when the analyses are complete.

Simulated pool depths were based on the following assump-

tions �! The percentage of incident light penetrating to

half the culture depth represents the mean Light intensity

to which the cells were exposed. �! The extinction coeffi-

cient, k, is constant for a given culture: depth  z! mul-

tiplied by k represents the extinction of light, and e is

the fraction of the light reaching a depth of z meters. Actu-

ally, k is not constant, it decreases somewhat more rapidly in the

first meter of water, but sophisticated measurements would



be required to find the rate at which k decreases in the

reactors. �! Shading reduces the light reaching the sur-

face of the culture and the bottom of the culture by the

same percentage. Thus, if 46% of incident light reaches

the surface of the culture, then 0.46 e kz reaches depth z.

�! Using the percentage of light reaching depth z, one

can back-calculate what the depth would be if the amount of

light reaching the surface was 100%.

Calculations were done as follows: percent light

reaching the surface of each of the reactors  I]00! was

multiplied by e - k  using the measured k of the culture!

to find the percentage light transmitted to half the cul-

ture depth  I>!. Then, assuming 100% I reached the surface

of the culture  ln T100-ln 1<!, was divided by k to find

the simulated mid-depth. Twice this value gives the simu-

lated pool depths used in Table 4:l.

4.2.4 Results and Discussion

Simulated depth of pools, dilution rates,

and daily net fixation of carbon and cell production per

unit volume and per unit area are given in Table 4:l.

Greatest production of cells and greatest net carbon fixa-

tion was at a simulated depth of 4.1 m and at a dilution

rate of 1.2 day . Overall production was greater at the

faster dilution rate at. comparable simulated depths  Fig. 4:3!

Net fixation of carbon is more than twice as great as

the 0.822 g/m /day estimated for natural upwelling areas

 Ryther, 1969!.
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Figure 4:3. Net carbon fixation per square meter

per day by Chaetoceros curvisetus  STX-167!

in outdoor continuous culture using

unenriched deep water as culture medium.

Filled circles = 1.2 dilutions day

Open circles = 0.25 dilutions day . Net

carbon production shown. as a function of

simulated pool depth  sce text for

details!.
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Theoretical calculations designed to estimate optimal

depth for productivitiy of phytoplankton usually show that

the shallower the water column, the greater the production,

presumably reaching a maximum at a very thin layer little

deeper than a chain of diatoms  Murphy 1962, 1971; Takahashi

and Parsons, 1972!. The present experiments show, however,

a decrease in production at a depth of two meters or less.

The result could demonstrate light inhibition or it could

be an artifact of the assumptions used for the calculations,

especially the assumption of a constant k. The extinction

of light in seawater beneath a screen providing a given

light intensity will be much greater, and of different spec-

tral quality, than beneath water providing the same inten-

sity. To predict optimal depth more accurately, productivity

experiments at various real pool depths need to be done, and

are planned.

4.2.5 Conclusions

On the basis of two outdoor continuous cul-

ture experiments with C. curvisetus, an optimal depth

�.1 m! and dilution rate �.2 day 1! have been predicted.

Completion of the series of experiments will more precisely

define optimal dilution rate, but further experiments at

real  not simulated! pool depths are recommended to predict

optimal depth.

Note= At a simulated depth of 128.26 m calculated production
of cells exceeded that at 4.1 m due to the large volume of
the culture. Net carbon fixation per cell was exceedingly
low at this light intensity and any cell counting error would
be magnified. by the pool volume. The value is therefore
discarded. as improbable unless further experiments confirm
it.
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4.3 Screening of' Al ae to be Used in Feedin

Shellfish Larvae

Xt became obvious that if we were to spawn our

own batches of shellfish for experiments on St.' Croix, we

would require species of naked flagellates that are both

good foods for shellfish larvae and able to tolerate warm

temperatures  up to 32'C!. The two species of flagellates

used by most investigators for rearing larvae are the

chrysomonads, lsochrysis galhana and Nonochrysls lntherl

� both of which are known to not tolerate warm temperatures

very well.

We compared the growth rates of five clones of flagel-

lates, suspected to be tolerant of high temperatures, with

the growth rates of

The species tested are listed in Table 4:2

The results  Fig. 4:4 ! indicate that the two "low-

 BT-5. and BT-6! grew somewhat faster than and

Clones STX-157, Tr.fl. and S-1 averaged growth rates

of ca. 1.5 to 2 divisions per day over the range tested

slowly at 28 C  ca. 0.25 divisions per day! and did not grow

at 30'C or higher, even when the temperature was raised

very slowly, at the rate of 0.5'C per day. Two other clones



TABLE 4: 2 . ALGAL CLONES STUDIED

SPECIESCLONE ORIGIN

Unknown

BT-6

Iso

lutheriMono

Tr.fl.

STX-157 Rhodomonas sp.  coral K.C. Haines,
symbiont! Tague Bay, St. Croix

Coccolithus  Emiliana!
h~uxle i

Undetermined
flagellate

Undetermined
flagellate

R. Guillard,'
Sargasso Sea

R. Guillard,
Sargasso Sea

M. Parke via
R. Guillard

M. Droop via
R. Guillard

R. Guillard,
Sargasso Sea

R. Guillard,
Sargasso Sea



Figure 4: 4 . Growth rates of six clones of naked

flagellate marine algae at elevated

temperatures. The values plotted

are the means of at least three

measurements; the vertical bars give

the 90% confidence limits. l'n cases

where no growth was observed at 30'C,

growth resumed when the cultures

were returned to 25 C.
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�8-324C!. These three clones will be tested as foods Sar

shellfish larvae in our hatchery. Xf they are suitable

foods for a variety of shellfish larvae, we can confidently

raise these algae in outdoor cultures year-round without.

fear of growth being inhibited by high temperatures. In a

preliminary trial, one of these clones  S-l! was successfully

used in conjunction with three diatoms to rear larvae of

the clam, Tapes semidecussata, to the juvenile stage in our

system.
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4.4 Screenin of' Algae to be Vsed in Peedin

Juvenile Shellfish

Twenty clones of algae thai: are known to be

valuable foods for juvenile shellfish  or have the poten-

tial for growing in unenriched deep water! were to be

tested for their ability to grow in unenriched deep water

in outdoor continuous cultures. To shorten the time

needed for the process of testing these clones, a test

was made to see if small-scale laboratory semi-continuous

cultures would give results similar to those in continuous

cultures outdoors.

The results of this test  given in Fig. 4: 3 in

section 4.2! show that only Chaetoceros curvisetus  STX-

167! of the four clones tested, grew as well in unenriched

deep water as in enriched deep water; this confirmed our

observations in 12,000-gallon outdoor cultures, where only

C. curvisetus could be maintained in unenriched deep water

for more than a week. Cultures of this diatom have lasted

for more than a month with 0.5 to 1.0 dilutions per day in
unenriched deep water.

We will therefore test promising clones for their

ability to grow in unenriched deep water in small,-scale

laboratory cultures, where duplication is easily achieved

and several species can be tested simultaneously.



4.5 Culture Collection and New Al al Clones

During l974 cultures were received from, sent to,

or exchanged with the following investigators outside our

group:

Dr. C. Angell
Fundacion La Salle, Venezuela

Dr. R. Guillard

Woods Hole Oceanographic Institution

Mr. Paul Chanley
Shelter Island Oyster Co., Greenport, New York

Dr. F. Ott

Virginia institute of Marine Science

Dr. C.E. Epifanio
University of Delaware

Mr. RE Eissinger
Xnternational Shellfish Enterprises

Dr. J. Gonzalez

Puerto Rico Nuclear Center

Dr. R. Tuttle

Harvard University

New cultures isolated during the past year include a

non-chainforming diatom  Chaetoceros sp.! and what may be

a new species of coccolithophore. These two organisms were

isolated from a dense bloom in a 32'C, 32.5o/oo, below-sea

level ditch near Rust-op-Twist, St. Croix. Several species

of diatoms were isolated from a bloom resulting from mixing

of deep-sea sediments with deep water during a cruise off
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Hawaii to study the enviroruqental impact of manganese-

nodule mining.
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4.6 The Effect of the Light/Dark C cle on Cou ling

Between Nitrate U take and Assimilation and Growth

Rate in the Diatom, Chaetoceros sim lex  STX-l05!

in Nitrogen-Limited Continuous Cultures

A study of the relationship between rates of
I

nitrate supply, nitrate uptake, nitrate assimilation and

growth rate in Chaetoceros ~sim les  STX-105! in laboratory

cultures was completed during 1974 by a predoctoral student

 Gaston Picard!. The results of this study will give us

insights into the nitrogen metabolism of this diatom in the

St. Croix mariculture system. A progress report summarizing

Nr. Picard's data analysis to date is found in Appendix XV .

4. 7 Ultrastructure and Cytochemistry in Amnhora

coffaeformis  Ag. ! Kutz.

This study of a pennate diatom derived from St.

Croix deep water has important implications for the St. Croix

"Artificial Upwelling" mariculture system because it con-

tributes to an understanding of the cellular mechanisms

for formation and revival of diatom "resting cells" found

in deep water. Similar studies on diatom species used as

foods for bivalves on St. Croix should give us control of

algal life cycles in our mariculture systems An abstract of

this study is presented here; the manuscript. prepared for

publication is found in Appendix V.

Abstract: The ultrastructure of logarithmic-growing cells



and. of resting cells  capable of enduring unfavorable

environments! in laboratory cultures of a~m hera coffaeformis

isolated from deep ocean water  870 m! was examined using

electron and light microscopy. The acid phosphatase acti-

vity  lysosomal marker enzyme!, chlorophyll a and lipid

content were assessed at weekly intervals of resting cell

formation during cold-dark treatment, simulating deep ocean

water. Approximately four weeks are required to complete

resting cell formation. During the first week, the cytoplasm

undergoes extensive transformation and lysosomal activity

is observed. Large vacuoles disappear and small ones

develop, the mitochondria become fewer and one or more

massive mitochondria appear; the cytoplasm becomes densely

granular. During the second and third week, the cytoplasm

continues to contract, lipid bodies begin to develop and

the plastid becomes densely stained. At the fourth week,

the mature resting cell is formed containing a small and

compressed nucleus, one or more massive mitochondria, a

well-formed plastid, and granular cytoplasm containing

occasional lipid droplets. The variation in chemical con-

stituents correlates with the microscopic structure of the

cells. The. fine structure of cells during growth resumption

when exposed to light at 25'C is presented. Previous

reports of viable, chlorophyll-containing cells at great

depths in the ocean may be explained by the results reported,

in this paper.



4.8 Alternative Methods for Monitorin Al al Cell

Concentration

Measurements of fluorescence and of turbidity

were tested as alternatives to manual cell-counting for

monitoring the growth of phytoplankton and the stripping

efficiency of shellfish. Both methods can be automated

and could be used for continuous monitoring of a large-

scale mariculture system.

The fluorescence values are relative and represent

the reading obtained from an in vivo sample of pool cul-

ture or tank effluent using the high sensitivity door of

the Turner Model IIX fluorimeter. Turbidity was measured

in ppm against a gel suspension standard on the Monitek

Model 250 turbidimeter.

Both fluorescence and turbidity were tested for cor-

relation with cell density in the pools and in shellfish-

tank effluents. Turbidity was tested also for correlation

with particulate nitrogen and particulate organic carbon.

The fluorescence vs. cell density curve in Figure

4: S represents samples taken at 0800 for four consecutive

days. The correlation was significant  r = 0.867! but

scatter of data points increased in the denser samples.

The turbidity vs. cell density curve in Figure 4:6

represents samples taken at 0800 for five consecutive days.

The correlation was significant  r = 0.976! and with one
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Figure 4:5 . Relative fluorescence of in vivo samples

from the pools and animal-tank effluents

vs. cell density of the same samples.

Fluorescence readings were made on Window

10 of the Turner Model III fluorimeter;

cell counts were done on a Speirs-Levy

eosinophil counter.
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Turbidity of in vivo samples from the

pools and animal-tank effluents vs.

cell density of the same samples. Tur-

bidity readings were done on the Monitek

Model 250 turbidimeter; ceil counts

were done on a Speirs-Levy eosinophil

counter. The regression line  solid!

was calculated by least-squares regres-

sion. Dashed lines represent the regres-

sion of y on x.
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exception the data points fell within the 95% confidence

limits. Turbidity vs. particulate nitrogen and carbon

were also significant  r = 0.835 and 0.876, respectively!

but less so than turbidity vs. cell density.

Further investigation showed that the correlation

between turbidity and cell density varied with time of day

 Fig. 4: 7 ! and to some extent with cell size or species

 not shown!.

It was concluded that measurements of turbidity could

be an acceptable alternative to manual cell-counts for

monitoring algal growth and shellfish stripping efficiency.



Ratio of turbidity reading to cell

density vs. time of Gay in a con-

tinuous culture of STX-167.
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5 SHELLFISH CULTURE : PELECYPODS

Growth studies to select species of bivalve shellfish

adaptable to the St. Croix mariculture system were con-

tinued during 1974; nine species of bivalves were studied.

More species were harvested from our system than were intro-

duced during the year, as shown in Tables 5:l and 5:2.

Nith completion of the hatchery building during L974, we

will be able to provide our own seed populations  from

brood stock reared on St. Croix! for future experiments as

they are needed, rather than as they are available from

commercial hatcheries.

The results of studies with the different species are

given in the following sections.

5.1 Argopecten irradians  Bay Scallops!

irradians, was introduced to the St. Croix system on June

19, 1973, to repeat growth experiments run on a population

of scallops in 1972. After 8.5 months, the average height

of the population was 5l mm  market size!. At, market size

the scallops were grown at densities of 25 to 30/ft . The2

survival rate was good �3%! until March l974, but shortly

thereafter mortality increased because scallops were beco-

ming senescent, and by June 1974 the entire population had

died. Figure 5:l illustrates the leveling off of growth
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irradians  Bay Scallop! as the animals

approached market size.
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as the scallops approached market size. The flattened

curve is directly influenced by the death of the market-

size bay scallops.

5.2 Crassostrea pi@as  Pacific Oysters!

5.2.1 Com arative Feedin Stud of Juvenile

In April 1974, a batch of C. gigas from

Pacific Mariculture, inc., was introduced for a study on

the effects of different algal diets on growth of this

species. Survival and growth in all experimental treat-

ments were poor and the experiment had to be discontinued.

We were not able to repeat the experiment because Pacific

Mariculture, Inc. closed its hatchery, due to poor water

quality at their Pigeon Point, California, location. Our

results with this batch of C. pic~as may have been related

to the difficulties Pacific Hariculture, Inc. had in

rearing seed oysters.

5.2.2 The Knmomoto Strain of C. ~gi as: Growth

Studies on St. Croix

The Kumomoto is a "gigas-type" of oyster

but is smaller and slower growing than the West Coast

Pacific oyster, Crassostrea gi's. Two populations of

Crassostrea ~i as were reared in St. Croix; market-size

oysters were obtained in 12 to 16 months. These oysters

initially grew slowly but after two months in the system,

growth began to speed up. Kumomoto oysters are widely used
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in the "half-shell" trade on the West Coast. Since C. ~iqas

growth in St. Croix was favorable, it is important to test

the mariculture potential of the Kumomoto oyster. The

Kumomoto will be evaluated for growth rate, survival, taste

and reproductive capabilities.
I

Two- to three-thousand Kumomoto spat  on cultch! from

Bay Center Mariculture Company, Willapa Bay> Washington,

arrived in St. Croix on July 1, 1974. At. monthly intervals,

growth  increase in length and in weight! and survival were

monitored. Figure 5:2 shows % survival and increase in

length for a group of 141 randomly selected spat. Figure

5:3 shows increase in weight of the total Kumomoto popula-

tion on cultch.

5.3 Mercenaria campechiensis, M. mercenaria, and

Fl Clams  M. mercenaria 8 x M. campechiensis !

An experiment to compare growth of these three

clams in the St. Croix mariculture system with growth in a

variety of natural environments  St. Croix, Florida, Virginia,

New York, and Hawaii! was completed in l974. The results of

this study will be published  see ms. Appendix VI !; the

following is an abstract of that paper.

Abstract: The growth of hard shell clams  Mercenaria mercen-

F cross in a controlled experimental environment was com-1

pared to growth in uncontrolled natural environments. The

clams were spawned by Paul Chanley of Shelter Island Oyster

Company, Inc., Greenport, New York. In the controlled
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environment of the artificial upwelling mariculture system

on St. Croix, U.ST Virgin Islands, pollutants and predators

were absent and fouling was minimal. Salinity was 34 ' 75 to

3 4.95o/oo and water temperature varied between 22' and 30'C

during the experiment. Natural environments in temperate,

subtropical and tropical waters were selected as sites for

comparative studies: Southold, in Long Island, N.Y,; Wacha-

preague on Bradfords Bay, Virginia; Alligator Harbor on the

Gulf Coast of Florida; Kupeke Pond in Pukoo, Nolokai, Hawaii;

and Salt River Inlet, St. Croix.

Clams from each population � M. mercenaria, M. camgiechien-

sis and Fl cross � were planted at Southold, N.Y., and at

1973 through Nay-June 1974. M. and Fl clams

reached market size  greater than 25.5 mm thick! in 6.5 to

13 months in the St. Croix artificial upwelling system. These

clams did not reach market size in Southold, N.Y.; Wachapreague,

Virginia or Salt River Inlet, St. Croix. The Fl clams in

Molokai, Hawaii and Alligator Harbor, Florida were close to

market size when the experiment was terminated after 13 months.

Survival and growth of M. mercenaria was poor in the arti-

ficial upwelling controlled environment, in Salt River Inlet,

St. Croix and in Nolokai, Hawaii.

were sent to Virginia and Florida and Fl clams and N. mercenaria

were sent to Hawaii, Increase in length, "wet" weight and

survival were measured at the different locations from April



The results of this study indicate that both the Fl

mariculture system. However, because of the superior

keeping quality of the Pl clam under refrigeration, this

clam has a greater commercial potential for the "half-

shell" trade.

5.4 M~tllus edulls  Blue Mussel!

The blue mussel, M~tilus edulls, was brought to

St. Croix for acclimation and spawning studies after earlier

attempts to induce gametes discharge failed at the Tallman

Island station in Queens, New York.

One-hundred and. twenty-five mussels arrived on August

6 and were separated into two groups of 62 and 63 indi-

viduals. One group was kept in refrigerated water at 5'C

 temperature on arrival was 8.5'C!, while the other was

allowed to reach laboratory room temperature. The salinity

of both groups was increased 3 ppt every two days from an

initial level of 22 /oo, to local water values �4.8 /oo!.

All mussels were batch-fed algal diets from pool and/or

polytank cultures in the mariculture system. During their

acclimation period, five mussels were lost from the warm

temperature group.

Xn early September, the fully acclimated mussels were

moved from the laboratory and placed on-line in the culture

system, receiving effluent from other shellfish tanks. After



30 days in the system, mortality reduced the population by

52% to a total of 27 individuals. Two rnussels were sacri-

ficed for internal inspection at this point and were found

in an emaciated condition. The visceral mass was greatly

reduced and the gonads contained few sex products. Nonethe-

less, 22 individuals were selected from this group for

artificial spawning experiments, by means of temperature

shock. These were removed from culture water of 29.2'C and

placed inta a container of deep water and diet algae at a

temperature af 23.2'C. After a period of one hour, several

mussels were actively pumping with valves open, but had not

discharged gametes. After an additional hour, with no

success, the mussels were returned to their tanks. This

group continues to be diminished by mortality and presently

consists of l0 individuals.

By contrast, the refrigerated group has demonstrated

good survival, despite being batch-fed algae only once a

day. The physical condition of these animals, however, was

no better  superficially! than that of the warm-temperature

group. From this, the primary factor of the high mortality

in the acclimated group would appear to be the effects of

temperature, perhaps after a preliminary weakening by a sub-

adeguate diet.

Current plans are to increase the temperature of the

refrigerated group to l6-l8'C and batch-feed twice a day



in an effort to increase glycogen reserves. At the same

time, the gradual change in temperature should induce gonadal

development, and enable another attempt at artificially

inducing spawning.

5.5 Ostrea edulis  European Gyster!

Two previous populations of Ostrea edulis were

grown to market size in the St. Croix mariculture system in

13 to l6 months. The third population of the European

oyster was introduced to the St. Croix mariculture system

on August 15, 1973. The first and second populations were

introduced in April, 1972 and October, 1972, respectively.

All three groups of juvenile oysters were obtained from Mr.

W.W. Budge, Pacific Mariculture, Inc., Pescadero, California.

The growth of these three populations is reported in the

paper by Sunderlin et al.  Appendix VII! . Additional data

for the third experiment are given in Table 5:3.

The third 0. edulis population in the St. Croix mari-

culture system was involved in a comparative growth study

and in September 1973, 5,000 juveniles were shipped to the

following locations: Florida  R.W. Menzel!; Virginia  M.

Castagna!; New York  P. Chanley!; and Salt River Inlet, St.

Croix  J.B. Faile!. After a week, all of the oysters sent.

to Florida and Virginia had died and no 0. edulis survived

in Salt River Inlet  St. Croix! after 55 days. The only

comparative growth data available for this experiment are

from Greenport,, New York and Rust-op-Twist  the mariculture
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system!, St. Croix  Table  Table 5: 3! .

The 0. edulis in the St. Croix mariculture system grew

rapidly until mid-February 1974, when the larger oysters

began to die, hence the irregular length measurements there-

scrim les  clone STX-105! did not grow wall in the pools on

the beach and it was finally omitted from the production

schedule in Nay 1974. Chaetoceros curvisetus  STX-167! was

substituted for STX-105 in June 1974. The two previous

0. edulis populations were fed STX-105 along with Thalas-

 clone 3H! and/or Bellerocheasiosira

 STX-114! and the problem of larger oysters dying off, as

they approached market size, was not experienced.

Presently, there are 115 0. edulis in the mariculture

system � not all of these are quite market size  >76 mm in

length!, but they are being maintained and will be used as

brood stock in the hatchery. Feeding experiments will be

run, in the experimental shellfish area, on a variety of
algal species and different combinations of these algal cul-
tures will be fed to juveniles and. to oysters approaching
market size.

5.6 ~Ta es semidecnssata  Japanese Little-Neck Clams!

This clam has excellent commercial mariculture

potential because of its fast growth rate � to 11 months

to reach market size!, high survival �0%!, and tolerance

after. One factor that may have contributed to the mortality

was a change in the diet. ln early 1974, Chaetoceros cf.



TABLE 5: 3 . AVERAGE GROWTH OP OSTREA EDULIS
POPULATIONS IN

ST. CROIX AND IN SOUTHOLD, NEW YORK

DATE

3.19 nun

43.53 mm

65.95

67.71

53 ' 7

66.3

72.5 80.3

08-15-73

10-03-73

12-04-73

01-16-74

01-22-74

02-19-74

03-19-74

04-17-74

05-14-74

06-06-74

07-11-74

07-16-74

08-22-74

08-29-74

10-15-74

SURVIVAL �!

RUST-OP-TWIST SOUTHOLD
ST. CROIX NEW YORK

15.86

51.15

60.17

62.29

66.30

64.79

68.63

69.24

68.76



of high stocking densities  up to 180/f t ! . This species

was reared to market size  >38 mm in length! during 1974,

and the life cycle has been completed on St. Croix. The

first batch of larvae resulted from a spontaneous spawning

in April 1974, and the second and third batches from con-

trolled spawnings in May and September 1974. The April 1974

batch spawned spontaneously before reaching market size

  at 23 mm! in October 1974 � less than seven months after

they were spawned themselves. Xt may be possible, through

selective breeding of fast-growers, to select for clams

that will reach a larger size before spawning. The details

of the growth studies and larval development are given in

the manuscript, being prepared for publication, given here

as Appendix

5.7 Com arison of Mercur and Chlorinated H dro-

carbons in Bivalve Shellfish Grown in the St.

Croix Mariculture System and in Natural Waters

collaboration with Dr. Robert J. Reinold of

the University of Georgia, samples of meat from bay scallops

irradians! and Pacific oysters  Crassostrea

giipas!, grown in our "Artificial Upwelling" mariculture

system at Rust-op-Twist, St. Croix, were analyzed for

chlorinated hydrocarbons  Dieldrin, DDT, DDE, TDE and PCB's!

Salt River, St. Croix and Coral Bay, St. John were also

analyzed.
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The results of these analyses  Table 5:4! show that

there were insignificant amounts of mercury  <0.02 ppb!

in the scallops and oysters grown in our mariculture system.

In contrast, the mangrove oysters from natural waters on

St. Croix and St. John had significant concentrations of

mercury �9 and 58 ppb, respectively!. Chlorinated hydro-

carbons were not present in significant concentrations

 >5 ppb! in animals from the mariculture system, nor in

the oysters from natural waters.

These results point out one of the great advantages of

mariculture systems utilizing artificially upwelled deep

water: the lack of man-derived pollutants, such as mercury,

in the deep water They also indicate the value of our

mariculture system for baseline studies of contamination of

marine food chains by man's pollutants.

5.8 Test of a Method for Eliminating Hydro en Sulfide

Production in Sand Substrate for Clam Culture

Anoxic sand substrate in a tank containing juve-

nile Japanese little-neck clams  ~Ta es semidecussata! may

have been the cause of increased mortality in a population

of this clam. Production of hydrogen sulfide in anoxic sand

substrate makes for very unpleasant work when monitoring

growth of clams grown under those conditions. We tested the

feasibility of exposing the upper and lower surfaces of the

substrate to water flow in the tank, thereby allowing for

greater interstitial water flow in the substrate. This
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TABLE 5:4 ~ CHLORINATED HYDROCARBONS AND MERCURY
XN BIVALVZ SHELLFISH FROM THE "ARTIFICIAL

UPWELLING" MARICULTURE SYSTEM, AND
FROM NATURAL WATERS  SPRING~ l973!

SPECiZS SOURCE

n.s. 3n.s.
irradians

 Bay scallop!

as aboveCrassostrea n.s.n.s.
ps~as

 Pacific oyster!

Crassostrea 39n.s.

'From Reinold, R.J., l974. Chlorinated hydrocarbon
pesticides and mercury from Puerto Rico and the U-ST
Virgin Islands, l972-1973  Submitted to Pesticide
Monitoring JournaL!

Artificial

Upwelling
Mariculture
System

Salt River, St.

 Mangrove oyster! and
Coral Bay, St.
John

~not significant, <5 ppb

not significant, <0.02 ppb

CHLORINATED MERCURY

HYDROCARBONS

 ppb!  ppb!
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treatment should have had the effect of decreasing the rate

of accumulation of fecal material and possibly avoiding the

development of reducing conditions. The lower surface of

the substrate was exposed to water flow by suspending the

sand in a Nestier tray with a 2--layer plastic window screen

liner; a thin layer of glass wool was sandwiched between

the screens to retain the fine sand. Control trays were

lined with polyethylene sheeting.

The screened trays maintained higher pH's and dissolved

oxygen concentrations in the sand substrate through the

first four weeks, but, the glass wool layer in the screened

trays became clogged after four weeks, so that there was no

difference in pH and 02 measurements thereafter. After four

weeks, hydrogen sulfide production was evident in both the

experimental and control trays.

We hope to repeat this experiment using a screen mesh

size that will not clog easily, but which will still retain

the sand.

The details of this experiment are given in Appendix

IX.

5.9 Economic Com arison of Six Pelec od Molluscs

for Artificial U wellin Mariculture

The economic values of six species of bivalve

shellfish were compared on the basis of their meat produc-

tion per square foot of surface area of the tanks in which

they were grown. The comparison was based on results from
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our St. Croix mariculture system which has not been opti-

mized for production of each mollusc. Each species was

grown in a culture tank having a volume of 200 gallons and

a surface area of l6 ft ; the flow rate of algal culture2.

to the culture tanks varied from tank to tank. Using the

growth rates, stocking densities and percent meat values

of the six species listed in Table 5:5 and the flow rates

of algal culture to the tanks containing each species, we

calculated the yearly productivity of shellfish meat that

could be expected if 36,000 gallons per day of algal

culture grown in our system was used. to grow only one

species o$ shellfish at the indicated stocking densities.

The analysis is presented in Table 5:5 which indicates

that four species have the greatest potential economic

value; they are listed here in decreasing order of value:

~Ta es semidecussata

P j clams

Nercenaria cam ch'

Crassostrea t~i~~as

relative to the other species, to merit further investi-

gation. The European oyster, Ostrea edulis, is intermediate

in value and merits additional study to increase its growth

under different experimental conditions.

The analysis presented here represents our first



experience with several of the species. Higher production

rates can be expected as additional experience with the

behavior of the different species of molluscs is gained

 in experiments in progress, we are finding that tufa es

semidecussata grows faster as the turnover time in the tank

is decreased!.
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SHELLFISH CULTURE: GASTROPODS

6.l Strombus gigas  Queen Conch!

Commercial fishing interests in the Queen Conch,

Strombus gigas, and its importance to the local economy

 Randall, 1964! prompted a preliminary investigation into

the culture potential of this animal in October, 1973; the

investigation is still in progress.

Initially, five individuals, all juveniles, were placed

into two 1 ft x 1 ft x 1.5 ft rearing tanks which were left

open to the sunlight and which received culture media effluent

from other shellfish containers. The subsequent algal

growth appeared. first to be in excess of, and later adequate

for, animal grazing demands to September, 1974. In mid-

September, the conch were transferred to a 12 ft x 2 ft x

.5 ft culture flume to allow for the increasing food require-

ments. The grazing area in this container should be more

than adequate to sustain continued growth for some time.

The increases in size  length and weight,! through

November 1974 are given in Figures 6:l and 6:2 for the five

animals. All conch are still in the juvenile stage  i.e.,

shell lip formation about the operculum has not 'begun.
6.2 Abalone

We hope to receive juvenile specimens of a warm-

water abalone for growth experiments on St. Croix. These
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Figure 6: 1. Growth o f Strombus g igas  Queen Conch!:

increase in weight  graIns! .
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Figure 6:2. Growth of Strombus gigas  Queen Conch!:

increase in length  mm!.
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are being obtained from Dr. Martin Ortiz of the Xnstituto

Nacional de Pesca, Chiapas, Mexico.
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CRUSTACEAN CUI TURE

7.1 Growth of Panulirus ~ar us  Spiny Lobster!

Of the five original Panulirus arcrus lobsters

introduced into the culture system in June 1972< three

individuals continue substantial growth  Fig. 7:1!. The

other two lobsters, identified. as 3A and 2B of this group

died on 7-10-72 and 10-25-73, respectively.

On August 8, 1973, three additional P. arcrus juveniles

were acquired from Salt River and of which only one sur-

vives  as at 11-14-74!, numbered 3A in Figure 7:l. Those

numbered 3B and 3C died on 6-02-74 and 10-25-73, respec-

tively. Up until November, 1974, only carapace length

measurements were recorded on these juveniles, therefore

Figure 7:3. represents the initial weight measurements for

3A.

Until Nay, l973, all Panulirus were fed diets of

selected bivalve meats of known weights in proportion to

their individual sizes. After this point, the animals were

placed on a maintenance diet which varied per individual in

number of culled bivalves  frozen or live!, and local

beach crabs. j:t is interesting to note that the greatest

surge in growth rates occurred after the experimental diets

were lifted. A summary of weight measurement is presented
in Table 7 ' l.
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Figure 7:l. Growth of Panulirus argus  Spiny Lobster!
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TABLE 7: 1. GROWTH AND MORTALITY OF PANULIRUS ARGUS

WEIGHT

 g!
CARAPACE MORTALITY

LENGTH

 mn!

ANIMAL

NO.

DATE

07-10-72 3A8.8

50.9 2B

14.0

23.3

3C

06-02-74

06-1j -74

3B

850

650

290
23.0

06-27-72 lA

 INITIAL! lB
2A

2B

3A

11-24-72 lA

lB

2A

2B

10-25-73 1A

lB

2A

2B

3A

3B

3C

lA

1B

2A

3A

10-13-74 lA

1B

2A

3A

110

105

35

58

10

220

142

45

63

435

415
135

116

1050
850

440

110
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7. 2 Hornarus amer icanus  North American Lobster!

On September 5, 1973, 41 juvenile Hornarus arneri-

canus were received for rearing studies in the culture

system. Of these, 34 were lost by November, presumably

from a combination of shipping stress and inability to
' ~

adapt to a new environment. The average size on arrival

was approximately 6 to 7 mm.

The diet of these animals initially consisted of brine

shrimp, then minced shellfish meat culled from the system;

however, all individual were lost by August 1974, the lar-

gest measuring 27 mrn. Originally, the growth of this group

of juveniles was to have been compared with that of indi-

viduals hatched in Nay 1973 from berried females held in

the culture system. Unfortunately, all of the hatched group

were lost by the end of June, 197 3.

Table 7:2 presents a record of the remaining seven

juveniles from the September 5 group. No new attempts were

made to rear larvae or select new experimental diets for

Homarus americanus in the remainder of 1974.

7.3 Artemia salina  Brine Shrimp!

A preliminary experiment was undertaken to deter-

mine if brine shrimp would grow to maturity and reproduce

in the St. Croix mariculture system. The primary goal was

to discover what technical problems would be encountered in

designing a semi-automated system for rearing brine shrimp.

Nauplii hatched in deep water were fed in two different



IDENTIFICATION

NUMBER

DATE OF

DEATH

CARAPACE

LENGTH  run!

11-05-73

11-] 8-73

01-08-74

01-10-74

06-01-74

07-18-74

08-28-74

decomposedC-23

10.1

C-3 decomposed

decomposedC-12

C-15

C-18

25.0

22.5

27.3C-9

TABLE 7: 2. MORTALITY RECORD OF
HOMARUS AMERICANUS JUVENILES
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ways:  l! daily batches of the diatom Thalassiosira ~seu-

donana �H!, and �! continuous flow of the diatom Chaeto-

cerus curvisetus  STX-167!. The brine shrimp were grown

in outdoor, unshaded, aerated 30-gallon tanks; the diatoms

were grown in continuous outdoor cultures of 550 to 12,000

gal. volume. The brine shrimp grew very well on the two

algal diets and were copulating by day 35. We

did not attempt to rear successive generations on the same

algal diets.

It became obvious during the course of the experiment

that batch-feeding required too much handling  sieving! of

the animals; toward the end, the feeding activity of the

animals was so great that two feedings per day were neces-

sary to keep diatoms available to the animals at all times.

These problems were not encountered with the continuous

flow system, where the flow could be easily adjusted to suit

the food requirements of the animals. However, flow rates

were difficult to regulate using gravity flow, and the

overflow from the brine shrimp tank became clogged very

easily.

The experience gained in this preliminary experiment,

will be useful in designing a semi-automated system for
growing brine shrimp.
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8 SEAWEED CULTURE

8.1 By~inca musciformis

We tested the possibility of using the carra-

geenin-producing red alga, H~y nea musciformis, to remove

waste nutrients from shellfish-rearing tanks in the St.

Croix mariculture system. Species of H~nea are harvested

commercially, but the supply in nature is never abundant,

therefore the genus is not a major source of carrageenin

 H. Norve, Genue Products, Halifax, Nova Scotia, personal

communication! .

Growth of ~H pnea in the effluent from a shellfish tank

was compared with growth in 870-m deep water and with growth

in surface water from Tague Bay. The alga was collected

from 1 to 2-ft depth near the Fairleigh Dickinson University

dock on Tague Bay. The 36-liter aerated tanks were sup-

plied with 2.4 liters of water per minute, to give a turn-

over rate of 96 times per day; this high flow rate was

chosen because we did not want growth of the alga to become

nutrient.-limited. The aeration was adjusted to keep the

mass of algae constantly rolling in the tanks. The "shell-

fish effluent tank" received the flow from a tank in which

juvenile clams trina es semidecussata! were being reared on

a diet of three species of diatoms grown in deep water.
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The deep-water tank received untreated 870-m deep water.

Temperatures and flow rates were checked twice daily, at

0800 and 1400 hr. Growth was measured as the increase in

wet weight of the alga. Mrs. Nancy Ogden kindly made the

measurements of growth in the tank receiving Tague Bay

water, at the Fairleigh Dickinson West indies laboratory.

Temperature variation could not be controlled and ranged

from 23.2 to 30.0'C; the average tank temperatures were:

effluent, 26.1 C; deep water, 24.3'C; Tague Bay water,

29.0'C. A few water samples for dissolved nutrient analyses

 nitrate, nitrite, ammonia, and phosphate! were collected

in rnid-afternoon from the water supplies to the tanks and

from their effluent streams.

Carrageenin analyses of plants raised in the tanks

receiving the three different water supplies are underway

 courtesy of Genue Products, Copenhagen!.

Growth of Hwunea in shellfish-tank effluent was much

faster than in deep water or Tague Bay water  Fig. 8:1! .

The mean maximum growth rates observed  calculated from the

steepest slopes of the growth curves in Fig. 8:1! were

60.2, 16.1 and l2.2 grams of the alga per day in the

effluent, Tague Bay, and deep-water tanks, respectively.

The growth rates were proportional to the mean ammonia con-

centrations in the water supplied to the three tanks, but

there was no correlation between growth rate and nitrate

or phosphate concentration  Fig. 8:2! . This suggests that



Figure 8:1. Growth of H~pnee musciformis in effluent

from a she3.lfish tank, in 870-m deep water,

and in Tagore Bay water.
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Figure 8:2. Plot of H~nea musciformis growth rates

vs. concentrations of ammonia, nitrate

and phosphate in the water supplies to

the three tanks.

Key Circles, effluent tank; triangles,

Tague Bay tank; squares, deep-water tank;

closed symbol, ammonia; half-closed sym-

bol, nitrate; open symbol, phosphate.

The values plotted are means.





l05

the lower growth rates in deep water and in Tague Bay

water were due to ammonia limitation. In addition, the

decreases in weight of the H~f~nea in the deep-water and

Tague Bay tanks after reaching a maximum at about 200 grams

were accompanied by bleaching and disintegration of the

alga; this indicated that the nutrient supply was not

adequate to maintain the alga in a healthy condition.

The instantaneous ammonia uptake per unit weight of

H~pnea in the effluent tank was directly related to the

ambient ammonia "concentration," defined as the total

amount of ammonia in the tank divided by the weight of

H~nea in the tank  Fig. 8:3] . The maximum instantaneous

uptake efficiency  ca 50% uptake! was observed at an ammonia

"concentration" of 0.2 to Os4 pg-at NH3-N per gram of

~H pnea  Fig. 8:4! . The decreased uptake at the highest

ammonia concentration may have been caused by the turnover

rate being too fast for maximum uptake at that concentration.

Enrichment experiments are planned to verify the sug-

gestion that ammonia concentration limits growth of H~nea
in deep water, rather than some other factor, such as

insufficient chelated trace metals or vitamins. Other

experiments will test for optimum turnover time and depth
in the tanks for maximum seaweed growth.
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Figure 8:3. Relationship between instantaneous ammonia

uptake by apnea musci5ormis and ammonia

concentration in the tank receiving shell-

fish effluent. The values plotted are means;

the bars indicate the ranges. The ranges

for ammonia concentration fall within the

line symbols. The numbers next to the

plotted values indicat the sequence in which

the values were obtained on different days

during the growth of the alga.



107
l. 0-

0.9

0.8

0. 7'

0. 6'-

I
0

I.2

0 ~ 5-
I
P!

R

0

0.4

Ul

0.2

! I I

0. 1:--

0.2 0.4 0.6 0.8 1.0

NH3-N "CONCENTRATION"  pg-a0/g Hypnea!



108

Xnstantaneous ammonia uptake efficiency

for Hypnea musciformis at different

ammonia concentrations in the tank

receiving shellfish effluent.  Values

plotted as for Fig. 8.3.!
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8.1.1 Value of Ennea musciformis for

Commercial-Scale Seaweed Farmin

The growth rate of H~nea musciformis in

the effluent from a shellfish tank under the conditions

reported in section S.l averaged 13.5 grams dry weight per

day in a 1.47 ft tank. Extrapolated to a commercial-scale

operation, this yearly production is equal to 1.46 x 10

grams dry weight. per acre per year, or 160.7 tons dry weight

per acre per year. This production is much higher than

the projected 77 tons dry weight per acre per year for

Chondrus crispus in Nova, Scotia  H. Norve, Genue Products,

personal communication!.

The gross value of commercial-scale H~nea musciformis

production, assuming that it is equal in value to that of

other carrageenin-producing species  $650 per ton, dry!,

would be $104,455 per acre per year. Genue Products has

projected that for a gross yearly sales of $50,094 per acre

for Chondrus ~eris us they could afford pond construction

costs of $2-3 per square foot  H. Norve, personal communica-

tion! . Xnasmuch as our projected yield of H. muscifcrmis

is twice that of C. ~eris us, pond construction costs for

growing H. musciformis could be considerably higher than

$2 to $3 per square foot.

The calculated value and production per unit of pond

surface would probably increase as techniques for growing



H~~~nea musciformis are optimized. For example, deeper

ponds and slower flow rates would lowex pond constx'uction

and water pumping costs, respectively.

8.2 Other Seaweed Species

Arrangements have been made to ship the agarophyte,

Gracilaria verrucosa, from North Carolina, and the carra-

geenin-producer, Eucheuma isiforme, from the Florida Keys,

with the help of Dr. W.W. Kirby-Smith of Duke University

Marine Laboratory, and Dr. C.J. Dawes of the University

of South Florida, Tampa.



PART B � TALLMAN I SLAND "EFFLUENT HARICULTURE"

Introduction

A major source of pollution in the Hudson and. Bast

Rivers, New York and Raritan Bays, and parts of Long Island

Sound near the New York metropolitan area is undoubtedly

the treated and untreated sewage released daily into these

waters.

Recently, New York City embarked on a program to im-

prove the treatment of the approximately 1.5 billion gallons

of sewage discharged daily into the surrounding estuarine

waters. New treatment facilities are being constructed to

handle the 560 million gallons per day that are now dis-

charged raw, or with only primary treatment, while many of

the secondary treatment. plants presently in operation are

being upgraded to produce effluents of greater clarity and

lower biological oxygen demand. As a result of this program/

there will be an improvement in the transparency of the

estuarine receiving waters resulting from the reduction in

suspended solids discharged into the waters surrounding the

city. However, the overall nutrient load discharged in

the sewage will remain essentially unchanged. High nutrient

concentration, coupled with greater light penetration, may

result in the development of eutrophication.

However, the potentially harmful or eutrophic nutrients

of this sewage effluent are also potentially very beneficial



as a source of nutrients for food or protein production.

The quality of treated water can be i~nsely improved

through the application of tertiary "effluent mariculture"

techniques and aquatic food-chain management. The resul-

ting benefits from such an improvement will be: �! pre-

vention of eutrophication and reduction of water pollution;

�! production of large quantities of protein  food! which

is essentially needed in the world today. We foresee that

the shellfish protein produced by recycling of this other-

wise wasted resource will be excellent for animal-feed

purposes  see section 9!. In view of the shortage on the

world market of skimmed milk protein, soybean and other

sources of protein for animal feed, we foresee that the

produce of "effluent mariculture" may largely replace the

now scarce and extremely expensive fishmeal; �! economic

benefits through the production of protein, agar, carra-

geenan, and other possible biological products. These

economic benefits should keep the cost of such tertiary

treatment of sewage to a minimum.

Our objectives are, therefore, to minimize the eutrophic

nature of the sewage discharge by optimizing its useful bio-

logical capabilities. These objectives are being achieved

in the following phases:

Phase I: In January, l972, a laboratory-scale effluent

mariculture system was set up in the Chlorination Building

of the Tallman Island Pollution Control Plant  TIPCP! in
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Queens, N.Y. In collaboration with the City of New York,

and with the support of the Rockefeller Foundation and a

small grant. from the New York State Science and Technology

Foundation, we have demonstrated the technical feasibility

of "effluent mariculture" to strip nutrients from secon-

darily treated sewage at the Tallman Island Pollution

Control Plant prior to its discharge into the East River.

The phytoplankton utilize 95 to 100% of the nitrogen and

phosphorus contained in the secondary sewage effluent, and

by converting these nutrients into cell material, strip the

effluent of its nutrient load. Phytoplankton are then fil-

tered from the effluent by filter-feeding shellfish, resul-

ting in a potentially usable protein source. Nitrogenous

excretory products of the shellfish  Hammen et, al., l966!

return some of the previously stripped nutrients to the

effluent. Therefore, a final polishing step was provided.

Carrageenan- and agar-producing seaweeds  Chondrus ~eris us

and Gracilaria verrucosa! were grown in the effluent from

the shellfish tanks, thereby stripping most of the remaining

nutrients from the effluent and producing another potentially

usable end-product.. For a detailed report concerning Phase

I, see "ARTIFICIAL UPWELLING � PROGRESS REPORT/1973" dated

January 31, 1974.

Phase II: ln November 1973 the project facilities were

relocated from the Chlorination Building to their present

site at TIPCP. We are presently working to scale up Phase I
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to optimize the system previously developed, to acquire a

clear assessment of the efficiency and the cost of operating

the system so that it will become possible to make a

realistic evaluation of the technical and economic feasi-

bility of Phase IXI. It is estimated that this phase will

take two years, i.e., 1974 and 1975.

Phase III: In Phase III we plan, with public support

 New York City Department of Water Resources, New York

State Department of Environmental Conservation, and the

federal  NSF/RANN! government! to test the technical and

economic feasibility of large-scale effluent aquaculture

and to determine whether emphasis should be given to

tertiary sewage treatment or to nutrient recycling and

animal-feed production.
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1 ADMINISTRATION

1.1 Present Facilities

The Tallman Island "Effluent Aquaculture" labo-

ratory is located at the Tallman Island Pollution Control

Plant in Queens, New York. This site was assigned to us

by the New York City Pollution Control Board in August,

1973. The laobratory is located on Powell Cove of the East

River, just west of the Whitestone Bridge, near the con-

fluence of the East River and Long Island Sound.

The facilities include three 10 x 50 ft. trailers,

provided by the New York City Water Pollution Control Board

and a 28 x 48 ft. greenhouse which was constructed by us

to contain the mariculture system  Photos 1 and 2!. One

trailer is attached to the greenhouse and contains a tem-

perature-controlled phytoplankton culturing room, a chemistry

laboratory and a log room  Photos 3 and 4!. The second

trailer contains offices and a. conference room, while the

third trailer, which lacks electrical or plumbing facilities,

serves as a storage area for laboratory equipment and con-

struction materials-

The laboratory trailer is fully equipped with the

following facilities for phytoplankton culturing and main-

tenance, chemical analyses, and monitoring of environmental

parameters: Lab-Con-Co. UV transfer hood, Wild phase

contrast microscope, Bausch and Lomb dissecting microscope/



Photos l through 4. Exterior �! and interior �!

views of the new "greenhouse" facility constructed

at our Tallman T.sland project. A trailer is

attached to the greenhouse and contains � and

4! temperature-controlled phytoplankton culturing

room, chemistry laboratory and log room.
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shelving units equipped with banks of fluorescent lights

 Photo 3!, Millipore vacuum pump and filtration apparatus

 Photo 4!, two torsion balances, Right-a-Weight analytical

balance, New Brunswick Scientific electric autoclave, Blue M

electric standard convection oven, International light

plant growth photometer, A.O. Instrument refractometer,

Beckman pH meter, Y.S.I. oxygen meter. The laboratory

trailer is also equipped with facilities for pumping East

River water directly into the lab.

The greenhouse is equipped with the following faci-

lities for effluent mariculture  Photo 2!: a Claw Corpora-

tion extended aeration secondary treatment plant  STP!

having an output capacity of 1,500 gallons/day, a Vanton,

Flex-E-Liner pump used to bring raw sewage into the STP,

two l-l/2-hp Conde air compressors which supply a11 of the

air required for the STP, phytoplankton, shellfish and sea-

weed tanks, eight 500-gallon capacity rectangular concrete

tanks  five to be used for the culturing of phytoplankton

and three for seaweed!, two 500-gallon capacity polytanks

for storage of East River water, an I.T.T. Marlow pump used

to bring river water into the polytanks  with accompanying

polytank float switch and electric timer set to the tide

cycles!, a Sethco twelve cartridge 15' filter for filtration

of East River water prior to storage. In addition to these

existing facilities, the following are being installed: two

additional 500-gallon polytanks for storage of East. River
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water, a 9-1/2' x 3' x 5' high shellfish rack consisting

of five shelves that can accommodate 80 removable trays for

cultivation of shellfish, a wet table with fresh water

supply for inspection and cleaning of shellfish, 8 constant-

level reservoirs, one of which will contain a supply of

secondarily treated effluent, another will contain river

water  both to gravity-feed into the phytoplankton reactors!,

five of which will contain the effluent from each of five

phytoplankton reactors to gravity-feed into the shellfish

trays, and the eighth will contain the effluent fram the

shellfish trays to gravity-feed into three seaweed reactors.

1.2 Staffing : 1974

Oswald A. Roels, Ph.D.
Principal Investigator

Orville Terry, Ph.D.  collaborator!
Seaweeds

Gerald L. Hamm, M.S.
Station Manager; Shellfish

Virginia Harris, M,A,
Doctoral Candidate; Phytoplankton, Water Chemistry

Gregg E. Rice, Ph.D.
Plant Physiology, Phytoplankton

Dwayne Maxwell, Ph.D.  collaborator!
Phytoplankton

Ludo Van Hemelrijck, MEE
Consulting Engineer

Tom Dorsey, Ph.D.
Postdoctoral Fellow; Water Chemistry

Mark Brenner, B.A.
Shellfish
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Paul McDonald, B.A.
Analytical Chemistry

Frederick L. England, Jr., BE
Engineering

David C. Boardman, B.S.
Graduate Student

Rory Cavalieri, B.S.
Graduate Student

Jay Rodriguez
Undergraduate Student

In addition, the New York City Department of Water

Resources, which operates the Tallman Island Pollution

Control Plant, contributes its support through con.sulta-

tions concerning aspects of engineering and water analysis.
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2 ENGINEERING

2 ~ 1

Planning for Phase II facilities and operations

began in Nay 1973. Site assignment, facilities and service

aids to be furnished by the New York City Water Pollution

Control Board were secured. In August 1973, two 10 x 50 ft

trailers provided by the NYC Pollution Control l3oard were

placed in their present location and utility and service

facilities were installed. A third trailer, which lacks

utility and service facilities, was added in October 1974.

Detailed "greenhouse" construction plans were finalized

in November 1973 and sent. to contractors for bidding.

Actual construction was begun in April 1974 and completed

in August 1974. The greenhouse  Photo 1! is 28 x 48 ft

with a peak height of l6 ft. The framework is constructed

of 2-1/2" galvanized steel pipe that is welded and braced

together. The structure adjoins the laboratory trailer,

forming one wall of the greenhouse. The remaining walls

and roof are constructed of sheets of corrugated fiberglas

which transmits 70% of incident light. There are two 10 x

10 ft removable panels at each end of the greenhouse to

permit passage of large equipment. The greenhouse is fully

equipped with the facilities and associated plumbing

necessary for effluent mariculture  see section 1.1!. The

floor is covered with gravel, enabling easy access to under-



ground plumbing. During winter months, the greenhouse

will be heated with fuel oil units; during summer, an

automatically operated fan-jet ventillation system prevents

build-up of heat.

The adjoining laboratory trailer is fully equipped

with the facilities necessary for phytoplankton culturing

and chemical analyses  see section 1.1!.

2.2 Flow En ineerin.

The continuous flow effluent aquaculture system

will have the capacity to process up to 1,500 gallons/day

of sewage. A schematic diagram of the flow within the

aquaculture system is shown in Figure 2:I.

Untreated sewage is intercepted at Manhole No. 3, the

main inlet of the Tallman Island Pollution Control Plant,

750 ft from the aquaculture site. A six-inch by l8-ft

long piece of perforated PVC pipe serves as a filter at the

manhole intercept to prevent large particles from entering

and clogging the one-inch PVC suction pipe which carries

sewage to the aquaculture system. The raw sewage flows

continuously into the aeration compartment, the first of

three compartments of the Clow secondary treatment plant

 STP! where the sewage is aerated in contact with activated

sludge. From here it enters the settling tank in which the

activated sludge settles out  to be recycled to the aeration

The secondarily treated efflue»t enters the final effluent

holding tank from which it is distributed to the aquaculture

system.
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Figure 2:l. Plow diagram of the Tallman island

aquaculture system.
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The secondarily treated effluent is pumped from the

effluent holding tank into an overhead constant-level tank

from which it is gravity-fed into five 500-gallon phyto-

plankton reactors. The flow rate of effluent entering the

phytoplankton reactors is regulated by capillary tubing

of different diameters.

River water is pumped at high tide into 500-gallon

reservoirs from which it is distributed to the aquaculture

system. The river water pump is housed in a separate pump-

house located alongside the Powell Cove bulkhead. The

pumping system is fully automated, containing a float switch

in the river water reservoirs and an electric timer that

is set to the tide cycles. The river water is passed through

a Sethco filtering system, containing twelve 15@ cartridge

filters, bef'ore reaching the storage facility. The river

water is then pumped from the 500-gallon reservoirs into

an overhead constant-level tank, from which it is gravity-

fed into five 500-gallon phytoplankton reactors. The flow

rate of river water entering the reactors is controlled by

capillary tubing of different diameters.

Mixing of the river water and secondarily treated

effluent occurs in the phytoplankton reactors. ln Figure

2:1 mixing is shown to take place prior to entering the

phytoplankton tanks merely to simplify the representation.

The algal cultures growing in each of the give phyto-

plankton reactors is pumped into five overhead constant-



level tanks from which they are gravity-fed into the shell-

fish tanks. Again, flow is controlled by means of different

diameter capillary tubing.

The effluent from the shellfish tanks is pumped into

an overhead constant-level tank from which it is gravity-fed

into the seaweed tanks. Plow is controlled by capillary

tubing. Finally, the effluent from the seaweed tanks is

released into Powells Cove of the East River to complete

the cycle of tertiary sewage treatment.
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3 CHEMISTRY

3.1 East River Water and Effluent Chemistr

Our effluent aquaculture system seeks to provide

tertiary treatment for sewage by a biological method prior

to its discharge into the estuary: nutrients are stripped

from secondarily treated sewage by phytoplankton, which-

in turn � are filtered from the effluent by shellfish. Shell-

fish excretory products, and any remaining nutrien s from

the =econdary effluent are stripped by racks of agar- and

carrageenan-producing fixed algae.

It is obviously of the utmost importance to document

the nature and magnitude of the nutrient loads carried by

secondarily treated sewage and by receiving waters and to

optimize their utilization in our aquaculture system.

During Phase I of our project, weekly measurements were

made of the nutrient levels in the secondarily treated ef-

fluent from TIPCP and of those prevailing in the East River

from November l972 to October l973  see "ARTIFICIAL UPWELLING:

PROGRESS 1973," Part B!.

Xn April 1973 a massive program of reconstruction and

upgrading was begun at the TIPCP and the sewage treatment

processing was switched from secondary to primary treatment.

At. this time we started to operate a small-scale secondary

treatment system to supply the laboratory's needs. Weekly

sampling was therefore extended to include both TIPCP's
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primary effluent, and. our own secondary effluent  see

"ARTIFICIAL UPWELLING: PROGRESS 1973," Part B for data!.

Reconstruction of the Chlorination Building at TIPCP,

which contained the Phase I effluent aquaculture faci-

lities, was begun in November 1973, forcing a relocation

of the project's facilities to the present Phase II location

 see section 1.1!. However, we have continued to monitor

nutrient levels of the TIPCP primary effluent and of East

River water on a weekly basis f'rom October 1973 to present

and the results of this study are reported in this section.

In October 1974 the Phase II secondary treatment plant

was put into operation. The influent and effluent of

this plant will be chemically analyzed regularly for

nutrient content as soon as the plant is running efficiently

 see section 3.2!.

3.1.1 Materials and Methods

River water and effluent samples were

analyzed for levels of nitrate, nitrite, ammonia, ortho-

phosphate, and silicate. River water samples were filtered

through a Gelman glass fiber filter �.3p mesh! and the

filtrate was stored. in both glass and polyethylene bottles.

The samples in glass bottles were stored at 5'C; samples in

polyethylene bottles were frozen at -10'C. Nitrate, ammonia/

and orthophosphate analysis was done on the samples stored

in glass; nitrite and silicate analysis was done on the

frozen samples. Effluent samples were filtered in the same

way and then diluted 1:9 with glass-fiber filtered glass
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centrations into the range for the analytical techniques used.

Water samples were analyzed using an AutoAnalyzer II,

according to standard Technicon procedures. Nitrite is

determined by treating the sample with a soluti'on of sulfanil-

amide and the diazonium ion is coupled with N- L-naphthyl!�

ethylenediamine to give a pink azo dye. Nitrate is reduced

to nitrite by passing the sample through a column of

copperized cadmium filings. Nitrite is determined as above.

Ammonia is determined by treating the sample in alkaline

citrate with sodium hypochlorite and phenol to produce a

blue indophenol dye. Orthophosphate and silicate are deter-

mined by reaction with ammonium molybdate followed by appro-

priate reduction to form phosphomolybdenum blue and a sili-

comolybdenum complex. Lnterferences between the two are

avoided by the use of appropriate complexing agents and

specific reducing agents.

3.1.2 Results and Discussion

Mean values and ranges for nitrate, nitrite,

ammonia, orthophosphate, and silicate concentrations in

primary effluent and East River water over a sampling period

from October l973 to October l974 are presented in Table 3:l.

Nitrate and nitrite are present in both primary effluent

and river water at comparable concentrations. Ammonia,

orthophosphate, and silicate concentrations in the effluent

are, respectively, 40, 20, and 5 times the concentrations

in river water.
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TABLE 3: l. RANGES AND MEAN VALUES

 in micro-equivalents/liter! FOR WEEKLY NUTRIENT
SAMPLING AT THE TALLNAN ISLAND POLLUTION CONTROL PZANT

QUEENS, NEW YORK CITY

IN PRIMARILY TREATED EFFLUENT:

Mean
1 ~ancae2

Nutrient Period

IN EAST RIVER WATER:

Me an ~a~cae~Nutrient Period

1
Mean of nutrient values is the arithmetic average of
all values recorded for a nutrient over a particular
sampling period.

Range of nutrient values represents the single highest,
and the single lowest value recorded over a particular
sampling period.

Nitrate

Nitrite
Ammonia

Orthophosphate
Silicate

Nitrate

Nitrite
Ammonia

Orthophosphate
Silicate

37

10

1537

95

126

31

6

37

5

23

5-12 5

2-55

212-6720

60-388

8-50 8

8-107

1-42

1-103

3-9

7-37

10/18/73
to

10/24/74

10/18/73
to

10/2 4/74
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3 ' 2 Evaluation of our Secondar Treatment S stem

Regulation and evaluation of the secondary

treatment plant  STP! is achieved by using severa.l tests:

visual and olfactory inspections are done daily along with

suspended solids, settleable solids, pH and dissolved

oxygen determinations. These results are used for day-to-

day regulation of the plant. Weekly chemical oxygen

demand  COD! and monthly biochemical oxygen demand  BOD!

tests are also being done to evaluate the quality of the

secondary treatment. These tests will enable us to com-

pare the functioning of our secondary treatment plant with

the City's pollution control standards.

The secondary treatment plant has been operating and

monitored since October 1974. Xn November 1974 it was

necessary to drain and clean the STP due to the development

of a septic condition. An adjustment in the rate of

aeration has since corrected this problem. Several pro-

blems with the sewage influent filtering and pumping sys-

tems have also had to be corrected  see section 2.2!.

These engineering problems are reflected in the results of

the chemical analyses that have been made, which indicate

that the STP is not yet functioning at peak efficiency.

3.2.1 Visual 6 Olfactor Ins ection

A daily visual and olfactory inspection

of the STP effluent is done to determine if it is clear

and free of solids and odor. At this time the mechanical



operation of the STP is checked to ensure proper functioning

of the sewage pump, air pump, sludge recycling apparatus and

effluent weir.

3.2.2 Sus ended Solids

Samples for the determination of suspended

solids were taken daily from four locations in the STP:

influent, aeration compartment, sludge return pipe, and

effluent. The samples were individually filtered thro gh

pre-dried, pre-weighed glass-fiber filters. The filters

were dried again and weighed to determine the weight of sus-

pended solids. A sample of 50 ml was usually sufficient to

obtain significant values in mg/l. Occasionally, it was

necessary to filter as much as 400 ml, especially when

dealing with relatively pure effluent.

Sixteen suspended solids determinations were done

between November 13 and December 6, 1974. The mean percen-

tage removal of suspended solids over this period has been

73% with the range of 26% to 90%.

3.2.3 Settleable Solids

The daily sample for settleable solids is

taken from the aeration compartment of the STP according

to the following procedure: 500 ml of the mixed liquor of

the aeration compartment are collected and immediately

transferred to a 500-ml graduated cylinder. The cylinder

is set aside for 30 minutes after which the volume occupied

by the settled solids is read. This volume, divided by five,

is the percentage of settleable solids.
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Thirty-four settleable solids tests were done between

October 9, 1974 and December 6, 1974. The percentage of

settleable solids has continuously been <1. This low per-

centage is due to the discontinuous operation of the sewage

pump. This problem has recently been corrected and now

that the sewage pump is operating on a continuous basis,

the sludge will rapidly build up and this build-up will be

reflected in an increase in percentage of settleable solids.

3.2.4 Dissolved Ox gen and H

Dissolved oxygen and pH are measured

daily in four areas of the STP: influent, aeration corn-

partment, settling tank and effluent. Dissolved oxygen

is measured in parts per million, using a YSI Model 51A

oxygen meter. pH is measured using a Beckman Model 72

pH meter.

During the period November 13 to December 6, 1974,

dissolved oxygen in the aeration compartment had a mean

value of 9.1 ppm with a range of 8.6 to 10.8 ppm. During

the period October 9 to December 6, 1974, mean values fo-

pH in the influent, aeration compartment, and effluent

were, respectively, 7.3, 7.3 and 7.4.

3.2.5 Chemical Ox gen Demand

COD is determined according to the Jeris

method, which is a rapid and satisfactory test. The pro-

cedure for this method follows:

�! Add approximately 0.3 g of mercuric sulfate powder

to a 500-ml Erlenmeyer flask.
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�! Pipet 5.0 ml of the sample 'nto the flask.

�! Blanks are run by substituting 5.0 ml of distilled

water for the sample and continuing with steps 4

through 7.

�! Swirl each sample for approximately 15 seconds and

then add 25.0 ml of the dichromate acid solution

 automatic pipet!.

�! Swirl each sample with the acid solution. Handling

the flask by the neck, place it on a preheated

hotplate and heat to 165+1 C  temperature is cri-

tical!. A thermometer should be placed in the flask

and frequent swirling should be employed. The tem-

perature is read by tilting the flask so that the

bulb of the thermometer is submersed.  be careful not

to exceed the temperature range and discard the

sample if you do!.

�! Cautiously add approximately 300 ml of distilled

water and place in water-bath to cool to ambient

temperature.

�! After cooling, add 5 drops of Ferroin indicator solu-

tion �.10-phenanthroline ferrous sulfate! and titrate

with ferrous ammonium sulfate.

 8! Standards are run by adding 25.0 ml of the dichromate

standard and 20 ml of concentrated sulfuric acid

to a 500-ml Erlenmeyer flask and continuing with

steps 6 and 7.

 9! Calculations are as follows:
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N = �.050! �5!
average o step 8

where N = normality of the ferrous ammonium
sulfate

COD  mg/1! =

N x 800 x  avg. blanks - avg. sam le!
volume of sample

�0! The chemicals used are:

 a! Dichromate acid solution, 0.05N

5 grams K2Cr207 dry for 2 hr, 103 C!

20 grams Ag2S04

1 liter of concentrated H2S04

1 liter of concentrated H3P04

 b! Ferrous ammonium sulfate, 0.05N

20 grams Fe  NH4! 2  SO4! 2- 6H20! dissolve in
! distilled

5 milliliters conc. H2S04 ! water

Add distilled water to make 1.00 liter

 c! Dichromate standard, 0.050N

2.4518 grams K2Cr207 primary standard

grade  dry for 2 hr, 103 C!

Dilute to 1.00 liter with distilled water.

Five COD tests were run between October 9 and December

6, 1974. The mean percentage removal of COD was 65.5 with

a range from 50.4 to 74.8%.

3.2.6 Biochemical Ox gen Demand

The biochemical oxygen demand is deter-

mined according to the standard five-day BOD method out-

lined in the 12th edition of Standard Methods for the

Examination of Water and Wastewater, pages 415-420.
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A single BOD determination was made on November 27,

1974 which showed a 8l.4% removal of BOD.

3.3 Evaluation of our A uaculture S stem

When the Tallman Island aquaculture system is

fully operable it will be necessary to sample for nutrient

concentrations at each level of the system. Nitrate,

nitrite, ammonia, orthophosphate and silicate concentra-

tions will be determined. Weekly measurements of these

nutrients in the influent and effluent of the secondary

treatment plant and in the East River water will serve as

a guide to quality control of the water used for aqua-

culture purposes. This information is needed to regulate

the ratio of sewage : river water mixtures  and hence

nutrient concentrations! that are found to support the best

phytoplankton growth. The best ratio of sewage : river

water will be determined by growth rate studies for each

phytoplankton species in different sewage-river water

mixtures.

Weekly measuremevts of nutrient concentrations will

also be made in the influent and effluent of the phyto-

plankton tanks, shellfish, and seaweed tanks. This data

will enable us to calculate the nutrient-stripping effi-

ciencies at each level of the aquaculture system and of

the overall system.

Xn addition to nutrient analysis, it will be necessary

to run periodic tests to determine the concentrations of
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trace metals in the raw sewage, secondarily treated sewage,

East River water, and at each trophic level in the aqua-

culture system. A preliminary study of trace-metal con-

centrations in each of these components has been done and

the results are reported in section 7.
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4 PHYTOPLANKTON STUDIES

After the termination of our successful Phase I

aquaculture system at Tal,lman Island, our phytoplankton

work has primarily been limited to laboratory i'nvesti-

gation of the growth dynamics of different species of

phytoplankton in various media and under various cul-

turing conditions. Our early large-scale continuous

culturing of phytoplankton is to be resumed at our new

Tallman Island Phase II effluent aquaculture facilities

Seven species of phytoplankton  Nitzschia, Skeletonema,

~chr sisj are being maintained in stock cultures and in

semi-continuous carboy cultures. In addition, new species

are being screened for incorporation into the Pha. e II

aquaculture programs

4.1 Com arison of the Growth Hates of Five

Ph toplankton S ecies in Four T es of media

Extensive growth rate studies have been done

for each of the five phytoplankton species  Nitzschia,

were cultured during Phase I of the aquaculture project.

The objectives of these studies were to determine growth

rates and nutrient-stripping efficiencies of each species

when grown in several different sewage-containing media.

The four growth media tested were 100% raw sewage, 33%

sewage �7% river water!, 10% sewage  905 river water!, and
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f/4 medium  Guillard and Ryther, Can. J. Microbiol. 8:231,

1962! which served as a control for comparisons of quality

of growth.

Each of the five phytoplankton species was inoculated

into two sets of each of the four types of media contained

in Erlenmeyer flasks. Initial cell counts and nutrient

concentrations  nitrate, nitrite, ammonia, orthophosphate,

and silicate! were determined immediately after inoculation
I

for each of the forty experimental flasks. These flasks

were placed over a bank of fluorescent lights and daily

cell counts were made from each culture flask for a period

of seven days, or until a plateau was reached. The growth

rate and the maximum cell density attained by each species

in the various media was determined from the cell count

data.

At the termination of the experiment, 50 ml cf the

medium in each flask was filtered through a glass-fiber

filter. The filtrate was then analyzed for the remaining

nutrient concentrations, while th . C and N content. of the

filtered cells was determined on a Hewlett-Packard CHN

analyzer. The nutrient concentration at the beginning and

end of the experiment allowed calculation of the particular

stripping efficiency while the N content of the cells allowed

a N-balance sheet  or comparison between N lost from the

medium and that gained by the cells! to be made.

Results of this work showed that none of the five

phytoplankton species tested were capable of growing on 100%
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sewage. Whether this lack of growth resulted from some

toxicity, or from low salinity is not known. The best

growth by all five species, both in terms of growth rates

cell densities and stripping rates, were attained on the

33% sewage medium and the f/4 control. For all' practical

purposes, the cell densities attained on the 33% ;ewage

and f/4 media were identical. Likewise, the growt.h rates

and stripping efficiencies within both media were very

similar within each species tested. On the other hand, the

10% sewage gave much poorer results with only moderate to

poor growth and stripping by all five species. Table 4:1

exemplifies the results of the research for the green

alga, Dunaliella tertiolecta.

This type of investigation is being extended further

to establish the specific sewage concentration most suited

to each phytoplankter's growth potential. However- it

has been established by this work  and work to be described!

that substrates of high sewage concentration can upport

the growth of specific phytoplankton species very well.

4.2 Selection of S ecies

We are also presently in the process of isolating

and screening those new species of phytoplankton which are

most adaptable to our aquaculture system. Those crganisms

capable of attaining high densities, growth rates, and

stripping rates on high concentrations of sewage will

optimize the efficiency and output of the system. To this

end, we have isolated and are investigating phytoplankton
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which grow very well i n raw sewage  NH3 concentration greater

than 1200 peq/liter!. Chlorella, Scenedesmus, Ankistrodesmus,

have all been found capable of growing on l00% sewage and

are undergoing further testing.

4 ' 3 Comparison. of Growth and Cellular Com osition of

Dunaliella tertiolecta in Ammonia-Containinci

Versus Nitrate-Containing Media

We are also engaged in a series of laboratory exper'-

ments to compare the effects of ammonia and nitrate as sole

nitrogen source on the growth and cellular composition of

Dunaliella tertiolecta in continuous culture under light

intensity-photoperiod combinations representative of an ef-

fluent aquaculture system in New York City. This study focuses

on the relative advantages of phytoplankton culture in highly,

or poorly nitrified secondary sewage effluent, the effects of

the seasonal variation in photosynthetically active radiant

flux on intracellular carbohydrate, protein, and lipid con-

tent, and the effects of photoperiod on diurnal ch.anges in

these cellular components.

Predictive mathematical models are being constructed,

based on the experimental results, which will allow us to

obtain estimates of the applicability of effluent aquaculture

tertiary treatment or protein production systems to various

area availability, volume throughput systems. The models

will also yield estimates of annual shellfish production in
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these systems, and permit comparison of continuous and

intermittent flow patterns of shellfish feeding.

Preliminary results indicate that under light limiting

conditions, cells grown in ammonia medium have Umaz that

are 15 to 30%, higher than cells grown in nitrate medium

under identical conditions of light intensity and photo-

period. Thus, secondary treatment processes that result in

nitrification of the sewage effluent should be avoided if

effluent aquaculture is to be used as a method of tertiary

treatment. In addition, it has been noted that the low

light intensities and short photoperiods characteristic

of fall and winter months in New York City result in a

decrease in Um and in the intracellular carbohydrate and

protein content of Dunaliella tertiolecta and an increase

in the intracellular lipid content. As a result, the overall

caloric production of the phytoplankton phase of an effluent

aquaculture system does not change markedly over the year

although the carbohydrate:protein:lipid ratio does. Finallyf

based on experimental carbon fixation data, it appears that

carbon limitation will be a major problem in an effluent

aquaculture system. Specific applications of these results

to particular effluent aquaculture situations in the New

York City area must await completion of the mathematical

models.

4.4 Growth of Facultative Heterotro hs on

Sewa e Effluent

We are also initiating work on Ochro?nones

malhamensis and other facultative heterotrophs to determine
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if they can grow on high sewage concentrations and. if they

might not be more advantageous than strict autotrcphs to

a secondary sewage effluent aquaculture program. Facul-

tative heterotrophs may be helpful in overcoming two inher-

ent problems in the phytoplankton growth in sewage effluent:

 a! light is generally limiting to phytoplankton growth

and thus allows only slow growth and turnover rates unless

huge phytoplankton pool areas are provided as abscrption

surfaces, and  b! the amount of inorganic carbon in the

effluent is insufficient, relative to the N and P concen-

trations, to allow the rapid stripping of the rnajcrity of

the inorganic N and P from the system.

Facultative heterotrophs, which can assimilate organic

food sources as well as fixing their nutrition requirement

photochernically, could obtain part of their carbon require-

ment from organic sources, thereby making the C/N and C/P

ratios within the effluent more biologically acceptable.

Likewise, these organisms may have much lower light require-

rnents than the autotrophs, lessening the difficult.ies

associated with light limitations. What must be determined

is if facultative heterotrophs are compatible with. the

system � do they grow well, and does the stripping of inor-

ganic N and P remain high despite any heterotrophic assirni-

lation which might occur.
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5 SHELLFISH STUDlES

5.1 Attempt to Spawn Nvtilus edulis

Following the removal of our original stock of

M. edulis, 135 new animals were collected on May 13, 1974

at. the Crestwood Yacht Club's Whitestone Marina for further

growth and spawning studies. These M. edulis, maintained

in a wet table of filtered river water, were fed one carboy

�0 liters! of Dunaliella sp. culture, metered over a period

of two days by means of a peristaltic pump. Many of these

M. edulis spawned overnight on the nights of Nay 13 and 14.

An effort was made to save some of these larvae but none

lived more than two days. By June 5, 1974, 75 shellfish

had died, and the remainder �65 grams! were transferred to

the refrigerator and divided into two 10-liter Nalgene pans

each containing approximately seven liters of 15-p filtered

river water. Aeration was provided and an attempt to control

the temperature at approximately 8'C was started. The water

in each pan was changed three times each week and daily

feedings of 1 to 1-3/4 liters/pan of high-density Dunaliella
culture was initiated.. On August 7, 1974, another pan was

added, containing 35 N. edulis �85 g! frcm the Whitestone

Marina, raising the shellfish numbers to 82 animals.

The death rates decreased as soon as the shellfish were

placed in the refrigerator and has averaged 1.5 shellfish

per week since June 5, 1974, which appears to be a normal

rate of attrition. Xnfrequent examinations showed glycogen
accumulation after the first month, and the average mussel
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increased in weight. from 8.83 g when placed in the refrige-

rator  June 8, l974! to 14.24 g on December 6, 1974.

Beginning in August, when the mussels began gaining

weight a visual inspection showed some gonadal tissue

development and glycogen accumulation. This glycogen and

gonadal development continued to progress with the discovery

of almost completely developed sperm within the gonads of

two sacrificed male M. edulis. Final preparation for an

attempted spawning of the cultured M. edulis are now being
made.

Conclusions

Xt was concluded from the shellfi'h spawning

programs at the Tallman Island aquaculture laboratcry that

the quality of river water available to us is not sufficient

to promote a high rate of larval production and survival.

For this reason arrangements were made with the New York

State Department of Environmental Conservation to establish

a shellfish hatchery at their Flax Pond Marine Research

Laboratory in Oldfield, New York  Long island!. At this

facility large quantities of unpolluted seawater, essential

for success in shellfish spawning are readily available.
5.2 Collection of Brood Stock

Approximately 800 blue and ribbed mussels were

recently collected. from the Whitestone Marina docks and the

mudbanks of Powell Cove near Tallman Zsland on the East

River. These shellfish are maintained in a 500-gallon
reactor with a continuous flow of approximately 700 ml/min
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of 15-p filtered river water, containing an average algal

cell density of 5 x 10 cells/ml. These mussels are being

maintained in healthy condition fox later transfer to the

Flax Pond facility  see section 6!. They will be used as

brood stock for spawning experiments that will provide a

year-round supply of mussel larvae to the Tallman Island

aquaculture system.

Xn addition, arrangements have been made to obtain

Rancaia cuneata from the Virginia Institute of Marine Science.

These euryhaline clams will likewise be transferred to the

Flax Pond hatchery to be used as brood stock in spawning

experiments.



150

6 FLAX POND SHELLFIRE HATCHERY AND SEAWEED PHYSIOLOGY
LABORATORY

On October 2, 1974, we received permission from

Dr. S. A. Schwartz, Director of Research, New York State

Department of Environmental Conservation, to establish our

shellfish hatchery and seaweed physiology laboratory at

their Flax Pond Marine Research Laboratory, off Shore Road,

Oldfield, Long Island, N.Y. We then began implementing

plans for the project by installing equipment needed to

supplement the facilities already available. Installation

of equipment conti~ues with a completely functional shellfish

hatchery schedule to begin spawning experiments early in

January, 1975.

The objective in establishing a hatchery at Flax Pond

is to produce large quantities of experimental plant  macro-

algae! and animal  shellfish! stocks on a year-round basis

for our managed marine food chain at Tallman Island and for

other aquaculture projects. Such aquaculture programs

require the periodic removal and hence restocking of the

particular commercially valuable organisms. To this end,

a hatchery capable of supplying the necessary replacement

organisms on a year-round basis will be established at a

facility that. fulfills the demanding controlled conditions

 of water quality, temperature control, and food control!

required for spawning and raising larvae or young s aweeds.



Zn addition to the benefit of determining the ideal

conditions for producing certain young shellfish and seaweed

in large quantities, other expected benefits from this

wetlands laboratory are an increased knowledge of the phy-

siology of reproduction in these seaweeds and shellfish.

Application of this increased knowledge will enable us to

achieve more frequent and larger harvests of shellfish and

seaweed in our aquaculture systems.
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7 TRACE ELEMENT ASSAYS

Xn cooperation with the New York State Department of

Environmental Conservation, a preliminary study.was done

to determine trace element concentrations in East River

water, sewage, phytoplankton  grown in different media!,

and in locally collected shellfish and seaweed. The fol-

lowing reports the methods and results of this study.

7.1 Pre aration and Preservation of Sam les

Samples were prepared and preserved in the fol-

loving manner:

l. East River Water: A polyethylene bottle was

used to collect a one-liter sample. The bottle was rinsed

with distilled water and reagent grade nitric acic. three

times. The East River water was filtered thxough a glass-

fiber filter, using an all-glass filtering apparatus which

had also been thoroughly washed with' distilled wat,er and

reagent grade nitric acid. The glass-fiber filter had been

pre-washed with distilled water and nitric acid. One liter

of filtrate was transferred to the pre-washed polyethylene

bottle, and 10 ml of reagent grade nitric acid was added

as a preservative.

2 Tall@an Island Sewa e: One liter of sewage was

collected, prepared and preserved in the same manner as the

East. River water; 10 ml of nitric acid  reagent grade! again

serving to prevent adhesion.
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Ph to lankton

At the same time the East River water sample was being

collected, water was taken for culturing of the plankton

samples. Six 20-liter carboys vere specially prepared by

repeated. vashings with distilled water and reagent grade

nitric acid. Pre-washed glass-fiber filters vere used to

filter the water.

Three species of phytoplankton were cultured: Nanno-

chloris sp., Dunaliella tertiolecta and llitzschia sp., one

each in the normal F/2 medium, and one each in F/2 medium

minus the EDTA and trace metals that are normally added to

support growth. A total of six bottles vere prepared, all

of which vere autoclaved.

Although we expected considerably less growth in the

carboys without the EDTA and trace metals, all carboys

proceeded to grov rapidly.

After 10 to l4 days' growth the phytoplankton was

centrifuged in a Sorval centrifuge, Head GSA, The pellets

were then freeze-dried and placed in airtight containers.
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Bottle EDTA + Medium Silicate* Organisms Autoclaved Centrifuged
Trace  Date!  Date!
Metals

Nitzschia 03/25/74 04/09/74F/2 Yes

Dung 1 i ella 03/2 8/74 0 4/16/7 4F/2 No

*Sodium silicate was added to carboys containing Nitzschia
because diatoms require this for growth.

**This bottle was accidentally broken by an assistant before
it was to be centrifuged.

The formula for the EDTA plus trace metals used in the

carboys is:

Primary Stock:

CuS04 ~ 5H20

KnS04 7H20 : weigh out 2.2 g, dissolve in 100 ml

CoC12 ~ 6H20 : weigh out 1.0 g, dissolve in 100 ml

MnC12 ~ 4H20 : weigh out 18.0 g, dissolve in 100 ml

Na2Mo04 2H20 : weigh out .63 g, dissolve in 100 ml

Secondary Stock:

EDTA : weigh out 4.36 g, dissolve in 900 ml of distilled water

FeC13 . .weigh out 3.15 g, add to EDTA solution

Add one ml of each primary stock to solution

Bring solution to one liter with distilled water.

Thirty ml of secondary stock was added to carboys N2, 4 and 6.

1 No

2 Yes

3 No

4 Yes

5 No

6 Yes

F/2 Yes N i t zschi a. 0 3/2 6/74 0 4/10/74

F/2 No N annochl or is 0 3/2 6/74

F/2 No Nannochloris 03/27/74 04/ll/74

F/2 No Dunaliella 03/2 8/74 04/15/74

weigh out .98 g, dissolve in 100 ml distilled
water
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Shellfish  Mussels!

Two species of mussels were collected, Hodio Lus deniissus

and h~  tilus edulls. All mussels were scrubbed to remove

all superfluous material. The mussels were opened and the

meat separated from the shell, All samples were freeze-dried,

ground separately in a sintered alumina mortar, and stored

in airtight containers.

Seaweeds  Fucus!

NOTE

Zn every phase of the sample collection and preparation,

great care was taken to avoid any metal contamination. All

storage and preparation vessels were rinsed with reagent

grade nitric acid, Only rinsed glass and plastic instru-

ments were used in the preparation of samples

LIST OP SAMPLES

East River Water: One bottle containing one liter of river

water, plus 10 ml of reagent grade nitric

acid.

One bottle containing one liter of sewage

plus 10 ml of reagent grade nitric acid.

Sewage

One species of seaweed, Fucus, was collected from the

river, freeze-dried, ground in an acid-rinsed sintered alumina

mortar, and stored in an airtight container.



Five airtight vials, two Nitzschia, twoPhytoplankton

Dunaliella, and one Nannochloris.

M~tilus edulis shells  two vials!, 27. 0Shellfish

and 31.1 grams;

!~ tilus edulis meat  one vial!, 5.5 grams;

Modiolus demissus shells  two vials!,

26.0 and 24.0 grams;

Modiolus demissus meat  two vials!, 3.5

and 4.0 grams.

Fucus  one vial!, 15.5 grams.Seaweed

7.2 Re'suits

The mussel, plankton and water samples were analyzed

Modiolus 12.64

Mytilus 22.42

0.21 0.18 0.17 1.49

0.47 0.78 0.38 4.33

ND ND ND 0.20

ND

Fucus 7. 28 ND

All other samples were found to be free of DDT and
PCB. DDT results are in ppm, PCB results are in ppm
as Aroclor 1254.

in the New York State Department of Environmental Conser-

vation's Rome Pollution Laboratory  Rome, N.Y.!, with the

following results:

Trace Pesticide Analyses

Sample % oil o, DDE , ' DDE o, DDT , ' DDT PCB
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Metal Analvses  results in ppm!

Sample

Dunaliella �! 2.01 3.59 37.85 2.28 256.95

Dunaliella �! 8.22 ND 29.02 4.27 324.20

Nitzschia �! 14.34 17.13 29.38 8.91 265.15

Nitzschia �! 15.96 18.19 38.60 15.05 1034.91

Nannochloris{7! 3.86 11.86 20.08 5.01 383.84

Modiolus shells 6.91 6.33 13.26 13.32 28.78

Mytilus shells 7.71 7.76 9.06 9.17 28.4l

�! Modiolus demissus flesh: Tallman Island; {2! Mytj lus edulis
flesh: Tallman Island; �! Dunaliella tertiolecta with EDTA and
metals; �! D. tertiolecta without EDTA and metal;; �! Nitzschia
with EDTA and metals; �! Nitzschia without EDTA and metals;
�! Nannochloris with EDTA and metals.

Water Samp'1'es  results in ppb!

Sample Pb 'Cd Cr Cu Zn

East River Water 46.8 44.8 56 ND

Tallman Island
Sewage 8.2 ND 40 258ND

There were not enough samples to run mercury and other
metals except: on t: he two samples where mercury values are
shown.

Modiolus �!

Mytilus �!

Fucus

Cd Cr Cu Pb Zn Hg

5. 78 3. 43 33, 72 6. 03 77. 99 0. 25

14. 51 7. 74 18. 86 32. 27 261,. 91

1.3.9 9.07 36.40 10.86 194.74 0.14
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8 NUTRITIONAL TESTS

In cooperation with the Department of Nutrition of

Laval University, Quebec, Canada, a study was done to com-

pare four diets  including M~tilus edulis! for chickens.

The salt water mussel, Nautilus edulis, which was locally

collected near the Tallman Island aquaculture laboratory,

was a constituent of one of the diets. The following

reports the methods of preparation of the Mytilus edulis

used in one diet and the results comparing the growth rates

of chickens receiving the various diets.

M. edulis were collected on May 8, 1974 at the C.Y.O.

Whitestone Marina, located on the south shore of the East

River, in Queens, N.Y. The mussels were cleaned to remove

extraneous matter, towel-dried. and weighed. The meat plus

liquid was separated from the shell, each fraction was

weighed separately, and the percentage of the total fresh

weight of each fraction was calculated. Samples of both

the meat + liquid and the she'1 fractions were freeze-dried.

and weighed and the percentages dry weight were calculated.

Sub-samples of the freeze-dried meat and shell fractions

were oven-dried a.t 75'C to a constant weight and then ana-

lyzed for total nitrogen content using a Hewlett-Packard
CBN analyzer. Based on wet weight, the M~tilus ectulis
sample consisted of 52.6% meat plus liquid and 47e4% shell.
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Nitrogen analysis of a freeze-dried sub-sample of the

M~tilus edulis used as feed in the nutritional study gave

the following results:

DRY WT. %DRY WT. 0 N % PROTEIN* PROTEIN**
 g!  g!

13.9

3.0

*5 N x 6.25

**Calculation based on dry weight.

The details of these tests are given in a paper pre-

pared for publication  manuscript given here as Appendix X!.

SAKl?LE WET WT.

 g!

Meat 100.0

Shells 100.0

20.5

54.5

20.5 10.23 67.8

54.5 0.87 5.5





APPENDIX I

SOME EFFECTS OF SHADING ON MARINE PHYTOPLANKTON IN

OUTDOOR CONTINUOUS CULTURE:

I. DILUTION BATE OF 0.25/DAY

Preliminary Report
on Dissertation Research

Project

Nary Farmer

August 19, 1974

INTRODUCTION

The long-term purpose of this study is to investigate

the interaction between effects of incident light intensity

and of rate of nutrient supply on growth of marine phyto-

plankton. The approach is to establish one environmental

condition as a growth rate-limiting condition and to study..

the effects of other environmental factors under that con-

dition. Thus, the effect of decreasing the rate of nutrient

supply will be examined when light is limiting to growth,

and the effect of decreasing the percentage of incident

light reaching the cells will be examined when a nutrient

 usually nitrogen! is limiting to growth.

The experiments are to be conducted in outdoor continuous

culture using large-volume culture vessels, called reactors'

Each experiment is to be conducted with all reactors at a

single dilution rate and with each reactor at a different

degree of incident light intensity.



This preliminary report covers the first experiment

described in the thesis pxoposal  Farmer, 1974!. Cultures

were run at a dilution rate of 0.25/day for two reasons:

 l! to try for a nitrogen-Limited condition, even at the

lowest percentage of light intensity, and �! to assure no

washout of cells at the lowest percentage of light intensity'

MATERIALS AND METHODS

Reactors: The five reactors were epoxy-lined cement

tanks each with a volume capacity of 2000 liters and a cul-

ture surface area of 2.52 m

Shades: Four of the reactors were covered with neutral

density screens of "Prop-a-lite" flameproof fabric  Jacob

Brothers, 8928 Sepulveda Blvd., Sepu3.veda, Ca. 91343! on

redwood and PVC frames to provide the following percentages

of incident light intensity reaching the surface of the cul-

ture.. 46, 30, 20 and 3.

Light meters: A pyrheliograph  Belfort Instrument Co.,

4 N. Central Ave., Baltimore, Md. 21202! was mounted on the

beach at an altitude higher than the reactors to record con-

tinuously the incident light. Watertight photocells were

installed in each reactor for readings at the surface and

at the bottom to calculate the attenuation coefficient, k,

of the culture.

Culture medium: Antarctic Intermediate Water, called

"deep water", was piped from a, depth of 800 m to an arti-

ficial upwelling mariculture system and to the reactors.

The concentrations of dissolved nutrients in deep water at



the time the experiment was begun are given in Table 1.

TABLE 1. CONCENTRATIONS OF DISSOLVED NUTRIENTS

XN DEEP WATER, 26 JULY 1974

NUTRIENT CONCENTRATION

Nitrate 30.91

0.01

2.05

.22.43

Nit.rite

Phosphate

Silicate

Xnoculum: The marine diatom, Chaetoceros curvisetus

 clone STX-167, isolated by K.C. Haines! was used to inoculate

the reactors. The diatom will grow in unsupplemented deep

water in outdoor continuous culture at a maximum dilution

rate of 1.4/day  unpublished data!. The diatom was grown in

f/4 medium in 200-gallon polytanks on the beach for two days.

On the afternoon of the second day, 20 liters of this culture

was inoculated into 1000 liters of deep water in each of the

reactors.

Experimental Design: All reactors were unshaded at

inoculation time �600 hr, day 0!. The cultures were allowed

to stand in batch conditions overnight. At sunrise on day 1,

filling with deep water was begun at the rate to be used

for continuous flow: 348 ml/min,- or a turnover of reactor

volume of 0.25 times/day. At sunrise on day 2, the reactor

was 3/4 full and at sunrise on day 3 the reactors were



completely full. Continuous flaw was begun and shades were

added to reactors 2-4 so that light intensities reaching the

cultures were as given in Table 2.

TABLE 2. PERCENTAGE OF INCIDENT LIGHT �!
REACHING CULTURE SURFACE

REACTOR NUMBER

100

30

20

Sampling was conducted at sunrise and sunset, beginning

on day l and ending on day 10 for the following analyses:

cell density, chlorophyll a and phaeopigrnents, CHN, cellular

nitrate and dissolved nitrate, nitrite, phosphate, and

silicate. Samples from day 7 were saved for ammonia analysis.

Incident light intensity was recorded continuously on the

pyrheliograph. Surface and bottom light readings on the

photocells and culture temperatures were recorded at each

sampling time.

On day 8 photosynthesis experiments were conducted by

incubation of samples with radioactive carbon  . C! . At

sunrise, suplicate light bottles and a dark bottle containing



125 ml of sample were enriched with 2.6 ml of deep water.

This i,s the proportion of deep water that would be added to

the reactors during the two-hour incubation period. Samples

were inoculated with 10 pCi of C. Bottles were incubated

for two hours at the light intensity at which the cells had

been growing, e.g., the bottles from reactor 1 were incubated

at 100% X, the bottles from reactor 2 at 46% I, etc. The

incubation chamber was an open trough cooled with deep water.

Bottles were put. in 6-ft long acrylic tubes open at both ends

for access to cooling water and covered with the same material

as the reactor shades.

The C-incubation was to be repeated at noon with

samples from all reactors incubated at all light intensities,

but a rain storm brought the incident light intensity from

approximately 0.9 ly/min to less than 0.08 ly/min for at

least two hours  Fig. 1! so the noon incubation was done on

day 10.  There had been time to start the incubation of

the bottles from reactor l before the rain began on day 8.

The results are given in the Results section and compared

with the noon results from day 10.!

On day ll, a nutrient-uptake experiment was conducted

by enriching aliquots from each reactor with deep water in

a ratio of 1:3. Glass-stoppered bottles were incubated at

the light intensity at. which the cells had been growing.

Duplicate bottles were removed from the incubation trough

at 0, 2, 5, 7 and 8 hours for dissolved nitrate and phos-

phate analyses.



Figure l. Pyrheliograph tracing of incident light

intensity for days 7 through ll. One square

centimeter of chart paper represents approxi-

mately 0.08 ly/min. The sudden drop in

light intensity on day 8 was caused by a

rain storm.
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RESULTS

Temperature of the cultures, incident light .intensities,

and extinction coefficients are given in Table 3. Average

temperature decreased with increasing shade, although all

reactors cooled overnight so that the sunrise temperature

was 25 C every day for all reactors.

Most days of the experiment were largely overcast, as

can be seen in the sample pyrheliograph tracing shown in

Figure l. The darkest day  average 7=0.485 ly/min! followed

by two days the brightest day  average X=0.776 ly/min! during

continuous flow. The brightest day of the entire experiment

 average I-0.786 ly/min! was day 0, the day of inoculation.

At inoculation time �600 hr! the I was approximately O.l ly/min.

Extinction coefficients showed an increase with increase

in shade and was therefore more closely correlated with

chlorophyll concentration than with celj. density.

Cell densities are shown in Figure 2 and listed in

Tables 4A"E. On day 2, all reactors were contaminated. by

small flagellates at, which time they constituted approximately

90% of the cell density, but not of biomass. Cell volume of

the small flagellates was estimated to be approximately 10%

of the cell volume of STX-167. Percentage of flagellates

decreased thereafter but remained present throughout the

experiment.

Chlorophyll a, paheopigment, and acid ratio mean values

are listed in Table 4, and chlorophyll a/cell is shown in

Figure 3. No diurnal periodicity was seen in any of the



TABLE 3

D~a

6/26

6/27

6/28

6/29

6/30

7/01

7/02

7/03

7/04

7/05

7/06

Reactor Mean

DW

25. 0-29. 5

25.0-28.5

25.0-28.2

2S.0-28.2

25.0-27.8

27.4

27.0

26.9

26.9

26.5

INCIDENT LIGHT INTENSITIES

Mean I D /min!

0.786

0.528

0.620

0.713

0.656

0.688

0.776

0.490

0.485

0.667

0.612

EXTINCTION COEFFICIENTS

Mean

0.002

0.256

0.360

0.397

0.525

0.717

Total I � /12 hr!

566.00

379.96

446.60

513.23

472.03

495.69

558.93

352.76

349.23

479.92

440.48

TEMPERATURES



pigme~t analyses. The mean chlorophyll ga cell increased

with increasi~g shade, as shown in Figure 4.



Figure 2. Cell densities of outdoor continuous

cultures inoculated with Chaetoceros

curvisetus  STX-167!. Circles = total

cell number; squares = number of cells

other than STX-167. Darkened circles

and squares represent samples taken at

the end of the dark period.
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Figure 3. Chlorophyll a/cell  pg chlorophyll a/10 cells!

in five outdoor continuous cultures.
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Figure 4. Mean cellular composition of cells grown

in outdoor continuous culture at a dilution

rate of 0.25/day and at five different light

intensities. Composition shown as a func-

tion of light intensity.  PN and POC

values to be filled in when analyses com-

plete.!
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Dissolved nutrient concentrations in the medium are

shown in Figure 5 and 7 through 9. Nitrate was below

the limit of detectio~ at all degrees of light intensity

except the lowest after continuous flow was begun  Fig. 5!.

Xt accumulated to approximately 50% of deep-water con-

centration at the 1%I culture and toward the end of the

experiment began to show a diel periodicity. Cellular

nitrate  Fig. 6! showed no trend except the mean value was

highest at the lowest I  Fig. 4!. Note that in the reactors

in which cells seemed to be washing out on days 9 and 10

 Fig. 2!, the cellular nitrate content increased, especi-

ally in reactor 2.
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Figure S. Concentration of nitrate in the culture

medium of five outdoor continuous cultures

run at a dilution rate of 0,25/Bay and at

five different light intensities.
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Figure 6. Cellular nitrate concentration  pg-at NQ3 N

/109 cells! in outdoor continuous cultures

run at 0.25/day dilution rate and at five

degrees of light intensity.
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Nitrite accumulated in the medium during days 1 and

2  Fig. 7! while cellular nitrate  Fig. 6! decreased in

the cells and while dissolved nitrate  Fig. 5! was being

removed from the medium.

Ammonias from day 7 have not yet been run.

Dissolved phosphate was taken up in all reactors at

less than 0.5 pg-at P04-P/1  Fig. 8! except in the darkest

reactor, where the concentration in the medium remained

slightly greater than 0.5 pg-at PO4-P/l.

In the darkest reactor, reactive silicate concentra-

tion in the medium showed diel periodicity during days

S-l0  Fig. 9!.  Silicate values for day 7 will be deter-

mined after ammonias are run on the samples.! The accu-

mulation of silicate in reactor l is related to a low pro-

portion of diatoms and a high proportion of flagellates in

the culture  Fig. 2A!.

CHN values have not yet been determined.

Uptake of both nitrate and phosphate over an 8-hr

period from deep water-enriched samples was greatest at

the lowest light intensity  Fig. 10!. Uptake of nitrate

but not of phosphate was inhibited at 3.00%I  unless any

value lower than maximum means inhibition!.
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Figure 7. Concentrations of nitrite in outdoor con-

tinuous cultures run at a dilution rate of

0.25/day and at five degrees of light

intensity. Nitrite analyses were not per-

formed on samples when the nitrate concen-

tration was undetectable.
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Figure 8. Concentrations of phosphate in outdoor con-

tinuous culture run at a dilution rate of

0.25/day and at five degrees of light

intensity.
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Figure 9. Concentrations of reactive silicate in outdoor

continuous cultures run at. a dilution rate of

0.25/day and at five degrees of light intensity.
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Figure 10. Uptake rates of phosphate  upper! and

nitrate  lower! as a function of light

intensity. Rates in pg-atjl/hr.
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Uptake of radioactive carbon was inhibited at 100% I

and maximal at 46% I regardless of the light intensity

at which the cells had been growing  Figs. ll-l2!.

The P vs I curves  Fig. 11! show that when cells

that have been growing at 1% I are placed in greater light

intensities, the rate of photosynthesis is greater than

for cells grown at any other light intensity.

Rate of photosynthesis/unit chlorophyll  Fig. 12! is

almost identical for cells grown at. the two lowest light

intensities.

Inhibition of both photosynthesis/volume and photo-

synthesis/chl, a at 100% 1 increases greatly for cells

previously grown at, the lower light intensities.
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Figure ll. Rate of uptake of carbon by a volume of culture

as a function of percentage of incident light

intensity  P vs I curves!. The light history

of the cultures is given as follows: open

circles = 100%; closed circles = 46%; open

squares = 30%; closed squares = 204, and x's

3% of incident light. The percentage light

intensity at which the cultures had been growing

is the z-axis, and the percentage light intensity

of incubation is given along the abscissa.
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Figure 12. Rate of uptake of carbon by a unit of

chlorophyll a as a function of incident

light intensity  assimilation number vs

I curve!. Key and light ordinates as

given for Figure 11.
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Discussion

At a dilution rate of 0,25 in outdoor continuous culture of

STX-167 the following observations were mader

�! Flagellates tended to dominate the cultures numerically,
except the last two days at the lowest I, where STX-167 averaged

69/e of the total cell density. The flagellates in these cultures
were much smaller than STX-167 and do not require silicate "or

growth. Since smaller cells often have lower k values than
8

larger cells  Zppley and Rengez', 1974!, they have an advantage

in severely nutrient-limited conditio~s. The further advantage

of no silica.te requirement may give the edge to the flagellates

so that an azonic culture of STX-167 at this low dilution rate is

not possible.

14Inhibition of uptake of C and of nitrate was seen
14

For C the inhibition occurred regardless of theat 100<~ I.

darkest reactor after day 5 when nitrate began to accumulate in

the medium. However, silicate values began to demonstrate

light intensity at which the cells had, been previously grown.

 $! l,imitation of total cell grow .h rate in. all but the

ds,rkest reactor may have been by ni rate, since it was not detected

in the medium. However, the relatively low silicate values,

coupled with the appearance of high numbers of flagellates, suggest

that si$icate may have limited the growth rate of STX-167 in all

but the darkest reactor. light may have been limiting in the
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periodicity on day 7 or 8, suggesting that silicate might have

limited growth at least part of the time.'

{4! The excretion of nitrite after inoculation and the

8imultaneous uptake of nitrate while cellular nitrate decreased

is very pu"rling. This phenomenon may suggest something about

how a cell readjusts ita physiology when exposed to a new medium

and. new environmental conditions.

In conclusion, this experiment has demonstrated light inhibiticn

of bot.. photosynthesis   C uptake! and rate of nitrate uptake,

but not necessarily of rate of growth, when cells are grown in a

severely nutrient-depleted environment.

The experiment provides a baseline from which .he effects of

light intensity on less ssverly nu .rient-limited cells may be

compared. The effects of nutrient supply on light-l'=ited. cells

cari then be studied to establishi some of the interrelations'; ips

between light and nutrient effe=ts on growth of marine phytoplankton.
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Introduction

The long-term purpose and plan of work of this study are
described in part I  Some Effects of Shading on Narine Phytcplankton
in Outdoor Continuous Culture. 1. Dilution Rate of 0.25/Day! of
this report.

This section d.escribes outdoor cultures run at a. dilution
rate of 1.20/day for a period of six days of continuous flow.

Materials and Methods

The materials and methods in this section are identical tc
those in the first section with the following exceptions.

F].ow rate-. At sunrise on day 1, filling of reactors with
deep water was begun at 418 ml/15 sec, or a turnover of reactor
volume of 1.20 times/day. At 1700 on day 1 reactors were full.
Continuous flow vas begun and shades were added to reactors 2-5
so that light intensities reaching the cultures were given in
section I.

Carbon uptake: On day 4 photosynthesis experiments were
conducted. by incubation of samples with radioactive carbon   C!.
One set of samples was incubated in appropriately shaded acrylic
tubes as in section I; a second set was incubated by suspending
the bottles in the reactor cultures. Two liters of sample from
each reactor vere mixed with 200 ml of deep water and the mixture
was poured into 250-ml glass stoppered bottles for inoculation

14with 10 pCi of C. Samples were incubated for two hours in the
late afternoon at a mean incident light intensity of 0.14 ly/min.
On day 5 a similar experiment was run for two hours in the morning
at a mean incident light intensity of l.l8 ly/min. Samples were
incubated. only in the reactor vessels. On day 7 data for photo-
synthesis versus light intensity  P vs I! curves were collected by
incubating samples from each reactor at each of the five light
intensities. Incubation was for two hours in the early afternoon
at a mean incident light intensity of 0.41 ly/min.



At the end of each incubation 1.0 ml of 37~>o formaldehyde solution
was added to each flask. Samples were filtered anta 0.25 mm HA
0.45 0 t<illipore filters and, stored, in scintillation vials in a
vacuum dessicator. The vials were filled. with 21 ml toluene cocktail
the day befare counting on a Nuclear Chicago scintillation counter.

Nutrient uptakes On day B the deep water flow was shut off
and cultures were enriched. with inorganic nutrients. An. error in
calculations necessitated. scrs.tching the experiment. Within two
weeks an identical experiment vas conducted with samples for cell
number and chlorophyll a at sunset only for days 1 through 7. On
day 8 the nutrient uptake experiment was conducted..

At sunrise deep water flaw was shut off and each reactor was
enriched with 10 liters of deep ~ater spiked with nutrients to the
following concentrations: 74 ' 6 mg-at NO -H~ F 71 mg-at PO4-P; and349 ~ 1 mg-at Si04-Si. This enrichment brought the concentrations in
the reactors to approximately that of deep water for nitrate, phos-
phate, and silicate. Ho enrichment was added to reactor 5, vhich
had an in- tial high concentration of nutrients.At 1100 hr the cultures were assumed to be well mixed. Aliquots
of the cultures were taken for four dark bottles and four bottles
inoculated with 1.0 ml formalin for controls. Samples were taken
st this time and every three to five hours theres.fter until 0200 hr
the following day for dissolved. nutrient analyses. Samples for cell
counts were taken at the beginning and. the end. of the experiment.

Results Temperatures of the cultures, incident light intensities, and
extinction coefficients are given in table l. Average temperature
decreased with increasing shade, although all reactors cooled.
overnight sa that the sunrise temperature was 24.5 + 0.3 for all
reactors throughout the experiment.
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The brightest day of the experiment was day $, when temperature
elso reached. a maximum for all reactors at the end. of the day.
The most overcast day was day 7, the day of the P vs X curve
experiment.Extinction coefficients were maximal in reactor 2 where
chlorophyll a/liter was also maximal  table 2!.
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Cell densities are shown in figure 3.A-E and the mean celldensities for each reactor are listed in table 2. At sunrise onday 2 the reactors contained. 94-98<> small flagellates. Percentsgeof flagellates decreased thereafter and virtually were washedout of all reactors, more quickly in reactors $-5 than in reactors
l and 2.Mean chlorophyll a, phaeopigment, and acid ratio values arelisted in table 2. Chlorophyll a/cell for this experiment endsunset values for the duplicate experiment described in the nutrientuptake section are shown in figure 2. Diurnal periodicity vassuggested during days 5-7 for reactor 2 �6go of incident lightintensity!. The mean chlorophyll a/cell was highest at 20fo I

 figure



Pig. 1. Cell densities of outdoor continuous cultures inoculatedvtth Chaetoceros curvisetus  STX-167!. Circles = total cellnumber; squares number of cells other than SIX-167. Darkenedcircles and. squares represent samples taken at the end of the
dazk period.
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Fig. 2. Chlorophyll a/cell  pg chlorophyll.l a/10 cells!7

outdoor continuous cultures o f STX-l67. Incident light intensities
are given along the right-hand margin. Dilution rate was
1.2/day.
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Dissolved nutrient concentrations are shown in figures 4-8.
Nitrate showed s, diel period,icity in all cultures but the most
shad.ed.. Concentrations approached the limit of detection by
the end of the daylight period on days g-7 for the first twc
reactors. Cellular nitrate  figure 9 ! showed periodicity best
in reactors 1 and, 5 and the concentration increased. when cell
numbers appeared to be washing out of the system  see figure I!.



Fig. 4. Concentration of' nitrate in the oulture medium of five
outdoor continuous cultures run at a dilution rate of 1.20/day
snd at five different light intensities.
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Nitrite and ammonia accumulated. in the medium until continuous
flow was begun  figures 5 and 6! while cellular nitrate concentration
{figure 9! decreased and. while nitrate was being removed from the
medium. During days 5-7, nitritos, like nitrates, were higher at.
sunrise than at sunset for res,ctors 1-3. The trend was reversed
in reactor 4, where mean nitrate concentration was greater .han
in reactors 1-3, and no trend was seen in reactor 5, where mean nitrate
concentration was near that of deep water. In general, concentrations
of nitrite and ammonia followed. similar patterns in all cultures
throughout the experiment.



Fig. 5. Concentration of nitrite in the culture medium of five
outdoor continuous cultures run at a dilution rate of 1.20/day
and at five different light intensities.
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Fig. 6. Concentration of ammonia in the culture medium of five
outdoor continuous cultures run at a dilution rate of l.20/dsy
and at five different light intensities ~
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Dissolved phosphate was taken up in all reactors withoutperiodic trends  figure 7!. Concentration remained near deep water
value in r eactor g.Strong periodic trends in reactive silicate were seen inreactors 1-4. for most of the experiment and for days 6-7 in reactor
 figure 8!.Rates of uptake of nitrate and silicate in the batch cult~re
at the end of the experiment are compared with rates of uptake
as calculated during continuous flow in figure 10. Uptake pervolume decreased with decreasing light. Uptake per cell, however,
increased with decreasing light  figure 3.1!.
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Fig. 7. Concentration of yhosyhate in the culture medium of
five outdoor continuous cultures x'un at a dilution rate af
1.20/day and at five different light intensities.



Thos]!fs wf s 7 2 4>.'pl
Wq jC

t ]j 1 !:-'P',l'
'I

1

L
I

. ~ 'I jr

'IL:!

g fg

I,
I',

jI

1

~c'

,1

j,

T
:'Ir

' I I, I

1
6

I- 1

I1
1

j

C=-'
L

H

C.

4.o

1 I

I

! l.
I

G

l

Cl

-!

3.0

if;
C c'

I

I

I
40

1

I
Ig
41

'1,0

I
I.

t I ~

i

j I

1
r ~ r

j' " -rj 7" =:i j.--"92 i- - -'j . t L --' jr.� j- -' 'i -- j-'--l-

1
'I

i

I

$.0

I

J !I



-27-

Fig. 8. Concentration of reactive silicate in the culture mediumof five outdoor continuous culturee run at a dilution rate of l.20/day
at five different light intensities ~
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Fig. 9. Cellular nitrate concentration  yg-at NO -N/10 cells!9

in outdoor continuous cultures run at l.20/day dilution rate
and. at five degrees of light intensity.
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Pig- 10. Uptake rates of nitrate  upper! and silicate  lower! asa function af light intensity. Open squares and triangles ~ uptakerates calculated from the batch culture experiment afxXha run onday 8. Closed squares and triangles ~ rs.tes calculated fromconcentrations in the medium during days g-7 of continuous flow.
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Fig. ll. Uptake per cell of nitrate  upper! and silicate  lower!
as a f~nction of light intensity. Open and closed squares and
triangles represent conditions described in legend to figure 10.
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Incubation of glass stoppered bottles suspended in reactor
cultures had similar rates of carbon uptake to bottles incubated.
in the trough except at 100 j< incident light, where temperature
differences may have been influential  figure 12!. Temperaturein the trough �3' G! was close to the mean fax' the shaded reactors�4. 5' C3 but was much cooler than the temperature in the unshaded
reactor �6 ' 8' C! at the time of incubation.Uptake of radioactive carbon per unit volume and per unit
chlorophyll a was linear with degree of shading in reactors 2-5
 figure 13!. Uptake appeared. to be inhibited at 100'fo incident
light.
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Pig. 12. Uptake of radioactive carbon by samples incubated inreactors compared to samples incubated in acrylic tubes in a
trough, See text for details ~
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Pig. 13. Rate of uptake of carbon by a volume of culture  P vs E
curves! and by a unit of chlorophyll a  aseimilation numbers! as
a func t ion of incident light intensity.
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DiscussionAt a dilution rate of 1.2 in outdoor continuous culture of
STX-167 the following observations were macLe>�! 3iatoms were maintained in all but the most shaded cultureat this flow rate whereas flagellstes tended to wash out of allcultures. This is in contrast to the findings at a dilution rateof 0.2/day, where flagellates tended numerically to dominate the

cultures.]biomass, as measured by cell density and chloxophyll a, wasgreatest at 46'4 of incident light and least at 3'5 of incident light.�! No inhibition of uptake of nutrients was noted at 100'joinoident light. Uptake of C appeared. to be inhibited in the14culturea grown at incident light although cells grown in shadedcultures and incubated in 100$ incident light showed. no evidenceof inhibition. The incubation was conducted, however, on a very
overcast day.�! The shape of the P vs T curves suggest that uptake ofC was light limited in all shaded. cultures, perhs.ps because theday was overcast. Uptake of nitxate and si1icate by cultures
shaded to 30~

+o or 1ess of incident light appeaxed to be light-
limited. throughout the experiment, Uptske per cell of thesenutxients incressecL at the lover intensities, ho~ever, so the low
volume uptake was probably due to low cell numbers.Since uptake of carbon was the only cellular rate measuredthat decreased. with decreasing light, and since cell number alsodecreased with decxeasing light, it wouId appeax that cell divisionis more closely linked to uptake of carbon than, to uptake of
inorganic nutrients.�! Apparent excretion of nitrite aftex inoculation and thesimultaneous uptake of nitrate while cellular nitrate decreasedas observed in the previous experiment, was confirmed. Ammonia
appeared to be excxeted at the same time.
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OBJECTIVES

A. General

1: Determine the relationship between the growth rate

and the processes of nitrate uptake, nitrate assimilation and

photosynthesis during N-limited growth of Chaetoceros sp.
1

 STX-105! in continuous steady-state culture using St. Croix

2deep-sea water as the medium with a. 12-hour light and 12-hour

dark cycle.

2: Evaluate the effects of dilution rates on the fol-

lowing parameters:  i! nutrients in the growth medium,  ii!

nitrate uptake kinetics,  iii! intracellular nitxate,  iv!

intracellular "protein"  determined by Lowry!,  v! cellular

particulate nitrogen,  vi! the activities of nitrate reductase

and. glutamate dehydrogenase,  vii! the specific growth rates

calculated from the following population characteristics:

chlorophyll a, particulate organic carbon  POC!, particulate

nitrogen  PN!, and. cell number,  viii} photosynthetic rate.

B. ~Becif |c

1: Compare the parameters of nitrate uptake kinetics,

the maximal specific uptake rate  Vmax! and the half saturation

1 Steady state culture is defined as repetitive'nearly-identical
cycles of cell densities in function of time.

2 The growth medium used in this study was deep-sea water from
St. Croix enriched with: Fe, 1 pM; KDTA. 1 pM; vitamin B12
 Guillard medium f! and trace metals, f/100! .



{Ks ! ~ determine.'d Dy three techn. - uesconstant for up'a; �;a

 i! short-tea. up a.':e of nitrate with nitrog=n-d=ple ed cul-

ture  Zppley et a.l., 1969b!,  ii! nitrate uptake usi rg known

preconditioning of the cells {Caperon and lleyer, 1972b!,

 iii! calculated uptake rate during continuous culture by

measurement of the differ;;nces between the inflow and. outflow

of nitrate  Bppley et al., 1971!, using the same preconditioned

popu l ation

D scribe the relationship between growth rates and2

nitrate reductase and glutamate Qehydrogenase activities.

Determine the effect of the dilution rate on the3

~ '{go} is constant with d'fferent growth x'ates.

5: Find the dilution rates for maximum nitrate utili-

zation  nitrate transfor-.: d into organic cellular'nitrogen!

and grow& rate.

6: Determine the relationship b tween photosyn hetic

rates and dilution rates.

phasing of nitrate uptake, enzymic nitrate reduction and growth

ra,te.

4: Test the hypothes's that the cellular organic nitrogen



RATIONALE

Xt is well known that the processes o nutrient up ake

and nutrient assimilation  growth! are separated in tim o=

uncoupled. For example, at low initial nutrient concentrai ion,

the nutrient is nearly exhausted from batch cultures by the

time growth rates can be determined. Growth rate in phyto�

plav3;ton does not dep nd on current environmental nutrient

concentrations, but rather upon the nutrient experience

cluring a. period of time preceding the time at. which the growth

rate determination is made  Caperon, l969!.

. Caperon and 1 eyer �972a, b! have shown that di ferent

preconditioning states of the population affect the population

size and uptake kinetics of phytoplankton, and. that continuous

cultures are the best means by which the past nutrient history

of the cells can be controlled..

There is evidence that the diurnal variation of ligh"

induces a rhythmic effect on zany cellular processes such as

cell division, pigment s;nthesis, pho"osynthetic rate, nutrient

uptake and en ymic assimilation rates  Eppley et al., 1967;

Paasche, l967, 1968; Eppley et al., 1970; Eppley end Coat worth,

l966, 1968; Eppes. y et al., 1971!. A 12 � hour light and. 12-hour

dark cycle will obviously be closer to natural conditions

than the con. inuous illumination. used by Caperon.  l969! and

Caperon and Neyer  l972a, b! in their studies.

Chaetoceros sp.  STA-105! will be grown at 25 C in deep-



sea wa e-  870.rn! obtained ro~ an "artificial upvelling"

maricul=ure system on St. Cro xI U S Virgin Islands  Reels

and Gerard, l970!. The nu-ritional requiremen s of Chaetoce-.hs

vere unknown and have been investigated. The gro-.oth mediums

used throughout this study vill consist of an enriched, deep-

sea water, with nitrate as the limiting nutrient. The signi-

ficance of the results vill b enhanced by simulating as much

as possible, the conditions of the St. Cro:x mariculture station,

since it represents an ideal field-test system,

An understanding of the relationsh'p between rates of

nitrate supply, nitrate uptake, assimilation and growth rate,

over a 24-hour period of light and. dark cycles, vill give

important insight into the population dynamics of phytoplankton.



.~i'U3 lriKTiiOQK~

Ae Or~en~ s~i. es

The marine distort, Cha. toe ros sp.  STX-1,0~!, eras +sec'. i'~

this experiment, ~he cultures:vere axenic. The orgy~:m is

only presently identified as Chaetoceros sp.  STX-105!, but is

ve-r simi1a: to Crraetocezos simclex  K.C. rr. irres, persona1 coro

mun~cation!.

B, CU1 ture AO>aratUB

The basic system is best represented oy a schematic  Pigs l! .

'fa! Introduction of fresh medium to the vessel culture is

showered as gl. The ceLium wa,s pumped in oy a. pe"istaltic: puny

 Ihich can deliver a constant flow at several delivery rates.

 b! Port ~+2 was used. for aeration and sampling by means
/

of a two-wa.y stopcock {7,"L'! . The air vias --.iz'i;,i"'lv bu'obled

nCl2:. o reprove traces of ammonia

  c ! The overf l oH   g3! nta ned R cov~St~+t volume o f

.8 liters in the chezostata

 d! The culture v ss:.l  car'boy! had. a 10 liters capacity {45!

and could be open d. for cleaning.

 e! The culture vessel eras Rept at a constant temperate=e,

~ Qy pubmer-e»ce . 3n R P exiglas container  �'6! 2@ 'e'ihicii;vater conti=ua~>

cir"ulated at 26 C.

 f! . The culture nedium zas mixed. 'by air bubbling,



  g QiD'ht $y as s g~Qlieg;3 .I cool Ihi e f luorese ~n-:. tubes  q-7!

at Kn int n-ity of apso.-.isa.tely 0,+' ~X/man, f cr 8 per> od 0+

l2 hours �900 -. 2100! each 2~ hours.

C, Yiedium

The basic medium for the culture of Chaetoceros, was arti i-

ei'Q.ly upvrel3.ed seater from 8'70 iI dep h, pumped. off the North
8

Coast of St-Croix  Roels aad, Ce ard, 19'PO!. The 'eater has been

stored. at 4 C for 2-4 months, in 55 ga" lone opaque polyethylene

containers prior to us e,

To insure aa arsenic and homogeneous culture the sea. v!ate vIas

-filters to rezo~re ary pa=ticulates and. after addition of th wv'

mutrients the medium 'va" steam-sterili"ed,. Per.ic ions

sterilizeD separately ar.d added aseptically.

The vivum eerie>ment of the deep sea :rater;vas investigated

 Picardy, ~ Z~., unpuM,! to insu=e that eiMogen vias the limiting

nutrient. The concentrations of major nutrients in deep sea. vs. e

 D,S,YI.~y..'anci the nutrient concentration used for the n..icrunent

a"e given in Table 3..

D e "<<=r>menta �" d"~~~.

The g o;vth chamb r v~as inoculated >vith an azoic culture of

vI - run initially as a. batch culture fo~ 2-~ day . The px~p v:as

tho n. turn d on to the de"ired. flow rate.

Based on th cvorr. of I::alor ~ zl, lg74  in press!, th

f olio',sin~ d j lution rate � ">ere selected '

The gro;vth re dium v!as the same a" desc ib 0 in Ta.'hie 1 The system





Protein: Cellular protein d e~ination .vms made "y the

Low=y method {~omZ, l9 "l! . ri:.y re of culture ~ere cen+ri used.

d.oem tg 0.$ ml and. resuspended in distilled.,vater,.o a volume

The samples '>Jere immediately frozen untilone millilite

BZlcLL~JS i 8 ~

'Dissolved nitrate and arnis,: The concentrations of nitrate

and. ammonium ious .vas measu ed in the incoming med5..um Bad.

the ~ox.h ch~+ber at intervals ox2l�amd 2 hours xespectively

 Striekla>D. and Parsons, 3.972!.

Primary producti~ ~g: The primary productivity was. determined.

by the C tracer technique, The light aed dark bc btles used14

-minutes in the same water bath of the ~o-,vin~ chamber. The

samples bottles  lip'zt and da k! >reise then fi3.trat d on to a

0,05 Villipore filter paper, Argr residua: inor~aic C on

the membrane vras remov d. by h,old.ing the men'brae fo- 20

second.es ovor hydrocrQoric acid, use. The orgar ical.ly bound
t

C was then counted ~vithout Drying {Anderson and Zeutchel; 3.970!

using a liquid scintil ation counter.

ihe Uni ' UQC, hr, 1 viRs 0 Qt Rj.ned. Qy,

had. a volume capacity oz 65 mls.

adding 5 u Cmie of C  YaÃCG !

culture, The Bottles {light and

Ea.ch essay svas ma.de by

to a. 60 ml sa...pie of the

dark! >vere incubated for 30



L.B = Count fez minute  C, ' .i'~! of' the 3.ight bottle.

D.B = Count per minute  C.P,i~>! of' the darb. ac.�.'. e.

Total Activity = C,P.[~i of the 5 u Curie ampoule.

mg C/l > Total Co per liter in the medium. This valu

was obtained fram the determination of the

alkalinity of the @ed,iud according to the

method ox St ickland. and Parsons, 1C92,

%000 = Trans''a~ation of mg".to ug.

is eoua3. to the incubation time in hour,

%00

99 C ousting ef f ' c iency, as . d eternined empirical ly by
a. 0 Uexic h 3.ng curve ~

1,0o= Isotopic discrimination factor,

The 0900 sa~ple was incubateD in the lip'ht, while the 23.00

sample was incubated in the dark.

'p- Photos~~. tabetic capacity: Same as !he primary produc privity

measurements xcept that the samples was incubated. in a "light"

'box" illuminated bg only 4 fluorescent tubes but covered v~ith

QluminilRl papex' so that the ligh t int nsi ig 'via.s' QpproxkzlB.tive

95 <~ of the chenos at li~~ t, This measurment a"Lowed an estimate

of photosynthetic capacity at different int r.mls at the

clar c> cycle ~

Total organic nitrogen and car'oon: Total cellular nitro~ n

 Pi~! and caroon  PGC! i~ere analysed by cora'oustion {CHN Analyser,

F.e~zlett-Pa.chard Co a, !. Sample" of 200 ml were colloc eel

on a glass fiber filtor paper, previously incenerated. at 450 C

x o~ ort pou~



9- Nitrate reductase: Khe ac~ivitj o:" the enzyme .'~DR- dependent

nitrate eductas, was date . n d oy the r~;ethos. of =paley et a".

 i970!.

10- In tracellular nitrate; Cell" ar nitrate ions was measured

accordin- to the t c'miaue of' Zppley and Coa. s'~orth �968! .

ll- Cellular free amino acid: The cellular - free amino acict w e

obtained from a. 95 / ethiarol extraction  Jeffries et al.,l96 !

12- Po ysaccharides: Samp es of 25 ml we e centrifuged. and. kept

frozen until analysis, riot yet analysed.

l3- Cell size: Samples of 2$ xl were preserved with one drop

of indol solution. Hot yet ana~ysed

l0- !mitra, e uptake Kinetics: At each z~ ticuIax dilution rate

at steady state  l200 hr!, . The rate of nitra. e -='=>='aRe was

determined by th ee techniaues:  I! stop@in~ the pump, Md.in'

nitrate up to $ - 8 u=- at >~�3-h jl, and the nutrient will
be measured as gt is depleted froz the cultures; the frequency

of the measurenen+s will be hi~her at +he rear-zerc concen � ',ra-

tions  Caperoz. az 0 Mayer, 19/2 b!, 'or continuously, using a~

Autoanalyzer ll  Tech~icon Corp.!;  Z! at th tine th sampling

period. is finished for tec'pique l the I'l-depleted. c lls will

be used to dete~~ne the up al-e ra..e of nit ate by the technioue

of Cart>enter and, Gu'liard �970! "hat is short-te=z upton e
J

when the cells ar incuoated for lg to -Ig Hli~utes '.vith dif-

I'erent conc"ntrat~ons of nitrate; �! the upta'-e raie of nitrate

will be det rmined at ste. dy "ta. e, est3.m-ted by t=~ ni~x-ate

removed by the population at 4-hr intervals.

The frequency of the measurem nts of those p rara Cers is

show Q in Ta'b?.e ll.



l'-'.utrie".it concentration

iNitrate ,vas removed almost completely fo- the three chemostat

run5 Fig. 2 !. Th mean residual nitrate concentration for each

tu"nover rate vvas:

Kean  I'lo ! uX

0.25 � .05

Turnover rate

i.1.g,056o f

.g8,,0~

The higher value for the 60 ~p turnove rate could 'be partially

attributed to a. shorter photoperiod, du=to a power failure , on

day four of that run, Immediately following that lono;er dar'k-

period, three successives high nitrate concentrations were observed.

Th same pattern was also exibit d by th- activity of the enz~xe

z itrate reductase,

The residual nitrate in the pro vth chaucer for th three

turnover rates ~s shorn in fig, 2 exhibit irre~lation ~',o- smM~

peal<! which occur spo adicatly in all three curves, Vh se

irregularities although showin~ no obvious pattern seem to oe more

frequ nt as the dilution rate increases. This phenonenon v.'ght

e rela.. d. to the avzospore fomation "oy the diatoms  D3vis et al,,

l�3!, which has to occur more and @or often as the ~a.vwover rate

3-ncrep ses.

Yh~ nean of the residual nit=ate concentration in the geo;rUa.

Prom that point on, the residual nitra e concentrations vrere higher.







synthesis is limiting. Probably, o .ly +he ass ntia1. s. <cturaZ.

and functional nenes aro syntheti"ed in a 3.imi ed, ouan-'it@,

This mich~ b the reason vrhy such cells do not ta¹ up nitrate

so efx,iciently at 0!GO un il they r sume a. la ger cell volu~e.

Gvera3.1, the trend is sinai ar to the cell <umber , but, opposite.

3- CMoroyhyl a:

Particulate organic nitrogen:

Diel varia,ion o particulate organic nitro=en  Fig, 6! sbo;vs

-a very small increase in the second ha3.f ox- the lip'i~t period,

Xt is inte"estin= to con~arefor the three turnover rates,

kt with the protein data~ as the turnover rates izcreas s the

protein content decreases regularly in the d.a-r: period ~~ail.=

the particulate organic nitrogen exhibit a. slight d; crease.

This indica es that as the dilution rates increased. th"

inorganic nitro~ n is still taken up out u-ed differently ',e.

pro'oably more non--rotein nitrogen is used fo photos~~ .thesis

AXE nQC 183.c RC3.Q ~

5- Parti=ula-'e or~ani c caroon:

The a count of bound caroon produced is sho;ve,~ in ri�-:. 6. 8=

aj1 the population' izesthis one has the ~c .test cliU=Aa1

For each turnover rate the ri~axi:~z~ is reachecivar'ability.

There is no sic~if'ica~~ trend of diurnal variation .for Chl a.

 Pig, 5!. ~his is true for all three dilu ion ra. es experimented.

This indicates that the diatom Chaetoceros sp, ST/-105, can

svnthesize Chl a. over b~ththe light and dark cycles,





tu' nov x ra 3 increase i.e. 5p, 42 and � f~.

Nitrate p r l0 cells represent 0,2'7 f., o.3$ .'.- a..~d. 0.!9

oi the total 0 gamic nitrogen, for tu~ove rate of' 30, 60 and 87 ~~~

respectively, The diurnal variation is sho'~ed in. Pig. B. There

is an accumulation ox, cellular nitrate at 0300 nd. during the first

2 1 ours of 3.ight, except for the g0 7. tu=nover rate.

The pattern o cellular nitrate is in. relatively good

agreement '.vith'e the activity of the envy+ nitra -.e reductase  Fag.- 8!.
t

The specific activity of the enzyme is also given in Pig. 9 ~ The

riel variation practically d.esapear v]? en the specific activity

is expressed in terms of cellular protein, Ther fore this indicate5'

that the diurnal variation could. be duZto different amount>.oz. Catat enzy
1T!Rt3 c,, Qzote3xL

rather than induction. mechanisms either from the sabstrat -8 3.ight

or both. Ho>sever the increase nitrate reductase activity  I ole ill!

seems to come from a chang of velocity since the protein decreases,

as the turnover rates rncreases,

particulate organic carbon  Table ill! decreases as tuxnve;

rates increases; conversaly the primary p oductivity and photos~~ thetic

capacity inCreases, and their diel p riod,icity is sho'm ia Pig.

The results of the nitrat uptake kinetics are not completed

and ',vill be repor � 'ed la ex. The deterzinatioa oX polysaccharides

content, cell size distrioution c'~x"wes and free amino ac.u1 of the

algal populatio+ are y;ot Cone and viill also be report d later.

Ho.iever the Qe carnation the enz~J-.' e glutamate o=hyd=o~enase as

the Gmmoxlium dependent cxidat on of py idine nuclebtid. yp! gpss!,

doe,: not. vrork, The onj.y technic,'u' availa'o3.e for phvtopl'.. I+on



sa Ql31es wa pU 31 ished by Zppley ot al l970, S feral unsucce" jul

essays we e vade. The T.easure of the f luoresc .nce of KAD f orned

,gas invariaoJ.e with xesp ct ta the abscence or presence of tz

substrates, A personal communication >vith Dr.T.T.Packard vjho is

vrorking actual].y on this technique, irnfo~ me that they still dont

have a, reliable G.D,H enzyme essay.



D:SCHUSS ON

Rff cts

on the nitrate coi cent Rtioni in � '.i... icicoming mediu;iiasad

and in the growth chamber, the percentage of nit-.x � :.e removal wa"

very higQ  nitrate Uptake efficiency!, Hxpression of th . I! cell@la

! ug at Pro>-iN and 3! pa ticulate ar=anic nitrogen =s

af the supplied nitrate concentration z=e s'xo,m be3oa,

nitrate 2

p rcentage

Uptake ASS~~~ >~.=~ QH.

Efz icie ncy' /o Viitrate f ug a.t Prot-I'j f>

50,40. 2+ 9i.8

p6.4 43. 70. 32

98,8 Q. g9

lt is obvious that more nitrate is tr>zs orr d into protein

at 30 f. tu=nov - rat . Ho~~ev r a. port'on o" the assimil.a~ion

particulate nitrogen a, 30 ~. is excreted  difference bet-veen pta3 e

efficiency a»d assimilation ef:iciency bas d on P.N!. On the otfl r

hand the 60 f~ and 8'7 j. trunover ra.tea are more efficient fo- the

assimilation fo nitrate, based on. particulate organic nitrogen but
be

Xt would intexestin-- to have the -"roe aminonot based on protein.

acid concentrations in order to estimate the i>fipo tance of that

niizopen poo'I, Since assimi1ation efficiency ba="=d on Pl'l is sti1"

hi:..h at 60 f and 8p f. and the protein content decrease other forms

of ni i-,rotten must b increasing.

Turnover

Rate g

- uxnover Ia.' -s n n-t 3 �e Uti "; 8 ion

Zff ic3.en y based

ug at. P>,'-N <

10$, 'p

%00. 2
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Tab].e I: Vu rient concen"ration and enrichment concentration

NUTRIE?iTS ENRICH? KI'v TDSr

CG?.~Ca- ~~ Tr~ TXOv?CG.!CE~s'i'ra<7> 0's

3g, 5p Yi

NO., 0. 14pi~k

1 95pb'

22.5 pH

ED'3'A  or natural

c2~elatar in DSN!

1.8 x 10 pH

Trace Netal Nixture:

Cu'>

+2
Zn

Co+2

10 H

PO

Bi04

o deep-sea sr~ er  D. S.Vl. ! from bt. Croix

7. 86 x 10 i~i

1 53 x 30 LI

8.50 x. 10



~v r measured..

1/ua'her of cycleParamete s to be

determined

Cell coun

Chl a.

Protein

dissolved, niizate and. a~ionia' ions 4"

Pzi&ax'p' proB,Qc ui~t~J'

'Photos'-"n.e.i c capacity

Total organic nitrogen and carbon

H3 trate reciuc'tas 6

Tntracellular nitrat

Cellular I'ree amino acid

Po lysm:ci:ariel a

Cell size

4.
Jii ~ra.te uptake kinetics <  l20a only!

Ham>le. collected 'but no." ara1J-ed.

To be couple ~ed,

Table ll: Ifuo'oer of 24 h~s. cycl>c' @chere the d ffax.eat parameters



TaMe Lll: l'~ .i< 6" LLUM~R CHAR.~~T:.?X=-TICS GP VHZ C.-'~~TOC=-P.OS

S7,'

0,26 0.37

0. 8O5

0,17

0.30

5. 67 5. 09

Primary productivity ~

ug at 0, 2LI hr / 107 cells 2. 29 3,63

Photosynthetic capacity:

ug at C, 24 hr j 107 cells 2,66 4. 82

Fiitrate reductase~

0.0660.0600. 036

18,9

Pii-N/C hl 16.15

261.69

0. 57

0,27 0.39

POPii::AT1Gib PGH =ACii TUPlfOVER BATE.

u" Chl a j L07 cells.

u= at 503 N / LO cells
uh at Prot-N / 10 cells

I
vg at PN-N / 10 cells7

ug at POC-C / 10 cells7

ug at FiO> formed hx. / 10 cells

PGC-C/Chl a

Pr ot-:.-i/P; f-;1

 ug N03-crt/Pi<-N!

60 ~

0,27

L.016

0.1~~

1$.L.2

17.11

226, 22

0.42

0. 3$

1.2~$

0.12

0.32

~3. 53

12,11

140.E;3
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APPENDIX V

THE ULTRASTRUCTURE AND CYTOCHEMISTRY OF

RESTING CELL FORMATION IN A~m hora coffaeformie  Ag.! Zorz.
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The Ultr structure and Cytochemistry of

Resting Cel3. Formation in Amphora Cof aeformis  Ag.! Kutz.

SUNDRY

The ultrastructure of' 1ogarit~~c-growing cell* and, of restin

cells  capable of enduring unfavorable envi.ronments! in laboratory

cultures of Amphora coffaeformis isolated. from deep ocean water

 870 m! was examined. using electron and. light microscopy. The

acid phosphatase activity  lysosoma3. marker enzyme!, chlorophyll a

and. -' lipid content were assessed at week1y. intervals of' resting

cel1 formation during cold.-dark treatment, simulating deep ocean

water. Appro:~~te~ 4 weeks are required to complete resting ceM

formation. During the first week, the cytoplasm undergoes extensive

transfozmation and. Zgsosoma3. activity is observed. Large vacuoles

disappe ~.and. s~~ ones develop th rw+ochondria b"co e fewe

and one or more massive mitochondria appear; the cytoplasm becomes

densely granular. During the second and, third week, the cytoplasm con-

tinues to contract, lipid, bodies begin to develop and. the plastid. be-

comes densely stained,. At the fourth w ek, the mature resting cell

is formed containing a ~ and compressed nucleus, one or more

massive mitochondria, a well-foxed plastid, and granu1ar cytoplasm

containing occasional lipid. droplets. The variation in chemical

constituents correlates with the microscopic structure of' the cells.

The fine structure of' cells during growth resumption >Ben exposed

to light at 2g C is presented.. Previous reports of' viab1e, ch3.oroohyl3.-

con ainin~ cejls at great d=pths in the ocean may b . exolained by

the results reported in his p""er.



The Ultrastructure and Cytochemistry of

Resting Cell Formation in Amphora coffaeformis  Ag.} Kutza

IIs x RODUCTI01'1

Although marine diata~ are abundant and contribute significantly

to the fertility o th o"e- ns, remv=kably little is knot+ about the

fine structure and, chemistry of their life cycle. Considerable

research has been, done on the ultrastructure of diatom frustules

�7, 32! and the biochemistry and mechanism of frustule formation
�, 8, 9, 21-23, 28-31!. Silicon deposition during frustule formation
occurs in vesicles enclosed. by a. specialized. membrane called the

silicalemma, �8!. The origin of silicon used. in frustule formation

is urQcnmm. It may be secreted directly into the vesicles by' the

silicalemma or the Golgi apparatus may produce secreta~ vesicles

con aining silicon deposits hat cant ibute to the formation of the

silicalemza and incipient frustule �4!. Electron-dense d=pasits

observed in Golgi vesicles during frustule formation in. Pinnularia

nobilis are not silicon since they resisted, hydrofluoric acid.

treatment �!.

Some pioneering research on pyrenoid, structure rras performed by

Gibbs who described the presence of two chloraplasts in i'fitzschia

<~;ularis each containing a granular py enaid, possessing severa3.

interna3. lamellar-containing discs �1!. Pyrenoids in Achnanthes

b~revi as, bcwever, conta'n a crystallins matrix co~os d of 5 nm
diameter subunits �8! . Sam comparative studies on pennate diatom

fine structur  not i.cluiing P.. cof acformis} have been performed �, 7!,
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FIGMC~ LEGZi<QS

Fig. 1 A cleaned. frustule of A. coffaeformis  ag.! Kutz. obtained

Mom a logarithm'c gro;air o culture. Length = 19 ym. X 4,700

Fig. 2 A longitudinal section through a ce11 from a, logari+hmac-

growing nQture e:cnibits two promin nt v cuoles, a centrally 1ocated.
nucleus  g! and a sin le pla,stid.  P! that extends almost the whole

cel3. 3 ength. X 7,%0

The nucleu-  i' f! possess=s a prominent nucleolus, ~ad the surroundingFig. 3

Fig. 4 A transverse section through a light-gro>m ceU contains a, larg
plastid, and pyrenoid,. The pyrenoid, is enclosed, by a thin membrane and,

posses .s a~ in rr~~ o-re memJrane res colin:- a. thyla' oid r~oran

The thin men'orate appears to form a ridge  thin beaA-like extension!

at each end of the long axis of' the pyrenoid.. A reserve body  8!,
mitochondria  N!, and vacuoles occur in the cJtoplasm. X 18,000

Fig. 5 A ceH. Mom a culture placed. in the dark at 7 C f' or l. week

exhibits a re;~kable cytoplasmic transformation. The cytoplasm becor es

Qense3.y granular and. begins to contract. i'tumerous s~~ vacuol.es occur

and. the pl.astid. strorm becomes densely stained. I U.,400

An enlarged se~ent of Fig. 6 shows cytopl smic deters.rig. 6

A large mi ochondrion  ..l! is present, =ome o= the � ;-acuoles enclose1S

/~
j

J . Joz c�"iG 31 . m l~~esting autooi ~=,g +!'l" ':~ x�s-so:: x acv

co-..~ressed .".-ai s~ 't;he plastid. in thi- c 11. X 21,250

cytoplasm contains'vesicles  Ve!, mitochondria  'i!, and abundant deposits of
ribosome' X 27,600



Zlectron-cL.".se "=o ori reaction product  8! in small vacuolesFig. 7

at the perimeter of the perinuclear cytoplasm indicates lysosomal

activity thus supposing the hypothesis thaI; lysosomes assist in

cytoplasmic tr nsfoz ~tion. 0ne week of cold-dark treatment. X 15,700

Fig. 8 Reaction product {Fc! also occurs -'n the vacuoles at the perimeter

of' the cy+oplasm in dev=loping resting ce11s. X 36,000

Fig. 9 Absence of reaction product in this HaF-treated control cd

substantiates the. enzz 'c origin of the electron-dense cytochewcal

marker in Figs. 7 and. 8. X 20,100

and beneath it a single larg mitochondrion. LiEht microscopic ezzznina-

tion oi c 11s stained -;iith SuMa 1V confirms the presence of lioid. in

the cells at approzirmtely the same position as the droplet  I ! - in, this

electronmicrograph and the one in Fig. 11. X 10,140

Fig. 11 A cross-section of a recently divided ce11 gives additiona1

evidence of increased. lip'd deposition in r serve bodies at two weeks

developm nt time. The cytoplasm is densely granular, but the plastids

appear full.y formed. Pasting cells at the third. and. fourth week resemble

these cells ezc pt the cytoplasm is reduced in vol~~e. K 12,480

12 A restin~ ceM~ at four weeks of cold-Qmk treatment presents aFig

b- co ..e conz n32d, a .'. in th' s pl~>ed n"- 'y � -u'ar -moo" s- -'"

5 ct.Lon co a �.is .Q ",: u '-'es ~ i. e cy' pop Q! altL o '-n co used y - s

clearly ~n-act. X lo.100

Fig. 10 A longitudinal s ction ox a resting cell at two weeks develop-

ment exhibits large lipid droplets, a densely granular cytoplasm, a plastid
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and a lesser number oz studies on centric Ciatoms have been reported,
such as the study of Diveltz and Colvin who described, the theca
morphology and cytoplasmic orgy elles of' Thakassiosira fluviatilis

Additional research remains to be done on the structure and chemistry
of diatoms during stages of development in their life cycle. The fine
structure of dividing cells and wall formation have been examined �3!
and a comprehensive series of studies on spindle development at
mitosis and meiosis in Lithodesmium unduly~ were perf'ormed, by
wanton and. coworkers �5-27!. Little is knom about the fine
structure of diatoms during spore or resting cell formation. En-
vironmental factors suchas nutrient concentration, temperature and,
1ight intensity can c1early influence diatom gro;rbh and. re~~ te
sta~es of' developme."t in their li e cycle �6, 19!. Buri.".~ su~~er
grmrth, some celLs s~~ into deep water below the euphotic zon where
they become dormant. Vertical mixing in late winter brings resting

I

cells and. nutrient-rich water to the surf'ace thus initiating a
diatom bloom.

Amphora coffaeformis is one of the diatom species obtained,

Mom deep water that resumes growth when placed. in favorable

environmental conditions �4!. Research is reported here on the
e structure, cytochemistry, and. chemical composition of' cells

Curing stages of' resting cell formation and their f'ine structure
during resection of ~growth.



NATERLV S AND kZTHOOS

Cell cultures. P~hora coffaeformis w s isolated. from deep ocean

water pumped. from 870 m to the surface at the Lemont-Doherty Artificial
Upwelling Project. on the north shore of St. Croix  U. S. Virigin Islands!.
Samples were collected on sterile HA ifillipore filters and. cu3tured
in Guillard's f/4 rvdi~  lo! under fluorescent illu~avtion at 25 C.
Unialga3. cultures were iso1ated by streaking agar plates and. subculturing
colonies. A- enic cultures for chemical ana3ysis vere obtained. by

mi3 d, antibiotic treatment �6!. Cultures were maintain d, at 25 C in

f/4 medium prepared. in deep water obtained. at the St. Croix Project
and, were illuminated witn cool white fluorescent tubes with radiant

energy flux of 3.98 pal/ cm for blue emission, 400 to 500 nm, and 204
pM/ cm for red. emission, 600 to 700 nm.

Resting cell formation was induced by placing logarithmic growing
cultu es containi.-'= aporox~m+ely 5 x 10 ceDs ~ ril in total darkness5

at a temperature of 7 C, which is the temperature of wa er a 870 m
depth from which the diatom were co13.ected. Approximately 4 weeks
vere required under these conditions to obtain resting cell formation.
Resting cells remain viable for at least two months �.ongest duration
investigated in this study! in the dark at 7 C.

Electron lG.croscog~ -- Cell Structure. Cell cultures were fixed at

4 C for 45 min in 5~~ glutaraldehyde solution pH 8.0 prepar d. in

0.06 >4 cacodylate buffer. The glutarald hyde-fixed cells vere rinsed
in cacodylate buffer pH 8,0 and, post-fixed. for 5 hrs at, 4 C in 2+~
osmium tetroxide pH 8.0 prepared. in 0.06 JI cacodylate buffer. The

fixed cells vere centrifuged at 593 x g for 5 min to form a pellet
which was resu vend d in a slurry of 0.8;, a-. ~ near roo1 te,.o ra ure,

solidified at 4 C, and small cubes aovroz~~w ely 1 r."w3 in vol~~~
were remov d for fuz ~'r =r treat=en~.



The agar-emb dded cells vere post-stained for 45 minutes in 3+@

uranyL acetate prepared, in LV< ethanol-aqueous solution, dehydrated

in a graded ethanol series, cleared in propylene oxid.e, and embedded

in epon 812. ULtrathin secti,ons vere obtained using a Porter-3lum

lZ-2 ultramicrotome fitted with a Dupont-Sorvall diamond i~ife.

The sections were collected, on uncoated copper grids and. stained

fox' 5 min with Reynolds' lead citrate. Sections vere examined with

a Philips E4 200 electron microscope operated at 60 kV accelerating

voltage.

performed using the Gomori technique �2, 13, 14!. GLutaraldehyde-

fixed, ceLls as described above vere centrifuged at 593 x g for 5

min to obtain a pellet. The pellet vas vashed once in deionized

water and thereaft r va"hed 3 ti; es with inte~itten centri ugation

using 30 aQ. of 0.05 i~i acetate buffer, pH = 5.0. Before the final vash,

treated with 0.01 M HaF to inhibit enzyme activity before incubation,

in the Gomori mixture under the same conditions as the first pellet.

Freshly prepared. Gomori medium vas kept at 37 C for l hr and filtered.

before use �2!. ironer the sables vere incubated, the cells were

washed in deionized v e~bedd d. in ~ar and prepared, for observ�

the cell suspension vas divided into tvo parts and. sedimented. Separately.

One pellet served. as the treatment smuggle and, was suspended, in 30 ml

of Gomori acid, phosphatase m dium containing lead nitrate and sodium-

p-glycerophosphate  Fisher Scientific Co., Pittsburgh, Pa.!. Lncubation

vas Bt LO C for 60 min �5!. Th remaining peU;et  used, as a control! was



tion in the electron microscope as explained in the foregoing para-
graph with the exception that no uranyl acetate stain vas used,.

Cells t ere fixed in 4+@ glutarald.ehyde pH 7.0M'I* ~

and stored. at 4 C. A Sudan IV stain prepared in Her~eimer's
solvent was used, to identify lipid. reserves  l!.

~Chemise . Acin phosphatase  E.C. 3.1.3.2 onchophosphoric nonoeshez
phosphohydrolase! was determined with p-glycerophosphate substrate at
pH 5, according to the method of Gianetto and. Qe fauve �0!, but in-
cubation was performed at 25 C  the te~aerature o the ceU. culture!
for 60 min. Enzyme activities are expressed in milliunits/mg protein
and also in milliunits/cell, one unit being the amount of enzyme
necessary to release 1 p!i of product/zai.n under the assay conditions.
Lipid and chlorophyll .a assays vere performed according to the
methods published by Strickland and parsons �6!. Cells to be used,
in lipid assays were wa . Q two times in saline solution �5 /oo i'TaCl!

65 nm in diam ter. So=.= of th periruclear v s'cles contain electrcn�

to remove residual culture medium and the final pe1l.et was resuspended.
in 0.25 H sucrose. CM.orophy11 a assays were performed by collecting
cells on a. glass fioer filter followed by homogenization and acetone extraction.

RESULTS

Cell Ultrastructure. Th frustule of' a 5.ogarithmic-growing cell is
shown in Fig. l. A longitudinal section {Fig.2! contains two pr~Lnent
vacuoles, a centrally located. nucleus  iT!, and. below it a single elongated.
plastid  P!. There are few smaU. vacuoles in logarithmic-growing cells.
The nucleus  Pig. 3! con+*ins a prominent nucleolus and. is surrounded.
by cytoplasm containing a rica concentration of vesicles pprox~i a =ly



nen uyrenoid surro"a~ed by a. thin membrane cnclosin~ a =inelv ~rem.w~ar

matrix of more electron-dense quality than the surrounding plastid.

stro~. A membrane, 20 nm Chick, forms a circular profile vrithin the

pyrenoid. and, in some sections assumes a semicircular or less frequently

linear form transversing the pyrenoid. A reserve body  B! lies near the

plastid and several mitochcadzia  M! are scattered. in the'peripheral

cytoplasm. The profile of the thecae and their intersection. are

clearly visible. The thickness of he Checa varies from 18 ~ at

the thinnest point to 180 nm at the thickest point.

Hestia~ cell ult astructure. A profound, chape in cytoplasmic

organization occurs;<hen logarithmic-growing elis are placed in total

dar'ress t 7 C s=.' ting deep ocean co.-.editions. After 1 we k, h

cgtopl3, m Deco-. es ~' n eely gr gular > the 1 = ~a vacuole ~=Rp ' =- c-".i

Fe~ livid bodies are ob-are replaced. by ~=~" 1-r vacuoles {Fig. $!.

se"ved in the c r+oa'."sm v zd. the ol"stid atro~a bec"~es Pens ~ st"'; e..-

dense deposits and m3y belong to part of the Golgi apparatus. Dividing

cells freouently contain Golgi bodies, but, growing non-divicling cells

seldom exhibit, them. Thin strands of endoplasmic reticulum and.

scattered. ~tochond.ria  V! occur at the periphery of the perinuclear

cytoplasm. The mitochond=ial cristae .re tubular as commonly found

in unicellular organisms. Hibosomes of approximately 22.3 nm diameter

are abundant in the peripheral cytoplasm. The thylakoids of the plastid

stain. heavily and, thus some of their fine structure is obscured. Close

examination of lightly-stained. plastids reveals that each thylakoid

 approximately 44 nm thick! contains three lamellae. Osmiophilic

granuLes, 67 to 178 nm in diameter, occur infrequently between the

thylakoids. The cytoplasm is bounded, by a plasma membrane directly

adjacent to the theca. A transverse section  Fig. 4! exhibits a promi-



The numerous small mitochonMia �.6 p:a x o.2 pz! observed in the

light-grown ce11s disappear and. one oz more large mitochondria  M!,

2 pu diameter, begin to develop Fig. 6!. The nucleus  tl! is reduced.

in volume and b comes compressed ogainst the plastid. or in some cases

the nucleus rer ~ins globos , but contains a very thin deposi. of c> o.~+in.

The nucleolus is seldom present. The plastid. is surrounded. by an array

of.irregu1ar~-shaped vacuoles, some containing small islands of cyto-

plasm suggesting incipient autophagy. The eWensive cytoplasmic

transformation inclu~~' g a decrease in its volum and disappear.ence

of organelles during resting cell, formation suggests lysosozal

activity. Evidence for lysosomal activity in small. vacuoles at one

week of cold-dark treatment is presented, in Pigs. 7 to 9. Electron-

dense reaction product �! of the cytochemical. stain occurs in:small

vacuoles at the periphery of the perinuc1ear cytoplasm  Pig. 7!.and

at he perimeter of the ceH~  Pig. 0!. Control ceU.s treated with

HaF do not contain reaction product  Fig.9!, thus substantiating its

enzJmatic origin.

within the second to third.;reek of resting ce11 deve1opment, mas-

sive lipid droplets  L! appear within a dense~ granular cytoplasm

 Figs. 10 and. 11!. Light microscopic e~~~tion of cells at 1 tM~ough

4 weeks of resting ceU. development revealed. the presence of large

reserve bodies that w re stained by Sudan XV thus indicating they

contained, lipid. Som of the cells contained refractile bodies

that could be chrysola~narin reserve bodies �0!. The percentage of

cells containing rese. r boZ s at e==h ~ eek~ Qterv ~ .-.-as resp ctively

34, 43, 30 ax'.0 17. Th bodies .iere small r on th average t 1 w ek of

development th a ho- at th second and third ..- k. By the four h '



those cells still conta.ining reserve bodies poss s "ed decidedly

cold-da& � re=-:~en shrzs that the process reaches a s-'able state

at the fourth week. Some cells that do not become stable at this

time continue to dec3.ine in cytoplasmic vol~ and they appear unable

to resume growth when exposed. to favorable conditions.

Growth resumption. Resting cells wil3. resume growth when placed

in the light at 25 C, but the onset of' growth resumption varies within

a culture and. among cultures. In some cases, renewed growth occurs

af ver 2 days in the light a3.though lag periods as 1ong as 2 xiweks have

bern. obs~~, wheremxm caL1s bec~ active a~el es~3i.sh a rich

cd.ture cczrhairCiv~ moti~ e and. dividing c~~ vari ~ 4 days.

Figures ~ to 15 shcw stages in growth re~~~ticn..~ ~ r 2 days,

the cytopl sm b �=ins to reest=bli h it- lf  Fi=.. 13!. n

con-'a.~m~g a d.s=i ct nucleo'us, ~s e'pand = -.d n..".,=rous . »

x~cuoies devel' "s t'~e c~Jto~l;~so be ins to smell. Reserve bodies

tf'- c>ll loo s v + - lc i'r s-.. obse:-i- -'begin io de=en="-"ie

during the first week of resti~= ceM for..ation. ~n m ss'v ni-a-

smaller ores than .<ere observed in the previous two weeks. Nore-

over, the amount of lipid. contained in resting cells as presented. in

the Table md described in the chemistry section, correlates with the

percentage of cells containing reserve bodies anD A.th their relative

size as obse~d. by microscopy.

In general, the ultrastruciure of' resting cells at the fourth

week is very much li'<e that observed during the second and. third.

week with the exception that the cytoplasm becomes more coniracted in some cells

 Fig. 12!, ant the vacuolor space decreases. The plastid,, a few

massive mitochordz a,, and. the deg n rate nucleus are the most ob-

vious organelles in a resting cell  Figs. 6, 10, ancL H !. Light

and electron microscopic exmination of' resting cell formation under



chondria disappear as swll ones increase in n~wber. Xt is not possible

to determine ho;< the s~l mitochondria are fon.ed, but some la=ge

mitochondria appear to bucl-o f s~~~er segnents at this stage of'

cell activation. Cell division cod ences in some cases and the

4 days in the H.ght sc e ceU.s appear to be X'ully advanced tm~d.

normal grcrAh  Fig. 15!. The cytoplasm is somewhat more granular

than usually observed. in loga~it1mic-growing cells, but the plastid. is

ZLL> 1y developed e L~ ghv r zcros coplc er+~iL+<2t ' Qn 0 � ' ceLLs Rt v' ' i s s i a

also shows that the cytoplasm is rich ~d dense.

Acid. phosphaiase activity  lysosomal raarker enzyme!,ChK33. SOW  ~

chlorop~M a,and lipid. content of logaz' ~c-~o: ing ceU.s I d. of

resting celLs during we&1y intervals in dar'~-cold. treat~~t a e

presented in the Table. 9> ter 1 week of dark-cold treatment th -e

is a mar~d. decrease in all of the chemical constituents as compared.

to light-grown cells. Thereafter, in tne second, wee'z, there is a

clear increase in acid phosphatase activity, c~orophyH. a, and. lipid

content. During the ted and. fourth. weeM, acid. phosphatase a,ctivity

decreases "~d there is an appreciable variatio~ in act vity oe seen

s~~les im these last s-'.=",=es o resting cell o~~tion as Sndic-"ied by

an increase in error v ianc . Chloroghyl1 a, content per c M, h=~ever,

increases to a. final 1. ve" . ar|" cue~ to ~:. at of the ~ a =~ . =='c-=-.a-;

Concurr-"n y, eel'"'ar lipid content c'..creases ~~-.3. r.""-J b:. a s=-'-.'nce~"'.

daughter ceU.s produce Go~~i bodies, establish a. siU.calm',, and. secrete

silicon within 6 e frustule-foxing vesicles  Fig. 14 !. lt is clear

that the v sicles are susp need, within the cytoplasm and. that, a, piss~

membrane lies external to th ilica-containing vesicles during these

early stages of irustule fo~tion. The electron-dense deposits in

the Golgi resist H2' treatmen~ and, therefore are not silicon. After



that the lipid res rves are being used partly as pxecuxsors in chlorophyll

synthesis and ta m=intain cell metabolism in, the .last, sties of resthxg

cell formation

mitochondria, �! formation of a densely-staining plastid stria,

�! loss of' the large vacuoles, and �! an elaboration of numexous

-small vacuoles which erAibit lysosomal enzy e activity, Ao increase in

lipid, during the second. and third w'eek also correlates with microscopic

evidence of lipid accumulation  Figs. 10 and. ll!. Moreover, the large

chlorophyll a content found in the third. and fourth weeks is consistent

.sith the mi'croscopic observation that resting cells retain their plastids

and that, some algae are known to synthesize chlorophyll by enzyme activ ty

in the dark �, 15!. Chemical analyses were not, performed on resting

cells during light-induced gra'Tth. R"sting ce~Ms develop at diff rent

rates and. therefore the cultures conta.ined. a mixture of cells at

variou" stages of development, thus precluding representative sampling

for bulk chemical ana1ysis.

DISCUSSIOÃ

The existence of viable diatoms and other algae at great depths in

th ocean ha- b en known for many years �4, 37!, but th mechanism

not 0 =n el uc at d.ox thei f s~gival -"Qd their chemi al co+pcsi [~ion f a.Je

The Tabular data, shoving a marked decrease in chemical constituents

after 1 week o cold-da.k treatment correlate with elect on microscopic

evidence  Figs, 2 and 5! that shows a massive reorganization of cytcrplasx.

The respiratory and photosynthetic organelles are transformed including:

�! a, decrease in small mitochondria and. the dev lopment of' a few large



Moreover, the presence of appreciable quantities of chlorophyU.
in the aphotic zone to 5QOO m where little or no photosynthesis can
occur has not been satisfactorily explained. in many cases �7!.

The research repoz ~ed here present" evidence that diatoms form
restin~ cells when ub 'oc+ d to cold-Qar~ condition- si z atLn~

deep ocean water and that an appreciable quantity of cholorophyll,
approaching that of' ligh+-gro-;m ce11s, is synthesized during resting
cede. development. Bo h the existence of dormant viable diatoms
and, the presence of chio ophyll at great ocean depths can be expl ined
by these findings. The presence of ch3.orop.'AU. a in resting cells
raises the obvious cuestion of its role in diatom survival. Xt is
clear that chlorophyll cannot absorb appreciable quantities of light
at the great depths where viable diatoms have been f'ound and. the
suggestion that chlorophyl3. could, utilize bio3uminescence to

facilitate lo;r-energy-req' >~i<~ pathways of c~ ebon assixlation is

unlit:ely �7!. An a1ternate explanation is offered. that chlorophyU. a
I

is stored in resting cells as a reserve pigment to provide an inmediate
photoabsorption advantage when the cells are returned to favorable
growth conditions. Those ceU.G capable of early gro'.r~h resumption
have a competitive advantage in exploiting surface waters, particularly
at the beginning of' a phytop3.ashton bloom. Laboratory studies reported
here show' that resumption of growth can occur as early as two days
after exposu-"e to light at 2! C. Moreover, some ce~>s exhibit longer
dormancy periods thus possibly serving as reserve cells in case
the early growth is t'a-:i>~t d by an 1nfavorab'e rever al in 'he
en riror ment.



Tne ultrastructure of light-grown cells of A. coffae o~~s

is similar to that of other pennate diatoms. The chloroplasts

contain thylakoids composed of 3 lamellae as commonly observed.

in the Bacillariophyceae �, ll!. The pyrcnoid. is enclosed. 'by a

thin membra. = as also observed in Acna~t'. es minutissim,

Golgi apparatu- fo~mtion occuzs predomiTlantly during cell division.

The presence o dense organic deposits in Golgi vesicles as observed,

in other dividing diatoms �! suggests that these "organic plates"

serve as a template for sil.icon deposit on in the cisternae

formed by the silic le.wm when frustule formation commences.

The silicalemma occurs within the cytoplasm of the da~~ ter cells

and,, therefore, ~ y be a fusion product of Golgi vesicles that

aal'~z a ~he e:uatorial ~l~s after ceU. division..is cowl t d..

The ultzastructure of resting ce~Ms and, the correlated. chemical

composition present evidenc of a remarkably ordered. sequence of

events leading to stable resting cell fo~ation within 4 wee'cs

after cold,-d. rk treatment has started for a culture containing

approximately 10 ceH.s/ vA. The formation of one or more massive5

mitochondria while smaU.er ones disappear, the retention of the

p'hotosynthetic apparatus, a decrease in nuclear material, anB.

d.z' ..> 4" 1 second andori in of n= ' '-=� lipid droplet"

an G;4n, out '~p21ynotthi d w e':. of es ..-" cell u relopme.-.t

t'a�- tir-+ w. 'c ~4 ".4oi~i.".e.-.,branous or.�"=nel'"s dis~pp a" d rin.~

the formation o lipid reserves all suggest that, the resting ce11

is a parsi=-onious assemblage of organeU.es prepared, to reste metabolism

and growth upon return to favorable environmental condit'ons, Tn"



lipids may be transformed into reserve lipid. droplets. Altho~»'
evidence for chryso a~narin reserve bodies was presented, many of
the storage bod.ies in A. coffaefor.as resting cells appear to
contain Wpid. Tney stain with lipid soluble dyes and. their
number corr 3 ates with th lipid. content of th= cells. - v 0 nc
for lysoso~ participation in cytoplasmic transformation and.
cond=nsation is pres nted including g cytochemcal staining and.
cellu1ar acid phosphatase assays. The increase in acid phosphatase
activity during the s con" wee'» of restirg.cell for.wtion, ir'nen
cytoplasmic condensation is proceeding most rapidly, further
supports the lysosomal hypothesis. T¹ relative3.y large amount
of' acid phosphatase activi+y in logarithmic-growing cells is
expected since ce31 division is attended. by a certain amount of'
1ysos~ ct ~ J zt J

Resumption of growth is amazingly rapid fox some of the

Amphora coffaefo . s is a remarkably versatile organism,
adjusting rapidly to adverse environments, efficiently establishing
restin~ cells to endure long periods of unfavorable growth, Dnd.

omotly r2 s "blis'1" .- > s lf when exposed io f vo a 0 gro. n
en'~ bilitr- mav e~lain -'he

v rs x lityT ' sco'.d.i+ iona .

recognized su=c ss of m;" �.'.o-...s in e~loitin.� o""an en.--iron" nt".

resting ce13.s when exposed to light at 25 C. Numerous mitochondria
reappear within 2 days and. the previously condensed. cytoplasm exhibits
an increase in volume and vacuolization. At this time, the nucleus
is clearly reestablished and evidence of ceU. division is accompanied
by frustule formation in the daughte cells. After 4 days, large
vacuolated cells appear and gliding motion is exhibited.



Table

Acid. phosphatase activity, chlorophyLL a, and, lipid content

in lieth -grown ceU.s and in resting cells at weekly intervals
.X.

of development

Treatnent

e
Acid. phosphQtase
activity

Lipid.

p=! ce~
xlO'

mi11iunits/
g protezh

milliunit sg
cell x 10 ~

xreeks

4.48'-0.16

l. 36~0. 20

3. 1 B-l.3

0

96

2.57 1.3

1.64+1.o

Acid. phosphatase assays and. lipid. assays were made on. the same

set of' d,uplicate sarrnles.

with a separate set of duplicate sables. Treatment iv'as darkness

at 7 C. Zero weeks treatment is for light-grown cells as

described in the section on cell culture under l~~terials and.

Methods. The stan~~ d error of' the me~ i" reported. as a � value+

aWer the col~~a entry. The variability in acid, phosphatase activity

between sa~les inczeases marke~Dy during the las thzee weeks of

resting cell deve3.opulent. A clear minimus. in all chemical constituents

occurs at the first week which correlates arith electro~ microscopic

evidence  Fig 5! that the cells are in tr position stages zrom

active gro'.. ~h to resting cell develop:-.ent. znereafter, in tn

the s ": .l;;=-e c;rh n restin."- cell de;elc .-. n~ i" 'roll "-,.Qe'";;"y,

12.9-0.04

4.8-0.18

1] 5 4 9
+

9.6~4.6

8.9 5.0

~/ cep
x 10

5-5- ~ 8

Z.l+.4

4.0-.7

4.6+.9

5 l-.l

Chlorophyll~ a assays frere performed.
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APPENDIX VI

CONPAHATIVE GROWTH OF HARD SHZLI CXd&S

 MZ RCZNARIA XZRCZViARIA LIiVNZ AVD ~CZ~TAR A CA~ZCHIZN VS IS GMZLIVi!

AND THEIR Fl CROSS IN TEMPERATE, SUBTROPICAL AND TROPICAL

NATURAL WATERS AND IN A TROPICAL ARTIFICIAL UPWZLLING

NARICULTURZ SYSTEM

2 3 ~ 5J.B. Sunderlin, M. Brenner, N. Castagna, J. Hirota
6 3

R.W. Henzel and O.A. Roels

ABSTRACT

The growth of hard shell clams  Nercenaria mercenaria Linne

trolled experimental environment was compared to growth in uncon-

trolled natural environments. The clams were spawned by Paul

Chanley of Shelter Island Oyster Company, inc., Greenport, New
York.

In the controlled environment of the artificial upwelling

This work was supported by NOAA Sea Grant 04-3-158-66 from the
U.S. Department of Commerce. Lamont-Doherty Geological Observatory
Contribution No. 0000; City University Institute of Oceanography
Contribution No. 00.

Biological Oceanography, Lamont-Doherty Geological Observatory of
Columbia University, Palisades, N.Y. 10964.

Biological Oceanography, Lamont-Doherty Geological Observatory of
Columbia University, Palisades, N.Y. 10964; and City University
of New York.

Eastern Shore Laboratory, Virginia Institute of Marine Sciences,
Wachapreague, Virginia 23480.

Aquatic Sciences Corporation, Honolulu, Hawaii 96813.

Department of Oceanography, Florida State University, Tallahassee,
Florida 32306.



mariculture system on St. Croix, U.S. Virgin Islands, pollutants

and predators were absent and fouling was minimal. Salinity was

34.75 to 34.95 /oo and water temperature varied. between 22 and

30'C during the experiment. Natural environments in temperate,

subtropical and tropical waters were selected as sites for compara-

tive studies: Southold on Gardiners Bay, New York; Wachapreague

on Bradfords Bay, Virginia; Alligator Harbor on the northwest Gulf

Coast of Florida; Kupeke Pond in Pukoo, Molokai, Hawaii; and Salt

River Inlet, St. Croix.

and their Fl cross � were planted at, Southold, New York and at both

St.. Croix sites. Only i4. campechiensis and Fl clams were sent to

Virginia and Florida, and Fl clams and M. mercenaria were sent to

Hawaii. Increase in length, "wet." weight, and survival were measured

at the different locations from April 1973 through Nay-June, 1974.

than 25.5 mm thick! in 6.5 to 13 months in the St.. Croix artificial

upwelling system. These clams did not reach market size in Southold,

New York, Wachapreague, Virginia, or Salt River Inlet, St.. Croix.

The Fl clams in Holokai, Hawaii and in Alligator Harbor, Florida

were close to market size when the experiment was terminated after

l3 months. Survival and growth of H. mercenaria was poor in the

artificial upwelling controlled environment, in Salt. River Inlet,

St. Croix and in Nolokai, Hawaii.

INTRODUCTION

Hard shell clam culture in the United States is quite advanced



primarily because American biologists  Victor L. Loosanoff and his

associates in Milford, Connecticut! developed and perfected hatchery

techniques for rearing quahogs  Bardach, Ryther and NcLarney, 1972!.

By controlling the water temperature, the spawning season of quahogs

has been extended and. in most hatcheries clams can be induced. to

spawn throughout the year.

Seed clams are planted on the bottom in shallow water and.

allowed to grow until they are harvested for markets Predators have

been controlled in experimental culture areas by various techniques.

Castagna spreads crushed oyster shells, crushed stone or pea gravel

over the clam beds and finds this method satisfactory for protecting

juvenile clams from Callinectes ~sa idus and other predators. Mensal

uses plastic-coated wire mesh to fence in clam plots or wire cages

to cover the planted bottom.

The expense of keeping clam seed in a hatchery until optimum

planting size is reached, is a major problem in applying clam-rearing

techniques to a commercial-size operation in natural environments.

Hatcheries prefer to sell 1 to 3 mm seed while growers prefer to

plant 12.5 mm or larger. Zf 1 to 3 mm seed is planted, mortality

is usually very high  80-90%! unless precautions are taken against

predators  methods used by Castagna and Nenzel!. Planting the

larger seed �2.S mm or larger! is more successful, since that size

is less vulnerable to predators  Bardach et al., 1972! .

Presently, the quahog fishery  N. mercenaria! is centered

in the north-eastern United States with most clams being harvested

in New York. In the northern waters, quahogs reach marketable size

in five to eight years. Bardach et al. �972! note the southward



shift in the clam industry to take advantage of the faster growing

rates possible in warmer waters.

Menzel  l971! discussed the potential of clam culture in the

Caribbean. His observations indicate that hatchery-reared hybrids

the Fl clams have the adaptability of the southern parent to tropical

waters, have a good growth rate and have the good out-of-water

storage qualities of the northern parent. M. campechiensis starts

gaping within 24 hr when kept under refrigeration.

In the artificial upwelling mariculture system in St. Croix,

U.S. Virgin Islands, 870 m deep water is pumped into ponds onshore,

where planktonic algae  diatoms! are grown as food for filter-feeding

shellfish in a controlled food chain. The deep water is free of

man-made pollutants and diseases and predators harmful to shellfish.

Therefore, even the smallest juvenile clams  l mm! can be planted

in the system without threat of predators or tidal currents carrying

them away.

This paper reports the results of a comparative growth experi-

ment with three clam populations, M. mercenaria, M. campechiensis

and their Fl cross in five natural environments and in the artificial

upwelling mariculture system.

MATERIALS AND METHODS

The hard shell clams � M. mercenaria, N. ie ' and their

Fl cross  M. mercenaria 8 X M. campechiensis o! � used in this study
+

were produced in January and February l973 by Paul Chanley at the

Shelter Island Oyster Company, Inc., Greenport, New York. The



and the M. mercenaria came from Long Tsland. Zn April-Nay 1973

the juvenile clams reached 1 mm in size and were shipped to the

experimental sites.

 l} The Artificial Upwelling mariculture system, Rust-op-Twist,

St. Croix, is a controlled experimental environment, where

deep water is pumped continuously from 870 m depth into

45,000-liter concrete pools in which unialgal cultures

of planktonic diatoms are grown. The pools are scrubbed

every one to four weeks and reinoculated with a different

diatom so that a mixed diet is fed to the clams. Three

d'

Harg. aod Geill., Ohaetocexos ct. simplex Ostium. and

tures in the pools �0 to 10 cells per ml! are pumped

continuously into the clam tanks at metered rates based

on the feeding activity of the animals. The yearly tem-

perature range in the clam tanks is 22 to 30'C. The

salinity varies between 34.75 and 34.95 /oo. Details of

the system are given by Baab et al. �973! .

�! Salt River j:nlet, St- Croix, is a natural inlet on the

north shore of St. Croix where the salinity range was

33.7 to 37s6 /oo and the temperature fluctuated between

25' and 32'C. The tidal range between the highest and

lowest observed levels was 38 cm  Forbes, 1973, unpub-

lished manuscript!.

�! Kupeke Pond, Pukoo, Nolokai, Hawaii, where a commercial

mariculture operation is run by Aquatic Sciences Corp.



�! Alligator Harbor, Pranklin County, Florida, where the

clams were kept in flowing sea water in the laboratory

until September when they were planted in plastic screen-

covered, sand-filled containers. When the clams reached

15 mm in length, they were planted in the bottom and '

covered by open-bottom cages. The water temperature

ranged from 9 to 31'C during the experiment; salinity

varied from 26 to 32 /oo. The normal tidal range is

50 cm and at mean low water the clams were covered by
about 5 cm of water.

�! -Bradfords Bay, Wachapreague, Virginia, where the clams

were held in the laboratory in trays with flowing sea

water from May to October. They were then planted in

screen trays on a tidal flat. The water temperature

ranged from 13' to 18'C and the salinity was 28 to 29.5 /oo

 data were obtained from three observations during the
experiment!.

�! Southold, New York, where the clams were planted in early
May in trays filled with fine sand. The trays were stacked

on an empty bottom tray, strapped together and wrapped

with 2.6-cm plastic netting. These trays were put over-

board in the Shelter Island Oyster Company's dozed canal

for the summer. Temperature ranged from -1 to 26'C

and the salinity varied from 24 to 30o/oo. The tidal

range is approximately 1.2 z.  The "domed canal" is

located on Southold Bay, Southold, New York.!



and their Fl cross, were planted at Southold, New York and at both

St. Croix locations. Only M. and Fl clams were sent

to Virginia and Florida, while only Fl clams and I4. mercenaria were

sand and in eight-liter dishpans containing a 10-cm thick layer of

sand. These containers were stacked in a wooden rack to use all the

space available in the 750-liter shellfish tan3cs �.4 z 0.6 x 0.6 m!.

In the natural environments, clams were grown in wooden screen

trays or Nestier trays filled with sediment and submerged in the

bottom. However, in Southold they used polypropylene trays filled

with sand and positioned l.5 cm off the bottom. Protection from

predators was accomplished by eithex covering the planted areas or

spreading approximately 2.5-cm gravel over the trays  Table 1}.

sent to Hawaii.

When the clams reached their destinations, a quarantine pro-

cedure was followed to insure that no "exotic species" would be

introduced to the natural waters. The populations were isolated in

trays, without sediment, in flowing sea water and the effluent from

0he trays was run to waste through a sand filter. For a period up

to 20 days, the populations were checked for mortality and infes-

tations of epiphytes and epizooites. This procedure was not fol-

lowed at Alligator Harbor, Florida. Immediately after the quarantine

period, only the clams sent to St. Croix and Hawaii were planted.

The 8eXayed planting in the other locations was due to the small

size of the clams.

The clams in the artificial upwelling system were reared in

three-liter Pyrex baking dishes containing a 4.5-cm thick layer of





The protocol called for the clam populations to be set out at

various densities �229, l615, 807 and 323 per m ! and then obser-

vations would be made on survival and growth at the six experimen-

tal sites. However, the populations were only planted at these

densities in Virginia and at the two locations in St. Croix. Xn

the St. Croix mariculture system, an additional study was undertaken.

Clams, designated as "fast growing" populations, were grown at

densities that would not over-crowd them or hinder their growth.

From time to time the "fast growing" populations were thinned out

and/or the slower growing clams discarded.

As the clams increased in size in the mariculture system, they

filtered out more than 90% of the food in the water flowing through

the tank  flow rate of 8.4 liters/min or a turnover rate of l.5 h

in the tank!. When this occurred the clam population had to be

culled before the carrying capacity of the tank was exceeded. The

culling was done by discarding clams in the lower 20 percentile of

size in a group  as determined by sieving!. Only the "fast growing"

populations were culled. The factor limiting algal production is

volume of nutrient-rich deep water available per day  Table 2!;

experiments indicate nitrate may be limiting.

Zn the natural environments, the clams were not disturbed until

the experiment was terminated. On several occasions however, spot

checks on growth were made. In the mariculture system, all the

clams were measured every four weeks.

Initial growth measurements were made at all six locations.

The length of 200 randomly selected juveniles from each population

was measured with an ocular micrometer. Zn the St. Croix maricul-

ture system the clams were measured by photocopying  Haines, l973!



TABLE 2. NUTRIENT COMPOSITION OF ARTIFICIALLY

UPWELLED DEEP WATER AT THE

ST. CROIX MARICULTURE SYSTEN

 WEEKLY SAMPLES, JANUARY 3 TO HAY 16, 1974!

MICRO-EQUIVALENTS PER LITERNUTRIENT

LOW HIGH

N03 + N02

N02

NH3

PO4

Si04

SALXNXTY  >/oo!

31.57

0.23

0.78

2.23

19.30

34.84

29.32

0.16

0.30

1.90

16 ' 44

34.79

33.37

0.33

1.55

2.40

23.20

34.92



or with calipers. "Net" weight af the entire population was
92

recorded initially at all six sites and. then at four-week intervals

in the mariculture system only. Clams were rinsed and allowed to

drip for one minute before weighing.

The experiment was terminated when the majority of the clams

in one of the three populations in the density study in the St.

Croix mariculture system at. Rust-op-Twist reached market size

 greater than 25.5 mm in thickness! . The collaborators were noti-

fied and final growth measurements � length, thickness and "wet"

weight � were recorded and survival was determined for all the popu-

lations. Since the method of measuring length used in Virginia

differed from the other locations, we used the conversion factor

described by Haskin �949! to compare the Virginia data. Final

weight measurements were not recorded in Florida or New York and

again a conversion factor  Haskin, l949! was used.

RESULTS AND DISCUSSION

The comparative growth study was terminated after l3 months

op-Twist, St. Croix, had reached market size. These two species

of clams began to reach market size as early as 6.5 months after

they were planted in the artificial upwelling system. Some Fl

clams in Kupeke Pond, Hawaii, and Alligator Harbor, Florida, were

approaching market size after 13 months. In no other locations

did any clams from any of the three different populations reach

market size during the experiment. Table 3 gives the average

thickness of all clams when the experiment was completed.



12

I
CO

CO

lA

I
lA

LA
P4

Ol

I
CO

LO

LA

lA
P!
I

ct'

I
CO

I
lA

lA

P4
P!
I

C3

CO D
P4

0 U

e
m

rd 0

0
m

II 0

If

0

h

4

0

O

V3-

~ 4
& P
mE

I

0M

m 4
D

R
0

0

~ ~
6

0

lA
4

C! M g

0
4
H
f4
0

CO H

4.

0

R X
H

0 F4
0

I4
C9

E u
I-4

UJ

U P-I
C4

U

CQ
R
0

0 g
V D

0 0

i Q

8 0

I V

0 ~

M W

C4 ~

A

n$

41
Ql

6 8
0 0

q5
Itf

0 G
tC

It

8 0

0 8 0

0 6 0
III



It should be noted that the results for the artificial upwelling

-ystem have been divided into two groups: the density study" popu-

lation and the "fast growing" population. By doing this, one can

compare the growth of the "density study" group to the growth of

populations in the five natural environments. Culling the "fast

growing" population altered its relationship to clam growth in the

natural environments.

Table 4 summarizes the survival of the clams planted at all

six sites. Wachapreague, Virginia, populations had the best sur-

vival but the clams were still too small  Fig. l! to show any signi-

ficant differences in survival between the various densities �615,

807, and 323 per m !. At Rust-op-Twist, St. Croix, the best survival

in the "density study" Fl clams and M. campechiensis populations

was recorded in the 807 and 323/m groups. 'Zhe Fl clams at 323/m

in Salt River Inlet showed the best survival but this may not be

significant since there was such a low �.7%! survival for the total

Fl clam population. Predation did play an important role in the

survival of clams in the natural environments. In Salt River Inlet,

hardware cloth was placed over the planted area and at the end of

the study the mesh was heavily fouled with seaweed and other debris.

Had crushed shells or gravel or open-bottom cages been placed over

the planted area, survival may have been higher.

M. mercenaria grew poorly and sustained high mortalities at

all locations. The data for the FI. mercenaria at Southold, New York

are not available because the population was mixed with others

during the experiment. In Virginia, the M. mercenaria data are

from a VIi>IS-E laboratory-reared population and not frora stock

spawned by Paul Chanley. The poor survival and growth of



TABLE 4. SURVIVAL OF THE CLAN POPULATIONS AT THE

TERMINATION OF THE EXPERIHZNT

SURVIVAL

Fy CROSSLOCATION

RUST-OP-TWIST

ST. CROIX
 " DENSITY STUDY" ! 42.8 36.l

3.7 0.7

22 n. p.

39 69.5 n.p.

8l.9 72.5 89.4

47.7 data not
available

RUST-OP-TWIST
ST. CROIX

 " FAST GROWING" ! 42. 7 48.l

n.p. = not planted

SALT RIVER INLET
ST. CROIX

KUPEKE POND

HAWAII

ALLIGATOR HARBOR
FLORIDA

WACHAPREAGUE

VIRGINIA

SOUTHOLD

NEW YORK

HZRCENARIA NZRCZNARIA
CAi4PECHIENSIS MZRCENARIA



Figure l. Average length  in mm! after

l3 months.

Fl = Fl cross  M. mercenaria 8

q!;X M.

M. campechiensis;

M. mercenaria;

no survivors;

length calculated from

thickness data  Haskin, 1949!;

Vj:MS-E laboratory-reared popu-

lation;

3 = no data available.
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M. mercenaria, in the St. Croix mariculture system may be related

to the sustained high temperatures �2'-30 C! and/or to a nutri-

tional deficiency since only three species of diatoms were used

as food. Xn Salt River Inlet and in Kupeke Pond, no northern hard.

clams survived at the end of the experiment. It is unfortunate

that N. mercenaria wex'e not planted in Alligator Harbor for a

growth comparison in that envixonment where temperature reaches

31'C but does go down to 9'C in the winter. Previous observations

at Alligator Harbor  Nenzel, 1962! showed. that. the growth xate of

M. mercenaria over a 20-month period was 71% of M.

and 73% of the faster-growing Fl reciprocal hybrid. The mortality

rate was about the same in both species and the reciprocal hybrids.

Ansell �967! reported that considerable deviations in the tem-

perature/growth rate relationships occur, indicating that, other

factors, possibly food availability, determine the rate of gxowth

of M. mercenaria within the limits set by temperature.

Survival was good for l4. campechiensis in three of the five

locations. The low survival in Salt River Inlet was undoubtedly

due to predation. The total southern hard-clam population in

Southold, New York, died in late winter suggesting that N. camoechien-

was unable to withstand low temperatures  Haven and Andrews, 1957;

Chestnut et al., 1957! .

Figures 1 and 2 show the average length and average weight of

the clam populations at the end of the experiment in i~'ay-June, 1974.

If the "density study" and the "fast growing" populations at Rust-

op-Twist are compax'ed, one finds a significant difference between

the two Fl clam groups as far as increase in length is concerned

but this is not the case for M. campechiensis. For the latter



Figure 2. Average weight {in gm! after

13 months.

Fl = Fl cross  H. mercenaria 6 X

M. campechiensis q!;

$

N. mercenar' a;

no survivors;

weight calculated from length

data {Haskin, 1949!;

VXHS-E laboratory-reared popu-

lation;

3 = no data available.
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species, survival is significant.ly higher in the "fast growing"

population.

 " density study" populations! surpassed the growth of the popu-

lations in the five natural environments. The constant food supply,

absence of predators and the extended growing season in the mari-

culture system are probably responsible for this rapid growth.
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ABSTRACT

European oysters, Ostrea edulis Llnne, were grown from

3-mm spat to marketable adults in 13 to 16 months in a mari-

culture operation using "artificial upwelling" on St. Croix,

U.S. Virgin Islands. The shellfish were fed three species

Algal cultures, grown in 45,000-1.iter pools, were pumped con-

tinuously through the shellfish tanks; the salinity was

34.75 to 34.95 /oo and water temperature varied between 22'

and 29'C during the experiments. Larvae produced and released

by mature 0. edulis were reared through setting, but the spat

did not complete metamorphosis.

For comparison, O. edulis were grown in Salt River, a

natural inlet on St. Croix. After 82 days, mortality was 100%

in the Salt River population. The salinity range was 33.7 to

37.6 /oo and the temperature fluctuated between 25' and 32'C.

A third experiment, using O. edulis is underway and

growth of these oysters indicates that marketable adults may

be produced in 12 months.

IN T ROD UCT I ON

The European oyster, Ostrea edulis Linne, was grown in

a mariculture operation using "artificial upwelling" on St.

Croix, U.S. Virgin Islands  Baab, Hamm, Haines, Chu and Roels,

1973!. Favorable conditions � constant supply of food,



uniform salinity and absence of predators and suspended

sediments � in the managed system produced market-size oysters

in 13 to 16 months in the first experiment.

A second experiment, a comparative growth study using

O. edulis, was begun in Salt River, a natural inlet on St..

Croix, and repeated in the "artificial upwelling" mariculture

system.

A third experiment with O. edulis is underway and pre-

liminary growth results indicate that the mariculture opera-

tion may yield marketable adults in 12 months.

MATERIALS AND METHODS

In the "artificial upwelling" mariculture system, sea

water was pumped from. 870 m depth in the Caribbean Sea through

a one-mile-long pipeline into 45,000-liter pools on shore in

which unialgal cultures of planktonic diatoms � Bellerochea

2

algal cultures �0 to 10 cells ml ! were pumped continu-

ously into the shellfish tanks at metered rates. The tempera-

ture in the tanks varied between 22 and 29'C. Details of

the system are given by Baab et al. �973!.

In Salt River, a natural inlet on the North Shore of St.

Croix, the oysters were grown in trays  positioned below the

low tide mark! suspended from a dock. The water depth at the

dock was about 2 m.



Cultchless 0. edulis used in all experiments were

obtained from Pacific MaricultureJ Incsf and grown in stacked

Nestier trays  Division of Vanguard Industries, IncsJ Cincin-

nati, Ohio!. Until the spat were greater than 13 mm in dia-

meter they were held in the trays by liners made from 1/16-

inch mesh, plastic-covered fiberglass window screening. At

four-week intervals, wet weight and length  measured from

umbo to posterior margin! were determined for the populations.

RESULTS AND DISCUSSION

In April 1972, 50J000 3-mm 0. edulis spat were intro-

duced to the mariculture system. These juveniles were part

of an experiment designed to select suitable shellfish species

for the "artificial upwelling" mariculture operation. Figure 1

shows the growth of 0. edulis over a 16-month period. Total

mortality, in the first experiment, was 19%. After 13 monthsJ

the European oysters reached. 75 mm in length and their average

weight was 40.7 gm. The oysters were nearly 100 mm in length

and averaged 64.1 gm after 16 months. Bardach, Ryther and

McLarney �972! report that 0. edulis grow to market size of

75 mm in diameter or a total weight of 6S gm in four years in

France. These oysters attained "market size" diameter in

13 months and reached "market size" weight in 16 months.

In April 1973, viable larvae �20-140 m in length! were

collected with a 62-p plankton net from the tank containing

the 0. edulis. The larvae were reared in 379-liter polyethy-

lene tanks and fed the same algal diet as the adults. Water



in the tanks was changed daily and no antibiotics were added.

When the larvae began to set, cultch �. edulis shells! was

placed in the tanks. Even though the larvae set, they did

not complete me amorphosis. Possible causes of this failure

to metamorphose may be of nutritional  only diatoms were fed!,

genetic, environmental  a high temperature of 29-39'C in the

afternoon!, or infectious origin.

A second experiment, begun in October l972, was designed

to compare the growth of O. edulis  8-rnm juveniles! in a con-

trolled environment.  the "artificial upwelling" rnariculture

operation! to growth in an uncontrolled environment  Salt

River Inlet! see Table 1!. The O. edulis in the rnariculture

operation reached 75 rnm in length in l0 months; after 82 days

no 0. edulis survived in the Salt River Inlet population

 Fig. 2!. Land run-off caused by heavy rains increased the

silt content of Salt River Inlet. The oysters were covered

with l0-20 mm of silt in their trays; this was believed to

be the cause of the l00% mortality. However, fouling by

sponges and algae was heavy and predators  crabs and drills,

Murex pomurn Gaelic and Murex brevitrans Lamarck! were present.

Mortality for the batch of oysters grown in the con-

trolled environment was 81%. This increased mortality  first

experiment was 19%! can be attributed to the saturated NaCl-

dip given to this batch to remove infestations of the bryo-

zoan, Bowerbankia gracilis Leidy. The shellfish were placed

in a saturated salt solution �00 grn NaCL per liter of sea

water! immediately after they were removed from the shellfish



tanks. After one minute in the vigorously aerated salt dip,

the shellfish were air-dried for one hour. On two occasions

however, the oysters were out of water almost an hour before

the salt treatment and several days later high mortalities

occurred. The total mortality for this experimental batch was

35% if the percent mortality reported is corrected for the

deaths caused by the salt treatments.

A third experiment, using 3.2-mm spat, was begun on

August 15, 1973, to substantiate the results of previous ex-

periments on St. Croix and to compare growth in other environ-

ments � Long Island Sound, Virginia, Florida, and Salt River

Inlet. Presently, there are 0. edulis in only two of these

locations � the St. Croix mariculture system and Greenport,

Long Island. Oysters sent to the Virginia Institute of Narine

Sciences  michael Castagna, Eastern Shore Laboratory! arrived

in very poor condition and died within a week. From Florida

State Universityg R Winston Nenzel reported that the O. edulis

were in satisfactory condition on arrival but died after

being suspended in flowing sea water. After 55 days, none

of the O. edulis in the Salt River Inlet population survived.

Siltation was suspected as the cause of death in the Florida

and in the Salt River Inlet populations.

In July l974, the oysters in Greenport, New York  Paul

Chanley, Shelter Island Oyster Company! averaged 44 mm; in

June 1974, the O. edulis in the St. Croix mariculture opera-

tion averaged 69 mm in length  Fig. 3!. Marketable adults

are expected after 12 months in the mariculture operation.



Mortality so far in this experiment is 24.3%.

CONCLUSION

Each successive batch of 0, edulis grown in the St.

Croix mariculture operation attained market size in a shorter

period of time due to improved handling techniques and due

to information gained on requirements for optimization of

growth, i.e., densities, food and oxygen requirements  Fig. 4!.

Densities varied with the size of the oyster � as juveniles,

densities greater than 25/ft were acceptable; at 40-mais5

length, 15 to 16/ft , and at 75-mm length, 7 to 8/ft , Feeding

the oysters three species of diatoms on a rotating schedule

appeared to be adequate. Oxygen concentration in the shell-

fish tanks was kept at 5 ppt or greater.

The excellent growth of O. edulis in the "artificial

upwelling" mariculture system can be attributed to the con-

stant food supply, the deep water source relatively free of

particulate matter, and the extended growing season.

Planned improvements in the supply of food and manage-

ment of the oysters in the "artificial upwelling" system

should further reduce the time they require to reach market,

size.
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Figure l. Growth of the first population of Ostrea

edulis in the "artificial upwelling" mari-

culture system, St. Croix, U.S. Virgin

Islands.
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Figure 2. Growth of the second population o f Ostrea

edulis in the "artificial upwelling" rnari-

culture system compared to growth in Salt

River Inlet, St. Croix.



HZJ SAO H2d  ~~~~~ ~!! J.HBl3M



figure 3. Growth of the third population of Ostrea

edulis in the artificial upwelling" mari-

culture system.
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Figure 4. Growth of three populations of Ostrea

edulis in the "artificial upwelling"

mariculture system.
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APPENDIX VIII

THE MARICULTURZ POTENTIAL OF TAPES SZMIDECUSSATA  REEVE!

IN ST. CROIX, U.S. VIRGIN ISLANDS

Judith B. Sunderlin, Nark Brenner and Kenneth Ms Rodde

 to be submitted. as a
Short Communication to A a,

The life cycle of ~Ta es semidecussata  Reeve!, the

Japanese "little-neck" clam, was completed in the control-

led environment of the artificial upwelling mariculture

system in St. Croix, U.S. Virgin Islands. Preliminary

growth studies on a Tapes population, reared from 5-mm

juveniles to adults, and on its progeny are reported. The

adult ~Ta es were induced to spawn once and were observed

to spawn spontaneously three times in the period April

through September 1974. The larvae were reared through

setting and metamorphosis; clams from the April spawning
averaged more than 20 mm in length in mid-September. This

species has excellent mariculture potential in St. Croix.

T. semidecussata tolerates a salinity of 34.75 to 34.95 /oo
and a yearly temperature fluctuation of 22O to 30'C. As

juveniles, densities as high as 1600/ft were tolerated

and at market size  >38 mm in length! the clams were main-

tained at densities of 140-180/ft . The clams are versatile2

and can be grown in sand as well as in Nestier trays.



Feeding the juveniles and adults three species of diatoms

on a rotating schedule appeared to be adequate. Rapid

growth  market size in 7 to ll months! and good survival

�0%! were exhibited by the T. semidecussata population.

A successful molluscan mariculture operation must

provide food for a population throughout its life cycle,

produce seed reliably and control disease, predators and

parasites. The St. Croix laboratory has consistently cul-

tured a variety of algal species that can be used. by shell-

fish in all stages of development. No infectious shellfish

diseases have been discovered in the system; however, the

bryozoan, Bowerbankia gracilis  Leidy!, has been a fouling

organism on occasion, but can be controlled by keeping

clams in sand and periodically treating oysters with a

saturated NaCl solution  Sunderlin et al., l974! .

Initially, research carried out at the St. Croix labo-

ratory concentrated on selection and growth of various algal

species in "artificially upwelled," 870-m deep water. Pre-

sently, three species of diatoms, Bellerochea spinifera

Harg. and Guill., Chaetoceros cf. simplex Ostif, and Thalas-

siosira Hasle and Heim, are cultured as food for

shellfish. Baab et al.  l973! list the properties of the

deep water and the details of the mariculture system's
physical plant.

Xn conjunction with the algal growth studies, nine

species of shellfish have been screened for growth and sur-

vival. Seven species grew well anD merit more detailed



analys is of nutri tional and environmental requirements as

well as reproductive capabilities. T~a es semidecussata,

one of the seven favorable species, was first introduced

into the St. Croix system in August 1973. Twenty-seven

thousand juveniles, 5 mm in length, were obtained from

Pacific Mariculture, Inc. Clams started to attain market

size  >38 mm in length! in March 1974 and by July the entire

population averaged more than 38 mm in length and 13 g in

weight  Fig. l! . Survival for the 11-month growth period

was 60%.

During this preliminary growth study, clam densities

were also regulated. As juveniles � to 20 mm in length!,

they were grown at 1600/ft in three-inch deep sand. As

the clams reached market size, densities in the sand were

reduced to 140-180/ft2. Every four weeks, the T~a es were

removed from the sand and weighed and measured. Measure-

ments were obtained by using either the photocopying method

 Haines, 1973! or calipers. Occasionally, the clams were

placed in Nestier trays  Division of Vanguard Industries,

Inc., Cincinnati, Ohio! rather than in sand and growth rates

did not appear to change.

In April 1974, the population of T. semidecussata

spawned spontaneously and the larvae from this batch were

reared. By mid-September 1974, the juveniles were larger
than 20 mm in length.

In May l974, adult clams were induced to spawn using

the following method: approximately 100 T~a es were removed
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from water of 23'C and placed in a dry bucket and covered

with moist paper towels. The bucket was placed in the

shade  air temperature, 304C!. After four hours, the

clams were placed in two 10-gallon containers of 21.74C

deep water. One hour later, stripped gonad suspension was

added and within 40 minutes the clams began to spawn. The

larvae were reared in a 100-gallon polyethylene container

nana, and one undetermined cryptophyto flagellate  clone

S-l, isolated by Dr. R.R.L. Guillard from the Sargasso Sea!.

Vet Strep �5% solution, Nerck and Co., Rahway, N.J.! was

added to the standing larval culture at a concentration of

0.2 ml/1  N. Castagna, personal communication! to reduce

bacterial infection. The water in the larval cultures was

filtered every two days and the temperature varied between

22' and 29'C. Setting occurred in l5 to 20 days when the

larvae were 250 to 300 p in size.

Xn August and September 1974, two additional spontaneous

spawnings took place and the larvae were successfully reared

in a similar manner. Table 1 compares all four populations
of 7~a es semidecussata grown in the St. Croix system.

These encouraging results suggest that with continued

research on improving algal diets and hatchery techniques,

T. semidecussata would he well suited for large-scale mari-
culture.
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Figure 1. T~a es semidecussata: growth trends

 length and weight! in the St. Croix

"Artificial Upwelling" mariculture

system.







APPENDlX IX

TEST OF A METHOD FOR ELIMINATING HYDROGEN SULFIDE

PRODUCTION IN SAND SUBSTRATE FOR CLAM CULTURE

Kenneth M. Rodde

Nestier trays lined with a polyvinyl screening/fiber-

glass layer composite, porous to water movement, containing

sand and burrowing clams  T~a es semidecussata! were sus-

pended in a continuous flow culture flume along with plastic"

lined control trays which would not permit, water flow

through the liner. After one month of monitoring 02 and

pH in the sand, relative rates of increasing pH values and

decreasing 02 values were similar for both groups of trays,

although experimental tray measurements were higher. Visible

indications of H2S production became apparent at the time

the screening/fiberglass became clogged by fou ling organisms.

Thus, while the technique appears to have good potential

for practical application, a duplicate experiment, using

finer-mesh screening while avoiding clogging of the mesh,

is deemed necessary for more definitive data.

H2S Experiment

In the process of rearing clams, it is sometimes desi-

rable to use sand as a burrowing substrate to reduce the

attachment of fouling organisms to the shells as well as to



provide a more "natural" environment for the animals. The

latter point is often translated into increased growth rates

of the cultured clams  Baab et al., 1972!. One disadvantage

in using sand, however, is an occasional accumulation of

residual algae and. fecal material which, when decomposed,

produces anoxic sediment conditions and allows sulfur-reducing

bacteria to manufacture H2S. Oxygen-starved sediment is

unpleasant to handle during growth studies and, more impor-

tantly, seems to be related to increased clam mortality. In

addition, a considerable amount of time is required to main-

tain the substrate in a reasonable state of cleanliness'

j:n an attempt to reduce or eliminate the H2S production

and better-utilize time devoted to maintenance, a prelimi-

nary study of the problem was begun on September 19, 1974.

The rationale of the investigation involved a suspended sub-

strate concept, in which two surfaces of sediment per tray

are simultaneously exposed to the water flow. Water passing

above and beneath the substrate should percolate through

the sand in a manner designed to prevent oxygen starvation

and subsequent H2S production.

Three Nestier trays were lined with solid plastic

sheeting and three with polyvinyl screen/fiberglass/polyvinyl

screen composite layers. Approximately two inches of sand

was added to each tray and the trays were placed in a 12-ft

flume. Both surfaces of the screened trays were exposed to

a water layer of two inches, at a flow rate of 40 ml/sec.



The clams were then put into the trays and allowed to

burrow. The system was left to equilibrate for two

weeks  i.e., sand shifting from water flow, aeration lines

and animal movement!, and pH and oxygen measurements began

in October. The mean values of screened trays and plastic-

bottom control trays are given in Figure le

Essentially, the screened trays rose in pH and dropped

in 02 at the same relative rates as the controls, but main-

tained higher values through the fourth week of measure-

ments. At this point, it is believed that the fiberglass

layer, inserted to trap the smaller sand particles, became

fouled with organic matter and was impervious to water flow.

Oxygen and pH values then were essentially the same since

only the surface substrate layer of all trays was subjected

to moving water.

An anomaly of the system was noted in measured. values

from the inflow to outflow ends of the flume. Regardless

of tray type, organic debris and diet algae tended to

settle in the first two trays at the inflow end. The sand

was most discolored in the first tray while the last tray,

which was expected to contain an abundance of fecal matter

and other debris, was clean by comparison.

Hydrogen sulfide production was not visible  that is,

the sand was not discolored! until the fourth week of

measurements, about the time the fiberglass became fouled.

Therefore, for more definitive data, a replicate study



using a finer-mesh screen would seem appropriate. The

basic principles of this study, however, from the present

data, suggest good applicability in juvenile clam culture.

References

Baab, J.S., G.L. Hamm, K.C. Haines, A. Chu and. O.A. Roels,

l972. Shellfish mariculture in an artificial upwelling

system. Proc. Nat. Shellfish. Assn. 63:63-67.



Figure 1. Change in pH and dissolved oxygen concentration

of sediments in trays containing clams in sand.

The dashed lines are for the screened-bottom

trays; the solid lines for the solid-bottom

trays. The plotted values are the means of the

samples from three trays; the bars show the

range of values obtained.
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APPENDIX X

COMPARISON OF FRESH AND SALT WATER

MUSSEL MEALS AS A REPLACEMENT OF

FISH MEAL IN BROILER FEEDS

by

R.J. Gregoire, G.J. Brisson and O.A. Roels

Centre de Recherches en Nutrition
UNIVERSITE LAVAL

November 1974



ABSTRACT

Day-o' ld male broi1er chickens were fed isocaloric �000

kcal t1. E. /kq! and i soni troqenous rations �2. 0~ pro tein = N x

6.25! durinq a 24-day period to comoare the value of meals

from fresh and salt water {Mytilus edulis! mussels to a

control based on fi sh meal . The overal 1 performance of'

these groups was also compared to a group fed a chick starter

commercial ration containinq 22"� protein. The diets with

fresh or salt water mussel meal were not toxic nor did they
1

cause mortali ty. However, al touah feed intake did not di ffer

appreciably amonq groups, there were considerable variations

in weight qain and feed conversion. The weiqht qain of the

groups fed the commercial diet and the diet based on sal t

water mussels was markedly higher {p<0.01! than that of the

qroups fed the control diet and the ration based on fresh

water mussels. The body weioht of birds at 24 days of aqe

was 720 + 19 q, 713 + 18 g, 633 + 16.2 n, and 630 + 16.2 q for

the group fed the commercial, the salt water mussel, the

fresh water mussel and the fish meal diets, respectively.

Feed efficiency for the 24-day period was also hiqher for

the commercial diet and the ration based on salt water

mussels. Feed intake/weiqht nain ratios were 1.66 and 1.62

with the commercial diet and the salt water mussel diet, respec-

tively, compared to 1.81 with the contro'l ration and 1..90 with the



2.

fresh water mussel ration. The better orowth of the chicks on

the salt water mussel diet is probably due to its lysine content

�2.19~ of total amino acids! compared to 8.32"� for fresh

water musseIs. Overall results suggest that salt water mussel

meal can advantaoeously replace a similar amount of fish

meal protein. However, the feedina value of' fresh water mussel

meal appears slightly inferior to that of fish meaI, particularly

for chickens of 0-16 days of aae.
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RESUNE

Des poul ets 5 qr il]er males, nouvel 1 ement dc]os ont Otal

a]imentbs pendant 24 jours de rations isocaloriques �000

kca] E.N./kg! et isoazotks �2%%u, N x 6.2S! dans le but de

comparer la valeur alimentaire de regimes contenant de la

Sanine de moo les d 'eau douce ou d 'eau sal ee ~ I1 ti 1 us edul is�!

celle d'un rdaime t>moin contenant de la farine de poisson-

Le taux de croissance et 1'efficacit6 alimentaire des poulets

recevant ces trois rdgimes ont ega]ement ate compares 5 ceux

d'un groupe recevant un rWqime commercial de debut pour

poulet 5 ari]ler contenant 22K de proteines. Aucune mortalite

ni symptome de toxicite ont et' observes chez les poulets

alimentes des regimes contenant la farine de moules d' eau

douce ou d' eau sa]Qe. Cependant, bien que la prise a]imentaire

ne differait pas d'une fanon sensib]e entre ]es groupes, des

differences appr6ciables ont ate not6es dans le poids vif,

le gain de poids et ]'efficacit6 alimentaire des divers

qroupes. Le poids vif et le qain de poids des troupes a]iment6s

du r6aime commercial et du romaine contenant la fairne de

moules d' eau sa]6e ont etc superieurs d'une fanon trhs

siqnificative  p~O.O]! a ceux des Oroupes alimentes du

r6gime temoin au de ]a ration contenant la farine de moules

d' eau douce. Par exemple, les poids vifs  g! des 'oiseaux a

1'age de 24 jours etaient respectivement 720 + 19 g, 733 + l8 pa

633 + 16.2 g et 630 + 16.2 g pour le groupe recevant le regime
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commercial, le regime a base de farine de moules d' eau

sal6e, le regime 5 base de farine de moules d' eau douce et

le regime t6moin a base de farine de poisson. 0'autre part,

1'efficacitd alimentaire pour la p5riode experimentale de 24

jours 5tait regalement sup5rieure pour Ie regime commercial

et la ration contenant la farine de moules d' eau salde. Les

rapports consommation alimentaire/gain de poids 6taient
r

respectivement 1.66 et 1.62 avec le regime commercial et le

regime 5 base de moules d' eau salPe alors que ce rapport etait de

1.81 avec le regime t6moin et 1.90 avec le regime a base de

moules d' eau douce. Le pourcentage dlevk de lysine �2.195!

dans les moules d' eau salee en comparaison avec celui  8.12!

des moules d' eau douce pourrait expliquer la meilleure croissance

et 1'efficacit5 alimentaire 6lev6e des poulets alimentes du

regime 8 base de moules d' eau salle. L'ensembte des resultats

sugghre que la farine des moules d' eau salee peut remplacer

avantageusement une quantity similaire de protdines provehant

de la farine de poisson. Il semble cependant que la valeur

alimentaire de la farine de moules d' eau douce soit ldgkrement

inf8rieure a cel1e de la farine de poisson, particulikrement chez

les poulets ages de 0 a 16 jours.
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INTRODUCTION

Several biological systems to recycl e nitrogenous corn-

pouncls from waste eater as a pass ibl e source of protein are

presently under study. Aquaculture systems using mussels

have been developed by Ryther �968! and Roels �970! in the

econdary effluents from waste water treatment

r, the economic feasibility of these systems

U.S.A. to use s

plants. Howeve

depends on the potential use of molluscs in animal feeds.

The nutritive value of salt water mussel was determined

earlier in diets for rats  De Siqueira et a'J., 1954; Larralde

et al., 1965!, mink  Juzovicky and Zajcev, l968! and pigs

 Zambriborsc, 1956; Bondarev, 1964!. Burlacu et al �968!

Cynnaea L!studied the value of fresh water mussels

in hen feeds. The results of these studies show that fresh

water and salt water mvssels are a valuable protein supplement.

To establish the economic value of these new products,

their nutritive value must be compared to that of the protein

concentrates presently used in feed formulae. Furthermore,

the toxicity of the shell fish and the accumulation of heavy

metals such as cadmium, mercury, copper and zinc, must also

be considered since molluscs tend to accumulate metals

 Chipman et a1., 1958; Kopfler and Nayer, 1969; Schuster and

Pringle, 1969; Kerfood and Jacobs, 1973!.
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This paper reports the results of a study comparing the

yalue of meal from fresh water and salt water mussels to that

of fishmeal in a diet for broiler chicks. The purpose of this

trial was also.to check out if mussels picked up from polluted

water could be toxic or represent a potential health hazard

owing to the accumulation of some metals of any toxic materials.
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MATERIALS AND HETHOOS

A! Sampl ing sites

Th 1t t . 1 ~ tN 1 1 ! d

feeding experiment were collected in the spring of l974 in

Powell's cove  in the East River, New York City} within a

few yards of the outfall of the Tallmans Island Pollution

Control plant.

The fresh water mussels were collected in Quebec in the

fall of 1973. The species proportions were as following:

Anodonta cataracta, 357, Lampsilis radiata, 33K,

ventricosa, 20% 12%. 80K of the mussels

were collected from an eutrophic lake, lake StPaul, near

Three-Rivers. The rest of the brussels were collected near

the shore of the Saint-lawrence River, at St-Valliers, a

upstream, Quebec, Three-Rivers and Hontreal, discharge all

their sewage raw into the river.

The mussels were frozen at -10oC a few hours after

their collection and later freeze-dried. After drying, the

shell s vIere removed and the meat was ground with a l<iley

Hill using a 40 mesh screen.

small town 30 miles north-east of Quebec city. The river at

that ooint is quite polluted since three big cities, situated
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b! Composition of the diets

The rations were i sonitrogenous �2.0% protein = N x 6.25!

and isocaloric  M.E.!. Table 1 shows the composition of the

control diet based on fishmeal and the two diets in which the

fish meal protein was replaced by an equivalent quantity of

protein from meal of fresh or salt water mussels. The nutritive

value of these three was al so compared to that of a commercial

chick starter diet from the Ra] ston-Purina Company, containing 22K

protein. Hetabolizable energy  M.E.! of the three experimental

rations was adjusted to 3000 kcal/kg by varying the proportion

of tallow and cellulose. However, the proportion of the other

ingredients such as corn, soybean mea1, meat meal, feather zeal

and alfalfa zeal remained constant in all diets. The composition

of the vitamin and mineral premix used in the three experimental

diets is shown in Table 2.

c! Experimental design, management and housing

Day-old male Hubbard broiler chickens used in the present

study were obtained from a local hatchery and assigned to 4

different groups in random ashion. A total of 42 birds

were used in this trial. There were three groups of 12

chickens each for the control group and the groups fed the

commercial and the salt water mussel diets. However, there

were only 7 birds in the group fed the fresh water mussel diet

since only a sza11 quantity of that meal was avai1able.
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During the 24 days of the experiment, the birds were

housed in four metallic rearing cages �'1 cm x 81 cm x 28 cm!

with screened floor mounted on the same framing. The temperature

of the cages was thermostatically controlled and kept at

30 C during the first week of the experiment. It was 'lowered

by 3 C per week until a temperature of 22 C was reached.

Individual body weight of the birds was recorded on the first day
V

and after 8, 16, and 24 days. Mater and feed was provided

"ad 1 ibi turn" but feed intake for each group was recorded for

the three experimental periods. Thi s made it possib'l e to

determine periodical or cumulative feed conversion for each

group of chicks.

c! Chemical analyses

The percentage of protein  N x 6.26! in the fresh and

salt water mussels was determined by the micro-kjeldahl method

 A.Q.A.C., 1970!. The amino acid composition of these samples

was determined using a Technicon TSM amino acid autoanalyzer

equipped with an Autolab integrator. Elution time on the

basic column was 22 minutes and 48 minutes on the acidic

column. The samples were hydrolyzed before amino acid

analysis in S00 ml mason jars, using 200 mg of sample and

100 ml of 6N HCL. After flushing the jars with nitrogen,

they were sealed and kept For 22 hours at 105 C. Following

hydrolysis, the HCL was evaporated in a rotary vacuum evaporator

and the samp1e was diluted with buffer at pB 2.0.



d! Statistical analyses

the analyses of variance and the comparison among groups were

calculated with an IBM computer using Duncan's program. Data

Access to the library waswere entered by the APL system.

given by typing !COPY 307 RAYON 2 DUNCAN.

No statistical analysis was done on feed conversion because

feed intake was recorded only for the groups. In the case of

body weight and weight gain, the mean, standard error of the mean,
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RESULTS AND DISCUSSION

a! Health of the chi cks

The health of the birds fed the fresh or salt water mussels

did not di f fer appreciably from those fed the control and

commercial diets. Neither mortality, nor symptoms oi toxicity,

such as convulsions, ataxy, anorexia, plumage abnormalities,

diarrhea, etc, were observed. Rate of qrowth was also

satisfactory with all groups as indicated by the relatively high

body weiqht of chickens at 24 days of age. Body weights, at

that aqe ranqed from 633.7 + 16.2 q to 720.1 + 19.3 g which

compare advantageously with body weight of 4-week-old chickens

fed corn and wheat rations  Gardiner, 1973!.

b! Body weight and weight gain

There were significant differences in body weight and

weight gain  Table 3! between the different groups  P<0.05

to P<0.01! at the weighing periods. On the 8th day, the

chicks fed the commercial and salt water mussel diet showed

higher body weight and better weight. gain than those fed the

fresh water mussel diet. The body »eiqht and the weight

gain of the birds fed the control diet did not differ from

that obtained with the salt water mussel diet.



12.

On the 16th day, body weight and cumulative weight gain of

chickens fed the commercial ration and the salt water mussel

ration viere similar but higher �~0.01! than that of the

birds fed fish meal or fresh water musse1 rations. However,

although the body weight and the weight gain of the chickens

fed the fish meal ration were significantly  p<0.05! higher

than that of chickens fed the fresh water mussel ration, the

difference was not significant. On the 24th day, the body

weiqht and weight aain of the different groups showed the

same pattern as that obtained at 8 and 16 days of age. The

cumulative weight gain of chicks fed the commercial and the

salt water mussel diets was 676.9 + 19.4 g and 668.7 + 18.1 g,

respectively as compared to 589.3 + 16.1 g, and 585.8 + 16.2 g

with chicks fed the fresh water mussel and the fish meal

diets, It appears therefore that the commercia1 diet and

the salt water mussel diet produced a better overall rate of

growth than fish meal and fresh water mussels diets.

The weight gain of the chicks fed the salt water mussel

diet was close to that of the chicks fed the commercial diet

for each 8-day period, i.e. 0-8, 8-16 and 16-24 days of age.

Similarly, the weight gain af the chicks fed tne control

diet was significantly  p<0.05 to 2<0.01! lower after each

of these periods than for those fed the commerciat or the

salt water diets. It is interesting to note that the rate

of gain of the birds fed fresh water mussels increased with
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the age of animal. In fact, during the 18-24 day period,

the weight qain of the grouo fed the fresh water mussels was

not significantly different from that of chicks fed the

cpmmerci al or the sa't t water di et. The weiqht qain observed

durinq that period was 320.7 + 9.8 g, 317.6 + 13.7 g, 309.6

+ 8.4 g and 277.4 + 10.4 g for the qroups fed the salt water

mussel, the commerci al, the fresh water mussel and the fi sh
r

meal rations, respective'Iy. Thus, the lower cumulative

weight qain of the chicks fed the fresh water mussel or the

commercial diets was due to a depressed growth rate during

the 0-8 day period.

c! Feed consumption and feed efficiency

Feed consumption for the 24-day period did not vary

appreciably among groups  Table 4!. However, during the

initial oeriod �-8 days!, feed intake tended to be lower .

for the group +ed the fresh water mussel ration than for the

qroups fed the other diets. In contrast, durinq the 8-16

days period, the feed intake was the highest for the group

fed the fresh water mussels. It is possible taht the taste

of the fresh water mussel diet depressed feed consumption

during the initial period. The feed intake of the group fed

the fresh water mussels improved rapidly, once the b~rds

used to the diet.



The resul ts on cumulati ve feed conversion  Table 4!

indicate that the salt water mussel and the commercial diets

had a better feed efficiency than the fresh water mussel and

the fishmeal rations. For example, feed conversion for the

entire experimental period �-24 days! was 1.62 and 1.66 for

chicks fed the salt water mussel and the commercial rations

respectively, compared to 1.81 and 1.90 for those fed the

fish meal and the fresh water mussel rations. Feed efficiency

also varied within and amonq periods  Table 4!. After only

8 days of trial, the superiority of the feed conversion of

the commercial and the salt water musse'l diets was obvious.

For this period feed consumption / weight qain ratios were

on'}y 1.30 and 1.35 for the birds fed the commmercial and the

salt water mussel diets, compared to 1.53 and 1.55 for those

fed the fresh water mussels and the fish meal rations.

During the two following periods  8-16 and 16-24 days} a

qradual decrease in feed efficiency was observed for all the

rations. Averaqe feed conversion ranqed 1.43, 1.58 and 1.91

for the 0-8, 8-16 and 16-24 day periods, respectively.

Nevertheless, the feed efficiency of the commercial and the

salt water rations remained superior throughout the experIment

when compared to fish meal or the fresh water mussel rations.

Durinq the 16-24 day period, the feed efficiency of the salt water
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mussel diet was markedly hiqher than that of all the other

diets. Furthermore, the feed efficiency of the fresh water

mussel diet which was lower than for the fish meal diet

became superior during the 16-24 day period. It appears

therefore that the lower overall feed conversion �.90! of

the fresh water mussel diet, when compared to the fish meal

�.81!, was due to the depressed feed efficiency of the

fresh water mussel diet during the 8-16 days period.

Data on the amino acid composition  Table 5! of meals

from salt water or fresh water mussels reveal that the

protein from salt water mussels contained a smal'ter proportion

of several amino acids such as cystine, phenylatanine,

proline, threonine and tyrosine than fresh water mussel but

had a greater proportion of arginine, qlycine, histidine,

lysine and methionine. The high level of lysine �2.195 on

the basis of the protein content! in salt water mussel could

have been responsible for the overall superior performance

of chicks fed this diet. According to the National Research

Council �971!, the lysine requirement for broiler chicks is

particularly high �.25/ of the diet!.

Our work confirms that both salt and fresh water

mussel meal can be a valuable protein supplement. Our

results show that salt water mussels can advantaqeously
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replace fi sh meal in broilers chick rations. The fresh

water mussel diet was only sliqht1y inferior to the fish

meal ration. There was no indication that salt water or fresh

water mussels were toxic for the animals.
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Amounts  lbs!Ingredients

Coban �10 g/ton!

Vitamin A �0,000 I.U./g!

3.0

1. 29

Vitamin 0> �,500 I.U./g!

Vitamin E �25,000 I.U./g!

1.32

0. 36

Menadione  vit. K3!  premix 4'A!

Ascorbic acid

0. 42

0. 30

Vitamin 8 �00 mq/lb!

Calcium pantothenate  80g/lb! 0.42

Folic acid �.3$!

Naqnesium and potassium sulfate

0. 81

13.80

Niacin  98'!

Pyridoxine � l!

Riboflavin �8Ã!

Santoquin �01!

Selenium �.02/!

Thiamine �%!

Trace mineral premix-

0. 24

0.60

0.96

1.08

3.00

0.60

3. 30

31. 71TOTAL:

' Composition: 18.5~ Ca  calcium carbonate!, 0.30K
 calcium iodate!, 17.5ll tin  manganese sulfate and

manqanese oxide!, 12.95K Zn  zinc oxide!, 1.25'!
Cu  copper sulfate!.

Table 2. Composition of the vitamin and mineral premix



Table 3. Body weiqht and periodical and cumulative weight qain of chicks fed
the various diets

Experimental period  days!

Type of
diet

Pa ameter

Body weiqht Commercial
 chick starter

 g! Ral stan-Purina !

43.2+0 7'
a,A

170. 7+2.8 402. 5+7.6 720.1+19,3
a,A a,A 'aA

Control  fish
mea]!

44.7+0.6

a,A
153.6+3 8

b,B
353.0-+7.2

b,B
630.4-16.2

b,B

Salt water
mussel

44.]+0. 9

a,A
163. 6'-4. 7

ab, AB
392.1+9. 6

a,A
712.8+18. 2

a,A

44.4+-1.2'
a,A

Fresh water
mussel

] 27. 0+4.0
c,C

324.1-+9.0

c,B
633. 7+16, 2

b,B

Peri odi ca 1 Commerc i a1
weiqht qain  Chick starter

Ralston-Purina!
{g!

Control  fish
meal!

7 5+2 9 231 8+5 4 317 6+13
a,A a,A a,A

108.9+3.9
b,B

277. 4 � +10. 4

b,A
199.4+7.1

b,B

Salt water
mussel  H ti-
lus edulis

119.5-+4.3

a,AB
228.5+6.6

a,A

320.7+9.8

a,A

Fresh water mus-
se]

81 "+4 1

c, C'
198 0+5,2 309 6+8.4

b,B ab,A

Cumu]ative Commercia I

weight qain  Chick starter
Ral ston-Purina!

127 5+2 9 359 3+7 6 679 g+'9 4
a,A a,A a,A

585. 8+1 6. 2

b,B

Control {fish
mea1!

108.9:3.9

b,B
308. 3-7.1

b,B

Salt water mus-
sel

119.5+4.3

a,AB

348. 0+9. 4

a,A

668. 7+1 8.1
a,A'

Fresh water mus-
sel

81.7+4.1

a,C
279. 7+9. 0

a,B
589.3+16 1

b,B

Hean + standard error of the mean for 12 chicks.
Values for a given parameter in the same column hearing similar ]ower case letters,
are not significant]y different at P<0.05.
Those bearing simi1ar capital letters are not significantly different at P%.01.
Yean ~standard error of the mean fo 7

or chicks.



Experimenta 1 period
 day intervals!

Periodical resultsType of
diet

Parameter Cumulative results

0-8 8-16 16-24 0-8 0-16 0-24

165.3 512.7 1120.3Commercial
 Chick star-
ter Ralston-

Purina!

Feed consump- 165.3 347. 3 607.7
tion  g!

Weight gain  g! 127.5 23I.8 317.6 676.9127.5 359.3

Feed effi-
ciency

1. 30 1. 50 1. 91 1. 30 1.43

Control
 fish meal!

169.0 331.3 557.5Feed con-

sumption  g!
169.0 500.3 1057.8

Weiqht qain
 g!

108.9 199.4 277.4 108.9 308.3 585.7

Feed effici-

ci ency
1.55 1. 66 1. 812.01 1.55 1.62

160.9 512.5 1081.8Salt water Feed consump- 160.9 351.6 569.3
mussel ~M - tion  g!
tilus edulis!.

Weight
gain  g!

119 ' 5 228.5 320.7 119. 5 348. 0 668.7

Feed effi-
ci ency

1.35 1.54 1.35 1.47 1.621.78

Fresh water
mussel Feed consump- 125.4 396.7

tion  g!
125.4 522.1 1122.0599.9

'Height gain  g! 81.7 198.0 309.6 81.7 279.7 589.3

Feed efficiency 1.53 2.00 1. 901. 94 1.53 1.87

' Feed efficiency = feed consumption/weight gain.

Table 4. Average feed consumption, weight gain and feed efficiency'of chickens
fed the various diets



Amino acids p! 16 gN

Amino acids Fresh water mussel Salt water mussel
~M titus edulis!

A1 anine

Arginine

Aspartic acid

Cystine

Glutamic acid

Glycine

Histidine

Isol euci ne

Leucine

Lysine

Hethionine

Phenyla lanine

Proline

Serine

Threonine

Tyrosine

Valine

N x 6.25

4.84 4.52

7.29 12.17

8.65 8.17

1.10 0.0

11.02 11.46

5.04 7.13

2.39 4.01

3.86 4.32

6.66 6.14

8.12 12.19

2.32 2.77

3.203.67

5.37 3.33

4.31 4.52

4.24 3. 44

2.763. 63

3.98 3.17

43.25 67.80

I

Table 5. Amino acid compostion of fresh and salt water mussels
used in the rations
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