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Four other species of diatoms which can grow in unsupplemented

deep water for prolonged periods of time in the laboratory are now

ready for testing in the 45,000-liter outdoor pools.

Twenty 2000-liter concrete tanks  called "reactors"! have been

installed at our beach facility and provided with deep-water supply.

These reactors enable us to experiment simultaneously with twenty-two

different species of phytoplankton  two species in the two

45,000-liter pools, and twenty in the twenty reactors!, so that we can

produce a large variety of diets for experimental feeding of shellfish

by feeding these twenty-two algal species singly or in any combination.

Our new experimental shellfish laboratory on the beach was com-

pleted and put to good user this building houses our shellfish hatchery,

our experimental shellfish area, and has space reserved for the instal-

lation of the shellfish pilot plant in l976.

Tha hatchery is in operation, and ~ra es semidecussata, Crassostrea

cLiiaass, and its Kumamoto variety, are being spawned regularly. Nutri-

tional experiments on the larvae of these species are underway, to

improve survival and shorten the period of the larval stage. The

hatchery supplies us regularly with the necessary animals for experi-

mentation in the experimental shellfish area, in our Open-Bay rnaricul-

ture project and in our Open-Sea mariculture project. Tt provides us

with the facilities for genetic improvement of our animals.

The experimental shellfish area has been completed and provides

facilities for 240 simultaneous quantitative experiments on shellfish.

Xn a first series of experiments, seven different diets were tried in

feeding studies with juvenile ~ra es semidecussata produced in our

hatchery. Xt was found that a mixture of chaetocerae curvisetus

 STX-167! and S-l  a phytoflagellate isolated from the Sargasso Sea!



provided the best diet for this clam. In a subsequent experiment, it

was found that T. semidecussata fed on the STX-l67 + S-l mixture

achieved a conversion of plant protein which is more efficient than any

other known conversion efficiency of plant-protein to animal-protein.

The efficiency of conversion of phytoplankton-protein to animal-protein

by T. semidecussata fed on this diet varied  depending on animal density,

flow-rate, etc.! from 30 to 45%. This should be compared with the

best known conversion of plant-protein to animal-protein in conventional

agriculture which is achieved by the lactating cow and amounts to 3L%.

Ne believe that slower flow-rates and higher shellfish densities may

further increase this plant-protein to animal-protein conversion effi-

ciency. The efficiency of conversion of deep-water nitrate-nitrogen

into algal protein-nitrogen for this particular experiment varied from

6O to 66m.

A carrageenan-producing seaweed, H~inea musciformis, cultured in

the effluent from a shellfish tank, grew about five times faster than in

unaltered deep water, and about three times faster than in surface

water. The carrageenan yield of H. musciformis grown in this way was

excellent and its gelling properties were very good. This seaweed

grows very rapidly, thereby competing very successfully for the nutrients

in the shellfish tank, effectively outgrowing any other organisms, so

that epiphytes did not appear to be a problem in this culture. If the

small-scale results obtained in our St. Croix system are applicable to

large-scale production, this seaweed could greatly contribute to

cleaning-up the effluent from the shellfish mariculture operation and

contribute significantly to the economic success of a commercial mari-

culture operation.



The Japanese pearl oyster, Fi»ctada mertensi, was introduced in

our system in Narcn 1975 and has grown at extraordinarily rapid rates

with negligible mortality. If thi . growth rate continues, the

animals will be ready for pearl-seed

than in their native habitat.

insertion considerably faster

With Crassostrea gigas spat produced in our hatchery, and with

the natural set of Crassostrea excellent growth has been

cultures. She is writing her doctoral dissertation now, and pre-

paring four publications.

Mr. Gaston Picard has completed his experimental work for the

doctoral dissertation on nitrate uptake and assimilation by Chaeto-

oeros ~sim les  srx-105! and is writing his dissertation.

obtained on experimental rafts moored in Salt River, an inlet on the

North Shore of St. Croix. We have acquired a new facility there

 three-and-one-half acres, including a marina and a trailer house for

one of our staff members! which will be used to optimize @pen-bay mari-

culture of oysters and clams, using spat produced in our hatchery.

The facility will also be used for the training of Virgin Islands'

fishermen in raft-culture techniques.

Kiss Nary Farmer has completed her experimental work for the

doctoral dissertation on the influence of light and turnover rates on

the growth of Chaetoceros curvisetus  STX-L67! in outdoor continuous
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Adler, Dr. A.D.F. Toy and Dr. Chifa F. Lin  Stauffer Chemical Co.!.



L.3 Facilities

The St. Croix Station occupies all of the buildings  with

the exception cf the old windmill! on the Estate Rust-op-Twist, located

on the North Shore about three miles west of Baron Bluff. We now have

seven dwelling units and a cottage for the use of visiting scientists

and permanent staff. The station housing is occupied by thirteen

people, ten of whom are employees.

The laboratory area of approximately half an acre is about L400 ft

back from the shore. On the lower floor of the renovated main building

are the Laboratory, including a dust-free culture transfer room, business

office, kitchen and storeroom, comprising approximately 1,200 sq.ft. A

separate area on the ground floor which was our autoclave room and stor-

age area, has been renovated and air-conditioned and is now the office

and laboratory for the resident Chief Scientist. On the smaller second

floor are two apartments for resident scientists. In a 582 sq.ft. section

of the warehouse are two diesel-powered emergency generators, a work-

shop, tool and spare-parts storage.

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

the mariculture complex which includes:  a! the onshore terminus 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-gallon priming tank, two graphite vane pumps to supply aeration,

and a recording device  Epp3.ey pyranometer! for continuous readout of

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

feeding and. growth experiments;  d! deep-water constant head device for

constant pressure in the entire deep-water distribution system;  e! two

12,000 � gallon capacity concrete pools for algal culture as food for



shellfish;  f! ten 550-gallon elevated tanks  " reactors" ! mounted on

a separate structure to the west of the hatchery/wet lab. Six of

these can receive shallow water or deep water; the balance receive

deep water only. Both water supply lines have constant-head devices;

 g! a shallow-water system consisting of a flexible impeller electric

pump and a pipeline of l-l/2" polyethylene pipe protected by a 2-1/2"

galvanized steel pipe clamped to steel bars driven into the bottom;

 h! six 200-gallon polyethylene tanks, four of which are used for algal

culture in our continuous food-production system; two are used for

experimentation;  i! four 200-gallon wood-and-fiberglas tanks in which

our prime populations of shellfish. are housed;  j! two 150-gallon

polyethylene tanks for experimental use;  k! four 200-gallon wood-and-

fiberglas tanks for miscellaneous uses; �! ten additional 550-gallon

elevated tanks  "reactors"} for comparative algal growth studies;  m!

submersible pumps to move the a!gae-rich water from the large pools to

the shellfish tanks;  n! assorted tanks, wood-and-fiberglas or PVC,

used in the lobster and seaweed programs;  o! one shipping container

for storage of tools and supplies for the beach and pipeline work;  p!

a cottage which is the residence of the junior mariculture technician.

The facilities at the Biological Oceanography department at our

Palisades, N.Y. home base have been described in detail in earlier

reports and proposals.

1.4 Allied Pro ects at the St. Croix Station

The research facilities, equipment and staff at our St. Croix sta-

tion form a unique center for research in aquaculture. In the past year

we have undertaken three other research projects with closely related.

goals. The first of these �.4.1! is a project funded by the U.S. Virgin

Islands Government from non-federal sources. The objectives of this



project were formally incorporated into those of our Sea Grant-funded

Artificial Upwelling project by contract modification in July 197S.

1.4.1 en-Ba Mariculture

The objectives of this proposed four-year project are

to demonstrate the practical and economic feasibility  on a pilot scale!

of oyster mariculture in natural open bays in the O.S. Virgin Islands

and to expand the project into a viable, self-supporting oyster fi -hery

for local fishermen. During the first year  Phase I! we have concen-

trated on testing the technical feasibility of open-bay oyster mar'�

culture, using seed oysters and clams produced in our hatchery. If the

results of Phase I are favorable, Phase II will be devoted to training

local fishermen in successful methods of oyster mariculture, in collabo-

ration with appropriate agencies of the Virgin Islands government. If

the results of Phase I are not encouraging, attempts will be made to

re-stock open bays in the Virgin Islands with hatchery-reared juvenile

shellfish. The implementation of Phases IXI and IV  provision of seed

to local fishermen; technical advice to trained fishermen! are predicated

on the success of Phases I and II, and could lead to the development of

a new fishery on the three islands, thus providing new employment oppor-

tunities and training for Virgin Islanders  see Appendix A for details!.

l.4.2 Clam A aculture in Wastewater

The Virgin Islands Agricultural Experiment Station of

the College of the Virgin Islands funded this project which seeks to

establish an aquaculture system based on the nutrients in secondarily

treated wastewater from the St. Croix Wastewater Reclamation Plant. The

first year was devoted to algal species' isolation and maintenance of

continuous outdoor cultures. Preliminary experiments showed that maxi-

mum productivity was obtained with a retention time of five days. In
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the second year of this project the algae produced will be fed to

brackish-water and freshwater clams under various conditions of stocking

densities, substrates, and food supply. Optimum harvest time will be

determined and the meat produced will be tested as a protein source in

feeding studies with young chickens.

1.4.3 Open-Sea Kariculture

Xn early January 1975 we received a grant from the

Energy Research K Development Administration  ERDA! to begin work on a

study of the technical and economic feasib'lity of utilizing sea-

thermal power-plant effluent for mariculture purposes in the open sea.

Water upwelled by these proposed power plants, or by any other system

which draws deep water up to the surface, will be rich in nutrients.

we are determining the fate of deep-sea water discharged at the surface,

its mixing rate with surface water and vertical and horizontal migra-

tion of the resulting mixture, and its nutrient concentration. We are

working on the selection of a phytoplankton species best-suited for this

"open-sea" mariculture in function of growth rate in different mixtures

of deep and surface water, efficiency of nutrient utilization and nutri-

tional value for a second trophic level. Various species of shellfish

are being tested for growth in raft and cage cultures suspended in the

open sea. Xnitial, on-shore experiments indicate that a mixture of 70%

deep water and 30% surface water is optimal for producing algal blooms

which sustain rapid growth of T~a ss samidacussata.

lw5 Internshi s in agriculture

From June 1 through August 8, 1975, two college juniors par-

ticipated in the internship-in-mariculture program at the St. Croix

station. This program was established in cooperation with the Biology

Department of Hooch college, Frederick, maryland. Phyllis Baab and
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Elaine Patry worked 40 hours per week for a 10-week period, on shell-

fish research. While most of their time was spent in the shellfish

hatchery conducting larval feeding studies, they also had an oppor-

tunity to learn algal culturing techniques, and to participate in expe-

riments on juvenile and adult shellfish.

Three larval feeding studies were completed during their intern-

ship; these experiments were written up and have been included in

paper submitted to the World Mariculture Society for presentation at

their meeting in San Diego, California in January 1976, and subsequent

publication in the Proceedings of that meeting  Appendix 8 j.

The intern program is a valuable experience for students who are

able to gain first-hand experience in a given field. We hope to con-

tinue this program with Hood College next year, and again have two

students working at the station during the summer.

From January to !arch l975, - high-school student from Deerf'eld

Academy, Deerfield, Massachusetts, will be working at the laboratory

in a similar program. The student will priInarily be working in the

hatchery, assisting with larval feeding studies, but will also learn

the other aspects of the mariculture system.



2 ENGINEERING

2.1 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 supporting 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 and

replacement of the sacrificial anodes. Weekly nutrient and salinity

analyses from the individual pipes allow monitoring of the integrity of

the pieplines below the depth limits of our divers.

2.2 Surface Water Pi elines

A surface water pipeline has been installed for a separa ely

funded study of phytoplankton growth in mixtures of surface and deep

water. The pipeline consists of a l-l/2" diameter polyethylene pipe

threaded through a 2-1/2" galvanized steel pipe which is heM on the

bottom by steel bars driven into the reef.

2.3

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  delayed until a lobster biologist can be added to the

staff!. An integrator in a sealed PVC and acrylic enclosure has been

mounted beside the sensor of the recording Eppley pyranometer to

facilitate the calculation of the photosynthetically active radiation

received during the course of an algal or seaweed growth experiment.

The filters on the discharges of the graphite aeration pumps have

been replaced by a different type and relief valves have been added to
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protect the pumps from excessive back pressure and resultant high wear.

Also, transparent sections of discharge tubing now signal, by graphite

deposit, the need to replace filters.

2.4

Ten more elevated 550-gallon algal tanks  "reactors"! have

been added to our beach facility. Five of these are plumbed for deep-

water plus surface seawater; the other five are supplied with deep

water only. Surface water/deep water mixtures are required for the

open-sea mariculture project  section l.4.3!. The addition of these

reactors will greatly expand our experimental algal culture capability

because we found that the ten reactors associated with the Hatchery

/Wet Lab were usually required for routine culture of food for batches

of larval or juvenile shellfish, and these were not available for

algal culture experiments. These ten new reactors are also elevated,

so that shellfish feeding experiments can be conducted under them  see

Figure 2.4.1!.

2.5 Hatcher !Wet Laborator

The Hatchery was completed with the addition of a spawning

table and a gas-fired hot-water heater for temperature-shocking oysters

and clams into spawning.

Ten 550-gallon algal reactors on the west end of the building pro-

vide algal culture which is piped throughout the length of the building

as is deep water and air. Shellfish spawned in the Hatchery are uti-

lized in feeding and growth studies in the Experimental Shellfish Area

of the building. The experimental shellfish area has been equipped

with a 9-ft long, 6-ft high test rack for use in studying the growth

characteristics of bivalves  see Figures 2.5.1, 2.5.2!.

The rack is comprised of five separate horizontal feeding levels



Figure 2.4-l. Ten additional reactors �50-gal. each!

installed for outdoor continuous culture studies

with phytoplankters. Five of the reactors are

provided with surface water as well as deep water;

the other five are supplied with deep water only.

The vertical pipes are pressure heads for the

surface and deep-water systems, to give constant

flow rates. The area beneath the reactors is used

for juvenile shellfish feeding studies. These

studies are conducted in an array of shellfish

tanks identical to those in Figure 2.5.2.

These ten additional reactors constructed in 1975

bring our total number of reactors to 20.
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Figure 2.5-1. Experimental shellfish area of the

Hatchery/Wet Lab building. In the foreground are

flumes {shallow tanksj used in rearing metamor-

phosed pelecypod larvae to a size suitable for

feeding studies which are conducted in the rack

containing 120 small shellfi h tanks  in the

background!.
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Figure 2.5-2. Rack of shellfish tanks for experimental

feeding studies with juvenile pelecypod shellfish.

This unit can accommodate up to 120 small batches

of oysters or clams for feeding studies at different

animal densities, flow rates, and various mixed

diets of algae grown in the elevated outdoor tanks

 " reactors" ! and in the large pools. The large

tanks at the top of the mixing chambers are constant

head devices for feeding different mixed diets to

the various shellfish tanks in the rack. Dr. Tom

Dorsey is shown collecting three samples of shellfish

tank effluent for analysi.s of nitrogen utilization

by the shellfish.
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which supply experimental diets to six separate, in-line cells. Each

cell contains a drain tray in which up to four animal containers can

be placed. An airline accompanies the feed line at each level and

provides aeration for the four containers. This arrangement has the

capacity for l20 separate test treatments.

The rack is situated under the plumbing of the ten reactors, and

any five feed lines can be tapped simultaneously. A3.gae culture is

fed into the shellfish containers through small-diameter capillary

tubing  .04" bore!. The head is provided by the reactor, or by over-

head mixing containers which are also constant-head devices, and flow

rates are regulated by adjusting the length of the tubing or its dia.�

meter. Each vertical bay of five cells has a common drain to waste



3 CHEMISTRY

3.1 Weekl Determination of Dee -Water ualit

sented below are the mean  X!, standard deviation  S�!, standard error

of the mean  S-!, and the range of nutrient values tabulated for the

period November 14, 1974 to October 23, 1975. See Appendix C for

detailed nutrient and salinity data for the deep~ter pipelines.

SALXN N03+NO2 N02 NH3 PO4 Si04
 o/oo!  pg-at N/l!  pg-at N/1!  pg-at N/l!  gg-at P/L!  pg-at Si/l!

.82 1.91 19.8234.920 31.27 .18

.2457 1.16 .06 ~ 46 .12 2.59Sx

.007 .15.07 .03.003. 014S-
X

13.95-

26.63

.I8-.08-

.40
Range 34.523-

35.l51

1.38-
2.14

28.63-

33.02 2,43

As in previous years, weekly samples of deep water were

taken from the three deep-water pipelines individually. This pro-

cedure provides a rapid and relatively inexpensive method of

checking pipeline integrity in the event of suspected breakage,

because the distribution of nutrients and salinity with depth has

been established for the water column. Monitoring of water quaLity

also provides a baseline for nutrient uptake measurements and

allows us to evaluate nutrient flux through the system. The para-

meters investigated weekly include dissolved inorganic nutrien s which

are determined colorimetrically on a Technicon AutoAnalyser II system,

and salinity, which is determined titrimetrically. The data pre-
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3.2 Develo ment of a Direct Method for the Determination of

Al al and Shellfish Protein

Since the St. Croix mariculture system is rapidly approaching

commercial-feasibility testing, it was necessary to devise a rapid and

quantitative method of evaluating the productivity of the system. Con-

tinuous monitoring of the fate of nitrogen through the trophic levels

was previously limited by chemical methodology, because the particulate

nitrogen analyses performed at the Palisades, N.Y. laboratory were

extremely time-consuming and therefore costly, due to the large number

of samples generated by the system. Dr. Thomas Dorsey has developed a

new spectrophotometric method for the determination of protein-nitrogen.

The technique is a modification of the Lowry et al. �951! method which

was developed for determining animal-tissue protein. The hard-to-solubilize

protein of phytoplankters was a barrier to the successful use of the

Lowry technique. Experimentation with various procedures has recently

disclosed a rapid method of solubilizing and and measuring algal and

shellfish protein in as many as 100 samples per day. A paper on this

method is now ready for publication.

3.3 Sources of Error in Silicate Determinations

Samples of 870-m deep water have been found to differ by as

much as 30% between replicate samples analyzed for silicate. Silicate

values were obtained using a Technicon AutoAnalyzer II  AAII} system

on water samples filtered at 8-in. Hg vacuum through Gelman Type A

glass-fiber filters, and stored frozen in 1N HCl-washed 125-ml poly-

ethylene sample bottles. All glassware and plastic-ware had been

washed in lN HC1 including plastic AAZI Sample cups. The coefficient

of variation at the 99.9% confidence level for ten replicate samples

using this procedure is found to be 11.8% for a mean concentration of
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22.42 pg-at Si04/1. For the same analysis technicue, employing ten

unfrozen 40 Pg-at Si04/1 standards in distilled water, a coefficient of

variation of only .35% was. found. Since reproducibility of unfrozen

standards was good, sample handling and storage was investigated.

Standard deviation was employed as an index of reproducibility since

homogeneous samples were used throughout. Preliminary investigation

discounted filters and glassware as a source of error, but the fol-

lowing relationships were seen to obtain:

�! A single homogeneous sample  frozen or unfrozen storage!

when placed in HC1-washed AAIZ plastic sample cups will experience a

hyperbolic increase of standard deviation with residence time in the

cups during an analysis at room temperature. The same sample placed

in chromic acid-washed cups wi3.1 display neg3.igible deviation over

the same residence time in the cups.

�! Reproducibility is directly re3.ated to frozen storage time

of samples, i.e., standard deviation among replicate samples increases

with increasing frozen storage time, and approximates the linear

relation: Y = .145  X! +.10, for Y = standard deviation and X � days

of frozen storage.

Samples are now analyzed for silicate immediately after sampling,

and chromic acid-washed sample cups are used.
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4 MICRO-ALGAE CULTURE

4.1 Selection of Al al S cies for Feedin Shellfish Larvae

and Juveniles

The experiments on comparisons of foods for shellfish larvae

are discussed in section 5.2.2, and the work on test feeding of

shellfish juveniles is discussed in sections 5.4.1, 5.4.3 and 5.4.5.

4.2 Selection of Clones of Al al S ecies Ca able of Growth

in Unsu lemented Dee Water

Twenty-four clones of micro-algae were tested for their

ability to grow in. unsupplemented deep water in semi-continuous labo-

ratory cultures. Sixteen of the clones were diatoms, five were green

algae, two were cryptophytes, and one was a chrysophyte. Four of the

24 cultures tested grew equally well in deep water with and without

the supplement for a period of two weeks or more at reasonably high

densities; their identities and origins are:

Clone Sei 0

Thalassiosira sp.

Thalassiosira

Surface water on St. Croix reefSTX-19

Surface water on St. Croix reefSTX-97

870-m in St. Croix deep water

Costa Rica Dome  N.H. Thomas!

Thalassiosira sp.STX-183

Chaetoceros581

The cultures were diluted 50% per day with new medium, prepared

daily with fresh deep water, and the cultures were transferred daily

to sterile flasks to minimize growth of organisms on the walls. Con-

trol cultures received a supplement of chelated iron, trace metals,

and B12'
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The four clones vill next be tested with and without the supple-

ment in 550-gallon continuous-flow deep water reactors outdoors.

Four reactors vere constructed for this purpose during 1975, to allov

replication of culture conditions during an expez'iment  see section

2.4, Fig. 2.4.1!. lf these four clones grow as well in deep water

continuous-flow cultures outdoors as they did in the semi-continuous

laboratory cultures, we will then have five clones suitable for deep-

water mariculture. Chaetoceros curvisetus  STX-167! has been grown

in 13,000-gallon continuous-flow cultures since mid-1974 at 1.2 turn-

overjday.

4.3 Determination of 0 timum De th foz Dee -Water Cultures

Experiments during 1974 in 0.8-m deep tanks with neutral-

density screens indicated an optimal depth of 4.1 m for maximum utili-

zation of nutrients. Experiments to repeat this work in real, rather

than simulated, depths were not realized because we were unable to

acquire a tank of sufficient diameter to avoid excessive shading by

the walls at depths greatez' than 2.5 meters. We have located on St.

Croix a scrap tank, 9.1 m deep and 4.6 m in diameter. and we hope to

acquire this tank at no cost early in 1976. This tank would give the

required depth, and shading of the water column by the walls would be

minimized.

4.4 Corn rison of Techni es for the Estimation of Nicro-Al ae

Culture Density: Turbidity, In Viva Fluorescence, and

Cell Counts in Unial al Cultures

Compaz'isons between cell counting, in vivo fluorescence

and turbidity measurements of unialgal culture density vere performed

on four phytoplankters used in the artificial upwelling mariculture
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system  three diatoms and one flagellate! . Coefficients of deter-

mination between the methods for each species indicated that

in vivo fluorescence and turbidity readings provide adequate deter-

minations of culture density, as long as the culture remains uni-

algal and physiologically active.

However, in cultures of mixed species or containing a signi-

ficant number of dying cells, direct microscope cell counts are

required.

The details of this study are given in Appendix D.

4.5 New Clones of Al ae from St. Croix

One new diatom  Thalassiosira sp., STX-183} was isolated

as a contaminant from an experimental deep-water culture; it is

apparently a new species and is he subjec of a taxonomic study in

progress. This diatom is also one of four found capable of growing

well in unsupplemented deep water  see section 4e2!.

Six clones of green algae  Chlorella-like species, Scenedesmus

sp., and Dict os haerium sp.! were isolated from secondarily

treated wastewater cultures in the Clam Culture in Nastewater pro-

ject  section 1.4.2!. These may also be useful in the sewage mari-

culture project at Tallman Island in New York  see Part B of this

repor t} .

Several closes of the red seaweed ~S oea moscifozmis derived from

carpospores were also isolated during the past year. One of these

clones is the subject of laboratory studies on the physiology of this

carrageenan-producer  see section 8.2!.
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4.6 Interaction of Li ht and Nutrients on Growth of the Diatom

Chaetoceros curvisetus in Outdoor Continuous Culture

Miss Mary Farmer  pre-doctoral student! concluded her cul-

ture work with Chaetoceros curvisetus on St. Croix early in 1975, and

she is in the process of interpreting the mass of data generated in

her experiments. A paper  one of three to be published! on the

cellular characteristics of the diatom, grown under different combina-

tions of deep water supply rate and light intensity, is presented in

manuscript form in Appendix E. An abstract of the paper follows=

ABSTRACT: Farmer, l976.

The effects of five different light intensities and four diffe-

rent nutrient regimes on the cellular composition of outdoor con-

tinuous cultures of Chaetoceros curvisetus were examined. Cellu-

lar nitrogen and carbon increased with increasing dilution rate

at all light intensities. The N:C ratio increased with increa-

sing growth rate in nitrogen-limited but not in light-limited

cultures. Chlorophyll a per cell, per unit nitrogen, and per

unit carbon increased with increasing dilution rate and with

decreasing light intensity; these ratios demonstrated the great-

est degree of diel periodicity. Interaction of effects of light

and nutrients was seen on all ratios involving chlorophyll, but

light and nutrients appeared to influence cellular carbon and

nitrogen independently of each other

4.7 Effects of Li ht and Dark C cles on the Association of

Nitrate U take, Assimilation and Cell Growth Rates in

Chaetoceros sp  STX-105!, a Marine Diatom Grown in

Continuous Culture

Mr. Gaston Picard concluded his work with Chaetoceros sp.
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 STX-105! and has prepared the first of several papers to be published

on the results of his work. An abstract of the first of these papers

follows:

ABSTRACT: Picard, 1976

The diatom Chaetoceros sp.  STX-105! was grown in a continuous

culture in a 12 hr light/12 hr dark illumination cycle, with

nitrate as the limiting nutrient. The following parameters

were measured for five different grow h rates: �! cell concen-

tration, �! residual nitrate concentration, �! cellular content

of carbon, nitrogen, chlorophyll a, protein, nitrate, free amino

acids and carbohydrate, �! primary productivity and photo-

synthetic capacity, nitrate uptake kinetics parameters and the

activity of the enzyme nitrate reductase. A diurnal variation

was observed for the cellular carbon, nitrogen, protein, nitrate

and carbohydrate and far the nitrate reductase activity as well

as for photosynthesis. The die! variation was more pronounced

at the dilution rate  87%! where the cells had to divide almost

daily. The only measured parameters that increased with

increasing dilution rate were the cellular chlorophyll a concen-

tration and the nitrate reductase activity; all others decreased.

The most stable population characteristics were cell concentra-

tion and cellular particulate nitrogen. Results from the rate

of carbon fixation indicate that the culture limitation shifted

from nutrient to light as the nitrogen limitation decreased

 i.e., increasing dilution rate!.



33

5 SHELLFISH CULTURE: PELECYPODS

Completion of the Hatchery/Net Lab building  see section 2.5!

allowed us to shift our emphasis in pelecypod shellfish culture from

"species suitability testing" toward spawning clams and oysters to

produce batches of juvenile animals of those species that have been

found. to grow well in the artificial upwelling mariculture system.

The juvenile animals are used for  a! studies to determine optimum

algal diet  quality and cpantity} for growth;  b! quantitative experi-

ments on nitrogen transfer in the phytoplankton-shellfish food chain;

 c! raft culture of oysters in Salt River inlet  see section 1.4.1!;

 d! growth rate studies of filter-feeders on mixtures of deep and

surface water  see section 1.4.3!.

The results of our many studies to date, from spawning adult

animals to growing larvae and juveniles of several species of oysters

and clams, are given in the sections which follow.

5.1 Brood Stock Inventor

A list of the species of adult animals maintained as brood

stock for the hatchery work is shown in Table 5.1

5.2 Hatcher Studies

5.2.l Ex erimental S awnin s

Four species of shellfish were induced to spawn in

the hatchery using thermal �3-32'C! and chemical  stripped gonad

solution � eggs and/or sperm} stimulation; T~a ms semidecussata, Ostrea

edulis, and Crassostrea ~igas were reared through metamorphosis to

produce juveniles. The Kumamoto strai~ of C. gigas did not meta-
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TABLE 5. l. INvENToRY OF OYsTER AND CLAM BROOD STOCK IN THE

ST. CROIX HARICULTURE SYSTEM

SPECIES

T~a es semidecnssata 890

Mercenaria mercenaria 10

270M.

x If. mercenar ia } l08 � as above--

10

Crassostrea gigas ca. l00

Ostrea edulis

Ostrea edulis ca. 150

lg400

Crassostrea ~gi as

Kumamoto variety of
C.

NUMBER OF

ANIMALS

OBTAINED FROM

 DATE!

~Ta es �! spawning
 9/7/74!

VINS-E as adults  ll/73!
 P. Chanley!

Juveniles in comparative
study �/73> P. Chanley!

Pacific Mariculture Inc.

a- juveniles �/72}

lst year class from P.
Chanley  rec'd l0/75}

Pacific Mariculture Inc.

as juveniles  8/73}

Maine Coast Oyster Co.
as adults �/75}

Bay Center Mariculture Co.
as spat �/74!



to spawn but no female oysters spawned. We also attempted to spawn

two clam species, with no success: Mercenaria nd F

clams  M. mercenaria 4 x M.

Our record for successful and unsuccessful spawnings during 1975

is shown in Figure 5.2. Table 5.2 shows the percent survival of

batches of clam and oyster lar'vae to metamorphosis.

5.2.2 Cpm arison of Al al Foods for Larvae

Feeding studies on the clam, ~Ta es semidecussata

and the oysters, Ostrea edulis, Crassostrea ~iqas, and the Kumamoto

ABsTRAGT: sunderlin, Baab and Patr , 1975.

Growth of clam and oyster larvae on different algal diets in a

tropical artificial upwelling maricu1.ture system.  Submitted

to Proceedings of world Mariculture socsf January 1976, san Diego!

Feeding studies were conducted on the larvae of ~Ta es

semidecussata Reeve, Kumamoto oysters, Ostrea edulis Linne, and

Crassostrea gigas Thunberg, to evaluate different species of

algae and their influence on larval growth and survival. The

s

S-1! . Larvae were obtained from the spawning of adult brood

stock in the controlled environment of the artificial upwelling

variety of C. giqas were conducted during 1975. The studies were

designed to compare different mixtures of diatoms and flagellates as

larval foods. Emphasis was placed on testing algae which can be grown

outdoors in the tropical environment.

An abstract of a paper on these studies follows; the complete

manuscript is given in Appendix B.
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Figure 5.2. Pelecypod shellfish hatchery � milestone

chart.
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mariculture system on St. Croix, U.S. Virgin Islands. Salinity

was 34.75 to 34.95 /oo and the water temperature varied between

23 and 28 C during the experiments. T~a es semidenussata larvae

could be successfully reared through metamorphosis on algal

diets suited for growth in the tropical mariculture system on

St. Croix. Nixtures of algal diets were better for growth and

survival of Kumamoto larvae than unialgal diets. No significant

information could be obtained from the Ostrea edulis study due to

poor survival of larval cultures which may have been caused by

high temperatures. Crassostrea pi~as larvae grew well on a mixed

diet and survival was significantly higher than that for the

larvae of the Kumamoto variety.

5.3 Growth of Juvenile 0 sters

5.3.1 Rearing of the Oysters Ostrea edulis and Crassostrea

~iqas Spawned in the St. Croix Hatchery

Ostrea edulis Linne adults were given temperature

shocks �4-32'C! on June 17, 1975. Six to eight days later, swarming

larvae were collected from these brood stock. The larvae began to set

15 days after swarming and metamorphosed on cultch  oyster and scal-

lop shells!. Growth  length in mm! of these spat was monitored  Fig.

5.3.1-1! and post-set survival after 18 weeks is 61%. If the spat

continue to grow at the present rate, market size oysters should be

obtained in another 8 to 9 weeks, for a total of seven months from

fertilized eggs to marketable oysters.

Crassostrea gii~as Thunberg brood stock vere induced to spawn on

August 26, 1975e On Day 22, setting began; the C. gii~as attached to

a variety of substrates--cement-coated plywood boards, mylar drafting

film, epoxy-coated boards and oyster, clam and scallop shells. The
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Figure 5.3.1-1. Growth of Ostrea edulis�! spat.
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Figure 5.3. l-2. Growth of Crassostrea ~iqas  l} spat.
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heaviest concentration of spat was observed in regions of violent

aeration. Some of the spat were placed on continuous feed on Day 25;

the others were batch-fed or given intermittant continuous food.

The growth of the latter batch was undoubtedly limited from time to

time by a low concentration of food in the tank. Figure 5.3.1-2

compares the growth of these two batches of C. ~i as spat. Subsequent

batches of oyster spat will be involved in strict feeding studies

to determine the most efficient way to grow the spat to the 5-10 mm

size which can be transplanted to Salt River for raft culture studies.

5.3.2 Successful Growth of the Ja anese Pearl 0 ster

 Pinctada mertensi! Dunker in the St. Croix

Mariculture S stem

The Japanese pearl oyster, Pinctada mertensi, was

introduced into the St. Croix system on March 6, 1975 to test the

following objectives:

�! To determine the adaptability of the Japanese pearl oyster

in a tropical mariculture environment.

�! If adaptable, to accelerate natural growth rates using

specialized algal diets to decrease the time-frame for insertion of

the pearl nucleus and to reduce the overall growing time for marketable

pearls.

�! To compare growth of Pinctada mertensi in St. Croix with

its growth in Japan.

The Pinctada mertensi were flown from Tokyo M St. Croix in less

than 60 hrs. Damp, cold  ca. 10 Cj sawdust was unused as the packing

medium and the pearl oysters arrived in excellent condition. It is

difficult to ship P. mertensi because shortly after being taken out of

the water, shells gape and the muscle fails to ca+tract. Taiyo



Fisheries Co. ran several experiments on the best method for shipment

and damp, cold sawdust proved to be the best method.

When the P. mertensi arrived in St. Croix, the temperature was

l.44C in the sawdust packing. The oysters were removed from the boxes,

rinsed. and placed in 14 C water containing diatoms for food. The water

in the oyster containers warmed up to ambient  ca. 24'C! in only a

few hours and onl.y 20 oysters had died during shipment  less than 1%

mortality!. Initially, 2,141 oysters were received, and as of October

22, 1975 a total of 1,834 oysters were still growing in the system.

The cumulative mortality is very low �3.4%!. The pearl oysters were

divided into two populations � small size and large size. From March

6, 1975 hrough September 24, 1975, the pearl oysters were grown in

stacked Nestier trays in a 2.4 x 0.6 x 0.6 m shellfish tank. Three

stacks of four Nestier trays each were placed in the 750-1 shellfish

tank. After growth measurements were taken on September 24, the pearl

oysters were redistributed into half the number of Nestier trays and

placed. in mesh baskets �.4 x 3.4 x 2.0 cm!.  Note: these mesh baskets

were sent with the pearl oysters from Japan! This redistributio~

resulted in reduction of the density of the oysters and improvement in

the circulation in the tank.

At monthly intervals, growth  "height" in mm, dorsoventral mea-

surement in mm, and weight in grams! and survival were monitored

separately for the small-size and large-size populations. Figures

5.3.2-1,2,3 represent the growth of the pearl oysters from March through

October 1975.

Taiyo Fisheries Co. informs us that when the Pinctada reach

average weights of 28-31 g, they are ready for the nuclear insertion

operation. By extrapolating the slope of the line in the graph depic-



Figure 5.3.2-1. Growth of the Japanese pearl oyster,

Pinctada mertensi, in the St. Croix artificial

upwelJing mariculture system. ~ small size

population; ~ large size population.
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Figure 5.3.2-2. Growth of the Japanese pearl oyster,

Pinctada mertensi, in the St. Croix artificial

upwelling mariculture system. ~ small size

population; ~ large size population.
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Figure 5.3.2-3. Growth of the Japanese pearl oyster,

Pinctada mertensi, in the St. Croix artificial

upwelling mariculture system. ~ small size

population; ~ large size population;

small  grown in Japan!; large  grown

in Japan!.
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ting average weight per oyster  Fig. 5.3.2-3}, the Pinctada are pro-

jected to reach 28-3l g around late December l975, or early January

l976. At this time, Taiyo Fisheries will send an expert from Japan

to perform the nuclear insertion.

The excellent growth and survival of Pinctada mertensi in the

St. Croix system indicates the favorable adaptation of this species

for growth in a tropical mariculture operation. Figure 5.3.2-3 also

gives an indication of the comparative growth rate of P. mertensi i.n

Japan.

5.3.3 Growth of Kurnamoto 0 sters in the St. Croix

Nariculture S stern

The Kumamoto is a "~igas-type" of oyster but it does

not reach the large size of the west coast Japanese oyster, Crassostrea

gir>ras. It is valued for the half-shell trade on the west coast. The

growth rate, survival, percer.tage meat, density par square foot, and

taste of the Kumamoto oyster were evaluated in the St. Croix system.

When compared with six other shellfish speci.es grown in St. Croix, the

Kumamoto is rated as the best  Table 5.3.3!. Kurnarnotos are very plump

deeply cupped oysters that seem to be ripe all the time; they spawn

readily but to-date larvae have never metamorphosed. Five batches of

larvae have reached setting size  ca. 300'} but have never set  Appen-

dix C!. A sixth batch is presently being reared in the hatchery

using the same technique--airlift system in a 379-liter polyethylene

tank � successfully used for C. gigas larvae.

On July 1, 1974, 2,000 to 3,000 Kumamoto spat,  on cultch! were

obtained from Bay Center Mariculture Company, Willapa Bay, Washington.

At monthly int, rvals, growth  increase in length and weight! and sur-

vival were monitored. Figure 5.3.3 shows average length  rnm! from
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Figure 5.3.3. Kumamoto oyster growth. Average length in mm

from July 1974 through October l975.
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July 1974 until October 1975. The oysters reached market size �0-65 mm!

in May and June 1975 or 10-12 months after introduction into the St.

Croix system. In June, the oysters were removed from their cultch to

facilitate measuring and counting procedures. The Kumamto oysters

were grown in Nestier trays in a fiberglas flume �66 x 61 x 16.5 cm!

with a turnover period of approximately 25 minutes when both algal pools

were active. Market size oysters were grown at densities of 65/ft

and survival was 90.8% from introduction until market size was reached.

5.4 Growth of Ta~es semidecussata

During 1975 we concentrated on the clam ~Ta es semidecussata

because it appeared to have the greatest economic potential in our

system. The following sections give the details on various studies

involving this clam.

5.4.1 Experimental Cultivation of ~Ta es semidecusseta

Durin Lon � and Short-Term Feedin Studies

The results of our first trial with this species and

an intensive study of the value of seven different algal diets are

given in a paper prepared for publication. An abstract of the paper

follows; the manuscript is given in Appendix F .

ABSTRACT: Rodde, Sunderlin and Roels, 1975

The experimental cultivation of ~Ta es semidecussata  heavens

in an artificial upwelling mariculture system.

The growth and reproductive characteristics of T~aes semi-

decussata were investigated during long- and short-term feeding

experiments in an artificial upwelling mariculture system. The

long-term study involved the rearing of three successive gene-

rations of ~Ta es on comhi atione of three pl nktonic diatoms;

Chaetoceros curvisetus, BelIerochea polymor~ha and Thalassiosira
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months from post-set juveniles, and in 10 months from the 5 mm

stage. Animal densities at 38 mm were 1775 and 1345 clams/m
2

for first and second generations, with survival rates of 64

and 63 percent, respectively. Ripe gonads found in adult clams

during much of the year indicated excellent adaptation to the

system by ~Ta es. Spawning was readily induced in'the hatchery

and larvae metamorphosed in three weeks. Post-set survival

rates of 52 and 84.5 percent were recorded. The short-term

feeding study used 6 mm juvenile clams and tested the Chaetoceros

and Bellerochea sp. diatoms and an unidentified Cryptophyte

flagellate, designated S-l, in seven different mono- and mixed

algal diets. The monoculture diets produced the slowest growth

in clams after five weeks, yielding a 6.6-fold average increase

in wet-weight meat and an average length of 15 mm. The four

mixed diets produced similar individual gains in weight, and.

gave an 11.2-fold average increase in wet-weight meat as a group.

The Chaetoceros + S-1 diet showed the best algae-to-meat conver-

sion ratio, however, and was therefore the most effective diet.

Clams fed this mixture averaged 16.7 mm in length after five

weeks.

5.4.2 The Effect of Substrate on the Growth Rate of

Ta es semidecussata

A six-week study was conducted to determine if sub-

strate has an important impact on growth rate of T;pcs. Two different

size groups of clams, 10 mm and 14 mm, were evenly distributed

between both Nestier trays containing sand �~3 mm!, and trays con-

taining a screen liner. The trays were placed in .- 400-liter tank
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and received an inflow of diatom culture from pools 1 and 2 at a com-

bined rate of 14.4 liters per minute. This gave a culture residence

time of approximately 30 minutes in the tank.

Length and weight measurements were taken every two weeks from

each tray in both categories: no significant differences resulted in

growth between substrate and non-substrate trays. Therefore, from a

growth standpoint alone, there is no advantage in raising ~Ta es in a

substrate.

At. the end of the experiment, the ~Ta es were moved to a new

location, but the original substrate/non-substrate populations were

retained. Since little difference in size between the two groups

�0 and 14 mm! was sustained, growth subsequent to March 5, 1975 was

averaged; this is shown in Figure 5.4.2. For convenience in presenta-

tion, growth in the two size groups is averaged from the beginning of

the experiment. The graph shows no significant departures in growth

between substrate and non-substrate trays through July l975.

Details of this experiment are given in Appendix G.

5s4.3 The Effect of Different Al al Diets on the Growth

Rate and Gonad Development of Juvenile maes

semidecussata Under Dif ferent Lighting Conditions

This feeding study is the second in a series of

growth experiments designed to optimize algal diets for ~Ta es  see

5.4.1!. The purpose of the experiment was to evaluate clone 581

 Chaetoceros sp.! as a potential food  a! as a monoculture to deter-

mine its dominant nutritional characteristics as reflected in ~Ta es

growth rates, meat-to-shell ratio, etc., and  b! determine its

effect as an ingredient in an alga' mixture, i.e., complementary or

inhibitory to growth in relation to other diets. Zn addition, the



Figure 5.4.2 The effect of substrate on the growth rate

of ~Ta es semtdecussata. Q substrate; screen
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effects of all diets are to be investigated histologically, to deter-

mine and/or confirm the suspected impact of a diet on somatic and

gonadal development.

Nonocultures of three algae, the Cryptophyte flagellate S-1 and

two Chaetoceros species, STX-167  C. curvisetus! and clone 581  C.

~racilis} were cultivated in 550-gallon concrete reactors. Deep water

inflow was adjusted for a turnover rate of one volume per day. Each

culture was fed into a manifold of five tucite air-valves adapted for

salt-water flow. Supply lines from each manifold fed monocultures at

a rate of 2 ml/sec to duplicate 1.5-liter glass trays containing 250

3-mm ~Ta es, and also to a 2 � liter mixing container at a rate of 2.5

ml/sec. The overflow in the mixing containers insured a constant

pressure and therefore uniform flow at 2 ml/sec into the animal con-

tainers.

Culture outflow and animal tray effluent samples were collected

every three days to monitor cell stripping rates and possible preferen-

tial selection of algae. The clams were weighed and measured each

week and each tray sampled for a histoloqical inspection of the gonad.

Particulate nitrogen levels were determined on the clams at the

beginning and end of the experiment.

The study has recently terminated but the data have not been

analyzed completely, nor has the histological analysis been finished.

However an ill,ustration of the comparative growth rates of ~Ta es

juveniles  L=3 mm! is presented in Figure 5.4.3. Generally, clone 581

does not appear to be a satisfactory diet ingredient. As a mono-

culture, it produced extremely slow growth throughout the experiment,

and it appears to have had a questionable influence as a component

in the three-algae mixture. This can be seen by comparing growth
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pigure 5.4.3 Average live weights of ~Ta es semidecus�

sata grown on different diets in light and dark

conditions,
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from the daylight treatments of diets 6 and 7. The growth of ~ra es

on the three-algae mixtuxe, dark treatment, i.s clearly superior to

all othex treatments, but these results are difficult to explain.

There is only a 5% difference in growth between daylight treatments

of diets 6 and 7, but a 57% difference between dark treatments.

Further, the daylight treatment of diet 6 showed better growth than

the dark counterpart, while the opposite is the case in diet. 7. No

firm explanation for this can be given at this time.

5.4.4 Comparative Growth Study of ~Ta es semidecussata

in Salt River and in the Artificial U wellin

Mariculture S stem

This study was designed to compare growth and sur-

vival of ~Ta es semidecussata in Salt River and in the artificial

upwelling mariculture system. Three wire cages containing a total of

S00 ~Ta es were tied to the mangrove roots and suspended 2-3 ft below

the suxface at three locations in Salt Rivers Two of the locations

appear to be poor sites due to silt accumulation in the cages, but the

third had slightly better survival and growth. The 500 ~Ta es grown

as a control in the artificial upwelling mariculture system were

reared in a Nastier tray in Tank 3. Sll ~Ta es are from the Pebruary

1975 batch spawned in the hatchery.

Table 5.4.4 compares the growth  lengh in mm; average weight per

clam in grams! of the two populations. Over a three-month pex'iod

 July 29 � October 30, l975!, 69.8% survival for the Salt River group

and 91.2't survival for the Rust-op-Twist group were recorded.

The slow growth of the Salt River ~Ta es is probably the result of

heavy siltation in the cages. Although regular checks are not made

on the plankton content of Salt River, one can assume there is a



TABLE 5. 4. 4. GROWTH OF TAPES S' HIDECUSSATA IN TWO

ENVIRONMENTS ON ST. CROIX

22.6 1.7

1.320.6

2.425.522.2 2.3

21.6 2.1

27. 46

07/29/75

07/30/75

08/27/75

10/16/75

10/30/75

SALT RIVER RUST-OP-TWIST

AV. LENGTH AV. WEIGHT AV. LENGTH AV. WEIGHT

 mm!  g!  mm!  g!



66

fair amount of food since oyster spat in Salt River grow very well.

However, these oyster spat are located on cultch suspended from a raft

anchored in Salt River. Siltation near the raft is much less than

where the ~Ta es cages are located. Therefore, a new study will be

started, in conjunction with the present experiment, and T~a es cages

will be suspended from the raft.

5.4.5 An Ex erimental Determination of a Maximum Sustain-

able Yield of ~Ta es semidecussata on an Algal

Mixture of Chaetoceros  STX-167! and Unidentified

Cr to h te Fla ellate  S-1!

This is the third experiment in the series of studies

on ~Ta es growth in the St. Croix systiem and is scheduled for imple-

mentation on November 14, 1975. The two previous experiments have

shown that the STX-167 + S-l diet gives the best, consistent growth

of all phytoplankton mixtures tested thus far. This third study will

investigate the maximum conversion rate of deep-sea water-NO3 to

plankton protein and total nitrogen, and its subsequent conversion to

protein and total nitrogen in shellfish meat for two separate culture

flow-rates.

Five individual population weights of ~Ta es will be adjusted to

their original weights  removing Aw! every nine days for 36 days, to

determine the sustainable yield from each population density. The

maximum sustainable yield then can be found for a given flow rate of

this diet. En addition, an analysis of each nitrogen fraction in the

entire experimental system  NQ2, NO3, NH3f particulate N! will be con-

ducted for a determinatiOn of the total nitrogen budget. The protocol

for this experiment is presented in Appendix H.

This feeding experiment  run November-December 1975! has produced
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some preliminary results:

 l! ~ra es is an efficient filter f-eeder � judging by the usually

better than 90% drop in particulate protein when comparing inflow and

outflow of particulate protein in the shellfish tanks.

�! ~fa es converts vegetable protein  alga*! into animal pro-

tein more efficiently, on a short-term basis, than any other known

grazer  i.e., ruminant!. Our efficiency of conversion values range

from 30-45% of algae protein nitrogen into shellfish protein nitrogen

for the weights studied and the flow-rates employed.

�! Glower flow-rates or higher shellfish densities might even

increase the nitrogen-conversion efficiency.

�! The conversion of deep-water nitrogen-nitrate into algal

protein nitrogen for this particular experiment varied from 60-664.
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6 SHELLFISH CULTURE: GASTROPODS

6.1 Queen Conch  strombus gicas!

The five gtrombus gicias fed on the macroscopic aigaa growing

in the effluent from our other shellfish tanks for two years died of

unknown causes in October 1975. The loss was associated with a high

mortality rate in a T~a es semidecussata tank feeding the conch tank,

and was apparently due to a Clorox spill after the cleaning of one of

the pools.

The data from the five animals have been analyzed by Dr. Carl Berg

and included in a publication submitted for publication. The following

is an abstract of the paper:

ABSTRACT; Ber , 1975

Growth of the queen conch, Strombus cjiias with a discussion of

the practicality of its mariculture.

Data on the growth of the large marine snail, Strombus giqas

were obtained from animals collected as veligers in the plankton

and reared through metamorphosis, from larger animals �.5 cm!

reared in a mariculture system, and from field tag-recapture

experiments. Using the von Bertalanffy growth equation, it is

estimated that 1-, 2-, and 3-year-old juvenile snails are 10.8,

l7, and 20.5 cm in maximum shell length, respectively. The

animals reach the flaring-lip stage after 3 years and have a

mean longevity of another 3 years. Approximately 12% of the

total weight of juvenile snail is marketable meat. Measurements

of meat weight, shell length, and total weight are highly cor-

related with one another, thereby providing reliable means of

assessing meat yields from living snails. The mariculture of

S. pi@as is feasible, but because of the snails' slow rate of
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growth it may not be economically practical at this time. At

least local fisheries in the Caribbean could be re-established

and/or maintained by seeding subtidal algal flats with hatchery-

reared juvenile snails.

In collaboration with Dx. Carl Berg of The City College of New

York and American Museum of Natural History, and with Dr. Willard

Brownell of the Fundacion Los Roques in Caracas, Venezuela, a project

on conch larva-culture has begun at the Estacion de Xnvestigaciones

Biologica on the island of Los Roques, f ifty miles of f the northern

coast of Venezuela. The project is funded by Fundacion Los Roques and

the Venezuelan government. Our participation is limited to Dr. Haines'

as isting the Fundacion Los Roques to set up a phytoplankton culture

system. The goal of the larva-culture project is to restock natural

waters with juvenile Strombus and investigate the possibi1ity of raising

them to market size in a mariculture system.

Dr. Brownell suceeded in hatching S. gicCas eggs and rearing about

two dozen larvae through metamorphosis to the snail-like juvenile

stage, using only the natural food in surface water.

During September 1975, Dr. Ken Haines of our St. Croix laboratory

wox'ked at the Caracas and Los Roques labs to set up a phytoplankton

culturing system which would allow better survival and growth of the

ca 300,000 larvae hatched from each egg mass produced by a female

conch. Axenic one-liter algal cultures produced in the Caracas lab

are transported weekly by air from Cax'acas to Los Roques, where semi-

continuous 16-liter cultures are grown to feed the conch larvae.

Twelve liters of nearly unialgal cultures of three high-temperature

ceros sp.  STX-105! and an unknown Cryptophyto flagellate  S-1!. In
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addition, surface water is enriched to stimulate growth of the

natural flora.

Further work on Los Rogues will be aided by construction there of

a new air-conditioned laboratory powered by a windmill. The present

facility produced electrical power for aeration, pumping and other

purposes only three hours per 'day Our collaboration with this pro-

ject will continue during l976; juvenile Strombus higgs hatched and

taken through metamorphosis on Los Rogues will be reared to market

size in the St. Croix mariculture system.

6.2 West Indian Top-Shell  Cittarium tica!

The Nest Indian top-shell  Cittarium tica}, also known as

the "whelk" on St. Croix, is an inhabitant of the surf zone, where it

feeds on epiphytes growing on rocks, sand, and coral. The animal is
I

greatly prized far its meat, and it is difficult to find large-sized

individuals as a result of the heavy fishing pressure  one does not

need a boat to harvest them from knee-deep water!. In November 1975

several of these animals were introduced into the tank previously

occupied by the Strombus gigas  see 6 1 above!. Some of the animals

have added new shell on the growing lip; if they survive and grow

under these artificial conditions, their growth rates will be compared

with those of tagged. animals in their natural habitat.
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7 CRUSTACEAN CULTURE

7.1 Caribbean Lobster  Panulirus arqus]

Three Panutirua ~ar ua continue to be maintained on culled

bivalves from the mariculture system; all three were originally

introduced in June, 1972. Another lobster, designated 3A and

obtained from salt River in August 1973 died in June of this year

from unknown causes. Table 7.1 shows the initial weights and growth

of the surviving animals,

these animals.

TABLE 7.1. GROWTH OF PANULIRUS ARGUS

WEIGHT   rams!DATE

INITIAL PRESENT

06/27/72 1A 110

1051B

352A

08/08/73

10/30/75

3A

1095

1B 1280

2A 1030

 final 5/13/75! 2103A

Animal 1A has shown a negligible weight increase since last

year, however, the other two continue satisfactory growth. Because

of the small numbers of animals being raised, their past diet history

and the variability in quantity of food at the present time, this

study will be terminated in favor of a more rigid diet experiment

with new animals. Consequently, this will be the last report on
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8 MACRO-ALGAE CULTURE

8.1 Growth of H~>nea musciformis, a Tropical Red Seaweed

8.1.1 Growth in Continuous-Flow Outdoor Cultures

In 1974 we found that H. musciformis cultured in the

effluent from a shellfish tank grew about five times faster than in

unaltered deep water, and about three times faster than in surface

water. During l975 we determined that the growth stimulation by the

shellfish effluent could be achieved by enriching deep water with

ammonia  as NH4C1! plus a chelated iron/trace metals/vitamins mix,

but could not be achieved by enriching the deep water with ammonia

alone or with the chelated iron/trace metals/vitamins mix alone.

Increasing the ammonia supply from ca 2 to 6 'pg-at NH4-N liter

while keeping the chelated iron/trace metals/vitamins mix enrichment

constant, produced an increased growth rate.

Preliminary experiments, using 4% primarily treated or 35% secon-

darily treated sewage enrichment of deep water, indicated that this

alga could be used in a variety of aquaculture applications, inclu-

ding estuarine systems.

The carrageenan yield of H~pnea musciformis grown in deep water

enriched in a variety of ways was 16-27% of dry weight, compared to

20-26% of dry weight for commercially harvested plants from the Medi-

terranean. The details of this work are given in the manuscript in

Appendix I ~

S.l.2 Growth Studies in Laborator Batch Culture

Clonal cultures of Hi~nea musciformis were obtained

from a carposporic plant collected from nature. A unialgal clone
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 STX-HM-14! is being studied in laboratory batch cultures to deter-

mine its tolerance limits for such environmental factors as light

intensity, temperature, salinity and high levels of nutrients.

These studies will indicate the optimum culture conditions and should

help in adapting the culture of this seaweed to other aquaculture

systems, such as temperate estuarine sewage effluent mariculture

like that being carried out at our Tallman Island project in Queens,

New York.

To date, we have been developing a medium for prolonged culture

of excised tips of ~H~nea  to avoid having to change the medium

frequently! and testing non-destructive methods for measuring growth.

By switching from Guillard's medium  f/4! to medium 2f  = quadruple the

nutrient, enrichment in f/4!, we have increased the growth rate  and

decreased the standard deviation for replicates! from 217 + 16LS wet

weight per day in medium f/4 to 493 + 24% wet weight per day in medium

2f over a growth period of three weeks, starting with ca 2 mg  wet

weight! ~H naa tips. The "wet weight" method of growth measurement

used is very sensitive and is the method of choice "by default"; that

is, due to the many-branched pattern of growth, it is impossible to

measure increase in area or length as can be done with some seaweeds

that form a linear or flat thallus.

8.2 Continuous-Flow Culture of Eucheuma isiforme, Gracilaria

verrucosa and A ardhiella tenera

Eucheuma isiforme  obtained through Dr. Clinton Daves!,

tenera  from nearby Salt River} were tested for their ability to grow

on the nutrients in the effluent from a tank containing Kumamoto
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oysters  Crassostrea pi~as! fed diatom cultures grown i.n deep water.

Growth of G. verrucosa and E. isiforme in oyster-tank effluent was

compared to growth of plants in tanks receiving deep water only. The

algae were grown in aerated tanks of 36-liter volume, with 96 volume

dilutions per day. Wet weight was measured at four-day intervals.

The inoculum plants consisted of three plants in each tank for E.

isiforme  total wet weight of 57.2 g in one tank and 65.5 g in the

other!, and one plant of G. verrucosa divided between the two tanks

to give starting weights of 0.87 and 1.3 g. The average temperature

in the effluent tank was 25.2 C, and in the deep water tank, 23.6'C.

The Gracilaria verrucosa appeared to grow faster in oyster-tank

effluent than in deep water �8 vs. 4.9% per day, respectively! but

contamination of the plants by filamentous green algae was so severe

after 19 days' growth that at least, half of the weight gain may have

been due to the contaminants which could not be removed without des-

troying the Gracilaria.

The Eucheuma isifarme grew at the rate of 8% per day in the shell-

fish effluent, and 4.5% per day in deep water. These growth rates are

underestimated because they were not corrected for losses due to

breaking off of small branches of the plants, and they are overesti-

mates because there were some epiphytic filamentous green algae which

could not be removed. The contamination with green algae at times was

so heavy that the mass of Eucheuma and green algae could not be kept

moving by the air circulating system.

filamentous green algae contamination, and was extremely fraqile, so

that growth rate could not be measured in the oyster-tank effluent.

From the results with these three species of macro-algae, we



conclude that their growth rates are not fast enough to "outgrow" the

contaminating green algae, as is the case with the fast-growing

H~nea musciformis. We will restrict our future seaweed studies almost

entirely to H~gnea musciformis.
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PART B � THE EFF LUST A UACULTURE PROJECT

During 1975 ten phytoplankton tanks and a shellfish rack  con-

taining 120 shellfish trays! were installed in the greenhouse struc-

ture at Tallman Island. The present layout now includes baywater

and effluent reservoirs, the sewage-treatment plant and all atten-

dant pumps and piping, electrical and air supply, and heating and

ventilating equipment.

Since February 1975, two burglaries resulted in losses of

equipment totalling $7,000 to $8,000. It therefore became necessary

to direct our resources toward the installation of an effective

security system. Zf the measures taken prove ineffective we may be

obliged to hire a security guard to ensure the premises are manned

round-the-clock.

The CLow secondary-treatment plant was installed in October 1974,

but difficulties encountered in developing a reliable system for

pumping raw sewage from Manhole 53 to our project site meant that it

was not until July l975 that the treatment plant was operating in a

stable, continuous fashion. At this time we began monitoring plant

infLuent and effluent on a weekly basis. Since November 1975, we have

been monitoring effluent., river water and phytoplankton-tank phosphate

concentrations daily for use in a systematic feedback control program

which we are developing.
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l ADMINISTRATION

l.l Present Facilities

The Tallman Island Effluent Aquaculture laboratory is loca-

ted 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 l973. The laboratory is located an Powells Cove of

the East River, just west of the Whitestone Bridge, near the confluence

of the East River and Long Island Sound.

The facilities include three 10 z 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. One

trailer is attached to the greenhouse and contains a temperature-con-

trolled phytoplankton culturing room, a chemistry laboratory and a log

room. The second trailer contains offices and a conference room, awhile

the third trailer has been converted into a workshop and storage area

for laboratory equipment and. construction materials.

During l975, ten phytoplankton tanks and a shellfish rack  con-

taining 120 shellfish trays! were installed in the greenhouse structure

 see Fig. l:l, l:2!. The present layout also includes baywater and

effluent reservoirs, the sewage-treatment plant and all attendant pumps

and piping, electrical supply, air supply, and heating and ventilating

equipment.

1.2 Principal Investigator:
Roels, Oswald A.  Ph.D.}

Supporting Staff:
Sharfstein, Bruce A.  Ph.D.!

Chief Scientist, Tallman Island Station Manager



Figure l:l. Configuration of the new phytoplankton tanks

in the greenhouse structure at Tallman Island.
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Figure 1:2. A photograph of the new shellfish rack which

contains 120 shellfish trays.
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Harris, Virginia  M.A-}
Doctoral Candidate; Phytoplankton, Water Chemistry

Dorsey, Thomas E.  Ph.D.!
Postdoctoral Fellow; Water Chemistry

Berg, David  B.S.!
Technician  Shellfish!

Lee, Vicki  B.S'-}
Technician  Fhytoplankton!

Lewis, Zra
Plant Maintenance

Goldstein, Barry  B.S.!
Doctoral Student; Shellfish

Cavalieri, Rory  B.S.!
Masters Student; Mariculture

KcKeon, Ann-Marie  M.S.!
Volunteer; Phytoplankton desolations

Chase, Jonathan
Volunteer; Seaweeds

Consultants/Collaborators

Terry, Orville  Ph.D.!
Collaborator on Seaweeds

Van Hemelrijck, L.  M.E.F.!
Consultant on Engineering

Xn addition, the New York City Department of Water Resources,

which operates the Tallman Island Pollution Control Plant, contributes

its support both through consultations concerning aspects of engi-

neering and water analysis and by providing essential services such

as trash removal, power, water, fuel-oil delivery, and exterior

site maintenance.
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2 ENGINEERING

2. 1 Flow Engineerin

The continuous flow effluent aquaculture system has the

capacity to process up to 1,500 gallons per day of sewage. A sche-

matic diagram of the flow within the aquaculture system is shown

in Figure 2:l.

Untreated sewage is intercepted at Nanhole No. 3, the main inlet

of the Tallman Island Pollution Control Plant, 750 ft from the aqua-

culture site. A 6"-dia. 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 compartment!. The secondarily treated effluent enters the

final effluent holding tank from which it is distributed to the aqua-

culture system.

The secondarily treated effluent is pumped from the effluent

holding tank into an overhead constant-level tank from which it is

gravity-fed into 500-gallon phytoplankton tanks. The flow rate of

effluent entering the phytoplankton tanks 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 pumphouse located beside the Powells Cove
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Figure 2:1. Flow diagram of the Tallman Island effluent

aquaculture taariculture system.
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CONTINUOUS



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-micron cartridge filters, be-

fore 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 tanks.

The flow rate of river water entering the tanks is controlled by capil-

lary tubing of different diameters.

Mixing of the river water and secondarily treated effluent for our

estuarine aquaculture system occurs in the phytoplankton reactors. In

Figure 2:1, mixing is shown to take place prior to entering the phyto-

plankton tanks merely to simplify the representation.

The algal cultures growing in each of the phytoplankton tanks is

pumped into five overhead constant-level tanks from which they are

gravity-fed into the shellfish 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.

Flow 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.

2.2 Securit Precautions

Since February 1975, we have had two serious burglaries with

losses totalling $7,000 to $8,000, as well as several attempted thefts

and other incidents of vandalism. As a result, it became necessary to

direct our resources toward the installation of an effective security
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system. At present, we have installed alarms on all doors and windows

and steel-mesh gratings on all windows. Me are currently installing

double locks and steel cross-bolts on all doors. If these measures

prove to be ineffective in foiling thefts, we may be obliged to hire

a security guard to ensure that the premises are manned round-the-clock.
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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 secondaril.y treated

sewage by phytoplankton, which, in turn, are filtered from the effluent

by shellfish. Shellfish excretory products, and any remaining nutrients

from the secondary effluent are stripped by racks of agar- and carra-

geenan-producing fixed algae.

It is obviously of the utmost importance to document the nature

and magnitud6 of the nutrient loads carried by secondarily treated

sewage and by receiving waters, to optimize their utilization in our

aquaculture system. During Phase I of the project weekly measurements

were made of the nutrient levels in the secondarily treated effluent

from the Tallman Island Pollution Control Plant, and of those levels

prevailing in the East River from November 1972 to October 1973.

In April 1973 a massi.ve program of reconstruction and upgrading

was begun at the Tallman Island Pollution Control Plant 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 there-

fore extended to include both TIPCP's primary effluent and our own

secondary effluent.

Reconstruction of the chlorination building at TIPCP, which con-

tained the Phase I effluent aquaculture facilities, was begun in Novem-

her 1973, and forced relocation of the pro j cot ' s f acilities to the

present location in three large trailers and a greenhouse structure.
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HOweVer, we continued tO monitor nutrient leVelS Of TIPCP's primary

effluent and of East River water on a weekly basis from October 1973

to July 1975.

Xn October 1974 the Phase Xl secondary treatment plant was put

inta operation at our project. Due to difficulties in developing a

reliable system for pumping raw sewage from Manhole g3 to our project

site, however, it was not until July 1975 that the treatment plant

 Clow STP! was operating in a stable, continuous fashion. At this time

we began to monitor plant influent and effluent on a weekly basis.

The results of this study are reported in section 3.1.2.

Since November 1975, we have been monitoring effluent, river-

water, and phytoplankton-tank phosphate concentrations daily for use

in a systematic feedback control program we are developing  see sec-

tion 3.1.2!.

3.1.1 Materials and Methods

River water and effluent samples are analyzed for

levels of nitrate, nitrite, ammonia, orthophosphate, and silicate.

River water samples are filtered through Gelman glass fiber filters

�.3-micron mesh! and the filtrate is stored in both glass and poly-

ethylene bottles. The samples in glass bottles are stored at 5'C;

samples in polyethylene bottles are frozen at -10 C. Nitrate, ammonia,

and orthophosphate analysis is done on the samples stored in glass;

nitrite and silicate analysis is done on the frozen samples. Effluent

samples are filtered in the same way and then diluted 1:9 with glas-

fiber filtered glass-distilled water before bottling to bring the

nutrient concentrations into the range for the analytical techniques

used. Water samples are analyzed using an AutoAnalyzer II  Technicon!
I

according to standard Technicon procedures. Nitrire is determined by



treating the sample with a solution of sulfanilamide and the diazonium

ion is coupled with N-�-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. Ortho-

phosphate and silicate are determined by reaction with ammonium moly-

bdate followed by appropriate reduction to form phosphomolybdenum blue

and a silicomolybdenum complex. Interferences between the two are

avoided by the use of appropriate complexing agents and specific redu-

cing agents.

3.1.2 Results and Discussion

Mean values and ranges for inorganic nitrate, nitrite,

ammonia and orthophosphate in secondary sewage effluent and East River

water for the period July 10 to November ll, 1975 are presented in

Table 3:1. Nean values and ranges for these same compounds for 1972,

the first year of work at Tallman Island, are presented in Table 3:2

for comparative purposes.

Two major changes in effluent composition have occurred since the

inception of our system at Tallman Island in 1972. The first of these

is an increase in the nitrate fraction of the effluent relative to the

ammonia fraction. This is probably related to the improved quality of

treatment provided by our small extended aeration plant. Such an inter-

pretation is supported by other treatment parameters as discussed in

section 3.2.5. The second change that has been noted is a decrease in

the phosphate content of the effluent relative to the total inorganic

"nitrogen" load. In 1972, the mean molar N:F ratios of the effluent,

and of the 50:50 effluent:river water mixture used as phytoplankton
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TABLE 3,'1

NUTRIENT CONCENTRATIONS  IN pg-at/liter! IN
SECONDARILY TREATED EFFLUENT FROID TALLHAN ISLAND POLLUTIOH

CONTROL PLANT, QUKEHS  NEW YORK CITY!

A:

RANGEHUTRIEHT PERIOD

July 10 to
November 13, 1975

NUTRIENT CONCENTRATIONS  IN ling-at/liter! IN
EAST RIVER WATER TAKEN NEAR THE TALLMAN ISLAND POLLUTION

CONTROL PLANT, QUEENS  NKW YORK CITY!

RANGENUTRIENT PERIOD

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

2

~Ran e og nutrient values sepresents the single highest, and single
lowest value recorded over a particular sampling period.

Nitrate

Hitrite

Ammonia

Orthophosphate

Nitrate

Nitrite

Ammonia

Orthophosphate

236

215

202

30

35

6

15

5

2 � 1126

4 � 779

10 � 570

17 � 53

7 � 73 July 10 to
2 � 23 November 13, 1975
5- 23

3 � 6
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TABLE 3 l 2

A NUTRIENT CONCENTRATIONS  IN pg-at/liter! IN
SECOHDARILY TREATED EFFLUENT FROM THE TALLMAN ISLAND POLIUTION

CONTROL PLANT, QUEENS  NEW YORK CITY!

MEAN RANGE PERIODNUTRIENT

1972

NUTRIENT CONCENTRATIONS  IN !ig-at/liter! IN
EAST RIvER wATER TAKEN HEAR THE TALLMAN IsLAND PoLLUTION

CONTROL PLANTi QUEENS  NEW YORK CITY!

RANGE PERIODNUTRIENT

1972

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

2 ~ncne of nutrient values represents the singie highest, and single
lowest value recorded over a particular sampling period.

Nitrate

Nitrite

Ammonia

Orthophosphate
Silicate

Nitrate

Nitrite

Ammonia

Orthophosphate
Silicate

ll

34

1230

140

77

18

6

105

l7

36

0- 44

ll - 114

704 � 1670

66 � 230

33 � 132

8 � 40

4- 15

30 � 440

10 � 70

22 � 75
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growth media was, respectively, 9:1 and 8;1. Presently, the ratios

have increased to 22:1 for 100% effluent, and 21:1 for the effluent:

river water mixture. These changes may reflect the effects of the

current ban on phosphate-containing detergents. Whatever the cause,

they strongly affect our ability to accomplish high levels of "nitrogen"

removal. This situation is discussed in greater detail in section

4.3.

3.2 Evaluation of our Secondar Treatment S stem

Regulation and evaluation of the secondary treatment plant

 STP! is achieved by using several tests: visual anc. olfactory inspec-

tions 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 bioc'.>emical oxygen demand  BOD} tests are also being done

to evaluate the quality of the secondary treatment. These tests wil:

enable us to compare the functioning of our secondary treatment plant

with the City's pollution control standards.

The STP has been operating continuously and monitored since July

1975. In addition to the pumping problems reported in section 3.1,

during the initial weeks of plant operation it was found that the

organic load carried by the fraction of raw sewage we were pumping was

not adequate to support a normal bacterial flora. This problem has

been solved. by a daily addition of raw settled sludge equal to the

difference between the required. and normally available organic loads.

Effluent plant chemistries are corrected for this supplementary organic

loading.

3.2.1 Visual and Olfactor Ins ection

A daily visual and olfactory inspection of the STP
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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 re-

cycling apparatus and effluent weir.

3.2.2

Samples for the determination of suspended solids are

taken daily from four locations in the STP: influent, aeration com-

partment, sludge return pipe, and effluent. The samples are indivi-

dually filtered through pre-dried, pre-weighed glass-fiber filters.

The filters are dried again and weighed to determine the weight of sus-

pended solids. A sample of 50 ml is usually sufficient to obtain sig-

nificant va,lues in milligrams per liter, although occasionally, it is

necessary to filter as much as 400 ml, especially when dealing with

relatively pure effluent.

For the period July 10, 1975 through November 24, 1975, the mean

percent removal of suspended solids was 94.4%, with individual daily

values ranging from a low of 21% to a high of 99 9%.

3.2.3 Chemical Ox en Demand

COD is determined according to the Jeris method, which

is a rapid and satisfactory test though not a standard method  see

Appendix J for detailed methodology!. Average percent removal of COD

for the period July 10 � November 24, 1975 was 82.6%.

3.2.4 Biochemical Ox en Demand

The biochemical oxygen demand is determined according

to the standard five-day BOD method outlined in the 13th edition of

Standard Methods for the Rxamination of Water and Wastewater  Amer.

Public Health Assn., Washington, D.C.}, l971, pp. 489-495. For the

period July 10 � November 24, 1975, the mean percent removal was 92.5%.



3.2.5 Summar of STP 0 rations

A comparison of the removal values for suspended

solids, BOD and COD for our package plant with values supplied by the

New York City Department of Mater Resources for expected removals in

newly upgraded plants  Table 3:3} indicates that our system is pro-

ducing a considerably higher quality effluent than that with which we

will probably be dealing when we enter Phase III. This may result in

serious constraints on the predictive validity of our Phase II results.

For this reason, planning is now underway for the installation of a

piping system to supply Tallman Island secondary sewage effluent to

our site as soon as the newly upgraded plant goes on-line  estimated

starting date � early spring L976}.
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TABLE 3; 3 ~ COMPARISON OF CLOW PACKAGE PLANT AND

NYC/DWR's UPGRADED TREATMENT PLANT OPERATIONS

PARAMETER PERCENT REMOVAL

Suspended Solids 94.4% 90%

90~BOD

60-70%COD

*Numbers supplied by Mr. William Pressman of the New York
City Department of Water Resources.

AVERAGE

CLOW PLANT

92.5a

82.6%

OPTIMUM UPGRADED

NYC PLANT*
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4 PHYTOPLANKTON

4.1 Light-Limited Growth and Cellular Composition of Dunaliella

tertiolecta Cultured with Ammonia and Nitrate

This study which was reported as being in progress as of

January 1975, has now been completed. Complete results are reported

in the doctoral dissertation of Bruce A. Sharfstein  Light-Limited

Growth and Cellular Composition of Dunaliella tertiolecta Cultured

with Ammonia and Nitrate: The City University of New York, 1975, 173

pages!. The thesis abstract is given here:

ABSTRACT: The growth rates, and cellular concentrations of ATP,

particulate "carbon", particulate "nitrogen", chlorophyll a, pro�

tein, carbohydrate and lipid, were measured for Dunaliella ter-

tiolecta grown in light-limited continuous culture in nitrate

and ammonia medium.

Cells cultured in ammonia medium had consistently higher

hourly growth rates at all levels of light intensity, the dif-

ference increasing from 22% at the highest intensity to 62% at

the lowest intensity. Growth in ammonia medium was shown to be

dependent on E b /unit chlorophyll, the response of cellular
abs

chlorophyll a to changing light intensity, and the energy demands

of division. At the highest intensity studied, nitrate-grown

cells showed a similar response to light, while at lower inten-

sities light-limited growth was primarily mediated by the

light-dependent. component of nitrate assimilation. A theoreti-

cal model of light-limited growth was developed based on these

results.



Nitrate- and ammonia-grown cells showed similar levels of

intracellular chlorophyll a, lipid, and ATP. Nitrate-grown

cells showed a tendency to synthesize 40% more protein/division

than ammonia-grown cells. Et was suggested that it is this

additional synthesis, rather than the energy differences in up-

take and assimilation of nitrate and ammonia, which account for

the observed differences in growth rate at light intensities of

0.0l8 ly/min, where the 3.ight-dependent component of nitrate

assimilation is saturated. Further, it was suggested that this

additional protein synthesis might be related to the synthetic

machinery and enzymes involved in the reduction of nitrate to

ammonia by the cell.

A consideration of potential strategies for the operation of

an effluent mariculture system was developed, based on the

experimental results.

4.2 Ph to lankton Isolation Studies

One criterion used in the selection of phytoplankton for a

sewage effluent aquacu3.ture system is that the organism should grow

rapidly and thrive in high concentrations of sewage effluent. This

increases the efficiency of such an aquaculture system by increasing

the volume of sewage which can be processed.

A method for the selection of algal species that meet these

criteria was recently developed that enables us to maintain an ongoing

selection process within our phytoplankton tanks while they are being

used for other culturing purposes. Small vials, fitted with Millipore

filters at one end, are filled with a mixed culture that is to be

screened for growth in effluent. The vials are allowed to float in the

reactors which contain effluent or an effluent;river water mixture.
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The Nillipore filter functions as a selectively permeable membrane

allowing the passage of nutrients into the vial but preventing the

exit of algae from the vial. After the vial culture has incubated

in the effluent medium. for several weeks and i~creased in density,

an aliquot is plated onto a complete algal medium using an atomizer

technique. The plated culture is incubated until isolated colonies

can be observed and picked. Unialgal colonies of algal species

selected for growth in sewage effluent. are thus isolated.

This method of algal selection has recently been started as an

ongoing selection procedure. We have successfully isolated two species

of freshwater algae, Chlorella sp. and Scenedesmus sp. from samples

of sewage influent and a mixed phytoplankton-tank culture grown in

100% sewage effluent, respectively.

4.3 Ear e-Scale Ph to lankton Cultures

Since the completion of our Phase Zl facilities in July

1975, we have been simultaneously operating two separate effluent

aquaculture systems. The first of these is a typical estuarine sys-

tem utilizing a phytoplankton-culturing medium composed of 50%

secondary sewage effluent and 50't East River water. The second is

a freshwater system which utilizes undiluted secondary sewage effluent

as the growth medium. While the emphasis of our past work has been

on the development of a brackish-water system, we are now investi-

gating a freshwater system since we realize that brackish-water sys-

tems are limited in applicability to coastal cities, and that even

where dilution of the sewage with saline water is possible, the

necessity of diluting the secondary sewage effluent would only compound

the problems of space limitation characteristic of most urban areas.

As noted previously  section 3.1.2!, since the ban on phosphate-
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containing detergents, the molar N:P ratio of the secondary effluent

has changed markedly. As a result, under current conditions, it is

no longer possible to accomplish complete remova1 of sewagederived

inorganic "nitrogen", although. complete stripping of phosphate is

routinely attained. The quantity of "nitrogen" that can be removed

is dependent on the N:P ratio of the incoming sewage, and on the ratio

of utilization of "nitrogen" to "phosphorus" by the phytoplankton.

Percent removal of "nitrogen" for the period July 10 to November 24,

1975, has ranged from 17% to 100%, with a mean stripping value of 52%.

Continuous tank cultures are now being regulated by a series of

feedback equations so that flow rates and cell densities are adjusted

ta the prevailing algal growth rate and the phosphate concentration

in the incoming sewage effluent  and/or! baywater. This approach has

given us runs of up to ll days with greater than 90% phosphate removal

in certain estuarine cultures When the f edback equations are fur-

ther refined, we hope to be able to increase the length and reliability

of these runs through a more precise regulation of culture conditions.

Although we are just beginning to investigate strategies for

optimization of the phytoplankton cultures in terms of the relationships

that exist between light penetration, growth rate, nutrient uptake

rate, depth, and volume throughput, initial area required and volume

throughput calculations done by Walrath and Natter �975}, based on our

raw data for one-meter deep tanks, are very promising. Their calcu-

lations indicate a requirement of 5.5 acres per one million gallons per

day  mgd! throughput for a one-meter deep tank under summer conditions

of light and temperature, as compared to a value of 26 acres/1 mgd for

the Woods Hole effluent aquaculture system under similar seasonal con-

ditions  Walrath, D. and A.S. Nattex: A new broom in wastewater
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cleanup: aquacultux'e converts nutrients to food, fuel and fertilizer

 in press!} .

As noted previously  section 4.2!, we are actively evaluating

new organisms for use in oux system. At present, we are using a total

of five estuarine species, and four freshwater species:

Estuarine Or anisms

Nannochloris sp.

PbL2  Jamaica Bay isolate!

x92  st. croix isolate}

Dunaliella tertiolecta

Freshwater Or anisms

Chlorella sp.

Selenastrun sp.

sp.

Scenedesmus

4.4 Use of a Cream Se arator for Concentratin Ph to lankton

We have recently acquired an Znternational Haxvester cream

separator which we plan to use for producing phytoplankton cel' concen-

tx'ates following techniques suggested by Cornelius Mock  personal corn-

munication, 1975}.

The ability to mechanically harvest a large percentage of the

phytoplankton cells in our tank  "reactor"} cultures would have a

number of major advantages for an effluent aquaculture system.

The phytoplankton cell densities that must be attained in our

reactor cultures to achieve adequate nutrient removal are generally

one to two orders of magnitude higher than the cell densities that are

suitable for shellfish food. As a x'esult, laxge volumes of dilution
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water are currently needed for the shellfish phase of the system. Xf

a large percentage of the incoming phytoplankton culture could be har-

vested prior to the shellfish stripping step, an additional usable

protein source  the phytoplankton concentrate! could be produced, and

the need for dilution water would be eliminated, thereby substantially

reducing the area requirements for shellfish culture.

Alternatively, if new phytoplankton growth were constantly har-

vested from an actively growing continuous culture at a rate equal to

the growth rate of the culture, high nutrient removal rates could be

accomplished at low standing crop densities. Furthermore, the resul-

tant increase in light penetration might result in higher growth rates,

and a greater volume throughput per unit area.
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5 SHELLFISH

5.l Flax Pond Shellfish Hatcher

A shellfish hatchery was operated at the Flax Pond Marine

Research Laboratory of the New York State Department of Environmental

Conservation from January to August L975.

Spawning experiments were done with a freshwater species, ~Ran ia

cuneate, and an estuarine species, ~M tilis edulis. The conditioning

and spawning experiments with N~tiiis edulis met with limited success

and. procedures for optimizing conditioning and spawning techniques

were begun.

Unfortunately, we have had to temporarily shut down the shellfish

hatchery at Flax Pond due to staffing demands at the Tallman Island

facility and to the high cost of operating the Flax Pond laboratory.

If funding becomes available in the near future, the shellfish hatchery

experiments will be re-established.

5.2 Shellfish Studies at Tallman Island

5.2.l Routine Shellfish Growth Zx eriment*

Shellfish growth studies are currently underway for

three estuarine species: ~M tilis edulis, Nodiolus demissus, and ~M a

arenaria, and for two freshwater species: ~ancaia cuneate and i~am siiis

sp.  identification unconfirmed}. Monthly weight gains and daily

stripping efficiences are being monitored with the aim of determining

gross food conversion efficiencies for these species. These growth

experiments will be used as a guideline in selecting those shellfish

which are most suitable for our effluent aquaculture system.

Preliminary results of these growth experiments indicate that of

the six shellfish species screened to date, ail except ~san ia cuneate
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are suitable organisms for our system.

We are currently making arrangements to obtain populations of

Corbicula manilensis and other potentially suitable freshwater orga-

nism which will be screened for growth in the Tallman system.

5.2.2 Dynamics of Protein Production of M~tilis edulis

Optimization of the effluent aquaculture system in

terms of protein production depends in part on the determination of

those phytoplankton species and feed densities that result in the

maximum protein production for each shellfish species in the system.

A study is beginning with the objectives of generating a series

of equations relating protein production of stilie sdnlis to algal

species and feeding density, and of describing the transfer of various

nitrogen fractions of algal cellular nitrogen through ~M tilis eduli s.

in our effluent aquaculture system. During the course of this experi-

ment, the digestibility of algal protein, assimilation of amino

and protein nitrogen, and protein conversion efficiences by M. edulis

will be determined for different algal species and feeding densities.

This information will enable us to select the optimal algal diet and

feeding density that will result in maximum protein production.
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6 SEAWEED

6.l Flax Pond Seaweed Laborator

Six species of seaweed are presently being cultured at the

Flax Pond laboratory, including Chondrus crisp~us Agardiella verrucosa,

A ardiella sp., H~~nea musciformis, Gracilaria sp. and Anfeltia sp.

These seaweeds are maintained in continuous culture and provide a

readily available supply of stock plants for the effluent aquaculture

system at Tallman Island. The first five species of the seaweeds

listed here have been introduced and evaluated in the Tallman system.

Anfeltia sp. and other potentially suitable seaweeds will be intro-

duced as they are available in sufficient population size  at least

200 g!.

Preliminary experiments were done at the Flax Pond laboratory to

determine optimum seaweed- ank design and methods of circulation.

Circulation systems using aeration and a mechanical paddle were com-

pared. It was concluded that seaweed circulation by aeration alone was

excellent for the tank design at Tallman Island.

6.2 Seaweed Tank Desi n and 0 eration

The results of the preliminary study of methods of seaweed

circulation done at the Flax Pond laboratory suggested that circula-

tion by aeration alone would be adequate for the Tallman Island seaweed

tanks. Seaweeds grow best when continuously agitated and exposed to

the maximum possible light. For efficient use of the Tallman seaweed

"reactors", a circulation pattern was required that provided gentle but

continuous movement of the plants, longest possible surface time and

largest cycle size combined with fastest cycle speed. A comparison

was made of seaweed circulation patterns when agitated by air alone at
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three reactor water-levels �.25, 0.50 and 0.75 levels!. Air was

supplied by a single air line running the length of the reactor at

the mid-line of the bottom of the tank. Observations were made of

rate of cycling, cycle size and configuration, plant movement, and

surface time. It was concluded that the best circulation pattern

occurs with full air supply and a tank water-3.evel of 0.75. Under

these conditions, the seaweeds cycle seven times per minute over the

entire tank width, with gentle but continuous motion and longest sur-

face time.

6.3 Screenin for Suitable Seaweed S ecies

Initially, the following five species of seaweed were intro-

duced into the Tallman Island system from our Flax Pond laboratory:

spI

Gracilar'a sp.

~H ynea musciformis

C hon d r u s ~cz i s us

At present, all the seaweeds have been kept in the system for 90-111

days, over the period August-September 1975 to midt-December 1975.

Seaweeds were placed in the reactors, and supplied with a constant

flow of a 10% sewage effluent:90% East River water mixture at a rate

of one turnover per week. Due to the initially small population sizes,

this flow rate was sufficient to maintain adequate nutrient levels. Xn

rates were increased in response to population gorvth so that the

system never became nutrient-limited. Seaweeds were weighed weekly

during the study.

Results of this study are summarized in Figure 6:1. The two most
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Figure 6:l. Normalized seaweed growth curves for five

species of seaweed grown in the Tallman Island

effluent aquaculture system.
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size which permits weekly harvesting. It is notable that neither of

these two seaweeds have been attacked by epiphytes.

shown relatively slow growth in the system, and have all been attacked

by epiphytic alga, turnerii. At present, these sea-

weeds have been rejected as suitable choices for the Tallman Island

system, although we plan to reintroduce these, along with other new

species, at a later date.

6.4 Study of A ardiella verrucosa

A ardiella verrucosa has proven itself to be the most suc-

We are currently accumulating a harvest of Agardiella verrucosa

that will be sufficient for trace-metals and carrageenan � content

analyses. Arrangements for these analyses have already been made with

Dr. Sidney Schwartz of the New York State Department of Environmental

Conservation and with T.L. Chapman of Marine Colloids, Inc.

cessful seaweed in our aquaculture system  of those tried in the system

so far! .

At present, we are culturing A. verrucosa in a mixture of 10%

secondary sewage effluent:90% East River water, at a turnover rate of

0.36/day. Under these nutrient conditions, and late fall-early winter

light conditions, 90% phosphate removal is attained, with a sustainable

2
net production rate of l7 g wet weight/m /day for a one � meter deep

tank. It is probable that these values are somewhat less than the

annual mean production rate, and that productivity can be further

optimized. However, using these numbers as a guideline, it can be cal-

culated that a yield of at least 230 tons/acre/year could be attained.
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A prototype raft was anchored in Salt River Inlet on
September 11, 1975. The raft measures 12 ft. by 12 ft. and
flotation is provided by four 55-gal. drums protected by
anti-oxidant paint and liquid tar. The drums are strapped
to the raft, by stainless steel cables. A single point con-
crete anchor of approximately 200 lbs. hold the rift in

position.

Three locally available materials were chosen for test-

ing as cultch: automobile tire rims, mortar mix coated. ply-
wood and Vexar plastic mesh. The tire rims were hung hori-
zontally, each string consisting of S rims, 8 inches apart.
The mortar mix collectors measure 16 x 32 inches, 2 collec-
tors per string. These strings were hung 8 inches apart on
stringers, parallel to the anchor line. Each string carries
a 2.2 kilo weight. to compensate for the plywood's buoyancy.
The Vexar collectors measure approximately 16 x 48 inches
and had to be supported by a wooden frame.

mangrove oyster, to test the relative attractiveness of the
3 collector types to oyster spat. Our results clearly
showed the superiority of the mortar mix coated plywood as a
setting surface. Collectors set out on September ll, 1975,
averaged 470 juvenile oysters per collector by October 10.
The tire rims and Vexar plastic mesh did not collect enough
spat to be of commercial interest. On the basis of these



TABLE I

Growth of the mangrove oyster as average shell height of
a sample of 30 oysters and estimated numbers of oysters
per collector. Group A set out in Salt River on Sept. 11,

~ and Group B on Sept. 18, 1975.

Group 8Group A

No./collector Ave height
 m !

Ave. height

 mm!
Ho./collector

1O/la 47G + 22

656 + 24

838 + lQ

768 + 16.

592 + l4

+

12+ 2

19+3

32 + 2

39+ 3

10/24

11/7 232 + 18

234+ 8

172 + 2

12+ 2

17+ 411/21

12/4 35+ 3

results, only mortar mix coated plywood or other mortar

mix coated material will be used in future experiments.

However, mortar mix coated plywood presents some practical

problems. Their preparation requires considerable labor

and they are diffi"ult to handle in hatchery setting tanks.

Ne plan to try several alternatives including sea scallop

shells and corrugated asbestos-cement roofing  mortar mix

coated!. But these materials must be imported and careful

cost comparisons based on oyster production on each material

will have to be made.

There were 2 groups of mortar mix collectors hung from

the prototype raft. The first was set out on September ll

and the second on September 18, 1975. The growth and esti-

mated numbers of the mangrove oyster are shown in Table I.



Besides individual differences in growth, variability in

average shell height was increased by the continuous setting

of mangrove oyster spat. Initially the collectors of Sep-

tember l8 had a light set, but improvement was noted. in the

latter part of November. However, these new oysters were

not considered sufficiently developed to count and measure

and are not included in Table I.

Preliminary hatchery trials have been inconclusive to

date. The Japanese oyster, C. cd~as, set lightly on the

mortar mix cultch, but was completely absent from the tire

rims and Vexar plastic mesh. The Kumamoto variety of C.

pic~as failed to set.

The Japanese oysters set on or shortly after September

20, 1975, and were fed on phytoplankton species STX Sl and

STX 114, according to the availability of these species in

bearing these hatchery produced Japanese oysters were set

out in Salt River Inlet. Their growth rate is shown in

Table II.

TABLE I I

Growth of juvenile Japanese oysters  C, ~qi asj set in the
hatchery approx. Sept. 20, reared in the hatchery until.
11/10 and in Salt. River from ll/10 to ll/21.

Sample sizeAve. shell height

 um!

10/3

11/3

13./10

11/21

245

274

246

13

23

reactor and carboy cultures. On November 10, the collectors



Initial growth and survival has been good, with mortality

confined to the smaller oysters.





APPENPIx B

GROWTH OF CLAM AHD OYSTER LARVAE OH DIFFEREHT ALGAL DIETS

ZH A TROPlCAL ARTIFICIAL UPWELLIHG MARICULTURE SYSTEM

Judith B. Sunderlin , Phyllis T. Baab and Elaine M. Patry2 ~ 3 3

teeding studies were conducted on the larvae of ~Ta es senidecussata
Reeve, Kumamoto oysters, Ostrea edulis Linne and Crassostrea ~~i as
Thunberg to evaluate different species of algae and their influence on
larval growth and survival. The phytoplankton used in the studies were:

S-l!. Larvae were obtained from the spawning of adult brood stock in the
controlled environment of the artificial upwelling mariculture system in
St. Croix, U.S. Virgin Islands. Salinity was 34.75 to 34.95o/oo and the
water temperature varied between 23 and 28 C during the experiments.

~Ta es sesidecussata larvae could be successfully reared through
metamorphosis on algal diets suited for growth in the tropical mariculture
system on St. Croix. Mixtures of algal diets were better for growth and
survival of Kumamoto larvae than unialgal diets. No significant infor-
mation could be obtained from the Ostrea edulis study due to poor sur-
vival of larval cultures which may have been caused by high temperatures.
l
This work was supported by HOAA Sea Grant 04-5-l58-59 from the U.S.
Department of Commerce. Lamont-Doherty Geological Observatory
Contribution Ho. 0000.

2

Lamont-Doherty Geological Observatory of Columbia University, Artificial
Upwelling Project, p.Q. Box 2, Kingshill, St. Croix, U.S. virgin
Islands 00850.

3
Hood College, Frederick, Maryland 2170l.



Crassostrea ~jiias larvae grew well an a mixed diet and survival was sig-

nificantly higher than that for the Kumamoto oyster larvae.

INTRODUCTION

The critical factor in determining the success oz failure of a pele-

cypod shellfish hatchery is watex quality. In mast hatcheries surface

seawater must be filtered oz centxifuged to remove undesirable organisms

and, in most cases, after filtration, the water should be sterilized.

Water quality varies seasonally; when certain dinoflagellate blooms are

present, the water may be unfit for bivalve larval culture  Bardach et al.,

1972; Chanley, 1975!.

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 are grown as food for filter-feeding shellfish in a con-

trolled food chain. Dissolved nitrates, phosphates, silicates, and other

nutrients which are essential for a3;gal gzawth, are abundant in the

artificially upwelled water. Nutrient concentrations are stable and do

not vary seasonally  Boels et al., 1975!. The deep water is free of man-

made pollutants, diseases, and predators harmful to shellfish. Therefore,

the water quality of the St. Croix system is advantageous for a pelecypod

,shellfish hatchery.

After water quality, the next important factor is the food supply

for the bivalve larvae. Many hatcheries in the temperate region primarily

utilize the natuzal populations of algae but make occasional use of pure

alga3. cu3.tures when light and temperature conditions do not support

sufficiently dense cultures duxing the winter months. The advantage of

one method over the other is not clear-cut Natural algal populations

contribute to a wide variety of food organisms  good and bad! in the



larval diet, whereas with pure algal cultures undesirable forms  Chlorella!

can be screened out and readily digested forms  Chrysomonads} can be

cultured  Bardach et al., l972!.

Literature on larval feeding studies, primarily conducted in temperate

lutheri, Dunaliellaareas, reports that @alba@a,

and survival on different diets.

This paper reports the results of controlled feeding studies on one

species of clam larvae and three species of oyster larvae: ~Ta es semi-

decussata; Kumamto oyster  a gigas type!; Ostrea edulis; and Crassostrea

$3.ghs v

MATERIALS AND MKTHODS

Brood. stock from the St, Croix mariculture system were used to pro-

duce the ~fa es semidecussata, Kumamoto and Cra,ssostrea pipes larvae.

The ~Ta es and C. gicias were originally purchased as 3-mm !uveniles from
I

suitable foods for clam and oyster larvae  Davis and Guillard, 1958;

Walne, 1963, 1966; and Loosanoff and Davis, l963!. High temperature is

the limiting factor for growing these previously tested food organisms on

a large scale in the tropics. Zn the St. Croix mariculture system the

yearly temperature range for algal cultures is 22 to 30 C. Due to these

temperatures and intense sunlight, the recommended algae cannot be cultured

outdoors. However, in the airconditioned laboratory, small quantities can

be grown.

Peeding experiments were designed to evaluate growth of clam and

oyster larvae on species of algae that can be grown in large quantities

in the St. Croix system. In many of the experiments larvae were fed con-



Pacific Nariculture, Inc., Pescadero, California. Juvenile Kumareto

oysters .were purchased from Bay Center Nariculture Co., Willapa Bay,

Washington. All three species were grown to market size in the St. Croix

system before they were spawned in the hatchery. Nature Ostrea edulis

were imported from Naine  Maine Coast Oyster Corp., Blue Hill, Maine!.

The following technique was used to induce spawning in all four species.

Adult shellfish were placed in Pyrex spawning dishes �.4 liter!

filled with algal culture, and deep water �2 to 24 C! was circulated

around the spawning dishes one-half hour prior to thermal and chemical

stimulation. To induce spawning, hot deep water was circulated through

the spawning table and within 10 minutes, 32 C was reached in the Pyrex

dishes. Xmmediately after reaching 32 C, cold deep water was circulated

through the spawning table and in approximately 45 minutes the spawning

dishes reached 22 to 24 C. At. the high temperature range a stripped

gonad solution  sperm or eggs! was added to each dish and after 45 minutes>

if no spawning was observed, this thermal cycle was repeated. Deep water

was heated in a glass-lined, gas-fired water heater.

'T. semidecussata, Kunemto oysters, and C ~icLas require anywhere

from one to three thermal shocks before releasing gametes Only 5 to 10 ml

of the sperm solution were used to fertilize the eggs. After two thermal

shocks, small clumps of eggs were observed around several O. edulis and

six days later swarming larvae were collected.

Duplicate larval cultures at the initial concentration of 10/ml were

used for testing each diet., Zither 15, 30 or 50 liter polyethylene con-

talners were used for rearing the larvae. The O gicias .were also grown

in a 379-liter polyethylene container. Larval cultures were continuously

aerated throughout the experiments.



Every other day the larval cultures were filtered through a graduated

series of three 25.4-cm diameter Nytex sieves  nylon-monofilament bolting

cloth, Tobler, Ernst and Frabex, Xnc., Elmsford-, N.Y.!. Clumped food and

debris were trapped on the top sieve and discarded, while the larvae wexe

collected on the bottom two sieves. The larvae were rinsed from the

sieves and combined in a 3 to 4-liter concentrate. Sieve sizes were

increased on the next filtration day if a large percentage {>90%! of larvae

accumulated on the middle sieve.

A l5-ml sample was taken from each container after the concentrate

was thoroughly randomized. After sampling, the proper diets were distri-

buted, each container was filled to its respective volume with deep water,

and 0.2 ml of Vet Strep  streptomycin sulfate, Merck and Co., Rahway, N.J.!

per liter of larval culture was added. No quantitative measurements  cell

counts or turbidities} were made on the algae in the larval cultures prior

to filtering, however, a pale green color was observed in all larval con-

tainers indicating that food was still present. The initial number of

cells/ml added to the larval container was determined either by cell

counts or extrapolation from turbidity measurements The initial food

concentration in the larval cultures ranged from 8 x lO to 2 x 10 cells/ml.

Data on larval growth and survival were obtained from the 3.5-ml sample

taken after filtration A Sedgwick-Rafter cel3. was used in determining

the number of larvae pex' ml: duplicate or triplicate 1-ml aliquots of each

sample were counted. At least lO larvae from each sample were measured

� length and width in microns  Loosanoff et al., l966! � using an ocular

micrometer.

During these experiments the water temperature in the larval cu3.tuxes

varied between 23 and 28 C and the salinity was 34 75 to 34.95 /oo. The

algae used in these studies were either cultured aatdoors in 45,000-3.itex



ponds or in 2000-liter reactors or cultured in an airconditioned laboratory

in 15-liter carboys.

STX-157 were grown exclusively in the l5-liter carboys. Bellerochea

cultures and used regularly for feeding shellfish in the mariculture

system. Table 1 summarized the algal diets and the experimental conditions

in each feeding study. Additional details of the St. Croix mariculture

system are given in Babb et al. �973!.

RESULTS AI43 DISCUSSION

The feeding studies were terminated when the larvae began to set or

when no survivors remained ~Ta es semidecussata, gstrea edulis, and

Crassostrea pi~as were successfully reared through metamorphosis; the

1Qmamoto larvae did not metamorphose. To prevent, confusion, the results

for each species will be discussed separately

Xn the ~Ta!es semidecussata feeding study, larvae fed mixtures of

diatoms and flagellate s} began to metamorphose on Days 14 to 3,6; those

fed mixtures of only diatoms and mixtures of only flagellates had not

attained setting size by that time. Of the four diets tested  Table 1!,

Diet I  diatoms only! produced the poorest survival and growth. When the

experiment ended, only those larvae fed Diets II and IV had reached

setting size of 220 to 280<  Cahn, 1951; Tamura, 1970!. The best sur-

~ ~ s I ~ ~

scale culture for the hatchery in St Croix. Larvae fed Diet IV were not

significantly larger than those fed Diet rr. The growth and survival of

~Ta es semidecussata in this feeding study are given in Figure l and

Table 3, respectively.



~ga es seeidecossata has a high tolerance to teeperatore with a lower

limit of 0 C and an upper limit of 36 C. The optimum temperature for

ciliary movement of the gills is 23.4 C  Cahn, 1951; Tamura, 1970! The

yearly temperatuxe range in St. Croix �2 to 30 C! is within the tolerance

limitations.

Over the past 18 months, seven batches of ~Ta es have been successfully

reared from fertilized eggs to juveniles. Setting size was reached any-

where from Day 12 to 20 when a variety of foods were used throughout the

and S-l, fed as a mixture When these algal species are fed singly or in

combinations of two but not as a mixture of three, the larval growth rate

is reduced  Fig. 2!.

Five batches of Kumamoto 1arvae have been spawned and reared in the

St. Croix system but none of the larvae have successfully completed meta-

morphosis. At first, it was believed that food was the major problem,

R'� '"

were fed these two diatoms and the flagellate S-l, but again, no oyster

spat were obtained. The feeding study reported in this paper was designed

to test growth and survival of Kumamoto larvae fed unialgal cultures and

one mixture  Table 1!. All larvae fed unialgal cultures died on or before

on Day 35 but they never metamorphosed  Fig. 3!. Rven though Diet V

 mixture! sustained a small number of larvae over a longer period of time,

the survival rate  <1%! was not significantly different. from that attained

using the other diets. The results of this study indicate that food may

be a cause of unsuccessful metamorphosis, but it also indicates that

temperature could be the possible cause. The ambient temperature during



this last experiment was 27 to 28 C. Cahn �950! reports the optimum

temPerature for devsloPment of C. gigas to be between 23 and 25 P r

An additional study on Kumamoto larvae was run to see if thex'e was

a difference between growth and survival of larvae cultured at 23 to 24 C

and at 26 to 28 C  Table 2!. All larvae were fed a mixture of two

diatoms and one flagellate. Survival in the "cool" group was not sig-

nificantly different from that. in the "warm" group. The warm group

reached setting size 3-5 days sooner than the cool group, but, again,

neither group successfully metamorphosed.

Just before setting size was reached, a copper solution was added

to obtain a concentration of 100 pg/1 in one-half of both the warm and

cool larval cultures  Prytherch, 1934!. Xt was hoped that this treatment

would help promote setting since deep water has a low concentration of

metals. This copper addition appeared to have no effect one way or the

other on survival or setting.

Future experiments are planned with Kumamoto larvae and such para-

meters as food, temperature, aeration, larval culture volume, and larval

density will be investigated.

Since temperature was believed to be a problem in rearing Kumamoto

oysters,-the Ostrea edulis study was designed to include a temperature

control. Half of the larvae were grown at ambient temperature �7 to 28 C!

and the othex half at 23 to 24 C in a deep-water cooled bath. Literature

reports that 18 to 20 C is optimal for the setting of O. edulis  Loosanoff

and Davis, 1963! The 0. edulis larvae began to set on Days 20 to 22.

Although less than 1% of the initial larvae set, 95% of the total spat

were from the 23 to 24 C cultures.

Due to poor survival in all of tbe Q. edulis oultures  <tt!, it is

difficult to determine which diet  Table 1! is best for growing this



species in the St. Croix hatchery. The lower temperature in the group fed

Diet I may be related to the best larval survival �3.3%! and spat-fall,

however, nothing can be concluded from this study. In the spring of

1973 a batch of 0. edulis larvae was reared in the mariculture system.

The larvae were fed only diatom and the temperature was 27 to 29 C; these

larvae failed to complete metamorphosis.

Further experimentation of O. edulis is planned and temperatures in

the larval cultures will be kept at 18 to 20 C. This should reduce the

influence of temperature on the feeding study.

Crassostrea gii~as larvae, unlike the Kumamoto larvae, did complete

metamorphosis in the St. Croix hatchery. Setting began on Day 22 in the

30-liter cultures but was delayed until Day 25 in the 379-liter culture

 Fig. 4!. The differences in growth rates can be explained by the larval

densities The 30-liter cultures had an initial concentration of

10 larvae/ml, whereas the 379-liter culture had a concentration of

30 larvae/ml. The denser culture sustained a higher survival �7%! than

the culture with fewer larvae per ml �7%!. The question is why did

C. picks, when reared on the same mixed diet of two diatoms and one flagel-

late, complete metamorphosis in the St. Croix hatchery and the Kumamoto

.larvae did not'? Future experimentation will be formulated with this

egestion in mind.
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Table 2. Experimental design of additional Kumamoto feeding study

Kumarmto oyster

Diet

XII. Unfed control �5-R culture!

Experimental
conditions

X. 15-R cultures at cool temperature
�3-24 C!

XX. 15-R cultures at ambient temperature
�6-28 C!



Table 3. Survival for Tapes semidecussata larval feeding study

Percent Survival

Time in days

91

29 74 69

5414 58

4440 3012

1814

18

Diet

r

Diet

IX

Diet

ZII

Diet

IV



Figure l. Average growth rata of ~Ta es semidecussata larvae reared

on four different diets. = Diet I; = Diet IX;

= Diet III; P= Diet IV  sea Table 1 for key to

diets! .
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Figure 2. Average growth of T~a~s semidecussata larvae.

= mixture of three algal species �8, STX-114 anct S-l!;

= the same algal cultures, fed singly or in combina-

tions of two, but never as a mixture of three
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Figure 3. Average growth rate of Kumamoto oyster larvae reared on

five different diets. = Diet I; = Diet II;

= Diet III; = Diet IV; = Diet V  see Table l

for key ta diets! .
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Figure 4. Average growth of Crassostrea ~i as larvae reared on the

same diet. 30-liter cultures with a density of

10 larvae/ml; = 379-liter culture with a density of

30 larvae/ml.
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APPBfDjX C

HUTRIENTS AND SALINITY DATA FOR DEEP-WATER PIPELIHES
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A COMPARISON OF TECHNIQUES FOR THE ESTIMATION OF PHYTOPLANKTOH

CULTURE DEHSITY. I: TURBIDITY, IN VIVQ FLUORESCENCE

AND CELL COUNTS OH SELECTED UNIALGAL CULTURES

Scott Laurence

IHTRODUCTION

Although the estimation of phytoplankton density can be accu-

rately accomplished through the use of established cell-counting

methods, this technique is time-consuming and hence inefficient. In

preparation for the increasing number of cultures which must be

examined on a daily schedule in our system, and with an eye towards

the eventual establishment of a pilot or commercial-scale system in

which the semicontinuous monitoring of many cultures will be neces-

sary, a comparison of cell-counting, turbidity and in vivo fluorescent

techniques for estimation of culture density was undertaken. Through

this study we hoped to establish that turbidity and/or in viva

fluorescence could be used to monitor the density of unialgal cultures

grown in our "reactor" system.

METHODS

Unialgal cultures of S-l, an unidentified naked Cryptophyte

flagellate used for feeding larvae in our system, 3H {Thalassiosira

curvisetus! were used for this study. All cultures were started by

inoculating 500 liters of deep water contained in 2000-liter concrete

"reactors" with two 16-liter carboys of unialgal culture grown in our

laboratory.

Following inoculation, cell-counts, turbidity and in viva



fluorescence were measured at 0800 hrs daily. Once each culture

attained "peak" density  a species-specific level determined in prior

work!, the reactor was successively filled to one-half, full, and

finally "activated." Each activated culture was diluted with 230

ml per 10 sec of deep water  one turnover day !. Flow rates were

monitored at 0800 and 1400 hrs daily and adjusted if necessary.

Samples of each culture were collected in 400-ml "turbidity"

bottles. Cell counts were performed using our standard procedures on

a Speirs-Levy eosinophil counting chamber. All cell species were

counted but only the main-species ce11 count. was used for purposes

of comparison. Turbidity readings were taken on samples in acetone-

washed bottles with a Nonitek turbidimeter, Model 250. After tur-

bidity readings were taken, a sample was transferred to an acetone-

washed cuvette and in vivo fluorescence was measured on a Turner

Model ZZZ fluorometer utilizing window 1  low sensitivity! for all

readings.

Once all the data had been collected, linear regressions on the

three pairs of data for each culture and for all cultures combined

were calculated. Cell counts were calculated from raw data as

X l0  = number of cells per ml! so 10 was subtracted from each4 4

score for computation. Values used for turbidity and in vivo fluores-

cence were raw data values.

RESUI TS

Table 1 illustrates the coefficient of determination  R ! for
2

each possible set of paired data points  turbidity:in vivo fluores-

cence, turbidity:cell counts, in vivo fluorescence:cell counts! for

each unialgal culture and for all cultures combined.

Figures 1, 2, 3, 4 illustrate the change in culture density over

time with the three techniques for the unialgal cultures.



DISCUSSION S CONCLUSIONS

For the purposes of this study, the cell-counting method was

used as a "standard," and therefore the degree of linear correla-

tion between turbidity or in vivo fluorescence and cell-counting

results was used as a measure of the "accuracy" of these two methods.

It is clear that the coefficient of determination for sets of

paired data are species-dependent. Very high correlations were

obtained on all paired measures for the cultures of 3H and. STX-114;

coefficients are much lower for cultures of S-l, STX-167 and for all

cultures combined. In most cases, turbidity correlates better with

cell-count data than does in vivo fluorescence, while the coefficients

of determination for turbidity: in vivo fluorescence measurements are

quite high for each unialgal culture.

An examination of the figures and raw data reveals why coeffi-

cients are low for all cultures combined; clearly, there is no single

relationship between cell counts, turbidity and in vivo fluorescence

measurements that exists for all species. Note, for example, that

in vivo fluorescence values are consistently higher than are turbi-

dity or cell-count values for the culture of S-l, while fluorescence

scores are consistently lower than the other two measures for the

STX-114 culture. Far 3H, fluorescense scores consistently occupy

a mid-position. Correlations between cell count ratio and turbidity

or in vivo fluorescence measurements are therefore species-dependent.

The relatively low coefficients of determination for clones S-1

and STX-167 are clearly due in part to the relative amount of algal

contamination of these two cultures. The prevalence of dead cells

during the final days of the 167-culture also lead to discrepancies

between the three measures.



Linear regressions provide us with only a superficial estimate

of the relative efficacy of using turbidimeter or in vivo fluores-

cence as an estimation of culture density. The true value of each

technique must be examined in the light of the ability of the tech-

nique to provide information that is useful in monitoring the physio-

logy and productivity of the culture. Regardless of the degree of

linear correlation between the various measures, for example, all

three indicate general 'evels of concentration for each species, and

the general increase or decrease in cell concentration is usually

followed by similar changes in turbidity or in vivo fluorescence

measurements. Clearly, the relationships break down when unialgal

cultures become contaminated or the number of dead cells increases

dramatically. En these cases, there is no substitute for direct

microscope inspection of the cultures.

Xn conclusion, both turbidity and in vivG fluorescence provide

an adequate estimation of cell concentration and may be used to esti-

mate productivity in unialgal cultures. Visual inspection of cultures

is necessary unless species composition is unimportant. 1n general,

turbidity, especially in view of the ease and speed with which this

measurement can be taken, appears superior to in vivo fluorescence

for daily use.



TABLE l. COEFFICIENTS OF DETERMINATION  R !

TURBIDITY, IN VIVO FLUORESCENCE, CELL COUNTS

V-CT:V T:CSPECIES

T turbidity; C = cell counts; V = in vivo fluorescence.

S-l

� of data points!

114

� of data points!

3H

 N of data points!

167

 N of data points!

ALL

 N of data points!

.84

 8}

.86

 9!

.99

�!

~ 70

{11!

.59

 8!

.93

 9!

.95

�!

~ 36

�1!

.65

�!

.49

 8!

.93

 9!

.94

�!

.19

�1!

.37

�!



Figure l. Comparison of techniques for the estimation of

culture density: reactor S2, unidentified, naked

Cryptophyte flagellate  S-i!.

4 - � � 4 in vivo fluorescence

O O turbidity

~ -- � � I cell count
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Figure 2. Comparison of techniques for the estimation

of culture density.. reactor f/8, Bellerochea ~l�

moor ha  STX-114}.

4 � � -4 in vivo fluorescence

Q � - � 0 turbidity

~ � � - ~ cell count
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Figure 3. Comparison of techniques for the estimation

of culture density; reactor k7, Thalassiosira

2

k � ---k in vivo fluorescence

O � � -Q turbidity

. . cell count
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Fiqure 4. Comparison of techniques for the estimation

of culture density: reactor 55, Chaetoceros curvi-

setus  STX-l67!.

g � --- 4 in viva fluorescence

Q � � � Q turbidity

� � � Q cell count
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INTERACTION OF LIGHT AHD HUTRIENTS OH GROWTH OF

CHAETOCEROS CURVISETUS IH OUTDOOR CONTINUOUS CULTURE:

I. CELLULAR CHARACTERISTICS

Mary W. Farmer



ABSTRACT

The effects of five different light intensities and four dif-

ferent nutrient regimes on the cellular composition of outdoor con-

tinuous cultures of Chaetoceros curvisetus were examined. Cellular

nitrogen and carbon increased with increasing dilution rate at all

light intensities. The N:C ratio increased with increasing growth

rate in nitrogen-limited but not in light-lim'ted cultures Chloro-

phyll a per cell, per unit nitrogen, and per unit carbon increased

with increasing dilution rate and with decreasing light int nsity;

these ratios demonstrated the greatest degree of diel periodicity.

Interaction of effects of light and nutrients was seen on all ratios

involving chlorophyll, but light and nutrients appeared to influence

cellular carbon and nitrogen independently of each other.



INTRODUCTION

Good predictions of primary production in the world oceans can

be made on the basis of nutrient concentration alone  Sverdrup, 1955!

or of a combination of chlorophyll a and light intensity alone  Ban-

nister, 1974!. Yet it is well known that both light and the chemical

character of available nitrogen affect the rate of uptake of nitrogen

 Dugdale and Macrsaac, 1972; Bienfang, 1975!, that the rate of uptake

of the limiting nutrient affects the rate of uptake of other nutzients

 Rhee, 1973; Droop, 1974, 1975!, and that the rate of nutrient uptake

affects the rate of growth.

When predictions of production need to be more precise than within

an order of magnitude or two, such as when estimating effects of pol-

lution or predicting food production within a given system, inter-

actions of environmental factors need to be kno~ie.

The purpose of this study is to examine the interaction of effects

of light and nutrients on the growth of a marine diatom. The results

will be presented in three sections: �! responses of cellular com-

position to light and nutrients; �! rates of uptake,and photosynthesis,

and �! diel periodicity and non-steady state conditions such as

spring blooms. Paper X  responses of cellular composition to light

and nutrients! only is included in this report.

Outdoor continuous cultures were used for this study because they

provide an open system in which the cell history is completely known

yet are subject to many of the varying conditions found in natural

systems.



MATERIALS AND METHODS

Experiments were conducted in five culture vessels  " reactors" !

of 2-m volume and 2.52-m surface area. Antarctic Intermediate Water3 2

was pumped continuously from 870-m depth off the North Shore of St.

Croix, U.S. Virgin Islands, for use as culture medium. The nutrient

composition of the deep water is shown in Table l.

The diatom cultured was Chaetoceros curvisetus Cleve, which had

been isolated by K.C. Haines from depp water during a preliminary

experiment in this study. The diatom was grown from stock for six

days, with two transfers, in f/2 medium  Guillard and Ryther, 1962!

in the laboratory before inoculation to 200-liter batch cultures of

f/4 medium on the beach. After two to three days, when cell density

in t! e f/4 medium was approximately 2 x 10 cells/ml, 20 liters of

the batch culture were inoculated into 1000 liters of deep water.

inoculation was done at 1600 hr on Day 0 and the cultures were allowed

to stand overnight. Deep-water inflow was begun at sunrise on Day l

at a rate that would equal the dilution rate of the experiment when

the reactors reached capacity.

Five cultures in each experiment were run at, one dilution rate

with each culture shaded to a. different light intensity, as shown

in Table 2. Shading was provided by neutral density screens that fit

over the reactors. The screens were provided with sampling ports

 designed by L.G. Aust!. Shades were put on the reactors when con-

tinuous flow began.

A Weston photocell mounted in watertight polyvinyl-chloride

housing was installed in each reactor and could he raised or lowered

for surface and bottom light-meter readings  designed by C L. Carson!.



The first samples were taken at sunrise on Day 1, before the deep-

water inflow was begun, and were tkane thereafter at sunrise and sun-

set every day for the duration of the experiment. Three-liter aliquots

were taken from mid-depth of the culture for determination of cell

number, chlorophyll a, dissolved nutrients  nitrate, nitrite, ammonia,

phosphate and silicate!, and particulate carbon and nitrogen analyses.

Temperatures and light-meter readings were taken at each sampling time.

A mechanical pyrheliograph recorded incident light intensity during

the first two experiments. An Eppley black and white pyranometer was

used for the last two experiments and the pyrheliograph was calibrated

against the pyranometer.

Cell numbers were determined manually on samples preserved with

Lugol's iodine using a eosinophil counter. Counting error by this

technique was +5%.

Chlorophyll a and phaeopigments were determined on a Turner

Nodel 11 fluorometer by the method described by Strickland and Parsons

�972!, but using glass-fiber filters rather than membrane filters.

Precision  +2 SE! was 7%.

Analyses for dissolved nutrients were done with standard pro-

cedures on the Technicon AutoAnalyzer ZZ and are described in detail

in Paper II of this report.

Samples for particulate carbon and nitrogen analyses were fil-

tered onto preheated glass-fiber filters and rinsed with 10 ml of

isotonic sodium sulfate to remove salt. Filters were put in indivi-

dual petri dishes and frozen until time of analysis. A Bewlett-

Packard CHN gas-combustion analyzer was used for the determinations.

Growth rates were calculated as increase in biomass per unit

biomass per day as follows:



w = DR  tl t0!

where p = specific growth rate in terms of biomass x  i.e., cell

number, particulate carbon or nitroten!; w =. washout; DR = dilution

rate of culture; tl and t0 = time at sampling periods 1 and 0, res-

pectively, expressed in units of days; xl and x = biomass present at

and t 0, respective 1 y; and  x � wx ! = biomass that would be
0

present at. tl if there were no growth between t. and t

RESULTS

Mean temperatures of the cultures and light intensities reaching

raid-depth of the cultures are given in Table 3. Extinction coefficients

were significantly  r=0.87! correlated to the k calculated using chlo-

rophyll a concentration found by Riley �956!

k 0.04 + 0.0088C + 0.054C

where C = chlorophyll a concentration.

All cultures in all experiments were in exponential growth when

continuous flow began and the shades were applied. By Day 3 most cul-

tures attained a mean biomass about which they oscillated, as exempli-

fied by the standard deviations for cell number shown in Table 4.

The oscillations were not consistently related to diel periodicity,

although most biomass variations showed a diel trend such as was seen

with cell number  Fig. l!. Cells growing at the lowest light and at

faster dilution rates began to wash out after Day 3  Fig. 1!.

A spike in cell density appeared at sunrise of Day 2 in two

experiments lt was caused by the presence of numerous small flagel-

lates, perhaps gametes of the diatom, which persisted to some extent



throughtout the culture growing at the low di3.ution rate but which

washed out of the faster cultures Some wall growth, especially Zntero-

moor borg, appeared by Day 7 of all experiments.

Biomass values and cellular characteristics for each culture

were averaged over the samples from the Last three days of each experi-

ment. These means, and the variations about these means, were used for

statistical tests and all comparisons discussed in this paper  Table 5! .

Two-way analyses of variance  ANOVA! demonstrated that both the

intensity of light reaching the cultureand the dilution rate of the

culture were associated with differences in biomass and that there was

an interaction between the effects of light and dilution rate on con-

centration of chlorophyll a and particulate carbon and nitrogen but not

on cell density. That is, the effect of light intensity of cell den-

sity was statistically the same at all dilution rates, and the effect

of dilution rate on cell number was statistically the same at all light

intensities. This observation is demonstrated in Figure 2, where the

shapes of the curves for cell number are essentially the same even though

the curves fall at different levels. The curves for chlorophyll a, POC,

and PN, on the other hand, vary in shape according to the light inten-

sity to which the cu3.ture had been exposed.

Cellular composition was also affected by both light intensity and

dilution rate, according to the two-way ANOVA test  Fig. 3!. There was

an interaction of effects on chlorophyll a per ce3.1 but not on POC or

PN per cell.

Total inorganic nitrogen input to the ractors was ca3,culated; total

inorganic nitrogen in the medium was subtracted from the input; the

result  a! was compared to the CHH analysis for particulate nitrogen  b}

 Table 7! . Zf all inorganic nitrogen was incorporated into the cells,



then a should equal b. The only cultures in which a = b were the ones

run at a dilution rate of 0.70. At a dilution rate of 0.25, a was

greater than b and at the higher dilution rates, b was greater than a.

Specific growth rate of cultures was statistically the same whether

measured by increase in particulate carbon, particulate nitrogen, or

cell number  Table 6!. Biomass was not related to growth rate, but all

measures of cellular composition were related to growth rate  Table 6! .

Growth rat s were approximately equal to dilution rate, as would be

expected in chemostat culture, except in cultures growing at 0.25 dilu-

tions per day or at 3% of incident light. Nitrogen, carbon, and chloro-

phyll a per cell increased with increasing growth rate; nitrogen and

carbon per chlorophyll a and the C:N ratio decreased with increasing

growth rate.

DISCUSSION

Res nse of biomass to dilution rate and incident li ht. One of the

characteristics of chemostats containing unicellular algae is that bio-

mass tends to decrease with increasing dilution rate  e.g., Droop, 1966,

1968; Herbert et al., 1956!. The only cultures in the present study

that demonstrated this trend for all measures of biomass were the cul-

tures grown at 3% of incident light  Fig. 2!. These continuous cultures

were not chemostats by definition; that is, they were not growth-

limited by any nutrient measured in the incoming medium. Specificially,

nitrate was present in the reactors in concentrations from 7.29 to

28.3 pg-at liter

All indicators of biomass in the study tended to peak at the 0.70

dilution rate  with the exception of cultures grown at 3'e of incident

light! and then to follow the expected downward trend. It appears,



therefore, that the biomass was depressed at the 0.25 dilution rate.

Some explanation for this depression might be found in connection with

the findings shown in Table 7. If the theoretical particulate nitro-

gen were plotted against dilution rate, a hyperbola would be obtained

for each of the three highest light intensities, and the points for

the 0.25 dilution rate would fall much lower on the ordinate than the

measured values do. The discrepancy might be explained by technical

errors in either the CHN or the dissolved nitrogen anal.yses, but this

possibility seems unlikely. Another possibility is that these cells

began taking up dissolved organic nitrogen  which was not measured!

from the deep water after the dissolved inorganic nitrogen was depleted.

If so, then the substitution of organic for inorganic nitrogen could

have led to a decrease in cell yield, a phenomenon that has been

observed when a~onia is supplemented or replaced by nitrate in other

continuous cultures  Sykes, 1975; Bienfang, 1975!. To speculate fur-

ther: a minimum amount of light may be needed for cells to take up

organic nitrogen such as urea. Cells growing at low light intensity

would not follow the pattern.

Above the 0.70 dilution rate, particulate nitrogen content was

less than could be expected from the input and outflow of inorganic

nitorgen. Two explanations are possible, other than the unlikely tech-

nical difficultires mentioned previously: the cells may have excreted

organic nitrogen at the higher dilution rates or there may have been

an increase in wall growth at the higher dilution rates. There is no

evidence available to decide between these possibilities.

The statistical interaction between light and dilution rate on

biomass reflects the fact that for carbon, nitrogen, and chlorophylI. a

per liter there are no trends with respect to light intensity that



apply at all light intensities. On the other hand, cell density

decreased with decreasing light intensity at all dilution rates and,

statistically at least, followed the same curve with incxeasing

dilution rate at all light intensities.

Response of cellular characteristics to dilution rate and incident

light. Eppley and Sloan �966! observed that "if growth rate has a

physiological basis, its magnitude should be reflected in cell compo-

sition." Investigators have, in fact, found considerable variability

in cellular characteristics with gxowth rate  see, for example, Bien-

fang, 1975; Caperon and Meyer, 1972; Eppley and Renger, 1974; Malone

et al., 1975; Thomas and Dodson, 1972; Yentsch and Vaccaro, 1958!. The

question in this paper is whether these characteristics are different

when growth is limited by nutrients than when limited by light. If

growth is limited by light, for exa."..pie, we might expect the C:2: ratio

to increase with increasing growth rate whereas if it is limited by

available nitrogen, we might expect the C:N ratio to decrease with

increasing growth rate.

Particulate nitro en er cell. When growth rate is limited by nitrogen

we can expect the cellular nitrogen content to increase with increasing

growth rate. Cellular nitrogen did increase with increasing dilution

rate at all light intensities in this study, even when growth was

probably not limited by nitrogen  i.e., when nitrate was present in the

medium!. There was a drop in cellular nitrogen at the 1.2 dilution

rate, however, that was related to the difference in calculated and

measured particulate nitrogen at that dilution rate.

Droop �968, 1974! has shown that regression of DQ  dilution rate

or growth rate  D! times cell quota  Q!! on Q gives a straight line.
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Dilution rate and growth rate can be used interchangeably with chemo-

stats but in the continuous cultures in this study they were not

interchangeable  Table 5!. A plot of DQ on Q when dilution rate was

used as D gave a fan of straight lines  Figure 4A! with the slope of

the line depending on dilution rate. The relationship was not as clear

when specific growth rate  pN! was used for D  Fig. 4B!. A straight

line drawn through the points in Figure 4B would intercept the abscissa

at approximately ten times the value of the intercept in Figure 4A.

The value of treating data in this way is that DQ can be equi-

valent to rate of uptake in a chemostat steady state  Droop, 1968! . Xf

the interpretation can be extended to outdoor ocntinuous cultures, then

the curves in Figure 4A suggest that uptake depends on both dilution

rate and cell quota, with light intensity determining the interaction.

Droop also noted a difference in "fast-adapted" and "slow-adapted"

cells in his studies �974!. It may be that the lines in Figure 4A

demonstrate an acclimation to the dilution rate of the culture. Zn

Part B of the figure, the separation of curves tends to fall along

light intensity values. Perhaps these lines show acclimation to the

light intensity of the culture.

Particulate or anic carbon er cell. The increase in cellular carbon

with growth rate was significant at the 5'4 level. This positive slope

has been found previously in nutrient-limited cultures  Bienfang, 1975;

Thomas and Dodson, l972!, although other workers have found negative

slopes  Caperon and Meyer, 1972; Malone et al., 1975!. The trend may

be species-specific.

Nitro en:carbon ratio. The N:C ratio increased with increasing dilution

rate at all light intensities with the following exceptions: at 20%
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light, N;C dropped at, the highest dilution rate; at 3% light, N:C

declined through the three highest dilution rates. These exceptions

are the cultures least likely to have been nitrogen-limited and the

most likely to have been light-limited. Overall, the N:C ratio was

positively correlated to growth rate, a reflection of the fact that in

this study growth rate was correlated with dilution rate but not with

available light  Table 6!.

Ch»»phyll a. Chlorophyll a per cell, per unit nitrogen, and per

unit carbon increased with increasing growth rate and with decreasing

light intensity. Chlorophyll concentration showed an eight-fold

variance  ss/df! about Ne mean in this study and was most sensitive

to changes in environmental conditions. Thus, ratios involving chloro-

phyll demonstrated the greatest degree of diel periodicity  Part XlX

of this report!.

Cell volume. Individual cells of Chaetoceros curvisetus vary by as much

as 4 to 5 times in length and width. Measurements made under the light

microscope and of photographs of cells in this study showed no statis-

tical correlation of cell volume with growth conditio'ns. Samples

measured were random and small, however. The increases in cellular

carbon and nitrogen with decreasing light as well as with increasing

dilution rate suggest changes in cell volume under these conditions.

CONCLUSZON

Xt has been shown that every cellular parameter measured responded

to changes in nutrient supply rate and to changes in light intensity.

The cells apparently acclimated to the outdoor continuous culture con-

ditions, and this acclimation is reflected in changes in the physiological



state with respect to growth rate.

There was an interaction of effects of light and nutrients on

chlorophyll content of the cultures and on all ratios involving

chlorophyll. For example, one expects chlorophyll per cell to increase

at lower light intensities, but when the dilution rate was high in

this study, the chlorophyll per cell decreased at low light intensities.

These ratios were therefore difficult to interpret as indicators of

the physiological state of the cell.

There was no statistical interaction of effect of light and

nutrients on cell density or on carbon or nitrogen content of the cell.

This suggests that the changes in cellular carbon and nitrogen with

dilution rate at a given light intensity will be similar to the changes

with dilution rate at another light intensity. These physiological

indicators might be better used in predictive models of phytoplankton

productivity than the more variable and sensitive chlorophyll parameters.



14

REFEREHCKS

Bienfang, P.K. 1975. Steady state analysis of nitrate-ammonium
assimilation by phytoplankton. Limnol. Oceanogr. 20~ 402-011.

Capexon, J., and, J. Xeyer. 1972. Nitrogen-limited growth of
marine phytoplankton. I, Changes ' n population characteristics
with steady-state growth xate. Deep Sea Res. l~~ 601-618.

Droop, M. R. 1975. The nutrient s ta tus o f algal ce3.ls in batch
cultuz e. J, Mar. Biol. Ass. U. K.

1974. The nutrient status of algal cells in continuous
culture. J, Mar. Biol. Ass. U. K. ~Hi 825-855,

1968. Vitamin B12 and marine ecology. IV. The
k' *' d «, d dk ~ k' d ' ' ~ k~t
lutheri. J. Mar. Biol. Ass. U. K. 48i 689-733.

Kppley, R. W., and K. H. Rengex. 1970. Nitrogen assimilation of
an oceanic diatom in nitxogen-limited continuous culture.
J, Phyco3.. 10 ~ 15-23.

Herbert, D., R. Elsworth, and R. C. Tel3.ing. 1956. The continuous
culture of bacteria; a theoretical and experimenta1 study. J.
Gen. Nicrobiol. 14~ 601-622.

MacZsaac, J.J., and R. C. Dugdale. 1972. Interactions of light
and inorganic nitrogen in controlling nitxogen uptake in
the sea. Deep Sea Res. ~l ~ 209-232.

Malone, T. C., C. Garside, K. G. Haines, and 0. A. Roels. 1975.
Nitrate uptake and growth of Chaetoceros sp, in large outdoor
continuous cultures. Limnol. Oceanogr. 20' 9-19.

Rhee, G-X. 1970. Phosphate uptake under nitrate limitation by
Scenedesmus sp. and its ecological implications. J. Phycol.

Riley, Q. A. 1956. Oceanography of Long Island Sound 1952-50.
Il. Physical oceanography. Bull. Bingham. Oceanogr. Col3..

15-46.

Rythez, J. H,, and R. R. L. Gui3.lard. 1962. Studies of marine
planktonic diatoms. III. Some effects of temperature on
respiration of five species. Can. J, Microbiol. 8~ 447-453.

Steels, J. H. 1962. Environmental control of photosynthesis in
the sea. Limnol. Oceanogr. g~ 137-150.

Sverdrup, H. U. 1953. On conditions for the vexnal blooming of
phytoplankton. J ~ Cons. Int. Explor. Ner, 18' 287-295.



Re f erences  continued!

Stri.ckland, J, D. H., and T. R. Parsons. 1972. A practica1
handbook of seawater analysis. 2nd ed. Bull. 167. Pish.
Re s. 3 d,. C an. 0 t tawa. pp. 201-203.

Thomas, W. H,, and R. N. Dodson. 1972, On nitrogen deficiency
in tropical Pacific oceanic phytoplankton. XX. Photosynthetic
and ce11ular characteristics of a chemostat-grown diatom.
Limnol, Qceanogr. ~1 I 515-523.

Yentsch, C, S., and. R. F. Vaccaro, 1958. Phytoplankton nitrogen
in the oceans, Limno1. Oceanogr. Qi 043-448.



EXPERIMENT CONCENTRATION  PN!NUTRIENT

Nitrate + Nitrite 30.91

31.20

32.42

31.04

Ammonia

0.34

0.27

0.25

Phosphate 2.05

2.10

1.86

3.20

Sili cate 22.43

25.62

24.60

25.42

TABLE l. INORGANIC NUTRIENT COMPOSITION QF ANTARCTIC

INTERMEDIATE WATER, ST. CROIX, U . S. VIRGIN ISLANDS

DEPTH 870 m
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PERCENTAGE OF INCIDENT

LIGHT HITTING SURFACE

OF CULTURE

EXPERIMENT

NUMBER

DILUTIOKS

PER DAY

REACTOR

N33MBER

100

46

30

20

3

0. 25

100

46

30

20
3

0.70

100

46

30
20

3

0. 95IV

100

46

30

20

1. 20

TABLE 2. EXPERIMENTAL REGIME OF OUTDOOR CONTINUOUS CULTURES

OF CHAETOCEROS CURVISETUS GROWN IN

ANTARCTIC INTERMEDIATE WATER



TABLE 3. MEAN TEMPERATURES OF CULTURES AND LIGHT INTENSITIES
REACHING MID-DEPTH OF OUTDOOR CONTINUOUS

OF CHAETOCEROS CURVISETUS

DILUTION PERCENT OF

RATE INCIDENT LIGHT

MEAN

TFZG'ERATURE �C!
MEAN AVAILABLE

LIGHT  ly/day!

0. 25

0.70

0.95

1.20

100

46

30
20

3

100

46

30

20

3

100

46

30

20

3

100

46

30

20

3

27.4

27.0

26.9

26.9

26.5

25.9

25.3

25.3

25.2
25.0

24.5

24.2

23.8

23.7

23.7

23.4

22.9

22.9

22.8

22.7

403

178

115

73

10

319

143

97

74

12

214

88

57

36

6

227

101

64

29

7



TABLE 4. STANDARD DEVIATIONS ABOUT THE HEAN CELL NUl4BKR

DURING THE LAST THREE DAYS OF GROWTH IN OUTDOOR

.CONTINUOUS CULTURE

DILUT10N PERCENT OF

RATE INCIDENT LIGHT
SD AS PERCENT

OF MEAN

0.25

0.70

0.95

1.20

100

46

30

20

3

100

46

30

20

3

100

46

30

20

3

100
46

30

20

3

STANDARD

'DEVIATION  SD!

�07 cells liter !

2.10

3.06

2.14

0. 91

0.71

1.00

1.26

1.92

1.88

0.80

0.88

1.41
2.06

1.16

0.44

1.57

2.32

1.62

0.80

0.16

26

42

31

16

19

10

15

21

32

34

11

22

36

46

53

34
38

39

46

63
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TABLE 6. REGRESSIONS OF GROWTH RATE AGAINST BIOMASS AND CELLULAR

CHARACTERIST1CS OF CHAETOCEROS CURVISETUS XN

OUTDOOR CONTINUOUS CULTURE

Growth rates

0.9973

0.8772

0.8758

<0.0013219

<0. 00160.103

59.242 <0.001

<0.0010.9567 194.40

-0.2353 1.055 NS

Biomass

v. cell
n

chl a

-0.275 1.474 NS

0.283 1.570

0.253

NS

-0.118 NS

0.0703 0.089 NS

Characteristics

p v. N:C  atomic!
n

0. 4835

0.5089

-0.5768

0.3732

-0.6399

0.3856 2.9686

~n ~c

c cell

cell

DR v- Pn

I~ v. !Jn

PN/cell

PN/chl a

POC/cell

POC/chl a

chl a/cell

5.4907

6.2908

8.4753

2.9137

11.7864

<0.001

<0.001

<0.001

<0.05

<0.001

<0.05
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TABLE 7. THEORETICAL VERSUS NEASURED PARTICULATE NITROGEN IN
OUTDOOR CONTINUOUS CULTURES OF CHAETOCEROS CURVISETUS

THEORETICAL

PARTICULATE

NITROGEN*

MEASURED

PARTICULATE

NITROGEN  CHN!

PERCENT OF

DILUTION INCIDENT LIGHT

RATE INTENSITY

0.25

0.70

0.95

1.20

*Calculated from Nd � N = Nt, where Nd = total dissolved inor-dw r t.' dw

ganic nitrogen in the deep water going into the reactors each

day; N = total dissolved inorganic nitrogen present in the cul-

ture medium; N = theoretical amount of particulate nitrogen

present.

100

46

30

20

3

100

46

30

20

3

100

46

30

20

3

100

46

30

20

3

0,222

0.200

0.247

0.267

0.188

0.296

0.314

0.302

0.275

0.145

0.318

0.284

0.289

0.200

0.062

0.261

0.256

0.194

0.108

0.014

0. 109

0. 109

0.109

0.109

0.008

0.309

0.309

0 308

0.294

0.129

0.435

0.409

0.387

0.231

0.061

0. 476

0. 461

0. 398

0.253

0.130
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Figure l. Cell densities of outddor cultures of Chaetoceros

curvisetus grown under four nutrient regimes and five

light regimes. The light intensities are given on the

ordinate, dilution rates on the abscissa.
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Figure 2. Effects of light and nutrients on mean biomass

of outdoor continuous cultures. Results of analysis

of variance are shown for each indicator of biomass.

Parameters are shown as a function o'f dilution rate,

with each curve drawn to a single light intensity.
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Figure 3. Effects of light and nutrients on mean cellular

composition of outdoor continuous cultures. Legend

as in figure 2.
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Figure 4.  A! Droop's DQ shown as a function of cellular

nitrogen  see text for explanation}

 B! Measured growth rate times Q as a function

of cellular nitrogen.
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ABSTRACT

The growth and reproductive characteristics of ~Ta es

semidecussata were investigated during long and short term

feeding experiments in an artificial upwelling mariculture

system.

The long term study involved the rearing of three suc-

cessive generations of ~Ta es on combinations of three plank-

tonic diatoms: Chaetoceros curvisetus, Bellerochea ~ol

h n

year indicated excellent adaptation to the system by ~Ta es.

Spawning was readily induced in the hatchery and larvae meta-

morphosed in three weeks. Post set survival rates of 52 and.

84.54 were recorded.

The short term feeding study used 6mm juvenile clams

diatoms andand tested the Chaetoceros and Bellerochea

an unidentified, Cryptophyte flagellate designated S-l, in

seven different mono- and mixed-algal diets. The monocul-

ture diets produced the slowest growth in clams after five

weeks, yielding a 6.6-fold average increase in wet meat

weight and an average length of 15rnm. The four mixed diets

produced similar, individual gains in weight, and gave an

�8mm! were obtained in twelve months from post set juveniles,

and in lO months from the 5mm stage. Animal densities at

38mm were 1775 and 1345 clams' for 1st and 2nd generations,

with survival rates of 64 and 63%, respectively.

Ripe gonads found in adult clams during much of the



11.2-fold average increase in wet meat weight as a group.

The Chaetoceros + S-1 diet showed the best algae-to-meat

conversion ratio however, and was therefore the most effec-

tive diet. Clams fed this mixture averaged 16.7mm in length

after five weeks.

ZNTRODUCTION

Management of commercial clam stocks often involves the

sowing of hatchery-produced seed in preselected, natural

growing areas where the animals are left unattended until

market size is reached. Along the east coast of the United

States, the hard clam Nercenaria mercenaria and the soft

shell clam ~N a arenaria are cultured in this way  Bardach

et al., 1972!.

Xn Japan, the asari, ~Ta es ~aonica, is similarly cul-

tivated in bottom sediments and ranks second only to the

oyster in annual bivalve production  Tamura, 1970! .

The main risk of bottom culture is high mortality due

to disease and predation, and is often compounded by fluctua-

tions in temperature, salinity and food availability.

Although several techniques are used to minimize this risk,

including size-graded gravel and netting devices, control of

mortality is better accomplished in a semi-closed, continuous

' -flow culture system which also allows the manipulation of

diet for enhanced growth.

The Artificial Upwelling Project on St. Croix employs an

experimental system of this kind in which Antarctic Interme-

diate water, pumped from 870 meters, is used to cultivate



planktonic algae as food for experimental bivalve culture.

In addition to containing high concentrations of the inor-

ganic elements needed for algal growth, this deep water is

virtually free of disease, pollution and fouling organisms

which complicate growth and survival in bottom cultured

clam populations.

In the upwelling system, seven species of commercial

bivalves have been raised from the juvenile stage to market

size at accelerated rates of growth  Roels et al., 1975!.

This paper describes the growth of the Japanese little neck

clam ~Ta es semidecussata in this system. This species was

investigated in two phases: first, a long term study to

determine the general growth, survival and propagational

characteristics of the animal; secondly, in short term growth

experiments, to define the best combination of algae for

rapid growth.

METHODS & MATERIALS

Ae Lon Term Stud

Three generations of ~Ta es were used to determine if

adaptation to the syste~ by successive groups of progeny

would be attended by consecutive increases in rates of growth.

The first, group of clams was obtained from Pacific Mari-

..culture, Inc., in August of 1973 and contained approximately

25,000 clams averaging Smm in length. These were first quar-

antined, then distributed on plastic Nestier trays �.34 m /tray!

at an initial density of 17216/m and placed in a 750-liter,2

epoxy-coated plywood tank which measured 2.4 x 0.6 x 0.6



meters. A continuous, regulated. flow of food was supplied

from two 45,000-liter concrete pools in which three species

of planktonic diatoms were alternately cultured: clone

ceros curvisetus which were isolated from deep sea water on

P

from R.R.L. Guillard. Deep sea water was fed continuously

into the pools at a rate of 40 liters/min, and the addition

of vitamins and trace elements provided the necessary nutri-

ents to sustain the algal cultures. The STX-167 diatom was

grown in unsupplemented deep water, however.

The flowrate of the pool cultures into the shellfish

container was regulated as a function of animal density and

algal stripping efficiency. If the animals stripped >90% of

the incoming cells for five successiv days, an increase in

flow and/or a reduction in animal numbers was made to insure

adequate food availability  Baab et al., 1973!. The initial

flow was set at 14.4 liters/min; effluent from the tank was

sampled daily to determine the quantity of diatoms removed

from the culture by the clams. This was done by comparing

influent and effluent cell counts; the density of diatom

inflow ranged from 10 to 10 cells/ml.4 6

Second generation clams were obtained by collecting

fertilized eggs from one of many spontaneous spawnings by

the parent stock  April, 1974!. Larvae were grown in 15-

liter buckets for 16 days  Sunderlin et al., 1975!, at which

time they were transferred to a 370-liter fiberglass flume



measuring 3.66 x 0.61 x 0.2 meters. The larvae were batch-

fed mixtures of the three types of diatoms from Day 1 until

setting occurred at the end of three weeks. After set, a

continuous flow of food was supplied to the animals at an

initial rate of 23.2 ml/sec. Four thousand clams were

stocked in the flume at an initial density of 2690/m and

raised on the same diets until market size was achieved

�8mm and/or 10g}.

The third generation ~Ta es used in this study were pro

duced by inducing the Fl clams to spawn in the hatchery using

thermal and chemical  stripped gonad solution! stimulation.

Gametes were discharged between 29 and 27C on the 'down side'

of the thermal shock, and 4 million fertilized eggs ranging

from 6l to 65 p were collected. Larvae and juveniles of this

F2 group were treated in the same manner as their parents,

i.e., batch-fed, set, and raised in the 370-liter flume on

the same three types of diatoms. All larvae were filtered

through Nytex sieves, then counted and measured under the

microscope every two days. After metamorphosis, the growth

of each population was monitored on a monthly basis by weigh-
r

ing and measuring the length  antero-postero-axis! from

randomly selected individuals of each group.

S. Short Term Stud

The short term feeding study tested the monocultures

and combinations of three algae: the diatoms Chaetoceros

study, and the unidentified Cryptophyte flagellate designated



S-l obtained from R.R.L. Guillard. These were grown in

2000-liter containers  reactors!, each receiving deep water

inflow at a rate of 23.2 ml/sec. Inoculation of duplicate

cultures was staggered to insure a constant availability

of each culture for the five-week duration of the experiment.

Each reactor culture outflow was fed to a PVC manifold

containing five lucite air valves adapted for salt, water

flow, to which 6.3Smm diameter tubing was connected. Two

lines of tubing from each manifold supplied mono-algal cul-

tures to duplicate 1.5-3.iter glass trays �.5 x 34.5 x 22.2

cm! in which 100 juvenile ~Ta es averaging 6.5mm in length

were placed. The remaining three lines of each manifold fed

culture to four plastic 2-liter mixing containers which, in

turn, supplied combination of the three algae to the remain-

ing eight animal trays. The flowrate to the mixing contain-

ers was set at 2.5 ml/sec to insure an overflow, thereby

providing a constant pressure and uniform supply to the ani-

mal trays.

At two-day intervals, both influent and tray effluent

samples were collected and analyzed for in vivo chlorophyll

using the Turner fluorometer. Znitially, serial dilutions

of each diet were read for in vivo chlorophyll values and

each dilution counted under the microscope for corresponding

cell numbers per ml of culture. Plots of each diet. were made,

and tray effluent fluorometer values were then equated to

cell densities. Animal stripping efficiencies were calculated

using these data.



RE SU I TS

A. Lon Term Stud

The growth rates of the three populations of Tapes

are shown in Figure 1. The parent stock curve has been

advanced 97 days  estimated time to reach 5mm in the artifi-

cial upwelling system! for a better comparison with second.

generation growth. Including the larval stage, market size

was reached in approximately 13 months for both groups. The

parent stock grew from 5mm to 38mm in 10 months.

The final population density for the first generation was

1722 clams/m , with a survival of 64%. The second generation,2

2
raised in a flume, had a final density of 1345 clams/m at

market size, and a survival of 63%.

B. Short Term Stud

Of the seven experimental diets, those containing mix-

tures of algae gave better growth in the juvenile clams than

the other diets. A summary of the growth data is presented

in Table 1.

Figure 2 shows the average shell and meat weights for

clams of each test diet. The Bellerochea + S-1 combination

produced the greatest increase in shell length, whereas the

Chaetoceros + Bellerochea mixture gave the best meat-to-shell

..ratio. The Chaetoceros + S-1 diet was the most effective com-

bination in producing the best stripped-algae-to-meat-weight

conversion ratio  number of cells stripped/gram wet meat

weight!.



DXSCUSSION

The selection of species of bivalves for large-scale

cultivation requires careful consideration of many aspects

of the animal's biology but at least four points must be

evaluated critically: a! the rate of success of inducing

spawning in a hatchery, b! the survival rate of larvae through

metamorphosis, c! the survival rate at high stocking densities

and d! the growth and feeding efficiency on selected diets.

These points are now discussed as they apply to ~Ta es in the

upwelling mariculture system.

A. Lon Term Stud

ing cycle of ~Ta es in nature  Japan! has generally been main-

tained in the mariculture system, that is, most of the spon-

taneous discharges were observed during March and April, and

September and October. Many animals, however, maintained

ripe gonads during much of the year. Evidence for this was

seen in the spontaneous spawnings of second generation clams

in December and February, and in the induced spawning of

parent stock clams in mid-July.

The ripened condition most likely is due to the constant

food supply and the uniform water temperature �2-30C! in

the system throughout the year. However, other species of

bivalves maintained under the same conditions failed to show

similar, spontaneous spawning behavior. The fact that T~a es

maintains a moderately developed-to-late active gonad without

any pre-conditioning further makes this species an attractive
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candidate for large-scale mariculture at St. Croix.

The rearing of ~Ta es larvae in the hatchery was simple

and free of problems. Third generation larvae were placed

in 15-liter buckets at the straight hinge stage  avg. 90 p!

at a density of 10 larvae/ml, and batch-fed mixtures of

Thalassiosira, Bellerochea and Chaetoceros diatoms. Neta-

morphosis began on Day 21 at an average size of 246 N, and

approximately 624,000 of the 1.2 million larvae, or 52%, sur-

vived setting after the 25th day. Although the survival rate

dropped to 32% after 68 days in this population, another

group was induced to spawn in July and had an 84.4% survival

rate on Day 50.

By contrast, survival in nature at this stage of devel-

opment is substantially lower. For example, a normal. Decem-

her set from a fall spawning of ~Ta es ~a onica in areas of the

Sea of Ariake is one million larvae per square meter; by Feb-

ruary, the survival rate drops to 15%,, principally due to

winter temperatures and poor food availability  Tamura, 1970!.

In addition to the good post-set survival rates obtained

in the upwelling system, the total larval time period has

recently been reduced; feeding experiments have identified a

diet which shortens the larval stage from 21 to 12 days

 Sunderlin et al., 1975!. This development further enhances

~Ta es' attractiveness for mass cultivation.

2. Growth. A history of Tapes growth measured as an

increase in shell length over time is given in Figure 1 for

the three populations which were monitored during the long



term study. Since the parent stock, or first generation, was

introduced at a size of 5mm, an adjustment of 97 days  about

the time to reach 5mm in the artificial upwelling system! was

made to the growth curve to allow a comparison with second

generation growth.

From Figure l, it is readily apparent that. the growth

rates of the three groups are quite similar. After six

months, first and second generations averaged 19.l and 20.2mm

in length and 1.4 and 1.2 grams in live weight. After nine

months, these values increased to 26.1 and 28mm, and 3s5 and

3.2 grams, respectively. Encluding the time for larval devel-

opment and metamorphosis, market size was reached in 13 months,

or, 10 months from the 5mm stage. No increased growth was

observed in successive generations reared in the system.

Since all three generations grew at the same rate, the ne~t

step in the ~Ta es breeding program will be selection for the

fast growing genotype'

As compared to growth in nature, clams cultured in the

upwelling system reach market size more quickly. Figure 3

contrasts the growth of ~Ta es ~a onica from the Sea of Ariake

 Ikematsu, 1957! with second generation T. semidecussata at

St. Croix. Since T. ~a onica spawns primarily in late Novem-

ber and sets in early December, the greatest difference in

growth is seen in the first six months when the cultivated

clams have a decided advantage over those grown during the

winter months in nature: T. ~a onica averaged 10mm in length

after six months as compared to 2lmm for T. semidecussata in

the artificial upwelling mariculture system. At the end of



one year from post-set, the corresponding measurements are

27mm and 34mm, respectively.

Elsewhere in nature, a greater contrast. is seen in the

semidecussata and indigenous to British Columbia. In these

colder water, 38mm is reached after three or four years; in

1969, less than 200,000 lbs. of V. ~a onica were harvested

 Quale & Bourne, l972! .

Besides rate of growth, the density at which a species

can be raised to market size and the survival rate at that

point are two other important. considerations. The results

from the long term study indicate that high stocking densi-

ties of T. semidecussata are possible with good survival.

The parent stock and their Fl were raised at initial

densities of 17216 and 2690 clams/m in two types of con-2

tainers, the 750-liter tank and the 370-liter flume. Both

groups were fed the same diet over time at flowrates which

were adjusted to compensate for increases in grovth; maximum

flow to the parent stock was 26.4 liters/min at market size,

and 14.4 liters/min for the Fl. Since a number of other

shellfish containers were connected to the pool outflow as

well, 26.4 liters/min was the maximum flow any one tank

could. receive from a constant algal culture flow rate of 40

liters/min. With this restriction, final densities at 38mm

vere 1722 and 1345 clams/m for the two populations, with2

corresponding survival rates of 64 and 63%.

In comparison with bottom cultured clams, these values

are quite satisfactory. Some of the better results from
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one year densities of 861 and 1184 clams/m with survival

rates of 31 and 42%  Tamura, 1970!.

Overall, the long term study has shown that ~Ta es semi-

decussata adapts well to a continuous flow mariculture sys-

tern, spawning readily in the hatchery and showing good post-

set survival. Marketable clams can be raised in one year

 with a 12-day larval period! at a survival rate of 64K.

The minimum limits for an economically feasible culture pro-

gram, seeding new or existing clam beds and depending on

natural food sources for growth, requires a weight increase

of 3.2 times and a survival of 65%  Tamura, 1970!.

Having met or exceeded these basic requirements, a

number of short term feeding experiments are now planned to

improve ~Ta es statistics in both categories by a! determin-

ing the optimum algal diet for the different size intervals

in the bivalve life cycle, and b! maximizing the efficiency

of converting plant protein to shellfish meat. The short.

term study discussed below is the first experiment in the

series.

B. Short Term Stud

This phase of the study tested seven different diets,

three mono-cultures and four mixtures, to evaluate the effect

of each on ~Ta es growth. The results of the trials are pre-

sented in Table l.

The Chaetoceros and Bellerochea. diatoms were selected

for the study because they are indigenous to the deep sea



water and gave good growth rates in the long term study.

The S-i Cryptophyte is a naked flagellate similar to ~lsochr

sis and sp., but grows well at higher tempera-

tures  up to 3G'C!. The juvenile ~Ta es used for the study

were collected from the same population whose previous diet,

background included the Chaetoceros, Be3.1erochea and Thalas-

siosira diatoms.

Xt can be seen from Table l that the monocultures were

less effective for rapid growth than the mixed diets. Strip-

ping efficiencies were less than one-third of those for the

mixed diets. With the exception of the Chaetoceros-fed

clams, the wet meat gain was less than 5G% for the clams on

the mono-algal diets compared to animals fed the combination

diets. The animals fed Chaetoceros only grew well on this

monoculture, hut the increase in weight above the other mono-

cultures became apparent only after the fourth week. A

characteristic of this diatom is that it frequently forms

long chains of cells several hundred microns long with large

protruding spines. The possibility arises that the clams

may have to be a certain size  in this case, 13mm!, before

these chains can be effectively utilized. Once utilized,

however, this diatom gave the best meat-to-shell ratio of

. the three monocultures �:l.5! and produced 33% more wet meat

than the other species.

Another effect of Chaetoceros on ~Ta es growth behavior

was an early maturation of the gonad. Clams averaging 9.5mm

spawned after 18 days on this diet. The next spawning occurred
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15 days later by clams ranging from 15 to 16.7mm and fed the

S-1 monoculture and the S-1 + Chaetoceros mixture. At the

time of the first spawning, the animals weighed 23% less

than the S-1 fed clams and only 1% more than those on the

Bellerochea diet. This raises a question concerning energy

utilization, that is, if gametogenesis was progressing at the

expense of somatic tissue growth.

Of the four diets containing algal mixtures, no one com-

bination was clearly superior.. However, some mixtures

appeared to be more effective in certain areas than others.

Figure 2 illustrates the weight fractions of the average

whole weight for clams on each diet. The S-1 + Bellerochea

mixture produced the largest and heaviest clans, but had the

poorest meat-to-shell ratio  Table 1!; only 20 grams of meat

were obtained from a whole live weight of 82 grams. The

influence of S-1 is evident in these results.

The Chaetoceros + Bellerochea diet had the best meat-to-

shell ratio, but the three algae combination produced the

best wet meat gain of the four mixtures.

The most effective mixture was the Chaetoceros + S-1

diet, based on the ratio of number of algal cells stripped

per gram of wet meat gain. This diet also yielded the second

highest gain in wet meat. ln this sense, it appears to be

the best. diet of all seven. Further', it is interesting to

note that the clams on this diet spawned on the '34th day of

the five-week experiment.

The Chaetoceros + S-1 diet may have been the best algal
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combination in this feeding trial, but several other species

of algae remain to be tested. .The optimum diet will include:

a! algae which grow well on unenriched deep sea water, b! al-

gae which are the most efficient users of deep water nitro-

gen, and c! those which contain the necessary combinations

of essential amino acids for maximum shellfish growth. The

analysis of phytoplankton and shellfish nitrogen conversion

efficiencies are projected for subsequent. experiments in this

series, as are histological investigations of the impact of

diets on gametogenesis. The results of reseaz'ch on ~Ta es to

date, however, indicates that this clam is an excellent can-

didate for large-scale mariculture.
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Figure 1. Growth rates of three generations of

~Ta es semidecnssata raised in the

artificial upwelling system. Length
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Figure 2. Average live veight meat and shell

fractions for clams of each test diet

in the short term study.
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Figure 3. Comparative growth of St Croix

~Ta es semidecussata versus natural

growth of ~Ta es ~a onion in the Sea

of Ariake, Japan.
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APPEND lX G

THE EFFECT OF SUBSTRATE ON THE GROWTH RATE OF

TAPES SENXDECUSSATA

Kenneth Rodde

ZNTRODUCTZON

Allowing clams to burrow in substrate  sand! reduces the attach-

ment of fouling organisms and secondarily serves to approximate the

natural habitat. This allows the animals ta expend less energy in

keeping their valves closed, lessens the incidence of gaping, and

perhaps contributes to animal survival. One disadvantage of the

arrangement is the difficulty in handling the heavy trays during rou-

tine inspection or in data collection. From a scientific viewpoint

then, rearing clams out of sand is more desirable; fram a commercial

standpoint, howeverf a substrate may be advantageous if shellfish can

be raised to a marketable size in a shorter period of time.

With both points in mind, this study intends to evaluate the

growth of ~Ta es semidecussata under hoth conditions to determine the

effect of the substrate.

N ETHODS

Two groups of ~Ta es of different sizes were selected to compare

growth rates; one group of 2000 individuals averaging 10 mm, and the

other, 1600 clams averaging 14 mm. Each group was divided in half,

and one-half distributed in a Nestier tray containing two inches of

sand of grain size between 1 and 3 mm, and the other half placed in a

tray containing a screen liner only.

The trays were stacked  two trays per stack! in a 750-liter

shellfish tank with a shortened standpipe to approximate a 400-liter



capacity, and received Pool 1 and 2 diatom cultures  Chaetoceros

at a flow rate of l20 ml/sec each. This rate gave a culture resi-

dence time of approximately 30 minutes. Every two weeks the popu-

lation from each tray was weighed, and 50 individuals randomly

selected for length measurements. The positions of the trays within

a stack and the stack's position in the tank were rotated every

three days for uniformity of exposure to inflow, outflow and center

positions in each tank.

RESULTS AHD DISCUSSION

The length and weight data of the four experimental populations

are presented in Figures 1 and 2, and listed in Table l.

Prom these data, it. can be seen that very little difference

exists in growth between populations in and out of sand during the

six-week period. Nor is mortality a significant factor in raising

clams under the two conditions. The choice of growing conditions

then appears to be one of convenience or necessity, depending upon

the amount of handling and the size of the operation, as well as the

prevalence of fouling in the system.



Figure l. A comparison of live weight of ~ga es semi-

decussata raised with and without a substrate.

Q � Q 14 mm population in sand substrate;

Q � � � Q 14 mrn population without sand substrate;

I Q 10 mm population in sand substrate;

Q � � � Q 10 mm population without sand substrate.
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Figure 2. A comparison of average length of ~Ta es

semidecussata raised with and without a sub-

strate.

O � Q 14 mm population in sand substrate;

14 mm population without substrate;

Q � Q 10 mm population in sand substrate;

10 mm population without substrate.
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APPENOIX H

A Protocol

AN EXPERIMENTAL DETERMIHATIOH OF A MAXIMUM SUSTAINABLE YIELD QF

TAPES SEMIDECUSSATA ON AH ALGAL MIXTURE OF STX-167 AND S-1

Kenneth Rodde and

Scott Laurence

OBJECTIVES

Tc achieve and maintain the maximum increase in ~Ta es semidecus-

sata meat weight per unit volume of culture media over time, and to

determine the nitrogen balance in the experimental system.

RATIONALE

Previous experiments  Protocol ¹5.1.1, June 14, 197'! investiga-

ted the effects of several different diets on the growth rate of

T~a ~s over a five-week period. The results showed that the STX-167 +

S-1 combination was the most efficient mixture while producing the

second greatest increase in wet meat weight.

Using this mixture as the best known diet to date, it is now

appropriate to determine the maximum yield of. that feed, that is, the

maximum conversion rate of deep water nitrate to plankton total nitro-

gen and protein, converted to total nitrogen and protein of shellfish

meat for a given flow rate, turnover time and total weight of an animal

population. By removing clams each week to maintain a specified popu-

lation weight, the yield of the feed can be determined in terms of

harvested wet meat weight. By experimenting with a number of initial

weight values, the maximum sustainable yield  harvest! will be found

for two different flow rates and turnover times.

METHODS AHD MATERIALS

this experiment will be pumped from Pool 2 into a reactor at a rate



of 23 ml/sec. This reactor will have a shortened standpipe �8 inches!

to effect a rapid turnover and insure consistency in culture density

at all points in the experiment. The S-1  unidentified, naked Crypto-

phyte flagellate! will be started in another reactor and will receive

deep water inflow at a rate of 23 ml/sec. Back-up cultures of each

species will be inocu!ated on a regular basis in two other reactors in

the event the primary cultures collapse. Individual cultures will be

monitored daily, both visually and by turbidity measurements.

Ex erimental shellfish rack. The outflow of the two primary reac-

tors is directed into a cylindrical, 40-liter mixing container posi-

tioned above the rack. Vigorous aeration insures a complete mixing of

the two cultures. The mixer outflow is connected to the end of a hori-

zontal feeding level of the rack; five cells of this level vill hold

four separate shellfish containers, one primary and one replicate for

each flow rate, and these measure 12 x 7.75 x 5.125 inches and hold 5.3

liters of culture. Teflon capillary tubes of .04 x 1/64 inch will feed

the mixed culture to the containers; at 2 ml/sec, this equals a resi-

dence time of 44 min, and at 1 ml/sec, 88 min. Each shellfish con-

tainer is supplied with an ll-inch length of perforated polyethylene

tubing attached to one side; air forced through the tube creates a cylin-

drical-shaped current which homogenates all particulate matter in the

water, i.e., algae, feces and pseudofeces.

Animals for the experiment will be selected from the upper 25% size

range of a single population of ~Ta es semidecussata, and five initial

weights  one for each of the five cells of a horizontal feed level! will

be tested: 35, 50, 70, 100 and 140 grams. These weights were selected

on the basis of T~a es growth f'rom the earlier feeding study, the final,

best weight of which was approximately 70 grams for the 167 + S-l diet.



If clams averaging 8 mm in length are used, the number of clams in the

min-max weight range will vary from approximately 350 to 1400 clams,

respectively.

~sam lin . �! INFLOW: Algal culture will be sampled from tha

mixing container at 0900 and 1400 hrs daily. Two 400-ml samples will

be collected in glass bottles; and cell counts will be performed. The

remaining culture will be filtered onto a Gelman glass fiber filter

for determination of chlorophyll a, particulate nitrogen, and Lowry

protein. The filtrate will be collected for dissolved inorganic nitro-

gen analyses. Integrated light intensity measurements will be made at

1900 daily from a Li-Cor Quantum Integrator.

�! TEST ANIMALS: On Day 0 of the experiment, five

test population weights ot ~ta es and their replicates will be selected

from the upper 25%  by weight! of a standing population. These are:

35, 50, 70, 100 and 140 grams. A sample of 50 animals will be selected

for Lowry protein analysis fram the same standing population. The five

teSt populations at each flow rate will be weighed and counted on Days

0, 9, 18, 27, and 36 of the experiment. At each of these samplings

the test population weights will be adjusted to maintain the ariginal

starting weights at Day 0  W0!, i.e., the increase in total population

weight  AW! will be culled  W W0=5W!. The culled animals comprising1

hW will be counted and weighed for whole wet weight, wet meat and liquor

weight, and dry weight Lowry protein determinations will be made on

the wet meat and liquor. Particulate nitrogen will be determined an

the dried frozen meat.

�! OUTFLOW: Shellfish effluent will be sampled alter-

nately between primary and replicate racks at 1400 hrs daily for each

experimental weight and flow. Tm 400-ml samples will be taken in glass



and filtered onto a Gelman GFF for particulate nitrogen and Lowry

protein determiantions on the filters. The filtrate will be analyzed

for dissolved inorganic nitrogen species. Dissolved organic nitrogen

will be represented as the difference between the total nitrogen

entering and incorporated at the shellfish level, and the total deter-

minable nitrogen leaving this level.

~Anal ses. Shellfish will be blotted and weighed alive dos whole

wet weight. Wet meat weight will be determined on culled individuals

which have been shucked, and the shells dried at 60'C to constant

weight. Wet meat weight will be assigned the difference between whole

wet weight and dry shell weight. Cel1 counts will be performed on a

minimum of 100 cells/field using a Speirs-Levy Zosinophil Counter.

Algal protein will be determined essentially as per Lowry et al. �951!,

on cells filtered onto 25 mm Gelman GFF and digested in the alkaline-

copper reagent for 60 min at 100'C. Shellfish protein will be deter-

mined on a tissue homogenate, diluted to accommodate linearity, as

per Lowry et al. �951!. From this tissue homogenate, 25 ml will be

pipeted onto aluminum weighing dishes and dried at 60'C to constant

weight. for dry weight determination and subsequent shipment to LDGO,

New York, for particulate nitrogen analysis by combustion gas chroma-

tography  Hewlett-Packard Nodel 1S5 CHN analyzer!. Filtered algal culture

will also be shipped frozen for this analysis. Chlorophyll a will be

determined by the fluorometric technique of StridQand and Parsons

�972! on a known volume and density of algal cells filtered at 8 in.

Hg vacuum through Gelman GFF.

Dissolved inorganic nitrogen will be determined usinga Technicon

AutoAnalyzer IZ system and standard manifolds.

ANALYSIS OF DATA

�! Naximum sustainable yield of shellfish meat: , or percen-
hw

W



tage weight gain per total amount of weight per flow rate.

�! Nitrogen conversion efficiencies as a function of weight

and flow.

�! Protein conversions: phytoplankton to clam meat for each

experimental weight and flow rate.

�! Daily ratios of various parameter relationships, e.g., sun-

light  photometric information!/chlorophyll a, NO2, NO3 inflow/out-

flow, etc.

ZHPIZHENTATXON

Pending completion of set-up for chemical analyses  Tom Dorsey

and Richard Lyon!, culture availability: November lO, l975.



Figure l. Nitrogen flow in the St. Croix artificial

upwelling mariculture system.
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Figure 2. Trophio level breakdown of nitrogen balance experi-

ment and attendant analyses.
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GROMTH OF THE CARRAGEENAN-PRODUCING TROPICAL RED
SEAWEED HYPNEA NUSCIFORMIS IN SURFACE WATER,

870-N DEEP WATERr EFFLUENT FROM A CLAM
NAKICULTURE SYSTEM, AND IN DEEP WATER ENRICHED
WITH ARTIFICIAL FERTILIZERS OR DOMESTIC SEWAGE

Kenneth C. Haines
Lamont-Doherty Geological Observatory

of Columbia University

ABSTRACT

Growth of H~nea muaciformia  Wolf.! Lamaroux in the

effluent from an artificial upwelling maricu3.ture system on

St. Croix, U.S. Virgin Islands, in which 870-m deep water

is used to grow planktonic algae which are then fed to bi-

valve shellfish, was about five times faster than growth in

unaltered deep water, and about three times faster than in

surface seawater. Growth was positively correlated with

ammonia concentration in the water supplied to the seaweed,

but there was no correlation with nitrate or phosphate con-

centration.

The growth stimulation by the effluent from the shell-

fish mariculture system could be achieved by enriching deep

water with ammonia plus a chelated iron/trace metals/vitamins

mix, but. could not be achieved by enriching the deep water

with ammonia alone or with the chelated iron/trace metals/

vitamins mix alone. Increasing the ammonia supply, while

keeping the chelated iron/trace metals/vitamins mix enrich-

ment. constant, produced an increased growth rate.

Enrichment of deep water with 4% primary-treated

sewage and 35m secondary-treated sewage also increased



growth of H. musciformis relative to its growth in deep

water alone. Carbon, nitrogen, and carrageenan contents

of the seaweed grown under various nutritional conditions

are presented.



INTRODUCTION

~Hr~nea musciformis  Wulfen! Lamaroux is a common red

alga of tropical seas. Xt is valued for its content of

kappa-carrageenan, a cell-wall polysaccharide, which is impor-

tant as a gelling agent in a variety of commercial applica-

tions  Levring et al., 1969!. Humm and Kreuzer �974! found

that H. musciformis on the north shore of St,. Croix, U. S.

Virgin Islands, doubled its weight every two to four days in

its natural nutrient-poor environment, and concluded that it

may be economically feasible to rear the alga in tanks into

which surface seawater would he pumped.

This paper presents results of studies undertaken to

determine whether the growth rate of H~ginea musciformis could

be increased by cultivating the alga in seawater containing

higher concentrations of dissolved nutrients than normally

found in surface seawater. It was hoped that H. musciformis

could be utilized to remove residual nutrients and animal-

waste products from the effluent, from a tropical "artificial

upwelling" mariculture system  Roels et al., 1975!, or in a

sewage-enriched seawater mariculture system such as that

proposed by Prince �974! for temperate seaweeds.

MATERIALS AND METHODS

H~~nea musciformis was collected between. October 1974

and Nay 1975 by wading in shallow waters at one of the fol-

lowing locations on the north shore of St. Croix: Tague Bay,



adjacent to the Fairleigh-Dickinson University's West Zndies

Laboratory pier; Boiler Bay; Rust-op-Twist; or Sugar Bay in

Salt River Xnlet. All of these locations normally have sali-

nities of ca 35 /oo. Xnoculum plants for experiments were

picked free of epiphytic seaweeds and care was taken to

divide algal material equally between experimental tanks both

by weight. and by apparent physiological state  relative pig-

mentation of the thalli!; this was sometimes accomplished by

dividing plants. Sexually reproductive thalli were seldom

seen and were not used for growth experiments. Xn some cases,

inocula for experiments were aliguants of algal material har-

vested from the previous experiment.

The experimental tanks were 30 2 cm x 45.7 cm x 30.2 cm

deep opaque polyvinylchloride  PVC! tanks fitted with inlet

and outlet ports for the water supply near the corners on

opposite ends of the long sides of the tanks. The outlet

port was shielded by a vertical perforated PVC panel to pre-

vent the algal mass from clogging the outlet port. The water

3.evel was maintained by means of an external standpipe so

that the working volume was 36 liters. An aeration manifold

 a 2.0 cm inside diameter PVC pipe with small holes drilled

along its length! was located next to one side of the long

axis of the tank. Aeration was adjusted so that the algal

mass was kept constantly revolving around the horizontal long

axis of the tank. The tanks were kept outdoors in full sun

Temperatures and seawater flow rates were measured twice

daily; flow rates were set by means of garden hose ball valves.



Where applicable, nutrient or sewage enrichments vere metered

to the tanks by means of a peristaltic pump.

Wet weights of the masses of thalli were determined

after slinging them through a 180 � degree arc at arms' length

in a plastic mesh bag to remove free water On days when

the gH rhea was weighed, the tanks were scrubbed with a sodium

hypochlorite solution to control colonization of the tank

walls by pennate diatoms. Dry weights of harvested thalli

were obtained by drying at 60'C to constant weight. Dissolved

nitrate, nitrite, ammonia and orthophosphate concentrations

in the seawater supplies and seaweed-tank effluents were

determined in duplicate on glass fiber-filtered samples by

methods given by Parsons and Strickland  l972! on an Auto-

analyzer 1I  Technicon Corp.!, using standard manifolds. The

95% confidence limits  +2 a} for the analyses were  in pg-at

1 !: NO3-N, +0.41; NO2-N, +0.07; NH4-N, ~0.20; PO4-P, +0.13.

Particulate carbon and nitrogen contents of the harvested

algae were determined on a Hewlett-Packard CHN Analyzer,

Model 185. Carrageenan analyses were done on cven-dried

samples of ~H pnea by the Stauffer Chemical Company, Eastern

Research Laboratory, Dobbs Perry, N.Y

The growth studies were carried out at the Artificial

Upwelling Project at Rust-op-Twist, St. Croix, except that

the Tague Bay surface-water tank was maintained at Pairleigh-

Dickinson University's Nest Xndies Laboratory, approximately

20 km east of Rust-op-Twist.



Growth in Surface Water, Dee Water and Effluent from

a Bivalve Shellfish Culture Tank

~H~ginea from Tague Bay was grown in three tanks receiving

equal continuous flows of seawater from  l! Tague Bay surface

water, pumped from inside the reef; �! water pumped from

870-m depth, approximately 1.8 km offshore  hereafter called

"deep water"!; or �! the effluent from a tank containing

juvenile Japanese little-neck clams, T~a es semidecussata

 Reeve!. The seawater supply to the clam tank was from con-

tinuous cultures of three species of diatoms grown either in

unsupplemented deep water or in deep water supplemented with

a chelated iron/trace metals/vitamins mix to yield the fol-

lowing levels of enrichment: disodium ethylenediamine tetra�

acetate  EDTA!, 1.5 pN; ferric chloride, 1.3 pN; Cu, 0.005 pN;

Co, 0. 0006 pM; Nn, O.l pN; Mo, 0.003 pH; Zn, 0.009 pM; cyanoco-

balamin  vitamin Bl2, 0.04 pg l , thiamine HCl  vitamin Bl!,

2.0 yg l . The clams were fed from cultures of three species

of diatoms grown in supplemented deep water about 85% of the

time, and from cultures grown in unsupplemented deep water about

15% of the time. Consequently, the effluent from the clam tank

fluctuated widely in its content of N03-N and NH4-N, due to

variations in the food supply  species and cell concentrations

of diatoms! to the clams, varying degrees of nitrogen uptake

by the diatom species, and different efficiencies of the.

clams in removing diatom species from suspension. By con-

trast, the seawater supplies from deep water and Tague Bay

were relatively constant in nutrient content  Table I!.

Table X



The flow rates in all three tanks were set to give 96

volume changes per day; this prevented the algal mass from

completely stripping the nutrients from the water and permitted

calculations of nutrient uptake by the alga.  When the ~B ynea

was removed from the tank there was no measurable nutrient

uptake by diatoms remaining in the clam tank effluent during

their l5-minute passage through the Hgpnea tank !one observa-

tion].! A repeat experiment in the three tanks was made

using inoculum from tanks receiving clam tank effluent for the

deep water and clam effluent tanks, and from Tague Bay for the

tank supplied with Tague Bay water. Measurements of nutrient

uptake were made for the Tague Bay tank during the repeat.

experiment, and for the effluent and deep water tanks during

the first experiment.

Growth in Dee Water with Artificial Enrichments

In these experiments deep water was supplemented with

 l! the chelated iron/trace metals/vitamins mix used in the

diatom cultures to yield the concentrations of the components

given above, or �! ammonium chloride to yield concentrations

of ca 4 andl2 pg-at NH4-N l l  "low" and "high" levels, res-
pectively!, or �! both the chelated iron/trace metals/vitamins

mix and ammonium chloride. Control. cultures of the alga

received unsupplemented deep water. Flow rates to the tanks

were set to give 96 volume changes per day. The inoculum for

the first experiment in this series was obtained from Boiler

Bay on January 5, l975.



Growth in Dee Water Enriched with Domestic Sewa e

~Hrginea collected March 18, 1975 from Sugar Bay and April

17,. 1975 from Rust-op-Twist was grown in deep water supple-

mented with ca, 4% primary-treated and ca 35% secondary-treated

sewage, respectively. Control cultures were grown in unsup-

plemented deep water. The total flow rates to the tanks was

set to give 3-4 volume changes per day, to reduce the amount

of sewage required Flow rates were more variable in these

experiments than in the previous ones with faster flow rates.

Failure of the peristaltic pump used for metering the sewage

necessitated the use of a gravity flow system; this led to

fluctuations in flows of the enrichments due to changes in

pressure head. The sewage was collected in 80-liter batches

from the Advanced Wastewater Treatment Plant on St. Croix,

sealed airtight in 20-liter glass carboys to prevent. oxidation

of ammonia to nitrate, and stored in the dark to inhibit

algal growth.

RESULTS

Growth in Surface Water, Dee Water and Effluent from

a Bivalve Shellfish Culture Tank

Growth of H~~nea in the effluent from the shellfish tank

was much more rapid than growth in deep water or in Tague Bay

water  Figure 1!.

Figure 1



Maximum growth rates during the two experiments in each tank

were 64.5 and 62.5  wet weight! g day 1 in the shellfish

effluent, 16.1 and 16.2 g day in Tague Bay water and 12.1

and l5.4 g day in deep water. Growth ceased when a maximum

wet weight- of about 200 g was reached in the Tague Bay and

deep water tanks; this suggests that one or more nutrients

may have been limiting.  Zt was not feasible to continue

growing the ~H ~~nea in the shellfish effluent tank until growth

stopped there also, because .the large mass of alga could no

longer be kept in motion by the aerating system.!

There was a marked depression in growth rate of the

H~~nea in the effluent tank which may have been caused. by an

eight-day period of overcast weather  days 31-39!. There did

not appear to be any direct influence of temperature on growth

rates in the tanks; the temperature ranges and averages  in

parentheses} for the tanks were  'C!: effluent, 23.2-31.2

�6.l!; Tague Bay, 27.3-30.0 �9!; deep water, 22.6-26.5 �4.3!.

When the maximum growth rates of the H~nea from the

appropriate growth curves in Figure 1 are plotted vs the

mean concentrations of nutrients measured in the seawater

supplied, a direct. correlatio~ between growth rate and nutrient.

concentration is observed for KH4-N, but not for P04-P or

N03+N02-N  Figure 2!.

Figure 2

Uptake of NH4 � N per unit weight of ~H nea in the effluent

tank was directly related to the ambient concentration of the

nutrient, defined here as the total amount of nutrient in .the



tank  the residue after uptake! divided by the weight of

H~gnea in the tank  Figure 3}.

Figure 3

The maximum uptake efficiency for NH4-N  about 50%! was

observed at an NH4-N residue concentration of 0.4-0.8 yg-at

NH4-N g l H~nea. The decreased uptake at the highest

residue concentration may have been caused by the turnover

rate being too fast for maximum uptake  Figure 4!.

Figure 4

Similar uptake rates for N03-N were observed in the deep

water tank �.3-0.7 pg-at g ~Hnea!, but uptake efficiency

was less than l0% and the growth rate in deep water was about

one-fifth that observed in the effluent tank.

Growth in Dee Water with Artificial Enrichments

The addition of NH4-N alone  ca 4 pg-at 1 ! to deep-

water did not produce a growth rate any faster than that

obtained with deep water alone, nor did the addition of

the chelated iron/trace metals/vitamins mix alone  Figure 5!

'/he addition of NH -N plus the chelated iron/trace metals/

.vitamins mix prevented the Hosea from disintegrating as

badly as did the plants in the unenriched deep water, and

growth was eventually resumed in this combined enrichment

 Figure 5!.

Figure 5

When a new experiment was started with and without the

NH -N plus chelated iron/trace metals/vitamins mix  using

inoculum ~yynea harvested from the enriched water at the end



of the experiment shown in Figure 5, growth with the enrich-

ment �l.7 g wet wt day } was four times faster than in

deep water alone, but about one-third as fast as the growth

rate in the shellfish effluent �2.5-64.5 g wet wt day 1!

 Figure 6!.

Figure 6

Xncreasing the NH -N enrichment from ca 4 to ca 12

yg-at l , while using the same level of enrichment with the

chelated iron/trace metals/vitamins mix, produced a further

increase in growth rate: the growth rates with the "high"

and "low" NH4-I enrichment levels were 35.7 and 23.6 g sUet wt

day l, respectively  Figure 7}.

Figure 7

The average temperatures for this series of enrichment

experiments were 22.3 to 22.7'C. The minimum temperatures were

2l.l-2l.8 C, and the maximum temperatures were 23.3-24.6 C,

except that 29.9 C was observed once when flow was interrupted

to one of the tanks.

Growth in Deep Water Enriched with Domestic Sewa e

Figure 8 gives the results of single growth experiments

with ~yynea in deep water enriched with 4% primary-treated

sewage and 35% secondary-treated sewage. Xn both cases there

was an initial lag in growth rate in the sewage-enriched tanks.

Enrichment with 4% primary sewage gave only slightly better

growth �.6 g wet wt day } than deep water alone. Secondary

sewage stimulated ~1I nea growth about 22s over that in deep

water alone: the growth rates were l5 g and ll.8 g wet wt day
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with and without secondary sewage, respectively. Temperature

was highly variable in these experiments due to the low flow

rates used  three volumes per day! and difficulties in regu-

lating the flows. The average temperatures in the tanks were

26.3-26.8 C, and maximum temperatures of 30-33 C in the after-

noon were common. The minimum temperatures vere 2l.8-23.04C.

Figure 8

Carbon, Nitrogen and Carrageenan Content of H nea

Rlusciformis

The carbon and nitrogen contents of ~H nea grown in

shellfish effluent, deep water and Tague Bay water are given

in Table XX. The carbon ancL nitrogen contents were inversely

related to the growth rates measured during the most active

periods of growth prior.to harvest  compare Table XX with

Figure 1!. However, the carbon and nitroge~ contents reported

may not accurately reflect the composition during active

growth. The C N ratio was also inversely related to growth

x'ate for the H~grnea grown in effluent and Tague Bay water.

. The deep water H~geea did not fit this pattern, possibly due

'to uptake of N03-N from deep water in excess of the requirements

for growth.

Table XX

The carrageenan yields and the kappa:lambda ratios are

given in Table IXI for ~H flea grown under a variety of con-

ditions in this study, as well as collected from nature. The

carrageanan yields for ~H nea grown during this study were

l6-29% of the .dry weight, compared to 20-26% for EI~eea
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collected from nature. Correlations between carrageenan

yie3.d and growth rate, and between kappa:lambda ratio and

growth rate are difficult to make, because--as for the carbon

and nitrogen contents � for many samples the growth rates

given were measured during the period of maximum growth rate,

while the samples for carrageenan analysis were often taken

after growth had slowed or stopped. This applies to samples

of H~gnea grown in deep water and in Tague Bay water; simi-

larly, there is no way of knowing the rates of growth of

populations harvested. from nature. The carrageenan contents

of H~y~ nea harvested during the period of maximum growth rate

 samp3.es 5 and 8 in Table XXX, grown in deep wate" at two

levels of NH4-N, with addition of chelated iron/trace metals/

vitamins mix! had carrageenan contents and kappa:lambda ratios

comparable to those of ~H flea commercially-harvested from

nature in the Mediterranean.

Table IIX

DISCUSSION

This study has shown that H~nea musciformis can be grown

in seawater much richer in dissolved nutrients than its normal

habitat, and can be used as a means of reducing the loss of

nutrients in the effluent from mariculture systems, while

producing commercially-valuable carrageenan. Roels et al.

�975! have calculated that H~nea grown in the effluent from

a tropical mariculture system would have a gross harvest value

af $ 107,250 per hectare annually.



It is interesting to note that ~H nea mosciformis grown

in effluent from the St. Croix mariculture system has a higher

productivity than has been observed for some marine plants or

communities, micro-algae mass culture, and some conventional

agricultural crops  Table XV!.

Table IV

Additional study is needed to determine the optimal con-

ditions for growing Hg~~nea, expecially with respect to

achieving maximum carrageenan production. The use of wild

populations of plants for experiments, as was the case in this

study, has made it difficult to make valid comparisons between

experiments.- The alga has recently been brought into unialgal

culture from individual tetraspores, so that genetically-

uniform plants can be utilized for future experiments.
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Figure 1. Growth of ~H nea musciformis in surface water

from Tague Bay, deep water from 870 m and in
' ~

the effluent from a culture tank in which juvenile

clams were reared. on diatoms grown in 870-m water.

The inoculum labelled Batch 4 came from another

effluent tank whose growth curve is not shown.
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Figure 2 The relationship between maximum growth rate

of ~H ~~nea musciformis and mean nutrient con-

centration in the seawater supply. Sea-

water supply: , 870-m deep water; , Tague

Bay water; " , shellfish tank effluent. The

ranges for nutrient concentrations are indi-

cated wherever they do not fall within the

area of the symbol.
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Figure 3. The relationship between NH4-N uptake by
H~r~nea musciformis and the ambient NH4-N con-

centrations  residue after uptake! in the

shellfish effluent tank. The values plotted

are means; bars indicate the ranges for

duplicates. The ranges for NH4-N residue

fall within the line symbols. The numbers

next to the plotted values indicate the

sequence in which the values were obtained

during the growth of the alga.
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Figure 4. Uptake efficiency for NH4-N by H~~inea

musciformis as a function of ambient NH -N

concentration  residue after uptake! in

the effluent tank. Values plotted as

described for Figure 3.



O

0 0 0 o
0

 oeudZH, ug~p go-6d!

9PYl dl7 i N398zd'

O
O



30

Figure 5. Effects of enrichment of deep water with

NH4-N, with a chelated iron/trace metals/

vitamins mix, or with NH4-N plus a chelated

iron/trace metals/vitamins mix, on the growth

of Haynes musciformis. Open symbols, unenriched

deep water; closed symbols, deep water enriched

as indicated between the vertical dashed lines

Growth during the last six days was underesti-

mated because about one-third of the algal

mass was lost when the tank accidently over-

flowed.
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Figure 6. Effect of enrichment of cleep water with
the combination of NH4-N plus a chelated,

iron/trace meta.3.sjvitamins mix. The

inoculim was taken from the experiment

shown in Figure 5.
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Figure 7. Growth of ~Hpnea musciformis in deep water

enriched at two levels of NH -N but with the
4

same enrichment level with the chelated iron/

trace metals/vitamins mix. The inoculum

came from similarly-enriched deep water from

the previous experiment  see Figure 6}.





Figure 8. Effect of enrichment of deep water with

4% primary-treated sewage and with 35%

secondary sewage on growth of ~H nea

musciformis
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JERIS METHOD FOR THE DETEFQCINATION OF CHEMICAL OXYGEN DEMAND OF

WASTEWATERS

�! Add approximately 0.3 g of mercuric sulfate powder to a 500-ml

Erlenmeyer flask.

�! Pipet 5.0 ml of the sample into 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 critical!. 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 tempera-

ture range and discard the sample if you do!.

�! Cautious3.y add approximately 300 ml of distilled water and place

in a water bath to cool to ambient temperature.

�! After cooling, add five �! drops of Ferroin indicator solution

�.10-phenanthraline 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:



N �. 050! �5!

average of step 8

where N = normality of the ferrous ammonium sulfate

COD  mg/1! = N x 800 x  av . blanks � av . sam le!
volume of sample

�0! The chemicals used are;

 a! Dichromate acid solution, 0.05N

5 grams K Cr 0  dry for 2 hr, 103 C!

20 grams Ag2$04

1 liter concentrated H2SO4

l liter concentrated H3PO4

 b! Ferrous ammonium sulfate, 0.05N

20 grams Fe NH4
 S04
.6H20
dissolve in distilled water

5 milliliters concentrated H2SO4

Add distilled water to make 1.00 liter

 c! Dichromate standard, 0.050N

2.4518 grams K2Cz207 primary standard grade  dry for 2 hr, 103 C!





APPEMDIX K

THE POTENTIAI YIELD OF ARTIFICIAL UPWZLLING MARICULTURE+

by

Oswald A. Roels, Ph.D.
Lamont-Doherty Geological Observatory

of Columbia University
Palisades, New York 10964 and
Professor, The City College of N.Y.

Kenneth C. Haines, Ph.D.
Lamont-Doherty Geological Observatory

of Columbia University
Palisades, New York 10964

Judith Baab Sunderlin, M.S.
Lamont-Doherty Geological Observatory

of Columbia University
Palisades, New York 10964

to be presented at the
Tenth European Symposium on Marine Biology

Ostend  Belgium! September 17-23, 1975

Running head: "Artificial Upwelling Mariculture"

*Supported by the National Sea Grant Program, NOAA, U.S.
Department of Commerce �4-5-158-59! and the G. Unger
Vetlesen Foundation; Lamont-Doherty Geological Observatory
Contribution No. 0000; City University Institute of Marine
a Atmospheric Sciences Contribution No. 00.



ABSTRACT

The Potential Yield of Artificial Upwelling Mariculture

Oswald A. Roels,' Kenneth C. Haines and Judith B. Sunderlin

Lamont-Doherty Geological Gbservatory and City College of New York

In our Artificial Upwelling project in St. Croix, Antarctic Inter-
mediate water is pumped continuously from 870 meters depth in the sea into
45,000-liter concrete pools on shore in which unialgal cultures of plank-
tonic diatoms are grown. The pool cultures are started by inoculating them
with cultures grown in 800-liter tanks. The growth rate of the algae is
regulated by the rate at which nutrients are supplied by the incoming deep
water, thus assuring nearly complete utilization of the nutrients in the
deep water.

This a~stem produces ll3,550 liters of nearly unialgal diatom culture
per day �0 � 10 6cells per ml! which is pumped continuously inta shell-
fish tanks at metered rates based on the feeding activity of the animals.
The total flow pumped to the shellfish matches the flow of deep water into
the algal pools, so that the pool volume remains constant. The filter-
feeding shellfish remove up to 90K of the algae pumped from the pools.
The yearly temperature range in the shellfish tanks is 22-29 C.

�8!, from New York estuariua watered' Chaetoceros ~sim ier  STX-103! from
o

deep water, both high-temperature tolerant clanes, and Chaetoceros curvi-
setus  STX-167!, from 870 m water.

Ten species of shellfish have been screened for growth and survival
in the St. Croix system. Seven species grew well and reached market size
quickly. They are: Ostrea edulis  European oyster!; Crassostrea ~i~as
 Pacific oyster!; C. @ides, Kumomoto variety; ~Ta as see decussate  yapauese!
little-neck clams!; Mercenaria c echienais  Southern clam or quahog!;

irradians  Say scallop!. Pinctada mertensi  the pearl oyster! is also grow-
ing very rapidly in the system.

Spiny lobsters, Queen conch and carrageenin-producing seaweeds are
grown in the effluent of the shellfish tanks.

In large scale operations, it is envisaged that the deep sea water
would be utilized first for its cold temperature �-7'C! before entering
the mariculture system. Power generation by the Claude process, desalina-
tion and air conditioning are some of the potential applications of this.

A 100-megawatt sea-thermal power plant would require a flow of
4.5 x 10 liters of deep sea water per minute. Such a flow of deep water
might yield 125,000 tons of shellfish meat and 59,000 tons  dry weight! of
carrageenin-producing seaweed per year.



INTRODUCTION

Natural upwelling occurs in several areas of the world' s

oceans where deep water is brought to the surface by natural

forces. When the nutrient-rich deep water is mixed with

nutrient-poor surface water, blooms of phytoplankton are

stimulated by the nutrients  nitrate, phosphate, and s' licate!

in the deep water. The algae form the base of marine food

chains which yield valuable animal protein. The upwelling

associated with the Peru Coastal Current gives rise to the

world's most productive fishery.

The cold temperature of deep ocean water can be used

for a wide variety of cooling applications and for sea

thermal power production by the "Claude process" in areas

where the temperature differential between the surface and

the deep water is great enough. Some of the possible cooling

applications are airconditioning, ice-making, cooling for

electrical power generating plants  avoiding thermal pollu-

tion! and fresh water production by desalination. The

discharged deep water from these cooling systems is a valuable

resource for mariculture since its nutrient content, essen-

tial for algal growth, is much higher than that of surface

water.

We have started an Artificial Upwelling Project on the

island of St. Croix  U.S. Virgin Es3.ands! in the Caribbean

Sea  l7'47'N, 64'48'W!, to determine the feasibility of

producing phytoplankton as the primary food souxce for a



mariculture system, using deep-sea water and sunshine as raw

materials.

In our Artificial Upwelling Project, we pump deep water

into ponds onshore, where diatoms are grown as food for

filter-feeding shellfish  oysters, clams and scallops! in a
' ~

controlled food chain. The productivity of our system is

much higher than that of natural upwelling systems because

we do not dilute the deep water with nutrient-poor surface

water. Another advantage of using deep water is that it. is

free of man-made pollutants, diseases and predators that are

harmful to shellfish. The St. Croix site was chosen because

the ocean reaches a depth of 1,000 m, approximately l.8 km

offshore.

The system has been in continuous operation, utilizing

deep-sea water, since Nay 1972.

This paper describes results obtained in the Artificial

Upwelling system and forecasts the potential of large-scale

applications of this concepts



DESCRIPTION OF THE ARTIFICIAL UPWZLLING

MARICULTURE SYSTEM

Three 1,830-m long, 7.5-cm diameter, polyethylene

pipelines were installed from the shore into the sea, to a

depth of 870 m. A shallow reef extends approximately 400 m

offshore at our beach. In this reef zone, the three poly-

ethylene pipelines are threaded through a 35-cm  internal

diameter! fiberglass pipeline. This fiberglass pipeline is

attached to the reef by anchored concrete saddles and serves

to protect the polyethylene pipes from abrasion by surf

action.

At the seaward end of the fiberglass pipeline the water

depth is approximately 20 m. From that point on the sea

floor slopes down at a 33' angle. On this slope, the three

polyethylene pipelines are lying on the sea floor, held down

by lead ballast weights. The seaward intake of the pipes,

at 870-m depth, is held 30 m above the sea floor by a system

of anchors and floats.

A glass-lined centrifugal pump on shore, driven by a 2-

hp motor, yields a combined flow of 170 liters per minute

through the three pipelines. The composition of the surface

water 1,800 m offshore, of the reef water inshore and of the

water from 870-m depth pumped up through our pipelines is

given in Table I .

Table I
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A constant head device maintains constant pressure of

the deep-water flow throughout the system onshore. The deep

water is pumped continuously into S m x 10 m concrete pools

of 1-m depth. Nearly unialgal diatom cultures have been

grown continuously in these pools since May 1972, producing

111,000 liters of culture per day, containing 10 to 10

cells per milliliter. The cell concentration depends on cell

size and species  see Table 2!. This diatom culture is

pumped continuously into shellfish tanks at metered rates

based on the feeding activity of the animals. The total

flow pumped to the shellfish matches the flow of deep water

into the algal pools, so that the pool volume remains con-

stant. The filter-feeding shellfish remove up to 90% of the

algae pumped from the pools. The yearly temperature range

in the shellfish tanks is 22-29'C.

In 1974, ten 2,000-liter concrete tanks, provided with

deep-water flow, were added to the system to expand the

number of species of algae which can be grown and experi-

mented with simultaneously. Another ten 2,000-liter con-

crete tanks with provision for deep-water flow are under

construction at the time of writing  August 197'!.

The phytoplankton produced in the pools and in the

2,000-liter concrete tanks is fed continuously to a shell-

fish hatchery, a shellfish larvae and juveniles rearing

area, an experimental shellfish area and a pilot shellfish

area. In the larvae-setting and juvenile-rearing shellfish

area the young animals produced in the hatchery are kept



until they are 2-5 mm in size, in fiberglass flumes of

366 x 61 x 16-cm deep.

The experimental shellfish area has provision for up to

240 individual shellfish trays for experimentation. Each

one of these trays can be provided with any combination of

the different unialgal cultures grown in the smaller concrete

tanks and in the two large pools.

in the pilot shellfish area, new species of shellfish

are screened fox growth and survival in the system, and.

design parameters for shellfish-growing in large-scale

mariculture systems are tested. Figure 1 gives a schematic

representation of the flow of deep water and phytoplankton

suspension through the mariculture system.

Figure 1

Small-scale experimentation is underway with Strombus

qicLas {the queen conch! which graze on the epiphytic algae

on the walls of the pools and tanks. Panulirus a~r us  the

spiny lobster! is being reared successfu11y on the slow-

growing shellfish, which do not meet our standard growth

requirements and are culled systematically from the system.

The carrageenan-producing seaweed, H~nea musciformis,

has been grown very successfully in the effluent from the

shellfish tanks, thereby utilizing some of the nitrogen-

containing compounds excreted by the shellfish which would

otherwise be a net loss from the system �}.



Figure 1. Schematic representation of the flow of

deep water and phytoplankton suspension

through the St. Croix "Artificial

Upvelling" mariculture system.
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PHYTOPLANKTON PRODUCT3:ON

The diatom clones used in the system are listed in

Table II.

Table Zr.

These diatoms are maintained in the laboratory in axenic

culture, in F/2 medium �!. Laboratory inoculations are

arranged to produce 32 liters of axenic culture of the dif-

ferent species of diatoms on a regular schedule. These 32

liters of axenic inoculum are then transferred to 757-liter

open polyethylene tanks on the beach, containing deep-sea

water enriched to F/2 strength. These polyethylene tanks

provide starter cultures for the 45,000-liter pools.

Figure 2 gives the growth curve of Chaetoceros sp.  STX-105!

in this system.

Figure 2

weeks when cultured in the deep-sea water pools supplemented

with chelated iron  l pN Fe-EDTA!, trace metals and vitamins;

unsupplemented cultures of these three species do not remain

unialgal as long as those receiving the supplement. For the

continuous culture of these three diatoms in our pool

system, a 1.5-times daily turnover is used, i.e., 67,500

liters of deep water are pumped through a 45,000-liter pool

per 24-hour period, at the same rate during both day and
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Figure 2. Growth curve of Chaetoceros sp.  STX-105!

in the St. Croix mariculture system from

a 50-ml laboratory inoculum to 22,710-1.

-  half our pool volume!.

one-day inoculum schedule

two-day inoculum schedule
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night. Chaetoceros curvisetus  STX-167! can be maintained

in unsupplemented deep water for more than four weeks at a

turnover rate of 1.1 pool volumes per day. In steady-state

continuous cultures of this diatom, up to 99% of the nitrate

and nitrite from the deep water are taken up by the diatom.

The silicate uptake is approximately 90% of that present in.

the incoming deep water, and the phosphate uptake is 77% �!.

From experiments undertaken in 2,084-liter concrete

tanks  operating with a water depth of 0.8 m! utilizing

different degrees of shading and different turnover rates of

the deep water in the tank during continuous culture, it has

been calculated that Chaetoceros curvisetus  STX-167!, in a

well-mixed pool of 5-m depth under the St. Croix light con-

ditions, can fix 0.9 grams of cellular organic nitrogen/m 2

/day and 5.3 grams of cellular organic carbon/m /day �!.

These numbers will have to be verified in actual deep-tank

experiments.

Several other clones of phytoplarkters which can grow

in unsupplemented deep water for prolonged periods of time

in continuous culture are ready for testing in the 45,000-liter

pools.
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SHELLFISH PRODUCTION

Several populations of different species of pelecypod

mollusks have been grown from spat to market size in our St.

Croix system. Nercenaria mercenaria  the northern hard

high mortality whereas N. mercenaria survived but grew very

slowly �!.

Ostrea edulis  the European oyster! was grown from 3 mm

spat to market size adults in l2 months �!.

A comparative growth study of hardshell clams  Nercenaria

mercenaria and Mercenaria cam echiensis, and their Fl cross!

in temperate, subtropical and tropical neural waters and in our

tropical Artificial Upwelling mariculture system revealed

to market size in 6.5 to 13 months in the Artificial Upwelling

system, while no animals had reached market size in any of

the other environments after l3 months �!.

~Ta es semidecnssata  the Japanese clam! has been grown

from egg to market size in 13 months and from set to market

size in 12 months  8!.

to market size in 7 to 10 months.



Table III lists the shellfish which have been grown

successfully from seed to market size in our Artificial

Upwelling system.

Table III

Two more species of shellfish have been introduced in

the Artificial Upwelling mariculture system and are growing

very rapidly: they are the Kumomoto variety of Crassostrea

pi~as and Pinctada mertensi.

To avoid the introduction of parasites and diseases,

we have started our own hatchery, utilizing deep-sea water

exclusively. T~a es semidecussata has already been reared

through several generations in our system. Post.-set survival

of the larvae has been as high as 85%.

As a result of improved handling techniques and better

and more reliable food supply, each successive batch of a

given species of shellfish has reached market size more

rapidly in our system.

The taste of the shellfish grown in our system was

found to be superior to that. of the same species from several

other conventional natural environments by a New York panel

of seafood experts.
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SEAWEED PRODUCTION

To recover some of the nitrogen losses from the system

and to reduce a potential environmental hazard, the carra-

geenan-producing seaweed Hvunea musciformis has bean grown

very successfully in the effluent from the shellfish tanks.

~H nea musciformis grew five times f'aster in the shell-

fish tank effluent than in unaltered deep-sea water, and

about three times faster than in surface seawater. The

growth rate was positively correlated with the ammonia con-

centration in the growth medium.

The seaweed grown in the effluent doubled its weight

every 60 hours �!. The carrageenan content of the seaweed

grown in the effluent was 16%  on a dry weight basis! and

the gelling properties of the carrageenan in food applica-

tions were excellent.

At the high turnover rates used in the study on which

these calculations are based  96 turnovers of the volume of

the tanks used. per day!, the maximum ammonia-nitrogen uti-

lization by the seaweed was 50% and averaged 41%. The

efficiency of ammonia-nitrogen utilization would no doubt

be higher at slower turnover rates, but this would also

lower the growth rate.
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THE POTENTIAL YIELD OF LARGE-SCALE

ARTIFICIAL UPWELLING NARICULTURK

In large-scale systems, pumping massive volumes of

deep-sea water to the surface, the temperature differential

between the cold deep-sea water �-7'C! and the warm sur-

face water �6-29'C! which has a potential energy of l20

kilogram-meters per kilogram of deep water brought to the

surface, will be utilized for sea-thermal power generation

and/or desalination. We have described the potential of

these applications in an earlier publication  9!.

However, Despite the rapid increase in energy costs

caused by the rapid rise of oil prices during the last two

years, the potential mariculture yield. of cold deep-sea

water in tropical and subtropical areas remains far more

economically valuable than the potential energy yield from

the temperature differential. It would, therefore, obviously

be advantageous to utilize all the economically valuable

properties of deep-sea water rather than only one of them.

This would also distribute the cost of the deep-sea water

pumping system over different products: power, fresh water,

seafood and carrageenan.

According to our most conservative estimates, based

on experimental results in our system, the potential yield

of shellfish meat from an Artificial Upwelling maxiculture

system would be 25.8 tons of fresh shellfish meat/hectare/

year. At $2.50/lb of shellfish meat, this would represent
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$113,520/year/hectare.

We are reasonably confident that it will be possible

to increase this yield several times, in part by improved

management of the system, but mainly by a better choice of

diet provided by the algal mixture fed to the shellfish.
'I

By extrapolating our small-scale seaweed data, we

calculated that the potential yield of H~nea musciformis

would be 165 metric tons {dry weight!/hectare/year. At

$650/ton, this would represent a yield of $107,250/hectare/

year.

Xn view of these results, we recommend at this time

the construction of a pilot plant, pumping l00 m deep-sea

water per minute.

Zts purpose would be to test the economic feasibility

of Artificial Upwelling mariculture, and, to make efficient

use of the deep water in this plant, it should be used in

technical feasibility studies of sea-thermal power gene-

ration and desalination prior to entering the mariculture

section of the plant.
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