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ABSTRACT 

A pilot-stage, two-trophic-level, deep-sea water mari
culture system was operated on St. Croix, U.S. Virgin Islands 
over a nine-month period. Antarctic Intermediate Water from 
about 870 m depth was pumped continuously into two 50,000-
liter onshore pools. The pools were inoculated with laboratory 
grown cultures of the diatom Chaetoceros curvisetus (STX-167) 
and operated at a turnover rate of 1.15 day-I. Twenty-nine 
(29) such cultures were started and lasted an average of 17.0 
days each. Mean down-time required for deactivation and 
restarting of cultures was 54 hours. 

Protein-nitrogen production in each pool was measured 
three times weekly and averaged 23.61 µg-at liter-1. This pro
duction represented a conversion of available deep-water 
'nitrogen' (32.16 µg-at liter-1) · into algal-protein n~trogen 
of over 73%. Extrapolated yearly production of algal protein 
was about 101% of expected levels, based upon previous experience. 

Of the total deep-water 'nitrogen', 93.5% was accounted 
for at the first trophic level_, in the forms of dissolved 
inorganic nitrate, nitrite, ammonia and algal-protein nitrogen. 
Unaccounted-for nitrogen increased towards the end of culture 
life and was probably in the form of dissolved organics and 
wall growth (attached algae) . 

The production was 6.4 metric tons of algal protein/ha/yr. 
This compares to a production of 0.71 tons/ha/yr for alfalfa, 
currently the greatest terrestrial producer of plant protein. 
Based on earlier work using 2000-liter vessels under various 
light and flow-rate regimes, a model was derived which predicts 
a production of >23 tons/ha/yr at a pool depth of 4.88 m and a 
turnover rate of .81 day-1. Further analysis using a computerized 
economic sensitivity model has projected an economically 
optimum pool depth of about 3 m, with a turnover rate of .84 
day-1 and an algal protein production of 16.5 tons/ha/yr. 

Representative environmental observations including ~air, 
deep water and pool temperatures are included, as are ambient 
light readings. The pools, which were not light-limited, 
produced about 2 g of algal protein per kWh of measured light. 

The algae were pumped continuously to three populations 
of the clam Tapes japonica. Over a nine-month period, mean 
"stripping" (inflow less outflow + inflow) of algal-protein 
nitrogen was about 48%, or about 55% of expected levels. All 
three populations demonstrated a decreasing ability to convert 
stripped algal-protein nitrogen to T·apes meat-protein nitrogen 
over time; near the end of the study about 15% conversion was 
measured. This low conversion (about 45% of that expected) was 
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traced to the tank configuration, which led to a build-up of 
fecal material, ammonia and bacteria, with a corresponding 
increase in mortality. Adjustments in the shellfish technical 
description may be necessary to reduce discrepancies between 
measured and expected stripping rates; this deviation was 
greatest for larger animals. 

Over the nine-month period studied, about 1.5 x 10 7 liters 
of water flowed through the second trophic level, with a total 
deep-water 'nitrogen' content of about 6.78 kg. About 3.7 kg 
(or 55%) was accounted for in the shellfish-tank effluent as 
particulate protein and dissolved inorganic nitrate, nitrite, 
and ammonia. About 0.53 kg (or about 8%) of the total 'nitrogen' 
in the deep water was recovered in the form of live Tapes meat
protein nitrogen. An estimated loss of 0.114 kg occurred 
through mortality (about 2%) and another 0.024 kg was estimated 
as lost through spawning (<-1%). In sum, about 65% of the total 
deep-water 'nitrogen' available was accounted for at i:;he second 
trophic level; tank deposit particulate matter and dissolved 
organic nitrogen probably constituted most of the unaccounted-for 
nitrogen. 

The second trophic level demonstrated a net uptake of 
dissolved nitrate plus nitrite of about 0.4 kg, probably due to 
the presence of epiphytic algae and attached pennate diatoms in 
the tanks. A new production of about 0.46 kg of ammonia was 
also measured, due to excretion by the shellfish. 

The biological value of the diet was calculated at 22. 

Preliminary analysis of the results indicated that pre
viously expected levels of production (about 23% conversion of 
total available deep-water inorganic nitrogen to live Tapes 
meat-protein nitrogen) could be obtained with appropriate changes 
in shellfish-tank configuration and with implementation of 
appropriate adjustments to the shellfish technical description. 
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PREFACE 

The following report describes what was accomplished 

· from 1 July 1976 to 30 June 1977, with Sea Grant support, 

on the "Artificial Upwelling" mariculture project, St. Croix, · 

U.S. Virgin Islands. 

--During the year a pilot demonstration plant was 

operated on the basis of the best information collected 

previously. 

--The inputs on which the pilot plant operation is 

based are summarized in a technical description. 

--The .Pilot operation was subjected to a set of 

observations to determine the validity of the methods of 

operation. 

--The procedures which were applied in all phases of 

the effort have been identified. 

-A series of developmental research studies .was 

undertaken to increase understanding or to improve the pro

ductivity of the processes involved. 

-The data collected, both as a result of observa~ions 

and of research studies, have been subjected to an initial 

analysis. 

--The final output of this program is the substantia

tion of the aquaculture budget generator program, which 

provides guidance as to the economically critical aspects 

of the project, and will ultimately provide a rationale 

for further development. 
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1 INFRASTRUCTURE 

1.1 Facilities 

The St. Croix Marine Station occupies all of the 

buildings (except the old windmill) on the Estate Rust-op-Twist, 

located on the North Shore about a half mile west of Baron 

Bluff, St. Croix, U.S. Virgin Islands. Station housing pro

vides accommodation in seven apartments for visiting scientists 

and permanent staff of the project. 

The laboratory area (approximately half an acre) is about 

1400 ft back from the shoreline. On the lower floor of the 

renovated building is the laboratory, including a dust-free 

culture transfer room, business office, comprising approxi

mately 1,600 sq.ft. A 582 sq.ft. section of the warehouse 

houses two diesel-powered emergency generators, a workshop, 

tool and spare-parts storage space. 

The shore area (approximately 63,000 sq.ft. of beachfront) 

contains the mariculture complex. This complex includes: 

(a) the onshore terminus of the three 3-inch deep-water pipe

lines; (b) pumphouse with two glass-lined centrifugal pumps 

installed in parallel (each with its own motor); one 360-~allon 

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

a recording device (integrating radiometer) for continuous 

readout of solar radiation; (c) deep-water constant head 

device for constant pressure in the entire deep-water distri

bution system, (d) two 50,000-liter concrete pools for algal 

· culture; (e) the shellfish hatchery and wet lab for shellfish 
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feeding and growth experiments, with associated set of ten 

2,000-liter elevated tanks ("reactors"); (f) ten 2,000-liter 

elevated tanks ("reactors") mounted on a separate structure west 

of the hatchery/wet lab. These reactors can receive shallow or 

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

(g) a shallow-water system consisting of a self-priming centri-

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

by 2-1/2" galvanized steep pipe clamped to steel bars driven into 

the bottom; (h) six 800-liter polyethylene tanks, four of which 

are used for algal culture, two for experimentation; (i) eight 

800-liter wood-fiberglass tanks for shellfish and miscellaneous 

uses; (j) two 600-liter polyethylene tanks for experimental use; 

(k) twelve rectangular (86 x 62 x 22 cm) tanks constituting the 

Model 1 shellfish pilot plant; (1) fourteen round (66 cm diameter 

x 15 cm deep) tanks constituting the Model 2 shellfish pilot 

plant; (m) submersible pumps routing algal suspension to shell-

fish tanks; (n) storage container for tools and supplies for 

beach and pipeline work. 

1.2 Staffing 

Principal Investigator 
Roels, Oswald A. (Ph.D.) 

Research and Supporting Staff: 

In St. Croix: 
Aust, Leo G. (B. Mech. E.) 
Station Manager 
Research Program Manager 

Laurence, Scott (Ph.D.) 
Project Coordinator 
Research Scientist Associate II 
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Haines, Kenneth C. (Ph.D.) 
Research Scientist 

Sunderlin, Judith B. (M.S.) 
Research Scientist Associate II 

Tobias, William J. (M.S.) 
Research Scientist Assistant II 

Widdowson, Robert R. (B.A.) 
·Research Scientist Assistant II 

Robichaux, David (B.A.) 
Research Scientist Assistant I 

Railey, Melinda A. (B.A.) 
Research Scientist Assistant I 

Francis, Oswald A. 
Technical Staff Assistant IV 

Tucker, Paul A. 
Technical Staff Assistant III 

Stapleton, Charles 
Maintenance Worker 

Powell, Albert 
Maintenance Helper 

David, Winston J. 
Grounds keeper 

Boatswain, Gladys 
Building Attendant 

In Port Aransas: 

Van Hemelryck, Ludo (M.E.E.) 
Chief Engineer 
Research Engineer 

McDonald, Paul W. (B.S.) 
Research Scientist Assistant III 

Trout, Marian E. (B.S.) 
Laboratory Manager 

Amos, Lynn M. 
Executive Assistant 
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2 TECHNICAL. DESCRIPTION 

The planning and. operation of. the pilot demonstration plant 

and the analysis of the results obtained require an adequate set 

of quantitative relationships between the mariculture's outputs, 

its inputs, and its environment. These relationships are derived 

from experimental results and from our understanding of the 

mechanisms involved, which also guides us in interpreting these 

results. 

The initial technical description, undertaken prior to the 

generation of our plan of work for 1976-77, identified the 

operational parameters then in use, such as turnover rates, 

shellfish feeding rates, etc., and the measured phytoplankton 

and shellfish yields. Such a description is adequate within the 

range experimentally verified, and as long as all reliable 

observations confirm the fundamental concepts. 

No revision of the initial technical description was completed 

during the period covered by this report. The pilot plant 

operation, output prediction and economic evaluation are therefore 

based on the initial description, a copy of which is included as 

Appendix A. 

Observations performed on the pilot plant operation are not 

in agreement with predictions based on smaller-scale quantitative 

experiments described in our "constant weight" study (Appendix B). 

The reason for this discrepancy and the extent to which the data 

obtained require a change in the technical description are being 

analyzed. 
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3 PROCEDURES 

3 .1 Pilot Plant op·erations 

3.1.1 Phytoplankton 

The deep (Antarctic Intermediate) water being 

pumped on St. Croix is an excellent medium in which to grow 

photosynthetic plants, but ~t contains very few of them. Dense 

"starter" cultures for the inoculation of deep water are 

required, to accelerate the establishment of a steady-state 

continuous-flowthrough culture in the pools. At present, this 

is accomplished by producing axenic algal cultures in the labo

ratory in highly enriched seawater medium under controlled envi

ronmental conditions, and using these cultures to inoculate still 

larger cultures on the bea·ch, where temperature, light, and other 

factors cannot be easily manipulated. The phytoplankter used is 

Chaetoceros curvisetus (clone STX-167) . A schematic diagram of 

the flow through the algal culture system is given in Figure 1. 

The algal cultures are produced daily by transfer of small 

cultures at intervals into larger growth vessels containing new 

media. The last stage in the algal culture system is a large

volume culture in 50,000-liter concrete pools, from which the 

algae are pumped continuously to the shellfish-rearing tanks. 

The laboratory and beach culture methods are further detailed. 

3.1.1.1 "Starter" Cultures 

Inocula for the outdoor pools are reared 

as axenic laboratory cultures (16-liter carboys) which are used 

to inoculate 760-liter unialgal polytank (PT) cultures which, in 
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Figure 1. Schematic diagram of the flow through the 

algal culture system. 
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Figure 2. Schematic diagram of the St. Croix "Artificial 

Upwelling" mariculture system. 
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turn, are used to inoculate the 50,000-liter pools. Preparation 

of the laboratory cultures includes growing the diatom in a 50-ml 

small flask (SF} for two days and using it to inoculate an 800-rnl 

large flask (LF). The LF, after two days' growth, is used as 

inoculum for two 16-liter carboys which are incubated in the 

laboratory for two days prior to being used as inoculum for a 

polytank (PT) . The SF is incubated in a 12-hr light/12-hr dark 

cycle; the LFs and the carboys are incubated under continuous 

illumination, provided by fluorescent light bulbs; temperature is 

normal room temperature (ca 25°C) . The medium used in laboratory 

cultures is Guillard's medium F/2, except that silica is omitted 

from the SFs and LFs. The medium used in the outdoor PTs is F/4 

(except for the F-level silica). The PTs are inoculated with two 

16-liter carboy cultures from the laboratory. Aeration is pro

vided by a polyvinylchloride (PVC) manifold which rims the bottom 

of the PT. The PT is prepared for inoculation by scrubbing with 

a solution of household bleach (sodium hypochlorite} and a 

swimming-pool chloride (sodium dichloroisocyanurate), filling 

with deep water and adding the enrichment nutrients. Carbon 

dioxide is metered into the PT cultures when the pH goes ~bove 8.7; 

this rarely occurs. 

3.1.1.2 Beach Cultures 

The two 50,000-liter concrete pools 

are -1 m deep and are provided with a continuous flow of deep 

water at ' a turnover (dilution) rate of 1.15 volumes/day. Culture 

is pumped out continuously, using submersible pumps. ·~· During 

1976-77, pool culture produced in excess of the needs of the 
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pilot plant requirement were used for maintenance of brood stock 

and other animals, or overflowed to waste. The pools are scrubbed 

(as for the PTs) and reinoculated on a 28-day cycle, so that a 

different pool is inoculated every two weeks. Following scrubbing 

of the pool and airlines, and flushing of the lines which 

distribute the culture to the pilot plant and other animal tanks, 

the pool is filled to half-volume, inoculated with a PT culture 

and allowed to set overnight. The following day, the pool is 

filled to 50,000-liters and is activated that or the following day 

by starting continuous flow of deep water in and culture out. 

Two to three inoculum cultures are produced every week so that 

there is a backup PT culture available in the event that a pool 

culture "collapses" below a useful level (~ 104 cells/ml). The 

decision to scrub a pool on a day other than the scheduled day is 

made by the scientist in charge (SIC) , based on visual estimation 

of pool density and/or on quality of culture as revealed by 

microscopic examination. 

3 .1. 2 Shellffsh 

3.1.2.1 Design and Operation 

The shellfish pilot plant, located on 

the beach west of the phytoplankton pools and perpendicular to 

the northeast corner of the hatchery building, consists of two 

parallel rows of six rectangular tanks (approx. 86 x 62 x 22 cm), 

which incorporate an airlift recirculation system (Figs. 2,3,4). 

Tanks 1, 3, S, 7, 9 and 11 receive flow from Pool 2, ,while Tanks 
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Figure 3. Diagram of the shellfish pilot demonstration plant, 

consisting of two parallel rows of six rectangular 

tanks (approx. 86 x 62 x 22 cm) and incorporating 

an airlift recirculation system. 
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Figure 4. Another view of the shellfish pilot plant, consisting 

of 12 covered rectangular tanks. 
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2, 4, 6, 8, 10 and 12 receive flow from Pool 1. All tanks can 

receive the flow from one pool when only one is on-line. 

The tanks are constructed of 5/8" exterior plywood with the 

main shellfish compartment separated from the inflow and outflow 

chambers by 3/4" plywood partitions (Fig. 5). The tanks are made 

watertight by trim-fitting corners and applying exterior spackling 

compound to fill the seams, then covered with polyester resin. 

The tanks are painted with a non-toxic, non-yellowing, white 

enamel paint. Covers for the tanks are made from corrugated 

aluminum roofing material. 

Low-pressure air, supplied by a Siemens compressor (Model 

#2CH4-001-1U), is injected through capillary tubing at the base 

of the left-vertical section of the external recirculation system 

(Fig. 5), creating a recirculation flow through the tank. Pool 

culture entering from the left side of the tank flows under the 

inflow partition, up through a Nestier tray via the main compart

ment containing shellfish, and over the effluent chamber partition. 

A portion of the flow then exits via the overflow standpipe and 

the remainde~ is recirculated back through the tank. 

Tank capacity is 113 liters and tank turnover time is 17 min 

at a flow of 110 ml/sec. The pilot plant requires the total flow 

from both pools (~ 1.32 liters/sac) when operating at full capacity. 

Tapes japonica spat {approx. 10,000 clams) are introduced into 

the pilot plant 56 days after spawning at an expected shell length 

of 4.3 mm (O.Olg whole wet weight). The clams are placed in a 

1/16"' mesh bag in one-fourth of the Nestier tray and a weighted 
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Figure 5. Detail of an individual shellfish tank. 
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wood plate is used to cover the remaining 3/4ths of the tray. 

This directs the flow of pool culture up · through the clams when 

the entire tray is not being used. As the clams increase in 

size, a larger open-mesh Vexar screening replaces the mesh bag. 

The subsequent feeding plan is based on a projected growth, 

from this size on, as derived from a 36-day feeding experiment 

(Roels et al., 1977; Appendix B) in November-December 1975, which 

used animals averaging 12.7 mm in length at the start. 

On Day 70 the wood partition covering 3/4ths of the Nestier 

tray is removed and the shellfish are spread out on a tray liner 

over the entire tray. At Day 12Q, the shellfish are divided 

equally into quarters and spread out into four trays of the pilot 

plant., One batch occupies Tanks 1-4, the second occupies Tanks 

5-8, and the third occupies Tanks 9-12. Tray liners are removed 

when the clams are large enough to be retained in the Nestier tray. 

The expected growth of a population of 10,000 clams is shown 

in Figure 6. The predicted feeding flow required is shown in 

Figure 7. Actually, the flow is adjusted stepwise, as shown in 

Table 1., 
. 

After 140 days, three batches of 10,000 clams are expected 

to need a flow rate which exceeds our present pool capacity. 

Accordingly, after that date the shellfish population is reduced 

every 28 days, by culling the excess over a predetermined weight. 

The weight to which each population (four trays) has to be reduced 

each time, and the amount expected to be . culled is shown in Table 2. 

3.1.2.2 Maintenance 

At 14 and .35 days after introduction, 

and after 35 days on a regular weekly schedule, the shellfish are 
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Figure 6. The expected growth of a population of 10,000 clams 

(Tapes japonica). 
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Figure 7~ The predicted feeding flow required to feed a 

population of 10,000 clams (Tapes japonica). (In 

practice, the flow is adjusted stepwise.) 
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TABLE 1. INTENDED FLOW RATE CHANGES 

DAY FLOW 
{ml sec-1 ) 

SHELLFISH DIVISION 

0 15 1/4 tray 

14 30 1/4 tray 

35 60 1/4 tray 

49 120 1/4 tray 

70 180 1 tray 

98 300 1 tray 

126 110 4 trays 

and on 
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TABLE 2. INTENDED CULLING OF EXCESS OVER PREDETERMINED 

WEIGHT OF SHELLFISH SUPPORTABLE BY PRESENT FOOD FLOW 
RATE FOR EACH OF THREE POPULATIONS 

DAY WEIGHTS (kg) 
BEFORE AFTER 

CULLING CULLED 

154 45.858 33.734 12.124 

182 52.258 39.812 12.446 

210 58.340 · 45.914 12.426 

238 64.444 52.030 12.414 

266 70.565 58.159 12.406 

294 76.697' 64.298 12.399 

322 82.839 70.443 12.396 

350 88.987 ' 88.987 ' 
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cleaned. During some portions of the 1976-77 year, half of the 

trays were on a biweekly cleaning schedule. 

Prior to the initiation of shellfish maintenance, the 

shellfish tank covers are removed, the tank feedline switched off, 

and the accumulation of fecal material, water circulation, and 

general clam condition noted. The Nestier tray containing the 

shellfish is then removed and placed in a shaded area while the 

tank is cleaned. Fecal accumulation and bacteria, if present, 

are noted. 

The following procedure for shellfish maintenance is then 

implemented: the effluent standpipe and main compartment chain 

plug are removed and the tank drained. The aeration for the 

individual tank airlift recirculation system is shut off and 

intake fitting disconnected to drain the external recirculation 

system. With a hose connected to the hatchery deep-water system, 

the tank is rinsed and scrubbed with a stiff nylon hand-brush. 

The vertical sections of the external airlift recirculation system 

are scrubbed with a long-handled wire brush and rinsed. The 

silicone stopper in the airlift system is removed and the 

capillary tubing rinsed free of deposits. The stopper in the 

pool culture feed-lines is removed and the flow rate tubing 

cleaned by passing a smaller diameter section of tubing through 

it. The airlift system is then reassembled and the pool flow 

valve opened to allow the tank to fill while the clams are rinsed. 

The clams, tray, and tray liner (if present) are rinsed with 

deep water to remove fecal material and the dead shellfish (if 

any) are removed and counted. The tray is placed back into the 
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tank and recovered. Fouled Nestier trays are replaced periodically. 

The individual tank/shellfish cleaning time is approxi~ately 

15 mins. 

If spawning occurs in the pilot plant tanks, the tanks and 

recirculating systems are drained after spawning is completed 

and the shellfish rinsed to avoid accumul~tion and decomposition 

of organic material. Individual tray and population spawning 

records are maintained. 

3.1.3 Hatchery 

The procedures followed in our hatchery operation 

are described in the hatchery operating manual (Appendix C). 

3.2 Pilot Plant Observations 

3.2.1 Phytoplankton 

Cell counts (algae) are made twice daily on 

samples taken at 0800 , and 1400 hrs from the pools and PT cultures. 

Cell counts from the individual pilot shellfish tanks are performed 

every Monday, Wednesday ar:id Friday at 1400 hrs. The purposes of 

the cell-counting exercise are: 

(a) To follow the growth and "state-of-health" of 

the pools and the PTs. This information is used to verify that 

visual monitoring of the pools is indeed adequate. Cell counts 

from the pools and the PTs are plotted on semilogarithmic graph 

.paper to obtain a graph showing the growth rates and/or yields 

of the algal cultures. 

(b) To calculate the efficiency of the shellfish 

in stripping the algal cells from the pool water pumped to their 

tanks. 
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Turbidities are taken twice daily on samples taken at 0800 

and 1400 hrs of the pools to indicate the cell densities of the 

cultures. A Monitek, Model 250, laboratory turbidimeter is used. 

3.2.2 Shellfish 

Flow rates are measured with a graduated cylinder 

and a stopwatch and adjusted according to instructions given by 

the scientist-in-charge (SIC). 

3.2.2.1 Population Growth Measurements 

Growth data consisting of mean individual 

size (length and width in mm), mean individual weight (g), total 

population weight (g) , and estimated population number are taken 

when periodic transfers are made. 

The individual populations are passed through a series of 

sieves to divide them according to size. The clams are then 

blotted dry and each fraction is weighed to the nearest .1 g on 

a Mettler balance (Model PW-1210). A random sample of 25 clams 

from each fraction is also removed, weighed, and measured, and 

this data used to determine mean clam weight, length, width, 

population weight, and population number per group. 

As the clams become larger, the sievings are discontinued. 

3.2.2.2 Allometric Growth Measurements 

A subsample of 25 clams is removed from 

each population whenever the population is weighed (at intervals 

never exceeding 28 days) and the following procedure implemented 

(a) Number aluminum weighing dishes and record tare weights. 

(b) Measure length, width, and depth of clams, to nearest 

.1 mm. 

(c) Weigh clams in groups of 5 to nearest 0.1 mg. 
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(d) Shuck meat from clams and weigh meat and shell 

separately to the nearest 0.1 mg. 

(e) Place weighing dishes containing meat and shell 

in oven at 60°c for 24 hr or until constant dry 

weight is reached. 

(f) Remove aluminum dishes with drie~ clam and shell 

from oven and cool in dessicator for 1 hr. 

(g) Reweigh dried clam meat and shell. 

(h} Retain dried clam meat for protein analysis. 

This information is used to provide a detailed analysis of shellfish 

growth, wet weight-dry weight relationship (% wet meat weight of 

whole clam wet weight and% dry meat of wet meat), and algal 

protein-nitrogen to shellfish meat protein-nitrogen conversion. 

3.2.3 Chemistry 

Chemical observations performed on the pilot plant 

monitor the nutrient balance at different stages in the process. 

This involves the determination of the concentration of: 

P04 
Si04 __ _ 

Particulate protein 

Standard Technicon Autoanalyzer methods are used for the first 

five determinations. The particulate protein determination 

follows a semiautomated procedure outlined by Dorsey et al. (1977) 

for a heated Biuret-Folin protein assay. Samples are first 

digested in alkaline-copper solution (Biuret reagent), the copper

protein complex reduced by Folin-Ciocalteau phenol reagent and the 

molybdate blue color stabilized by cooling: 
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Reagents: Prepare with freshly distilled water: 

1. Sodium carbonate 20% (w/v): Dissolve 200 g 

anhydrous sodium carbonate in and dilute to 

1 liter with glass-distilled water (GDW) 

2. Sodium hydroxide (lN): Dissolve 40.0 g sodium 

hydroxide in and dilute to 1 liter with GDW 

3. Sodium potassium tartrate 20% (w/v) =- Dissolve 

40.0 g sodium potassium tartrate in and dilute 

to 200 ml with GDW 

4. Copper sulfate 5% (w/v): Dissolve 10.0 g copper 

sulfate pentahydrate in and dilute to 200 ml with 

GDW 

5. Phenol reagent (lN): A 1:1 dilution of commercially 

prepared phenol reagent, 2N (Fisher Scientific Co.) 

6. Alkaline-copper solution (reagent A): Mix 10 ml 

sodium carbonate solution with 10 ml sodium 

hydroxide solution and dilute to 100 ml with GDW. 

Dilute 1.0 ml sodium potassium tartrate and 1.0 

ml copper sulfate to 10.0 ml with GDW. Add 2.0 

ml to the carbonate-hydroxide solution. This 

volume is sufficient for 20 samples and should 

be prepared daily. 

Standard: 

Bovine serum albumin, crystalline. Weigh out 

63 mg and dissolve in and dilute to 100 ml with 

O.OSN sodium hydroxide. This is the primary 

standard solution containing 630 µg protein/ml. 
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Method: Samples may be either particulate and 

filtered onto 25-rnm, 0.45µ glass fiber filters, or dissolved in 

a volume of 0.1-0.4 ml. To the sample in a 17 x 126 mm test tube, 

add 5.0 ml of alkaline copper solution (reagent A) with an 

automatic pipette and heat in a l00°c water bath for 100 rnins. 

Remove sample from hot water bath, add 0.5 ml Folin-Ciocalteau 

reagent, mix inunediately on a Vortex mixer, and quickly place into 

a l0°c cold water bath for 10-15 mins. Centrifuge at 2500 rpm 

for 2 mins to remove filter fibers and cell debris. Transfer 

the supernatant to AA-II sample cups by careful decantation or 

pipeting. 

Protein Manifold: 

TO 
COLORIMETER • 
(660 nm) 

(ml/min) 

POLYETHYLENE TUBING AIR- {0.23) 

(0.034 ~ . n u ...... - .--.....~--....u ............... OsAMPLE- {l. 00) 

2.0 cm PATHLENGTH • "AlO" INJECTION FITTING 

5-TURN 
MIXING COIL 
{#170-0301) 

F/C DRAW-(0. 42) ........ ._._ 

Brij-3·5 (1 ml/liter) may be used in the sample wash to improve 

flow characteristics. A 40 hr-1, 1:1 (wash to sample ratio) 

sampler cam, 15 x 2.0 cm flow cells, 660 nm interference filters 

at a standard calibration setting of 2.00 gives 50% full-scale 

deflection of recorder pen at the 20 µg protein-nitrogen level. 

3.2.4 Environment 

Temperatures in the polytanks are taken approximately 

six to eight inches from the side of the tank, just inside the 
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air-bubble stream; in the po·o1s, temperatures are taken from the 

catwalk in the area of the standpipe; in the shellfish tanks, 

temperatures are taken from either side of the tank about half-way 

down the length of the tank. Temperatures are taken @ 0800 and 

1400 hrs. daily. 

The deep-water temperature is taken .from the over-flow hose 

which runs continuously (0800 and 1400 hrs. daily). 

Once a day, at 0800, a reading is taken from the LI-500 

integrator on the beach. These numbers are then converted to 

kW-hr m-2 and to Langleys, using a pre-programmed HP-97 calculator. 

Weather, sea state, and wind speed are estimated. 

All these environmental observations are recorded on a daily 

beach data sheet (Fig. 8). 
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Figure 8. All environmental· observations are recorded on a 

beach data sheet, daily. 
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B E A C H D A T A S H E E T 

WEEKDAY DATE 

SEAS AIR TEMP OW TEMP 

RAINFALL 
[VACUUM 

REACTOR ENRICHMENT OW PUMP 
. FLOWRATE (202 ml) 

R- AIR PUMPS: 1) 2) 

flow rate pool temp fl ow rate pool temp ml/10 sec ml/10 sec 

T7 Pl 

TS P2 

T9 PTl 

TlO PT2 

Tll PT3 

Tl2 PT4 

LIGHT READING HYPNEA TANKS: A B c 
0800 

0800 TEMP 
# OF CLAM 

OW TEMP TANKS 

[ VACUUM 
DW PUMP 

. FLOWRATE 

HYPNEA TANKS: - A B c 
11400 

TEMP 
11 OF CLAM 

mph AIR PUMPS: 1) 2) TANKS 

flow rate pool temp fl ow rate pool temp ml/10 sec ml/10 sec 

T7 Pl 

TS P2 

T9 PTl 

TlO PT2 

Tll PT3 

Tl2 PT4 

Scientist-In-Charge ____________ _ 

SIC Approval ______________ _ 
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4 RESULTS--PILOT PLANT AND RELATED DATA 

4.1 Deep Water Inorganic Nutrients and Deep Water 'Nitrogen' 

Budget 

The major goal of the Artificial Upwelling mariculture 

program is to initiate and control growth of the primary and 

secondary trophic levels using only sunlight and deep water as 

raw materials. Observations on deep water inorganic nutrients 

are performed on replicate samples from each of the three pipelines 

once weekly. 

These observations, while not comprising a part of the regular 

pilot plant operations, serve the following purposes: 

(1) Through comparison of weekly N03+N02 values to baseline, 

a check on the structural integrity of each of the three pipelines 

is maintained. 

(2) By comparing dissolved inorganic 'nitrogen' values 

(N03+No2 and NH4) to values for sio3 and P04, confirmation that 

the system is 'nitrogen' limited is maintained. 

(3) Most importantly, the concentration of inorganic 'nitrogen' 

in the deep water provides the basis for a nitrogen budget for the 

system as a whole. This budget is used to trace the efficiency 

with which this nutrient is converted to usable nitrogen at the 

various trophic levels in the system, and also serves as a check 

on the accuracy, scope and consistency of our chemical and 

biological observations. 

Table 3 represents a portion of 'raw' (transformed into 

concentrations (µg-at liter-1) data collected from three pipelines 

over the period July 1, 1976 through June 30, 1977. (All raw data 
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TABLE 3. DEEP WATER DISSOLVED INORGANIC NUTRIENTS 
RAW DATA 

DATE 

(representative data) : 

06/15/77 1 32.90 
1 27.44 
2 29.86 
2 27.40 
3 29.62 
3 27.17 

06/22/77 1 26.94 
1 29.62 
2 27.13 
2 34.11 
3 33.72 
3 33.91 

06/29/77 1 34.30 
1 33.95 
2 22.37* 
2 29.00 
3 33.09 
3 30.56 

For N = 39 (weeks} 

-x NO · 2 · = 00.04 

SiO~ 

. 
0.54 2.64 27.70* 
0.08 1.87 21. 32 
0.22 2.11 22.25 
0.00 2.21 22.60 
0.99 2.15 19.89 
0.80 2.26 19.75 
0.29 2.74 19.80 
1.20 2.83 19.40 
0.54 2 .72 20.34 
0.66 2.62 19.01 
0.38 2.73 20.78 
1.00 2.69 19.21 
0.09 2.40 22.45* 
1.01 2.38 23.43* 
1.34 2.18 32.17* 
0.59 2.24 
0.28 1. 98 
0.80 2.22 39.44* 

*Suspected contamination; value not included in summary 
tables. 
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is on file at both the St. Croix and Port Aransas laboratories.) For 

samples (N=39) for which N03 and No 2 were determined separately, No 2 

comprised approximately 0.1% of the total N03+No2 . Fo.r this reason, 

the remainder of the tables use the N0 3+No 2 values only; N0 2 values 

are not listed separately as virtually all of the N0 3+No 2 is comprised 

of N03-N. 

Table 4 summarizes the mean weekly values for deep water inorganic 

No 3+No 2 , NH 4 , Sio4 and P04 . This data is summarized in Table 7, where 

total mean dissolved inorganic 'N' present in the deep water is shown 

as 31.62 µg-at liter-1, with a standard deviation between weekly means 

of ±0.54 µg-at liter-1. NH 4 values average to 0.98 µg-at liter-1, 

indicating ~hat the great majority of deep water inorganic 'nitrogen' 

is present in the form of nitrate (>99.9%). The N:P and N:Sio4 ratios 

of 13.72:1 and 1.40:1, respectively, indicate that, insofar as the 

major inorganic nutrients are concerned, the system is probably nitrate

limited (also see pool data, below) • 

Table 5 summarizes four ANOVAS performed on inorganic nutrients 

for the three pipelines. The F ratios indicate that values obtained 

for N03+No 2 , NH 4 ·and P04 from each of the lines are from the same 

population. Although the F value for Si04 does not reach the 5% level 

of significance, the low N (10, 12 and 11) for pipelines 1, 2 and 3, 

respectively, indicates that differences between the lines in Si0 4 

concentration may be small, but significant. It is known, from a 

visual inspection by "ALVIN" in March 1976, that one of the lines has 

its intake on the sea bed, and may be bringing up Sio4 leached into 

the surrounding waters. 

Not all of the nitrogen present in the deep water is in 

inorganic forms. Dissolved organic nitrogen has not been m~asured. 
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TABLE 4. DEEP-WATER INORGANIC NUTRIENTS: WEEKLY .VALUES 
ALL VALUES IN µg-at liter-1 

N03+N02 
NH

4 
TOTAL "N" Sio

4 
P0

4 DATE INORGANIC 
ex + S.D. between pipeline means} 

7-1-76 33.94±2.25 33.94±2.25 
7-8-76 32.23±0.32 32.23±0.32 
7-15-76 33.34±0.13 33.34±0.13 
7-22-76 33.19±0.39 33.19±0.39 
7-30-76 33.71±0.89 33.71±0.89 2.80±0.06 
8-6-76 33.21±0.61 33.21±0.61 2.69±0.14 
8-13-76 28.99±1.68 28.99±1.68 2.45±0.19 
8-28-76 33.22±0.41 33.22±0.41 
9-10-76 33.78±0.30 33.78±0.30 
9-16-76 33.58±0.12 33.58±0.12 
9-23-76 33.73±0.16 33.73±0.16 
10-1-76 28.97±1.01 28.97±1.01 2.02±0.03 
10-7-76 29.40±0.41 0.28±0.14 29.68±0.52 1.95±0.05 
10-15-76 28.03±1.81 0.89±0.84 28.92±1.50 1.92±0.04 
10-22;_76 29.10±0.44 0.05±0.00 29.15±0.48 1.96±0.04 
10-28-76 DATA ELIMINATED 
11-4-76 27.80±2.62 1.72±0.52 29. 52± 0. 89 18.90±1.27 1.94±0.06 
11-11-76 27.29±2.94 1.08±0.35 . 28.37±2.00 1.99±0.01 
11-18-76 29.03±0.79 1.08±0.35 30.11±1.01 
11-25-76 29.44±0.29 1.45±0.49 30.89±1.77 20.38±0.18 2.21±0.05 
12-2-76 29.97±0.48 0.22±0.15 30 .19± 0. 60 
12-10-76 30.15±0.35 1.36±1.37 31. 51±1.14 
12-17-76 30.44±0.50 1.79±0.66 32. 23± 1. 04 
12-22-76 30.45±0.36 1.08±0.12 31.53±0.39 19.18±0.49 2.07±0.04 
12·-31-76 29.70±0.56 1.42±0.93 31. 12±1. 26 
1-5-77 29.71±0.54 0.12±0.04 29.83±0.61 
1-12-77 28.46±1.04 0.32±0.11 28.78±0.93 
1-19-77 30.58±0.61 30.58±0.61 
1-26-77 30.29±0.60 0.87±0.88 31.16±1.36 20.51±1.25 1.84±0.19 
2-2-77 29.85±0.52 0.23±0.03 30.08±0.57 
2-9-77 29.85±0.55 0.31±0.02 30.16±0.61 
2-16-77 29.57±0.58 0.27±0.05 29.84±0.66 
2-23-77 31.07±0.31 0.55±0.15 31. 62±1. 61 
3-2-77 31.05±0.77 0.90±0.30 31.95±0.61 
3-9-77 " 29.51±0.54 1.24±0.45 30.75±0.64 29.57±2.49 2.84±0.15 
3-16-77 33.05±0.45 1.24±0.71 34.29±1.06 
3-23-77 29.93±0.71 0.82±0.14 30. 7 5± 0. 65 
3-30-77 31.33±0.39 0.92±0.11 32.25±0.43 
4-6-77 31.49±0.38 1.83±0.93 33.32±0.90 
4-13-77 31.64±0.28 0.97±0.24 32.61±0.50 
4-20-77 33.06±0.83 0.85±0.09 33. 91±0. 7 6 
4-27-77 30.05±0.32 1.32±0.18 31. 37±0.69 
5-4-77 29.23±0.77 1.34±0.41 30.57±0.78 23.56±5.32 2.58±0.78 
5-11-77 29.19±0.30 1.80±0.77 30. 99± 0. 9 3 
5-18-77 29.44±0.21 1.68±0.78 31. 12± 0. 82 25.67±1.74 2.43±0.97 
5-25-77 29.27±0.49 1.66~0.35 30.93±0.82 25.67±1.74 2.43±0.97 
6-1-77 2 9 .-3 4 ± -o· • 3 6 · 1.79±1.03 31.13±0.75 23.90±1.20 2.65±0.20 
6-8-77 30.40±0.00 1.05±0.65 31.45±0.65 23.19±1.04 2.46±0.09 
6-15-77 29.07±2.22 0.39±0.37 29. 46±2.36 21.16±1.31 2.21±0.25 
6-22:...77 30.91±3.43 0.68±0.35 31.59±3.51 19.76±0.69 2.72±0.07 
6-29-77 32.18±2.30 0.58±0.50 32.76±2.34 2.24±0.17 
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TABLE §. SUMMARY TABLES: PIPELINE DEEP WATER 
INORGANIC NUTRIENT ANOVAS (one-way) 

+No2 

Pipe #1 N = 84 Total SS 841.52 
Pipe #2 N = 82 Treatment SS 8.33 
Pipe #3 N = 83 Error SS 833.19 

df 1 2.00 
df 2 246.00 

F 1.23 
F for 5% level 

of significance 3.04 

Pipe #1 N = 60 Total SS 95.35 
Pipe #2 N = 61 Treatment SS 0.79 
Pipe #3 N = 61 Error SS 94.57 

df 1 2.00 
df 2 179.00 

F 0.74 
F for 5% level 

of significance 3.05 

Pipe #1 N = 24 Total SS 18.73 
Pipe #2 N = 24 Treatment SS 0.09 
Pipe #3 N = 22 Error SS 18.64 

df 1 2.00 
df 2 67.00 

F 0.16 
F for 5% level 

of significance 3.14 

Pipe #1 N = 10 Total SS 93.81 
Pipe #2 N = 12 Treatment SS 16.27 
Pipe #3 N = 11 Error SS 77.53 

df 1 2.00 
df 2 30.00 

F 3.15 
F for 5% level 

of significance 3.32 
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Table 6, however, illustrates the raw data collected on protein-

nitrogen content of the deep water over the period 6/6/77-7/23/77. 

The data indicate infrequent and aperiodic "peaks" of protein

nitrogen* of up to 2.65 µg-at liter-1 and averaging 0.54 µg-at 

liter-1. The presence of various diatoms (including Bellerochea 

sp., Chaetoceros sp. and Nitzschia sp., and various flagellate 

species) has been confirmed through microscopic examination of the 

deep water, through the growth of these organisms in deep water 

to which the medium F/2 has been added, and by the infrequent 

takeover of "reactor" and "polytank" cultures by these organisms. 

Bellerochea sp. and various Nitzschia and flagellates have been 

observed in pool cultures as well. The aperiodic appearance of 

protein-nitrogen in the deep water may account for the infrequent 

measurement of total dissolved inorganic nitrogen "+" particulate 

protein-nitrogen values in the pools exceeding 32 µg-at liter-1. 

Assuming a mean protein-nitrogen content of 0.54 µg-at liter-1 in 

the deep water, total deep water 'nitrogen' is 32.16 µg-at liter-1. ~ -

4.2 Pilot Plant Pool Cultures--9/21/76-7/5/77 

The rate of production of algae in the present mariculture 

system is limited by a combination of various factors, including 

the volume of deep water pumped, the concentration of nitrate in 

the deep water, the volume of the phytoplankton pools, and the 

maximum turnover rate sustainable in these pools. The latter is 

*Data for the deep water protein-nitrogen content may not always 
correspond to pool protein-nitrogen at low levels (<3.00 µg-at 
liter-1); 75 ml of pool sample is taken regardless of turbidity, 
while deep water proteins are determined. on one liter of water. 



TABLE 6. DEEP WATER: PROTEIN-NITROGEN, JUNE 6, 1977 TO JULY 23, 1977 

Pro-N Mean Pro-N Mean Pro-N Mean 
Date µg-at 1-1 Pro-N Date µg-at 1-1 Pro-N Date µg-at 1-1 Pro-N 
0670-6/11-0.00~--o 06/23;·r1 - - · 01110111 -o:-z4 -- o.34 

0 
06/07/77 0.73 

0.16 
06/08/77 0 

0 
06/09/77 1.05 

3.82 
06/10/77 2.26 

0 
06/11/77 0 

0.42 
06/12/77 0 

0 
06/13/77 0 

0 
06/14/77 0 

0 
06/15/77 0 

0 
06/16/77 

06/17/77 

06/18/77 0 
0 

06/19/77 0 
0 

06/20/77 1.21 
0 

06/21/77 

06/22/77 

0.45 

0 

1.44 

1.13 

0.21 

0 

0 

0 

0 

0 

0 

0.61 

06/24/77 0.05 
0.40 

06/25/77 0 
0 

06/26/77 0 
0 

06/27/77 1.41 
1.46 

06/28/77 1.41 
2.43 

06/29/77 3.59 
1. 64 

06/30/77 

07/01/77 

07/02/77 2.60 
2.09 

07/03/77 0 
0 

07/04/77 

07/05/77 0 
0 

07/06/77 0 
1.68 

07/07/77 0 
0.13 

07/08/77 1.32 
1.32 

07/09/77 3.26 
2.03 

I I· 

0.23 

0 

0 

1.44 

1.92 

2.62 

2.34 

0 

0 

0.84 

o .. 07 

1.32 

2.65 

0.43 
07/11/77 0.29 0.64 

0.99 
07/12/77 0.59 0.50 

0.40 
07/13/77 0.04 0.11 

0.17 
07/14/77 0 0.04 

0.08 
07/15/77 0.50 0.75 

1.00 
07/16/77 0.30 0.95 

1.59 
07/17/77 1.14 1.12 

1.09 
07/18/77 0 0 

0 
07/19/77 0 0 

0 
07/20/77 0 0 

0 
07/21/77 0 0 

0 
07/22/77 0 0 

0 
07/23/17 0 0 

0 

SUMMARY OF VALUES: 
w = 40 
x = 0.54 
0 = 0.77 

0 = none aetected 

.i:i. 
U1 
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TABLE 7. SUMMARY DATA--DEEP WATER INORGANIC NUTRIENTS 
AND PARTICULATE PROTEIN-NITROGEN 

(all values in µg-at liter-1) 

N (=number) x ± S.D. 

N0 3+N0 2* 50 30.64 ± 1.79 

NH4 37 0.98 ± 0.43 

Total dissolved 
inorganic 'N' 50 31,62 ± 1. 67 

Particulate protein-N 40 0.54 ± 0.77 

Total 'nitrogen' 32.16 ± 

Si04 12 22.62 ± 3.24 

Dissolved 'N': Sio4 1.40:1 

P0 4 21 2.30 0.33 
-:-

± 

Dissolved 13.72:1 

*Approx. 99.9% N0 3-N (Table 3) 
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limited by the maximum division rate of the diatom, Chaetoceros 

curvisetus (STX-167) , used in the system since mid-1974 and the 

sole algae grown in the pools during the 1976-77 year. To date, 

this diatom remains unique in its ability to grow on unsupple

mented deep water. 

The present pools are relatively shallow (about 1.0 m deep) 

and do not represent the "optimum" or "maximum" dimensions for 

pools as calculated by Reels et al., 1976 (Appendix J), who 

determined that a 4.88 m deep pool with a turnover rate of .81 

day-l would provide an optimized relation between pool depth and 

algal protein production per m2 of surface area and per unit 

volume (m3 ) of deep water. Van Hemelryck (Appendix D) investigated 

optimal pool depth in the context of the aquaculture budget gene

rator and concluded that a depth of approximately 3 meters would 

be optimal. The present pools thus do not make maximum use of 

available light (see below) . 

An example . of worksheets for pool cultures and polytank 

cultures is given in Tables 8 and 9. Data include dissolved 

inorganic 'nitrogen' (N0 3+No 2 , N0 2 , NH 4 ) and particulate protein 

values on sampled dates, in replicate. Table lOshows representa

tive pool temperature data at 0800 and 1400 hr daily. Table 11 

is a sample of mean daily light readings (in kWh/m2 and Langleys) 

recorded for each culture. 

Some of this data is summarized in Table 12, which provides 

information on 29 pilot plant pool cultures over the period 9/21/76-

7 /5/77 •. The dates and total time each pool culture was on con

tinuous flow, the mean (x) and standard deviation (s) of the 



TABLE 8. SAMPLE OF WORKSHEETS FOR DATA COLLECTION FROM POOLS 

-.£. 
DATA LOG ·- ARn FtctAL uf>\Ne:u..1NC':s PRorec·t:\"5T .;. ·~· f<o'x. (Nov. !5, 1 qr(# - Nov. : .2.5>\~.U.:.) 

:iii ....... . , ... .. . ~Ll P~~~ 

·-
.;. ll-.. ll:-.J.~ - -

.. I.I :-:. t.~ :- 1<. -
. -·· 

. _ 1-+-o~ _ '"-, I '*"5 _ 
_II- z.. .~ -:-J<. Joe~ _ 

v~ ~s_-1"_ ;;;~Jm 
r-· .. ·-- ---H-PAT 
. . .. IL 

.·.:.: . .-L/-~ - -- ---- --

.I -•4 ·· I . 

, 
·· •i/1)-f=· A-==-~-· t0 ~~-,-,~r_ peo-r=----~-------;;-it' 

.' ~-.:~·~·! , I ~ I fi,+c\.~~bilol - prou. P""-· rfl(),, Nt+,,. -11 p ltv\r! 

1"11 __ _ g.1 _ CN .. .!J ! . -··· - ·- ·--·- - ----- -··---- - ·-·-· ··-·------- ·-- ·---
1~1 _ _ .2.4-._ ON . . 7-.t. ... '~~~--- (!~Q _ __ __ 
1'-1 __ _ k>_ _ oN. J ,.9 _ 
l~"J __ __ .(3~ _ ON. - ,..H ._ 
1~1 . _ 'l-L__ ON . ~g ___ __ __ --·---- -- _ _ ______ -- - ---· 

~~t Jt g~: · it· '~""i-~~~ 1i: r~·- ·-=-- ~~~=-~=-~r-=-~=~T __ 
1"'1-. .. ~L .CN $'."1 . - ·-··- ·--- -- - -- --· --- ________ . 
1(:.1 _rs . ON . s.~ __ .. _ - ·- --··· _ ·-- ·-- __ ··- . ---· -- -·-- . 
1~1 I~ -_ ON ' · '- - ·· -· · --·- __ ·------ ·-- -- ---·----
1"1 - I'+ CN .. S:O __ ___ _________ __________ _ -----r·--J----·--r- --.--
1 b "l -3.<.:i _ ON . ~I_. ! ,,?p ~qq_ _ _________ - ·-- · __ ____ --- ---~ ---•-~--------

~~ i--11 -~it ~;: ·- t-~ -------- -- ------=: ~ ~~-~- ~=-=· ~~-~~ ------
:!~ -~~ -~- ~~- 1~8~1 ~~ '-1. ··-. ··- .. - ·- -- . -·-- -···-·-
1'-1 '14- . oN J'" 
IC,., 20 _ cN "f, (. 

''-, ~, _ ON S-2.. . 
lb.1 1tq ON '-! Z. 
''·1 za cN "o 11380 11~; 11 
I <o 1 2. 2.. C:N .3. '1 
I "- 1 -~ 5 CN (, I 
IL.-7 1g ON .37 I 9oo 110.Lq l10.11c,Ofli.11r. ;1 

'"'' 4-5 CN '" ~-
I (. 1 lq 0 t-l ._3 0 

ON ":1--1-
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TABLE 10. REPRESENTATIVE POOL TEMPERATURE VALUES ( oc) 

POOL l POOL i POOL I POOL ~ 
DATE ~noo n~o onoo UOZ> !)ATE o~m~ Iil~Z> ~§0~ mm 
07/01/76 24.0 24.0 26.9 08/20/76 23.0 26.5 22.5 

02 25.0 27.9 24.5 27.9 21 23.0 26.5 24.0 26.5 
03 24.0 26.5 24.0 26.5 22 22.5 27.0 25.0 27.0 
04 24.9 26.5 24.9 26.5 23 23.5 26.0 24.0 26.5 
05 24.5 26.5 24.5 24 23.9 26.0 23.5 25.5 
06 24.5 24.5 26.5 25 23.5 26.l 24.0 25.9 
07 24.9 27.9 25.l 28.0 26 23.S 23.0 23.9 23.0 
08 24.5 27.5 24.9 27.0 27 22.0 25.0 21.0 25.0 
09 25.0 25.0 28 23.9 25.9 23.9 
10 25.5 27.5 25.0 27.5 29 23.0 26.2 24.5 26.2 
ll 25.5 27.l 25.5 27.l 30 23.0 26.0 25.0 27.5 
12 24.5 27.l 24.9 27.l 31 23.0 25.0 23.9 25.5 
13 24.5 27.5 24.5 27.5 
14 24.5 27.5 25.0 27.5 09/01/76 23.0 24.5 23.1 24.5 
15 24.9 27.9 25.0 27 .9 02 23.0 26 •. 0 23.0 26.0 
16 24.5 27.0 24.9 27.0 03 23.5 25.5 24.0 26.0 
17 25.5 27.9 24.5 27.5 04 23.0 23.9 25.0 25.0 
18 24.9 27.0 24.9 27.0 05 22.9 23.0 24.9 
19 24.0 26.9 24.5 27.0 06 25.0 30.0 24.0 27 .0 
20 25.0 27.9 24.9 27.5 07 24.5 28.0 23.5 26.0 
21 26.l 29.0 25.l 27 .5 08 25.0 23.5 25.0 24.0 
22 25.0 27.0 24.9 27.0 09 23.0 26.0 23.5 26.9 
23 24.9 24.9 10 23.0 26.0 23.9 26.9 
24 24.l 27.9 24.5 28.0 11 24.3 26.5 24.5 27.0 
25 24.9 24.9 12 28.0 26.2 23.5 25.9 
26 24.l 24.5 27.9 28.0 13 23.0 27.0 23.0 27.0 
27 25.0 26.5 28.0 29.5 14 23.0 27.0 23.0 27.0 
28 25.l 29.5 28.5 27.0 15 23.0 27.5 23.0 27.5 
29 24.9 25.l 27.1 28.0 16 24.0 27.0 24.0 27.0 
30 24.9 25.0 28.0 17 24.0 27.0 24.0 27.0 
31 25.1 25.l 28.l 28.5 18 23.9 26.0 23.9 26.0 

19 23.9 25.9 23 .9 25.9 
08/01/76 24.l 25.l 25.l 26.9 20 24.0 26.S 24.0 

02 25.0 27. 0 26.0 28.0 21 23.5 26.0 24.0 26.5 
03 24.0 27.0 24.0 27.5 22 24.0 26.0 24.5 27.0 
04 24.5 27.0 24.0 27.0 23 24.0 27.0 24.0 26.5 
05 24.0 28.0 24.0 27.9 24 23.l 25.5 23.0 24.5 
06 26.l 24.l 25 24.0 24.0 25.0 
07 24.5 26.5 24.5 26.5 26 24.0 24.0 24.5 24.5 
08 24.l 27.0 24.l 27.0 27 24.5 24.5 23.0 24.5 
09 24 .l 27.0 24.0 27.0 28 24.0 27.0 23.5 26.5 
10 24.5 26.0 24.5 26.0 29 24.0 24.0 24.0 24.0 
11 23.9 25.5 23.5 25.5 
12 23.0 25.9 22.5 25.9 10/01/76 24.0 27 . 0 27.0 27.0 
13 22.5 25.5 24.5 25.5 02 23.9 26.0 23.9 26.0 
14 23.0 25.5 23.1 25.5 03 24.0 26.9 23.5 26.5 
15 22.9 25.9 22.9 25.5 04 24.0 24.0 
16 22.5 26.0 22.5 25.5 OS 25.0 26.5 26.5 28.0 
17 23.9 26.9 23.5 26.5 06 24.9 27.0 27.5 28.S 
18 23.0 23.9 23.0 23.9 07 25.0 25.0 
19 22.9 26.0 22.5 25.0 08 24.5 24.5 25.5 24.5 
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TABLE 11. REPRESENTATIVE AMBIENT 
SIMILAR DATA FOR CULTURES 1-29 

ON OFF 
Culture #1 (1400-0800) kWhLm2 

9-21-76 

9-22-76 

9-23-76 

9-24-76 

9-25-76 

9-26-76 

9-27-76 

9-28-76 

9-29-76 

9-30-76 

10-1-76 

10-2-76 

10-3-76 

10-4-76 

10-5-76 

10-6-76 

N=l6 

i=3.96 

s=0.98 

(0800) 

4.20 

4.35 

5.28 

3.99 

4.10 

3.44 

5.05 

3.20 

2.81 

3.55 

4.29 

4.64 

4.49 

4.38 

3.94 

4.59 

N=l6 

x ·340.34 

s=84.62 

LIGHT VALUES. 
AVAILABLE 

Langley's 

103.30 

377.24 

454.21 

343.31 

352.43 

295.71 

434.46 

274.95 

241.53 

304.83 

368.63 

399.01 
-:-

386.35 

376.23 

338.76 

394.45 



TABLE 12. PILOT PLANT POQL CULTURES (9/21/76 - 7/5/77): INOCULATION CHARACTERISTICS, DURATION 
OF CULTURES, TIME REQUIRED FOR INOCULATION AND ACTIVATION, ENVIRONMENTAL DATA 

CUL
TURE 
I 

POOL DATE DATE 
I ON OFF 

1400 HR 0800 HR 

HOURS T\--OF-- - 2 TEMPERATUIUC TfiAILY-LIGffii'-liTOTAL POLYTANK INOCULiJM{700LITERS) 
ON EXPEC- (°C) (kWh/m2) LIGHT/ 5TEMPERATURE SCELL CONC. 6K(DIV. 
ACTUAL TED MEAN S.D. MEAN S.D. CULTURE (°C) xl07 LITERS PER DAY 

a HOURS 
· INOCULATION 

-+ACTIVATION 

1 2 09/21/76 10/07/76 378 56.8 25.40 ±2.23 3.96 ±0.98 62.37 30.0 7.3 3.05 24 
2 1 09/26/76 10/12/76 378 56.8 25.10 ±1.50 3.58 ±1.07 56.39 30.0 8.9 3.21 24 
3 2 10/08/76 10/20/76 282 42.3 25.76 ±1.39 1.87 ±0.45 21.97 30.1 6.8 7.67 24 
4 1 10/13/76 10/26/76 306 45.9 26.27 ±1.40 2.84 ±0.96 36.21 30.0 6.5 3.25 24 
5 2 10/26/76 11/02/76 234 35.1 25.44 11.55 1.82 ±1.95 17.75 - io.2 1.33 48 
6 1 10/28/76 11/09/76 282 42.3 25.45 ±1.37 3.20 ±1.23 37.60 31.0 7.5 0.92 42 
7 2 11/04/76 11/26/76 522 78.4 24.41 ±1.22 3.46 ±0.89 75.26 30.0 19.7 3.21 48 
8 1 11/11/76 11/30/76 450 67.6 24.25 11.10 3.34 ±0.94 62.23 2a.5 3.o 1.53 48 
9 2 11/29/76 12/16/76 402 60.4 23.15 ±1.08 2.73 ±o.76 45.73 28.o 12.o -0.33 48 

10 1 12/02/76 12/23/76 498 74.8 23.12 11.01 2.92 to.es 60.59 20.0 18.o 1.05 48 
11 2 12/18/76 01/06/77 450 67.6 22.83 ±o.95 3.18 10.01 59.63 21.5 15.~ - 48 
12 1 12/26/76 01/11/77 378 56.8 22.94 ±1.09 3.22 ±0.89 50.72 26.0 6.3 0.48 72 
13 2 01/08/77 0112s111 402 60.4 22.13 11.08 3.22 10.19 53.94 21.0 7.4 o.32 48 
14 1 01/13/77 02/08/77 618 92.8 22.55 ±1.00 3.24 ±0.77 83.43 26.5 13.0 16.09 48 
15 2 01/27/77 02/22/77 618 92.8 22.76 ±1.11 3.50 ±0.95 90.12 26.2 19.1 -0.82 48 
16 1 02/10/77 03/10/77 666 100.0 23.18 ±1.29 4.17 ±1.01 115.72 26.l 9.1 1.60 48 
17 2 02/24/77 03/14/77 426 64.0 25.53 ±1.23 4.31 ±1.22 76.50 27.9 12.5 2.80 48 
18 1 7 03/13/77 03/29/77 383 57.5 23.87 ±1.48 4.46 ±0.99 71.17 28.0 15.1 2.49 66 
19 2 03/19/77 03/27/77 192 28.8 24.73 ±1.49 4.89 ±0.35 39.12 25.5 10.7 - 90 
20 1 7 03/31/77 04/24/77 600 90.1 24.28 11.51 5.10 10.00 127.50 26.o 9.7 2.49 36 
21 2 03/29/77 04/15/77 402 60.4 24.00 ±1.38 5.12 ±1.13 85.76 26.0 36.3 1.38 48 
22 1 04/28/77 05/16/77 426 64.0 24.69 ±1.34 5.28 ±1.02 93.72 27.0 13.5 2.60 48 
23 2 04/17/77 05/03/77 378 56.8 24.32 ±1.56 5.49 ±0.97 86.47 29.0 13.3 0.94 48 
24 1 05/19/77 06/01/77 306 45.9 24.90 ±1.34 4.24 ±1.11 54.06 29.9 - - 48 
25 2 05/05/77 05/22/77 402 60.4 24.74 ±1.20 4.54 ±1.32 76.05 28.5 - - 48 
26 1 06/03/77 06/18/77 354 53.2 25.18 ±1.46 5.32 ±0.97 78.47 30.0 - - 36 
27 2 05/26/77 06/09/77 330 49.5 25.80 ±1.41 4.79 ±1.11 65.86 29.0 12.9 2.69 72 
20 i 06/20111 01105111 354 53.2 25.54 11.55 5.11 11.69 84.22 29.9 - - 48 
29 2 06/11/77 06/28/77 402 60.4 25.48 ±1.37 5.37 ±0.20 89.95 29.8 10.4 4.00 48 
1Expected hours ON=666 (27.75 days). 2 ~ ands of culture temperatures taken at 0800 and 1400 hr daily. 3 Based on daily recording 
(0800-0800) from integrating radiometer; raw data and daily values in Langleys available. ~Mean daily value t 24 x total hours 
culture on continuous flow. 5 Prior to inoculatiQn of pool. 'Based on change in cell density from 0800-1400 hr on day of inocula
tion. 7 Culture activated at 0800 hr. 8 For total "down-time• add 6 hr to each value for cleaning and refilling to 23,000 liters; 
expected hours required for inoculation+ activation is 48 hr, or 54 hr total "down-time". 

U1 
N 
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pool culture temperature (°C), the mean and standard deviation 

of ambient light (daily and culture totals) in kWh m-2 is shown, 

as are selected characteristics of the polytank inoculum used for 

the culture (temperature, cell concentration and division rate per 

day on day of inoculation). The time required from inoculation to 

activation of each pool is also shown. Six more hours are required 

for draining, cleaning, and refilling to 23,000 liters. 

This data is further summarized in Table 13. On the average, 

cultures were on continuous flow for 17 days, or 11 days less than 

had been expected. (As is shown below, however, total algal protein 

produced was actually greater than had been expected, because of the 

greater mean protein-n production. 

The difference in mean culture duration between Pools .! and 2 

(Table 13) may be of significance, but has not been subjected to a 

statistical analysis. 

Since the cultures are not light-limited, we would not 

anticipate any close correlation between light availability and 

algal protein or cell production in culture duration. This seems 

supported from casual inspection of the data, but these data have 

not been subjected to any statistical analyses. 

Table 14 illustrates dissolved inorganic N03+No2 and NH4 

values, cell density, and protein-nitrogen concentration, as well 

as protein-nitrogen/cell ratios and total 'nitrogen' accounted for. 

Data is for twenty-nine (29) pilot plant pool cultures (Tables 12 

and 13). The values represent the means of replicate samples 

taken on Monday, Wednesday and Friday of each week at 1400 hr. 

Total nitrogen values in Table 14 are computed for those 

days on which all 'nitrogen' values are available (no measurements 
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TABLE 13. MEAN OF VALUES PRESENTED IN TABLE 12 
PILOT PLANT POOL CULTURES, 1976-77 

POOL 1 POOL 2 
(1) Number of cultures 29 

(2) Mean hours (days) cultures 

POOLS 1&2 

on continuous flow 
N 14 15 29 
x (to nearest hr) 
S (of culture means) 
Mean % of expected 

(666 hr) 

(3) Culture temperature (°C) 
x 
s 

(4) Ambient light per day 
(0800-0800) (kWh/m2) 

x 
s 

(5) Total ~mbient light 
(k~/m )' per culture 

x 
s 

(6) Total ambient light 
(kWh/m2) all cultures 

(7) Mean temperature (°C) 
of 760-liter inoculum 

N 
x · 
s 

(8) Mean inoculurn cell con-
centration (x 107 liters) 

N 
x 
s 

24.43 
01.11 

03.96 
01. 08 

67.53 
25.24 

1958.51 

28 
28.26 
01.66 

25 
12.18 
06.54 

(9) Mean K (divisions/day) on day 
of inoculum (0800-1400 hr} 

N 
x 
s 

(10) Hours (days) inoculation 
-+ activation 

23 
00.67 
00.85 

N 29 

428(17.8) 388(16.2) 408(17.0) 
123.0(5.1) 105.0(4.4) 113.8(4.7) 

61.3 

-x 47.38(1.97) 
s 14.46(0.60) 

Note: Add 6 hr for total "down-time" (emptying, cleaning, refilling, 
inoculation -+ activation) 
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for dissolved inorganic 'nitrogen' were taken on pool cultures 

prior to 12/10/76}. Thus, a full 'nitrogen' balance is available 

for 21 cultures. 

The data shown in Table 14 indicate a sharp decline in N03+ 

N02 concentration from deep water values. · Concentration of N03+No2 

may fall below 0.1 µg-at 1-1 while the culture is on continuous 

flow. Concentrations are often much higher after a pool has 

"crashed" and still on continuous flow. NH4 concentration 

fluctuates around low values but may peak occasionally to as high 

4 8 1-1. as - µg-at Mean pool culture NH4 values are higher than 

the mean NH4 concentration in the deep water (1.53 vs 0.98 µg-at 1-l, 

respectively}, but this difference has not been subjected to 

statistical analysis to determine if it is significant. Occasional 

peaks in pool NH4 values indicate possible excretion by the algae 

and/or their competitors/predators. It is unlikely that these 

levels cause any significant suppression of nitrate (N03) uptake. 

As shown in Table 14, particulate protein often reaches high 

levels of concentration (> 27 µg-at 1-1). Mean protein-nitrogen 

prediction for the 29 cultures was 23.61 µg-at i-1 (Table 15}. 

The total dissolved inorganic 'nitrogen' and particulate · 

protein-nitrogen often account for a high percentage of the total 

deep water nitrogen (32.16 µg-at l~l). In general, failure to 

account for over 60% of the deep water 'N' in the form of pool 

culture dissolved and protein · 'N' occurs when a "crashed" pool 

is sampled during the final days of a culture's lifetime. This · 

probably indicates the presence of significant amounts of dissolved 

organic nitrogen, not accounted for with the methods used. The 
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TABLE 14. POOL CULTURE CELL PRODUCTION AND 'NITROGEN' BUDGET 

Total Dissolved Algal Protein-
Cells x 107 

Protein-N/cell Culture Pool Date N03+N02 NH4 Inor9anic 'N' Nitrogen Total 'Nitroyen' x 107 
No. No. Sampled (ii9-at L-l) (ii9-at L-l) (ii9-at L-l) lii9-at L-l) (iiq-at L- ) liter (u9-at L-li 

l 2 9/29/76 27.77 7.7 3.61 
10/02/76 23.54 3.7 6.36 
10/05/76 10.46 0.4 26.15 x 20:59 OT.9'3 s 9.02 03.66 

2 l 9/29/76 !8.'tt T.r 04.59 
10/02/76 26.86 5.7 04.71 
10/05/76 7.2 
10/08/76 13.31 l.l 12.10 i n:n ~ s 08.32 02. 71 

3 2 10/08/76 n:-'4 o:r 23.70 
10/11/76 20. 34 4." 04.62 
10/14/76 24.46 3.9 06.27 i Ir.TI n:n s 10.40 02.29 

4 l 10/14/76 rr.x o:T" 57.53 
10/20/76 23.02 5.8 03.97 
10/23/76 05.13 x i5.Ti ).Os 

s 09.13 3.89 
5 2 10/23/76 n:n 1.0 05.13 

10/26/76 26.45 3.8 06.96 
10/29/76 17.90 3.1 OS.BO 
ll/01/76 02.04 o.o >>>O 

i I'r.l'! TI:TI" s 10.83 01. 77 
6 l 10/29/76 ~ ~ 04.16 

ll/01/76 22.97 7.2 
ll/04/76 21.90 5.7 03.19 
11/07/76 09.08 o.o 03.84 i n:n 04.76" s ~ 2l.:12 

7 2 11/04/76 28. 71 s.o 05 . 74 11/04/76 22.61 6.8 03.33 ll/10/76 22.49 4.2 OS.JS ll/12/76 18.20 2.4 07.58 ll/15/76 12.76 2.l 06.08 ll/17/76 21. 39 3.6 05.94 ll/19/76 14.57 2.4 06.07 11/22/76 15.81 2.8 05.65 11/24/76 10.29 4.5 02.28 i IT3i 0'3.16 s 05.79 01.54 
l 11/12/76 ~ ~ 4.03 11/15/76 22.92 7.7 2.98 11/17/76 25.74 5.4 4. 77 11/19/76 18. 77 5.6 3.35 11/22/76 15.81 2.8 5.65 11/24/76 10.52 4.5 2.34 11/26/76 8.96 0.5 17.92 11/29/76 6.56 o.o >>O i rr.n OCT3 s 7. 71 02.78 9 2 11/29/76 rr:n -r.r 6.72 12/01/76 26.98 7.3 3.70 12/03/76 15.67 6.4 2.45 12/06/76 23.68 5.8 4.08 12/08/76 19.07 8.3 2.29 12/10/76 03.07 0.50 03.57 24.14 27. 71 6.9 3.50 12/13/76 01.85 0.89 02.74 27.40 30.14 3.6 7.61 12/15/76 00.19 0.75 00.94 15.14 16.08 1. 3 ll.65 i rr."1tf tr.TI" ~ rr:1l' '%r.bf ~ s 2b..!! ~ ~ 04.84 21.:.1.! 02.45 10 l 12/03/76 rr.g-r -r.r 5.39 12/06/76 28.U 9.4 2.99 12/08/76 25.10 5.4 4.65 12/10/76 00.0S Ol.59 01.64 30.65 32.29 6.0 5.11 12/13/76 01.85 01.30 03.15 29.41 32.56 5.9 4.98 12/15/76 00.19 0.75 00.94 29.04 29.98 6.2 4.68 12/17/76 08.19 B.19 15.81 7.3 2.17 12/20/76 17.82 2.2 8.10 12/22/76 16.36 01.10 17.46 08.75 26.21 0.9 9.72 i os.n n:n "O'r.10 n:TI' lO,R 05:Il s ~ ~ ll:li ~ .Ql.:.ll ~ 
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TABLE 14 (CONTINUED) 

ll 2 12/20/76 0.14 02.06 02.20 30.l4 32.34 8.6 3.50 
12/22/76 O.lO 00.50 00.60 27.22 27.82 8.2 3.32 
12/24/76 2.05 01.92 03.97 21. 70 25.67 6.5 3.34 
12/27/76 02.53 23.67 6.l 3.88 
12/29/76 6.37 10.62 16.99 20.69 37.68 5.4 3.83 
12/31/76 l.14 03.l4 04.28 22.64 26.92 6.5 3. 48 
l/03/77 4.28 01.66 05.94 09.90 15.84 l.O 9.90 
l/05/77 17.19 00.36 17.55 O.C.34 21.89 o.o >>O i ~ tJT.T5' ~ '2'll":"Ol" !b.ll ~ s 06.06 03.28 06.97 08.67 07.02 03.15 

12 l 12/27/76 -ir:11" TI:TI' w.l'T n:n !PT 2.T l0.15 
12/29/76 7.81 03.28 11.09 18.26 29.35 4.3 04.25 
12/31/76 02.25 28.48 8.6 3.31 
l/03/77 4.28 01.66 5.94 24.02 29.96 6.2 3.87 
1/05/77 0.03 0.29 0.32 28.17 28.49 7.9 3.57 
1/07/77 8.67 0.13 8.80 21.02 29.82 8.8 2.39 
l/10/77 4.84 2.64 7.48 22.72 30.20 2.5 9.09 i r.lI r.'m r.n rr.n n:6l5" ~ s 3.52 1.16 4.02 3.78 2.49 2.84 

13 2 l/10/77 o.n o.n o.n ~ n:-rr r.r 7.17 
1/12/77 0.23 30.96 5.8 5.34 
l/14/77 3.51 1.08 4.59 26.59 31.18 4.2 6.33 
1/17/77 0.19 0.35 o.54 29.80 30.34 5.0 5.96 
1/19/77 4.29 l.36 5.65 23.98 29.29 4.7 5.03 
1/21/77 4.43 0.38 4.81 23.31 28.12 l.8 12.95 
l/24/77 19.48 0.52 20.00 03.43 23.03 >>O i -r.J4 o.-n- ...,-:n n:oJ 28.§6 4.30 s 7.20 0.42 7.47 9.63 2.97 l.35 

l4 1 l/l4/77 o:JS' tr.rr T.'O'f rr:t"1 n:n 3.0 8.82 
l/17/77 0.23 0.18 o.u 29.30 29. 71 2.8 10.46 
1/19/77 4.29 1.36 5.65 23. 64 29.29 3.8 6.22 
1/21/77 0.59 0.30 0.89 31.55 32. 44 3.2 9.86 
1/24/77 0.07 0.60 0.67 26.58 27.25 3.9 6.82 
1/26/77 0.54 o. 73 1.27 29.82 31.09 3.4 8.77 
1/28/77 0.16 29.06 7.0 4.15 
1/31/77 0.27 0.21 0.48 30.63 31.11 4.5 6.Bl 
2/02/77 . 0.14 0.81 0.95 28. 73 29.68 4.3 6.68 
2/04/77 0.13 0.09 0.22 29.24 29.46 5.2 5.62 
2/07/77 0.35 0.21 0.56 31. 06 31.62 6.8 4.57 i a!' -:-n r.n !8."1!. n:l2 rn s l.22 .40 l.59 2.33 1.69 l.44 

15 2 l/28/77 o.!"T o.n- o.1l" ~ n:TI" iT 5.78 
1/31/77 0.47 0.28 0.75 30.54 31.29 7.7 3.97 
2/02/77 0.18 0.19 0.37 29.93 30.30 4.l 7.30 
2/04/77 0.04 0.13 0.17 28.72 28.89 4. 7. 6.ll 
2/07/77 0.35 0.21 0.56 33.40 31. 62 5.5 5.64 -; 
2/09/77 0.09 0.39 0.48 32.19 32.67 6.2 5.19 
2/11/77 0.30 0.24 0.54 23.96 24.50 7.5 3.19 
2/14/77 0.31 32.03 11.0 2.91 i, 'Ir.TI' 1r."'n" ~ n:n '29.TI' 6:-n r.or s 0.18 0.09 0.24 3.02 2.71 2.26 l.53 

16 l 2/11/77 o.rr tr.ff o.n- '2T.T2' w:TI' ~ r.n 
2/14/77 0.49 0.11 0.60 24.39 24.99 7.3 3.3.C 
2/16/77 0.07 0.25 0.32 27.69 28.01 6.7 4.13 
2/18/77 0.43 0.15 o.5a 27. 77 28.35 8.0 3.47 
2/21/77 o. 71 0.77 1.48 26.29 27.76 5.5 4.78 
2/23/77 2.29 1.28 3.57 21.19 24. 76 5.8 3.65 
2/25/77 0.94 0.76 l.70 22.20 23.89 4.2 5.29 
2/28/77 2.43 0.79 3.22 30.08 33.30 8.9 3.38 
3/02/77 3.04 0.82 3.86 32.12 35.98 8.1 3.97 
3/04/77 4.24 0.65 4.89 29.04 33.93 10.6 2. 74 
3/07/77 5.25 0.78 6.03 24.51 30.54 8.5 2.88 
3/09/77 5.19 1.13 6.31 U.94 26.25 6.0 3.32 
3/10/77 20.70 3.49 24.19 13.46 37.65 7.70 i <~ <1f:"B <4.1'J <~ rr:n ~ s <S.48 <0.88 <6.32 < S.ll 4.43 1.81 17 2 2/25/77 ~ r.rr 3.TJ !17!'1 ~ r.r 7.52 
2/28/77 2.38 l.18 3.56 31.31 34.86 9.6 3.26 3/02/77 2.07 0.96 3.03 28.70 31. 72 8.4 3.42 3/04/77 2.21 0.78 2.99 25.93 28.92 4.7 5.52 . 3/07/77 2.74 l.04 3.78 25.87 29.65 9.7 2.67 
3/09/77 4.55 l.00 5.55 25.22 30.77 10.0 2.52 
3/10/77 20.70 3.49 24.l4 13.46 37.65 0.1 134.60 3/l4/77 7.77 l. 84 9.61 14.16 23. 77 <<O i "'Dl r.47 7.03 2i':TI ll.Ti 6.6 s hil !!.ill. 1..:l!. _h!! ...i:.ll !:.!. 
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TABLE l4 (CONTINUED l 

18 l 3/14/77 4.89 l. 72 6.61 31.74 38.34 7.4 4.29 3/16/77 4.52 0.75 5.27 27. 71 32.98 8.7 3.19 3/18/77 0.31 29.78 9.2 3.23 3/21/77 5.41 1.20 6.60 26.58 33.18 5.4 4.92 3/23/77 0.5 1.17 l. 67 24.12 25.79 5.4 4.46 3/25/77 2.24 0.91 3.15 2l.48 24.63 3.5 6.14 i r.n r.TS' at rr:10 w.H r.n s 2.27 0.37 2.19 3.73 5. 71 2.20 19 3/21/77 a.TI" ~ r.n ~ ~ 5:'r 4.5 3/23/77 0.35 0.88 1.23 24.83 26.06 6.1 4.07 x Q.34 a.TI' r.n ~ ~ no s 0.01 0.13 0.11 00.62 00.72 0.28 20 l 4/01/77 a.IT o.n r.rr lr.IT n:-n r.ir 9.47 4/04/77 3.48 0.86 4.33 30.41 34.80 6.5 4.68 4/06/77 0.67 l.02 1.69 30.67 32.36 6.2 4.95 4/08/77 0.68 l.60 2.28 26. 71 28.98 5.6 4.77 4/11/77 0.47 1.07 1.54 27.21 28.75 6.6 4.12 4/13/77 0.67 1.30 1.97 29.36 31. 33 6.2 4. 74 4/15/77 2.06 32.36 8.4 4/18/77 3.01 0.72 3.75 27.98 31. 73 10.9 2.57 4/20/77 3.56 0.94 4.51 27.33 31.84 1.6 l. 71 4/22/77 10.30 1.18 11. 72 10.31 22.03 0.2 51.55 i ~ r:n 3.R' ~ l1r.!! '5:"'S"2" s 3.21 0.41 3.27 06.16 03.59 3.17 21 2 3/30/77 ~ r.n- r.n n:Il' ~ r.r 7.37 4/01/77 0.32 0.80 l.12 28.10 29.22 7.2 3.90 4/04/77 2.48 0.94 3.42 32.6 35.58 7.5 4.29 4/06/77 0.38 l.43 l.81 31. 62 33.43 8.7 3.63 4/08/77 0.89 0.90 1.75 23.92 25.67 5.3 4.51 4/11/77 0.42 0.82 1.24 27.50 28. 74 10.5 2.62 4/13/77 0.67 1.30 1.97 29.36 31.33 9.1 3.23 4/15/77 13.88 3.41 17.29 12.98 30.27 >> 0 i r.n r.n r.T§" 16.iT 3Q.Il 07.4i s 4.68 0.86 5.35 06.11 03.0l 02.29 22 1 4/29/77 o.n T."U'J r.w ~ Jr.at -r.r 7. 84 5/02/77 0.75 1.15 l.93 28.79 30.72 3.4 8.47 5/04/77 0.46 1.08 1.54 27.51 29.05 6.3 4.37 5/06/77 l.10 l.OO 2.10 28.99 31.09 7.9 3.67 5/09/77 0.43 1.49 1.92 27. 77 29.69 6.8 4.08 5/11/77 0.41 2.70 3.11 29.55 32.66 6.9 4.28 5/17/77 0.58 2.29 2.87 29.49 32.36 6.9 4.27 i o.n' r.TI' r.J! n:n TI":'1fR" ~ s 0.27 .67 .63 .so 1.37 l. 73 23 2 4/18/77 o.41' ~ r.n Jr:'l'r rr:-n ).2 5.80 4/20/77 0.64 1.28 1.92 32.19 34.11 3.5 9.20 4/22/77 0.65 0.68 1.33 29.87 31.20 6.6 4.73 4/25/77 l.43 0.98 2.41 28.60 31. 01 6.3 4.54 4/27177 0.87 1.53 2.40 27.00 29.40 6.1 4.43 4/29/77 0.45 1.50 1.95 23.62 25.57 4.7 5.03 
i 

5/02/77 5.41 1.76 7.17 14.24 21.41 0.8 17.80 n:-n ~ tJT.TI" ~ n-:n ~ s 01.79 00.37 02.02 ~ !!!ill. 02.04 24 l 5/20/77 0':"5' "'T.'!'5" "T.'TI' T.r - 5/23/77 0.32 0.92 1.24 21.53 22. 77 6.9 3.12 5/25/77 0.53 3.53 4.06 27.57 31.63 7.6 3.63 5/27/77 0.35 3.63 3.97 21.15 25.12 5.8 3.65 5/30/77 0.92 l. 47 2.38 23.24 25.62 5.1 4.56 i Q."!'1 'O'r.!r n:TI rr:J'r rr:"n' ~ s 0.26 01. 31 Ol.24 02.94 03. 77 01.56 25 2 5/06/77 lr.T{ l:11f T.'1' ~ 'J2":"n" ~ 5.55 5/09/77 0.73 1.81 2.54 26.13 26.67 7.1 3.68 5/11/77 31.50 7.0 4.50 5/13/77 o.55 1.74 2.28 31.35 33.63 7.0 4.48 5/16/77 0.17 8.05 8.22. 23.80 32.02 6.4 3.72 5/18/77 0.42 2.16 2.58 21.0l 23.59 5.3 3.96 
i 

5/20/77 12.53 2.13 14.66 07.17 21.83 <<O rr.:41 ~ ~ rr:4J' Il:TI 0"6.J1' s !!.:..!! ~ ~ 08.64 ~ 00.80 26 1 6/03/77 '2T.'1lf -r.r 3.97 6/06/77 0.61 2.58 3.19 28.88 32.07 7.1 4.06 6/08/77 0.59 1.75 2.34 27.28 29.62 5.5 4.96 6/10/77 0.52 l.ll 1.63 30.29 31. 92 6.2 4.89 6/13/77 0.68 1.84 2.52 14.17 16.69 4.7 3.01 6/15/77 0.55 1.12 1.67 22.60 24.26 3.4 6.65 
i 

6/17/77 15. 71 2.28 17.98 04.56 22.57 <<O T."IT r."11 r.n ~ 7b.n U'S:"77 s h!.! ~ !:.!! ~ !!!.:..!! ~ 
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TABLE 14 (CONTINUED) 

18 1 3/14/77 4.89 1. 72 6.61 31. 74 38.34 7.4 4.29 3/16/77 4.52 0.75 5.27 27. 71 32.98 8.7 3.19 3/18/77 0.31 29.78 9.2 3.23 3/21/77 5.41 1.20 6.60 26.58 33.18 5.4 4.92 3/23/77 0.5 1.17 1.67 24.12 25.79 5.4 4.46 3/25/77 2.24 0.91 3.15 21.48 24.63 3.5 6.14 i r.n r.T5" r.n- rr:9(f 'j'Q.'fi 6.6lr s 2.27 0.37 2.19 3.73 5. 71 2.20 19 2 3/21/77 a.TI ~ I:"!J 15:"'1"D" T1":'TI" r.r 4.5 
3/23/77 0.35 0.88 l.23 24.83 26.06 6.1 4. 07 i D.34 tr.TI r.rr ~ ~ DO s 0.01 0.13 O.ll 00.62 00.72 0.28 20 l 4/01/77 0-n" o.n r.rr rr:u ~ 370 9.47 
4/04/77 3.48 0.86 4.33 30.41 34.80 6.5 4.68 4/06/77 0.67 l.02 l.69 30.67 32.36 6.2 4.95 4/08/77 0.68 l.60 2.28 26. 71 28.98 5.6 4. 77 4/ll/77 0.47 l.07 l.54 27.21 28.75 6.6 4.12 4/13/77 0.67 l.30 l.97 29.36 31. 33 6.2 4. 74 
4/15/77 2.06 32.36 8.4 
4/18/77 3.01 o. 72 3.75 27.98 31.73 10.9 2.57 4/20/77 3.56 0.94 4.51 27.33 31.84 1. 6 1. 71 4/22/77 10.30 l.18 11. 72 10.31 22.03 0.2 51. 55 i T."5"'1' r.Ti r.n- Tr.'lff lo.IT ~ s 3.21 0.41 3.27 06.16 03.59 3.17 21 2 3/30/77 . lr.!'r r.n- r.TI" ~ rr:n r.r 7.37 4/01/77 0.32 0.80 1.12 28.10 29.22 7.2 3.90 4/04/77 2.48 0.94 3.42 32.6 35.58 7.5 4.29 4/06/77 0.38 l.43 l.81 31.62 33.43 8.7 3.63 4/08/77 0.89 0.90 l.75 23. 92 25.67 5.3 4.51 4/ll/77 0.42 0.82 l.24 27.50 28.74 10.5 2.62 4/13/77 0.67 l.30 l.97 29.36 31. 33 9.l 3.23 4/15/77 13.88 3.41 17.29 12.98 30.27 >> 0 i r.J! r.J!" r.TI' Il7'! Jo.n 07.ti s 4.68 0.86 5.35 06.ll 03.0l 02.29 22 l 4/29/77 a.TI' r.GJ' ~ 2r.n ~ ~ 7.84 5/02/77 0.75 l.15 l.93 28.79 30. 72 3.4 8.47 5/04/77 0.46 l.08 l.54 27.51 29.05 6.3 4.37 5/06/77 l.10 l.00 2.10 28.99 31.09 7.9 3.67 
5/09/77 0.43 1.49 l.92 27.77 29.69 6.8 4.08 5/11/77 0.41 2.70 3.ll 29.55 32.66 6.9 4.28 5/17/77 0.58 2.29 2.87 29.49 32.36 6.9 4.27 i ~ r.TI" r.J5' n71J rr:n ~ s 0.27 .67 .63 .80 l.37 1. 73 23 2 4/18/77 Q.11' r.tf5' OJ w.'lT n:TI" r.r 5.80 4/20/77 0.64 l.28 l.92 32.19 34. ll 3.5 9.20 4/22/77 0.65 0.68 l.33 29.87 31.20 6.6 4.73 4/25/77 l.43 0.98 2.41 28.60 31. 01 6.3 4.54 4/27/77 0.87 1.53 2.40 27.00 29.40 6.l 4.43 4/29/77 0.45 l.50 l.95 23.62 25.57 4.7 5.03 5/02/77 5.41 l.76 7.17 14.24 21.41 0.8 17.80 i n:TI" rr.n n:-TI' rr:n ~ TI7'1l s Ol.79 00.37 02.02 .!!!.:..2! ~ 02.04 24 1 5/20/77 ~ T."'2'S' T.1nr -r.r 5/23/77 0.32 0.92 1.24 21.53 22.77 6.9 3.12 5/25/77 0.53 3.53 4.06 27.57 31.63 7.6 3.63 5/27/77 0.35 3.63 3.97 21.15 25.12 5.8 3.65 5/30/77 0.92 l.47 2.38 23.24 25.62 5.1 4.56 i o.!'T 'O'T.n' n:TI' '23.1' rr:n TI:10 s 0.26 01. 31 Ol.24 02.94 OJ. 77 01.56 25 2 5/06/77 o.n ~ -r."n' ~ rr:x ~ 5.55 5/09/77 0.73 1.81 2.54 26.13 26.67 7.1 3.68 5/ll/77 31.50 7.0 4.50 5/13/77 o.55 l. 74 2.21 31.35 33.63 7.0 4.48 5/16/77 0.17 8.05 8.22 23. 80 32.02 6.4 3.72 5/18/77 0.42 2.16 2.58 21.0l 23.59 5.3 3.96 5/20/77 12.53 2.13 14.66 07.17 21.83 <<O i ~ lrr.rr ~ 2T.1'J '21':'TI" 06.11" s ~ E.:ll ~ 08.64 ~ 00.80 26 l 6/03/77 ~ ~ 3.97 6/06/77 0.61 2.58 3.19 28.88 32.07 7.l 4.06 6/08/77 0.59 l.75 2.34 27.28 29.62 5.5 4.96 6/10/77 0.52 l.11 1.63 30.29 31.92 6.2 4.89 6/13/77 0.68 l.84 2.52 14.17 16.69 4.7 3.01 6/15/77 0.55 1.12 1.67 22.60 24.26 3.4 6.65 

i 
6/17/77 15. 7l 2.28 17.98 04.56 22.57 <<O :r.rr r.'7T r.n ~ rr:n lJr."77 s !ill. .!!ill ~ ....!:.!! ~ full 27 2 5/30/77 o. 74 l.57 2.31 28.52 30.83 9.9 2.88 6/01/77 0.44 2.32 2. 76 25.28 28.04 6.9 3.66 6/03/77 24.33 5.8 4.19 6/06/77 0.61 2.58 3.19 28.88 32.07 7.1 4.07 6/08/77 14.ll 1.84 15.95 06.10 22.05 >>O i TI:l8 n:'TI' n:n ZD2 Ir.n or.u s 06. 76 00.46 06.61 09.45 04.46 01.75 28 l 6/20/77 n:-rr ~ Ir."§1' 'G4.'n 2T."5"'1' TI':"'r 0.83 6/22/77 0.68 05.47 06.14 22.98 29.12 07.5 3.06 6/24/77 0.47 2.11 02.58 27.28 29.86 5.2 5.25 6/27/77 0.23 1.40 01.63 23.73 25.36 2.2 10.79 6/29/77 o. 74 2.32 03.06 0.4 7/01/77 1.39 5.01 06.40 26.58 32.98 >>O 

i 
7/04/77 21.58 o. 71 22.29 04.00 26.29 »O r.n r.n r.n rr.n Tr.rU' rr:1t s !ill !.:.1! !.:.!! 10.90 ~ 02.83 29 2 6/13/77 Ir.IT T.7 3.43 6/15/77 0.42 l.44 1.85 25.68 27.53 3.4 7.55 6/17/77 0.40 0.62 l.02 27.32 28.34 6/20/77 0.25 4.60 4.84 26.12 30.96 3.3 7.92 6/22/77 0.28 4.97 5.25 12.69 17.94 3.4 3.73 6/24/77 0.30 1.86 2.16 26.58 28. 74 4.7 5.66 6/27/77 1.63 2.73 4.26 14.16 18.52 6.3 2.25 

i 
6/29/77 29. 77 2.25 32.02 22.07 6.6 o.oo T."ff r.TI' '1':"n" n:n 26.'lJ 4:63 s !h.Q! !.:£ ~ ..!.:.!! ..1.:1.! bl! 

All samplH taken at 1400 hr•. •--• indicate• no sample taken. 
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TABLE 14 (CONTINUED) 

NITROGEN BUDGET-SUMMARY TABLE, 29 SEPTEMBER 1976 

Culture Pool N03+N02 NH4 Total Ou11olved Alqal Total No. No. 
L-1) L-1) 

'Nitrogen' Protein-N 'Nitrogen' <u2-at <u2-at <u2-at L-l) <u2-at L-1) <!:!2-at L-1) 
1 2 20.59 2 1 22.88 3 2 16.51 4 1 15.14 5 2 

17~42 6 l 19.63 7 2 18.54 8 1 16.94 9 2 1. 70 0.71 2.41 21.36 23.77 · 10 l 5.33 1.19 6.52 22. 74 29.26 11 2 4,47 · 2.85 7~32 20.04 27.36 12 l 4.41 1.70 6.11 23.43 29.54 13 2 5.34 0.66 6.00 24.09 30.09 u 1 0.65 o.52 l.17 28.73 29.90 15 2 0.29 0.32 0.54 29.82 30.36 16 l 3. 54 0.85 4.39 25.27 29.66 17 ' 2 5.56 1.47 · 7~03 24.15 31.18 18 l 2.98 1.15 4.13 26.90 31.03 19 2 0.34 0.97 ' 1.31 25.27 ' 26.58 20 l 2.57 ' l.16 3.73 27~08 30.81 21 2 2.32 1.35 3.67 ' 26. 71 30.38 22 l 0.66 1.69 2.35 28.73 31.08 23 2 1.42 1.25 2.67 ' 26.56 29.23 24 l 0.57 2.16 2.73 23. 37 · 26.10 25 2 2.48 2.87 ' 5.35 24.49 29.84 26 1 3.11 l.78 4.89 26.19 31.08 21 · 2 3.98 2.08 6.06 28.25 34.31 28 l 5.83 2.76 8.59 27~70 36.29 29 2 4.72 2.64 7~36 26.29 33.65 N 21 21 21 21 2§ 21 i 02.97 01.53 04.49 25.58 23.61 30.07 ' s 01.87 ' 00.78 02.29 02.53 04.08 02.75 

Note•: 

For 21 culture• (I• 9-29)(all value• in ug-at liter-1): 

l) Mean total 'nitroqen' accounted for 30.07 t 2.75 

2 l Mean total deep-water 'ni troqen' (Table 5) 32.16 (include• 0.59 uq-at liter-1 protein nitroqen) 
3) Mean t deep-water 'nitroqen' accounted 

for in pool• 93.5 
4) Mean algal-protein nitroqen 25.58 t 2.53 

' of total pool 'nitroqen' 85.l 

5) Mean dia•olved inorganic 'nitroqen' 4.49 t 2.29 
' of total pool 'nitroqen' 14.9 

6) Mean N03+N02-N 2.97 1.87 \ of total pool 'nitrogen' 9.9 

7) Mean NB4-N 1.53 t 0.78 
' of total pool 'nitroqen' 5.0 

8) Efficiency of conversion, total deep-water 
'nitrogen' •phytoplankton pool protein 
'nitro9en' (29 cultures) 23.61 + 32.16 - 73.4\ 
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growth of filamentous algae on the walls of the pools also accounts 

for the "disappearance" of deep-water nitrogen. 

Since the cell count at 1400 hr represents a count of live 

C. curvisetus (STX-167) cells only, the increased protein-nitrogen 

cell count ratio during the last few days o·f culture life indicates 

the presence of dead cells and contaminants in the pool. This con

clusion is often confirmed by visual (microscopic) examination of 

the pools before "crashing" in which contaminants in the form of 

other diatoms, flagellates, amoebas and/or bacteria may be seen. 

(The presence of such contaminants, however, has not been positively 

correlated with the onset of pool collapse.) 

In general, the methods used for measurement of 'nitrogen' in 

the pools accounted for about 93.5% of total deep water 'nitrogen' 

(Table 15). 0-f the total 'nitrogen' measured in the pools (21 

cultures), 85.1% was in the form of particulate protein 'N', and 

14.9% was in the form of dissolved inorganic 'N' (9.9% N0 3 and 

5. 0% NH4) . 

Table 15 sununarizes the data collected on algal protein 

production over the period 9/21/76-7/5/77 in the artificial 

upwelling system. 

As shown, the two pools, while on continuous flow, produced a 

mean of 0.234 kg algal protein per day (-50% that amount per pool). 

This translates to a production of 1.98 g/m2/day of algal protein. 

The extrapolated yearly production for the two p6ols is 75.4 

kg algal protein yr-1 or 6.4 tons protein/ha/yr. These values for 

the 1976-77 cultures correspond to the 6.99 g/m2/day predicted 



62 

TABLE 15. PRIMARY PRODUCTIVITY: MEAN DAILY .AND EXTRAPOLATED 
YEARLY ALGAL PROTEIN PRODUCTION IN OUTDOOR CONTINUOUS CULTURES 

1) Daily algal protein production 

a) Each pool with a volume of 49,205 liters, and a turnover 
rate of 1.15 day-1, produces 

5.658575 x 104 liters of cultures day-1 

or, for the two pools combined; 

1.13172 x 105 liters culture day-1 

b) Over the period 9/21/76 - 7/5/77, 29 cultures produced 
a mean concentration of algal protein-nitrogen (Table 14) 
of 

23.61 µg-at liter-1 

c) Daily algal protein production (both pools) is therefore: 

(1.13172 x 105) (23.61) (14) (6.25) (10-9) 

= 0.233798 kg algal protein day-1 

(0.1168991 kg algal protein per 
pool day-1 

d) Surface area of the two pools combined is: 

117.8 m2 

e) Algal protein production per unit surface area is: 

1. 9847 g/m2/day 

Note: This compares to a production of 6.99 g/m2/day for an 
'optimized' pool depth of 4.88m and a turnover rate of 0.81 day-1, 
as computed by Reels et al. (1976, p. 8). See Appendix J. 

f) Mean daily light available (Table 13) over the period 
9/21/77 - 7/5/77 was 

3 • 9·6 kWh/m_2. 

g) Protein production per unit ambient light energy was 
therefore 

(3.96)+(1.9847) 
. 1. 99:S259 g/kWh 
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TABLE 15 (CONTINUED) 

2) Extrapolated Yearly Algal Protein Production 

a) Twenty-nine (29) cultures were ON continuous flow 
for a mean of 

408 hr (Table 13) 

and OFF continuous flow 
(total down-time) for a mean of 

-53.4 hr (Table 13) 

Therefore, mean total time for each culture was 

461.4 hr 

b) For a 365-day year, each pool would be ON continuous 
flow for 

(408).;. (461.4) . ( (365)) 
= 322.7568 days 

c) Yearly algal protein production for the two pools is 
therefore: 

d) 

(322. 7568) ( .233798) 
= 75.45990 kg yr-1 

OR 37.72995 kg yr-1 per pool 

With a combined surface area of 117.8 m2, this 
translates to a total yearly algal protein pr9duction 
of 

0.6405764 kg/m2/yr 
OR 6.4 tons protein/ha/yr 

Note: This compares to a figure of 5.2 tons/ha/yr of 
algal protein, computed for the pools by Roels et al. 
1976, p. 5; Appendix J) 

and 0.710 tons protein/ha/yr for 
alfalfa (highest terrestrial plant protein producer) 
(see Roels et al. 1976, p. 9) 

and 23.063 tons/protein/ha/yr for 
an optimized pool depth and turnover rate as computed 
by ·Reels et al. 1976, p. 9. 
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by Reels et al. (Appendix J) for a 4.88 m deep pool at a turnover 

rate of .81 day-1 and the 23.063 tons or protein/ha/yr predicted 

by Reels et al. (1976) for the same pool depth and turnover rate 

{4.88 m deep and .81 day-1). The value of 6.4 tons/ha/yr is 1.2 

tons/ha/yr greater than was estimated by Roels et al., 1976 

{Appendix J) for the actual pools. This is entirely due to the 

fact ·that mean concentration of particulate protein, especially 

for the last 21 cultures, was significantly greater than that 

assumed by Reels et al. (23.61 µg-at 1-1 vs 21.4 µg-at 1-1). This 

value for protein production is nine times greater than that of 

the .71 tons/ha/yr of plant protein produced by alfalfa, which 

yields the .highest amount .of protein/ha in conventional land-based 

agriculture (see Roels et al., 1976; Appendix J). 

4.3 Hatchery 

The primary function of the hatchery is to provide 

the pilot plant shellfish area with batches of juvenile Tapes 

japonica. The hatchery also provides shellfish for experimental 

feeding studies. 

During the period 7/1/76-6/30/77, sixteen (16) batches of 

Tapes were reared in the hatchery and all but two of these batches 

successfully completed metamorphosis {Table 16). Batches #20, 21 

and 22 were used in the pilot plant. 

One striking difference between batches of Tapes #21 through 

· ·Tape·s #32 was the percent survival to metamorphosis: the mean 

percent survival for these 13 batches is 9%. Survival 

decreased from ·an average of 40% in batches tS-13, with 
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TABLE 16. Ta:ees j a:eonica REARED IN THE HATCHERY 
FROM AUGUST 1976 THROUGH JUNE 1977 

SPAWNING BATCH INDUCED OR PERCENTAGE SURVIVAL MEAN SIZE (LENGTHxWIDTH) DATE NUMBER SPONTANEOUS TO METAMORPHOSIS WHEN METAMORPHOSIS BEGAN 

08/03/76 20 induced 33 207 x 198 

08/16/76 21 induced 14 212 x 202 

08/24/76 22 induced 10 194 x 179 

08/31/76 23 induced 11 171 x 156 

01/03/77 24 spontaneous 6 199 x 184 

01/24/77 25 spontaneous 4.5 202 x 193 

01/31/77 26 spontaneous 0.4 148 x 114 

02/08/77 27 spontaneous 15 198 x 187 

02/28/77 28 induced 2 162 x 144 

03/15/77 " 29 spontaneous 0 not measured 

03/16/77 30 spontaneous 0 not measured 

03/30/77 31 sponteneous 6 197 x 188 

04/01/77 32 spontaneous 13 205 x 193 

04/25/77 33 induced 64 207 x 197 ("Vet Strep") 

71 195 x 187 ("Neomycin") 

05/23/77 34 induced 68 195 x 181 ("Vet Strep") 

58 169 x 158 ("Neomycin") 

35 192 x 176 (no antibiotics) 
06/17 /77 35 induced 54 205 x 190 ("Vet Strep"} 

57 207 x 197 (no antibiotics) 
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successive batches. The mean survival to metamorphosis for Tapes 

#16, 17 and 18 was 51%. A dramatic increase in survival 

for Tapes batches #33, 34 and 35 (58%) was observed. There are 

several factors which have been identified as responsible for the 

decreased survival rate of batches spawned from August 1976 through 

April 1977: 

(1) The deep water pipeline in the hatchery has never been 

cleaned since operation began in December 1974. At times, H2s 

has been noticed in the hatchery plumbing when the deep water is 

first turned on. To reduce the H2s, a valve has been left partially 

open, since April 1977, to allow deep water to flow through the 

pipes at all times. 

(2) Since the hatchery operation began, the antibiotic 

Streptomycin sulfate ("Vet Strep") has been used in the larval 

cultures at 50 mg/liter. Bacteria do build up a resistance to 

this antibiotic, therefore others are being tested. 

(3) A change in hatch.ery personnel for the period August 1976 

to April 1977 may have had an influence on larval survival. 

The increase in percent survival for Tapes batches #33, 34 and 

35 is very encouraging and helped institute a few changes and 

proposed changes in the hatchery routine. These three batches 

were reared under slightly different conditions than the previous 

32 batches. 

(a) Deep water was allowed to flow slowly through the 

hatchery plumbing at all times; 

(b) larvae were reared in large 379-liter cultures rather 

than in 15-liter cultures, thus a different surface to volume ratio 
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was established in the larval cultures; 

(c) these larvae (batches #33, 34, 35) were from induced 

spawnings rather than spontaneous spawnings and survival, on the 

average, appears to be better for induced batches (see Tables 

16-18). 

Since the first batch of Tapes japonica larvae was reared in 

the artificial upwelling mariculture system in April 1974, Tapes 

have been induced to spawn, by thermal and chemical (stripped 

gonads) stimulation, ten months of the year (Table 17), spontaneous 

spawnings have been observed seven months of the year. Generally, 

Tapes larvae have been obtained whenever a batch was required. 

After rearing 33 batches of Tapes in the hatchery system, it 

is apparent that the feasibility of a hatchery in the tropics has 

been demonstrated. Of course, refinements and improvements in 

the system are necessary. In this coming year, procedures for 

increasing the efficiency and decreasing labor and equipment 

costs on the present hatchery operation will be implemented. 

4.4 Pilot Plant Shellfish 

In this section, the general manner in which the pilot 

plant shellfish area was managed is described, important data 

is illustrated, and the data is subjected to a preliminary analysis. 

Refer to Section 3 (Procedures) for a description of intended 

operations. 

Three populations of juvenile T. japonica clams were 

introduced into the pilot shellfish area: H20, spawned on 

8/3/76; H21, spawned on 8/16/76, and H22, spawned on 8/24/76. 

These three populations were designated as pilot plant populations 
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TABLE 17. Tapes japonica LARVAE BATCHES 
FROM FEBRUARY 1975 to JANUARY 1976 

SPAWNING 
DATE 

02/04/75 

03/05/75 

04/05/75 

07/16/75 

10/16/75 

12/30/75 

01/02/76 

01/27/76 

BATCH 
NUMBER 

5 

6 

7 

9· 

10 

11 . 

12 

13 

PERCENTAGE SURVIVAL 
TO METAMORPHOSIS 

41 

44 

63 

34 

36 

4 

51 

46 
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TABLE 18. PERCENTAGE SURVIVAL TO METAMORPHOSIS FOR 
BATCHES OF Tapes GROWN WITH OR WITHOUT ANTIBIOTICS 

BATCH 
NUMBER 

31 

32 

33 

34 

35 

WITH 
ANTIBIOTICS 

Streptomycin 
so 

(mg/l) 

6% 

64% 

68% 

54% 

Neomycin 
50 25 12.7 

(mg/l) 

13% 

71% 

58% 

WITHOUT 
ANTIBIOTICS 

35% 

57% 
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1, S, and 9 (PPl, PPS, PP9) in reference to the tank number into 

which each population was first placed. 

For various reasons, the pilot plant shellfish area was 

operated in a highly structured manner, in which distribution of 

animals and control of flow rate were based on projected shellfish 

growth rates as described in the technical description. That is, 

manipulations of shellfish and flow rates were based on a pre

determined schedule of expected population weights based on the 

number of days the population was in the pilot plant and actual 

population weights were not used as feedback for either distribution 

or flow-rate control. This point is of importance in comparing 

"expected" and "actual" growth rates of the three populations. 

The shellfish were introduced into the pilot plant according 

to the schedule in Table 19. 

From Days 0-35 (through 10/26/76}, PPl was placed in a single 

tray at an intended flow rate of 30 ml/sec. From 10/26/76-11/30/76, 

the intended flow rate was 60 ml/sec. This was changed to 180 

ml/sec on 11/30/76 and to 300 ml/sec on 12/28/76. On l/2S/77, 

the population was redistributed to 4 trays, each at a flow rate 

of 110 ml/sec, for a population flow of 440 ml/sec. A highly 

similar sequence was used for PPS and PP9: the intended flow rates 

are summarized in Table 20. Note d~viations from the original 

flow-rate schedule (Table 1). Table 20 also illustrates the total 

intended flow in liters through each population over the various 

weighing periods, and the "actual" flow for the identical periods 

of time. This "actual" flow was calculated on the basis of a 

pilot pl·ant interruption · data log on which all increases or decreases 
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TABLE 19. INTRODUCTION OF SHELLFISH INTO THE PILOT PLANT 

BATCH TRAY DATE OF INTRODUCTION 
# # SCHEDULED . ACTUAL CORRECTED* 

20 1 09/01/76 10/13/76 09/22/76 

21 5 09/21/76 10/15/76 10/12/76 

22 9 10/11/76 10/19/76 10/19/76 

*Note: According to our plan of work as described in the 
section 2.1.2 (page 20) of our proposal for 1976-77, we 
intended to introduce the shellfish into the pilot plant 
when they had reached an average length of 4.3 mm and a 
weight of .01 g. Corrected date equals estimated time 
this size was actually reached. 



TABLE 20. TOTAL FLOW THROUGH EACH PILOT PLANT POPULATION FOR EACH WEIGHING PERIOD (1976-77) 

A B 
DAYS DATES INTENDED TOTAL THEORETICAL 30 MINUTES OFF LOSS FOR TOTAL ESTIMATED 

FLOW RATE FLOW (LITERS) FOR WEIGHING INTERRUPTIONS SUBTRACTED FLOW (LITERS) PER 
(ml/sec) (ml/sec x ml/day & CLEANING (A+B) POPULATION 

x da s) 
pp 

(13) 10/13-10/26 30 33,696 54 0 54 33,642 
(35) 10/26-11/30 60 181,440 108 0 108 181,332 
(28) 11/30-12/28 180 435,456 324 0 324 435,132 
(28) 12/28-01/25 300 725 I 160 540 0 540 725 I 220 
(28) 01/25-02/22 440 1,064,448 792 119 I 315 120,107 944,341 
(28) 02/22-03/22 440 1,064,448 792 224,697 225,489 838,959 
(28) 03/22-04/19 440 1,064,448 792 231, 330 232,122 832,326 -...J (28) 04/19-05/17 440 1,064,448 792 239,879 240,669 823,779 tv 
(28) 05/17-06/14 440 1,064,448 792 170,478 171,270 893,178 

5.7079032 x 106 liters 
PPS 

(11) 10/15-10/26 30 28,512 54 0 54 28,458 
( 21) 10/26-11/16 30 54,432 54 0 54 54,378 
(14) 11/16-11/30 30 36,288 54 0 54 36,234 
( 21) 11/30-12/21 60 108,864 108 0 108 108,756 
(28) 12/21-01/18 180 435,456 324 0 324 435,132 
(28) 01/18-02/15 300 725,760 540 95,022 95,562 630,198 
(28) 02/15-03/15 440 1,064,448 792 280,302 281,094 783,354 
( 28) 03/15-04/12 440 1,064,448 792 245,256 246,048 818,400 
(28) 04/12-05/10 440 1,064,448 792 244, 035 . 244,827 819,621 
(28) 05/10-06/07 440 1,064,448 792 172,656 173,448 891,000 

4.6105531 x !Ob liters 
PP9 

(14) 10/19-11/02 30 35,288 54 0 54 36,234 
( 21) 11/02-11/23 30 54,432 54 0 54 54,378 
( 35) 11/23-12/28 60 181,440 108 0 108 181,332 
(28) 12/28-01/25 180 435,456 324 0 324 435,132 
(28) 01/25-02/22 300 725I160 540 81,351 81,891 643,869 
(28) 02/22-03/22 440 1,064,448 792 224,631 225,423 839,025 
(28) 03/22-04/19 440 1,064,448 792 231, 330 232,120 832,236 
(28) 04/19-05/17 440 1,064,448 792 239,877 240,669 823,779 
(28) 05/17-06/14 440 1,064,448 792 170,478 171,270 893,178 

4.7391630 x 106 liters 
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in flow due to pool scrubbing operations and removal of trays for 

cleaning and weighing were recorded. These interruptions affected 

total flow only once the entire pilot plant area was filled; prior 

to this time, one pool was sufficient to feed all trays at the 

intended rate. It will be noticed that the actual total flow to 

all populations {once the pilot shellfish area was filled) was 

about 80% of expected. It should be stressed that these "actual" 

flow rates account for interruptions only and that the accuracy of 

these values depends on the actual precision of flow-rate control. 

Periodic checks on flow rates indicated that significant deviations 

from the intended rates were unconunon. At any rate, the total flow 

into all three populations was limited by pool flow capacity. Thus, 

real mean flow rates may have been somewhat lower, if decreases 

in flow rates during p.m. hours occurred, but mean values above 

the intended flow rate should not have occurred for any significant 

length of time {this would have had the practical effect of draining 

the pools). Since the real flow rates were more likely to be 

somewhat below rather than above the intended, the estimated 

conversion efficiencies, calculated below, may be somewhat 

conservative. 

At the time of introduction, batches H20, H21 and H22 had 

exceeded the size -planned for introduction. The corrected date 

shown in Table 19 corresponds to the day on which the planned 

introduction size is considered to have been reached. 

It should be noted that these dates are at SO, 57 and 56 days 

after spawning. A 45-day span had been anticipated based on 

extrapolation of the 1975 "constant weight" study. The observed 

discrepancy can be attributed entirely to a different growth rate 
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before the larvae "set". 

The pilot plant shellfish weight increases since corrected 

introduction date are given in Table 21. 

These "expected" growth rates were based on a predicted growth 

rate for an assumed 10,000 individuals per population on corrected 

date of introduction fed at the intended flow rate and with an · 

assumed concentration- of algal protein-nitrogen in the inflow of 

21.4 µg-at liter-1. Pool 'down-time' was not accounted for 

{assumes continuous flow from both pools). Thus, this expected 

growth rate assumes precise control over shellfish numbers on date 

of introduction, and does not account for losses due to mortality, 

or to possible deviations .. from expected flow rates, and/or to 

deviations from expected concentration of food in the inflow. In 

short, it is derived strictly from operation and predictions based 

on the shellfish technical -description. 

The actual number of animals in each population was measured 

on 5/10/77 and 5/17/77. From these values and from mortality 

records kept beginning on 1/11/77 (previous ~o this date very little 

mortality was noticed and an assumed mortality rate of 1% per weight 

period prior to 1/11/77 was used in the following calculations) 

and accounting for the 25 animals removed from each population at 

the end of a weighing period for the allometric study, the actual 

number of animals in each population over each weighing period 

was calculated. 

Based on the actual total weight of each population, a mean 

individual weight was also computed. Values for PPl are illustrated 

in Table 22, where the number (N), whole weight (W) and mean 

individual weight {w) for the population at the beginning (N0 , w0 , w
0

) 



TABLE 21. EXPECTED AND MEASURED PILOT PLANT SHELLFISH WHOLE WET WEIGHT PRODUCTION 
DAYS 14-322 

Days in 
system 

14 

35 

70 

98 

126 

154 

182 

210 

238 

266 

294 

322 

1Expected weight per 
population, after 

culling (kg) 

0.400 

1.600 

6.400 

14.827 

27.480 

33. 734 

39.812 

45.914 

52.030 

58.159 

64.298 

70 ~ 443 

Expected culled 
weight per population 

(kg) 

0 

0 

0 

,o 

0 

12.124 

12.446 

12.426 

12. 414 

12.406 

12.399 

12.396 

Expected total Measured weight 
weight production PPl 

per population (kg) (H20) 
PPS PP9 Mean 

0.400 

1. 600 

6.400 

14.827 

27.480 

45.858 

64.382 

82.910 

101. 440 

119.975 

138. 5.13 

157.054 

(H21) (H22) (PPl,5,9) 

• 333 

1. 340 1. 339 

3.500 3.500 

7.348 8.376 

.935 

2.100 

4.700 

9. 414 

10.705 13.270 13.490 

15.660 19.650 19.530 

19.720 21.100 23.430 

22.760 24.800 27.000 

26.200 28.450 31.520 

29.430 31.250 33.630 

30.520 32.570 36.040 

30.790 34.930 38.620 

.634 

1. 593 

3.900 

8.379 

12.488 

18.280 

21. 413 

24.853 

28. 723 

31. 437 

33.043 

34. 7 80 

Mean % of total 
expected 

population 

159 

100 

61 

57 

45 

40 

33 

30 

28 

26 

26 

22 

1Expected weights are based on projections from the Nov-Dec 1975 "Constant Weight" study. Expected values assume a 
constant inflow of 21.4 µgat L-1 of algal protein-nitrogen; a conversion efficiency (to shellfish meat protein nitrogen) 
of 33% and a meat protein to whole wet weight factor of 33.125 (see Appendix B) (Pool 'tlown-time" is not accounted for) 

'-.I 
U1 



TABLE 22. PILOT PLANT POPULATION #1 · (H20) DATA FOR "INTENDED", "ACTUAL'', "THEORETICAL~', AND 
"THEORETICALLY ADJUSTED" FLOW RATES 10/13/76-6/14/77 

Dates 

10/13-10/25 
10/26-11/30 
11/30-12/28 
12/28-01/25 
01/25-2/22 
02/22-3/22 
03/22~4/19 
04/19-5/17 
05/17-6/14 

N 1 
0 

9156 
9041 
8926 
8851 
8603 
8132 
7661 
7190 
6719 

N 1 
n 

9066 
8951 
8876 
8628 
·8157 
7686 
7215 
6744 
6563 

Nl 

9111 
8996 
8901 
8740 
8380 
7909 
7438 
6967 
6641 

w 2 
(~) 

.720 
1335.64 
3426.43 
7213.78 

10673.57 
15612.0 
19655.9 
22681.14 
26112.8 

w 2 n 
(g) 

1339.33 
3436.03 
7234.16 

10704.59 
15660. 0 . 
19720.0 
22760.0 
26210.0 
29430.0 

w 3 
(~) 

.079 

.148 

.384 

.815 
1.241 
1. 920 
2.566 
3.154 
3.886 

w 3 
(~) 

.148 

.384 

.815 
1.241 
1.920 
2.566 
3.154 
3.886 
4.484 

w3 
(g) 

.114 

.266 
. . 600 

1. 028 
1.581 
2.210 
2.860 
3.572 
4.185 

1 N = live animals only. N was computed by taking an actual count performed on 5/17/77 (at 
, end of period 4/19-5/17). N0 =number at end of period plus a mean mortality figure per 
day X number of days in each weighing period. For Nn of earlier period, another 25 animals 
was added since 25 were removed at end of each period for an allometric study. Mortality 
figures were taken from actual counts over periods which diQ not exactly correspond to 
weighing periods above. See Table 25 for mortality data. N =mean number ((Nn+N0 )=2)). 
For periods before 1/11/77 (first date on which actual mortality was measured), a death 
rate of 1% per period was assumed. 

2w
0 =whole wet weight of population ondayO of the weighing period. Slight differences 

exist between Wn of previous period and w0 as latter accounts for 25 animals removed for 
allometric study. Wn = actual whole wet weight measured at end of period. 

3w = (Wn> (from previous weight period) X (N0 ) for that period. Wn = Wn+ Nn· W = (W0 +Wn) 
+~. Mean individual weights for each period may not precisely correspond when computed 
on the basis of the allometric study. 

~ 
m 
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and end (Nn' Wn, wn) of each weighing period are shown, as are 

mean values (N and W). 

For PPl, these values were used to calculate a new expected 

population weight; the only difference between these values and 

the expected weights as shown in Table 21 are in the number of 

animals assumed to exist in the population. Table 22 illustrates 

the original and revised population weight for PPl for Days 14-238 

(assuming no culling for Days 154, 182, 210 and 238). The data 

indicate that revised expected values are about 80% of original 

expected values. This indicates the need for (1) more precise 

control over numbers at time of introduction, and (2) the 

elimination or decrease of mortality in the pilot plant, or the 

inclusion of a larger expected mortality rate into the shellfish 

technica1 description. 

Since the actual number of animals introduced into the pilot 

plant was about 9% less than expected, since significant mortalities 

occurred in each population, and since the individual weight (and 

therefore area) of the surviving animals within those populations 

did not grow as fast as had been predicted, it ·is clear that the 

operation of flow rates at the intended values represents 

considerable "over-feeding", in comparison to flow rate based on 

the actual numbers and individual whole wet weight in the population. 

This differenqe between intended operating value and a 

theoretically optimum value based on the feeding criterion 
l 

(F = .0185 N(w)3 =ml/sec) is shown (for PPl only) in Table 23. 

Also shown are corrected flow rate values taking into consideration 

not only the actual population characteristics but the actual 



TABLE 23. "INTENDED", "ACTUAL", THEORETICAL" AND "THEORETICALLY ADJUSTEDu MEAN FLOW RATES 
FOR PPl 10/13/76-6/14/77 

All values in ml/sec. % Change 
Dates I A F FA I-A 

10/13-10/26 30 30 40.21 39.76 0 
10/26-11/30 60 60 69.45 73.58 0 
11/30-12/28 180 180 117.54 100.65 0 
12/28-01/25 300 300 164.66 136.89 0 
01/25-02/22 440 390.4 209.75 163.68 -11.27 
02/22-03/22 440 346.8 246.94 220.73 -21.18 
03/22-04/19 440 344.0 275.31 235.83 -21.82 
04/19-05/17 440 340.5 295.87 247.70 -22.61 
05/17-06/14 440 369.2 316.03 320.98 -16.09 

1) I = Intended = Set flow rat~, based upon the equation 

F = .0185 N (w)2/3 = ml/sec, where 

N and w = expected (median) number and individual 
whole wet weight, respectively. 

% Change % Change % Change 
I-F I-FA A-FA 

34.03 32.53 32.53 
15.75 22.63 22.63 

-34.70 -44.08 -44.08 
-45.11 -59.37 -54.31 
-52.33 -62.80 -58.07 
-43.88 -49.83 -36.53 
-37.43 -46.40 -31.44 
-32.76 -43.70 -27.25 
-28.18 -27.05 -13.06 

2) A= Actual= mean flow rate as shown in Table 20; accounts for interruptions of 
flow to population due to pool down-time and shellfish weighing time requirements. 

. ( 2/3 I h 3) F = Theoretical = .0185 N w) = ml sec, based upon computed N and w as s own 
in Table 20. 

4) FA= Theoretically adjusted. F assumes a concentration in inflow of 21.39 µg-at L-1 . 
FA adjusts flow to deliver the same amount of algal protein-nitrogen per unit time, 
taking into account the mean algal_protein-n 2onstant as measured over the various 
weight periods. FA= (F) (21.39)~(x cone.). x cone. is from Table 20. 

......J 
co 
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protein-nitrogen content in the inflow. These latter values and 

their source is described in more detail below. In Table 23 the 

mean (ml/sec) "intended" flow rates are shown, as are the "actual" 

mean flow rates (derived from Table 20, above) and the "F" valued 

flow-rate, where the numbers and mean individual weights shown in 

Table 22 were used. The "FA" value represents a further correction 

in which FA= (F} (21.39 µg-at liter-1) + (i cone. µg-at liter-1), 

where (i cone.) =the measured mean protein-nitrogen content in 

the inf low over the weight periods shown. (These values can be 

found in Tables 30-32, below). 

It will be noticed that over the period 10/13/76 to 11/30/76, 

when the intended and measured flow rates were the same, that the 

animals were "underfed" (see below} by about 33%. Thus, at the 

food rate actually supplied to the animal$, the fact that weight 

. gains were greater than expected is surprising. The discrepancy 

between actual and expected population we·ights, which began to 

display itself by 11/30/76 and was exacerbated thereafter may be 

attributable in part to this early underfeeding. 

Beginning on 11/30/76, however, when the animals were behind 

the expected weight gains and therefore behind the intended food 

flow requirements, it is evident that the intended and actual mean 

flow rates are considerably above the requirements as dictated by 

the feeding criterion ("F" and "FA"}. It must be stressed here 

that the feeding criterion is equivalent to the . "35 g, l ml/sec" 

group in the 1975 constant weight study, and does not provide food 

for maximum individual growth. Thus, based on the constant weight 

study data, considerable "overfeeding: in this case does not mean 

that all of the "extra" food should be wasted. In fact, in the 
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constant weight study, the 35 g, 2 ml/sec group grew significantly 

faster than did the 35 g, 1 ml/sec group (72.2 g whole wet weight 

increase over the 36-day study period as opposed to 62.4g). Thus, 

since the animals were fed at a greater food flow rate than is 

indicated by the requirements of the feeding criterion, and since 

smaller animals grow at a faster rate (see technical description), 

we would expect the animals to "catch up" to the expected weight 

gains. In fact, they continued to fall behind throughout their 

residence in the pilot plant. 

These values imply that flow rates adjusted to actual, as 

opposed to expected, numbers {N) and individual weights (w), would 

have resulted in less "wasted" food. However, this conclusion 

assumes that the animals would have removed a much highe·r proportion 

of incoming food at the lower flow rates. This is compatible with 

the results obtained and with known relationships between food 

inflow concentration and shellfish stripping, but it is possible 

that difficulties in "presentation" level dynamics {such as tank 

configuration) may have introduced constants into feeding activity. 

That is, it is possible, although unlikely, that only a fraction 

of the food would have been consumed, even at lower flow rates, 

and that the conversion of total algal protein-nitrogen into clam 

meat protein-nitrogen could have been even less. 

4.5 Spawning Record 

"Spontaneous" (natural) spawnings were observed in the 

pilot plant beginning 1/10/77. 

Table 24 shows the spawning statistics for individual pilot 

plant tanks from 1/20/77 to 7/15/77. The total number of spawnings 



TABLE 24. SUMMARY SPAWNING RECORD 

20 JANUARY TO 15 JULY 1977* 

PILOT PLANT TANKS 

H20 H21 H22 
1 2 3 4 5 6 7 8 9 10 11 12 

Number of 00 

spawnings 10 10 9 5 3 7 8 6 10 11 8 7 t-' 

Total of 
population 34 24 36 

Total 94 

*Note: First tank spawning observed on 20 January 1977. Table represents summary of 
daily observations. Data on spawnings for each tank over each weighing period 
are available. 
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occurring was 94, or an average of 7.8 spawnings per tank. 

Individual population spawning totals for Tapes #20 (Tanks 

1-4) , Tapes. #21 (Tanks 5-8) and Tapes #22 (Tanks 9-12) were 34, 

24 and 36, respectively. 

Observations made of shellfish spawning after flow rate changes, 

phytoplankton density fluctuations, and shellfish manipulations 

(cleaning and weighing) are shown in Figure 9. All spawnings were 

observed within 24 hr of either flow rate changes or shellfish 

manipulations were designated as "undetermined." 

Spawning in the pilot plant tanks reached a peak in April with 

23 spawnings recorded, 12 occurring after flow changes, 9 after 

manipulation, and 2 undetermined. The number of spawnings occurring 

in March, May, June and July are also high: 18, 15, 16, and 14, 

respect1vely. (Shellfish tank temperatures ranged from 23°c in 

January to 25°c in July). 

Of the total number of spawnings occurring in the pilot plant 

tanks, 41% occurred after changes in flow rate to the tanks, 35% 

occurred after manipulation of shellfish, and 23% were undetermined. 

These data indicate that 76% of ·all spawning in the pilot plant 

tanks was directly related to changes in flow rate and shellfish 

manipulations. 

(High shellfish mortalities (see below) were also recorded 

between Day 154 and 182, corresponding to high pilot plant spawning 

peaks.) 

From 1/11/77 to 3/1/77, eight spawnings occurred in the pilot 

plant tanks (all of which were on recirculation flow and weekly 

cleanings). From 3/8/77 to 4/5/77, half of the pilot plant was 
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Figure 9. Pilot plant shellfish spawnings: 

• flow changes 

• manipulations 

• undetermined 
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changed to a biweekly cleaning schedule with no changes in water 

flow. Eleven spawnings occurred in the tanks cleaned weekly, 

compared to six spawnings in those cleaned biweekly. From 4/12/77 

to 7/19/77, half of the pilot plant tanks were converted to a 

once-through flow; half of which were cleaned weekly and half 

biweekly. A total of 17 spawnings occurred in the once-through/ 

weekly cleaned tanks, 13 in the recirculation/weekly cleaned tanks, 

17 in the once-through/biweekly cleaned tanks, and 17 in the 

recirculation/biweekly cleaned tanks. Thus, these differential 

treatments had little effect on spawning rates. 

The high amount of spawning activity is indicative of 

significant energy loss through gonadal production. Further, the 

gonadal material, which often settled in areas of poor water 

movement in the tanks, degraded rapidly and provided a good medium 

(in combination with accumulated fecal and pseudo fecal material) 

for bacterial growth. 

An estimate of protein-nitrogen lost to the system through 

spawning activity (to June 30, 1977) was made and is included in 

the nitrogen budget section, below. 

4.6 MortalityRecord 

Table 25 illustrates mortality data collected on all three 

populations. As shown, mortality was quite high, with a total 

number dead of 2,714; 2,323 and 2,218 animals from populations 

H20, H21 and H22, respectively. Assuming that each population 

consisted of 10,000 animals initially. This represents a mean 

mortality per population of about 24%. This data covers the period 

1/11/77 (the first date mortalities were evident and recorded) and 



TABLE 25. MORTALITY DATA, 11 JANUARY TO 28 JUNE 1977 

Population # H20 H21 H22 

Tank # 1 2 3 4 5 6 7 ' 8 9 10 11 12 

Date 
1/11/77 . 
1/18/77 ' 
1/25/77 ' 38 - - - 15 - - 57' 
2/ 1/77 I 46 14 40 22 14 - - 50 
2/ 8/77 ' 30 14 21 14 26 - - 35 
2/15/77 ' 9 13 18 20 23 - - 63 
2/22/77 ' 17 ' 28 114* 19 3 4 6 4 39 
2/24/77 ' 9 13 9 6 
3/ 1/77 ' 7' 6 23 18 6 12 1 5 4 2 12 3 

CX> 3/ 8/77 . 31 28 26 35 12 10 - - 16 8 9 18 °' 3/15/77 ' 17 ' 25 - - I 132 14 21 · 11 25 16 
3/22/77 ' 36 33 67' 40 18 35 - - 28 25 37 · 41 
3/29/77 ' 37 ' 34 - - 231 25 38 23 48 33 
3/31/77. - - - - 430** 
4/ 5/77 ' 52 31 89 70 295 22 - - 53 25 108 123 
4/12/77 ' 50 29 - - 9 9 70 26 47 ' 19 
4/19/77• 53 30 61 78 5 29 - - 60 23 69 82 
4/26/77 ' 52 50 - - 6 22 96 41 63 18 
5/ 3/77 ' 16 34 40 55 5 18 - - 20 19 75 51 
5/10/77' 22 20 - - 1 28 53 53 30 13 
5/17/77 ' 41 26 58 88 5 20 - - 41 22 68 78 
5/24/77 . 21 · 25 - - 4 23 39 32 21 20 
5/31/77 ' 21 38 55 63 3 21 - - 15 16 38 49 
6/ 1111 · 16 32 - - 5 22 49 21 18 11 
6/14/77 \ 30 30 53 43 9 21 - - 18 20 57 ' 43 
6/21/77' 42 14 - - 8 15 43 38 32 29 - 69 
6/28/77 . 3'3 27 ' 60 57 ' .... 6 26 - - 39 14 3'8 

1: Tank 758 594 734 628 1271 376 422 254 822 328 511 557 · 
t Population 2714 2323 2218 

NOTES: - = no observation made 1 *tray accidentally dropped **antibiotic treatment 
(Streptomycin sulfate) 
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6/28/77, when the animals were about 4.7 grams (individual whole 

wet weight) each . . 

After Day 140, mortality in all populations increased markedly. 

The primary peak in mortality occurred on Day 168 for batch #5, 

Day 182 for batch #9, and Day 196 for batch #1. Mean clam lengths 

for batches #1, 5, and 9 during these periods were 25mm, 24mm, and 

22mm, respectively. The production of fecal material and pseudofeces 

was extremely heavy during this period. Organic material settled 

out on the Nestier tray edges, underneath the trqy, in the re-

circulation system plumbing, and clogged the tray liners, which 

retained the clams within the tray. In general, an unfavorable 

environment for clam growth existed, reducing water flow through 

the tanks, creating "dead" areas of poor circulation due to the 

entrapment of air underneath the trays - and liners, and providing 

suitable quantities of organic material which accumulate and 

decompose. Pink Pseudomonas bacteria often heavily covered the 

bottom and sides of the tanks. 

Upon removal of individual tray liners on Days 182 and 196, 

mortality levels decreased; however, individual tank mortality 

rates are still very high. It is evident that good water circulation 

and the removal of fecal material are essential to maintain good 

shellfish growth and reduce mortality. 

On the other hand, it is not known to what extent the mortality 

experienced in the pilot plant is abnormal . In the Nov-Dec 1975 

'constant weight' study from which the technical description was 

derived, no mortalities occurred, but the 35g-lml group was only 

1.29 in weight at the end of the 36-day study. Laurence and Roels 
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{1976) , who used animals from the same population as that used 

in the constant-weight study and measured growth over a 100-day 

period, found a great increase in mortality past the 25mm c~ 3.5 g) 

size: 17% of the animals p.ast this size died over a 34-day period, 

and tank conditions were described as optimal. The high mortalities 

measured in the 76-77 plant were probably the result of interaction 

between normal die-off of older (-20mm) animals and an "unfavorable" 

environment. 

4. 7 Allometric Data 

As described in section 3.2.2.2 above, 25 animals from 

each population were sampled at the end of each weighing period, 

and measured for whole wet weight, length, width and depth, whole 

(wet) meat weight, shell weight, dry meat weight, and for particulate 

protein-nitrogen content. Mean allometric values for the 25 animals 

subsampled between 10/26/77 - 6/14/77 for population H20 are 

illustrated in Table 26. (Results from all three popularions were 

very similar; data on indiyidual animals and for populations H21 

and H22 are available). 

The allometric data was also used to compute mean percent 

wet meat of whole wet weight, mean percent dry meat of wet meat 

weight, mean percent protein and protein-nitrogen content of dry 

meat for each population over each weighing period. These values 

are illustrated in Table 27. These percentages were then used, 

in combination with recorded whole wet weight gains, to calculate 

the total wet meat, dry meat, meat protein and meat protein

nitrogen produced in the pilot plant. 



TABLE 26. REPRESENTATIVE ALLOMETRIC DATA, PILOT PLANT POPULATION #1 (H20) 
26 OCTOBER 1976 - 14 JUNE 1977 (SPAWNED ON 3 AUGUST 1977) 

Day Length Width Depth Whole Wet Wet Meat Dry 
Date (Past Spawning) (mm) (nun) (nun) Weight Weight Meat 

(g) ( g) (g) 

10/26/76 84 9.7 6.4 3.4 0.132 0.056 0.009 

11/30/76 119 13.4 8.8 5.0 0.421 0.179 0.032 

12/68/76 147 17.5 11.8 7.0 1.04 0.48 0.10 

01/25/77 175 19. 2 . 12.9 8.0 1.38 0.60 0.14 

02/22/77 203 22.7 15.2 9.9 2.17 1. 01 0.21 00 
\0 

03/22/77 231 23.2 15.5 10.1 2.39 1.10 0.22 

04/19/77 259 24.6 16.5 11.3 3.14 1. 44 0.28 

05/17/77 287 26.2 18.0 12.3 3.75 1.69 0.35 

06/14/77 315 27.8 18.3 13.3 4.70 2.19 0.44 

Note: Values represent means for 25 animals selected at the end of each weighing period. 
Data on individual animals for all three populations are available. 



TABLE 27. WHOLE WET WEIGHT GAIN, MEAN PERCENT WET MEAT OF WHOLE WET WEIGHT, MEAN PERCENT 
DRY MEAT OF WET MEAT, MEAN PERCENT PROTEIN OF DRY MEAT, AND EXTRAPOLATED WET MEAT, 

DRY MEAT, PROTEIN AND PROTEIN-NITROGEN WEIGHT GAIN FOR PILOT PLANT POPULATIONS #1, 5 
AND 9 (H20, H21 AND H22), 10/13/76 - 6/14/77. WEIGHT VALUES IN GRAMS. 

Dates 

Population I 1 
10/13/76-10/26/76 
10/26/76-11/30/76 
11/30/76-12/28/76 
12/28/76- 1/25/71 ' 
1/25/71- 2/22/77' 
2/22/11- 3/22/77 • 
3/22/71~ 4/19/77' 
4/19/71- 5/17/77 · 
5/17177- 6/14/77 

Population t 5 
1011s716-to/26/76 

Pop. culled back 
10/26/76-11/16/76 
11/16/76-12/21/76 
12/21/76- 1/18/77 
1/18/71- 2/15/7? ' 
2/15/77- 3/15/77 ' 
3/15/77- 4/12/77 ' 
4/12/7?- 5/10/77 ' 
5/10/77• 6/ 1111 · 

Po~ulation I 9 
Io 19/76-11/ 2/76 
11/ 2/76-11/23/76 
11/23/76-12/28/76 
12/28/76- 1/25/77 

1/25/77*- 2/22/77 
2/22/77*- 3/22/77 
3/22/77- 4/19/77 
4/19/77:... 5/17/77 
5/17 /77*- 6/14/77 

Population 
Whole Wet 

Wt Gain(s) 

619. 33 
2096.70 
3912.30 
3356.26 
4955.41 
4060.00 
3040.00 
3450. 00 
3220.00 

271. 90 
to 10,000 
1005.90 
2138.17 • 
4898.96 
4894.35 
6380.00 
1450.00 
3730. 00 
3620.00 

7'.34.20 
1165.15 
2546.72 
4768.37 
4075.56 
6040.00 
3890.00 
3590.00 
4510.00 

Mean % Wet 
of Whole 

42.02 
42. 42 
46.15 
43.48 
46.38 

. 45.34 
45.82 
45.19 
46.67 ' 

43.48 

42.97 ' 
45.62 
43.36 
43.84 
37~59 
39.41 
41.32 
44.01 

43.34 
42.82 
43.87 
42.91 
41.13 
41. 27 . 
41. 54 
44.03 
39.88 

Mean \ Dry 
of Wet 

15.62 
17~19 
20.83 
22.84 
21. 23 
19.92 
19.16 
20.47 
19.90 

19.20 

16. 79 
19. 77' 
22.85 
22.53 
24. 27 . 
24.01 
22.03 
20.70 

15.23 
13. 78 
21. 07 . 
22.06 
21. 66 
23.10 
21. 67 . 
22.18 
20. 7 8 

% Protein 
of Dry 

45.60 
50.90 
49.20 
46.40 
43~10 
41.10 
41. 70 
42.30 
40.40 

49.00 

51. 30 
48.50 
44.50 
43.90 
39.60 
39.20 
37',.00 
39.60 

48.40 
51. 80 
46.90 
46.40 
44.20 
39.50 
38.70 
35.50 
37~60 

(Extrapolated) 
Total Wt 

Heat Gained 

260.24 
889.42 

1805.53 
1459.30 
2298.32 
1840.80 
1392. 93 
1559.06 
1502. 77 · 

118.22 

432.24 
975. 43 

2124.19 
2145.68 
2398.24 

571. 45 
1541. 20 
1593.16 

318. 20 
498.92 

1117.25 
2046.11 
1676.28 
2492.71 
1615.91 
1580.68 
1798. 59 

(Extrapolated) 
Total Dry 

Heat Gained 

40.65 
152.89 
316.09 
333. 30 
487 '.93 
366.69 
266.89 
319.14 
2~9.05 

22.70 

72.31 
192.84 
485.38 
483.42 
582.05 
137 ~ 20 
339. 53 
329.78 

48.46 
68. 75 

235.40 
451.37 ' 
363.08 
575.82 
350.17' 
350.59 
37'.l.75 

(Extrapolated) 
Total Protein

Gained 

18.54 
77~ 82 

185.04 
154.65 
210.30 
150.71 
111. 29 
135.00 
120.82 

11.12 

37~ 10 
93.53 

215.99 
212.22 
230.49 

5'.l.78 
125.63 
130. 59 

23.46 
35.61 

110.40 
209.44 
160.48 
227~45 
135.51 
124.46 
140.53 

(Extrapolated) 
Protein-N 

Gained 

2.835 
11. 899 
28.294 
23.647 
32.156 
23. 044 
17.017 ' 
20.642 
18.474 

01. 700 

05.673 
14. 301 
33. 026 
32.450 
35.243 
8.223 

19.209 
19.968 

3.587 · 
5.445 

16.880 
32.024 
24.538 
34.778 
20.720 
19.031 
21.488 

\0 
0 
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4.8 'Nitrogen• · Budget and Conversi·on· Effici·encies 

Table 28 is an example of worksheets used for the construction 

of a 'nitrogen' budget for the second trophic level. As shown, these 

sheets represent values for incoming and effluent 'nitrogen' content, 

in the forms of NH4, N03+No2 , and algal particulate protein-nitrogen 

(cell concentration and turbidity values, also shown, have not been 

subjected to analysis.) The values illustrated in Table 28 represent 

the computed mean of replicate samples taken on Monday, Wednesday 

and Friday of each week at 1400 hr~ Effluent data was collected 

(on file at St. Croix and Port Aransas labs) on individual pilot plant 

shellfish tanks, but only population means are used in the following. 

For each population, over each weighing period, the mean NH4 , 

N03+No2 , and algal protein-nitrogen content in the inflow and outflow 

was calculated, as were the mean "removed" values (inflow less outflow) ·. 

Total 'nitrogen' accounted for in the inflow and outflow was also 

computed. 

The results are shown in Tables 29, 30 and 31 for populations 

PP!, PPS and PP9, respectively. Percent "stripping" of protein

nitrogen (mean inflow less mean outflow + mean inflow) for each 

weighing period if also shown. It should be noted that no 

measurements on tank deposit, epiphytes, etc. were taken, and 

that the "removed" values here are thus not strictly comparable 

to those obtained in the 1975 constant-weight study, where effluent 

and tank deposit values were combined to provide a "stripped" 

protein ratio. Further, failure to account for tank deposit is 

probably one of the major reasons why the total incoming 'nitrogen' 

is not accounted for in terms of effluent protein-nitrogen and 
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TABLE 29. 'NITROGEN I BUDGET, POPULATION #1, H20, 10/13/76 - 6/19/77 

f R {fNfLUENTl OUT !EFfLUENTl 
DATES NH 4 Ro3+No2 AtGAt TOTAL NH N03+N0 2 ALGAL TOTAL 

PROTEIN-N NITROGEN PROTEIN-N NITROGEN 

10/13-10/26 0.63 00.0l 21.63 22.27 1.09 01.20 04.22 06.51 

10/26-11/30 1.31 10.39 20.19 31.89 5.39 05.48 08.55 19.42 

ll/30-12/28 1.46 01.94 24 .98 28.38 2.56 00.23 13.36 16.15 

12/28-01/25 l . 75 03.12 25.73 30.60 3.69 01.14 16.12 20.95 

01/25-02/22 0.47 Ol.14 27.41 29.02 2.76 01.27 17.19 21.22 

02/22-03/22 1.19 07.28 23.93 32.40 3.95 01.12 13.26 18 .33 

03/22-04/19 1.28 03.88 24.97 30.13 4.14 03.00 13.51 17.65 

04/19-05/17 1. 73 02.98 25.55 30.26 3.37 01.45 13.18 18 .oo 
05/17-06/14 2.10 04.47 21.06 27.63 4.41 01.65 ll.47 17.53 

N • 9 9 9 9 9 9 9 

i •01. 32 03.91 23 . 94 29.18 03.48 01.84 12.32 17 .31 

s •00.52 03.20 02.44 03.0l 01.24 01.55 03.92 04.31 

- 0 u 
'DATES NR 4 N03+No2 hO'f'Ef A-R i STRIPPING 

PROTEIN-N 

10/13-10/26 -0.46 -1.19 17.41 80.49 

10/26-ll/30 -4.08 4.91 11.64 57.65 

11/30-12/28 -1.10 1. 71 11.62 46.52 

12/28-0l/25 -l.94 1.98 09.61 37.35 

01/25-02/22 -2.29 -0.13 10.22 37.29 

02/22-03/12 -2.76 6.16 10.67 44.59 

03/22-04/19 -2.86 0.88 11.46 45.90 

04/19-05/17 -1.64 1.53 12.37 48.42 

05/17-06/14 -2.31 2.82 09.59 45.54 

N • 9 9 9 9 

i • -2.16 2.07 11.62 49.31 

s • -l.06 2.31 02. 38 13.16 
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TABLE 30. 'NITROGEN' BUDGET, POPULATION #5, H21, 10/15/76 - 6/7/77 

N 0 T DATES NH 4 N03+N02 ALGAL TOTAL NH 4 N0 3+No2 ALGAL TOTAL PROTEIN•N NITROGEN PROTEIN·N NITROGEN 
10/15-10/26 0.63 O.Ol 20.53 21.17 0.55 nd 16.09 16.64 
10/26-11/16 22.87 nd 8.84 nd 
11/16-12/21 2. 75 4.58 20.76 28.09 2.53 l.88 14 .39 18.80 
12/21-01/18 1.87 2.82 24.93 29.62 2.25 0.68 17 .17 20.10 
01/18-02/15 0.29 0.63 28.92 29.84 4.50 0.70 17 .86 23.06 
02/15-03/15 1.23 6.05 23.22 JO.SO 3.44 0.95 13.82 18.21 
03/15-04/12 l.06 5.23 23.81 30.10 4 .45' 2.49 ll.52 18.46 
04/12-05/10 1.44 4.02 25.56 31.02 4.02 1.81 12.70 18.53 
05/10-06/09 2.48 2.64 23.35 28.47 4.73 1.25 12.07 18.05 

N • 8 8 9 8 7 9 
i •01. 47 03.25 23. 77 28.60 03.31 01.39 13.83 18.98 
s •00.86 02.14 02.55 03.16 01.44 00.69 02.90 01.90 

(nd•not done) 

N 0 T 
OATES AA 4 R<53+Ai52 PROTEIN-N \ STRIPPING 

PROTl!:IN-N 

10/15-10/26 0.08 04.53 21.40 

10/26-11/16 14.03 61.35 

11/26-12/21 0.22 2.70 06.37 30.68 

12/21-01/lB -0.38 2.14 07.76 31.13 

01/18-02/15 -4.21 -0.07 11.06 38.24 

02/15-03/15 -2.21 5 .10 09.40 40.48 

03/15-04/12 -3.39 2. 74 12.29 51.62 

04/12-05/10 -2.58 2.21" 12.86 50.31 
05/10-06/07 -2.25 1.39 11.28 48 .31 

N • 7 7 9 9 

x • -2.11 2.32 09.95 41.50 

s • 1.57 1.56 3 .18 12.55 
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TABLE 31. 'NITROGEN' BUDGET, POPULATION #9, H22, 10/19/76 6/14/77 

ii03+No2 mn TOTAL NH4 ALGAL TOTAL DATES AR 4 N03+N02 
PROTEIN-N N'.!'.TROGEN PROTEIN-N NITROGEN 

10/19-11/02 24.04 0.90 nd ll.07 

11/02-11/23 2.37 2.47 22.06 26.90 7 . 85 1.27 4.41 13.53 

11/23-12/28 1. 49 4.50 21.97 27.96 2.77 1.61 12.92 17.30 

12/28-01/25 1.75 2.68 25. 71 30.14 4.16 1.11 11.84 17.11 

01/25-02/22 0.47 1.14 27.41 29.02 5.11 0. 37 14.05 19.53 

02/22-03/22 1.19 7.28 23.93 32.40 / 3.61 0.97 11.11 15.69 

03/22-04/19 1.28 3.33 24.97 29.58 4.04 3.06 12.77 19.87 

04/19-05/17 1.73 2.98 25.55 30.26 4.12 1.42 11. 76 17.30 

05/17-06/14 2.10 4.47 21.06 27.63 4.60 1. 72 10.43 16.75 

N • 8 8 9 8 9 8 9 8 

i - Ol. 55 03.61 24.08 29.19 04.13 01.44 11.15 17 .14 

s - 00.59 01.84 02.07 01.67 Ol. 86 00.78 02.76 02.02 

(nd•not done) 

N - 0 U T 
DATES Nif 4 Ro3+Ro2 PROTEIN-N \ STRIPPING 

PROTEIN-N 

10/19-11/02 12.97 53.95 

11/02-11/23 -5.48 l.20 17 .65 80.01 

11/23-12/28 -l.28 2.89 09.05 41.19 

11/28-01/25 -2.41 1.57 13.87 53.95 

01/25-02/22 -4.64 o. 77 13.36 48.74 

02/2.2-03/22 -2.42 6.31 12.82 53.57 

03/22-04/19 -2.76 0.27 12.20 48.86 

04/19 .. 05/17 -2.39 l.56 13.79 53.97 

05/17-06/14 -2.50 2.72 10.63 50.47 

N • 7 8 9 9 

i - -2.88 2.16 12.93 53.86 

s • l.32 1.90 2.37 10.65 
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dissolved inorganic nitrogen forms and meat-protein nitrogen 

"gained." 

The values shown in Tables 29, 30, 31 were used in combination 

with the calculated meat-protein nitrogen "gained" values (see 

Tables 27, 28) as the basis for the 'nitrogen' budget. However, 

since a total of 6,670 animals died over the period 1/11/77 to 

6/14/77 in the three populations (see Table 2S), an estimate of the 

loss which occurred as a result of death was also made and included 

in the budget. Similarly, the large number (72) of spawnings 

observed during this same period indicated that a significant 

portion of 'nitrogen' may have been lost through this pathway, 

and gross estimates of this loss were also made. 

Methods and values· obtained for 'nitrogen' lost through morta

lity for population H20 (PPl) are illustrated in Table 32. The 

same methods were used for H21 (PPS) and H22 · (PP9). For each 

population, actual mortality figures for the period 1/11/77 to 

6/14/77 (for PPl and PP9) and 1/11/77 to 6/7/77 (for PPS) were 

noted. These numbers are derived from actual counts taken of 

dead animals in each population; mortality figures were not always 

recorded on the same days as total weight gains were taken. Data 

collected via the allometric study for mean individual whole wet 

weight, wet and dry meat, protein, and protein-nitrogen content 

for each weighing period beginning 1/18/77 (PPS) and l/2S/77 (PPl 

and PP9) were then averaged and used as an estimate for total 

whole wet weight, wet and dry meat, protein and protein-nitrogen 

lost over _this period. Mean protein-N lost per day from 1/11/77 

onwards was also calculated. Estimated mortalities which occurred 

prior to 1/11/77 were not included in the analysis since mortality 
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TABLE 32. ESTIMATED . MEAT PROTEIN-NITROGEN LOST FROM 
SECOND TROPHIC LEVEL THROUGH MORTALITY 

PILOT PLANT POPULATION #1 (H20) 
JANUARY 11, 1977 -- JUNE 14, 1977 

MEAN MEAN % MEAN % 
INDIV .b WET MEAT DRY MEAT 

DATES a WET WT OF WHOLE OF WET 
(9) 

1/25-2/22 2.17 46.38 21.23 

2/22-3/22 2.40 45.34 19.92 

3/22-4/19 3.14 45.82 19 .16 

4/19-5/17 3.75 45 .19 . 20~47 

5/17-6/14 4.70 46.67 19.90 

x = 3.23 45.88 20.14 

s = 1.03 0.64 0.77 

Total Mortality, 1/1/77-6/14/77 

Estimated Total (Whole Wet) 
Weight Lost 

Estimated Wet Meat -Lost 

Estimated Dry Meat Lost 

Estimated Meat Protein Lost 

Estimated Meat Protein-Nitrogen 
Lost 

= 

= 
= 

= 
= 

= 
= 
= 

= 
= 
= 

MEAN % MEAN % 
PROTEIN PROTEIN-N 
OF DRY OF PROTEIN 

(BSA STANDARD) 

43.1 15 _. 3 

41.1 15.3 

41.7 15.3 

42.3 15.3 

40.4 15.3 

41.72 15.3 

1.04 

2,481 

(2,481) (3.23) 
8,013.63 grams 

(8,013.63) (.4588) 
3,660.63 g:rams 

(3,676.65) (.2014) 
740.48 g:rams 

(740.48) (.4172) 
308.93 grams 

(308.93) (.153) 
47.27 
47 9:rams 

Notes: a Dates used are those over which allometric data 
were collected~ 

b Values are for data collected at end of respective 
weighing periods. 
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rates were very low prior to this date and the animals small. The 

estimated protein-nitrogen loss through mortality was calculated 

at 47, 40, and 27 grams for populations H20, 21 and 27, respectively, 

for a total estimated loss of about 114 grams. 

For estimates of particu1ate protein-nitrogen lost through 

spawning, a much less precise method was used (not illustrated). 

Here, the great barrier to precision was the lack of quantitative 

data on the size of the spawning. Spawning records only indicated 

whether or not spawning occurred and if it was "light", "medium" or 

"heavy". On 3/16/77 a spawning in a pilot plant tank, characterized 

as "heavy", was completely collected, and the total number of gametes 

estimated at 4.4 x 10 7 (this was accomplished using standard light 

microscopy and established larval counting procedures employing a 

counting chamber). 

For the following estimates, it was assumed that the average 

spawning resulted in the loss of 1.0 x 107 gametes. Protein-nitrogen 

content of 3.0 x 106 eggs from the spawning on 3/16/77 was performed~ -

in replicate, and indicated that 1.0 x 106 eggs = 2407· + 240 

µ g - at of particulate protein-nitrogen. Since 72 spawnings occurred 

over the period 10/13/76 through 6/19/77, the estimated protein

nitrogen lost through this pathway is: 

( 2 4 0 7· :!:. 2 4 0) ( 7 2) ( 10) ( 14 ) 1o-6} = 2 4 • 2 6 + 2 . 4 g 

Thus, total estimated protein-nitrogen lost to the second 

trophic level through mortality and spawning over the period 1/11/77 -

6/14/77 was about 138 grams. This represents a significant fraction, 

since total meat protein-nitrogen gained over this period was about 

526 grams (Table 36). 
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Before the nitrogen budget is discussed in more detail, 

conversion efficiency data is presented~ Tables 33, 34 and 35 

illustrate conversion efficiencies based on total "available" 

(total presented) and "removed" (total presented . less total 

measured in the effluent) phytoplankton protein-nitrogen. Con

centration values are from Tables 29, 30 and 31 and total liters 

through each population are from the "actual" flow rates as 

illustrated in Table 20 and discussed above. 

The protein-nitrogen gains for each weighing period are based 

on values illustrated in Table 27. 

It will be noticed that except for apparently minor exceptions, 

the data for inflow and outflow protein-nitrogen values, and for 

efficiencies of conversion, appear highly consistent across the 

three populations, and display a strong and consistent trend. 

These data, however, have as yet to be subjected to any statistical 

analyses. Some anomalous data appear in conversion efficiencies 

for "removed" protein-nitrogen to Tapes meat 'nitrogen' "gained." 

These values, which are all high, are for PPS, 10/15 to 10/26 and 

11/16 to 12/21, and 12/21 to 1/18; and for PP9 over the period 

11/23 to 12/28, 1976. These abnormally high conversions are 

attributable to low values obtained for "removed" protein-nitrogen 

which is, in turn, attributable to high effluent values. Probably, 

tank deposit particulate protein, spawning, mortalities, or a 

combination of these factors contributed to incorrectly high 

effluent values. Possible measurement and/or computational errors, 

however, have not as yet been investigated and may be partially 

responsible. These values do not affect "available" conversions 



TABLE 33. CONVERSION EFFICIENCIES, PILOT PLANT POPULATION #1 (H20) I 10/13/76 - 6/14/77 

PROTEIN-N PROTEIN-N TOTAL TOTAL TOTAL TOTAL ' c ' c DATES IN REMOVED LITERS PROTEIN-Na PROTEIN-N . PROTEIN-N "A" "R" 
(µg-at L-1) (µg-at L-1) IN IN REMOVED GAINED 

( ) ( ) ( ) 

10/13/76-10/26/76 21.63 17 .41 33 I 64 2 10.19 08.20 2.835 27.82 34 .57 

10/26/76-11/30/76 20.19 11.64 181, 332 51. 26 29.55 11. 899 23.21 40.27 

11/30/76-12/28/76 24.9~ 11.62 435,132 152.17 70.79 28.294 18.59 39.97 

12/28/76-01/25/77 25. 73 09.61 725,220 261. 24 97.57 23,647 09.05 24.24 

01/25/77-02/22/77 27 .41 10.22 944,341 362.38 135 .12 32.156 08.87 23.80 

02/22/77-03/22/77 23.93 10.67 838,959 281.07 125.32 23.044 08.20 18.39 

03/22/77-04/19/77 24.97 11.46 832,326 290.96 133.54 17.017 05.85 12.74 

04/19/77-05/17/77 25.55 12.37 823,779 294.67 142. 66 20.642 07.01 14 .47 t-' 
0 

05/17/77-06/14/77 21.06 09.59 893,178 26 3. 34 119. 92 18.474 07.02 15.41 0 

a(x protein-N) (total liters) (14) (l0-6)=(g) 

% C "A" = Conversion of total presented (available) algal protein-nitrogen to Tapes meat protein-nitrogen 

% C "R" = Conversion of removed algal protein-nitrogen to Tapes meat.protein-nitrogen 



TABLE 34. CONVERSION EFFICIENCIES, PILOT PLANT POPULATION #5 (H21), 10/15/76 - 6/7/77 

PROTEIN-N PROTEIN-N TOTAL TOTAL TOTAL TOTAL % c % c 
DATES IN REMOVED LITERS PROTEIN-Na PROTEIN-N PROTEIN-N "A" "R" 

(µg-at L-1) (µg-at L-1) IN IN REMOVED GAINED 
(g) (9) (9) 

10/15/76-10/26/76 20.53 04.53 28,458 08.18 01.80 01.700 20.78 94.44b 

10/26/76-11/16/76 22.87 14 .03 54 I 318 17 .41 10.68 05.673 32.58 53.12 
' 

11/16/76-12/21/76 20.76 06. 37 144,990 42 .14 12.93 14. 301 33. 94 llO. 60b 

12/21/76-01/18/77 24.93 01.11 435, 132 151.87 47.33 33.026 21. 75 69.78b 

01/18/77-02/15/77 28.92 11.06 630,198 255.15 97.58 32.450 12.72 33 .25 

02/15/77-03/15/77 23.22 09.40 ,783,354 254.65 103.09 35.243 13.84 34 .19 

03/15/77-04/12/77 30.10 12.29 818,400 344.87 140.81 08.223 02.38 05.84 ...... 
0 
...... 

04/12/77-05/10/77 · 31.02 12.86 819,621 355.95 147. 56 19.209 05.40 13.02 

05/10/77-06/07/77 28.47 11. 28 891,000 355 .13 140. 71 19.968 05.62 14.19 

a(i protein-N) (total liters) (14) (10-6)=(g) 

bsee text 

% C· "A" Conversion of total presented (available) algal protein-nitrogen to Tapes meat protein-nitrogen 

% C "R" = Conversion of removed algal protein-nitrogen to Tapes meat protein-nitrogen 



TABLE 35. CONVERSION EFFICIENCIES, PILOT PLANT POPULATION #9 {H22), 10/19/76 - 6/14/77 

PROTEIN-N PROTEIN-N 
--

TOTAL - - TOTAL - TOTAL TOTAL % c % c 
DATES IN REMOVED LITERS PROTEIN-Na PROTEIN-N PROTEIN-N "A" "R" 

(µg-at L-1) (µg-at L-1) IN IN REMOVED GAINED 
<2> <9:> <2> 

10/19/76-11/02/76 24.04 12.97 36 ,234 12.19 06.58 03.587 29.43 54.51 

11/02/76-11/23/76 22.06 17.65 54,378 16.79 13.44 05.445 32.43 40.51 

ll/23/76-12/2Q/76 21.97 09.05 181, 332 55. 77 22.97 16.880 30.27 73.49b 

12/28/76-01/25/77 25.71 13.87 435,132 156.62 84.49 32.024 20.45 37 .90 

01/25/77-02/22/77 27.41 13.36 643,869 247.08 120.43 24.538 09.93 20.38 

02/22/77-03/22/77 23.93 12.82 839,025 281. 09 150.-59 34. 778 12.37 23.09 

03/22/77-04/19/77 24.97 12.20 832,236 290.93 142.15 20. 720 07.12 14. 58 
..... 

04/19/77-05/17/77 25.55 13. 79 823, 779 294.67 159.04 19 .031 06.46 11.97 0 
rv 

05/17l77-06/14/77 21.06 10.63 893,178 263.34 132 .92 21. 488 08.16 16.17 

a(x protein-N) (total liters) (14) (l0-6)=(g) 
b see text 

% C "A" = Conversion of total presented (available) algal protein-nitrogen to Tapes meat protein-nitrogen 

% C "R" = Conversion of removed algal protei.n-nitrogen to Tapes meat protein-nitrogen 



TABLE 36. SUMMARY 'NITROGEN' BUDGET AND CONVERSION DATA (AS WEIGHT), PILOT PLANT POPULATIONS 
#1 (H20) I #5 (H21) AND #9 (H22) I 10/13/76 - 6/14/77 

PO PU LA
TI ON 
NUMBER 

1 

5 

9 

1 
5 
9 

1 
5 
9 

1 
5 
9 

1 
5· 
9 

1,5,9 

DATES 

"IN" 

TOTAL 
LITERS 

-rD713/06/14 5.70790920 
x 106 

10/15-06/07 4.61055310 
x 106 

10/19-06/14 4.73916300 
x 106 

1.50576250 
x 101 

"OUT" {EFFLUENT} 

"REMOVED" (IN-OUT) 

"GAINED" (MEAT PROTEIN-N) 

Nff 4 NOl+N02 TOTAL ALGAL TOTAL 
(g) g) INORGANIC PROTEIN 'N' (g) 

'N' (g) 'N' (g) 

105.48 312. 4 5 417.93 1913.06 2330. 99 

94.89 209.78 304 •. 67 1534. 29 1838.96 

102.84 239.52 342. 36 1597.67 1940.03 

303. 21 761. 75 1064.96 5045.02 6109.98 

278.08 147.04 425.12 984.50 1409.62 
213. 65 89. 72 303.37 892.70 1196.07 
274.02 95.54 369.56 739.78 1109.34 
765.75 332.30 1098.05 2616.98 3715.03 

-172.60 165.41 - 7.19 928.56 921.37 
-118.76 120.06 1.30 641.59 642.89 
-171.18 143.98 -27.20 857.89 830.69 
-462.54 429.45 -33.09 2428.04 2394.95 

178. o. 
169.8 
179.5 
526.3 

"LOST'' .(TlrROUGHMORTALITY; MEATPROTEltr=m -ESTIMATED (SEE TEXT) 
47 
40 
27 

114 
"LOST" THROUGH SPAWNING 

24 ~· - ESTIMATED (SEE TEXT) 

TOTAL DEEPWATER I NI'l'ROGEN I 

@ 32.16 µg liter-1 

6779.55 

I-' 
0 
w 
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and, even if grossly incorrect, have a negligible impact on mean 

computed "removed" conversions and on the nitrogen budget as a whole, 

since total clam meat protein-N produced during these periods repre

sents only 6% of the total meat protein-N produced over the entire 

period of the pilot plant operation. 

These conversions, of course, account for live weight gains 

only. For the three populations as a whole, conversion of available 

algal protein-N to Tapes meat protein-N increases from about 7.3% 

to about 9.7% if we add protein-N "lost" through mortality to 

protein-N "gained." Similarly, "removed" efficiencies increase from 

16.4 to 21.8%. Although, as mentioned, no statistical analyses have 

as yet been performed on data collected at the shellfish level, a 

careful inspection of the data reve~ls that the three populations 

behaved in a highly similar fashion. 

A strong trend in percentage conversion over time is evident 

in all three populations, both in terms of "available" and "removed" 

efficiencies. "Available" conversion, for example, approximates 

26% during the first weighing period to less than 7% over the last 

weighing period. Similarly, mean percent "removed" conversions drop 

from approximately 60% to approximately 15%. The large and consistent 

difference between "available" vs "removed" conversion (CR = 2CA) 

can be attributed to the low mean stripping rate (approximately 48%), 

and in consequence to total food available to the animals vs the 

amount they actually consumed. (Also see discussion on "intended," 

"actual," "theoretical" and "theoretically adjusted" flow rates.) 

There was a consistent decrease in both types of conversion, 

however, it is not possible to conclude whether age, size or residence 
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time in the system is more strongly correlated with decreases in 

conversion. Mortality and spawning undoubtedly contributed to 

declines in conversion, but the precise degree to which they are 

responsible cannot be ascertained. Even accounting for possible 

losses due to mortality and spawning, the decrease is still 

evident. 

Table 36 summarizes the collected 'nitrogen' data, expressed 

in terms of weight. These figures were obtained by multiplying 

mean concentration values of the various parameters by the total 

volume of water pumped through each; this latter figure is from 

Table 27 and represents an estimated "actual" flow • . Summary 

figures for the three populations as a whole are also included. 

A number of points related to these data will be discussed. 

First, it will be noted that approximately .3 kg of NH4 was 

presented to the shellfish, while approximately .77 kg was 

measured in the effluent, for a net ·production of ammonia of 

approximately .46 kg. For a two-trophic-level system, this pro

duction is a loss of nitrogen, and must also be considered as a 

possible pollutant. · If a th~rd trophic level such as macrophytic 

algae were added to the system, it is clear that the amount of 

total nitrogen produced or recovered could be increased by a 

significant amount. (Note that total meat protein-nitrogen 

"gained" is only approximately .6 kg more than was lost through 

ammonia production.) 

Values for dissolved inorganic N0 3+No 2 indicate uptake at the 

shellfish level. Inspection strongly indicates that this removed 
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N03+No2 of approximately .4 kg will be significant. It is highly 

likely that this represents uptake of these inorganic nutrients 

by epiphytic algae ·(Enteromorpha sp.), phytoplankton residing in 

the shellfish tank (especially pennate diatoms clinging to the 

sides), and by other, unidentified organisms. Probably a cleaner 

system would result in less uptake of this type; at any rate, the 

contribution of the shellfish themselves to the possible production 

of N03+No2 is entirely masked by the activities of contaminating 

organisms. 

It will be observed that of the total estimated deep water 

'nitrogen' which flowed through the system (including N03+No2 , NH4, 

and algal protein-N, see Table 7, above) of approximately 6.8 kg, 

about 6.1 kg was accounted for in the shellfish inflow (approx. 

90%), which is about three percentage points less than was accounted 

for in the 21 pool cultures discussed earlier (see pp. 56). About 

5.0 kg of this 6.1 kg · total was in the form of algal protein

nitrogen (approx. 82%). Over 2.6 kg of this algal protein-nitrogen 

was in the shellfish tank effluent and was not utilized as food 

for the shellfish (approx. 50% of incoming food). About 2.4 kg of 

algal protein-nitrogen was "removed" .by the shellfish (including 

tank deposit, which was not measured), of which about .53 kg was 

recovered in the form of live shellfish meat protein-nitrogen. 

An estimated .11 kg was probably gained in meat and subsequently 

lost through mortality, and about .02 kg may have been lost through 

spawning activity by the shellfish. 

Thus, of the total or approx. 6780 g of 'nitrogen' "available", 

in the deep water about 526 g, or about 7.8%, was recovered in the 
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form of live shellfish meat protein-nitrogen. This live meat 

protein-nitrogen represents about (526.3 + 5045) x 100 ~ . 22% of 

removed algal protein-nitrogen. 
1
If we add the estimated loss of 

nitrogen through mortality to the live weight gain, this conversion 

"' becomes (526.3 + 111.86) +(2428) x 100 = 26%, and if possible loss 

through spawning is added, the conversion is (526.3 ~ 111.86 + 24.26) 

"' + 2428 x 100 = 27%. Thus, we may assume that a reasonable biological 

value for the diet is approximately 27, indicating that it is, at 

least potentially, an excellent diet. {It should be noted here 

that a strictly unialgal diet of STX-167 (Chaetoceros cu;rvisetus} 

should not be assumed as the only source of food for the shellfish, 

since contaminants were periodically ob_served in the pools) • Of 

course, a biological value of 27 assumes that mortality and spawning 

were not closely linked to diet; but even if they are, a biological 

value of 22 appears easily obtainable with this diet at pilot-level 

production. 
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5 DEVELOPMENTAL RESEARCH 

5.1 Phytoplankton: Stability of Outdoor .Pool Cultures 

Pool collapses are typified by a decline in cell density 

much faster than the dilution rate, indicating that cessation of 

growth cannot be the only cause for the collapses. The diatom 

cells are being killed by some agent, or are being removed from 

the population (as by grazing), or both; cessation of growth of 

existing cells may also be occurring. 

·- Possible causes have been classified into the following four 

categories: 

(a) Toxicity of dissolved compounds in the pools. 

(b) Interaction with other o+ganisms. 

(c) Changes in our laboratory stock cultures of 

Chaetoceros curvisetus, STX-167~ 

(d) Environmental factors. 

A mult1-pronged plan of work has been drawn up and is partly 

implemented. The work undertaken or planned is swmnarized as 

follows: 

(a) Interaction between lab cultures and pool samples 

taken from a "collapsed" pool. This type of 

experiment is performed with filtered or unfiltered 

pool samples. 

(b) Nutrient supplementation of pool samples, with or 

without filtration and/or reinoculation. 

(c) Qualification and quantification of biological 

contaminants in pool cultures. 

(d) Observation of cell size evolution. 
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(e) Use of other clones of Chaetoceros curvisetus. 

(f) Evaluation of the correlation between environment 

and "collapse." 

Two types of laboratory experiments were performed to see if 

the agent(s) causing pool collapse could · be removed by filtration 

and whether reinoculation or nutrient supplements (and various 

combinations of filtration, reinoculation, and nutrient supplements) 

would result in growth of Chaetoceros. There were "long-term" 

experiments, where single observations after 5-10 days bf incu

bation evaluated the effects of the culture manipulations, and 

"short-term" experiments, where observations were made at least 

daily during a 3-4 day period beginning the day the manipulations 

were made. The results from these two types of experiments are 

given in the two following sections. 

5.1.1 Long-Term Laboratory Culture Collapse 

Experiments (Nos. 1-5) 

The results of five "long-term" experiments undertak~n_ -

at the time of five different pool culture collapses are given in 

Table 37. There was much variability in the results, both 

between experiments and between replicates within individual 

experiments. It is likely that this is largely due to the 5-10 day 

incubation period being too long, so that many of the cultures had 

entered the "stationary" or "decline" phase of batch culture growth 

characterized b¥ death and cell lysis. This was evident in some 

cases, where dead Chaetoceros cells outnumbered live ones. 

Variations in size and physiological state of inoculum between 

experiments could have an effect similar to that of too-long an 
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TABLE 37. EFFECTS OF COMBINATIONS OF FILTRATION ·, 
AND REINOCULATION ON REGROWTH OF Chaetoceros 

NUTRIENT-ENRICHMENT 
curvisetus IN WATER 

FROM COLLAPSED OUTDOOR DEEP-WATER CULTURES OF THE 

EXPERIMENT t: 
TREATMENT POOL I: 

DATE 

Unfiltered Pool Water, Not Reinoculated 
lA No additions 

B 

2A 
B 

Plus nutrients 

Unfiltered Pool Nater, Reinoculated 
3A No additions 

B 

4A 
B 

Plus nutrients 

Filtered Pool Nater, Reinoculated 
SA No additions 

B 

6A 
B 

Plus nutrients 

Sterile Media, Inoculated 
7A Deep water 

B 

8A 
B 

9A 
B 

lOA 
B 

llA 
B 

12A 
B 

Deep water + 2 ml unfiltered 
pool water 

Deep water + 2 ml filtered 
pool water 

f/2 

f/2 + 2 Ill unfiltered pool water 

f/2 + 2 ml filtered pool water 

l 
P2 
12/16 

l.5 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

143 
136 

347 
376 

177 
126 

4 
7 

78 
131 

_a 
_a 

0.5 
0.5 

178 
153 

2 
Pl 
12/22 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

27 
33 

4 
2 

18* 
41 

50* 
88 

3* 
29 

145 
147 

14 
17 

7 
7 

3 
P2 
Ol/04 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

1 
l 

<0.25 
25 

52 

5 
34 

ll 

_a 

-· _a 
_a 

0.25 -• 
18 -· 

4 
P2 
Ol/24 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<0.25 

42 
40 

134 
78 

149 
32 

344 
327 

0.25 
0.25 

o.2sb 
2.5ob 

Inocul\1111 Age (Dayal z 8 7 8 6 
Medium + Number Cells in Inoculwa DW-3. 3x10S f/2•1. lx104 OW-1. 7xlo5 DW-1. 9xlo4 

DW-l.8xl04 
Incubation Time (Dayal of Experiment S S 7 10 

~=. 
One-month-old deep water 

**Healthy pool 
4Treatment omitted 
bAlmost as many (or morel dead cells also present 

SAME. CLONE 

5 
P2 
02/21 

<0.25 
<0.25 

<0.25 
<0.25 

b 0.75b 
0.75 

<0.25 
<0.25 

<0.2sb 
<o.25b 

32 
<o.25b 

78 
<o.25b 

<o.25b 
9.3ob 

<0.25b 
<o.25b 

475 
315 

0.25 
o.2sb 

520 
574 

9 

5 
Pl** 
02/21 

<0.25 
<0.25 

<0.25 
<0.25 

<0.25 
<o.25b 

2.8 
3.8 

<o.2sb 
<o.25b 

-· _a 

8.3 
2.4 

_a 
_a 

o.25b 
0.25 

o.25b 
510 

In each experiment, SO ml of collapsed pool culture was incubated in duplicate, non-sterile, polyethylene foam
plugged 125-ml Pyrex Erlenmeyer flasks. If the pool water was filtered, 2 Gelman Type A-E qlass fiber filters were used. Nutrients were added to f/2 strength. Sterile media had been autoclaved 15 min at 15 pai. Inocula were l ml aliquots from SO ml, 5- to 8-day-old axenic cultures of clone STX-167. Incubation was at 24-27*C with a 12/12, light/ dark cycle under •daylight• fluorescent light: at the end of the incubation period the cultures were preserved with 
Lugol'• iodine and duplicate samples were counted in a Speirs-Levy eosinophil counting slide. Observations of nwnbers of dead Chaetoceros cells were made only in Experiments 4 and 5. Values reported are thousands of cell• per milliliter: densities of <0.25 x 103 m1-l reported indicate no cells were aeen in the •IUftPl••· Pennate diat0111a, flagellates, amoebas and many unidentifiable spherical cells were observed in unfiltered pool water flasks, but are not reported here. 
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incubation period. Also, because the cultures in a single 

experiment were counted all at the same time, rather than when 

they reached their peak density, it is difficult to attach any 

significance to the relative densities observed. Nonetheless, 

it is possible to draw some general conclusions from· the data. 

(1) Reinoculation alone, addition of nutrients alone and 

reinoculation plus addition of nutrients did not result in good 

growth of Chaetoceros in unfiltered pool water (treatments 1-4 

. in Table 37. (But note that addition of a small amount of 

unfiltered pool water sometimes allowed good growth.) Note, 

also, that in experiment 5 the treatment of a healthy pool culture 

in the same way as a collapsed pool culture produced similar results. 

(2) Filtration of collapsed pool cultures with a glass 

fiber filter to achieve "99.9% retention of particles 0.3 µm and 

larger" (according to the A. H. Thomas Co. catalog) allowed 

growth of reinoculated Chaetoceros in 78% of the cases (36 out .of 

46 tests .in treatments 5, 6, 9, 12) • 

These conclusions do not tell us what the mechanism is for 

Chaetoceros growth inhibition in unfiltered collapsed pool 

culture, or the cause for the original culture collapse. However, 

the fact that the inhibitory agent can usually be removed by 

filtration indicates that it is either particulate--and probably 

a microorganism--or it is soluble and loses its inhibitory 

activity rapidly in seawater. 

5.1.2 Short-Term Laboratory Culture· Collapse 

Experiments (Nos. 6-11) 

The short-term experiments were designed to minimize 
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the pitfalls encountered when samples of continuous-flow outdoor 

cultures are brought into the laboratory, and to concentrate on 

the events occurring in the first few days of an experiment. 

Experiments 6 & 7 ': Effects of filtration of collapsed pool 

culture on growth -of reinoculated Chaetoceros: Experiments 6 and 

1 · show conflicting results of filtration of collapsed pool culture 

on growth of C. curvisetus. In experiment 6, filtration had 

no significant effect on growth, with good growth being obtained 

with and without filtration {Fig~ 10). Perhaps the vigorous 

aeration used inhibited the toxic agent in the vessel containing 

unfiltered Pool 1 culture. In experiment 7A, a mixture of collapsed 

Pool 2 culture and sterile carboy culture similar to that in 

in experiment 6 showed a favorable effect of filtration {Fig. 11). 

Filtering the. pool culture also had a favorable effect where the 

collapsed Pool 1 was mixed with a healthy Pool 2 culture {experiment 

7B; see Fig. 11} . 

Experiment 8: Effect of collapsed Chaetoceros curvisetus cultures~ 

on axenic cultures, separated by a sub-micron porosity filter: 

The purpose of this experiment was to see if the agent causing 

pool collapse in Pool 2 would pass through an 0.4 µm pore-size 

filter. If it would, this would be good evidence that the active 

agent is a poison excreted by a microorganism that is too large 

to pass through the pores, so that physical contact between the 

Chaetoceros and the attacking organism would not be required, or 

it could mean that the agent is smaller than 0.4 µm in size. The 

culture vessels consisted of two 125-ml polycarbonate Erlenmeyer 

flasks with a portion of the wall and bottom of each vessel cut 
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Figure 10. Experiment 6-Effect of glass-fiber filtration 

* 

of collapsed pool culture on increase in Chaetoceros 

curvisetus density. Growth was measured as in vivo 

fluorescence of chlorophyll a on a Turner Model III 

fluorometer equipped with a high sensitivity door, as 

described by Parsons and Strickland (1972)~ The 

culture vessels were aerated one-liter aspirator bottles 

containing 800 ml mixtures (1:1) of 2-day-old Chaeto-

ceros curvisetus carboy culture (f/2 medium) and 

filtered or unfiltered collapsed pool (Pool 1) culture. 

Incubation was as described for previous experiments. 

Strickland, J. D .H .. and T. R. Parsons, 197 2. A practical 
manual of seawater analysis. Bulletin 167 (2nd ed.), 
Fish. Res. Bd. Canada. 
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Figure 11. Experiment 7--Effect of glass-fiber filtration 

of collapsed pool culture on increase in Chaetoceros 

curvisetus density. Growth measured as in vivo 

fluorescence, as in Experiment 6. A--1:1 mixture of 

an f/2 culture of C. curvisetus and filtered or unfil

tered collapsed Pool 2 culture. B--1:1 mixture of a 

healthy Pool 1 culture and filtered or unfiltered 

collapsed Pool 2 culture. The experimental vessels were 

cotton-plugged, non-sterile, 3000-ml Fernbach flasks 

containing 2000 ml of culture; the flasks were incubated 

as in previous experiments and were hand-shaken 3 to 

4 times daily. Note the increase in density of contami-

nants ("other") in the flask containing unfiltered 

Pool 2 culture, while total chlorophyll a decreased. 
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off in a vertical plane; the flasks were glued together with 

silicone cement, with a 47 · mm diameter 0.4 µm pore size poly-

carbonate Nucleoporemembrane filter separating the interiors of 

the two flasks. An epoxy putty bridge between the necks of the 

two flasks made the unit rigid, and the unit could be autoclaved 

repeatedly and re-used without replacing the membrane. For this 

experiment on 4/lS/77~ two pairs of flasks were set up with the 

contents as follows: 

Flask A 

Pair 1 SO ml sterile f/2 

Pair 2 SO ml sterile f/2 

Flask B 

2S ml sterile f/2 
+ 
2S ml glass fiber filtered 
collapsed Pool 2 culture 

2S ml sterile f/2 
+ 
2S ml unfiltered collapsed 
Pool 2 culture 

Each side in each pair was inoculated with S ml of 5-day-old 

3 -1 
Chaetoceros to give 21.4 x 10 cells ml ; incubation was as 

described for other laboratory experirn~nts. 

The changes in cell densities over a four-day period in the 

flasks are shown in Table 38. Filtering the pool culture 

to remove cells allowed growth of the added Chaetoceros in the 

same flask (lB), while growth of Chaetoceros was inhibited in the 

flask where the pool. culture was not filtered (2B). Growth of 

Chaetoceros in the attached axenic cultures (in communication 

with the non-axenic cultures via the 0.4 µm membrane) was not 

inhibited, indicating that either direct contact with the agent 

was necessary or possibly that the- toxic factor produced in the 

unfiltered pool culture did not diffuse through in sufficient 



~-------~--- -

TABLE 38. EXPERIMENT 8--EFFECT OF COLLAPSED Chaetoceros curvisetus CULTURES ON 
AXENIC CULTURES SEPARATED BY A SUBMICRON POROSITY FILTER. 

VALUES ARE 103 CELLS/ML. DETAILS ARE GIVEN IN THE TEXT 

PAIR: 1 2 

SIDE: B A 
- - ------ -- - -----

B 

CONTENTS OF AXENIC FILTERED P2 AXENIC UNFILTERED P2 
FLASKS; + + 
SEPARATED BY 167 167 167 167 
0.4 µM MEMBRANE: 

DATE TIME 167 others 167 ~thers 167 others 167 others 
47Il Illrn 2!:4·· - -n:4 - -n:4 - rr:-r 8.6 

4/16 0800 45 . o. 5 36.8 1 44 o.s 28 13 

4/16 1830 81 0.8 71 1.8 111 0 23 64.5 

4/18 1400 234 12 228 20 202 0 1. 8 12.5 

4/19 1600 310 24 363 9 434 0 3 3.2 

._. ._. 
\0 
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quantities or was degraded too rapidly to be effective. However, 

the density of "other" organisms (flagellated cells-most likely 

gametes of Chaetoceros) was much lower in Flask A of Pair 2 than 

it was in Flask A of Pair 1, indicating that something in 

unfiltered pool water was passing through the membrane and 

affecting gamete production but not vegetative reproduction. The 

0.4 µm pore membranes are not completely effective in preventing 

passage of bacteria, so they may have selectively let some 

bacteria through and not others. · Carlucci et al. (Can. J. 

Microbial. 22:1667-1671, 1976) showed that the majority of the 

deep-sea bacteria they examined were 0.2-0.4 µrn in diameter. 

The antibiotics penicillin and streptomycin (effective 

against gram-negative and against both gram-negative and gram-

positive bacteria, respectively, were used in the following 

experiments (numbers 9, 10, 11) to pinpoint whether or not bacterial 

contaminants were responsible for failure of Chaeto.c.eros to grow 

when reinoculated into collapsed pool culture. 

Experiment 9: Effect of antibiotics on growth of Chaetoceros: 

This batch culture experiment was carried out in conjunction 

with the experiments made in two outdoor reactor cultures (see 

5.1.6). The experiment showed a promotio~al effect of the anti-

biotics penicillin and streptomycin on in vivo fluorescence 

during the first day or two, but all the cultures declined 

simultaneously and at the same rate on the second or third day 

(due to nutrient depletion) before a predicted culture collapse 

occurred. The data are not reported, because they shed no light 

on the culture collapse problem. 
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Experiment 10: Effects of antibiotics on growth of Chaetoceros 

inoculated into filtered collapsed reactor culture: This 

experiment repeated a test of the effect of the antibiotics on c. 

curvisetus in 1:1 mixtures of filtered collapsed reactor 6 or 8 

cultures and deep water from 6/21 (see section 5.1.6 for history 

of the Chaetoceros culture collapses in reactors 6 and 8), to 

verify the promotional effects of the antibiotics observed in 

experiment 9. The results are given in Table 39. . Note 

that in this experiment, in contrast to experiment 9, the anti

biotics allowed less growth than where antibiotics were not used. 

No explanation for the difference between the two experiments is 

obvious. 

Experiment 11: The effect of antibiotics and nutrients on growth 

of Chaetoceros inoculated into filtered and unfiltered collapsed 

pool culture: In this experiment, the effects of the antibiotics 

were again investigated, and some observations were made of the 

population composition in the unfiltered treatments. The results, -. 

given in Table 40 show that simple reinoculation of 

unfiltered collapsed pool culture produced growth of other 

organisms but not of Chaetoceros, while addition of antibiotics 

allowed some growth of Chaetoceros. The best growth of 

Chaetoceros in unfiltered water was with . the addition of nutrients 

alone. The growth of Chaetoceros in filtered water was best 

with no additions or only nutrients added; antibiotics were 

strongly inhibitory to Chaetoceros growth. These results indicate 

that the reason for the failure of Chaetoceros to grow after 

reinoculation into unfiltered pool water was some sort of inter-



TABLE 39. EXPERIMENT 10-EFFECTS OF ANTIBIOTICS ON GROWTH OF Chaetoc·eros 
curvisetus INOCULATED INTO FILTERED COLLAPSED REACTOR CULTURE 

WITH WITHOUT 
DATE TIME ANTIBIOTICS ANTIBIOTICS 

REACTOR: 6 8 8 6 8 8 
+Nutrients +Nutrients 

6/21 1730 5.1 5.2 5.1 5.0 5.3 5.1 

6/22 1700 6.6 6.1 6.1 13.3 13.5 14.1 

6/23 1630 11.1 10.0 9.5 23.0 56.4 60.0 

6/24 1730 14.2 14.2 10.8 42.7 68.1 101 

Note: Filtered collapsed c. curvisetus culture from reactors 6 or 8 which 
had been maintained at 1.0-dilutions per day after dilution 1:1 with collapsed 
pool culture (or with deep water on 6/18) was mixed 1:1 with deep water and 
incubated under laboratory conditions in 125 ml Erlenmeyer flasks as described 
earlier. The flasks were all inoculated from a 5-day-old f/2 C. curvisetus 
culture to give 3.6 x 103 cells m1-l. Growth was measured as In vivo fluores
cence of chlorophyll a as described for Experiment 6. Nutrients,--rr-added, 
were at f/2 strength.- Antibiotics added were: Penicillin G, 100 mg liter-1, 
Dihydrostreptomycin, 50 mg liter-1. 

t-' 

"" "" 



TABLE 40. EXPERIMENT ll~EFFECT OF ANTIBIOTICS AND NUTRIENTS ON GROWTH OF Chaetoceros 
curvisetus INOCULATED INTO FILTERED AND UNFILTERED COLLAPSED POOL CULTURE 

Unfiltered Filtered 

Antibiotics Antibiotics 
+ + 

Additions: None Nutrients Antibiotics Nutrients None Nutrients Antibiotics Nutrients · 

Date . Time 

6/28 1815 14 13.2 14.6 13.2 10.6 11.1 10.2 11. 0 
~ 
N 6/29 1730 12.6 18.7 10.4 13.8 17.5 15.8 9.9 9. 2 w 

6/30 1750 29.8 75.4 16.0 29.1 66.2 51.3 13.2 9.8 

7/01 1600 90.6 352.0 25.5 62.2 182.5 152.5 14.9 8.9 

C. curvisetus No Many Few Few 
on 7/l? 

Flagellates f ,p f ,p f ,p p 
(f) or pennate 
diatoms (p) 
present? 

Note: Pool 2 water was inoculated after filtered through a glass-fiber filter, or. without filtering, 
to give 2.6 x 103 cells m1-l (5-day-old f/2 culture). Growth measurement, incubation and antibiotic 
additions as described for Experiment 10. 
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action with the contaminant organisms in the pool water; the good 

growth of Chaetoceros in unfiltered water with added nutrients 

may indicate that the nutrients inhibited the organisms that are 

toxic to Chaetoceros. 

It is difficult to make conclusions from the results of 

these short-term experiments, in part because of variability in 

results between experiments, and in part because the experiments 

were inadequate to answer the questions posed. In the majority 

of cases, it appears that the toxicity of collapsed pool water 

for c. curvisetus. ·Can be removed by filtration. This leads to 

the conclusion that pool crashes are caused by the toxicity of 

contaminant organisms in the pools. Determination of the nature 

and mechanism(s) of the toxicity will require more carefully 

designed experiments, perhaps using dialysis tubing, which will 

prevent contamination of experimental cultures by all bacteria 

and viruses, and using inocula of predictable quality. It may 

be useful to employ a laboratory chemostat or turbidostat to 

provide cells with consistent properties from one experiment to 

the next. Baseline studies of bacterial flora to determine 

physiological types present before and during a culture collapse 

are warranted, if it is determined that viruses are not a cause . 

of culture collapse (see section 5.1.5). 

5.1.3 Effect of Marine Bacteria on Growth Rate and 

Yield of Chaetocero·s curvisetus 

The purpose of this experiment was to test whether 

crude enrichment cultures of bacteria from the outdoor Chaetoceros 

continuous cultures would have an unfavorable effect on c. 
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curvisetus in batch culture, where metabolic products of the 

diatom can accumulate and provide a nutrient source for bacteria. 

Dense bacteria cultures were obtained by inoculating a heat

killed C. curvisetus culture and a rich synthetic medium 

{seawater with added g_lucose, peptone and yeast extract, medium 

GPYS) with foam from a pool culture and incubating overnight. 

Growth rate and yield of Chaetoceros were determined over a three

day period in duplicate cultures inoculated from the above two 

sources of bacteria and from deep water. The results are shown 

in Figure 12. Neither growth rate nor yield were significantly 

affected by the additions of bacteria, as shown by the overlapping 

standard deviations about the means. None of the cultures 

collapsed when incubated for several more days. One can conclude 

that the normal bacterial flora in an outdoor continuous culture 

of Chaetoceros curvisetus that is growing well is not pathogenic 

for batch laboratory cultures of c. curvisetus. 

5.1.4 Scanning Electron Microscopy of Collapsed 

Outdoor Chaetoceros curvisetus Cultures 

Laboratory experiments showing that the agent 

causing culture collapses was usually removable by filtration 

suggested that it might be possible to identify the agent by means 

of scanning electron microscopy {SEM). This study was undertaken 

in collaboration with Dr. Garry Cole, Department of Botany, The 

University of Texas at Austin. 

A sample collected from a collapsed Pool 2 Chaetoceros 

culture of l/24/77 · was concentrated 232x by reverse filtration, 

fixed in 4% buffered {pH 7~4) glutaraldehyde, and shipped 



126 

Figure 12. Growth rates and yields of 3-day-old labora

tory cultures of Chaetoceros curvisetus (STX-167) 

under axenic and bacterized conditions. Bacteria 

were added from three sources: bacteria from foam 

on an outdoor 13,000-gallon deep-water culture of 

C. curvisetus grown in (1) a heat-killed C. curvisetus 

culture (= low-nutrient bacteria) or in (2) a glucose/ 

peptone/yeast extract medium(= high-nutrient bacteria); 

or (3) bacteria in fresh, untreated deep water. 

Values plotted are means of two cultures ±1 standard 

deviation. 
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refrigerated (with ice packs) in buffered 35°/oo NaCl with lmM 

mercuric chloride added as a preservative, to Austin for SEM 

4 -1 . study. The sample had large numbers (l.7 · x 10 ml ) of spherical 

organisms possessing fine pseudopodia (a heliozoan), and some 

algal flagellates. The SEM pictures showed diatoms (C. curv.isetus 

and pennate diatoms) and unidentified subspherical pitted 

particles; the heliozoans were not seen, and would not be expected 

to be preserved with the techniques we . used, because heliozoans 

lack cell walls. There were also filamentous bacteria 

(actinomycetes?) attached to some of the pennate diatoms; these 

might have been responsible for the culture collapse, but previous 

work (see section 5.1.3) indicates that bacteria are probably 

not the cause of culture collapse. 

A second sample for SEM study was collected from a collapsed 

Pool. 2 culture on 2/21/77 · and prepared for SEM in a manner 

reputed to allow for storage of samples for two weeks (Paerl, 

H. W. ands. L. Shimp, Limnol. Oceanog. 18:802-805, 1973). 

However, the method did not work for us, so we abandoned the 

method of shipping fixed samples in liquid to Austin. 

A portable critical drying point apparatus, on loan from 

Dr. Cole, was used to prepare a Chaetoceros .and deep-water 

particulate sample for SEM on 6/3/77. This method has the 

advantage of allowing storage and shipping in a dry state. We 

have not yet used the method on a collapsed pool culture. 

Dr~ Patricia Johansen at UT Port Aransas Marine Laboratory 

saw some of the preserved (in Lugol's iodine) heliozoans and 

suggested that they were in that taxonomic group; she doubted 
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that they would be able to feed on Chaetoceros, which is generally 

larger than the heliozoans. 

5.1.5 Transmission Electron Microscopy of 

Collapsed Outdoor Chaetoceros Cultures 

The possibility exists that viruses may be 

responsible for the collapse of our outdoor Chaetoceros cultures. 

Viruses would not be seen in the course of daily light microscope 

observations of the cultures, and would require different culture 

and isolation techniques than those we'have used for bacteria, 

so we cannot eliminate viruses as a possible cause of culture 

collapse until we have looked for them with the appropriate tech

niques during a pool collapse. Three samples from a Pool 2 

culture before, during and after collapse, on 6/28/77, were 

processed for transmission electron microscopy (TEM). The samples 

were shipped to Dr. Garry Cole in Port Aransas for TEM observation 

but they were delayed in the mail and arrived too late for 

observation this summer. The samples were embedded, sectioned 

and observed during September, October 1977'at the University of 

Texas, Austin. No virus particles were found in the post-crash 

sample; perhaps the samples deteriorated too much during shipment. 

The search for viruses should be repeated on other collapsing 

pool cultures, in case viral contamination is only one of several 

causes (we may have sampled a pool collapse that was not caused 

by a virus}. In future studies we will seek collaboration with 

a virologist, and hand-carry samples to the mainland for TEM, 

or embed them in St. Croix. 
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5.1.6 Changes in Cell Density, Population Composition, 

Photosynthesis, Respiration and Carbon-14 

Fixation in Outdoor Continuous Chaetoceros 

curvisetus Cultures 

In June 19771 Dr. Bassett Maguire and his graduate 

student, Jim Davenport, from the Zoology Department at the 

University of Texas, Austin, measured photosynthesis and respira

tion using carbon-14 and the light-and-dark bottle method • . The 

carbon-14 method they used measures carbon fixation by individual 

cells in the population as well as by the population as a whole. 

The method involves incubation of cells which have incorporated 

carbon-14 with photographic emulsion for several months, and then 

counting exposed silver grains in the vicinity· of cells. The 

method would indicate whether photosynthesis of only some cells 

is affected by the agent causing culture collapse, or whether 

the whole population is affected simultaneously. A predicted 

culture pool collapse did not occur during a period of closely

spaced observations, but a few observations were made during a 

culture collapse in a reactor where we mixed a collapsed Pool 1 

culture with a healthy reactor 8 culture, 1:1. Table 41 

shows the time course of change in densities of live and dead 

Chaetocero.s : curvis.etus and of all other organisms (amoebas, 

flagellates) in the experimental reactor 8, and in a "control" 

reactor where we mixed the culture with fresh deep water, 1:1. 

Note that the control reactor collapsed a day earlier than the 

experimental reactor. We had expected the experimental reactor 

culture to collapse no later than the day after mixing the collapsed 
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TABLE 41. CHANGES IN DENSITIES OF LIVE AND DEAD Chaetoceros 
curvisetus AND OTHER ORGANISMS IN STEADY-STATE 

REACTOR CULTURES 

Experimental Reactor a Control Reactor 6 

Chaetoceros Chaetoceros 

Date Time Live Dead Others Live Dead Others 

6/18 laao 42.2 
__ a 

3.2 36.2 
__ a 

1.4 
13aO 53.a 3.5 3a.7 0.3 
15ao 41.a 4.9 41.0 -- 0.9 

6/19 a1aa 55.5 a.o 5.a aa.5 1. 8 1.8 
1930 67.5 4.a 5.a 64.5 a.a a.a 

6/2a aaao 53.a 16.2 4.2 62.2 1.5 3.5 
190a 4a.3 10.7 la.o 74.5 5.2 5.5 
aaaa 33.a 21.5 4.a 40.8 27.8 12.a 
163a 37.3 a.a 5.a 5.5b 24.2 14.5 

6/22 aaao 3.5 17.a 4.5 <0.3 2.a 1.a 

a no data collected 
b < a.3 = no cells seen 

Note: Reactor cultures mixed 1:1 with collapsed Pool 1 culture 
("control reactor 6") and put on continuous flow inunediately 
at l.a dilutions per day. The control reactor had been put on 
continuous flow on 6/13, the experimental reactor on 6/15. 
Densities given are ~housands of cells per milliliter. 
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pool culture with the reactor culture. The collapse of the 

experimental culture was not associated with a rapid increase 

of "other" organisms, as in the control culture, nor was there 

a rapid increase in the number of dead Chaetoceros prior to 

the collapse as was observed in the control culture. This 

suggests that two different agents or mechanisms may have been 

responsible for culture collapse in the two reactors. Protozoans 

(oligotrichs, family Strobililidiidae) we:i;e observed in the 

experimental reactor on the last -day; these may have been 

responsible for the slow decline in live Chaetoceros densities 

over the period 6/19/77 to 6/21/77 ·, prior to the collapse, but 

they were probably not the cause of the final collapse. Efforts 

to culture the tintinnids to test this ·assertion were fruitless. 

The data for carbon fixation are given in Appendix I 

and will be summarized here. 

The oxygen production technique showed a general decline in 

photosynthetic activity during the collapse of the experimental 

reactor on June 18, 21 and 22 (400, 222, and 19 mg C fixed per 

m3 per 2 hrs, respectively). Production per cell during the 

same period decreased from 8.7 · to 6.3 to 5.7 · mg c fixed per m3 per 

1012 cells. The 14c technique showed that during the same period 

of time, there was a shift from high production per cell for 

the majority of cells in the culture before the collapse to low 

production per cell after the collapse. These results are 

consistent with the hypothesis that the population is affected 

by interaction with another.organism, such as a virus or bacterium, 

with "infection" spreading to more and more cells in the population, 
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but inconsistent with predation (by large filter-feeders) as a 

cause of culture collapse. 

5.1.7 ' Recommendations for Future Studies of the 

Problem of Collapse of Chaetoceros 

curvisetus Cultures 

During this past year we undertook experiments 

which would investigate the most likely causes of pool collapses. 

As a result of our studies we believe that contaminants are the 

causes, but the contaminants and · their mechanism(s) of causing 

culture collapse have yet to be identified. The information we 

have to date does not suggest an immediate solution to the 

problem of increasing the longevity of the Chaetoceros cultures, 

but it is possible to attack the problem in a number of ways. 

It is easy to see similarities between the problems we are 

having with our Chaetoceros cultures and the problems faced by 

land agriculturists when they attempted to grow mono-specific 

plant crops, such as corn. Predictable high yields of corn and 

other crops are only possible if pesticides and special strains 

of plants developed over the years are routinely used to prevent 

infestations by insects, fungi and viruses. We do not have such 

an armament of chemicals and strains and a great deal more time 

and effort will have to be spent before we first understand what 

is happening in our collapsing cultures and then develop methods 

for preventing culture collapses. 

We have not yet investigated the effects of light intensity 

(by increasing depth, or by shading) or dilution rate on the 

onset of culture collapse, for example. Perhaps making the 
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cultures light-limited rather than nitrate-limited (as they now 

are) will make the cultures less susceptible to interference 

by contaminant organisms. Perhaps we are pushing the Chaetoceros 

too close to the limits of one or more of its physiological 

processes, so that it is highly susceptible to perturbation by 

changes in the environment or interactions with other organisms. 

Future work should involve a biochemical approach: What changes 

occur in cell constituents, such as synthetic and respiratory 

enzymes, and metabolic pools during a culture collapse? What is 

the normal pattern of these constituents in a steady-state 

culture? An understanding of how cells in a normal steady-state 

culture function will have to precede recognition of why cells 

die in a collapsing pool. 

5.2 Selection of Algal Species for Growth in 

Unsupplemented Deep Water 

5.2.1 New Clones of Algae from Deep Water 

A new clone of Chaetoceros curvisetus (STX-199) 

was isolated into unialgal culture from a June 6 sample of deep 

water, one of the daily samples collected since December 4, 1976. 

Live C. curvisetus cells were seen after 10 days or more incu

bation of deep water samples in only 1.49 of the 208 samples 

collected. This clone will be made bacteria-free and tested in 

the outdoor continuous culture system and in batch laboratory 

cultures to compare its growth characteristics with those of 

clone STX-1671 which has been failing in outdoor cultures more 

often than usual during the past year. 

Two other clones of centric diatoms (STX-197 and STX-198, 
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a Thalassiosira (?) sp. and a small chain-forming Chaetoceros sp., 

respectively) were also isolated from deep water, but have not 

been tested for growth in deep water. 

An unidentified cryptomonad alga (clones STX-195 and STX-196) 

was isolated from deep water collected March 3, 1977~ Clone STX-

195 grows well in unsupplemented deep water; the growth data 

are given in the following section. This unif lagellated alga 

is about 2-3 µm x 4-6 µm in size. 

5.2.2 Testing of Algal Species for Growth 

in Unsupplemented Deep Water 

During the first quarter of this year, five algal 

species were selected for testing in continuous culture after 

demonstrated ability to grow in batch culture of unenriched 

deep water. Of these clones, three (diatoms) were isolated at 

the St. Croix station: STX-19, STX-183 and STX-97~ These 

clones, along with clone-581 (Chaetoceros sp., from w. H. Thomas) 

and Tetraselmis tetrathele . (from Tahiti), were all tested in 

reactor cultures at a dilution rate of 1.0 turnovers per day. 

STX-19 and STX-183 washed out at a rate greater than the dilution 

rate, indicating that not only did they not divide fast enough 

but were dying off as well. STX-971 al.so tested in the same 

conditions, washed out at a slower-than-dilution rate, indicating 

that it may grow successfully at a lower dilution rate. It was 

later grown in reactor cultures at .25, .so, .75 and 1.0 

dilutions/day. Results using these dilution rates were erratic; 

growth did occur, but was unpredictable. Clone-581 was 

abandoned because preliminary tests indicated that it is not a 
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good food for juvenile shellfish. 

T. tetrathele, a flagellate clone received 9/5/76 from 

Tahiti, was tested in 2000-liter outdoor containers and was found 

to grow equally well in enriched and unenriched deep water. It 

could be maintained at a steady state over a range of .25-1.0 

dilutions/day in unsupplemented deep water. However, the 

cultures could not be maintained unialgally for more than one 

week. Unidentified diatoms took over in all cases. This alga 

may be useful sometime in the future for hatchery work where 

larval food is needed for a short period of time. 

A high-temperature Isochrysis sp., clone T. Iso, also 

received from Tahiti (CNEXO) and reisolated from a mixed culture 

on St. Croix, was started in a one-month outdoor continuous flow 

experiment at .SO dilutions/day. Identical tanks were employed, 

one enriched with chelated trace metals and vitamins, the other 

completely unsupplemented deep water. Cell production averaged 

three times higher in the enriched cultures than in the cultures 

without enrichment (see Table 42). Washout did not occur in any 

of these cultures, nor were any other organisms observed in 

routine counting. 

We tested the ability of this alga to grow in unsupplemented 

deep water in two separate experiments at dilution rate of 0.25, 

0.5, 0.75 and 1.0 reactor volumes per day. The results are 

given in Table 43, cell density was highly variable as in the 

·previous "plus enrichment/no enrichment experiment, both between 

treatments and, in this experiment, between replicate cultures 

at the same. flow rates, especially at the lower flow rates. The 
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TABLE 43. EFFECT OF ENRICHMENT OF DEEP WATER ON GROWTH OF CLONE 
T. Iso IN CONTINUOUS FLOW OUTDOOR REACTOR CULTURES AT 

.50 DILUTIONS/DAY 

Cell Densit:t* 

io3 cells/ml {+ 1 S.D.) 

Plus Enrichment* 

Reactor 17 217 (+191) 

Reactor 20 98 {+ 96) 

Ave_rage: 157 

No Enrichment 

Reactor 18 46 {+ 40) 

Reactor 19 44 (:!: 43) 

Average: 45 

*Enrichment includes the trace metals Fe, Cu, Ca, Mn, Mo, and Zn, 
and vitamins B12 and Bi· 

**Cell densities given are averages of 26 daily measurements made 
in duplicate for each culture at 0800 hr. 
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TABLE 43. EFFECT OF DILUTION RATE ON CELL DENSITY AND DAILY 
CELL PRODUCTION OF CLONE T. Iso 

Mean Cell Production 
Dilution Rate Cell Density 

(10 9 cells day -1 Days to end of 
(lOf cells experiment or 

.(volumes day-l) ml - +s. D.) + S.D.) until washout 

1.0 25+ 3.1 50+ 61 16* (washout?) 

29+ 53 58+105 35 

0.75 33+ 32 50+ ·42 16* (washout?) 

27+ 34 40+ 51 34 (washout) 

0.5 44+ 42 44+ 41 32 

99+110 98+109 33 (washout) 

0.25 44+ 41 22+ 21 32 

206+ 78 103+ 39 35 

*Cultures were terminated when cell densities decreased to less 
than 103 m1-l. 

Note: Grown in unsupplemented deep water in 2000-liter (528 gal.) 
outdoor continuous cultures; the data are from two separate 
experiments started 12/25/76 and 1/31/77. 
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nearly five-times-higher cell density in one than in the other 

of the two 0.25 dilutions per day cultures is very peculiar; 

perhaps a smaller flagellate, otherwise very similar to T. Iso 

in appearance, replaced T. Iso in the reactor where the higher 

densities were observed. A decrease in cell diameter by a 

factor of about 2.2x would be required to decrease cell volume 

by a factor of about 5 assuming the cell is spherical, such a 

decrease might go unnoticed if it was gradual. Washout was more 

common at high dilution rates than at low dilution rates. On 

the basis of cell production per day, there was no one dilution 

·rate that was more productive than any other, given the large 

variation observed. However, in combination with the generally 

greater longevity of low dilution rate cultures, 0.25 dilutions 

per day would be the dilution rate of choice. 

The ability to maintain clone T. Iso in outdoor batch culture 

for long periods of time without collapse raised the question of 

whether or not old T. Isa batch cultures could be used successfullY-. _ 

as inoculum for deep water continuous-flow cultures. This was 

tested using inocula of 30, 60, 120 and 240 liters in each of 

four 2000-L reactors; the inocula were taken from a T. Iso polytank 

culture which had been in steady-state (no increase in cell density) 

for 17 ' days (see Fig. 13). Growth was good at even the lowest 

inoculum size, but the large inocula gave starting densities 

higher than the carrying capacity of the culture (Table 44 ). In 

spite of this, the "over-stocked" reactors did not collapse because 

of nutrient depletion, as has been experienced with diatom 

cultures. This could be advantageous in mariculture operations_ in 
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TABLE 44. EFFECT OF INOCULUM SIZE ON GROWTH OF CLONE T. Isa 

Inoculum At Start 
(liters) Continuous 

30 3} 

60 120 

120 220 

240 450 

Cell 
of 
Flow 

Density . (103 cells/ml) 
21-Day Mean On Final Day 

(± S.D.) of Experiment 

64(± 60) 

44(± 39) 

131(±116) 

176(±169) 

40 

58 

48 

50 

Note: Grown in unsupplemented deep water in 2000-liter (528-
gal.) outdoor continuous cultures. The cultures were inoculated 
at one-half volume from a 29-day-old f/2 polytank batch culture. 
Continuous flow was started (0.25 dilutions day-1) 24 ·hr later, 
after filling the reactors. The experiment was terminated after 
21 days; none of the cultures had washed out. 
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maintaining constant supplies of this clone as a food organism, 

because inocula cultures could be held for long periods of time 

at high density, and larger cultures could be inoculated and 

continuous flow started immediately, without having to wait for 

growth to occur or worry about "overshooting" the carrying 

capacity of the medium. However, further studies of dilution -

rate and utilization of nutrients (nitrogen) by this clone are 

needed, as well as quantitative testing of it as a food source, 

before considering using it as a replacement for Chaetoceros 

curvisetus in our -system. 

A single test was made to grow the flagellate clone STX-195 

(isolated from deep water) in unsupplemented deep water, using 

dilution rates of 1.0, 0.75, 0.50 and 0.25 per day. Although 

cell density and pro~uction per day were both higher at the 

lowest flow rates, both cultures grown at the low dilution rates 

(0.50 and 0.25 per day) collapsed after 26 days (i.e., cell 

density decline was much faster than washout alone). Thus, this 

initial test indicates that STX-195 does not have the apparent 

resistance to culture collapse that clone T. Iso has. The data 

are presented in Table 45. 

5.3 Possible Antibiotid Production by an 

Algal Flagellate 

Outdoor 200-gallon batch cultures of T. Iso have been 

maintained constantly since November 19, 1976, in enriched 

seawater medium f/2 minus Si. These cultures have remained 

virtually free of contaminating organisms (bacteria, other algae 

and protozoans), non-bacterial contaminants averaging less than 

0.02% of cell counts. Normally, batch cultures of diatoms and 
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TABLE 45. EFFECT OF DILUTION RATE ON CELL DENSITY AND DAILY 
CELL PRODUCTION OF CLONE STX-195 

Dilution Rate Mean Cell Density Cell Production 
(volumes day-1) (103 cells ml-1 + S.D.) (109 cells day-1 + - S. D.) 

1.0 29 + 35 58 + 69 - -
0.75 29 + 27 44 + 41 - -

·- 0. 5 72 + 71 71 + 71* - -
0.25 127 + 99 64 + 49* - -

*Culture collapse (not washout) occurred on day 26. 

Note: Clone STX-195 is an unidentified flagellate isolated from 
deep water. Grown in unsupplemented deep water in 2000-liter 
(528-gal) outdoor continuous cultures. Experiment was terminated 
27 days after continuous flow was started. 
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other flagellates become heavily contaminated following exponential 

growth phase (usually after 3-4 days), making the cultures useless 

as innocula for pool or reactor cultures. In contrast, batches 

of T. Iso have repeatedly grown without any manipulation for 

over two months, maintaining a cell. density of Ca 4 x 106 cells/ml 

(Figure 13) • 

A possible explanation for the apparent resistance of cultures 

of clone T. Iso to invasion by other organisms is that it excretes 

a substance which - ~s toxic to other organisms (an antibiotic). 

This was tested by culturing marine bacteria and three other 

clones of microalgae in the 0.5 µm-filtered supernatant taken 

from an outdoor culture when it was two weeks old. Growth of the 

mixed marine bacteria population, and of two of the algae 

tested (a flagellate and a diatom) was inhibited; growth of a 

green algal flagellate and of the producer (T. Iso) was not 

inhibited (Table 46). 

Recently, a first test of cell extracts of lab-grown T. Iso, 

in collaboration with Mrs. Helen Gjessing of the College of 

the Virgin Islands, St. Croix, showed no antibiotic activity 

with pathogenic bacteria. Similar experiments with marine 

bacteria gave similarly negative results. Although these 

results are somewhat disappointing from a pharmacological view, 

the importance of T. Iso to shellfish mariculture is not 

diminished when considering the 49% inhibition of marine bacteria 

from cell-free supernatant and its impressive stability in 

beach experiments. 

We reasoned that the apparent antibiotic proprieties of 
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Figure 13. Growth of clone T. Iso (Isochrysis sp.?) in four 

outdoor 757 1. (200 gal) polytank batch cultures 

in medium f/2 minus Si. Circles, inoculated 

11/18/76; squares, inoculated 12/17/76; triangles; 

inoculated 2/2/77; x's, inoculated 3/15/77. The 

arrow at day 29 indicates when the 2/2/77 culture 

was diluted 75% with deep water and enriched back 

to f/2 level of nutrients. The cultures were 

maintained in full sunlight, with continuous 

aeration. 
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TABLE 46. GROWTH OF TEST BACTERIA AND ALGAE IN 
MEDIUM f/2 IN THE SUPERNATANT FROM A 

TWO-WEEK-OLD T. !so CULTURE 

TEST ORGANISM 

Mixed marine bacteria 

S-1 (flagellate) 

STX-114 (diatom) 

GROWTH IN T. !so SUPERNATANT AS 
% OF GROWTH IN DEEP-WATER CONTROLS 

50.7 (±1. 7) 

53.0 (±4.3) 

85.6 (±2.3) 

STX-92 (green flagellate) 105.8 (±4.1) 

T. !so 126.9 (±2. 3) 

Note: Values are average yields of duplicate cultures 
in T. Iso supernatant, expressed as a percentage of 
yields observed in duplicate control cultures in f/2 
medium made from deep water. Values in parentheses are 
±1 standard deviation. Growth of bacteria was measured 
as turbidity; growth of algae by means of cell counts. 
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clone T. Iso might be taken advantage of in solving the problem 

of Chaetoceros curvisetus culture collapses (see section 3.2.2), 

perhaps by adding enough T. Iso to a collapsing pool culture to 

reverse the decline :in the diatom population, or in combination 

with a reinoculation -with the diatom. This was tested in the . 

lab in a preliminary way using a collapsed Pool 2 culture: 

wherever T. Iso was inoculated in combination with Chaetoceros 

curvisetus (with or without filtration and/or nutrient additions), 

growth of c. curvisetus was poorer than that of T. Iso, and 

poorer or no better than where c. curvisetu~ was inoculated 

alone. The test was not repeated. 

5.4 Macroalgae 

The first half of the period covered by this report 

dealt with the parameters of nitrate and ammonia uptake by 

Hypnea musciformis on the beach and in the laboratory. Laboratory 

experiments were run using the Technicon AutoAnalyzer-II to 

determine nitrate and ammonia uptake rates for H. musciformis 

and for Macrocystis pyrifera, in collaboration with 

Dr. Patricia Wheeler (from Dr. Wheeler North's group at California 

Institute of Technology). These studies showed that ammonia 

is taken up much more rapidly than nitrate, supporting earlier 

observations of higher growth rate and ammonia uptake in clam 

tank effluent {rich in ammonia) than in nitrate-rich deep water. 

At the concentrations studied (less than 30 µM) nitrate- and 

ammonia-nitrogen uptake of nitrate by H. musciformis followed 

saturable kinetics, but ammonia did not. The results for M. 

pyrifera and the details of the work on H. musciformis. are given 

I 



148 

in the draft manuscript (submitted to J. Phycol.) in Appendix G. 

In a beach experiment in July, uptake of anunonia excreted by 

Tapes japonica was studied over four 24-hr cycles. Fragmentation 

of II. musciformis was a problem in several of the tanks, and was 

related to high ammonia concentrations in the clam tank effluents. 

Where fragmentation was not a problem, anunonia uptake was highly 

correlated with influent ammonia concentrations both day and 

night. Details of this work are given in the published paper 

(Appendix H) • 

The second half of the present period was devoted to con

tinuous culture growth experiments with H. musciformis in 200-gal 

tanks on the beach. The problem of fragmentation mentioned 

above was also encountered in these large mass cultures. The 

growth rates obtained with tetrasporophytic and gametophytic 

clones were abnormally low for the months of February and March, 

3.3-3.6% increase in fresh weight per day, as compared to 8.4, 

10.3 and 15.8% per day for the same period last year. In 

previous years' studies, the micro-algae used to feed the shell

fish were grown 50-85% of the time in deep water supplemented 

with chelated trace metals and vitamins, whereas during this 

past year only unsupplemented deep water micro-algae cultures 

were used as food for the shellfish (se~ the period II/20-III/29/ 

1977 · in Table 47). 

During the period April 15-May 19 we tested the hypothesis 

that the absence of enrichment to the deep water was the cause 

for the poor growth rates. Equal flows from the two sides of 

the Tapes pilot plant were diverted to duplicate 200-gal tanks 



TABLE 47. GROWTH RATE OF Hypnea musciformis IN EFFLUENT FROM BIVALVE SHELLFISH 
UNDER VARIOUS CULTURE CONDITIONS 

EFFLUENT 
SOURCE 

PERCENT DATES PLANT SOURCE PLANT . DILUTION TANK WATER SOLAR GROWTH SUPPLEMENTED DENSITY RATE DEPTH TEMPERATURE RADIATION RATE DEEP (g wet wt (tank vol. •'(m) (range, °C) (Langleys · (% day-1) 
liter-1) day-1) day-1) 

Tapes 
~ponica 
clams 

WATER 

ca 85 

Crassostrea ca 50 
~ 
(Kumomoto 
var.) and 
Pinctada 
martens ii 
oysters 

Tapes 
japonica 
pilot plant 

:apes. 
)alonica 
pi ot plant 

Tapes 
japonica 
pilot plant 

0 

0 

0 

10/02/74-10/17/74 Taque Bay 
10/23/74-11/10/74 tetrasporophyte 

(?) 

01/21/76-01/31/76 Clone STX-14-HM 
01/31/76-02/10/76 tetrasporophyte 
02/10/76-02/20/76 
02/20/76-03/12/76 
03/12/76-03/27/76 
0~/27/76-04/10/76 
04/10/76-04/23/76 

4.8 -21.4 96 
2.1 -14.9 96 

2.8 - 8.5 25-72 
2~ - 6.1 
2.5 - 4.4 
2.5 -11.0 
2.5 -10.4 
2.5 - 5.9 
2.5 - 6.6 

02/11/77-03/29/77 Clone STX-14-~M 0.57- 1.9 31-63 
gametophyte 

03/20/77-03/29/77 Clone STX-14-HM 
tetrasporophyte 

04/15/77-05/19/77 Rust-op-Twist 
beach 
tetrasporophyte 

0.15- 0.19 47 

0 .13- 2. 0 4 7 

Tapes 100 04/15/77-05/19/77 Rust-op-Twist 0.13-13.2 47 
japonica (~ rate used beach 
pilot plant in 1974-76) tetrasporophyte 
1Data not available. 2standard deviation(±); 400-700 nm waveband. 

0.3 
0.3 

0.6 

0.6 

0.6 

0.6 

0.6 

23. 2-31. 2 

21.1-23. 0 

21. 0-26. 5 

22.0-27.9 

na 

na 

nal 

na 
na 
na 
na 
434± 74 2 

436± 80 
410± 124 

372± 77 

421± 67 

na 

na 

20.0 
27.3 

16.6 
18.0 
8.4 

10.3 
15.8 
12.5 
11.0 

3.6 

3.3 

1. 7 

9.7 

I-' 
.i:. 
\0 
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containing 1 kg each of wild H. musciformis collected from 

the Rust-op-Twist beach. One tank received a supplement 

equal to one-half that used in previous years (to simulate 

some of the enrichment being unavailable, incorporated into 

microalgae and clam feces) . The experiments showed that the · 

trace nutrients in the supplement were indeed limiting 

growth in the unsupplemented deep water: the growth rate 

in the supplemented tank was 9.7% per day, whereas in the 
.. 

unsupplemented tank it was only 1.7 per day. During the 

last two weeks the H. musciformis in the unsupplemented tank 

(only) began to fragment and wash out of the system (see 

Table 47). Experiments have not been made to determine which 

component(s) of the supplement allows growth in deep water 

clam tank effluent. 

When the beach H. musciformis cultures were growing very 

slowly, infestation by epiphytic chlorophytes was a problem. 

However, when good growth of H. musciformis was obtained in 

the supplemented clam tank effluent, the epiphytes grew 

poorly and were not a problem. This may have been due to 

shading by the rapidly growing H. musciformis. 

Experiments to compare carrageenan production of tetra-

sporophytic and gametophytic phases of H. musciformis were 

abandoned because we had insufficient laboratory control of 

the factor(s) {probably temperature) controlling spore pro-

duction. Unwanted sporulation, resulting in mixtures of 

gametophytic and tetrasporophytic plants made cultures useless 
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for the planned experiment. 

The responses of Hypnea to elevated temperatures in 

laboratory cultures were investigated, to determine if high 

temperatures (>28°C) inhibited growthi as suggested by 

Dr. John Ryther's group working on Hypnea in sewage mari

culture in. Florida. 

The growth rates of the gametophytic (clone STX-14-

HMG) and tetrasp~rophytic (clone STX-14-HM) phases of 

H. musciformis were calculated from increases in fresh weight 

of duplicate 2-cm tip cuttings over a seven-day period. The 

Hypnea was grown in 200 ml of medium 2f (= f/2 with 4 times 

the nutrient levels, except f/2 level P) at 28°C, and in 

medium f at 30 and 32°C, in 10 cm diameter x 7 cm deep 

Pyrex glass dishes with glass lids, without aeration. The 

same waterbath and light system were used simultaneously 

for the Hypnea and for the microalgae experiments reported 

elsewhere. The results are given in Table 48. The results 

show that growth rates of both clones of Hypnea are very 

similar and are very little affected by temperatures as high 

as 32°C. However, in outdoor cultures where nutrients are 

sometimes growth-rate limiting, it is possible that high 

temperature in combination with low nutrient stress may . 

inhibit growth even further. This possibility would have to 

be tested for in another experiment. 

5.5 Shellfish Diet Testing 

A preliminary diet test was conducted with Isochrysis 
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TABLE 48. GROWTH RATES OF Hypnea musciformis 
AT 28, 30 AND 32°C. 

TEMPERATURE CLONE STX-14-HM CLONE STX-14-HMG 
(tetrasporophyte) (gametophyte) 

28 0.37 ± 0.01 0.42 ± 0.02 

30 0.43 ± 0.04 0.43 ± 0.02 

32 0.44 ± 0.11 0.36 ± 0.02 

Note: Values are mean doublings in fresh weight per 
day (mean ± SD) • 
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sp., a flagellate clone isolated from Tahiti (T. Iso), on Tapes 

japonica larvae (batch #24). The survival and growth of larvae 

fed a monoculture diet of T. Iso was compared to identical 

concentration of Tapes batch #24 larvae fed Bellerochea polymorpha 

(STX-114) and Thalassiosira pseudonana (3H). Through metamor

phosis to Day 25, the larvae were maintained in 15-liter buckets, 

filtered and fed every other day (antibiotic Streptomycin sulfate 

added), and transferred to 40-liter flumes on Day 15 to set. 

Results from ··the preliminary test are shown in Tables 49 a 

and b. 

Initial growth of the larvae fed T. Iso was more rapid than 

the larvae fed STX-114 and 3H; however, little growth occurred 

after Day 8. The larvae fed T. Iso failed to reach setting size 

by Day 30. 

Growth and survival of larvae fed the diet of STX-114 and 3H 

was average through setting (up . to Day 15), but decreased markedly 

thereafter. The survival of both groups to Day 30 was poor. 

A second diet test was conducted to determine the survival 

and growth of replicate larval concentrations fed T. Iso and 3H 

or STX-114 (depending on which was available), and larvae fed 

S-1 (_another, unidentified naked flagellate) and 3H or STX-114. 

Food concentrations were proportioned, as determined by culture 

turbidity samples, to provide a 1 x 105 ml-l cell concenttation. 

The same larval culturing techniques were followed as in the 

first ·diet test. 

The results of the second diet test are shown in Table 

50a and b. 
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TABLE 49. GROWTH AND SURVIVAL OF SHELLFISH LARVAE 
(Tapes japonica) FED TWO DIFFERENT DIETS 

(a) DIET: STX-114 and 3H 

LARVAE 
DAY LENGTH AND WIDTH (µ) % SURVIVAL 

4 114 x 91 60 

8 155 x 135 43 

10 171 x 151 43 

15 215 x 198 40 

25 229 x 223 39 

30 233 x 221 13 

(b} DIET: T-Iso (Tahiti Isochrysis} 

LARVAE 
DAY LENGTH AND WIDTH (µ} % SURVIVAL 

4 130 x 108 75 

8 165 x 145 63 

10 169 x 149 63 

15 169 x 156 23 

25 186 x 170 23 

30 186 x 170 13 
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TABLE 50. GROWTH AND SURVIVAL OF SHELLFISH LARVAE 
(Tapes japonica) FED TWO DIFFERENT DIETS 

(a) DIET: S-1 and 3H or STX-114 

LARVAE 
DAY LENGTH AND WIDTH (µ} % SURVIVAL 

2 106 x 85 73 

4 110 x 90 31 

6 115 x 93 18 

8 112 x 93 7 

(b) DIET: T-Iso and 3H or STX-144 

LARVAE 
DAY LENGTH AND WIDTH (µ) % SURVIVAL 

2 98 x 77 66 

4 106 x 83 22 

6 112 x 92 12 

8 114 x 94 6 
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Growth and survival of both groups of larvae were 

extremely poor and the experiment was terminated on Day 8. 

No valid conclusions may be drawn concerning the 

quality (as food for shellfish) of T. Iso. The poor survival 

of larvae in both experiments may be attributed to bacterial 

immunity to the present antibiotics, or to increased 

bacterial concentration in the hatchery plumbing. 

5.6 Comparative Shellfish Growth Study: Pilot 

Plant vs. Flume 

The present pilot plant operation incorporates a 

new tank design with an airlift recirculation system in which 

the culture mixture flows underneath and up through the 

clams, rather than over and across them, as in previous 

shellfish tank designs. The comparative growth study of 

the pilot plant Tapes vs. an identical population reared in 

trays in a hatchery flume was designed to determine if 

there were gross differences in shellfish growth rates due 

to tank design. 

Due to food constraints, the Tapes flume populations 

(initially size and weight groups identical to those in the 

pilot plant) were reduced by 75%, with matched populations in 

the pilot plant. Flume populations received a total STX-167 

reactor culture flow of 46 ml/10 sec (at approximately 10 5 
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cells/ml) and the populations were rotated in the flume weekly. 

After distribution into four trays, the pilot plant populations 

received 110 ml/sec/tray of STX-167 · pool cultures {approximately 

1 x 105 cells/ml). The flume populations are cleaned weekly, 

weighed when their corresponding pilot plant populations are 

weighed, and mortality recorded. 

Due to shellfish priorities and food constraints, the 

pilot plant-flume comparative study was terminated on 6/7/77. 

A comparison of individual clam size and weight and total 

population weight is represented in Table 51 • 

All pilot plant populations are larger {mean individual 

length) and weigh approximately twice as much as the flume 

population clams. 

Significant data were available to determine the volume of 

food (ml) available per second per clam in the flume and pilot 

plant populations. The results are shown in Table 52 • The 

pilot plant populations are receiving an average of .07 ' ml/sec/cla~ _ -

or seven times more food than the flume population's .01 ml/sec/clam. 

Cumulative mortality, from 12/21/76 to 6/7/77 ' for the 

flume and pilot plant populations are given in Table 53 • 

Mortality is significantly greater in all pilot plant tanks than 

in the corresponding flume populations. Percent mortality 

figures for the pilot plant and flume populations batches #20, 

21, and 22, were 44%, 42%, 27% in the pilot plant and 20%, 5%, 

13% in the flume. 

At no time in the flume were there large amounts of fecal 

material on the shellfish, tray, or tray liner. Fecal material 
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TABLE 51. Tapes COMPARATIVE GROWTH STUDY--PILOT PLANT vs. 
FLUME--INDIVIDUAL CLAM SIZE AND WEIGHT 

AND TOTAL POPULATION WEIGHT 

Start (12/21/76) Finish (06/07/77) 
Flume & Pilot Plant Flume Pilot Plant 

Batch Number: 20 21 22 20 21 22· 20 21 

Size Clam 
(length mm) 12.6 11.8 9.7 22.7 24.3 20.4 28.6 27.3 

.. 

Size Clam 
(weight g) .4 . 3 .3 2.2 2.9 1.7 5.2 4.9 

Total Clam 
Population 
(weight :krg) 4.4* 2.3* 3.7* 3.7* 4.9 4.3 29.4 28.5 

*Flume populations culled back by 75% on 12/27/76. 

TABLE 52. Tapes COMPARATIVE GROWTH STUDY--PILOT PLANT vs. 

Batch Number: 

Total Clam 
Population 
(weight g) 

Number Clams 

Flow (ml/sec) 

FLUME--VOLUME OF FOOD AVAILABLE PER SECOND 
PER CLAM AS OF 06/07/77 

Flume Pilot Plant 
20 21 22 20 21 

3900 3900 4300 29400 28500 

2027 2158 2540 6467 6436 

18 18 18 440 440 

Flow (ml/sec/clam) .01 .01 .01 .07 .07 

22 

25.0 

3.5 

31.5 

22 

31500 

7979 

440 

.06 
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TABLE 53. Tapes COMPARATIVE GROWTH STUDY--PILOT PLANT vs. 
FLUME--CUMULATIVE MORTALITY (12/21/76 - 6/7/77) 

FLUME PILOT PLANT 
BATCH NUMBER 20 21 22 20 21 22 

Initial Number 2523 2271 2964 10000 10000 10000 

Final Number 2027 2158 2580 6467 6436 7979 

Total Mortality 496 113 384 4368 4153 2735 

% Mortality 20 5 13 44 42 27 
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did collect below the Nestier tray on the bottom of the flume; 

however, no areas of decomposing organic material were found. 

Tray liners remained in the trays until the experiment was 

terminated. No spawning was observed in the flume populations. 

5.7 Shellfish Feeding Rate Experiment--Experiment 

No. 5.1.14 

This preliminary study was designed to determine if 

stacking densities in the pilot . plant might have been 

partially responsible for the observed discrepancy between 

measured and expected weight gains. 

Four different weight groups of clams were used, calcu

lated on the basis of individual clam weight and flow rate. 

The clams used in this experiment were selected from Tapes 

batch #24's hatchery population. 

The experiment was conducted in clear acrylic tubes 

held vertically in a rack. Individual tube flow rates were 

set at an initial rate of 4 ml/sec, controlled by metering 

pumps . . The "Tapes tube" study (tube/tray comparison) was run 

over two one-week periods, with consistent results. Table 54 

illustrates the results obtained. 

A "standard weight" of 150 g fed at 4 ml/sec was placed 

in tubes 3 and 4, and identical weights and flow rates 

were used for trays 7 and 8; the latter constituted a partial 

replication of the November-December (1975) "constant weight" 

study (although no aeration was provided for trays 7 and 8; 



TABLE 54. Tapes TUBE STUDIES~EXPERIMENT 5.1.14 

#1: 5/20/77 - ·5;26/77 (F = 4.0 ml/sect: 

Tube Wo\91 w6 6W wo w6* 6w No-6 Mortality 
No. . 0-6 0-6 (Estimated) Do-6 

-

l 49.97 62.88 12.91 0.430 0.542 0. 112 116 · O 

2 130.06 153.57 23.51 0.447 0.527 0.080 291 2 
' 

3 150.13 169. 30 . 19.17 0.392 0.442 0.050 383 2 

4 149.89 171. 52 21.65 0.4326 0.496 0.063 346 8 

5 259.86 266.18 06.32 0.4309 0.441 0.011 603 "44 
...... 

°' 6 449.95 429.69 -20.26 0.4210 0.402 -0.019 1,069 147 ...... 

7t 150.06 194. 77 44.71 0.4013 0.521 0.119 374 0 

8t 150.00 191.83 41.83 0.4552 0.581 0. 126 330 0 

*Based on a subsample weight of 100 animals. tTrays; no air. 

#2: 5/27/77 - 6/3/77 {F = 4.0, Tubes 1, 2, Trals (7+8); F = 8.0 for Tube 3}: 

Tube - -wo (g) W7 6W wo W7 6w N0-7 Mortality 
No. 0-7 0-7 Do-7 

-

1 175.0 207. 77 32.77 0.5352 0.6354 0. 1002 327 2 
· 2 175.0 198.72 23.72 0.5224 0.5932 0.0708 335 16 

3 350.0 401.58 51.58 0.5087 0.5837 0. 1144 688 11 
7t 175.0 238.24 63.24 0.5401 0.7353 0. 1952 324 0 
8t 175.0 231. 75 . 56.75 0.5255 0.6959 0.1704 333 l 

tTrays. 
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this difference was explored · in more detail in Experiment 5.1.16, 

undertaken during August 1977 ' and not discussed in this report.) 

Other tubes had weights related by a factor of 3 to the standard 

weights (see Table 54 ) • For Week 2, highly similar conditions 

were employed, except that only standard weights were used, and 

Tube 3 (see Table 57) had twice this weight fed at twice the 

flow rate (8.0 ml/sec). 

Unfortunately, protein-nitrogen values for incoming algae 

to _ the two experimental configurations are invalid, due to the 

contaminating presence of a blue-green alga in the feed lines 

(values obtained exceeded 60 µg-at liter-1 in some cases). 

This problem was corrected during later studies. For expected 

weight gains, a factor of (1.75) (F) was used to estimate total 

wet weight gain per day (see Table 57). This assumes a 

protein-nitrogen content of the inflow of ~3.2 µg-at liter-1. 

Expected whole wet weight increases were calculated for the tube 

and tray treatments (Table 57) and demonstrate that (1) predicted __ 

whole wet weight gains can be achieved in trays, and (2) much 

less growth (about half} occurs when the animals are stacked in 

tubes. These results were replicated during the second week. 

Perhaps the most potentially useful result of these studies was 

that expected weight gains were achieved under monoculture (STX-

167} conditions; the earlier constant weight study had used 

STX-167 · and S-1 as food, while the 1976-77 ; pilot shellfish tanks 

were supplied STX-167 ' only; it had, therefore, been hypothesized 

that the discrepancy between (E) and (O) might be due to the 

monoculture diet. Because the above results indicated that high 



TABLE 55. FLOW RATES~Tapes TUBE STUDIES {EXP. 5.l.14)~VALUES IN ML/MIN 

#1: 5/20/77 - 5/26/77 (E=240 (=4.0 ml/sec); a.m./p.m. readings): 

Date 1 2 3 4 5 6 7 8 

05/21/77 240 240 240 240 240 240 240 240 
238 240 240 242 240 238 240 240 

05/22./77 235 238 . 240 240 242 240 230 234 
237 239 240 240 240 240 230 

~ 
236 

05/23/77 250 234 237 236 238 240 233 233.5 
240 238 240 240 240 240 238 240 

05/24/77 242 242 240 244 240 240 238 242 

05/25/77 242 230 240 238 240 238 240 230 
232 238 250 240 238 240 248 232 ....., 

o5/26/Z7 232 234 248 250 248 242 240 230 O"'I 

238.80 237.30 241.50 24LOO 240.60 239.80 237.70 235.75 
w 

x = 
s = 5.37 3.59 4.09 3.80 2.84 1.14 5.46 . 4.49 

x ml/sec 3.98 3.96 . 4.03 4.02 4.01 4.00 3.96 3.93 



TABLE 56. Tapes TUBE STUDIES · (EXP. 5.l.14)~VALUES IN ML/MIN 

#2: 5/27/77 - 6/3/77 .{!f=4.0 rn/sec. 1,2,7,8; 8.0 ml/sec. 3; Tank 3 = 30 sec. sample): 

Date 1 2 3 7 8 

05/27/77 240 238 240 240 241 
240 240 238 240 240 

05/28/77 242 242 240 240 240 
240 242 242 240 240 

05/29/77 238 240 242 240 240 
240 238 260 240 238 ...... 05/30/77 240 242 270 240 240 O'\ 

240 239 240 242 241 ~ 

05/31/77 242 240 250 245 245 
240 240 250 242 246 

06/01/77 245 240 250 242 246 
242 242 250 242 246 

06/02/77 248 242 249 242 250 
240 242 240 244 248 

06/03/77 238 244 240 242 234 
244 240 277 .5 244 246 

x = 241.19 240.69 248.66 241.56 242.56 
s =· 2.61 1.66 11.55 1.67 4.24 

x ml/sec 4.02 4.01 8.29 4.03 4.04 
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TABLE 57. EXPECTED (E) AND OBSERVED (0) WEIGHT GAINS 
EXPERIMENT 5.1.14 

#1: 5/20/77 - 5/26/77: 

Tube "0" "E"* % "O" x 
No. 0-6 0-6 of 11 E11 % 11 0" of "E" 

1 12.91 

2- 23.51 ·-

3 19. 17 42 45.6 ) 
) 4S.6 (tubes) 

4 21.65 42 51.5 ) 

5 06.32 42 15.0 

6 -20.26 42 

7t ' 44.71 42 106.5 ) 
) 103.0 (trays) 

St 41.S3 42 99.6 ) 
tTrays. *EAw/day = (1.75)(F} = (1.75)(4) = 7.0; E~w/6 days = 42 g whole 

wet _weight 

#2: 5/27/77 - 6/3/77: 

-Tube "O" "Eu % "0" x 
No. 0-7 0-7 of "E" % 11 0 11 of "E" 

l 32.77 49 66.9 
57.7 (tubes) 

2 23.72 49 4S.4 

3 51.5S 9S 52.6 

7t 63.24 49 129 .1 
122.5 (trays) 

St 56.75 49 . 115.8 
+Trays. E

0
_
7 

= (1.75(4.0)(7) = 49 g. 
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weight gains could be achieved with STX-167 only, it was decided 

to extend growth rate studies since continued weeks of observations 

would provide longer-term data and would, therefore, serve to 

determine whether or not expected weight gains could continue 

under the monoculture regime. 

Results from one more week of growth of Tapes 24, this in a 

monolayer of animals in an unaerated, fiberglass tray fed at 

46 ml/sec, are illustrated in Table 58. The data demonstrate that 

expected weight gains continue to occur for this population (for 

a total of three weeks on a monoculture diet), and this further 

strengthens the argument against using the mixed/monoculture 

differences as a major explanation of discrepancies between 

expected vs. observed weight gains in the 1976-77 pilot plant. 

5.8 Shellfish Feeding Experiment--Experiment 

No. 5 .1.15 

The influence of stocking density, tank volume, food 

stream configuration and substrate on the growth of Tapes japonica 

were studied in Experiment 5.1.15. It was conducted to provide 

design inputs on the new pilot plant shellfish tanks, to serve as 

a basis for modification and extension of the technical description 

guiding feeding rates to pilot plant shellfish, and to guide 

future phases of the shellfish experimental program. 

This study was designed as a "constant weight" experiment, 

with each experimental tray containing 150 g wet weight of 

animals on Day 0 (6/27/77). The shellfish were culled back to 

their original weights on Days 7, 14 and 21. 

Tapes 24 was selected for this study because it had been 

fed in the pilot plant feeding index on a monoculture diet 

of STX-167 since 5/13/77. On Day 0, T·apes 24 consisted 



TABLE 58. Tapes TRAY STUDY~6/4/77-6/ll/77 
Tapes 24; FLOW = 46.0 ML/SEC 

Wo (g) W7 tiW0-7 

1 ,600 .:0 2,270~62 620.62 

* WO 

0.6487 

* W7 

0.8140 

*Based on mean of two (2) subsamples of 50 animals each 

tiw0_7 = 620.62 

Etiw0_7 = (1.75(46)(7) = 563.50. 0 = 110% E 

tiw0-7 

0.16530 

~ 
O'\ 
...,_) 



168 

of 3,200 animals with a mean wet weight of 1.0 g/clam and a 

mean shell length of -20 mm/clam. 

This represents the upper boundary of animals covered by 

the November-December 1975 "constant weight" study. The 

populations were housed in trays with outside dimensions of 30.5 

x 20 x 13 cm. The position of an outflow tube controlled tank 

volume; for all but the tank volume experimental group (see 

below) which was located 9 cm above the tank floor and will 

maintain volume at-4 liters. Flow rates were identical for all 

groups at 4.5 ml sec-1 • All groups were fed from 2000-liter 

reactor cultures inoculated fr0lll 16-liter axenic laboratory-grown 

cultures of STX-167~ Reactor cultures were mixed in a PVC chamber 

affixed to the shellfish rack. With the exception of the 

"vertical feed" group (see below), which were fed using a tandem 

bellows pump, all flow rates were controlled by 1/8" i.d. 

capillary tubing. The western experimental shellfish feeding 

rack and reactors 14-20 were used for these studies. 

Trays Group Designation 

1, 2 MST 

3, 4 MSB 

5, 6 MSN 

Description 

Control group; monolayer 
with screen; 3.8 cm from 
bottom of tank 

As above, with screen on 
bottom of tank 

As above, with no screen 
(animals on floor of tray) 

-------~----~---------------------------------------------------7~ 8 S4 

9' 10 Sl 

11, 12 SF 

Animals stacked to a depth 
of 4" in 3" I.D. PVC pipe 
affixed to bottom of tray 

As above, stacked to l" in 
6" I.D. PVC pipe 

As for S4, with feeding from 
below (vertical feed) 

----------------------------------------------------------------
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Trays ·, Group Designation 

13, 14 SV4 

15, 16 SVl 

17 ·, 18 MV5 

19, 20 MV14 

Description 

As above, animals in 3" 
Vexar mesh 

As for Sl, stacked to l" 
in Vexar mesh 

Final layer .of animals on 
bottom of tank with screen; 
tank volume 500 ml 

As above, with tank volume 
of 1400 ml 

Sampling: Samples for protein-N content were taken on 

inflow at 1400 hrs daily. Approximately 4 liters were sampled, 

shaken, and 75 ml filtered in replicate for later analysis by the 

modified Lowry {Folin-Biuret} -mebhod. Protein-N samples were 

taken on the effluent of Tanks 1 and 2 at 1400 daily. Flow rates 

were measured and recorded at 0800 and 1400 daily and readjusted 

if deviation exceeded +5%. On Days 0, 7 ·, 14 and 21, the entire 

population of each tray was weighed and culled back to 150 g. 

Culled samples were frozen, and later measured for wet meat weight,-. 

dry meat weight and protein content. Shell length to nearest .5 mm 

was taken for 25 randomly selected individuals from each tray on 

Days O, 7~ 14 and 21. Total number of animals in each tray was 

recorded and mean individual wet weight computed. 

Tables 59, 60 and 61 illustrate the whole wet 

weights, mean shell lengths, mean individual weights and 

mortalities for each tray over the periods Days 0-7~ 7~14 and 

14-21,. respectively. These data are summarized in Table 62 • 

Table 63 illustrates the daily and mean flow rates for all trays, 

and Table 64 represents a conversion of mean tray flow rates to 



TABLE 59. WEIGHT, SHELL LENGTH AND MORTALITY DATA, Do-1· E~PERIMENT 5.1.15. 
I 

Tank Tank Wo No WQ Slo W7 N1 w7 Sl7 6Wo-7 6wo-7 6Slo-7 Mortality (M) 
No. Designation (7/8/77) 

1 MST 150.4 112 01.34 19.82 172. 3 112 01.54 20.61 21.90 0.20 0.79 .0 
2 150.3 115 01.31 19.89 167.9 115 01.46 19.96 17.60 0.15 0.21 0 ...... 

..J 

3 0 MSB 150.0 108 01.39 19.36 170.5 108 01.58 20.92 20.50 0.19 1.56 4 
4 150.0 110 01.36 20.38 178.6 110 01.62 21.14 28.60 0.26 0.76 0 

5 MSN 150.2 119 01.26 19.54 182.5 119 01.53 20.96 32.30 0.27 l.42 0 
6 150.7 111 01.36 19.17 181. 5 111 01.64 20.88 30.80 0.28 1. 71 l 

7 S4 150.2 103 01.46 20.24 161.6 103 01.57 21.08 11.40 0. 11 0.84 4 
8 150.2 125 01.20 19.64 ·163.5 125 01.31 20.54 13.30 0.11 0.90 3 

9 Sl 150.5 118 01.28 19.94 179. l 118 01.52 20.09 28.60 0.24 0.15 2 
10 150.0 117 01.28 20.28 117.6 117 01.52 21.28 27.60 0.24 1.00 0 

11 SF 150.2 110 01.37 19.96 175.1 110 01.59 19.09 24.90 0.22 -0.87 l 
12 150.0 112 01.34 18.82 170.4 112 01.52 20.47 20.40 0.18 1.64 3 

13 SV4 150. 1 123 01.22 18.85 170.5 123 01.39 19.81 20.40 0.17 0.96 3 
14 150.3 118 01.27 19.94 173.0 118 01.47 19.64 22.70 0.20 -0.30 3 

15 SVl 150. 3 124 01.21 20.10 . 178.0 124 01.44 20.83 27.70 0.23 0. 73 0 
16 . 150.6 117 01.29 20.03 179.6 117 01.54 20.48 29.00 0.25 0.45 0 

17 MV14 150.0 111 01.35 19. 72 176.2 111 01.59 20.78 26.20 0.24 1.06 2 
18 150.7 119 Ol.27 19.08 180.6 119 01.52 21.04 29.90 0.25 1.96 1 

19 MV5 150.4 107 01.41 19.29 173.8 107 01.62 21.46 23.40 0.21 2.17 2 
20 150.2 115 01.31 19.82 171.8 115 01.49 21.12 21.60 0.18 1.30 2 



...... _.,... ........................ ------------------------------------------------------------------~~~~~~~~~~~~~~~~~~~~~-~-

" 

TABLE 60~ WEIGHT, SHELL LENGTH AND MORTALITY DATA, D7 _14 . EXPERIMENT 5.1.15. 

Tank Tank W7 N7 W7 SL7 W14 N14 W14 . SL14 t:.W7-14 l:-:.W7-14 6SL7-14 Mortality {M) 
No. Designation (7/15/77) 

1 MST 150.35 96 1.57 20.61 160.58 96 1.67 20.90 10.23 0.10 0.29 9 
2 150.33 100 1.50 19.96 131.05 100 1. 31 21.83 -19.28 -0.19 1.87 18 

~ 
...:J 

3 MSB 150.40 93 1.62 20.92 153.50 93 1.65 21.28 03.10 0.03 0.36 8 ~ 
4 150.35 91 1.65 21.14 159.77 91 1.87 21.88 19.42 0.22 0.74 5 

5 MSN 150. 10 96 1.56 20.96 173.65 96 1.81 20.59 23.55 o.25 -0.37 0 
6 150.95 89 1. 70 20.88 174.27 89 1.96 21.32 23.32 0.26 0.44 0 

7 S4 151.05 94 1.61 21.08 164. 15 94 1. 75 20.80 13.10 0.14 -0.28 3 
8 151.05 113 . l.34 20.54 169.42 113 1.50 20.80 18.37 0.16 0.26 3 

9 Sl 150.30 99 1.52 20.09 177.74 99 l.80 20.79 27.44 0.28 0.70 l 
10 150.00 95 1.58 21.28 171.04 95 1.80 20.35 21.04 0.22 -0.24 0 

11 SF 150.00 92 l.63 19.09 176.18 92 l.92 21.29 26.18 0.29 2.20 0 
12 150. 10 96 l.56 20.47 .· 171.40 96 1. 79 21.03 21.30 0.23 0.56 l 

13 SV4 150. 11 106 1.42 19.81 169.85 106 l.60 20.75 19.74 0.18 0.94 2 
14 150.45 100 1 . .50 19.64 171 .45 100 l. 71 21.52 21.00 0.21 l.88 2 

15 SVl 150.75 100 1. 51 20.83 173.68 100 1. 74 21. 73 22.93 0.23 0.90 0 
16 150. 15 97 l.55 20.48 172 .65 97 l. 78 20.89 22.50 0.23 0.41 0 

17 MV14 150.45 90 l.67 20.78 165. 10 90 l.83 21.26 14.65 0.16, 0.48 5 
18 150.80 94 l.60 21.04 . 170.62 94 1.82 21.20 19.82 0.22 0.16 l 

I 

19 MV5 150.98 88 1.72 21.46 ' 160.40 88 l.82 21.53 09.42 0.10 0.07 9 
20 150.54 99 l.52 21.12 162.75 99 l.64 21.28 12.21 0.12 0.16 6 



TABLE 61. WEIGHT, SHELL LENGTH AND MORTALITY DATA, D14-21· EXPERIMENT 5.1.15. 
' 

Tank Tank w14 Nl4 wl4 SL14 W21 N21 w31 SL21 tiW tiw ti SL Mortality (M) 
No. Designation (7 /22/77) (7/29/77) 

14-21 14-21 14-21 

1 MST 149.70 93 20.90 165.70 93 21.30 16.00 0.60 .4 
2 150.20 93 21.83 163.00 93 21.09 12.80 -0.76 5 

....., 
~ 

3 MSB 150.68 87 21.28 159.45 87 21.42 08.77 0.14 5 
N 

4 150.00 75 21.88 168.15 75 22.56 18.15 0.68 3 

5 MSN 150.41 81 20.59 171.50 81 22. 13 21.09 1.54 4 
6 150.66 76 21.32 172.90 76 22 .31 22.24 0.99 2 

7 S4 150.13 84 20.80 162.75 84 21.60 12.62 0.80 3 
8 150.32 94 20.80 168.05 94 21.95 17.73 1. 15 1 

9 Sl 150. 77 83 20.79 175.65 83 22.69 24.88 1.90 0 
10 150.55 80 20.35 172. 35 80 22.45 21.80 2.10 0 

11 SF 150. 95 77 21.29 175.52 77 22.59 24.57 1.30 0 
12 150.00 81 21.03 169.78 81 22.61 19.78 1.58 0 

13 SV4 150.66 91 20.75 173.65 91 21. 76 22.99 1.01 0 
14 150.85 84 21.52 175. 90 84 22.44 25.05 0.92 0 

15 . SVl 150.55 85 21.73 168.85 85 21.78 18.30 0.05 4 
16 150.85 85 20.89 177 .60 85 22.56 26.75 1.67 l 

17 MV14 150.72 78 21.26 171. 30 78 22.27 20.58 1.01 5 
18 150.67 80 21.20 160. 15 80 21.52 09.48 0.32 12 

19 MV5 150.95 77 21.53 165.05 77 22.78 14.10 1.25 8 
20 150. 12 89 21.28 173.81 89 22.33 23.69 1.05 0 



TABLE 62. SUMMARY~GROWTH DATA, SHELLFISH EXPERIMENT 5.1.15: 

Tank Tank 
No. Oesf9natton 

HST 

HS8 

HSN 

S4 

. 9 Sl 
10 

· 11 SF 
12 

13 SV4 
14 

15 SVl 
16 

17 HV14 
18 

19 HV5 
20 

AW ASL l'ilRTAL lTY 
o 7 T 7-14 T 14-21 T o-21 T o-7 T 7-14 f 14-21 T 0-21 T 0-7 T 

i i i i i i i i i 

21.90 19.75 10 . 23 -04.53 16 . 00 14.40 48.13 29.63 
17.60 -19.28 12.80 11.12 

20.50 24.55 03.10 11.26 08.77 13.46 32 . 37 49.27 
28.60 19.42 18.15 66 . 17 

32.30 31.55 23.55 23.44 21.09 21.67 76 . 91 76.64 
30.80 23.32 22.24 76.36 

11.40 12.35 13 . 10 15.74 12.62 15.18 37.12 43.26 
13.30 18. 37 17.73 49.40 

o. 79 
0 . 21 

1.56 
0. 76 

1.42 
1.71 

0 . 84 
0 . 90 

28.60 28.10 27 . 44 24.24 24.88 23.34 80.92 75.68 0.15 
27 . 60 21.04 21.80 . 70.44 1.00 

24.90 22.65 26.18 23.74 24.57 22.18 75.65 68.57 -0.87 
20. 40 21. 30 19. 78 61. 48 1. 65 

20.40 21.55 19.74 20.37 22.99 24.02 63.13 65.94 0.96 
22.70 21.00 25.05 68.75 -0.30 

27.70 28.35 22.93 22.72 18.30 22.53 68.93 73 . 59 0.73 
29.oo · 22.50 26 . 75 78 . 25 o.45 

26.20 28.05 14.65 17.24 20.58 15.03 61.43 56.82 
29.90 19.82 09.48 52 . 20 

23.40 22.50 09.42 10.82 14. 10 18.90 46.92 52.21 
21.60 12.21 23.69 57.50 

1.06 
1.96 

2.17 
1.30 

0.29 
1.87 

0.36 
0. 74 

-0.37 
0.44 

-0.28 
0.26 

0.70 
-0.24 

2.20 
0.56 

0.94 
1.88 

0 . 90 
0.41 

0 .48 
0.16 

0 .07 
0.16 

0.60 
-0. 76 

0.14 
0.68 

1.54 
0 .99 

0 . 80 
1.15 

1.90 
2.10 

1.30 
1.58 

1.01 
0.92 

0.05 
1.67 

1.01 
0 . 32 

1.25 
1.05 

0 
0 

0 
1 

4 
3 

2 
0 

0 
0 

2.0 

0.5 

3.5 

1.0 

2.0 

3.0 

1.5 

2 .0 

Note: No tanks provfded aeration 

key: HST • screen, near top; H58 •screen, bottom; HSN• no screen; 54 • 4" PVC; 51 • 1" PVC; SF• 4" vertical (t) flow; 
SV4 • 4" Vex~r; S-Vl • 1" Vexar; HV14 • 1400 ml volume, screen on bottom; MYS• 500 ml volume, screen on bottom. 
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TABLE 63. FLOW RATES-SHELLFISH EXPERIMENT 5 .1·.1s-7 /8/77-7 /29/77 
F = ML/~; EF = 150 (2.5 ML/SEC) 

Date T1 T2 T3 T4 TS T6 T7 TB T9 TiO 

07 /08 150 . 150 150 150 150 150 150 150 150 150 
07/09 148 152 156 140 148 162 138 150 142 150 
07/10 147.50 150 144 156 149 142 135 144 138 . 150 
07 /11 146 146 150 152 150 152 148 . 150 153 154 
07/12 150 150 144 146 130 112 144 132 134 150 
07/13 150 150 148 150 150 148 148 148 150 154 
07/14 -
07/15 144 153 146 144 146 150 147 138 130 140 
07/16 148 146 146 150 150 148 146 142 150 151 
07/17 -
07/18 150 158 150 152 150 155.33 154 156 146 152 
07/19 150 156 140 146 146 150 150 146 154 144 
07/20 150 160 138 150 150 156 144 152 152 150 
07/21 140 140 150 156 160 150 · 144 156 152 152 
01122- 154 148 152~ 144 150 "146 142 140 156 150 
07/23 150 155 152 130 150 148 155 150 155 155 
07/24 147 150 153 145 150 150 145 150 150 150 
07/25 152 150 142 146 142 155 160 154 156 150 
07/26 150 155 160 150 150 145 150 150 160 150 
07/27 147 150 145 148 149 153 148 142 150 146 
07/28 150 140 136.50 139 150 150 150 140 150 150 
07/29 140 155 155 150 150 150 150 150 155 142 

i 148.18 151.20 147.88 147.20 148.50 148.62 147.40 147.00 149.15 149.50 
s 3.54 4. 56 . -6. 12 6.04 5.41 9.65 5.66 6.34 7.68 3.82 

Date Tll T12 T13 T14 Tl5 T16 Tl7 Tl8 Tl9 T20 

07/08 150 150 150 150 150 150 150 150 150 150 
07/09 158 146 152 150 164 148 140 134 146 144 
07/10 153 148 144 149 152 146 146 146 147 146 
07 /11 -154 147 148 150 148 146 147 148 148 148 
07/12 150 150 150 150 150 156 146 144 148 150 
07 /13 154 148 150 148 148 150 148 150 150 146 
07/14 -
07/15 150 134 110 144 146 120 144 146 144 150 
07 /16 150 145 155 147 148 139 146 147 146 147 
07/17 -
07/18 152 160 144.67 150 157.33 155.33 146 150 148 150 
07 /19 152 159 140 150 145 142 144 148 148 144 
07/20 154 154 130 152 . 150 150 150 150 150 150 
07/21 148 154 142 156 160 150 160 160 150 148 
07/22 150 152 139 144 141 137 150 150 140 146 
07/23 150 150 150 140 150 150 145 145 150 150 
07/24 150 l50 155 145 150 150 145 145 145 145 
07/25 158 146 146 161 152 150 146 154 150 140 
07/26 160 150 140 145 140 140 145 140 140 145 

. 07 /27 158 150 150 150 137.50 140 140 147.50 150 150 
07 /28 110 150 137 145 110 127.50 140 137.50 137.50 127.50 
07 /29 150 150 142 150 120 100 140 130 140 140 

i 150.55 149.65 143.73 148.80 145.94 142.34 146.40 146.10 146.38 145.08 
x 10. 14 5.35 10.19 4.55 12.39 13.35 5.13 6. 75 . 4.05 5.44 
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TABLE 64. FLOW RATES~. SHELLFISH EXPERIMENT 5.l.15~7/8/77-7/29/77. MEAN FLOW, ML/SEC 

T 1/T 2 T 3/T 4 T 5/T 6 T 7/T 8 T 9/TlO Tl 1/Tl2 Tl3/Tl4 Tl 5/Tl6 Tl 7 /Tl8 Tl9/T20 

2.47/2.52 2.46/2.45 2.48/2.48 2.46/2.45 2.49/2.49 2.51/2.49 2.40/2.48 2.43/2.37 2.44/2.44 2.44/2.42 

2.49 2.46 2.48 2.45 2.49 2.50 2.44 2.40 2.44 2.43 

x of treatment means {N=lO} = 2.46 

x = 0.03 
..... 
'-J 
U1 
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treatment mean flow rates (E = 2.50 ml/sec). Flow rate control, 

while not perfect, appears to have been adequate. Table 65 

shows the mean daily inflow concentration of protein-nitrogen, 

N03+N02 , and NH4 • Outflow values for tanks 1 and 2 are also shown. 

The dissolved inorganic data were not collected after July 22, 

1977~ 

Table 66 sununarizes the experiment by comparing expected to 

observed weight gains. The treatment groups display a wide 

variation (observed ranges from 31.4 to 81.1% of expected for 

the three-week study). None of these differences have been 

subjected to statistical .analysis, and it is very likely that 

differences between replicates in some conditions invalidate the 

observed treatment differences. Lowest weight gains occurred in 

tanks 1 and 2 (epoxy-coated hardware cloth screen about 1/2" from 

top of water in tank, animals in monolayer), tanks 3 and 4 (screen 

on bottom), tanks 19 and 20 (screen on bottom, 500 ml volume), 

tanks 17'and 18 (screen on bottom, 1400 ml volume) and in tanks 

7 ' and 8 (animals stacked to 4" in a PVC cylinder). Greatest weight 

gains occurred in tanks 5 and 6 (animals on bottom, no screen), 

tanks 9 and 10 (stacked on bottom to l" in PVC cylinder), tanks 

15 and 16 (as in 9 and 10, with a Vexar cylinder), tanks 11 and 

12 (stacked to 4", fed from the bottom), and tanks 13 and 14 

(stacked to 4" in Vexar cylinder). 

The conclusions of the study (which may be altered in the wake 

of more complete analysis) are: 

(1) The presence of a screen does not improve weight gain, 

nor does it decrease mortality. In fact, most conditions with 
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WK 
1 

WK 
2 

WK 
3 

Pro-N 
Date IN 

07/11 30.44 
07/12 30.42 
07 /13 21. 98 
07 /14 21. 50 
07/15 34.85 
07/16 24.81 
07 /17 27. 56 
07/18 22.43 
07/19 22.69 
07/20 19.83 
07/21 15.56 
07/22 19.67 
07/23 19.16 
07/24 21.14 
07/25 23.22 
07/26 22.70 
07/27 24.10 
07/28 23.81 

TABLE 65. PROTEIN-NITROGEN AND DISSOLVED INORGANIC 'NITROGEN' VALUES 
SHELLFISH EXPERIMENT 5.l.15~7/11/77-7/29/77 

Pro-N 
OUT 
Tl 

06.11 
10.67 
07.69 
05.23 
07.48 
16.11 
17.45 
15.49 
12.60 
09.48 
04.89 
02.96 
02.56 
04.76 
07.91 
06.98 
15.82 
20.81 

Pro-N 
OUT 
T2 

06.51 
07.67 
10. 13 
07.80 
10. 73 
21.99 
23.68 
19.75 
14.04 
22.39 
09.63 
07.02 
02.64 
01.85 
03.46 
06.59 
07·.43 
10.99 

NH4 
IN 

01.07 
01.21 
01.09 
00.33 
00.43 
00.17 

-
00.18 
00.31 
00.11 
00.22 
00.38 

NH4 
OUT 
Tl 

02.61 
02.86 
02.81 
03.07 
02.97 
00.25 
00.70 
00.69 
03.03 
01.64 
06.52 
03.62 

NH4 
OUT 
T2 

02.35 
02.70 
02.67 
03.05 
03.26 
00.17 
01.53 
00.84 
03.44 
06.04 
06.63 
04.07 

i 

N03+N02 
IN 

00.51 
00.37 
01.34 
26.25 
00.82 
00.33 
00.84 
00.80 
00.53 
03. 19 
01.54 
11.58 

N03+N02 
OUT 
Tl 

00.73 
00.52 
01. 77 
22.60 
02 .16 
00.38 
03.11 
00.66 
05.23 
05.77 
03.01 
12 .81 

N03+N02 
OUT 
T2 

00.59 
00.29 
01.71 
22.71 
02.07 
00.48 
01.65 
00.66 
05.02 
04.87 
03.06 
13.10 

discontinued-------------------~---------------------------------

-----------------------------------------------------------------
-----------------------------------------------------------------
-----------------------------------------------------------------
-----------------------------------------------------------------
-----------------------------------------------------------------

07/29 ----------------------------------------------------------------------------------------------------
Days x 26.09 07.43 08.03 00.93 02.84 02.69 07 .12 06.41 06.33 
0-7 s 05.02 02.39 01.52 00.40 00.19 00.29 12.76 10.81 10.94 

Days )( 23.96 11.93 17.46 00.24 02.26 03.13 Ol.15 02.90 02.54 
7-14 s 06.11 04.77 05.87 00.21 02. 18 02.50 00.97 02.07 01.85 

Days x 21.97 08.83 05.71 -----------------------------------------------------------------
14-21 s 02.00 06.92 03.23 -----------------------------------------------------------------
Days )( 23.66 09.72 10.79 00.50 02.56 03.06 04.01 04.90 04.68 
0-21 s 04.65 05.43 06.86 00.41 01.67 01.89 07.67 06.58 06.70 

Notes: 7/8-7/10 eliminated due to blue-green algae contamination; all values are means of replicates and are in 
· µg~at liter-1; all samples taken at 1400 hr. 

...... 

.....J 

.....J 
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TABLE 66. EXPECTED (E) AND OBSERVED (0) WHOLE WET WEIGHT 
GAINS--TANK AND TREATMENT MEANS 

SHELLFISH EXPERIMENT 5.1.15--7/8/77-7/29/77 

Note: For EilW, 
~w/day = ( .306)(Bx2.8xl0-6)(24x3600xF)(33.125) 

where B = x protein-nitrogen inflow+ deep-water .nitrate 
= 23.66 + 32 

. . = . 74 

ilw/day ·= (.306)(.74x2.8xlo-6)(24x3600xF)(33.125) 

.=: 1. 81 

F (21x)(1.81 )( F) E~W o~w 0%E 0%ET 

T l 2.47 94 .12 48. 13 51. l 31.4 
T 2 2.52 96.03 11. 12 11.6 

T 3 2.46 93.74 32.37 34.5 52.6 
T 4 2.45 93.36 66 .17 70.7 

T 5 2.48 94.50 76.91 81.4 81.1 
T 6 2.48 94.50 76.36 80.8 

T 7 2.46 93.74 37 .12 36.4 44.7 
T 8 2.45 93.36 49.40 52.9 

. T 9 2.49 94.89 80.92 85.3 79.8 
TlO 2.49 94.89 70.44 74.2 

Tll 2.51 95.65 75.65 79. 1 72.0 
Tl2 2.49 94.89 61.48 64.8 

Tl3 2.40 91.46 63 .13 69.0 70.9 
T14 2.48 94.50 68.75 72.8 

TlS 2.43 92.60 68.93 74.4 80.5 
T16 2.37 90.31 78.25 86.6 

T17 2.44 92.98 61.43 66 .1 61. l 
T18 2.44 92.98 52.20 56 .1 

T19 2.44 92.98 46.92 50.5 56.5 
T20 2.42 92.22 57.50 62.4 
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the hardware cloth screen did poorly. Metal ion contamination 

cannot be ruled out as a cause, but it is unlikely to be the single 

or major factor since some groups with these screens did fairly 

well. 

(2) Stacking to l" does . not appear to have a significantly 

detrimental effect on growth or mortality, while stacking to 4", 

at least under some configurations, does have a detrimental 

effect. 

(3) Feeding-from the bottom apparently does not, by 

itself, significantly interfere with feeding and growth. 

(_4) A low (500 ml) volume at the flow rate (2.5 ml/sec) 

does appear to have_ a deleterious effect on feeding and/or growth, 

while increasing the volume to 1400 ml appears to reduce or 

eliminate the effect. 

(5) Animals of this size (about 20 nun) apparently do much 

better on the bottom of the tanks; elevating the animals had a 

clear, negative effect. (This effect was confirmed in a later 

experiment, 5.1.16, completed during August, 1977 ' and not 

presented in this report.) 

(6) Most significant, at least from the long-range point 

of view, was the fact that the "constant weight" controls did 

poorly, and that factors not controlled in the study (e.g., 

"fecal accumulation") may be required to explain the results 

post hoc. 

Although this study definitely requires more complete analysis, 



180 

it did serve to confirm earlier results of the negative effect 

of high-density stacking, and it aided in the design of new 

pilot plant shellfish tanks by pointing out that elevation of 

animals and/or the presence of a screen is not advantageous and 

may, in fact, have a significant detrimental effect. 

A number of other points also require emphasis: 

--The study was relatively short-term and certainly small

scale, with significant mortalities in some replicates, but not 

others. Data coll~cted during the third week indicate a 

diminishing treatment effect with time, which may indicate some 

adaptation of the animals to a "new" environment. 

--The results were obtained on 20-mrn animals and may not be 

applicable to animals of widely varying sizes (or ages) and/or 

with widely varying prehistories. For example, stacking may be 

more detrimental to older or larger animals, _ or they may be 

more susceptible to bacterial contamination resulting from fecal 

degradation. 
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ARTIFICIAL UFWELLING MARICULTURE 

TECHNICAL DESCRIPI'ION 

Introduction 

Organic material is synthesized in the ocean from inorganic 

compounds. This transformation is performed by autotrophic orga-

nisms utilizing sunlight as a source of energy. The most imper-

tant photo-autotrophs, quantitatively, are the algae 

(l; p. 58). 

Both energy and inorganic material (nutrients) are required 

to sustain the production of high-energy organic compounds. In 

tropical oceans, the "primary productivity" is limited by the rate 

of nutrient renewal. Much of these nutrients is derived from the 

decomposition of organic matter. whenever .this decomposition occurs 

below the euphotic zone, the nutrients remain unused and, except 

in areas of natural upwelling, return to the surface by slow dif-

fusion. High nutrient concentrati-o~s are ~encountered at 

depths of _500. fm. · (900 m) (2; p • . ~I-19· ). ··· This nutrient-rich ·· 

deep-sea water can be br·ought to the .. surface with ·a minl.mat 
-

expenditure of energy. 

Direct harvesting of planktonic algae (phytoplankton) is 

impractical because of the small size and low concentration at 

which these organisms occur. The phytoplankton can sustain larger 

animals, which constitute usable sources of human food. 
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A set of conditions under which a two trophic-level phyto-

plankton-shellfish "artificial upwelling" mariculture can· operate 

has been established (3). Extrapolation of the collected 

data to large installations, and the economic optimization of such 

plants, requires a definition of the Jaws governing total produc-

tivity. 

Objective 

Our objective is to establish an adequate quantitative rela

tionship (transfer function) between the mariculture's outputs, its 

inputs,and its environment. 

The expressions are to be based on our understanding, or best 

interpretation, of the mechanisms or reactions involved. They will 

be deemed adequate if their application yields predictions within 

10% of actual observations, or within observational error, if 

larger. 

In areas where no logical mechanism can be introduced, empi-

rical expressions satisfying experimental evidence may be used. 

These sections are identified in the margin and are subject to a 

continuing analysis. 
~, 

Initial - Hypothesis 

I. A spectrum of elements is involved in the exchanges 

taking place within our system. "Nitrogen" is consi-

dered the limiting chemical component in the foc;xi stream. 

II. Each trophic level is considered an independent entity, 

related to the other level only through the output/input 

link, as defined. 

III. Some operating conditions can be controlled and/or 
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maintained constant. Others have time-dependent flue-

tuations. It is assumed that storage mechanisms within 

the organisms will absorb these fluctuations and allow 

time-variant inputs to be replaced by constant averages. 

Definition of Trophic Levels 

First Level : Phytoplankton 

Inputs Outputs 

-
___ .::....----.:::::=--------~>~ Phytoplankton Protein 

Nutrients -

Second Level Shellfish 

Inputs Outputs 

---< Shellfish 
Phytoplankton Protein 

Ammonia 

First ~rophic Level : Phytoplankton 

Phytoplankton absorbs nutrients and transforms them into 

protein with the help of solar energy, according to: 

·where: 

P = cctrit1 v 

P = phytoplankton protein produced 

c = nutrient concentration 

°'· =equiv. N to protein ratio 
(14 x 6.25) = 87.S 

"Ii= conversion efficiency of N03-N 
to phytoplankton protein-N 

V = volume of deep-sea water handled 

(g) 

(g-at. N cm-3) 

(cm3) 

f1'L 1 , for a specific phytoplankter, is a function of the expo

sure to sunlight of the culture. This exposure is, in turri, a 

function of the pool turnover rate .and of the pool depth. 

At a compensation depth (Dc) the light intensity equals the 

respiration needs of the phytoplankton (l; p. 83). 
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If this depth is exceeded, a net decrease in total production 

results. 

The compensation depth corresponds approximately to the depth 

at which incident light is attenuated by a factor of 0.01. At · 

that depth: 

-.vDc e I = 0. 01 

-.uDc = ln 0.01 = -4.61 1 whereµ ::I extinction coefficient {cm-) 
The average light attenuation, in a column of depth oc -is: 

Iav = 1 1 De e-/Zdz = _1._ (1-e-f'DC) = .215 
Io De f'Dc 

0 
where z is the vertical axis. 

. . ... -.... . · . ... ''- .'. 

From experimental data collected in St. Croix by Mary w. Farmer {4), 

a reactor shaded to 20% of incident light could be .o:t:erata:l at a turnover 

f -1 rate o .7 day • The measured value of~= • 01158 cm-1, and: 

De = ln 0.01 ~ 400 cm 
-? 

In reactors approximately 80 to 100 cm deep, a turnover rate of 

1.2 day-1 can be maintained. 

A linear expression for turnover rate versus depth can be 

derived to fit both data points. For: 

where: 

turnover rate = f {'z) = ki+a.z = V 
Az 

V = deep-sea water flow rate 

A = pool area 

f(lOO)=l.2/(24•3600)=13.9xl0-6 

f(400)=0.7/(24•3600)=8.10xl0-6 

a = (8.10-13.9)x10-6 =-1.93 x io-8 
400-100 

ki= (13.9x10-6 )-lOO a= 13.Sxlo-6 
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The turnover rate expression can be normalized into: 

_i_ = ki[1 +- (aDc) L] 
A'z ki De 

and rounded: 

~ ki(l-~) 

5 

Note: The value of De, as determined from MWF's experiment, may 

be different for different phytoplankters. If a higher concentra-

tion of nutrients is used (c), the cultures are expected to have 

a higher density and extinction -coe,fficient. The product;VDc 

should remain constant, which will be approximated by maintaining 

c·Dc constant (neglecting the contribution to/" of clear sea

water). 

In the expression which relates the turnover to the pool 

depth, 1/k represents the exposure factor. 

111, 1 can now be defined as a function of k. In our present 

pool system, with a 1-m depth and a turnover rate of 1.15 day-1 
. 

_::}__ = 1.33 x 10~ 5= k(l-~z~) 
Az 2Dc 

and: k = 1.52 x io-5 

Measured conversion efficiency ( 5), averaged over a 36-day 

period, under these operating conditions, shows that: 

fl11 = .69 

No other measurements allowing us to relate "1l to k are 

available at this time. 

It is known, however, that high turnover rates lead to a 

"washoutn of the culture, resulting in a drastic drop in conver-

s ion. It is also impossible for ll!i to exceed 1.0 even at high 

values of the exposure factor. 



for: 

_ .. ' -

Evaluating the coefficients of: 

2 1111 = a2k + alk+ao 

11111 = .69 
k=l. s2x10-s 

yields: 
ao = 1 

a1 = 0 

a 2 = -1.34 x 109 

f11 1 = 0 for k 1/--1-....... 
. l.34xl09 

= 2.73 x 10-S 

6 

This value of k corresponds to a turnover rate of 2.06 day-1 in a 

1-m pool, or 1.18 day-1 in a 4-m pool (or .215 shaded reactor). At 

these turnover rates, complete "washout" can be expected. 

Second Trophic Level : Shellfish 

Shellfish assimilates phytoplankton, and in the process 

increases ~ts wet weight, according to: 

S = shellfish wet weight increase (g) 

p =protein to wet weight ratio (33.125) 

fY1 2 = conversion efficiency of plant 
protein to animal protein 

f1l 2 , for a s pee if ic phytoplankton/shellfish combination, is 

a function of the rate at which phytoplankton is presented to the 

shellfish. If this rate is low, only the vital needs will be 
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satisfied, and no net weight increase will result (~2 = 0). If 

the rate is too high, all available food cannot be assimilated. 

Growth rates, in terms of~' are not constant, over the life w 
span of the shellfish. Studies have shown that over a wide range 

of sizes, the filtration rate of shellfish is proportional to 

w0
•73 , where w represents the individual weight of each animal (6). 

A further decrease of this rate, for large (or old?) animals was 

noticed, but not evaluated. 

The filtration rate, and the criterion by which to charac-

terize feeding rate, seems more closely related to the animal's 
2 

area [12=(;)~] than to its weight, or volume (13= ~). , 
In our analysis we have adopted: 

. 
F = p 

N(w)~ 
as our feeding criterion. 

2 
F = protein feeding rate per (individual weight)~ 

P = phytoplankton protein inflow rate (g sec-1 ) 

N = number of animals 

w individual weight (g) 

~- Applying this criterion to data collected in St. Croix --
during a constant-weight study in November-December 1975, has 

provided the following quadratic least-square fit expression 

for · 11'12 = f(F): 

~ 2 = a 2(lnF )2 + a1 (lnF) + ao 

ao = -16.89144976 

a1 - - 1.891173337 

a2 - - 0.0518 

within the following boundary: 

7 x lo-9 ~ F = 9 x lo-8 
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Abstract 

The conversion of deep-sea wa~er nitrate to algal protein 

and further to clam-meat protein was studied at the St. Croix 

Artificial Upwelling Project (U.S. Virgin Islands), where nutrient-
. 

rich water, pumped from 870-m depth in the sea, is used as the 

raw material for a mari.culture system. Unialgal cultures of 

Chaetoceros curvisetus (STX-167) and S-1, an unidentified naked 

flagellate, were grown individually and continuously in onshore 

pools provided with deep-sea water. The cultures were combined 

1:1 in a mixing tank and fed continuou_sly to several batches of , . 

Tapes japonica for 36 days. Thirty-five, 70 and 140 g batches 

of clams, in 4-liter containers,· received a continuous food flow-

rate of 1 ml/sec. Thirty-five, SO, 70, 100, and 140 g batches 

of clams, in 4-liter containers, received a 2 ml/sec food flow-

rate. The particulate protein nitrogen and dissolved NH 4+ and 

(No3- + No 2-) entering and leaving each shellfish tank were · 

measured daily. Every nine days all of the clams were weighed 

and measured, enough clams were harvested from each batch to bring 

the total weight back to-· its starting level, and the tank deposit 

was separated, measured and analyzed for each group. 

Sixty-nine percent of the deep-water nitrate-nitrogen 

(concentration 31 µg-at/l) was converted into algal protein-

nitrogen over the 36-day period. From 31% to 35% of the algal 

protein entering the Tapes feeding tanks was converted into 

clam meat protein by the 1 ml/sec flow groups, and between 24% 

and 33% of the algal protein was converted into clam meat protein 

by the 2 ml/sec flow groups. 
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Maximal individual clam growth was obtained in the 35 g, 

2 ml/sec group, with a 1.42 mm/week shell-length increase and a 

41.1% weekly increase in fresh weight per clam. This fastest 

individual clam growth was obtained, at the lowest percent stripping 

of algal protein. The greatest clam population growth occurred for 

· the 100 g, 2 ml/sec group, with a total weight gain of 134 g in 36 days. 

Ammonium ion concentration increase in the shellfish tank was 

highest at the slowest -~ndividual clam growth. 

The Protein Efficiency Ratios in this experiment varied between 
,. . 

8 and 14, indicating that the algal tood source used is a good one for 

Tapes japonica. 
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Introduction 

In our Artificial Upwelling Project in St. Croix, Antarctic 
Intermediate Water is pumped from 870-m depth in the sea into 
45,000-liter concrete pools 'on shore in which unialgal cultures 
of planktonic diatoms are grown continuously. The pool cultures 
are started by inoculating them with cultures grown in 757-liter 
polyethylene tanks. The growth rate of the algae is regulated. 
by the rate at which nutrients are supplied by the incoming deep - -water; the deep water flow is regulated to assure nearly complete 
utilization of the nutrients in the de~p water. 

The system produces 114,000 1 ·of nearly unialgal diatom 
culture per day {104-106 cells/ml) which 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 constant. 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. 

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 gigas, pacific oyster; C. gigas, Kumamoto 
variety; Tapes japonica, japanese little-neck clam; Mercenaria 
campechiensis, southern clam or quahog; F1 clam, a cross between 
M. campechiensis x M. mercenaria; Argopecten irradians, bay 
scallop. Pinctada martensii, the pearl oyster, is also growing 
very rapidly in the system. 
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Panulirus argus, the spiny lobster, Strombus gigas, the 

queen conch and carrageenin-producing seaweeds are grown in the 

effluent of the shellfish tanks (Othrner and Roels, 1973; Reels 

et al., 1976). 

The purpose of the present experiment was to determine 

1. optimum shellfish densities and food flow rates to 

achieve maximum shellfish growth 

2. the efficiency of "nitrogen"-transfer in this food . 

chain, from aeepwater nitrate to phytoplankton protein, 

to clam meat protein. 
# -

In the present experiment, uni.algal cultures of the diatom 

Chaetoceros curvisetus (St. Croix 167) and of s1 , an unidentified 

naked flagellate were grown in deep water as food for the clam, 

Tapes japonica. 

Tapes japonica was chosen as a test animal because it grows 

well in the system and can easily be spawned in our St. Croix 

hatchery.. We have demonstrated earlier that a mixture of 

Chaetoceros curvisetus (St. Croix 167) and s1 is a good food for 

Tapes japonica in our system (Rodde et al., 1976). 

Materials and Methods 

Animals 

The clams used in this nitrogen balance and growth experiment 

were Tapes japonica (Desh~yes).. The average length of the clams 

was 12.7 · mm at the beginning of the study. Only the fastest· 

growing clams comprising the top 25%, less the top 1%, of the 

original population were used for our work. These were second 
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generation clams grown at the Artificial Upwelling Mariculture 

Station on St. Croix from brood stock originally obtained from 

Pacific Mariculture · in California. Standard spawning procedures 

outlined by Loosanoff and Davis (1963) were used. 

Phytoplankton 

The clams were fed a mixed diet of Chaetoceros curvisetus 

(STX 167) and S-1, an unidentified naked flagellate. The mixed 

algal diet contained on the average 21.5 µg-at PPN (particulate 

protein nitrogen) per liter. Previous work .. has shown the PPN of 

these phytoplankton to be 90% of the total nitrogen (Dorsey et al., 
. ,. . 

1977). Assuming a chemical composition equal to that given for 

Chaetoceros sp. by Parsons et al. (1961), the dry weight of this 

algal suspension would be approximately 5.7 rng/l. At the two 

flow rates employed in this experiment, 938 or 469 µg-at PPN day-1, 

equivalent to 246 or 123 mg dry weight of algal cells, were fed 

per day to each batch of Tapes in a 4-liter tank. A cell suspension 

with 22 µg-at PPN contains 5.3 x 10 4 cells/ml + 15% of STX 167 or 

1.2 x 105 cells/ml+ 15% of s1 . Chaetoceros curvisetus (STX 167) 

was isolated by Dr. Kenneth Haines at the Artificial Upwelling 

Station and grows well at temperatures up to 30°c. The S-1 

flagellate was obtained from Guillard and isolated by him from 

the Sargasso Sea. 

Chemicals 

All chemicals for the protein and inorganic assays were 

obtained from Fisher Scientific, Freehold, New Jersey, or from 

J. T. Baker Chemical Co., Phillipsburg, New Jersey. The 

crystallized and lyophilized bovine serum albumin protein 
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standard came from Sigma Chemical Co., St. Louis, Mo. 

Experimental Design 

Nutrient-rich deep sea water containing 31 µg-at liter-1 

No3- was pumped continuously through three 3" diameter polyethylene 

pipes from 870 meters below the sea surface into a 12,000 gallon 

concrete pool used for growing Chaetoceros curvisetus. s1 -was 

grown in continuous culture in several 2,000 liter concrete 

containers. The turnover rate for both cultures was 1.1/day. 

--
Backup cultures of the phytoplankton were always ready in case 

of mishap or contamination to maintain, an average of 21.5 µg-at 

PPN/l for the mixed culture. 

The cultures of Chaetoceros curvisetus and S-1 flowed at 23 

ml/sec each into a 40-liter cylindrical polyethylene mixing 

container. The culture mix was fed to sixteen shellfish tank 

feeding lines at constant pressure. Figure 1 gives a schematic 

diagram of the experimental layout. 

Figure 1 

The mixing chamber was vigorously stirred by an air stream. 

The outflow from the mixing tank flowed to 16 shellfish tanks 

with a capacity of 4 1 each. 

The flow to the 4-liter shellfish tanks (12" x 7.75" x 5.13") 

was regulated to provide either 2 ml/sec or 1 ml/sec. The flow 

to each shellfish tank was controlled by a length of 1/16" teflon 

tubing corning from the feed level pipe. 

The shellfish feeding tanks had a perforated air tube at each 

end to mix and aerate the water. In addition 1/4" chicken screening, 
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DIAGRAM OF NITROGEN BAL·ANCE 

STUDY 

Choetoceros 
STX-

. DEEP WATER NITRATE CON -
CE.NTRATION 31 JJg at I LITER 

CONCRETE TANKS, TURNOVER I.I DAY-1 

curvisetus s -I 
LAGELLATE) 167 (NAKED F 

l=I MIXTURE 

I MIXING I 
TANK 

FLOW IML/SEC _______ .__ ______ .FLOW 2ML/SEC 

INTO EACH SHELL- INTO EACH SHELL-
FISH TANK FISH TANK 

35 70 140 35 50 70 100 ·.· 140 .:· . . 

SHELLFISH WEIGHT (gm) PER 4 LITER TANK 
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coated with polyester resin to avoid metal ion contamination, was 

laid horizontally 1.5" off the tank bottom. This screening kept 

the clams off the bottom and prevented them from coming in contact 

with the tank deposit. No shellfish died during this experiment. 

The shellfish tanks had an overflow tube keeping their volume 

at 4 liters. One set of shellfish tanks received an algal culture 

flow of 2 ml/sec and another set received 1 ml/sec resulting in 

turnover times of 33 or 66 minutes respectively. The 2 ml/sec 

flowrate provided 17~_1/day and the . l ml/sec flowrate provided 

86.5 l/day or algal c'ulture to the shellfish. 
, 

The clam densities used were 35, 70 and 140 g per 4.0 liter 

tank for the 1.0 ~l/sec flow and 35, 50, 70, 100 and 140 g per 

4.0 liter tank for the 2.0 ml/sec flow. All . experiments were 

run in duplicate, i.e. there were 16 experimental shellfish tanks 

in operation simultaneously for 36 days. 

The salinity of the system was 34.75-34.95% and the 

temperature was 25°c + 3°c. 

The flow rates into the algal culture tanks and out of the 

shellfish feeding tanks were measured and adjusted, if necessary, 

at 8 o'clock in the morning and again at 2 o'clock in the afternoon 

each day of the experiment. Flow rates were adjusted if they 

deviated by 2% or more from the planned ·rate. 

Sampling 

Duplicate one-liter samples of the mixing-tank outflow were 

taken each day at 2 o'clock for the determination of the particulate 

protein nitrogen and dissolved No3-, No2- and NH4+. 
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Duplicate two-liter. samples of the shellfish-tank outflow 

were taken each day at 2 o'clock f9r the determination of 

particulate protein nitrogen and dissolved inorganic nitrogen 

leaving the Shellfish feeding tanks for each of the different 

experimental treatments. 

The test populations of Tapes japonica were weighed, counted, 

measured and culled back to the original clam weight on day's 9, 

18, 27 and 36 of the experiment. After all measurements were 

taken, the culled animals were frozen until we were ready to 

determine wet and dry meat weight and meat protein nitrogen. 

For simplicity, the experimental treatment in which 35 g 

of Tapes were kept in a 4-liter tank receiving a flow rate of 

1 ml/sec is referred to as the 35 g, l ml/sec group. 

Analytical Methods 

Clam growth. The clam population growth rate of Tapes 

_japonica was measured by the increase in the mass of each batch 

of whole clams. The individual clam growth rate was determined 

by measuring the average increase in length of 25 culled clams 

at the end of the 36-day experiment, using a micrometer. 

Whole clam weight and wet meat weight. Tapes japonica were 

blotted dry with paper towels and weighed alive for whole clam 

weight. To get the wet meat weight, the shellfish were first 

frozen and then shucked by using a spatula to open the clams and 

to scoop out the frozen meat as a single mass. The wet meat was 

then placed in a tared glass petri dish and weighed. This method 

of shucking was necessary because of the small size and the large 

number of clams used in this experiment. The frozen meat could 
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be quickly and more easily removed in this manner. While shucking 

a batch of clams, the remaining clams in that same batch were kept 

from melting by keeping them on a surface kept at low temperature. 

Dry meat weight. Each batch of clam meat was freeze-dried 

at 60°C for 24-48 hr and then placed in a desiccator for several 

days. After the clam meat had reached constant weight, the dry 

meat was scraped from the glass petri dish completely with a 

singie-edged razor blade and weighed on a glassine paper. The~ 

clam shells were dried separately in a similar manner. 

Shell weight and shell protein. The wet and dry weights of the 

shells were determined. After the dry weights were taken, the shells 

were ground to a fine powder with a mortar and -pestle. Ten mg of 

ground shell gave an appropriate final color absorbance with the 

heated biuret-Folin assay for protein-nitrogen measurement (Dorsey 

et al., 1977). 

Clam protein nitrogen. The dry clam meats were pulverized 

to a fine powder with an all-glass mortar and pestle. A portion 

was weighed and then homogenized at 1000 rpm for 2 min in a 

Potter-Elvehehm homogenizer with biuret-reagent before measuring 

protein by the heated biuret-Folin method (Dorsey et al., 1977). 

Particulate protein nitrogen. Particulate protein in the 
I 

algal pools, the clam tank deposits, and the clam-tank effluents . 

were also measured by the heated biuret-Folin method with some 

modifications. The particulate algal protein samples were 

filtered onto Gelman 25-mrn diameter, 0.45 micron pore-size, 

glass fiber filters. The entire filter· was then heated in biuret 

reagent for 100 min at 100°C. After this, Falin reagent was 
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added inunediat.ely. After the final color development was complete, 

the heavy-walled test tubes were centrifuged at 100 x g for 5 min 

to remove the glass fiber filter before comparing the color with 

bovine serum albumin standards which were also heated for the same 

length of time (Dorsey et al., 1977) • . The absorbance was read at 

660 nm in a Gilford model 240 spectrophotometer with 1.0 c~ cuvettes. 

Inorganic "nitrogen" determinations. The ammonia, nitrite 

and nitrate concentrations were all determined with a Technicon 

AutoAnalyzer II, runn~ng at 30 samples per hr. The colorimetric 

assays were done as described in the standard Technicon AutoAnalyzer 

methodology handbook (methods which are based on procedures given 

by Strickland and Parsons, 1972). A computerized peak integrator 

was used to determine the concentrations of these nitrogen

containing compounds. 

Results 

Deep-Water Nitrate Conversion into Algal Protein 

At the 1.1 day-l turnover rates used for Chaetoceros curvisetus 

(STX-167) and S-1 culture tanks, 69% of .the deep-water nitrate 

nitrogen was converted into phytoplankton protein nitrogen, 

determined on the mixture of the cultures of the two species taken 

from the mixing-tank outflow. Sixteen percent of the nitrate 

remained unaltered, leaving 15% of the incoming nitrate unaccounted 

for. A good portion of this is probably in the nucleic acids of 

the phytoplankton cells, some may be present as intracellular 

nitrate and some organic nitrogen may have been released to the 

medium. The percentages given in Table 1 are derived from the 
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particulate protein and nitrate concentrations determined daily 

and averaged over the entire 36-day period of the experiment. 

Table 1 

Clam Feeding and Growth 

"Percent stripping" is defined as the fraction of the PPN 

removed in the clam tank from the food inflow. This includes 

uptake by the clams as well as loss of PPN to the tank deposit. 

The advantage of using PPN as a measurement, is that algal cells 

of vastly different sizes or shapes ca~ be quantitatively compared. 

The "percent stripping" was constant for most experimental 

clam groups. For the 35 g, ·2 ml/sec group, the individual clam 

growth rate was the greatest, and for this group, culling on 

day 18 resulted in reduced percent stripping, as shown in Figure 2. 

Figure 2 

On days 18 and 19 of the experiment, the food concentration 

flowing into the Tapes feeding tanks was 24.1 and 21.9 µg-at PPN/l, 

respectively. On day 18, the clam weights were reduced to the 

original starting weight by culling. Thus, for the 35 g, 2 ml/sec 

group, culling on day 18 removed half the weight of clams ,in the 

tank. Figure 2 shows that the percent stripping was almost the 

same for all groups, except for the 35 g, 2 ml/sec group on day 

19. The percent stripping for this group was lower on the average 

during the entire experiment: 74% compared to 87~93% stripping 

for all other groups. 
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Table 1. The conversion of deep-water nitrate 

in the phytoplankton culture . ~ystem by Chaeto

ceros curvisetus (STX~l67) an~ S-1. 

Deep-Water Nitrate-Nitrogen Conversion 

Algal protein-nitrogen 

Unconverted nitrate-nitrogen 
. 

Non-prote1n nitrogen in algal 

cells and dissolved orga.n,i_c 

nitrogen in medium (by 

difference) 

·. 

69% 

16% 

15% 
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The increase in length of the different groups of clams over 

the 36-day experimental period is given in Figure 3. 

Figure 3 

The 35 g, 2 ml/sec group had the lowest percent stripping 

and the greatest increase in length, as shown in Figure 3. This 

figure gives the average increase above the starting length of 

the clams remaining in the experiment on day 36 of the experiment. 

Tne 35 g, 2 ml/sec group grew from 12.7 mm to 19.8 mm, an increase 

of 7.1 mm, in 36 days. This was the highest average individual 

growth rate achieved: 1.42 nun/week. 

Figure 4 gives the weight gain (g) for each experimental 

group of Tapes japonica. 

Figure 4 

The total weight gain is greatest for the 100 g, 2 ml/sec 

group, which showed an increase in wet weight of 134 g over the 

36-day period. Although this population had the greatest weight 

increase as a group, the growth rate of the individual clams averaged 

.268 g/week/g whole clam, compared to the 35 g, 2 ml/sec group 

which hadan average growth rate of .411 g/week/g whole clam. 

The composition of the clams varied slightly, but on the 

average, 47% of the whole wet weight was wet meat, 16% of the 

wet meat was dry meat, and 42% of the dry meat was protein. 

Nitrogen Balance 

The nitrogen recovery is shown in Table 2. 

Table 2 
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TOTAL LENGTH INCREASE (mm) OF 
Tapes japonica IN 36 DAYS 

STARTING LENGTH 12.7 mm 

I ML SEC 

5.99 "" 

4.65 

• . 

1. 56 

35 70 140 

2 ML SEC 

·-

7.05 
6.43 6.63 

4.92 

3.20 

35 50 70 100 140 

MAINTAINED WEIGHT (gm) PER 4 LITER TANK . 

--. -
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TOTAL WEIGHT GAIN (gm) IN 36 DAYS 

Tapes japonica - · FED S-1 AND STX-167 

~ I ML/SE 

~ 

-

74.2 74.0 - 62.4 

35 70 140 

c 

- 2ML/S EC 

134. 3 129.2 - 121 . l 
102 .. 9 

72.2 
~ 

35 50 70 100 140 

MAINTAINED WEIGHT (gm) PER 4 LITER TANK 
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Table 2. The total nitrogen recovered in the shellfish feeding 

tanks and their effluent as a percentage of the inflowing algal 

protein nitrogen. 

Total Nitrogen Recovered During 36-Day Period 

Plankton 
Suspension 
Flow Rate 

1 ml/sec 

2 ml/sec 

Starting 
Clam Weight (g) 

35 

70 ,. . 

140 

35 

so 

70 

100 

140 

"N'' Recovered as 
% of Algal 
Protein-N Inf low 

73.9 

76.6 

88.2 

70.6 

72.4 

73.1 

70.2 

71.9 

"N" recovered = meat protein-N + shell protein-N + tank deposit 

protein-N +tank effluent (protein-N + No3--N+ N02-N + NH 4+-N) 

... 



The utilization of the algal protein by the clams is shown 

in Table 3. 

Table 3 

To trace the fate of algal protein nitrogen (PPN) through 

20 

the system, the PPN flowlng into the shellfish feeding tanks was 

assigned a value of 100%. The incorporation of this PPN 'into clam 

meat protein, tank deposit particulate protein, tank effluent 

particulate protein, effluent ammonia and effluent {nitrate + 

nitrite), were then expressed as a percentage of algal PPN in the 

food flow coming into the shellfish tanks. This percentage value for 

each fraction was averaged~ based on t~e daily values obta~ned, over 

the entire duration of the 36-day experiment. Three to four hours' 

time was subtracted from each nine-day period while weighing, 

~easuring and culling was taking place . . 

Figure 5 shows the percentage incorporation of PPN into clam 

meat protein. 

Figure 5 

The greatest total amount of protein was incorporated into 

the shellfish meat by the 100 g, 2 ml/sec group; this group also 

had the greatest fresh weight gain. Thirty-two percent of 

inflowing PPN was incorporated into clam. meat protein by this 

group. The rate of protein-nitrogen incorporation was equal to 

12.0 µg-at protein N/day per g whole clam for this group. The 

35 g, 2 ml/sec group had the least efficient food utilization 

and the fastest growth of individual clams. This group converted 

24% of inflowing algal protein into clam-meat protein, corresponding 
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Table 3. Protein utilization by Tapes japonica of a mixture of 

Total 
l'lhole 
\veight 

Weight Flow Gain of 
Density Rate Clams 
(g/4-1) (ml/sec) (g) 

35 

70 

140 

35 

50 

70 

100 

140 

1 

1 

1 

2 

2 

2 

2 

2 

62.4 

74.2 

74.0 

72. 2· 

102.0 

121. 0 

134.0 

129.0 

Chaetoceros curvisetus (STX-167) and S-1. 

Algal 
Protein 
in the 
Inf low 
( g) 

5.72 

5.72 

5.72 

11.5 

11.5 

11.5 

11. 5 

11. 5 

Algal 
Protein 
Stripped 
(g) 

5.01 

5.33 

5.34 

8.52 

10.0 

10.3 

10.6 

10.6 

Algal 
Protein 
Absorbed 
( g) 

4.58 

4.97 

4.96 

7.75 

9.24 

9.56 

9.84 

9.95 

Algal I 
Protein 
Retained 
( g) 

1.86 

1. 97 

1.78 

2.71 

3.42 

3.71 

3.75 

3.49 

Protein 
Efficiency 
Ratio 1 

10.9 

13.0 

12.9 

6.30 

8.99 

10.6 

11.7 

11.3 

1Protein Efficiency Ratio= total weight gain/weight protein presented., 
I 

\ 

"Stripped" 
Protein 
Efficiency 
Ratio 2 

12.5 

13.9 

13.9 

8.47 

10.2 

11. 6 

12.7 

12.1 

2 "Stripped" protein efficiency ratio = total weight gain/weight protein stripped. 
3 Biological Value =(retained protein/absorbed protei~ x 100. 

Bio
logical 
Value 3 

40.6 

39.6 

35.9 

35.0 

37. O·· 

38.8 

38.l 

35.o 

N 
..... 
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PROTEIN CONVERSION EFFICIENCY · 

. SHELLFISH MEAT PROTEIN PRODUCED AS % OF · 
ALGAL PROTEIN INFLOW OVER A 36 DAY PERIOD 
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to an incorporation rate of 24.7 µg-at protein N/day/g whole clam. 

The 70 g, 1 ml/sec group had the highest efficiency of protein 

conversion: 34.5%, the highest percent 0£ phytoplankton protein 

incorporated into shellfish meat protein. 

The percentage of inflowing PPN appearing as tank deposit 

particulate protein and as effluent PPN is shown in Figures 6 and 7. 

Figure 6 

Figure 7 

Tank deposit PPN varied little with the clam density or with flow 

rate and averaged 5-7%. 

The amount of par~iculate protein nitrogen in the effluent 

varied a great deal among the different experimental . groups. 

Figures 6 and 7 show that a major portion (26%) of the entering 

protein leaves in the effluent in the least efficient 35 g, 

2 ml/sec group. The percentages in Figures 6 and 7 are really 

equal to 100 minus the percent stripping averaged over the entire 

period of the experiment. For the entire experimental period, 

the concentration of PPN in the effluent in µ·g-at/l was 2.69, 1.48 

and 1.45 for the 35~ 70 and 140 g, 1 ml/sec groups, and 5.50, 2.67, 

2.19, 1.69 and 1.59 for the 35, 50, 70, 100 and 140 g, 2· ml/sec 

groups, respectively. Only 7.9% of the inf lowing PPN remained in 

the effluent of the group with maximum population growth: 100 g, 

2 ml/sec. 

The ammonia-N-concentration in the shellfish tank effluent · 
.. . expressed as a percent of PPN inflow is giv~n in Figure 8. 

Figure 8 
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COMPARISON OF TANK DEPOSIT PROTEIN N AND 
TANK EFFLUENT PROTEIN N AS 0/o OF ALGAL PROTEIN N 

INFLOW (2 ML /SEC) 
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COMPARISON OF TANK DEPOSIT PROTEIN N AND . 
TANK EFFLUENT PROTEIN N AS % OF ALGAL PROTEIN N 
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The . absolute NH 4+ concentrations are 0.91, 2.12 and 5.07 µg-at 

NH 4+-N/l for the 35, 70 and 100 g, 1 ml/sec groups, respectively 

and 0.33, 1.21, 1.20, 1.26 and 2.20 µg-at NH 4+-N/l for the 35, 

50, 70, 100 and 140 g, 2 ml/sec groups generated above the 0.89 

µg-a~ NH 4+-N/l entering the Tapes feeding tanks. The 140 g, 

1 ml/sec group had 23% of its inflowing PPN in the form of ammonia 

nitrogen in the shellfish-tank effluent, and, although they were 

actively growing, the growth of the inidividual shellfish was 

far from maximal for this species. 

One unexpected result was the amount of N03- produced in the 

shellfish tanks. As indicated in Figure 9, an amount of N03-

Figure 9 

equal to 12-14% of the PPN enteiing the shellfish tanks was 

generated in the tanks over and above the original unreacted 

N03- present in the outflow from the phytoplankton tanks entering 

the shellfish tanks. The amount of N0 3- and No 2- also did not 

vary greatly with the weight of the shellfish populations. The 

most likely explanation for this finding is that nitrifying 

bacteria are breaking down the tank deposit and converting it 

into nitrate. Control experiments on tank-deposit protein-nitrogen 

also show large losses if accumulated tank deposit is allowed to 

remain in the tanks for several weeks with aeration and no culture 

flow. 

The increase of (N02- + . No3-) in the Tapes feeding tanks 

lies between 2.30 and 3.27 µg-at of combined (No 2- + No 3-) N/l. 
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The fate of the algal protein nitrogen entering the shellfish 

tanks for three of the experimental populations is given in Figures 

10, 11 and 12. 

Figure 10 

Figure 11 

Figure 12 

The largest differences appear in the PPN and the NH 4+-N in 

the Tapes tank effluent. The highest effluent PPN is found ~n the 

group · with the fastest individual growth. The highest NH 4+-N is 

generated by the group with the slowest individual growth. 

Discussion 

The utilization of deep-water nitrate by the phytoplankton 

used in this work, Chaetoceros curvisetus (STX-167) and the 

flagellate S-1, was somewhat lower . than normally obtained in 

the larger-scale mariculture system in St. Croix, where only 

c. curvisetus (STX-167) is grown. The average conversion of 

deep-water nitrate-nitrogen into phytoplankton protein-nitrogen 

by c. curvisetus (STX-167) in the 45,000-liter pools is 78%, 

corresponding to better than 90% utilization of incoming deep

water nitrate, since the deep-water n~trate is naturally also 

utilized for the synthesis of nitrogen-~ontaining compounds 

other than protein. Assuming 70% efficiency of nitrate-nitrogen 

to phytoplankton protein-nitrogen conversion in our system, the 

protein production per square meter per year in the St. Croix 

experimental system, for 330 days' operation of the pools per 

year, would be 0.52 kg, corresponding to 5.2 tons protein per 

hectare per year (Reels et al., 1975). By comparison, the best 
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protein output in land-based agriculture is that of alfalfa 

crops, yielding 0.71 tons protein/ha/yr (Pimentel et al., 1975) . . 
The 5.2 tons phytoplankton-protein/ha/yr quoted here applies for 

a 0.8-m deep~pool, as presently used in St. Croix. Extrapolation 

of experimental results indicates that far higher phytoplankton-

protein · productivities per unit area could be achieved by using 

deeper pools (Reels et al., 1976) · 

The "percent stripping" of incoming phytoplankton in the 

shellfish tanks was uniformly high for the groups, varying between 
.. ·-

81- 94 % , except for a brief period immediately following each culling, 

when the percent stripping for the 35 g, 2 ml/sec group was lower 

(60% on day 19 of the experiment). The 35 g, 2 ml/sec group averaged 

74% stripping for the · entire experimental period. This group was 

obviously wasting food. There are several reports in the literature 

describing the filtration rate of shellfish. These generally show 

a maximum or optimal filtration rate for different species. Ali 

(1970), using Hiatella arctica, a suspension filter-feeder, and 

Winter (1973), using Modiolus modiolus, show a decreasing filtration 

rate with indreasing cell densities. Work with Mytilus edulis by 

Thompson and Bayne (1972, 1974) and by Tenore and Dunstan (1973), 

as well as by Forster-Smith (1975) and Schulte {1975), shows that 

the filtration rate of the mussel reaches a maximum. Forster-Smith 

(1975) shows the same for Cerastoderma edule and Venerupis pullastra; 

Tenore and Dunstan (1973) demonstrate it for Crassostrea virginica 

and Mercenaria mercenaria. This optimum filtration rate must have 

been reached by the 35 g, 2 ml/sec group for which a marked decrease 

in stripping was observed. This decrease in percent stripping 



might be due to the saturation of the feeding sites on the gills 

of the clams. There is no indication of ill effects and the 35 g, 

2 ml/sec group is growing somewhat faster than the 35 g, 1 ml/sec 

group. Loosanoff and Engle (1974) have shown that Crassostrea 
~ 

vi~ginica can adapt to cell concentration by pumping at different 

rates but . this condition should have an upper limit. 

The 35 g, 2 ml/sec group had the lowest "percent stripping" 

and the maximal individual growth rate, as shown by the average 

increase in shell length in Figure 3 and the weight increase per 

gram of clam. We should stress here that in our experimental design, 
-

th~re is a marked difference in the individual growth of each 

animal and the mass population growth: Figure 4 clearly demonstrates 

that the 100 g, 2 ml/sec group of clams showed the greatest increase 
.. 

in total weight over the experimental period. However, the clams 

in the 35 g, 2 ml/sec group had the greatest individual weight gain 

and thus would reach market size more quickly. We have therefore 

determined that optimum shellfish densities differ depending upon 

whether the greatest growth is desired for the mass population of 

clams or for the individual clams, or whether maximum food utiliza-

tion is the goal. 

The reason for these differences in growth rate and food uti-

lization is probably the availability of feeding acceptor sites: 

the clam feeding acceptor sites for the 35 g, 1 ml/sec group are 

nearly saturated as shown by the fact that doubling the amount of 

food given to the clams resulted in onl~ moderate increase in growth 

(Fig. 4). The 35 g, 2 ml/sec group must certainly have all its food

acceptor sites saturated (indicated by reduced percent stripping). This 
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group had the maximum individual growth. By increasing the clam 

density in the tanks, !.e., by going from 35 g, 2 ml/sec group 

to the 140 g, 2 ml/sec group, we are increasing the number of 

food-acceptor sites while ~eeping the food constant. The food

acceptor sites at a higher clam density (such as the 100 g, 2 

ml/sec group) are not all filled, but a greater number of the 

sites are accepting food so that the total mass growth is greater 

but the rate of individual growth is slower. 

The results on maximal individual and mass population growth 

show that if clams are grown in a confined space, small change 

in clam density affects overall individual and mass population 

growth. 

High clam densities will require high feeding rates for 

maximum individual growth. If the food concentration (PPN/l) 

cannot be increased by fertilization because of too high an 

ammonium ion buildup in the shellfish feeding tanks, higher 

culture flow rates will be required to maintain maximal individual 

growth rate. Because water current surrounding the clams affects 

feeding (Walne, 1972) the current that a clam species can tolerate 

might well be one of the limiting factors for very high clam 

densities in an industrial-type mariculture system. 

Another purpose of this feeding experiment was to obtain a 

nitrogen balance on the particulate protein nitrogen entering 

the· shellfish tanks. A complete nitrogen balance for clam feeding 

is very difficult, since the food and the feces are not separable. 

However, the fate of the entering PPN was determined, and, on the 

average, 75% of the entering PPN could be accounted for. At the 



clam densities used in this experiment, the efficiency of 

conversion of phytoplankton protein to shellfish meat protein 

was equal to 33%, 35% and 31% for the 35, 70, and 140 g, 1 ml/sec 
\ 

f~ow groups and 24%, 30%, 32%, 33% and 30% for the 35, 50, 70, 

100 and 140 g, 2 ml/sec flow groups. The nitrate buildup in the 

shellfish feeding tanks was constant (11-15%) as was the tank 

deposit protein (5-7%) for all experimental groups. Only the 

NH 4+-N and the PPN in the effluent varied considerably. In fact 

these variations might become valuable indicators of the growth 

r~te ~f the clams in a mariculture system. The slowest growing 
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group studied, the 140 g, 1 ml/sec group had high NH 4+-N concen

tration in the shellfish tank effluent, equal to 24% of the entering 

PPN whereas the PPN leaving the shellfish tank was the lowest, i.e., 

6.7% of that entering. Conversely, the group with the fastest 

individual growth had the lowest NH 4+-N concentration buildup in 

the effluent, 1.5% of the entering PPN concentration, and the highest 

PPN remaining in shellfish tank effluent, 26%. 

Table 3 shows the protein value of this mixed algal diet for 

Tapes japonica. This type of information will -be important to future 

nutritional studies. Two classical indicators of protein food value 

are employed, the Protein Efficiency Ratio and the Biological Value 

of the diet. Protein absorbed or consumed is the total PPN inflow 

minus the total PPN in the tank deposit and tank effluent for the 

duration of the experiment, which is the same as the PPN stripped minus 

the PPN in · the tank deposit. The retained protein-N is the protein 

nitrogen incorporated into the Tapes meat protein. The definition 

of Protein Eff icienci Ratio and Biological Value is given by the 

following equations : 



Protein Efficiency Ratio = 
(P.E.R.) 

weight gain (g) 
protein consumed (g) 
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(Osborn et al. 1919) 

The Biological Value = 
(B.V.) 

Retained protein N x 100 (Mitchell 1924) 
Absorbed protein N 

Problems inherent in making comparisons of the biological value 

of protein in food such as the level of protein and caloric intake 

are given by Forbes et al. (1956), Rosenthal and Allison (1951), 

Hegsted and Worcester (1947), and Sherwood and Weldon (1953). 

The Protein Efficiency Ratios obtained in our feeding studies 

(6.30 - 13.0) are higher than those obtained in studies with land 

animals for which values between 2.0 and 4.0 were found by Morrison 

and Campbell, by Derse, and by Rosenberg as reported by Campbell 

(1961). Higher P.E.R. values might be expected in clam feeding 

studies because of the weight of the shells which are low in 

protein and also because of the higher water content of clam 

meat compared to the meat of most land animals. 

pur P.E.R. values however do compare well with those obtained 

on mice fed egg protein, peanut flour protein and wheat gluten as 

is described by Barnes and Bosshardt, who obtained values between 

5 and 12, with a diet containing approximately 2% nitrogen. 

An advantage of determining Protein Efficiency Ratios over 

Biological Value figures is that the P.E.R.s do not require killing 

the animals to determine the amount of retained protein as do the 

B.V. data. The Protein Efficiency ratio does require determination 

of the tank deposit protein nitrogen for the entire experimental 

period. Since this determination does have some unpleasant draw-

backs, a "Stripped" Protein Efficiency Ratio as given in Table 3 
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might well have as much meaning without necessitating the tedious 

measurements of protein nitrogen on the tank deposit. We certainly 

recommend the use of the stripped Protein Efficiency Ratio for 

more routine work. 

The information on the nutritional value of the phytoplankton 

obtained in this experiment with Tapes japonica is a consequence 

of using protein-N to quantify the efficiency of food transfer in 

this marine food chain and represents significant progress over dr~ 

weight- used in the p~~t to describe the efficiency of phytoplankton 

conversion to shellfish. 
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FIGURE CAPTIONS 

Figure 1.. A schematic diagram of the constant 

weight clam-feeding experiment. 

Figure 2. The effect of culling on the "percent 

stripping" in the constant weight 

experiment. 

Figure 3. Average clam length increase (mm) over 

the 36-day experimental period. 

Figure 4. Total weight increase (g) over the 

36-day experimental period. 

Figure 5. The percent incorporation of algal 

protein into Tapes meat protein. 

Figure 6. Comparison of the percent incorporation 

of algal protein into tank-deposit and 

tank~effluent protein for the 2 ml/sec 

, flow groups. 

Figure 7. Comparison of the percent incorporation 

of algal protein into tank-deposit and 

tank-effluent protein for the 1 ml/sec 

flow groups. 

I 



Figure 8. Percent conversion of algal protein nitrogen 

into ammonia nitrogen in the shellfish 

f.eeding tanks. 

Figure 9. Nitrate plus nitrite generated in the shell

fish tanks as a percentage of inf lowing 

algal protein nitrogen. 

Figure 10. The fate ·of algal protein-N flowing into the 

shellfish tanks for the group w'ith the 

fastest individual clam growth rate. 

Figure 11. The fate of algal protein-N flowing into the 

.shellfish tanks for the group with the 

greatest total weight gain. 

Figure 12. The fate of algal protein-N for the group 

with the slowest individual clam growth rate. 
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I. BROOD STOCK 

Brood stock shellfish, usually those introduced as 

juveniles and grown to market size in the system, are 

maintained in the "Artificial Upwelling" mariculture 

system at ambient temperature. These shellfish are con

tinuously fed algal cultures from the 2000-liter reactors. 

Turnover periods~in the rearing tanks range from 13 to 

20 minutes. The yearly temperature range in the brood 

stock tanks is 22°C to 27°C. 

New Tapes japonica brood stock, from either Calif~rnia 

or Washington State, are introduced into the system every 

six to nine months. This introduction should improve the 

genetic strain and help avoid inbreeding in this species. 

Several days before spawning is attempted, two to 

three brood stock animals are sacrificed and the gonads 

examined for ripeness. Selected numbers of the following 

populations_: Tapes japonica, Crassostrea gigas, and the 

c. gigas Kumamoto variety--are usually ripe throughout the 

year in the "Artificial Upwelling" system. 
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II. SPAWNING 

Equipment · 

The following is a list of the equipment used in 

spawning procedures at the St. Croix "Artificial Upwelling" 

mariculture project. 

a) Shellfish shucking knife 

b) Glass-l~ned, gas-fired. water heater 

c) Spawning table, 2 ft x 4 ft (0.6 m x 1.2 m) 

-minimum size 

d) Vexar screening, 3/4" (19 mm) mesh, two 

layers on bottom of spawning table to allow 

for water circulation under the spawning 

dishes 

e) Pyrex loaf pans, 1.4-liter capacity. For 

a 2 ft x 4 ft (0.6 m x 1.2 m) table, 14 

pans are required 

f) Thermometers (4) 

. g) Beakers, 50 ml (3) 

h) Pasteur pipettes and bulbs 

i) Sieves, 25.4 cm in diameter, made from Nitex 

screening ranging in mesh size from 35 to 

350 µ, stretched and glued to acrylic tubing 

j) 1,2 Dichloroethane {when mixed with acrylic 

dust, is an excellent glue for the sieves) 
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k) Polyethylene buckets: 12-, 17-, and 21-liter 

capacity (a totaL of 10) 

1) Disposable pipettes, 1 ml, for larval counts 

m) Alcohol: 10 drops to each 1 ml larval sample 

n) Sedgwick-Rafter cells (2 or more) 

o) Microscope (lOOX magnification) 

Spawning Procedure 

Shellfish brood stock animals are subjected to ther

mal and chemical stimulation to induce spawning. The 

following technique has been used to induce spawning in 

fou~ species of shellfish (Tapes japonica, Crassostrea gigas, 

c. gigas Kumamoto, and Pinctada martensii). 

Adult shellfish are placed in Pyrex spawning dishes 

(1.4 liter) filled with algal culture, and deep water (22°C 

to 24°C) is circulated around the spawning dishes one-half 

hour prior to thermal and chemical stimulation (Fig. 1). 

To induce spawning, hot deep water is circulated through 

the spawning table and within 10 mins 31-32°C is reached 

in the Pyrex dishes. Immediately after reaching 31-32°C 

cold deep water is circulated through the spawning table 

and in approximately 45 mins the spawning dishes reach 

22-24°C. At the high temperature range, a stripped gonad 

solution (sperm or eggs) is added to each dish and after 

45 mins, if no spawning is observed, this thermal cycle is 

repeated. Deep water is heated in a glass-lined, gas-fired 

water heater (Fig. 2). 
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Figure 1. Spawning table (2 ft x 4 ft; 0.6 m x 1.2 m) 

containing 14 Pyrex spawning dishes. Four 

thermometers are used to check for uniform 

water temperature in the spawning dishes. 
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Figure 2. Thermal stimulation to induce spawning in 

shellfish. Deep water is heated in a 

glass-lined, gas-fired water heater to a 

temperature of 31-32°C. 
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After two or three thermal cycles, if no spawning 

occurs, all the water is siphoned out of the dishes and 

they are refilled with algal culture. Then a heat shock 

is given; the shellfish usually spawn after this treat

ment. 

If spawning is induced, it is important to isolate 

any spawning male from dishes that may contain females. 

Therefore, two Pyrex dishes containing algal culture are 

devoid of shellfish during spawning attempts and are ready 

to accommodate spawning males. We have found that too 

much excess sperm in a dish or bucket of fertilized eggs 

may inter.fere with cleavage and irregular larvae are pro

duced. 

The sex of the clam or oyster can be determined only 

at time of spawning or only after the shellfish has been 

sacrificed. Male oysters (C. gigas and Kumamoto) release 

sperm in a thin, erratic stream from the area of the 

excurrent siphon. Female oysters release a cloud of eggs 

by opening and closing the valves almost with a clapping 

motion (Fig. 3). 

Tapes japonica release sex products through the 

excurrent siphon (Fig. 4). Sperm released into the water 

gives a milky appearance to the spawning dish; eggs released 

in the water are observed as tiny, individual specks that 

will eventually settle out (sometimes in clumps) on the 

bottom of the dish. The observations of sperm and eggs in 

the water are similar for both oysters and clams. 
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Figure 3. Male oysters (Crassostrea gigas and C. gigas 

Kumamoto variety) release sperm in a thin 

erratic stream from the area of the excurrent 

siphon; females release a cloud of eggs by 

opening and closing the valves almost with a 

clapping motion. 
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Figure 4. Tapes japonica clams release sex products 

through the excurrent siphon. Sperm 

released into the water gives a milky 

appearance; eggs appear as tiny, individual 

specks. 
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After female shellfish have been induced to spawn, 

the eggs are siphoned out of the spawning dishes into a 

bucket containing approximately 3-4 liters of deep water. 

Please note-when siphoning out the eggs, care should be 

taken to avoid draining all the water out of the dish and 

exposing the spawning female. After siphoning, refill 

the dish with water of comparable temperature. As long 

as the female continues to spawn, repeat the siphoning and 

r~filling steps ~o collect as many eggs as possible. 

Fertilize the eggs with approximately 10-15 ml of 

sperm solution (color of watered-down milk) . If sperm is 

less dense, use 5-10 ml more for fertilization. After the 

sperm solution has been added, allow the bucket of eggs 

(with volume of 10-12 liters) to stand, with one air-line 

bubbling slowly, for 30 mins. Then filter the contents of 

the bucket through a 130µ sieve. This sieve will collect 

any debris or clumped gonad material and allow the clean, 

fertilized egg solution· to pass through. Tapes eggs are 

approximately 61µ in diameter and .£_. gigas and Kumamoto 

oyster eggs about 48µ. 

Note--If Tapes spawn spontaneously in a. tank, the eggs 

can be filtered through a 130µ sieve (to remove debris) 

and onto a 35µ sieve; the eggs will be caught on the 35µ 

sieve but the extra sperm will pass through. Several batches 

of Tapes have been reared after collecting cleaving eggs on 

a 35µ sieve and growth was normal. 

After filtering through a 130µ sieve, the fertilized 
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eggs are randomized and sampled (a 15 ml sample is taken) 

for counting and observation. A Sedgwick-Rafter cell is 

used to determine the number of fertilized eggs (or larvae) 

per milliliter; duplicate or triplicate 1-ml aliquots of 

the sample are counted. 

The total number of fertilized eggs can be calculated 

if the volume of the fertilized egg concentrate is known. 

Example of a calculation: 

16-liter concentrate of fertilized eggs 

Counts: 1. 212 eggs/ml 

2. 193 eggs/ml 

Total # eggs in 

Average # eggs/ml = 203 

or (212+193)= 203 
2 

concentrate = 3,248,000 

or (16,000 ml x 203/ml 
= 3,248,000) 

The eggs are then dispersed into either 15-, 30-, SO-, 

or 379-liter polyethylene or fiberglass containers at 

15-20/ml for oysters and 10-15/ml for Tapes. These con-

tainers , are slowly aerated at all times. 

Algal culture, previously filtered through a 35µ sieve, 

is added on Day 0 to the polyethylene containers to achieve 

a concentration of approximately 5 x 104 cells/ml since 

straight-hinge, veliger larvae develop within the first 

24 hr. The larvae begin to feed at this point in their 

cycle and the first filtration and regular feeding are not 

scheduled until 36-48 hr after spawning. The reason for the 

delay in regular filtering is to ensure complete development 
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of the larval shell. If larvae are filtered too early, 

the shell may be injured and deformities and eventually 

mortality occurs {Loosanoff and Davis, 1963). 

Word of caution! After spawning has been attempted 

using thermal and chemical stimulation, the brood stock 

animals should NEVER be placed back into the tank con

taining the other brood stock. This rule should be fol

lowed even if attempts at spawning are not successful. 

There is always a chance that the brood stock you were 

working with will spawn late in the day. Thus, if they 

were put back with the others all your brood stock may 

spawn and put you out of business for a while. Therefore, 

brood stock used in the hatchery should be placed in a 

separate pan with a continuous food supply for 4-5 days to 

ensure that no spawning will occur. 
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III. LARVAL REARING AND FEEDING 

Rearing of Larvae 

The following will be a basic description for rearing 

all bivalve larvae in the "Artificial Upwelling" mari-

culture system. If there is an exception for a particular 

species, it will be mentioned. 

Every other day, the larval cultures are filtered 

through a graduated series of three 25.4-cm diameter Nitex 
- --

sieves (made with nylon-monofilament bolting cloth; Tobler 

Ernst, Fra~er Inc., Elmsford, New York) (see Fig. 5) •. In 

the top sieve, clumped food and debris are trapped and dis-

carded while larvae are collected on the bottom two sieves. 

The larvae are rinsed from the sieves and colnPined in a 

concentrate of 3 liters or more, depending on the number of 

larvae present; the concentrate should have at least 

30 larvae/ml. 

Sieve sizes are increased on the next filtration day 

if a large percentage (90% or more) of the larvae accumulate 

on the middle sieve. When selecting sieve sizes, be sure 

to check the "diagonal" of the specific mesh size being 

used. In all cases, the diagonal is considerably larger 

than the mesh size recorded on the sieves and unless care 

is taken in selecting sieves, many larvae may be lost. 

Table 1 lists sieve mesh size and the corresponding diagonal 

in microns. 

A 15-ml sample of the larval concentrate is taken after 
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Figure 5. Series of sieves used to separate different 

size fractions of oyster larvae and of 

clam larvae. The 130µ sieve fits loosely 

on top of the middle sieve to allow air to 

pass, but the bottom two sieves are 

aligned with each other using a plastic 

collar. 



130"µ 

FIRST SERIES OF SIEVES 
FOR OYSTER LARVAE 
(C. gigas & Kumamoto) 

20 

130µ 

~-__-/ 

FIRST SERIES OF SIEVES 
FOR CLAM LARVAE 
(Tapes japonica) •. 
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TABLE 1. HATCHERY SIEVE SIZES 

MESH SIZE IN MICRONS CORRESPONDING 
{MARKED ON SIEVES) DIAGONAL IN MICRONS 

350 495 

300 424 

253 358 

211 293 

163 231 

130 184 

102 144 

86 122 

73 103 

53 75 

35 49 

20 28 
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thorough randomization (Fig. 6). Procedure for randomizing 

the larval concentrate is to gently plunge the "randomizer" 

up and down in a bucket at least 10 times, taking care not to 

touch the "randomizer" to the bottom of the bucket and not 

to splash the contents of the bucket. 

Data on larval growth and survival are obtained from the 

15-ml sample. A Sedgwick-Rafter cell is used to determine the 

number of larvae per ml and either duplicate or triplicate 

l~ml aliquots of -~ach sample are counted on Days 2 and 10. At 

least 10 larvae from each sample are measured (each time the 

larvae are filtered)--length and width in microns (Loosanoff 

et al~, 1966)--using an ocular micrometer (Fig. 7). Ten drops 

of alcohol are placed in the Sedgwick-Rafter slide, before 

counting, to make the larvae settle on the bottom of the slide. 

Feeding of Larvae 

All algal culture should be filtered through a 35µ sieve 

before introducing it into the larval cultures. The source of 

the algal cultures (i.e., Pool#, Reactor#, Polytank #, or 

Carboy date) and the quantity used should be recorded in the 

notebook each time the larval culture is filtered. The initial 

number of cells/ml added to the larval containers is determined 

either by cell counts or extrapolation from turbidity measure

ments. The initial food concentration in the larval cultures 

ranges from 8xl04 to 2xl05 cells/ml. Larvae fed a mixture of 

algal species reach setting size faster than those fed diets 

of monocultures. For Tapes, the mixture of 3H, STX-114, and 

S-1 (two diatoms and a naked flagellate: Thalassiosira 
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Figure 6. A randomized sample of larvae is taken by 

gently plunging the "randomizer" up and 

down in the . bucket at least 10 times, taking 

care not to touch the "randomizer" to the 

bottom of the bucket and not to splash 

the contents of the bucket. 
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THE "RANDOMIZER" 

CUTOUTS IN POLYETHYLENE BASE 

/HOLLOW HANDLE (APPROX. 15" or 38 cm 
/#?- LONG) ATTACHES TO CENTER 
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I 

Figure 7. Sample of a page of larval measurements 

for oysters and clams. 
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CLAM (Tapes) LARVAE 
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(1) Microscope used and magnification with ocular micrometer 
(e.g., Wild 125X) 

(2) State size of smallest unit in micrometer as calibrated 
on microscope (e.g., @unit= 9.52µ} 

(3) Record length and width 
e.g.: L W 

9.8 . 8.7 
10.0 8.9 
9.4 8.7 
9.8 8.8 

10.0 9.0 
9.2 8.5 
9.5 8.6 
9.8 8.8 
9.7 8.7 
9.6 8.5 

Average: 9.7 8.7 

in units (to nearest 1/10) 

(4) Calculate average size 
in microns (i.e., multiply 
average # units by 
# microns in @.unit: 

92µ x 83µ 
.(length x width) 
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pseudonana, Bellerochea polymorpha, and an unidentified 

Cryptophyte flagellate) gives the best results, but a 

mixture of two of those cultures gives satisfactory results 

(Sunderlin~ al., 1976). 

Prior to filtering the larval cultures, no quantita-

tive measurements (cell counts or turbidities) are made on 

the algae remaining in the larval cultures. However, a 

pale green color is observed in the cultures, indicating 

that food is stil.l present. 

After the food is added to the larval culture vessel, 

the larvae from the larval concentrate are added. The 

larvae are distributed equally among the culture vessels 

and the f irial volume in each vessel is reached by adding 

deep water. 

The 15-, 30- and SO-liter larval cultures are aerated 

with one air-line each--using a black rubber #12 stopper 

{or bung) as a weight on the air-line. Only slow, gentle 

aeration is used. In the 379-liter cultures, two air-lines 

{with stoppers as weights} are used to keep the larvae in 

suspension. 

Both techniques of keeping larvae in suspension work 

well when an initial stocking density of 10 larvae/ml is 

used. On each filtration day, the larvae are returned to 

the same -size and number of containers. Therefore, when 

metamorphosis is reached, there are usually 5-6 Tapes larvae 

per ml. For oysters, the concentration is closer to l/ml 

when setting size is reached. 

..... -..... -
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Cleaning of Culture Vessels 

It is preferable but not essential to have twice as 

many containers as one uses for any given experiment. This 

way, the extra clean containers can air dry {upside-down) 

for the days they are not being used. Air drying in a 

hatchery is one of the best ways to control contamination 

since most chemicals (Chlorox) can be harmful to larvae if 

misused. The 15-, 30-, and SO-liter containers are best 

scrubbed with one's clean hands and a thorough rinsing 

with deep water followed by draining (and preferably air 

drying) inverted or upside-down on a slatted surface to allow 

air circulation inside the buckets. A stiff brush--clean 

and only to be used for hatchery culture containers--may be 

used for scrubbing culture vessels, especially the 379-liter 

vessels. 

A good rule of thumb for hatchery vessels/containers 
-... -- -is: if found upside-down, vessel is clean; if found right 

side-up, assume vessel to be dirty and scrub, rinse and 

drain before using. 
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IV. SETTING AND METAMORPHOSIS 

Tapes japonica larvae are transferred into fiberglass 

setting flumes, 10 x 1.3 x 0.5 ft (3.05 x 0.38 x 0.15 m) 

when the average length is 200-225µ, usually Day 14 

(1 x 10 6 larvae/flume). The larvae in the flumes are fil

tered every other day and batch-fed algal cultures until 

Day 20 or until the larvae have set and have completed 

metamorphosis. Three to four air-lines are placed in each 

flume. After the larvae have completed metamorphosis 

(usually Day 20) the flumes .are placed on continuous flow, 

receiving food from 1 ,or more 2000-liter reactors. 

After Day 35, when the juvenile population is evaluated 

for uniformity of size and survival, it is advisable to 

thin the -population down to 50,000 per flume; at this point, 

the flume receives food from 2 or more 2000-liter reactors. 
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V. JUVENILE REARING 

Data collection on spat is done every Tuesday morning. 

Tapes #20, #21, #22, and #23 are measured, according to 

the following procedure: 

a) Collect entire population of batch #20 on a 

sieve. Rinse and spread out on towel to 

air-dry. 

b) Weigh entire population to ±.1 g. Record 

data (see Table 2). 

c) Take a sample of approximately .1 g. Weigh 

accurately to .1 mg. Count sample. Record 

weight and number. Repeat this step until 

at least 200 have been counted, or 10 samples 

taken. 

d} Divide total weight of all samples counted by 

total count. Record data. 

e) Take a sample which, by weight, should contain 

10-20 clams. Weight = 10-20 x value calculated 

under step d} • 

f} Measure length and width of up to 16 clams 

sampled under step e} . Record data. 

g} Return batch #20 to flume. Repeat steps a} to 

g} on batches #21, #22, and #23. 



- - - ------------------------., 
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TABLE 2. TAPES CLAM SPAT DATA 

DATE BATCH # TECHNICIAN ------

TOTAL POPULATION WEIGHT ______ grams 

SAMPLE WEIGHT NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TOTALS w = N = W/N = 
NUMBER LENGTH · WIDTH NUMBER LENGTH WIDTH 

1 9 

2 10 

3 11 

4 12 

5 13 

6 14 

7 15 

8 16 
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INTEGER I, TIME, Ii·J1:.iNT, I F:EC, IN~1;:.;' .J, I PICK, LOH, HIGH, C:AF' ITAL, l l 1 

LEJ·iGTH, GF:l·lF'F:F', I . ...t, K; 
15Cn3•3 F'.EAL Lf1G:;:i)t,, Lf:G:.::07' LHGt.'tf·;t, DUM1 Uf=tl, l..IALU; 15(15•3 :t:OOLEAN TEST; 
l E.f1(1(1 Lft~EL CALC'j25, MOF: I TE, El{C10PPF:OG, ~: TAF:T' CHAf·iGES 1 L1 :.::TIT, I tt:::EF:T, PICKOt-IE1 MOF:EBNGES, C2(14, C2t17, C402, ~::ECTIOIF, LI~:;T 1, EF:F:l, L l :::r2,, LI~; T;;:' Ti=t~:LES' t::-=:96~:' F":.·:·;,i 113' LS::;T' UiST; 

17(n)(1 
175(1(1 
18•2t•3(1 FORMAT 
19•.:100 
2(n3•Zn3 
210(1(1 
215(10 
22En3(1 
24•jfn3 
25•3(1(1 
2721(1 
27220 
27'2~:0 
2724•3 
2725i3 
2726(1 
2727(1 
2728~ 
27'2'?0 
27~:~)(1 

27:;:10 
27320 
2734•3 
27350 
27::::t.0 

FMTOUTl C 11 IF YOU l·JANT TO: i: 1) CHPJ-~GE Al·~ fl!:;SIJMF'TIOl·i 11 

, "; i:2:i LrnT A tJAF:r~:LD 11 /TS, 11 c;::) F:UH THE " 
, ·• ~:u:n~E:T PF:OGF.:At·H i: ..;.:i CHtif'KiE A TFi~LE; 11 

r 11 (5) STOP THE F'F.:OG~:ftl'l. 11 /T5, 
"TYF'E 1, 2, :;:, 4 OF.: 5" :i , 

:3RIEF"l ( "PICKOt-IE. POF: HELF' TYF'E ·j'! :r, 
FMTOUT2 ( '1 T\'FE AS::;UMF'T I ON t-1Ul·C:EF.:, COMMA, t=tr·[.1 t-IEH n 

' : i Ut1LUE a ' /' II 1.-JHEH '.:iOr·tE TYPE ' ·;.i•j•;i' ij' II ) ' FMTOUTS ( '1 IF YOU l·JANT TO: 11 
,,., T5," C 1 J SEE Fl SECT Im"/ T5 , " C 2) SEE Ali ASSIJMF'T I OM " , ....- , i5 , . 

"(8) SEE A TRZ:LE", /, i5, 
II I . ..;.) F~ETt.1r:::t·i TO THE PF:OGF:AM II ' /' 

II T'lPE 1 '21 3' OR 4") ' F"f'1TOIJT€. ("TYPE THE F.:Ftt·iGE OF THE SECTIOH 'lOU J.l!::;H TO ~E:EE" ,,.., 
' I 1: E. c o 1 ' oT? ) 11 

) J 
FMTOUT7 ( 11 IF You l.JA1-n ro: ",,,.,TH~,," ( 1 :i ::;;cE THE" 

II MOf.ffALITY HI!.J. FACTOF~ TR'.::LE" 
' /' T 1 (1, ll ( 2) SEE THE CCil'lF'AF:TMEr-IT s I :E Tl1!:LE II '._,' 
"Ti'PE 1 OF~ 2'' l' 

Fl1TC~JT::: C5 ( "T", J3, 11 =11
, F7. 4, :u,)), 

FMTOUT·~ (II TO SF'ECI PY THE lA3LE: II'/' 
T10,"(1l A903",/1Tl0,"C2l A910 11

'/' 

Tl ~3' " ( 3) RETLIF.:H TO THE F'ROGF~AM II '/' 
"T'lf'E l , 2 OP. ~: 11 :i , 27370 

27~::=:tt FMTOLIT 1 ~) ( " rlF'E THE Rfit-IGE, C:Ot1MH, t·iO.~ 1_.IRLUE" 273·;.0 
2800tt 
2·~000 
29500 
29510 

, ,,,. , " ( E. Ci. 5, 12 , ~3. 02 :i • WHEH :ioME n'F'E ' 99·;., 99·;.., -:i·;.9' .. ) , PMTEF:R 1 ( I:;:' " IS HOT 11 l..JAL I :1 J·tUM~:EF: FOR " 
11 ftH A:::SUMPTIOl·i~:S::t:TRY AGAIN" l, FMTOUT4 .C "T'i'PE THE ASSUl1T. NLIM!:EF~ 'lOU l•JI~:;H TO ~;EE 11 , /' 

ll IF 'c'OU 1.JI :3H TO SEE At·IOTHER A:;;suMT. - T'1'PE !I ',···' 



29520 
29530 
295~:5 
29540 
29545 
2'1550 
2·~555 
:;:(U)(10 
301t1(1 
:;:0150 
31(10~3 
:::: 15~30 
:;:4~x10 
::::5(1(1(1 
::::t:.t1(U21 
::::7(100 
::::80(1(1 
::::·~0(10 

4(1(1(Uj 
41000 
41025 
42(100 
4:,;:(U)0 
440~;10 
441(1~3 
.;.420~;1 
44;:::(1(1 

"In THEF: ME:-<T ASSUMT. YOU ~.JI::;H TO ::;EE. ~·.lHEr'i " , / ' 
•;DONE TYPE ~ -99·:,.' II ) ' . 

FMTOUT 11 ( T22, 11 PHYS I Ct1l. F'LFiHT F:EG!IJ I F.:EMEt'ff ::; " , ,..- , T 12, 
"TOP L!HE FOF.: ~; IHGLE ::FITCH :E:OTTOM LHiE FOF: " , 
:i 01 IE :E:i=tTCH PEF: MOHTH" ' /' .• Mr-tTH II ' Ti' ., t·iUt·1;:EF: ;; ' 
Tl 7, " :::PACE " , T24' 11 FLOHPATE'', T:'.::5, "HEATIHG " , 
144, "'PUMPING"' r54, "AEF:ATIClt"~ " ' ri:..;., 11 FEEI.i c:o:::;T ") ' 

FMTCdJT:::: 1: I :;:,::·:: 1, E 1 t.. ~:, ::·.:2, :::Ai:.:i , 
FMTOUT 12 i: "Tl?E TF.:ANSFEF: r·1ur·1z:EF.:, Ai;~EA 012) , ~!EIGHTH~ :1 ", • 

" ( E. G. ;::: ' 0. 02, 15(1. £1) l·~HEli I.10HE TYPE ·;;·;i·;i " J ; 
::a.JI TCH ::;lJLA:t:: =C2~)4, C207, C402; 
:;;mTCH S~JLHi:l: =LI:::Tl 'LlST2' u:::T::::, F'IC:t:::OnE; 

l'ALUE AF.:F.:AY ASST ( 1 , 2, -+, 5 , S, H), 11 , 1 :::: , 14, 15, 1 t., 1 7, i:::, 1 '?, 2121 , 

rn~:, 1134~ 105, rnE., 167, 1t1s, w9, 1 ii.:1,2~211,202, 
203,204,20s,206,207,208,209,210,211,212,213, 
21~,216,222,301,302,303,304 ,305,312,401,402,~03,~04, 
~05,406,407,408,~09,~10,411,412,413,~14,415,416, 

417' 41 :::, 41 ·;i, .:t.20, 426' ~::: 1~4-41, 4.;.2, .;..:;.:;:, 445' !:; ~:11, 502, 50::::, 504;505,506,507,509,601,602, 6 031684,605, 
6(16,688,i:.10,611,618,620,641,642,6431644, 
?01,703,704,70s,s01,802,a03, 
:::04' 805' 8(16 !I 8€1:::' 8(1'3' ·~~:::11' '?2~~1, 1?21 '927' -:.-2:=:) ; 

UALUE AF:RA'r' CALC ( 2€14, 2~3 7 ' 402 J ; 
t)fiLUE AF.:F:A'l RI TE ( 9:;: 1 , ·;i::::i:., 932, '?:37 1 9:;:3, ·?:::: :::, ·;i:;:.;, 93';., ·;.~:5, 

'j-1-0' 94 l ' :::07' '?4 7' 615' ·35~:::1, ·:i.:.~.-j' ·;.44' '?4t.' 

444~3~.!t .i.)EFitE TEMF'=FOF: I: =1 :::TEP 1 Ur--iTIL ·35.;1 DO 
.:.+4420 IF UAF: r I J t·iEf! 0. 0 THEH 
4444•3 l·JF:I TE (F:EMOUT, < I 3, E16. 8>, I, UAF.:( I J ) #; 
45000 ~EFINE RITEOUT=AE0J:=UAL; 
455(n3 URF.: [ I F.:EC J : =UAL; 
4i:.0~3(1 ~·JF.: ITE i: :iI :::KI t·~: IF:ECJ, 11, A[ :o: J :i #, 
470tn3 F:EEj)= F:EAI1 DI::;KittC IF~EC+l J, 11, AE*-J :i #; 
47100 READCDISKIN3[1J,301,A903C•JJ; 
4 72~3~3 F.:EAit (DI SKI tt::l:2J, 301, A'Ei 10[ :-:~ J) ; 
4 7:xn;1 F.:EAD rn I ~KI m :::: ] ' :::01 ' H'3' 11 : ~ J j ; 
4 74€10 FOF~ I: =0 ~;TEf' 1 UtiTIL :;:(1(1 :L)O i:EGHi 
4 7500 fl90:2: (I +;;~;u;i J: =A910 C I J; 
4 ?t.:.(1£1 Ft90:::: C I ~..J-30 J : =A911 C I J ; 
4 7700 Er-ID; 
4:::000 FOR I : =0 STEP 1 urn IL 122 Iu) 
4 ·;.~xuZi F.:EFtII rnI SK!N(A~SH I J]' :0: 'l.)ftF.'.(ASSH I J J); 
4·;..1(1(1 FOR I: =(1 STEP 1 UNTIL 25 DO 
4·:;.irn F.:EFUJCDISKitt2, <4At· >,FOF.: J:=~~1 :::TEP 1 UtffIL ::: ::10 ~~;LQ'1TIT:I,._IJ); 
ift01lt0F I' I !l:J((lf·iE: ~·JF~ ITE i: F:E 
510~!10 F.:Effi) (REM I t·1, ,... , I l.olAlff) ; 
515~3~3 CAPITAL: =(1; 
5200(1 IF I l·JAIH Et~L THEf·i GiCt TO CHAHGES EL~;E 
53(u)(1 IF UJAHT EQL 2 THEH GO TO LI:::TIT EL:2:E 
5400(1 IF Il-JHNT ECL ~: THEH GO TO :::ri:1F.:T EL:;:E 
54500 IF IWANT EQL 4 THEN GO TO TABLES ELSE 
545113 IF I l·JHNT ECL 5 THE1·1 GO TO El"1IIOFPF:OG EL::;E 
5..;51 7 IF I MF1tH EG!L '3' THEt·~ 
54519 BEGIH 
5"4$4:1 l·JF:ITE i: F.:EMOUT, F 
54523 GO TO PICKC~E; 
54525 END ELCE 
C" 1 ~ --.~ 
·-''-!"·-•&:.( GO TO PICKONE; 



54530 TABLES: 
54540 
5455•} 
54560 
54570 
54580 
545:::4 
545932 
:;459.:. 
5..f.600 
5..;.i:.ei::: 
~5461~.:1 

54612 
54.:.20 
546~:(1 
~;464(1 

54t.5(1 
546t.(1 
54E.7(1 
54.;:.;::~j 

5495(1 

HF~I TE C F.:EMOUT, FMTOUT9) ; 
F:EHIHF.:EMHh /,IP ICK) ; 
IF IF'IC:K EG!L 1 THEN 
:BEG !ti 

~·JF.: ITE ( REMOUT, FMTOUTl •:1) ; 
F:.·::·;.0::::: F.:Efij) ( F:EM IN' ,... , LOl·J, HI liiUt=ILU) ; 

r F UJl·J EQL ·9·34 ·:.i men GO TO p I Cl·))l-iE; 
FOP I : =U.J ~:;TEP 1 UHTI L HIGH :10 
:C:EGI N 

A'9(1~: [ I J : =1.,.iALU; 
EN:1; 

l·JF: I TE i: :1 I ::a=:: I rt~:: 1 : , 30 1 , A":I 03 : ~ J ) ; 
GO TO f::-::·;i13::::; 

Et·£1 EL::;E 
IF lf-'ICf::: EG!L 2 THEt"i 
:::EGit·J 

WRITE(REMOUT,FMTOUT12); 
F:·::·;i 10: F:EA!I (REM Hh .· · 'TI ME) ; 

IF TI ME EG!L '?'39 TH0-1 GO TO F' I Cl:or·IE; 
F:EA!t ( F'.EM I H, /' UALLI, l)AL J ; 

END EUE 
IF IF' I CK EG!L ~: THEN GO TO F' I CVOME; 5..;.·jt::.~} 

55(1(U} 
56(1(1(1 
57(1(1(1 
57(15(1 

CHANGES: HRITEi:REMOUT,FMTOUT2J; 

5710(1 
57150 
572(1(1 
57250 
57300 
57:350 
5(5(1(1 
5B00(1 

5"SiJJJ2U~1 
i:.•.:1(uj(1 
t·l ~1(10 
615(10 
i:.20•21~21 
.:.::::(1(10 
tAl21(uj 
.:.5(100 
i::.7ft~30 

t.:::O(n3 
r:.9(1(1(1 
7(U)~j(1 

71€10(1 
72(10(1 
7~:.,:1(1(1 

7460(1 
75(Uj(t 
76(n.:u21 
77~3(1(1 

78~Xn3 
7 '30(1(1 
:;:(1(U}(1 

:::10c10 
:::200..:1 
::::.;:i_:n)0 

MOF:ECHAt"ieiES: F:EAI1i:F:EMI, ....- , IF:EC,UALU); 
IF IF~EC EG!L ·;.99 THEr-i GO TO PIC:l:::onE; 

IF IREC EG!L 808 THEN 
i:EGHi 

UAL:=-LNCUALUJ/180.D; 
FOF.: I:=l STEP 1 UHTIL '301 DO 
A903:I-1J:=EXC-l)AL....- IlJ 

cr-m; 
l·JF:ITE D!SKHiDJ, '?f11, A'3t1::::~~J l; 

~:EA!I CDISJ:::Ui[ IF:EC, 11,fC¢~ J :i; 
IF HASf::SEflF:C: C I F:EC, 4 "FFF" , A:;::;; :1 HEC! - i THEM 
:E:EGit-1 
IF Hiil::·:::=i'1A::;i :·sEAF:CHi:IF:EC,4"FrF"~Ct=iLC:t t"IEG -1 THEt·I GO TO 
::;i.JU:IB [ I N:1::< + 1 J ; 
GO TO I M~;EF:n 
C204: 1..Jt=ILU: =! :::•21f1;}.l...IF!LL~~f1. 5; 

GO TO rn:;;[F:T; 
C207: UALU: =28000. lj:O:l)fillf§.~. 548; 

GO TO HiSEF:T; 
C402: UAL: =·?500i3. ~)io:1 ... •ALU~-");. 5t:.5; 

~:I TC OUT; F:EE!t; 
UAL:=14~000.0~UALU~~.554; 
F.:!TCOUT; f.:EC:1; 
i.JfiL: =2:;:(11)1)(1. O~UtiLUiB:. 5::::::; 
PITEOUT; F:EED; 
t,tflL: =~; 10~21~x1. (t:O:l)FtLU:o;:o:. 5ft; 
F: I TE OUT ; F.'.EEii ; 
UAL:=42000.0~UALU~~.438; 
i;: I TE OUT; f.:EC:1; 
t)1:1u = l..;.. (i:O.':t .. IALl_I!:?}. 1: - • l i£:3) ; 
F.: I TE OUT; PEEI1; 
UiiL: =::::t .• ~1i~UALU:~:;~: 1:-. 3~1:.) ; 
F.: I TE OUT; F:EEI1; 
l)AL: = 1 ~:~21. O~l,IALLI~*- ( - • 2t.2 :1 ; 

F.:ITECll_IT; F.:EG1; 
UALU:=150.8~UALU~~i:-.354); 



84(Ujet 
:::5(1(1(1 
:::55(n3 
::a:.ocn21 
:2;7(1(10 
::::::cn3~3 
~3'30)(10 
'?f1(1(n3 
·? 10(1(1 
·:.i 1orn 
'?1020 
'? lt1=.;:(1 

·;t 1~34(1 

rnsEF~T: 

EJ{;::i; . 

READCJISKINCIREC~1ll1A[~J); 
A~0J:=UALU; 

UiiF: [ I F.:EC J : =UALU; 
~.jp I TE ( r1 I ::a::: I H [ I F:EC J ' 11 ' ii ~ ~: J ) ; 
l·J~: I TE ( F.:EMOUT ' < " ='.*#II > :1 ; 

GO TO MOF:ECHfiHGE~;; 

l·JPITE i:F.:EMOIJT,FMTC::F:Rl' IF:EC:i; 
CiO TO MOF:ECHANGE:::; 

i·U~:I TE CF:EMOUT, FMTOUT5.I ; 
F:Eftit (F.'.EMH~, /' IPIC:Kl; 
GO TO SWLA31~IPIC¥J; 
GO TO L E:TIT; 

0? 1050 LI Sil : 
'?1 (n:.0 

l~F:I TE i:F.:EMOUT, FMTOUTE.) ; 
F:EA!1 fF.:EMIN, ,..-. LOl·J, HIGH); 

·:.irn?0 
91G72 
'?1074 
'? 1~376 
910f:(1 
·:.i 1084 
'3109~3 
'31500 
'?2~21(10 

·;i:;:(10(1 
9~:~i00 
0?:::t.(Uj 
'?37~3~3 
·::i:;::::oo 
'j::::::5(1 
·:.i~::::?o 
·;i:.;:::::::(1 
'?.;;.(1(1(1 

95000 
·?t.0~30 
97(1(1(1 
97500 

FOF: I : =Lm·J STEP 1 Ut'ff 1 L H l GH :10 
:E:EG I t·i 

IF HIGH GTF.: 950 THEt·i HI~; =·~:a51~1; 
IF '.'AF~: I J HEC! 0 THEH 
~·JF.: ITE l:F:EMOttT, < B, F3U. 1 (1 >, I , t)f=iF'.[ I J ) ; 

EH!); 
GiO TO LISTIT; 

LI ::;T2: ~·JF: I TE ( REMOUT, F11TOUT 4 :1 ; 

LS::; T: F.:EA!) ( F.:EM I t·i, ....- , I PEC ) ; 
:i:ECit·i 

Et-ID; 

IF IREC EQL -999 THEN GO TO LISTIT; 
IF l'IA:~a::S[AF:CH ( I f.:EC' 4 ., FFF ., ' i=i:::::n) ((!L -1 THEt-! 
: :ECit·i 

cr-o; 

j.jp I TE ( F.:D'10UT' < I:;:' !! I:;; t·KIT ii UAL I :1 A::;ST. II 

I :B:*.:.>: TF:'/ flGA ~NII >' I F'.EC ) ; 
;:,;(I T 0 L:=:ST; 

i•:EA:1 i. :1 I:;;t::: It··I C IF:ECJ, 11, A:~: J); 

hi?I TE (F£1'101JT, FMTOUT:;:, IF.'.EC, FOF.: I: =t1 ::;TEF' 1 
UNTIL 7 JO A:IJ); 

GO TO L:;::;;T; 
·?75 H?t u:::r3: 
97520 

'1JF.: ITE CREMOUT, FMTOUT7) ; 
F.'.EAI1 ( F.:EM IM, ....- , I PI CK) ; 

·3753~~1 
1?754f1 
'~755(1 
97555 
'375t:.~3 
1:-757(1 
'37580 
'?75'?0 
'?7600 
0?7E.1(1 
97620 
·37.:.:;:o 
'376..;.(1 
·:f?E.~i(1 

'37E.6~3 

'3767(1 
977(1(1 
97705 
9:::100 
%:150 

STAF:T: 

IF !PICK EQL 1 THDi 
L:EGIM 

~·lF:I TC i: F.:Et·10UT, < "MOF~TALIT'l A:u. FACTOF: TA:::LE u=r:.4:i :;: :i " 
" , ~·;, IH 1 O :1R'i' UITEF:UALS; " . .. > :i ; 

FOF.: I ~ = 1 ;:;TEP 5 Ut·ff IL 1 50 ~)0 
i·.!F: I TE ( REMOUT' FM TOUT:::' I ' Fr:io:;: [ I : ' I+ 1 ' A'?O:;: [ I+ 1 J ' 

1+2,Ft·:.io:.::i: I+2J, r+:.::,P. ·;i~3;;:u+:::J' I+4,A'?(t:.:;U+4J); 
END EL::;E 
IF !PICK Ei2L 2 THEH 
~:EGIN 

~·JF:ITE (f~:EMOUT ~ < "flF:EA U12j -L·JE I GHT ( G) F.:ELAT!Ot·i:;; II~ 

·• i: A·:.i 1 o , r=r::i 11 :i FOP cmm:i I MEF.: ::; r ZE TF:A1t::FEF: 11 
/ > :i ; 

FOR I: =O :::TEP 1 UHTIL LEHGTH - 1 :.:io 
WRITECREMOUT~<X10,I3~2F12.4 > ,I+1,A910[IJ,A91l:IJ); 

nm; 
GO TO u:;:TIT; 

TEST:=FALSE; 
=·~ TI ME OR l·JE I GHT DEF'Et"iDEt-fT GF:Ol·JTH LIM IT 

HIGH: =:::99; 



98200 lF i..•AF:C2J GTR 0 THEti HIGH:=Mil'i (l .. •AF.:C2J-1. 0, :;:9·;.); 
·:.iS25€1 LOW: =0; 
·;.::::;:(10 :,.~nu TIALIZE UARI AE:LES 
·;i::::.;:05 FOF.: I : =457, 4:.S, 459, 460 I•O UAR~ I J : = O. (1; 
·:.-8310 FOR I: =311,4~:5, 437, 452, 453, 4~4, 455, 45.:,, 4,:.~;:, 514, t. 12, ·;.24, '~25, ';t2t. 

DO UARCIJ := 0.0; 
I I: =0; 

·;.:::~:15 
·~8~:25 
·=..::::;:50 
·;i:::4i30 
%:45(1 
-;i:::5(10 
'38550 
-;i:::s,;.(1 
·:.:8st.s 
'?8570 
·3:;:575 

L.JT ( LOl·l J : =J...IAA ( :::t15 J ; 
C902CLOWJ: =1.,IAF~( St01 J; 
t.,ifiRi: ·;ccz1: =HIGH+ 1; 
=·~ I: I OLOGI CAL :::u:E::=;y~;TEM 
% SET STARTING DAY (1-360) 

I._1: =l)fiRU0 J; 
=·~ STAF~T HiG HEIGHT ,t·fUMI:EF.: OF TF:AY::;, :=;Hf1F.:E OF TF.:Ati:=;FEF: 

'385E:i3 
·:-:::585 

l.IAF: C 9~: J : =l.•AR ( ::a35 J :O:l..JAR [ 11 J ; 
tlAF:[ 99J: ::1.,iAF.:( 1·;iJ:o:1000. (1....-UAF.:l ·;i:::J; 
UAR [ 9€1(1 J : = 1 • ~) ; 
UAR C 70E. J : = 1 • 0; 

·;ii::t.(10 
·;.:::.:.50 
·:.i:::t:.t;.(1 

FOR I:=L06'J STEP 1 UtHI.J.. HIGH DO 
:BEGIN 

IF I EQL HIGH THEN TE::;T: =T~:LIE; 
'?87•)(1 
'?.1875•3 

~-~ SET TEMPERATURE' AMI: I rnr At-{II OF'EF:ATI NG 

'? ::::::(1(1 
·:i9•35•3 :~ 
'?9•37•3 
'391 •3(1 
'?911•3 .. ·• 
9'3120 ~-~ 
'?'31 ~:(1 
9'311 ~:1 
·;i91:;::::: 
·?9135 
991~:7 
'3914(1 
·;i·:;tt5•3 
991E00 ~~ 
'?9170 
'? '31 :::0 :-~ 
'?920(1 
'?9202 
'?92•34 
'?'3'20t· 
·;a·;c2(1:3 

'?9212 
99214 =·: 
'?9220 
9'3230 

·::i·;t:::::::o ~~ 

99480 

UAF:i229J: =UAF~C201 J; 
IF 1,,1AF.:[2(12J GTF: £1 THEl·i UAF.:C22·;iJ:=UAVi202J; 
0::-0:YGEH COtt:;iJMPT I ON 1: MCi/HF:) 
• . ..'AF:[ ~a20J: =')AF.: C5•Z1::: J+l.,IAF.:[ .;.20 J ::itl,IAF.: c22·;i:; 
UAF:[51~:J: = (1...fAF.:C52•Z1J~~.ff [I J ;o:_:o:1...1AF.:r5•31 J) *-C·:i•32[ I J; 
PH'lTOF'LANKTOti PF.:OI1UCT I on 
DEPTH F'ACTOF: 

IF UARC18J CiTR UAR[22J THEn 
J::EGIN 

l·JRI TE O~:EMOUT, <"ACTUAL POOL JEPTH £::-::CEEI1::; COMF'Er-ISAT In··.,, I :EPTH" , 
2 C:·::2, F:::.1) ;., 1.)fiRL 18J ,1.,1AF.:C22J); 

l)AR[ 51 J: =l..iAF.: [ 22 J; 
Et'iIJ ELSE 1.,IAF:r 51J:=UAF.:[1:3J; 

UAR[ 51 J : =UAR [ 51 J - ( t)i1F.: [ 51 J ~~2) / ( 2. 0~1..JAVi 22 J ) ; 
EZPOSURE FACTCtF: 

t.,iAR£52J: =UARC24J/UAF:C51 J; 
CONUEF.:~: I Ott EF FI C I Et·tC\' 
1.)ARC53J: = 1. O+ttAF.:C26J:O:l)AF: ~52J +l,1AF.:t27J*-1..JAF.:C 52J:0:~2. o; 

IF UARC53J LSS 0.0 THEN ~EGIN 
1.-JR I TE CF.:EMOUT, < "CALCULATEI1 F'H'r'TOF'LAHKTOt·i CtXIUCF:::: I Ot·i EFF IC I Et-ICY I:=;., , 

11 HEGFtTil.}E, !! '/'II H1F'L'i'HlG E:<CE~;SIJ...IE FLGi·U~:ATE. COMPUTATIOt-i II 

"TEF-:MH1ATEI1. F:EI1UCE l..'AF.:IA~:LE 24" >:i; 
CO TO-F' I Ct.Ji[; 
EJ{j); 

RATE or PROTE rn F'F.:ODUCTI Ol·i ( G.···'C:M2/DA'l) 
1.)ARC54J: =t .• 25* (1.)fiF.:C20J +UAF.: C644J) ; 
l)fiF:(~L5J: =l,IAF.:( 54 ):O:l.)fiF:[5~:J~UAF:Ci24J; 

CiF:OWTH HiCF.:EMEt'ff 
L.ff: I+ 1 J : =WT C I J ; 
ANIMFt... GF.:Ol·ITH FUt-iCTIOI"~ 
BBS HJ: = 1 STEP 1 UHT IL 2 Z:tO 

·;.·;.5(uj =·~ FEEDWG CF:ITEF:IOr·~ 
'39650 
99655 
99661 

~-~ LIMITEIJ BY FEE!I G!UAt"ff IT'l AMI• TYPE 
1.)fiRC5i£.J: =l,IAVi29J:~1..JAF.:L31 J; 

:~ COt-it'EF.:SIClf·~ EF"FICIEMCY 



99670 :-;; 

9'5c67'E. :--~ 
9'3685 
'?9t.91 ~,~ 

COtiUEP.S I or·i FACTCtF.: 
l'ARr58J: =VAR( 14Jllt'AR( 15J:O:l.,IAF~r 17J; 

RATE OF FEElHNG f'H\'TO {G.···SEC.··'AtHMAL HD 
LIAR( 59 J: ::l.,IAR( 56J lf.l·JT [ I J iO:~l)AF~ c :::02 J ; 

GROWTH rncF:EMO"ff PEF: DA'l 
1..,IFIRr 807 J : =L•AF.: ( 58 J *l...IAF: ( 57 J :t:l_.!AP. [ 5'? J l;f.86413~3. 0; ·:i·;..;.94 

9·;.700 
99750 
·;.99eu3 

=·~ LIM !TED L:Y f1ETR!:OLI TE/(i;·::'/GEN conc·-PH HOT OP 
~~ Lit11 TGl I:\' SPACE, NOT OP 

99950 
99·:.75 
1 (Uj(1(10 
1[n3010 :-;; 
1(1'3020 
10(1031 :-:; 

1.-JTC I +1 J: =1.-JTt I +1 J+UAF:C :::07J; 
EHDi 

UARC807J := (WT~I+lJ - WT~IJ)/2.0; 
WTCit1J:=(WT:I+1J+WT:IJJ / 2.0; 

FOOD CCtiSUMPT I ON' C:OF~F:EC TEI1 FOR HORTAL IT 
l)AF:[~.21 J: =UAR[5·;.Jio:c:-;io2r I J; 
META~:ou TE PF~OI1UCT I OH ( G/!IAY) AMMOn I UM-r·H::: i: TH MA:0<:) 
UAR[432J:=C1.0-UARC57J)~UARC621J /6.25; 

=-;; NH3 I1I~;~;(ICIATI0t·~ :E:ASE!I ON HEt·mEF:SOt·~-HA::;::;EU:ACH EG!UATIOH At·rn 
~-;; LOG KA=. 2E:(t4+2717. ( 1 ....-A:t:CTEMP :i F'KA=UAL 

1€10~);;:2 

l(Uj~);;:4 

ll?n3035 
10003€. 
10(1(1~:7 :-; 
l(U)(1~: 

1~3eu;r.::9 

1€1(1040 

UAL:=. 2:::(14+2717. (1/ CUAF:~229J+273. (1); 
F'F~OPORTIOli OF NH:'.:: (i)ALUJ THEt·~ ACTUAL l"iH3 

1,)ftLLI: =1. (v C 1~~1. 0:0::0: t:t...IAL-UAF: [ 44-5J) + 1) ; 
l...'AR [ 4:36 J : =l)AF.: ( 4~:2 J :t:l .. IALU; 

1 tnZn)5(1 :-:; 
10(11~3~3 

•...IARE 4t:~: J: =1.JAF: [ 621J~UAR(42l3 J :O:l...IAF: [ E.£1:::: J; 
TAF~GET l·JEIGHT F.:EACHED? 

IF" loff[l+lJ LSS '...IAF: c·;.2iz1J THEt"~ 
i:EGUi 1 ~3(1150 

1•3(120(1 
ll:1(1250 
l l)0:;:(10 
1t1(1350 
1i)0400 
1(1(1450 
1(1(15~3(1 

1(10550 
1 (1(16(10 
1i)(1t.50 
11~n)7(1~3 

100:;:50 
10(19~30 

10~3·;.50 
100·;.60 
1eu3970 
1en3985 
10l3'?9~3 
100992 
100·;.·;.4 
1En3996 
1(1(19'?9 
1010(1(1 
101001 
101 ~3(12 
101003 
1 ~:1113(1€. 
1131(n3::: 
rnHno 
101(112 
HH014 
W1016 
1(11(11::: 

IF I EG!L :::·;.9 THEn 
I:EGir-i 

l·JRI TE ( REMOUT' < II TARGET l·!E I GHT CArn·mr z;E F.'.EfiCHE:l I li !! ' 

" •;i130 DA\'S 11 
' / ' 

11 F:ESET ASSIJMPT I Ott3 .JUST CHAf·iGE!I 11 >) ; 
GO TO F' I CJ:: Ot·~E; 

END; 
END ELSE 

1..'AF:(922J: =I +1; 
TEST:=TF:UE; 

E1tD; 
=~ SLIF~UIUAL 

C902CI+1J:=A903[1+1J:O:UARC901J; 
=~ SlJRt)IIJAL MODIFIE!I B\' 02/ METAL: cor-K, PH, SPACE, FED, t·IOT OP 
/,, WEIGHT & NUM:C:EF:, SHiGLE :C:ATCH 

·- 1.JAF~E915J: =l.ffi: I +1J :t:C9(12[ I +1 J; 
l.JAR[916J: =C902( 1+1J; 
~-;; TF~ANSFEF.: CF.: 1 TER I ON 

IF LIAF:C915J GEG! UAF.:[9E!J THEr·t 
BEGIN . 

:°' SHAF.:E OF TF.:Ati'.::FEF~ :1 t-iUMI:ER C1F TF:A\~: ( / TF.:A\' INPUT) 
IJ: =I . .J-1; 
IF IJ GTR 0 THEN BEGIN 

l)AF: [ '?€10 J: =l.,IAR ( 90(1 J ~UAF~ C 11 J ; 
t.)ff.: [7(1t::. J: =~.lftF.:(7(1E.J+l)AF.:['?l~11)J; 
UAR[98J:=UAR[98J~UAR[11J; 

EH!t EU:;E 
:E:EGIN 

1...IARC '?22J: =I+ 1; 
TE::;T: =TRUE; 
I:=HIGH; 

EHD; 
EHJ); 



S IliGLE OR REPEATED I:ATCH - UAF~ r 1 J I::; 0 OF: 1 
IF l..IARt 1 J EG!L 1 THEN 
BEGIN 

IF TEST THEN GO TO LAST ELSE 
IF (I+ 1 l /l,IAF~C::a~16J-ItffEGEF:T ( {I+ 1 j /t..tAF:[t::f11:.J) 
~EGiti 

101020 =~ 
101050 
10110€1 
101150 
101200 
1€11250 
101:;::(1(1 
101:;::5~3 
1014(1(1 
101450 ~~ 
101500 

LAST: 

10155€1 
101.:.00 
lttlE.50 
101€.7(1 
1017(Uj 
10175(1 

=~ CIJMLILATEI• FEED i: G.---~:EC/AIH MAL HO 
l..IFF:;: 612 J : ::o:+i . ..tt1F~ C 621 J ; 

cur1L1LATE!l C!i<'lGEN COr-fSUMPT I (lt-f ( MC..··"HF.:) 
l..'HF:C514J: =*+'...IAF.:1:513 J; 

~~ CLlf1ULATEl) t£iABOLITE F'F.:C1I1UCTI ON 
1.,..lff.:: 4~:5 J : ::t:+UAF.: [ 4:;:2 ~ ; 
1,.1AR ( 4:;::7 J : ::~+UAR ( 4:;::.:. J ; 
UAF~C4t02J: =:O:+J...•AF~[4E0 3J; 

/~ CLIMULATEII SPACE F.:EG!' PEF.: I t·iF'UT 
UARC924J:=~+UARC'?00J; 

:-~ WE I GHT Ff"iD t·11J~:EF~ OF At·i I MALS ( G 1 ~~1 l 8f:1(1 

1010::5(1 
101·~00 
101 ·:.irn /~ 
lf11 ·:i2~21 

f..IHF: [ 925 J: =~+l~ [ I+ 1 J ~:C-:C02[ I+ 1 J; 
l..'AF~ E 926 J : =~+C9~32 ( I+ 1 J ; 

CUMULATE tiUMBER OF H:Ftf-i~;FEF:~; 
l.JFF.'.: 70t:. J: =1...IAF~ C 7(1E. J +l)AF.: C ·?~~10J ; 

END; 1 t1 l '?~et1 
1 (12(1~i0 EH:1; 

IF l.JT CI+ 1J GEQ UAF: r ·;.20 J THEN 1 : = H I GH ; 
END; 

EG!L 0 THEJ-i 

102075 
10210(1 
W2120 
1c121;;:c1 
1(1214~3 
102150 
1(122~30 
1(12250 
102:;::(10 

=~ SHARE OF TF.:Art::FEF~ Ftt·rn t·fUM:E:EF~ OF TF:A'lS I. /At-Ht·1AL Hf! 

102::::50-
1024(10 
102450 
1025(1(1 
102550 
102.:.00 
1(12620 
102650 
1(12655 
102.:.60 
102t·65 
102E.70 
102675 . 
102.:.80 
102685 

l .. •AF.:t 900J: =l...IAR[ 9~30J,·· · t.JAF.:[ 99J; 
UAR[7(16J: =l...IAF.:[ 7C1E. J /UAR( 99J; 
UARC924J: =l.•AF~( 924 J /llAF~( 99J; 

=~ TRAt1SFEF.: UFtLLIE~: 
IF ~.IAF.: ( 1 J EQL 1 THEN 
BEGIN 

UfiR[915J: =l.IAF~[ '?25J; 
1 . .JHRC621 J: ='.JARC612J; 
UAR[513J:=UARC514J; 
l,iARr 4~:2J : =UAR[ ·B5 J ; 
UAR[436J:=UAR[437J; 
UAF.:(900J: =l.,IAF~[924J; 
UAF.:C916J:=UFtR[926J; 

IJAR[4E.3J: =UAF.:C 462J; 
END; 
:-~ TOTAL NUMBER OF ANIMALS :::TAF:TEI1 

• .. · 
'• 

'JAF~ c ·:i~'6 J : = 10~)(1. c1:0:1...iFtF.: r ~21 J / (~·ff: t'AR [ ·:i22 J J :o:c-:.i02 c •...1AP r ·;.22 J J :i ; 
TOTAL FEEDF~ATE, AREA i:LITILIZED t TOiAU €,, FLON ti F'H'lTO TANKS 
UARC640J: =l..IAF~(926J~IJAR[621 J; 
LlftR( t·tf·l J: =l,IAR C 64(1J....-~.IAF.:t55 J; 
IJHR[662J: =l.,IAF.: ( .: . .:.1 J :0: ( 1. 0+1}FtF.:[ 1 E.J) ; 
1JftRi:E.63J: ::1.,IAR( 6E· 1J:O:UAF~(24 J; 

1 ~32€. 90 t..tAF~ r E.64 J : =•JAF.: C E.E.1 J ~UAR ( 1i::J,...1 (1(1(1(100. ~); 
1 ij26 ·;is UAF.: r #29 J : =l'AF: [ 6(11 J :0:1.JFIF~ [ E064 J ; 
llltB70~S~1TOTAL l.JEI GHT OF At-U 
102705 UAR(915J: :IJAF.:[ '?15J~l...IARE '?26 j; 
102710 :-~ 41ESIGN 11ETABOLITE LOFtDHtG (t-fH3:t G/CM3 
1El2750 UARC440J: ::1.,tAF~(441J:O:l..JftF.:C442J ,.·· rn. 0*-=~7. ~:1; 
1 (1280(1 ~; FLOl.JF~TE THF:OUCiH TAMK::: CM~:/~:EC: 
lf12805 :~ F.:ECIP.CULRTIOt-f F'F.:OF'OF:TIOt·1 
102806 l'ARC493J: =l..IAF:[ 663J/UAF~[915J+UAF:[4.;.;;:J; 



1~)2808 
1i::.12:::11 
102817 
1€12820 
1(12~:23 

ff •,..tAF~C416J GTF~ e.i3 THEN 
~:EGitt 

•)AF~~494J:=1. ~)-1.,IAF.:t 4'E'3 J ....-1.)FtF:[ 416 J; 
IF 1,,IAF~(4'34J LSS 0. 0 THEN 
i:EGit·~ 

H3~82E.E~::3 THAHMi: I TE ( REMOUT' < ":::PEC IF I E!1 FLOMF.:ATE I t"i At~ I 
1 (12:::2·;. 
11::12:;:;;:2 
1028::::5 
1 €12;:::.;2 
1l32841 

11 I HFLm·J. " , ....- , "F.:ATE or " , E 1 t.. ::: , " i: cr·B. ···::::EC/G OF mt r MAL 
" I:;; A:=;S1Jt1EI1. " >, UAF: [ 4 -:;.~: J ) ; 

l..JAR(4'34J: =0. 0; 
EHD; 

END ELSE UAF.: t 4 '?4 J : =UAR i::414 J ; 
1 £12844 ~~ CALCULATED FLOHF:ATE F.:EC!U I F.:E!t ( CM~:. ···SEC) 
W2f:50 l.IAL: =l,.IAR ( 440 J-1.JAR [ 4 J / 1IZt. (1:t:~E .• 0; 
1t12875 1 . .JALU: = (IJHF.:[ 64~:J/11X1. (t) ~UAF.:t 44(1)/IJAL; 
1029(10 l.tftR(43E:J: = (l.IAF~( 4:;:6J /URL).·· ( 1. O-l...IAF.::4·;i4J+•...IRF~[ .;.·:i4) ~•..'ALU) ; 
102950 UAR [ 438 J : =1.,IAF~ [ 4;;:8 J it!IJAVi 926 J /UAF: C'? 15 J ; 
102'3'55 TEST: =FALSE; 
102'365 IF •JAR C 416 J GTF: ~3. (1 THEt~ :t:E GI N 
102'5&75 IF" !JAF:t416J LSS l...IAR[ 4:;:3J THEtt TEST: =TF.:UE; 
1~j29:::5 
11329·~3 
1(12'?'?5 
1(12998 
11;1;;:(1(1(1 
1(13(1(15 
10;;a3113 
10:;:(12(1 

UAF~i: 4~:8J: =t•AF:C 41t·J~i:1. l)-1..Jt1F.:C 4'j4J) ; 
EJ·rn EL~;£ IF t,1AF.:(495J:=UflF:i::4'?3J:0:(1.~j-1.JAF.:[4'~4J :1 L:::;s l)Af'. :43:~:: THEH ;:EGIN 

TEST: =TF.:UE; 
UAF.: [ 4~::;: J : =•.)AF: [ 4 '35 J ; 

EH.i.); 
IF TEST THEH 

t·JF:ITE cREMCdJT, < "~·JAF:ru~tG - FLm·JF::ATE rn AtnMAL rn1 ·0:::~: rnsuFFI er Et-ff To ", 
"MEET !IESIGN .. , /, "t1ETAl:OUTE LOA:1u1G. MODIFY or·iE or- l.IAF: 4,414, "' 

lt13(f30 "4lt•' 441, 442, 443, r:.~33. II>); 
1 ~~i:;aj4(1 IJAF: C 4:3:3 J: =l)AF.: [ 4;:::::: J :O:l)AF.: C 915 J =~:::6. 4; 
10;::1013 :·~ AERATIOM F:EQUIF:EMEt-tT FLOWF~ATE 
10~:15(1 \ TOTAL m-::YGEN Cl:rt"iSUMPTIOt·~ 
1 o:.;:200 lJAF: C 51 7 J : =l.•AF~ ( 513 J ~l.,tAF: ( 926 J ; 
1 (1;;:25i3 ~~ (l;:-::'lGEti IM TAKE cone ( OMEGAF) MG/L 
H213:Xn3 l.•ARC515J: =11. 52:0:(::-.:F' ( r:-~~1. (12(17) ~l...IARC2€t 1:) ; 
113;::::;:5~3 -'.'.·~ CALCULATED FLm·JF.:ATE L-<i)ffr' 
1 0:;::4i~u3 UAL : =UHF.: ( ~.(12 J -1.,1 AF.: [ 515 J ; 
1 ~3:::5(1(1 t..IAR [ 515 J : = 11 • 52~D=:P ( ( -(1 • 02(t 7) :o: UAF.: [ 22 9 J :i ; 
1 ~~(::550 l..IALU: = ( (-1_.iARC5J :r) !9: (t.)AF:t 515J-UAF.:C502J) / UAL; 
1 (i;;:6~~u~t UAF~ ( 439 J : =l.•AR[ 517 J +UAL*-UAF.: [ 4~:8 J :o: ( 1 • 0-1..IAF: [ ..t ·~4 J 
103620 +UARr494J~UALU)/24.0; 
10:;:i;:.5~j }; DIRECT Oi'~'r'GEJiATIOt·h IF f·~ECESSAF~·,· 

1 t.71 .. ::: 7 f.H1 
I0~:75C1 
1 ~21;;:;:a~10 
105~:~3(1 
1i354(U3 
1 ~3~'50~) . 
105600 
105700 
1 (t5t:00 

~R 1t'~'H, H~3A~r~~:~~ J W!~~xu2100. (1~')AF: r 5(14 J :i 
EL~;E l..IAF.:[51 'E'J: =0. 0; 
COMMENT HEftTHiG F.:EC!UIF:EMEms, HEAT F::ECIF.:CULAiHiG ~·,ATEF: 

THE AMOUt"ff OF TEMP LOS:=; r: UAF:: 214 J ) • HEFlT I/ff AKE 
~·JATEF.: TO OPEF:ATE TEMPEF:ATURE + !':iO~·; OF TEJ·lP t-:=:S 

1 (1.5'?(n3 
1061(1(1 ~~ 

UAF:C200J: = i: U • 0-UAF.:i: 4'34 J :1'°'(l.,it=tF.:~229 J +O. 5:~t.JAF.:[214J
UAF: i:201 J) + 1.,.1AF.:C494J~1..IAF.:i:214J); 

UAR[215J:=UAF.:t200J~l...IARt438J; 
NUM:E:EF.: OF TF.:A'r'~; 

itt62t1(1 
i~)~300 
1ft640(1 
1(1t.550 
1(1,:.;:.e:10 
1~3€0650 

•)ftF:C·;tS(tJ: ='....tAF:C 90~3J ~UAF: [92f.J; 
1.)flF~[ 916J: =UAF.:C 91 t.J ~UAR[ 926J; 

~~ PUl1P C:APACiri', HffAkE AMD F.:ECIF.:C O~].J) - wo:-~ EFTiC 
UAR[32E.J: =tt. (1(1(1131~1...IAF.:(66:.2:J~l..IAF.:D02J; 

l...IARC32? J: =0. (1(1(1(1 l ~•.)AF.: ( 44:;: J:O:l,tAF~[ 302 J!IO!lJAF:t 915 J; 



106700 llAR(306J :=t..tARC312J* (UAF.:C 19J:0:1000.(0 '°'-~2. (1; 
10E. 720 llftR r 306 J : =UAR [ ;:::(1t. J :t:l.JAF: ( 950 J / 1000. 0 ; 
H216t:10 =-; FEEDING EQUIPMENT F.:EG!UIF.:EMENT 
rnt.:=:15 IF UAR[€.18J GTF~ f1. 0 THEr-1 ~:EGHf 
106t:20 t)AR [ 629 J : =•.JAR [ 950 J ~l..JAF.: [ E°Ct':. J ; 
1(16840 UAF:[627J: =UAF.:[ E.18J~ ( HffECiEF:T P.,tAPL '3i(1(1 J .. ···•..JAF:[ ,;t.jt;.J J + 1.1 '~ 
10E.841 ( 1. f1+1.,.IAF:i:604J) :t:l.)AR:401 J/2(H30. (1; 
1•36:.::5(1 
1070(1(1 

1071(10 
10720(1 

END; 
FC~ I I : =43:::, 215, ..+:::::.::, 235 ;:10 l..JAF: ( I I J : =UAR ( I I :i,.... 100(1. 0; 

IF CAPITAL EQL 1 THEN WRITE(REMOUT, < I2,7F10.1,....-,x2, 
7F 10. 1>,.,,.1,1..JAF.: [·;a 16 J, •..iAF: ~ ·~5(1J,•...tAF::43:;: J, UAF.:[215 J, l)l~P: 32E· J, 
UAR [ 5 t::: J , UARL t;.27 J , i..JAF: [ 92t. J , UAF: [ ·;i24 J ~ '...IAF: [ 4;::::: J , l)HR [ 2:~:5 J , 
1...IAF:: ::::01:. J, 1.)AR i: 51 ':.CJ , UAF~i: t:.(17 J ) ; 

FOF: I I : =4:::::::, 215, .:;.::::8, 2~:5 :10 UAR: I I : : =1.lfiF:: I I : '~ 1 !ZiOO. o; 

1 (f;:-';;:(1(1 
1(1740(1 
W745•3 
fl 7(U)(1 
11 :::(1•)•3 
1 1 ·j•3(1•3 

COM 

11 '315(U3 :.-;; 
120•3•3•3 
121(U30 
1211(H3 :·~ 
121200 
121::::(n3 
1214•30 
1215fn3 
1220tn3 
1225(n~1 
12;:::(10(1 :-;; 
124•Xn3 
1245•)(1 
125000 
126•~n30 

12E050(1 
1~z~~ ... ~ 
li::t.._11-.:.U.:.1 
S€1(1(1 
12901X1 
1;,;:(1(u30 
1 :=:(15(10 

COST OF LAND 
UAF:C 111 J: = 1.)f=tF:C W! J /UAF.:~ E12:; 
'..IAF:[ 11 zj: = UfiF.:C 111 J :O.:UAF.:[ ·;i2:::J .: 

COST OF PHYTO TANKS 
1.)FtR £.124 J: = ( :3. 0-*-UAF~ ( :::o:;: J + 1 • OJ *-SGIF~T ( 1.,1t=;F: L t·t·2 J ) .. ·· 11X1. (1; 
l)FtRI: 125): =4. 0:0:1..JAF.:[ lt:J / 1(n3. 0+2. 6*-( UAF:: 1:.::J .'·10(1. (1 ) ~~2. o; 
UAR[ 126J: :1.,iAF~ t:::04J:q:l...IAF~t124) :O:UAF.: [125J:O: H~u3•~n). (1/UAF:C 6C:.2j; 
l)FfF~( 127J: =l...IAF.:( 12E.J~UAF.:C92:::J; 

l)AF~ C 11 :;:J: =UAF: r 10;::J~ UJAF~[ 927J / i: ( 1.JAF: ~ ·:,i27J+1. 0) 
:H:t..tAF.:[ 10.+J-l .fl) +l..'AP:::92:::J); 

UARC115J:=UARC105J~CUAR:927J/((l...IAR~927J+1.0l 
~~UAR:106J-1.0l+UAR:928J); 

UARC116J:= UAF:t641J~UAF:C107J; 
UAF:: 11 7 J : =UAF.: i: 11 t· J *- 1: UiiF: ( '?27 J / ( 1: UAF.: i: '3127J+1 • 0) 

:H:l.)fiF:i: 642J-1. (1) +UAF.:[ 92:::j); 
UAF: [ 11 ::: J : =l.,iAF.: C 108 J :o: ( UAF~ [ 'j27J ....- ( i: 1..JAF.:: '?27 J + i . ~3 j :a:uRF::L 109 J-1. 0) +UAR C '?2::: J) ; 

UAR [ 1.19 J: = llAF.: C ! 11J+l)AF.:i:10:~: J +1.,tAF: Ci ~35J+•Jt=1P:11.:. J+l.JAF:C 12t· J; 
UFIRC 120J: = UAR: 112J+UAF:L: 1BJ+UAF:C115J+UAF:i: 117J+UAF.:C127J; 

UAF~: 121 J: = ( UARi: 111J+UAF~[1 f15 J +.1,11=tF~[ 116 J) / l.,IAF.:[ 11 fiJ +UAF~ L: 1~3::: J; 
t.,tAF.:C 122J: = (Ut-=tF:[ 112J +UAF.:[ 115 J +UAF.:[ 117J) /Ut1F~[ 11C: +UAF~i: 11 ::: J; 

1~:10(10 CrtMEHT 
1 i:.11:::1(1(1 

urn OF co~;j '.~PACE 

COt11'1Et"ff 
1t·20(n3 
1 i:.:~:~j(1(1 
175000 
175(150 
175(1t.0 
175•3'?•3 
175•395 
1751•:::1(1 
175110 
175120 
1751313 

UARC615J:=UARt621J•30.0/(WT[URRC922JJ 
=~c·;.02:i.,1AVi'j22~ J); 

UAF.:: 60·,;i J: =UAF~ ( 6(17 J '°' ( 1.,iAF~ i: ·:i27' J ...- ( ( Ut=tR: ·:.c&::7J~1. ~3) 
~~UAR[608J-1.0l+UAR:?28:); 

1..JARL:t.l~:J: =UAF.:r.:.29J~;::i3. (1~1.JARrf.1 u .. ··· WAF.:L921 J:0:1.)AF.::610J); 
UARC614J:= UAR[609J....-(12.0~UAF:L:921Jl+UARi:613J; 
UAF.:[616 J: = 1.,IAF.:t615J '°'l.,iAF.: [€.02J; 

Uf=tF.: [ 617J: :1.)AF:[ E.16J +1..JAF:( 614J :}.1 £1(1(1. (V~·ff i: l.iARC 922J J; 
1 755.;:u3 Et·m; 
1761Zt(1(1 COMMENT Gm OF ~;ECT I OM 4C:5 

( '.:;ECT I on i:. J i 77-"0J.3•3 COMMENT 
i 7::::(U)(1 co::;T l)F !·JA::;TE TF:EATMEHT 
l 7"::i013(1 
17905(1 =·~ 
l 7 '?1(10 

DI SCHAF-:GE l·JASTE TREATMEHT 
UAR(444J:=UARC621J•UAR[926J~UARC603J~86400; 



179200 llffR(433): =t...tAF~C 419Jit:l)AF.:C 444); 
179:.::~3~3 

1 7·;.4~30 
17·;.:::00 
17'?'?0(1 
18(1(10(1 
1:::0(12(1 
1:::0(14(1 
18(1(16~3 

181)0:::•3 
18(11~3•3 
1:::(1120 
i:::f114(1 
l ;::(t21(1 
1:::(122(1 
1 :::((;:(1(1 

1:::(14fn3 
1 :::~3S(n3 
1 :::l::19(10 
1 :::•3·? 1 (1 
181200 
1:::5c10~::1 

1:::i:.eu21c1 
1:::.:.50•.3 
187(H)(1 
1 ::::::00(1 
1:::81(1(1 
1 ·:.i0c1i::u3 
191000 
l '?2f1(U} 
1 ·;i:;a3(u3 
1 '3'4000 
1945•:::1(1 
1 '?50(Uj 
196•3•3•3 
1 ·;ii:.s•::1•3 
1970(1(1 
1 °3'3'(1(Uj 
2f1(1(nj(1 
2(11 (1(1(1 
a32(1(1(1 
20::::(1(1(1 

IF UAF~(432J: =UFtF.:(4:;:1 J~l,tAF.:C'?15J 
GTR UAR [ 43:;: J THEN UAF.: [ 4~::;: J : =l.,IAF: C 4~:2 J ; 

UAF.: [432J: =1.,tAF.:[444 J ~UAF.:[ 420 J; 
l.JAF~ [ 422 J : =1.,IAR [ 4 ·;i4 J :O:UAR i:: 438 J ; 
UAR[421J:=UARC432J~UAR[417J/(CUAR[438J-UARC422J)~100.0J; 
l_.IHF~(42:=:J: = (UAF:C4~:2J-UAF~[ 4:;:3J :i /UAF:( 421 J; 
IF 1)fiR(42~:J GTF~ UAF.:L:4:::::::J-1,IAF:C422J THEH 
BEGHi 

1...IAR[ 423 J : =l..•AF: [ 4~:::: J-1...lftF: r 422 J ; 
"!RITE CF:EMOUT, < 11 ~lAF.:tHNGi - I:it:::CHAF:GE ~·JA:::TE TF:EATMEt·n TOO " ~ 

"WEFFI C IEHT TO MEET",....-~ "EPA F.:ECiULATIOtt.:: ltl :::INGLE PR::::::"> :i : mm 
IF UAR[423J GTR 0 THEH 

:E:EGIN 
UAF~ i: 452J: = ( 18. 243'H..IAF.:: 42~:J ~:o:c1. 565) ;.}.l.)fiR C 402 J; 
UARC453J:=(31.758•UARC423J~~0.554l~UAR[403J; 
t...lftF.: [457): = 1: 181. o.:,:;:~UAF.:[ 42:::: J :H (-~3. 1 ;_:,9) ) ~= UAP[ 402J ~ 
1.,IAF~i:458J: = ( 1 E.237. 72:;::,;uAF.: (42::::J:o: (-(1. :;:4E.)) !9:1.)AF.: [4(1.;::; 

Et-m; 
l...IAF~i:424J: =l...IARC452J+UAF:r45:;:J; 

l..IAR(425 J: = WAF: (424] :O:t)AF.: [4(11 J) /2(1(n]. o; 
UAF~[427J: =UAF~[ 425J~ (l..JFtF.:C927J....- ( ( UAF:[ 927J +1. 0) 

:>::~J...IAVi42t·J-1. ((t +UFtF:[928J); 
l..IAF~ [ 428 J : :1..JAF: [ 427 J ~ 1000. 0 -··· ( 365. •2t:O: ( UAF: [ 438 J-UAF: [ -+22 J ) ) ; 

UARC429J:=(UAR[457J+UARC458J+UARE411J~ 
UAF: i: 412 J :O:UAF: ( 41 :;: J :~t)AR [ 422J/10(u3(n30. ~3) /UflF: C 43~: J :o: 1 eoo. Ct; 

l)ftR[ 4:;:(1 J: =UAF: ( 428 J+UAF'.( 42·;. J; 
COMMEHT El G) OF :;:ECT I on t;. 
COMMENT i: ::;EC: T 1 Ot-1 7:: 

co~;j or REF:AT I Ot"i 

SECTIOt·i7: 
UAF:[508J:=UAR[50t.J•CUAR[519J~URRC401J) /2000.0; 
UftF:[ 51(1J: =l...IAF: [ 508J '~ ( l.,IAF: [ 927)/ ( ( f...IAF:C 927 J + l. (1 J 

~•UARC509J-1.0J+UAR[928J); 
l,IAF.:( 511 J : = ( f...IAF: C 51 '3 J :9:UAP [ 41 ;;: J :0:24. 0*-:::::65. O+UAF~ C 507 J:O:l..JAF: [Si]::: J _.... 1 i::u3. f1) ; 
UAF~[ 512]: =UAF~[ 51 t1J+1..JAF:[511 J; 

COMMENT urn OF '.:;ECTIOH ( 
COMMENT r: :;;EC TI ON :;: ) 

co:::T OF HEFli 

205000 IF l.'ftRC202J GiTF: ~3. 0 THEM BEGUi 
206Cn3(1 1,,iARC217J: = ( UAF.:(229 J-UAF: (2(11J-l::1.5~t)ftF.:(214J :i ~ (1...'AF.: [ 4~: J-l.,1AF.:C422J) :o: 
20t.01€1 ( 1. 0-E·<F' (t.,tAF.:[20:.::J ~1 .. .tAF~[216J :i :1; 
207000 
2•3:::iZ1fn3 
2•39•2100 
2(1'3500 
210000 
211 ~3(n3 
212•X10 
21:;:(HJ0 
2140(1(1 
214500 
215(1•)(1 
216(1(U) 
217000 
218(1(Uj 

UARi:21:::J: =59l30. (1*-UAF.:[21 t.J :0:0. 5; 
l...f.: C21 '3J: =UAF~[2t:::J *-UAF.:[401J....-2000.0; 
UAF~(220J: =UAF:[ 219 J!i>. i: ~U11F.:[2(1E.J ,..-1Ott.0 l + (UARt '327J ....- i: (l..JAF.:[ 927J 

+ 1. 0 l :$!*-UAF:C205J-1. 0:t ~~UAF.: C2•~15J-1. O:t +t..it=IF:i: ·?28J l ; 
t)AF.:C221J:=l.}AF:[215J-UAF.:C217J; 
UAF.:(22"3 J: = ( 1. 0+UAF:[ 222J / 1(n3. 0) ~ ( l_.IAF: (221 J / 24. 0) ::: ( 1. t1/t)AF: :212J) ; 
l.)AF~i:224 J: =:3•3. 7'°'1..JAF.:C 22:;:) =~~~3. 54:::; 
UARC225J:=UARC224J*-UAF.:[401J / 2000.0; 
UAF.:C226J: =UAF:C225J~ (UAF:t927J/ C 1. UAF.:: 9"27J+1. OJ 

:¢:~JAR'." =·~71•:0"'1-1 (11 +t IAF.'[Cf·: .. :•1 ·1 : 
l.Jf1F:[227J: =UAF:[ 2255 ~l~IAF.: E 20·;. J/ f f1€1 ~~~;+t,1flp :21 ~3 J :O:l)AR(211 J:o:::::E.5. O+UAF: [ 22:::: J 

'}.24. 0:0::;:.:.5. l::1:o:l..JAR [ 21 :3 J / ( l l::u]O•~u~u::1. ~;1) ; 
UARL22:.:: J : =l.,lftF: ( 220 J +UAF~ ( 22€· J +UAF.: t 227 J; 

END; 



22(n300 
220010 
220(12(1 
220(1;;:e 
220032 
22(1(135 
22004'3 
220(145 

COMt1EtIT 
c:or1r10rr 

Er·u:i or SECT I Oti 8 
::;ECT IOt"i 1 0 

co:=;T or PUMP i ~iG 
UAR( 3;;:0J: =~3. (1; UAF.:( 331 J: =O. ~~1; 
UAF~C328J: =l.,tFtRC::::et6J / t,1AF:(8J; 

roF: I :=::::2€. ~;TEF' 1 Ut"iTIL ::::29 :;:1(1 :E:EGUi 
l)fiR( I J: =l,lfiR[ I J /f...IARr::::01 J; 

22(1050 UFtF~(~:07J: = C5i£.0. ~l.,JAR( I J :H:aJ. t:.) :t: ( 1. (1+•_.!AR[ 303J/ 10(1. a3) 
22(1(155 ~UHF: [ 4J31 J / 200(1. 0; 
22(10€-0 t•AR(;;:0SJ: =1.,IAF-:(3€17Jit: (UAF~C927 )/ ( (l}fiF.:[927J +1. •3) ""~UAF'.:30~J 
220065 -1.0l • UAR[928J); 
220070 VAF.: (309]: =UAF.:[ 3~37 J :0:1.)AR( :;:(15] / 1 oe. 0 + l)AR r I J ~:::7,:,(1. 13~ 
i.~.'\~U38(1 U AF: Z 41 :;: J ; 

220090 •.JAF~ ( I -E. J : =l.IAF.: [ ::::0::: J +l...'AF.: ( ;;:0·~ J ; 
22(n392 UAF.: L ~:0 J: =:O:+f...IAR [ ::a37 J ; 
220094 1...f AF: ( 3# 1 J : =*+'...IF~ [ #(1::: J ; 
22•3~:19::: nm; 
22•3100 l,IAF~[ 311 J : =l...'AF.: r ;;:20 J +UAF: ( 321 J ; 
22J31 (15 UARL: 310J: =1.,IAF~[ ;;:22J.*J...'AR ( 8 J; 
22(111 (1 COMMENT EHD OF ::::ECTI Ot·~ 10 
22(1120 
22£11 ;;:(1 CCIMMENT 
22014•3 

( '.::ECTIOt"f 11 :r 
co::;T or u=i:::CIF~ - HAF:•.JEST' TEAtt;;FEE' AMD CLEAn Inc; 

22015(1 
220240 UAF:[7(16J: = f UAF:C7(16J :O:l.JAF.:(611J) ....- (!...'ARC70:::: J); 
22~3500 UAF~ [ 70:.:: J : =UAR [ EJ.:.1 J :0:1.JAF.: [ t· 11 J *-l.JAF.: i: 704J~12. 0 ....- r: l...IAF: L: 7e5J~1 •30(1(1. 0 l ; 
22100~3 COMMEtlT r:SECTIOt~ ·3:r 
222000 cer::;T ~;UHMAF.:\' 
2230(1(1 
224•:uz10 
225000 
2260(10 
2270(10 
228(1')0 
2290(1'3° 
23•30,3(1 
2::::10c10 
2::::1rn0 
2::::2(n3•·3 
2::::3000 
2:34(1~)0 

2:'.::5(n)0 
2::::6(u)(1 
2::::7~3oc1 
2:::::3(1')0 
2::::-;.~:1(1') 
240000 
241•300 
242(n)0 
243(1(10 
245000 
2460~30 
247(10(1 
248~30•) 

2490(1(1 
250tn3~) . 

25fH0(1 
25l32t"3 

l...IAL:=UARC921J•365.0/l...'ARC806J; 
UAR[ 931 J: =UAR [ 122J ~l..'AF: ( 95•3] /UAU 
VAF~C932J: =•.,IA~:C12(1J~llFtF:[6t·2J/ 1: 1~zicu.:1~). 0:0:1...tAU ; 
1.)ffR [ 933 J : ::t...IAF~ i: 22:=: J / l)fiL; 
VAR( 934]: =l...IARC::::23J /l.IAU 
UAR ( 935 J : =1 . ...IAF~ ( 512 J /UAL; 
UARC936J:=UARC708J/UAL; 
l,1AF~[937J: = (1.,lfiR[ 311 J+UAF:C663 J~(1. 8E·4*-::::E.5. (i:Oil_.ifiF.:i: 13J+l.JfiR(E.t.3J :o::::r: .• 4 

~365.0~UAF:C664J~l...IARC610J) /VAL; 
l...IAF~ [ 938 J : =l'AF~ ( t·62 J / 1 (H)(1,~1 • 6; 
llAF~ [ 9 '.39 J : =t•AF: [ 310 J .. -·•,.tAL; 
UAF~C 940J: =t.,,IAF: [ 1:=:J/1Cn). o; 
l)AF-:(941 J: :l.,lfiF.:[.:.1.:.J; 
•.,IAR[ '342]: =IJAF~[€.t.:.::::J/l(1. 0*:0:6. 0; 
UAR[~4:3J: :l.,tFfRC'?32J+l..JAF.:C934J+i..JAF:[·33i;:.J; 
UAR [ 944 J : =UAR [ 5:;: J ; 
1.,.iAR [ '345): =l...IAF.: [ 43(1J:o:r:• . .JAF.:i:43:;: J-l..IAF~[ 422J ) :o:o. ::::i:.5 ... ·· t.tAU 
l.)AR[946J: =~JT[ UARC922J J; 
1,..lfiF~ r 94 7] : =UAF.: [ 706 J ~UAF.: r 92 6 J :0:3.:.5. (I/ ( l)AF.: [ ~:(1E. J ~UAL) ; 
l•AF~ [ 948 J : =l.,tAF.: [ 921 J ; 
l..IAR(94'jJ: =l.JAF:E701 J; 
UAF~[ 951 J: :1 . .JAF: (4 7J:0:1 (1(1(1. (v H.ff(l..'AF.:C 922J J:O:C902nlAF~['3'22J J) ; 
UAF:[952J: =UAF.~(57J; 
LIAR [ ·;.5:;: J : =fj. •3; 
rOF~ I: =·:i31 STEP 2 Ut"ff IL 951 DO 

l,1ARC95~:J :=it:+l.)AF:C I J; 
UAR[ 954]: :t.,IAR[·;i22J; 
l,,tf!R( 955J: = (1...fAF:[ 11 '? J :0:1.,tAF~C E.t.2J / 1(10(u). (1+1..JAF:[ 121 J :O:t.,1AF:l'?51~1J +UAF:L219J 

+UAF.: t 225 J +l...IAf: [ ::: 3(1 J +UAR ( 425 J +UAF: [ 50::: J +1.,!AR ( 6(17 J :i ,... 1 ~x10. 0; 



2503(10 l•AR C 956 l: = ( l•AF~ C 932 J lEJAL +1JAR C 122 J '°''JAR E 950 J +1_.!AF.: [ 220 J +l•AF: ( 226 J 
2504i2112t +UAF.:( :;: :;:1J+UAF~ [427 J +l,IAF.:( 51 OJ +l...IAF~[ t:.(19 J) ....-1 (n30. (1; 
2510(10 WF.:ITECREMOUT, <T:.::0, "OUTPUT Sllt1MAF~r' " >); 
2~.z000 WF~ r TE c F:a1our, < T 2, =· At·~ 1 MAL F'F~oriucr I on co~;T ( $ / VG ouTF'LIT) " , 
E58£00UF~ES II >) ; T 45' II PEF:F'OR 
2s2;::(nj FOF.: I : =·?:.:: 1 STEP 2 UNTIL 9~.S DO ::EG I ti 
252;;:~.(1 I ._I:= I-·;.31 ; 
25240i3 HF~I TE (F.:EMOLIT, < 2(f"12. 4, ;:-:; 1, 4A6) >, l..IAF:[ J, 
25250(1 tCP. .J: =i) STEP 1 UtHIL ;;: .I.ill SUMT IT I .• ,i, .... IJ, i...IFIF:~ I+ 1 J , 
2~.Zt.€10 F'OF~ .J: =(1 STEP 1 UtH IL 3 :11) :::urn IT I ._I+ 1 ' ... I J :i ; 
2527(1(1 EN1H 
25~a300 GO TO PICKOHE; 
25'3(n)0 EtiltOF"PF.:OG: 
2t.e000 am. 
# 
F.:EMOUE 
# 



GET ACP/ I lfi)ATA 
#~JOF~KF ILE ACP.---rn.DATA: r1ATA~ 12~: RECOF.:::is, SFtt'EI• 
u:::T 
100 
2(1(1 2 
:;:(1(1 4 
-1-0•3 C' .... 
scu;1 ::: 
i;:.(1(1 1 (1 
70(1 11 
:::(10 1 ·:· .... 
·;i(u) 14 
l•:t(U) 15 
1 1(1(1 16 
12•30 17 
l~:(nj 1 ·=· '-' 

14•3•3 19 
15(10 20 
16(t0 22 
2?8BCl24 
1::::00 26 
1'31•30 27 
20(10 29 
211x1 ::::1 
22(1(1 34 
2::::(1(1 .-.C' 

.,,: ...... 
240•) :;:i;:. 
25(1(1 .;.7 
2t::.(u) 1(11 
27Cu:1 1•32 
2:=:(1(1 10;;: 
2'?0•:1 l •:14 
:;:6(1(1 1(15 

:;:10•3 10t· 
:;:200 1tt7 
~::;:(u) 1 (18 
34(1(1 109 
3513•) 1 10 
:;:t.•210 201 
::::70(1 2c12 
:;::::oo 2(13 
:;:·;i(u;1 204 

4•3(n) 2€15 
41•30 206 
4200 207 
430(1 2€18 
44•30 209 
45(10 210 
460•3 21 1 
47(1(1 212 
4:::(1(1 2L:: 
4900 214 
51;1(1(1 216 
51 (1(1 .-. ..-. .-. .:..:..:. 
520•:1 3(11 
5::::0•21 :;:02 
s.+enj :::a33 

1 • 00000 FOF.: ~;HIGLE ;:ATCH ~ 1 FOF: F.:EF'EATE:1 
':4.:.n.:.1. t1 TI ME LI MIT OH GPOl.ffH i: Ilff/ ::; :i Mfi: -:: ·;tft0 

•:1. (H)(n;1 I t·iLET NH3 cone ( MG-N.··L) 
•21. 0?00(1(1;:-:;-.-·GENAT I Ol·i EFF IC In F:EC I F:C LOOP i: P~'.OFt~ :i 
1.(u)00HLIML:EF~ OF F:ECIF:CULATION PUMP::: rn RHIM TRt·n:s 

5. 0 f·f UM~:EF: OF TF:Ftlt::FEF: C' f°CLC::: 
4. ~:1 TF:AHSFEF: :aECl ::;IOt·H FHIAL ~·ff .. ---::::TAF:T l·IT 
0. (10 co::; T OF I1EEP :::EA HATEF: ( $ .··1·1:;: J 

2. 65 TOTAL iinIM i·JClGHT/ l·JET MEAT HT (#J 
2.5(1 TOTAL MEAT ...- -1'1EAT PF:OTEIN (~~D.M. ~:ASI::; :i 
O. (10 F:E:::EF:UE F'H'i'TO Tlinl ::: CAPY (F'F:OF't-0 
5. (1(1 l~ET ~·JE ! GHT/DF~'i' HEIGHT •. # J 

1'3(1. ~~1 PHYTO F'OOL DEPTH ( CM) 
20. 0 1'1R::-::IMUM HT OF AHlt1fiL::; f KG .-· T~:A\') 

0.0(1(10•:10448 NUTRIENT CONCElffPATIOH I.i::J.·J (Ci-t1.-···cM3 ) 
40(1. •3 COMPEHSATIOt-i :DEPTH ror;: PH'r' TO (CM) 

0. (1(1H?tt. ""f'LOl·JF.:ATE TO F'H'lTO T1=1Mf::: I. 1_: 

O. 0 COEFF !:1 rn F'H\'TO EFFIC Fl-1 ( # ) 
-175(1(10(•;1(u). (1 COEFF E:2 Hi PH'f'TO EFFIC FH (¥.;j 

;;:.O FEE~) F:ATE.-· .. E:IOL EFFIC F:1 F:ATE (;: ) 
0.(10(1')(u;1011:::08 :E:IOL EFFIC SPECIFIC F!I CViTEF~ Ior·i ((; .. -.. ::;((:/ lG fit·O 

-1 t·. :::9145 COEFF A(1 Hf AH HlAL EFF IC Fl-i ( *. :t 
-1.8'31117;;: COEFF A1 IN AtUM EFFIC Fn (#) 
-(1.0518 COEFF A2 HI At-HM1=tL EFFIC Ft-1 i: :. :i 

o.001oco::;T OF '' ff'AT" ($/ H[fiII) 
10~3~2u). ooooco:::r OF LF1t·m i: :;.....- HA:i 
;;:000. (n)00AF:EA UTILIZA:f:LE I:'l !:UILDWG OF: SiPUCTUF:E 012-· .. HA:i 

112i. 1;1 o~x1CAF' I TAL COST OF PHYTO TAt-U::::=; INCL ( ;.;: .. --1·12 ) 
~5. OOOOLI FE OF PH'lTOPLAHLTO TA~ihS ( 'i'F.'. ) 
1Z1. 0(100CO:::T OF CCll..IEF: (F"LliS;TIC J..HTH :;;TEEL OF.: HOOI1 FF:AME:t i::;....-

5.0000LIFE OF COUER CYRJ 
0. 00630FF I CE e: :::TOF.: AG[ F:EG!U I F:E!a AS PF.:OPOF:TI or·~ OF TAt·U< 

2(1.1)(100CAPITAL COST OF HHIMFtL TAr·w:s (:;: .. -TF:fi'/ ) 
5. t i000LIFE OF TfiHt:.: COMF'AF:TMENT~:; ('lF::i 
. ..::. t1 :::TACl<INCi FACTOF: PEF: AF:EA :;;TF:IJCTIJF:E (TF'.A\":.:; .. -··1·12:a 

20. 000(1MEAH A~rnIEHT :::EAl·JATEF: TEMPEF.:ATUF.:E ( 'c:i 
0. 00~;100PEF.:AT rnG TEMF'EF:ATURE OF TANJ::S ( ~ C :a 
O. 5,;100EFFICIENC'l OF HEAT D:CHAHGEF: i:F'F.:OF't-i) 
o. OOOC1CAF'ITAL co::;T FIJl·ICT IOt·~::HEAT D-:CHANGEF~. l·JHERE c !::; CAP! 

1 (1. (10•30L I FE OF HEflT C<CHAHGEF.: ( \ 'R) 
2. 1)1)00At·H-fLIAL MAINTO·IANCE CHARGE ( ~-; OF CAP) 
1).0lX1121CAPITAL co~;;r FUMCTI(lt·i=GAS (•F: OIL FIF:E!I HEATER::; 

10. (u)(u)L I FE OF HEATEF: ( 'r'F: ) 
3. OOOOANJ·ilJAL i'tAINTEHAHCE (~-; OF CAP:t 
~- OOOOLAI:F: F:EQLIIF~EMEtff FOF.: HEATEF: i:HF:.-···r1A'n 
::: • 1~100(1MA I NTENANCE Et"iG I HEEF.: J..JF1GE RATE i: $/HF:) 
O. ·~OOOEFFICIEHC'i' OF HEATEF: fF'F:OF'H.1 

11 • OOOOCOST OF FUEL ( $.-· .. MI l :~nu :a 

0.0000LOSS OF HEAT WITHIN SYSTEM i:'C:t 
O. OOf1(1AF:EA OF HEAT c;.::CHANGEF: 0 ·12 J 

50. (n)~X1F.:ESEF:UE CAPACITY OF HEflTER F:EG!UIF.:EI1 f~·;) 
(1. :::500EFFICIEl"1C OF F'UMP (F'F.:OPt·i) 
10.0000Pl~P LIFT -INTKE CMJ 

1(113.0(11)0STAr-i~I:'i' F:Ef!UIF.:EMEHT r: PEPCEr'ff l 



5~i00 ~:04 
5t.i3tt ~:(15 

57,30 ~:12 
58(1(1 401 

5•;.(10 4(12 
6(-tel(1 403 
t· 1 (1(1 4(14 
62~1 405 
.:.3i;1(1 40t. 
640(1 407 
i;.5(11,) 4i38 
t; . .;:.(·n) 4,39 
i;:,7,;1(1 410 
.:.:::eic1 411 
i:.·;ii;10 412 
7,x10 413 
71(1(1 414 
72(10 415 
7~a)O 41t· 
740,3 417 
75(1(1 41;:: 
7i;:.,x1 41 '3' 
77(1(1 420 
7::::t1(1 .;.26 
7'3'(1(1 4~:1 
:::i;1(1(1 441 
::::160 442 
::::2(1(1 44~: 

8300 4-45 
::: 4~3(1 5(11 
::::5(1(1 502 
:::t.(u3 503 
::::7(1(1 504 
::::::,;10 505 
::::·:.ioo 506 
•;.(1(1(1 507 
·:i 1 ij(t 509 
·;i2i3,3 6f11 
·:.i::::i30 6(12 
94(1(1 6,)3 
'?5(Uj 6,;14 
'31$(1(1 605 
·;.7,3(1 .:.oi::. 
·:.i:::i3(1 66<:: 
·;.·~::10 61'3 
1,;1(1(n3 i:Hl 
wrne 618 
102tn3 62(1 
10~:(1(1 t 0 41 
1(14i~u3 t •42 
1(15i30 t 0 43 
10.:.,;10 E-44 
1 (17i~n2t 701 
1 (18(1'3 7(1.;3 
1o·;ii30 7ft4 

1 (1. (1(1(1(1L I FE or F'IJMf' ( 'r'EftF.:S) 
~:. 00(10PUMP MA I tffEt"fANCE ( PEF:CEtn) 

,3. 'Xt00€1025F:ECIF.:C F'UMPUiCi F'Ol.iJEF~ COEFF (ii:) 
24,30. en~n3i3Et·iGINEEF:HIG t'fEl·J:::; F:ECOF:II co~;j OF coit:::TF'.UCTI Ot i HDE::-:; i:E 

1. (1(1(1(1CAP I Tf1L co::;T FUnCi I on FOP SCF:EEt~ I f"IG 
1. ,;n:tOOCAPITAL COST FUt'tCTIOt··I FOF: F!LTF:AT!Cth 
1~1. (1(1(10CAF' ITAL co::;T FllliCT I Ol·i FOf.: f"i I TF.: IF I CAT I (It·~ 
~3. 00i:)0CAF'ITAL CO~;T FUHCTIOf·l FOF: C1iF:I:OH A:t:::;OF:F'TIOt-t 
0.0•3(n3CAPITAL COS;T FUHCTIOt-f FOF: OZOt-iATIOH 
o. ~;10)(11)(1 ·~; i'1 COST or ~;(:F:EEHI t·IG 
o.cu;u;100 ~: M COSi OF FILTF:t1iION 
0. f1(1(1(10 €: M C0:3T Ot HITF:IFICATIOt·i 
tt. 000(1(1 :1 M COST or Ct=IF: ~:(lt-t t=1~:S;CtF:PTI or·~ 
5. (u;1000ZOr-tE DOSAGE 

22.0000ELECiF:ICAL COHCUl1F'TIOl•I It·i 0:01·1[ f ' F:o:iuCTIOl~ (f::].JH..· YG) 
o. (1.l(10ELECTF.:ICAL POHEF.: co:n (:t .... i::J·JH.1 
0. 90(1(1f'F.:OF' OF FLO,·J Hf FltHMAL TANI<~; F.:ECIF.:C (:;::) 
O. 181)i;1RROF'OF:TIOt·t OF PECIF~CULATIOtt TF.:EFffE:t WITH CAF::BOH 
o. 1)1~1(10FLOl·JF:ATE THPOUCiH Tt1t·n::S :. et·c.··:=:i:c..··c .i 

·::io. 000(1EFF IC CIF HA::;TE TF:T ::;Y:::TEM I H !-=:EM ::JJff· :::OL ( \) 
90.0000EFFIC OF 1-JA::;TE TF.:T ::;'/:;:TEM Hi f. :EM t·HTFfiTE i ~:~) 

0. 12~XtEFA :1ISCHAF.:GE F:EG!UIF:EMHiT ( Ci :.:_;;:; .. ·:.:.; F:i. .-:1A':' ) 
o . :::01;1m·JASTE F'F:Ct::1ucno1·~ ((; ::::::....- (j F:i D M :;:i=1::;1'.:;J ) 

1 O. 0000LI FE OF l·JA~:TE iF.:EATMEtff PLAr-ff 1. ' i 'F::i 
(1. oo:.::OAL TEF.:t-i EF'A :.1 I::;CHAF.:GE F~EG: (Ci :;;u:::F SOL/ C AH! fol) 

10.ooc10DE:=;IGt'J Ai1MOHIACOr·1CEJffF:AiICH·f (\ OF ·;..:, HF: LC5(1) 
1 • 200~:1ACUTE Tl);:.:: IC AM MOH I A CONC. 1. MG.· ·L) 
e. oooc1::1IF.:ECi Sl-J FLOl·JF:fiTE TO At·HM TAMKS ((:f·t.~:.-- :;;EC/G 
:::. ~;1 OF'EF:AT ING PH 
o. :::::::oom·::'lGEt-1 cot·ISUMF'TIOt·i F:ATE r.:iEL TAJ 
5. ~3000MI nIMUM TOLEF:R~:LC 02 COHCEt-fi"F:FtTIOl'i IH Ti=tt·n::: ( f'1G ... ··L :i 

-0. 01 ~:·;.o::: COEFF :::0 I t"i SPECIF I c 02 c0t·i::;r1 Fr-i ( ~ ) 
O. E.(1(1(1FtEF:ATIOti EFFICIEt"fC\', :::UF:F;:iCE fiEF.:ATOF: i:PF:OPN:t 
1. ~3000ELECTF.: IC MOTOF~EFF I CI Et-K:\' ( PPOF'tD 

5(nj.(U)00CAF'ITAL co::;T OF fl!F.: LIFT PUMP 1$/ Iti::;T Kl·fl 
1 • ij(1(1(1MA I NTEMAHCE COT OF AEF:fl T OF: i: ~-; or Cf=tP ) 
5.0000LIFE OF AEF:AiOF.: ('/F.:) 
i;1. 0025PHYTO POOL F.:EC I F~C F'Ol·JEF: F.:EO (i<:J.J/M:~: ) 
O. OOOOCOST OF AF.:TIFIC FEED 0) IF t·Kif·IE) c;: ... ·1::i:;-PPOi) 
2. 5000F'H't"'TO CCll'IPO::;ITI·Ji·i (G-DM/ G-PF.:OTJ 
0. (1(1(1(1FEEI• !MG Uf'U r::; ~: TAt·rnI:Y CAPAC ITY ( F'F.:OP) 
(1. (1000FF.:EG! OF FEEDiliG fiF.:TIF FOOD nn1E::; ... ": !A'1') o. OOOOCAPACI r...- OF FCEr1rnG EG!U IP (M2.···r1Ft'r'/ UtHT) 
O. Otn::10LI FE OF FEE~UiG E@JIF' 1. YEAF:) 
~21. OOCn3COSi OF ADDE!J ttUTF:IENT ($/ l<C-t·O 
4. (1€1 l·JAGiE RATE ($/ HF:) 
o. oooi:tCAF'ITAL COST OF FEE!HNCi EOUIP f$/ UIHT) 

O. 002413 COEFF I:1 HI SPECIFIC 02 COtt::N Fl~ (#: ) 
200.00 CAPITAL co::;T OF OFFICE,STOPAGE,:~,c ($/ M2) 

15. ~ZtO LIFE OF OFF ICE, ~;TOF.:fiCE, :J.,C C1'EAF:) 
(1. O(n3(tEFFIC OF F.:ECIF.:C L·JA::;TE TF:T Hi F.:EM NH3 ( ~·~) 
0. (1 HUTF: I EHT A:1DEI1 TO I 1-ffAKE ~·lATEF: 1. G-J-i .. ···cM::::) 
0. 1 ooocos:T OF LAJ::CIF.:=HRF.:l..IE::;T SUF'EF:U ! :;;CF:\' ($ / KG OUTPUT ) 

20. (uZn)~) F:ATE or TF:Alt::FEF: FttlD HAF:l.JE~;T f!F'.R\':::.-HF::i 
1 • CHX1(1FF.:EG!LIENC'1' OF HAr-t:a CLEArH NG F'H'1'TO TAt·1k i: TI MEf; .. -·M0t·ffH) 



11000 705 
111€10 801 
11200 :::02 
11~:00 803 
11400 ::: 4 
1150,3 :=:05 
1160J3 8(16 
11 70(1 :::0::: 
11 :=:c1iz1 t:C19 
11 ·;.00 ·;.01 
12(1(10 920 

Al1U01ItK612.I:ATCH) 
122(10 ·;,.27 
12:300 928 
~ 
F.:EMO'-.IE 
Ti: 

50. 00izu21F.:ATE OF Hflt"iD CLEAHING F'H'lTO T1-=tt·i1<~: (f'12.···HF~) 
7. 2000" i:IOLOGICAL :CF:O" TEMF'EF:ATUF:E ( '(:) 
(1 • .:.7(1(1COEFTIC:IEHT ALPHA 0·1ETA:t:OLIC ~:o:::r1· :::r:E:i 
:;:. i)(1(u)NUt-L::ER OF F'l·fi'iOF'Ltil U:::TOH TAHI'~:::: 

1. (u21ooco:::T OF D-:U1UATIOH~ F'H'r'TO TArir l$/t13) 
0. 01 (125 I t·i Ii I AL l·JE I GHT i: G j 

::; • O(t ~:FITCH I t-fTEF:• .. •f1L I :1A\'S) 
€1. 8r) F' F:OF' f.tt·i I MflL~: :::UF.:1...1I1...1 I HG AFTEF.: l :;:o :;fl't:; 
O. 0(0;1(tt-fOT OP 

LAT r on' ..: TH :;:1 HGE' T :.:(I 
AHH1AL HT HAF:l .•E~::r c:;:i 
FF:O 

(~j 

1. ,3~:~nx1:::TAPT If·iG POPU 
10. i~n)(n)MA>: l·JEI GiHT OF 

5CH30. 0(1(n3TAF~GE T OUTPUT 
0. 1 OOi3I IHEF.:EST F:ATE 
(1. 1 i;1(1(1RETUF.:ti ON 

Ot-1 ::; I r-w: I l ·iG FIJl"CI f F'F:OPOF'T r on) 
CAF' ITAL 1;:·F.:1)F'OF:TIOH) 



1.:iET ACP/!Hr11 :.:;v 
M·JOF~KF ILE fiCf'- '"H1DI '.3K: FiLCi(IL, ::::;: F.:ECOF:!1:;;, :::HI.JED 
U'.:;T 
W0•3 :BEC:ill"i 
20(10 FI LE DI '.:;~: : I H ( k IH~)=DI:::K, F ILET'lF'.E=7, TITLE= "ACP..- It-DATA. ';:: ' 
25•X1 F.:Et10UT W HG)=F.:EMOTE:I ' 
5(1(1~;1 :;:1 I sour ( t:: I t-m=Ii I ~;K' MA>~F:EC!3IZE=14' ~:LOCKS I ::£:=.o!.2(1, 
6000 AREASIZE=30,APEAS=35,S~JEFACTOR=999, 
7'00(1 Tl TLE= " ACF' .··E:HAF:. " ) ' 
711)(1 DISVOUT2(Kit-D=DISf:::, MA:·:F:ECSIZE=301' :t:LOCY '.::IZE=·;.e1;;:, 
720(1 AF:Eli::;!ZE=·;., 1'1F:EA::;::2, ::ftt1EFACTC1~:=·:7l-;t-:C, 
7:.::~30 T IiLE= "ACP .. ···::HAR2. " ) ; 
:::00•j ARRAY AL:O: 1~:]' A·::io:;:rn: ·;.(1(1)' A9ti3L:~j:~aj(1J' A';t11 :o: :;:t:u)J; 
::: 1 tnZt 1..1ALLIE AF.:F.:A\' A::sr i: 1 , 2, 4, 5, ::: , 1 (1, 11 , i :;: , 14, 15, 1 .:. , 1 7, i::_;, 1 ,:,. , 2e, 
:::105 
:::1 rn 
8115 
::: 120 
8125 

::: 1~:5 
:::14~3 
:::142 
:::145 

22,24,26,2?,29,31,3~,35,36,47, 101, 102, 
103,104,105,106,107,10a,109~110,201,202, 
203,204,20s,206,207,20a,209,210,211,212,213,214, 
21 i:., 222, ~:o l , ~a)2, :~:i.):,;:, ::::~34, 305, :;: 12, ~) l , ~02, .+(1:;:, 4~j4, 
4(15, 4~:1.:., 4~37,.+~21:=:, ~)·;i, 41 ft, ..;.11, 412, 4131.;.14,..;.i5' 
..;.1i:.,~17,41:;:,41·;.,420, 42E., 431, ..!41, .;.42~ ~4~:, 445, 5(11, 582, 
503,504,5(15,50G,507,509,601,602,603,60~, 
1:.05' 6(11:.' .:.~~1:::' .:.10' .:.11 'i:.1 ::: ' 
i:.2~~1, i::A 1 , i:-42, 643, 644' 701 , ?O;::, :::i:11 , :::02, :::03, 
884,805,806,808,809,901,920,921~927,928li 

::: 150 1..JALUE AF.:F.:A'r' C:ALC: 204, 207, 4f12) ; 
I' IF~Ec, I SET; ·::i~7u71i:::t ItffECiEF.: 

1 ~1000 E:EBEL 
12(1(1(1 S~o.iITCH 

121 ~30 I1EF I t·~E 
12110 

E8Eii.l~QA[..~j, Itt:;EF~T' C2f14, c207, c..;.~:;2; 
;:;~·JLAI:: =C2(1.::;., C207, C402; 

F~I TEOUT= A [ 0 J : =UAL; 
WRITECJISKIH~IRECJ,11,AC~J)#• 

12120 
1213i3 
121:34 ~-; 

l2Bt· 
1214(1 
12141 
12142 
12144 
1214t· 
1214::: 
1215(1 

F:EE:1 = l?EAD i: DI SL I ti C I r.~EC J , 11 , A [ ~= J ) ~ ; 
r-ILL A910[~J ~·HTH 150 OJ); 

;:;UF.:l)l lvlAL FUtiCTI Otb S=l...IAR ( f:OE: J ~·JHEH I = 1 :::o 
UALU:=-(LNC0.8J/l80.0:i; 

FOR I:=l STEP 1 UNTIL 301 DO BEGIN 
A90::: C I -1 J

0

: =E::<F' C -l)ALU~ I ) ; 
1=t%1:.::: [ 1-1 J : =E::<P C -Ut-=tLU:t.o: I J ; 
A910L 1-1 J: =E:x:F' C-UALIJ:O: (I +2·;.·;.) ) ; 
A911 ( I-1 J: =£:;-:J=• (-1..JFtLU~ (I +599 :1); 

EHD; 
WRITEC~ISOUT2[1J,301,A903C~J); 
~·JR l TE ( DI ~:KOU T2 ( 2 J , :;:~~11 , R'3 1 (1 C ~ J j ; 
WRITEC~ISKOUT[3J,301,A911[~JJ; 

1216~3 
12170 
1 ::::ocu3 
14~3(1(1 

15(U)(1 
155•30 
16•300 
17(1~1(1 
1:::0(n;1 

AGAIN: F.:EAI1 CI1I :=;KI ti'< r:;:' F20. 2, '9At·>' IF.:EC, FOF.: I: =~3 
STEP 1 UMT I L ·;. :;:it1 A [ I J J [ EOF J ; 

1:::500 
2100(1 
220~30 
23(U30 
24000 
24500 
2:i0(1(1 
2i::.ooo 

UALU: =A [ ~3 j; 
GO TO I NSEF.:T; 

IF I '.::ET: =MASKSEARCH ( I F:EC ~ 4 II FIT II ' A:.:;~;T) tiEG! -1 THD-i 
:E:EGit-1 

IF I '.:;ET: =MASKSEAF.:CH i: IPEC, 4 "FFF", CFiLC) NEC! -1 THH1 
:::EGrn 
C;;O TO ::a·JL1=1:;:: CI '.:;ET+ 1 J; 
C2~J4: UliLU: = 1 :;:(1(1:>:1..fALU~*-(1. 5; 

GO TO l l"l!;;EF.:T; 
C2t::17: UliLU: =2S13(1(1. 1j?}.l)ALU~~;;)'.. 54:::; 

l? ITEOUT; F.:EE:1; 
C4~32: UAL: =950(u;1. 0:0:1,.tfiLU;o;~. 565; 

F'.ITEOUT; F'.EE:L:i; 



I . 

27000 
28en30 
290(nj 
:;:0000 
:;: 1 ~::ux1 
:;:20cu3 
::;::Xujt1 
34(n)0 
:;:5e(10 
:;:t:.l't(1(1 
:;::i,:u30 
:;:::aj(nj 
:;: ·:,.~:u:tet 
4~jcu:1e 
41~~1tu:1 

42tn3i3 
4 :;:~j(1(1 

44~3(1(1 

45i300 
4i:.cn30 
4 7(1(1(1 

48Ct~2n3 

4 •;.i(1(n3 
4'?5~3~3 

4955(1 
500(t0 EF: 
~1~300 Et-0. 
1'i' 

F.:EMOUE 
# 

Et·o; 

Ut=tl: = 14~:H3(1(1. (t:O:l,IALU~:t:. 554; 
F~ I TEOUT; F:EED; 
UAL: =2:;:(1(u,:'.1(1. (1:~1.,IALU=-~*-. 5:::::::; 
F: I TE OUT; F:EE!1; 
Util: =::i 1 ~2H)(10. (1i~l .. ~LU~:O:. ':iO; 
RITEOUT; PEE::1; 
'.IAU =42000. (1*.l.,IALU*-:O:. 4 :;::::; 
P I TE OUT ; F~EE!) ; 
1.1t=1L: = 14. f1:t:tlfllll!a: 1. - • 1 6 ·;i :1 ; 

I~: I TE OUT; F.:EE!•; 
1.)ftl: =86. (1~t'ALU~ ( - • ;2:46) ; 
PI TEOUT; F:EEir; 
'...'AL: = 130. (1~1 ... •ALL'*-~ i: - • 262) ; 
F: I TEOUT; F:EE!); 
UALU:=150.0~UALU~~l-.35~); 

INSERT:A[0J:=UALU; 
WRITE (DISKOUT:IRECJ, ~ ,FOP I:=0 
STEP 1 UNTIL 10 DO A:I J J; 

GO TO AGAHH 
Er·i:i; 
l·JViTE i::;:1rnKOUTL IF.:ECJ, *"' FOF: I: =(1 '.:::TEP 1 Ut"IT!L W :10 A[ I:); 
GO iO AGl=tl N; 

HF:ITE (REMOUT' < r:;:, ti r::: NOT A UALEI A~::;;uMPTIOt·t ~I! > I; 
GiO TO AGAit-t; 

LOCK t:DISKit·l); LOCK i:D ISKOUT); LOCK i::1ISKOUT2); 



1.;il::T HLF'.····:;;uM:1ATl'=t 

~r·m FI LE; HCF'~··sut·1:i)ATA. 
GET ACf·· ... ·:,:;l_IJ{;)tHAl 
*.:~·KIF:J:::F !LE ACP~-·:::UMI•ATA1: DATA, 2..:. F.:Ecor.:~1:::, :::A•.tEII 
u ::;T 
l ( !0 :.::PACE 
21J(1 F'H'/TO :::F'Ac.E COST f $ / J::e.;) 
:;:00 HEAT 
40(1 P.ECIF:C: COST ($/l=.:G:i 
5(u) AEF.:AT I Ctti 
i::.0c1 LH~:c&F: co:.:;T i: $ / KC:i) 
7(t(t HHAKE l-JATEF: ( PIJMPE!r) 
:::00 FW1'TO TAHK::: AF:EFt 012) 
9~3(1 F:ECIF.:CULATICrN F'tQ·lF' rnG 
1 (t(t0 - " - TAl·JKS :1EPT1! i: M) 
11~.:10 FEED: AF:TIFICI AL 
1200 - " - TAHKS FLOl·J ( M~:,..-~:EC) 
1 :;:0(1 : PH\'TOPLAtlKTON 
1400 - 11

- C:Ottl...IEF:S I ON EFF IC 
15tn3 l·JASTE TREATMENT 
lt.(1(1 FtrHMAL INDll,'lD ~·JEIGHTi:G) 
1 700 LA~:OF~, REGULAR 
1:::0(1 -"- ~:ATCH l·JEIGHT CKG ) 
1 ·j~j(1 - "- , SUPEF.:l..II SOF.:'I', 8:C 
20(1(1 - II - tKQ·t?.EF.: OF TF.:A'l::; 
210(1 LAF.'.1.)ftE 
220~.:1 

2J(1(1 

24(1(1 
25(1(1 
2t::.(1(1 
# 
F:EMOUE 
:r1= 

- "- COt·JUEF~SIOt-1 EFFIC 
TOTAL 

- II - j)AYS TO HAF:UE:.:;T 
TOTAL CAPITAL ( (n_:n) j 
At·f·i' L TOTAL CAP 1: 000 :i 



APPENDIX E 

ARTIFICIAL UPWELLING MARICULTURE: 

SAMPLE OUTPUT FROM BUDGET GENERATOR PROGRAM 

(INFLUENCE OF POOL DEPTH 

AND TURNOVER RATE ON PRODUCTION COST) 



TYPE ASSUHPTIDH HUMBER, CDHHA, AHD HEW VALUE 
WHEH DDliE T'(PE '99'), J ' 
27,-134.)JJJJJJ.J 

24,.).JJ133333 

OUTPUT SUl111AR'( 
Ali I 11AL PRO::IUCT I Oli COST ($/KG OUTPUTJ 

J • .):341 SPACE 
J • .)~1~1.) HEAT 
J. ~1 J32 AERAT IOii 
J.JG8G IHTAKE WATER <PUMPED) 
J.5472 RECIRCULATIOH PUMPIHG 
J.JJJJ FEED;ARTIFICIAL 
J. S1.:.G8 ; PH'(TOPLAlil(TOl'i 
J.J524 WASTE TREATMEHT 
J.2462 LABOR,REGULAR 
J.lJJJ -"- ,suPERVISOR't',~C 
J.12G2 LARVAE 
1 • 7941.:. TOTAL 

G99.9J3J TOTAL CAPITAL CJJJ) 

PERFORMAHCE MEASURES 
J. 2748 PH't'TD SPACE CDS:T ($/1(6) 

J.2J4G RECIRC COST ($/KG) 
J.J874 LABOR COST ($/KG) 

33247. J 172 PH'(TD TAl'fl(S t1REA <112) 
2. JJJJ ·- ·- TAlil(S: DEPTH (11) 

J. 532J ·- ·- TAl'll<S: FLDl.t.1 (113/SECJ 
.) • :34 75 ·- ·- CDl'IVERS I Dli EFF IC 

1J.J292 AHI11AL IHDIVID WEIGHTCG) 
SOJJ. JJJJ ·- ·- BATCH 1,JEJ1;1H (1(6) 
57 14. 4 7G8 ·- ·- l'llJl1:BER OF TRA'(S . 

J.3J73 - - CDMVERSIDH EFFIC 
189. JJJJ ·- ·- :l:tA'tS: TD Ht1R'.,.'EST 
153. 217G Al'il'i 'L TDT11L CAP C:JJJ) 

T'1'PE ASSUl1PT I Dl'i liUM:BER, COMMA, t'~l'iD l'IEW VALUE 
l•.IHEl'i DDl'IE T'(PE '999, J ' 
24, .). ~1.)187 

·:.i·n.J 

OUTPUT SUl111AR'( 
111'1I11AL PRODUCT I DI'! COST ($/1(6 OUTPIJTJ PERFORMAHCE MEASURES 

~1. J:341 SPACE 
J. JJJJ HEfH 
J. J.)32 ·11EP.ATIDli 
J. J732 I MTAl<E WATER <PU11PED) 
J.5472 RECIRCULATIDH PUMPIHG 
J.JJJJ FEED;ARTIFICIAL 
.). 52.)~1 
~· . . )524 
:.r. 241.:.2 
J. 1 J,)J 

~·- 1262 
1.7525 

1;1.:.2. 7118 

; PH'(TOPLAl'il(TDl'i 
IJJl=t:s:TE Tr<:Et1T11EIH 
LffBDR, REGULAR 

·-" ·- , SUPER',.' I SOR'(, :l<C 
Lt1R'·IAE 

TOTAL 
TOTAL CAPITAL <JJJ) 

J. 252 J PH'(TD SPACE COST ($/l<G:.. 
J.1879 RECIRC COST ($/KG) 
J.J801 LABOR COST ($/KG) 

3 J451 • 4127 PH'(TD TAl~l(S t1REA <112) 
2. ~t J J J ·- ·- TAHl(S DEPTH (11) 
~1. 5694 ·- ·- Tt11'11($ FLOl.i.I (11:3/SEC'.J 
J. 7'3 l 7 ·- ·- CDM'./ER~~ I Dli EFF IC 

1 J. J292 ANIMAL INDIVID IJJEIGHT <G'.J 
500.). JJJJ ·- ·- I:t1TCH IJ.IEIGHT (1(6) 
57 14. 4 7,_;3 ·- ·- liUl1:BER OF TRA'(S 

J. 3 07:3 ·- ·- CDri'/ERS I Oti EFF IC 
1 :3'3. J J ,) J ·- ·- DA't'S TD Ht'~R'./C::ST 
144. 747'3 Al'fl'f 'L TOTf~L CAP <JJJ;.. 



T'tPE ASSU11PTI01i liUt1BER1 COMl1A1 AliD tiEW VALUE 
11.IHEN DOtiE T'(PE •999, J' 
24, J. JJ213 

OUTPUT SUl111AR'( 
ANIMAL PRODUCTIOH COST($/K6 OUTPUT) 

J.J841 SPACE 
J. J~1JJ HEAT 
J. JJ32 AERATIOti 
J. ~1791 I IHAt=:'. E 1.i.lf1TER <PIJ11PED) 
J.5472 RECIRCULATIOH PUl1PIHG 
J.JJJJ FEED:ARTIFICIAL 
J. 4·357 : PH'(TOPLAlilnOli 
J.JS24 WASTE TREATl1EHT 
J.24G2 LA:BOR,REGULAR 
J.1JJJ -·- ,suPER'./ISORY,~C 
J. 121.:.2 LAR'./AE 
1 • 7341 TOTAL 

643.8918 TOTAL CAPITAL (JJJ) 

PERFORl1AHCE MEASURES 
J.2402 PHYTO SPACE COST ($/KG) 
J. 1793 RECIRC COST ($/l~: G:i 
J.J763 LABOR COST ($/KG) 

29 J ~1:;:. 2G2 J PH?TO TAlil<S f1REA 012) 
2.JJJJ - - TAHKS DEPTH (11) 

J. 61 78 ·- ·- TAlil(S: f>LOl1.I 013/SEC:> 
J. 72'38 ·- ·- CDli'.,.'ERS: I Oti EFF IC 

1 J. J292 Alil11AL IliDl'.,.'ID b.IEIGHT <G) 
SJ~1J. JJ,)J ·- ·- I:ATCH 1,_IEIGHT <1(6) 
5714.47G3 - - HUMBER OF TRAYS 

J. 3 J73 ·- ·- COli'iERS I Oli EFF IC 
18'3. JJ.)J 
14J.4345 

- - DAYS TO HARVEST 
AHH'L TOTAL CAP (JJJ) 

T'f'PE 11SSUl1PTI Oli lilJ11:BER, COl111A, 111i:D liEl,.1 VALUE 
~iEN DOHE TYPE '999~.:i· 
2410.~1J24 

OUTPUT :S:Ul1M11R'( 
Ali I 11AL PRODUCT I Oli COST ($/1(6 OUTPUT) PERFORMANCE MEASURES 

J • .)841 
J • .)~1.)J 
J. ~1.)32 
J • .):374 
J.5472 
J. JJJ,) 
.). 48:39 
J.J524 
J.2462 
J. 1 JJ..) 
J. 121.;2 
1. 735,.; 

639. 4:312 

SPACE 
HEAT 
11Er.:11T I Oli 
I l'ff 111~:E l.1.IATER <PUMPED:> 
REC I RCULAT I Oli PU11P I liG 
FEED: 11RT IF IC I AL 

: PH'1'TOPLAlil(TOti 
l1.lf1STE TREAT11El"fT 
LABOR,REGULAR 
-·- ,suPER'JISORY,~C 

LARVAE 
TOTAL 

TOTAL CAPITAL (JJJ) 

J. 2 :3i::.8 PH'(f 0 :SPACE COST ($/l<G'.1 
J.1768 RECIRC COST ($/KG) 
J.J752 LABOR COST ($/KG) 

28594. 4381 PH'(TO TANKS: AREA (112) 
2. JJJJ ·- ·- TAlil =~ S DEPTH (11) 
J. 6863 ·- ·- fftlil<S FLOIJ.1 <113/SEC) 
J.G57J ·- ·- COli'./ERS:IOli EFFIC 

1 J. J292 111i I 1111L I liD I'./ ID 1.i.IE I GHT <G) 
5JJJ. JJJJ ·- ·- :E:t1TCH 1.i.IEIGHT (l(t:;) 

57 14. 4 760 ·- ·- liUM:BER OF TRA'fS 
J. 3 J73 ·- ·- cat~VERS I DI~ EFF I c 

1s·;i. JJJJ ·- ·- D11·rs TO Ht11<:'./EST 
13'3. 3G:38 Alili 'L TOTAL CAP < ~1 J .)) 



TYPE ASSUMPTIOH HUM~ER, COMMA, AHD HEW VALUE 
WHEN DOliE T'(PE ''J'n, J ' 

OUTPUT SUM11i~R'( 
ANIMAL PRODUCTIOH COST($/KG OUTPUT) 

O.J84! SPACE 
J.JJJJ HEAT 
J. J J32 11ER11T I Oli 
J • .)742 INTAKE WATER <PUMPEn) 
J.5472 RECIRCULATION PUMPIHG 
J.JJJJ FEEn:ARTIFICIAL 
J. 4907 ; PH'(TOPLAlil(TOli 
J.J524 WASTE TREATMEHT 
J.2462 LABOR,REGULAR 
J.1.)JJ _ .. _ ,suPERVISORY,~C 
J. 1262 LAR'./AE 
1 • 7242 TOTAL 

GJ4.8969 TOTAL CAPITAL (JJJ) 

PERFORMAHCE MEASURES 
J.2059 PHYTO SPACE COST ($/KG) 
J. 2216 REC:I RC COST ($./1(6) 
J. JG33 LAl::OR COST ($./1(6) 

24 .)1.;·3. :321.;G PH'(TO Tt11'il(S , t1REA Ct12'.I 
3.0JJJ - - TAHKS DEPTH <M) 
0.5777 - - TANKS FLOW<M3/SEC) 
J. 73 05 ·- ·- COli'./ERS I Oli EFF IC 

1J.J292 ANIMAL INDI'./ID WEIGHTCG) 
50JJ.JJJJ - - BATCH WEIGHT <KG) 
5714.4768 - - HUHEER OF TRAYS 

J. 3 073 ·- ·- . CDli'./ERS I Ct~ EFF IC 
18'3. 0 J J.) ·- ·- !11-,'(:S TO HARVEST 
128.473G ANN'L TOTAL CAP <JJ.)) 

T'1'PE ASSUMPT I Oli fiUl1BER, COMMA, Ali:D liEl,.1 'lt1LUE 
b.IHEN DOtiE T'(PE '999, J ' 
2410.0J2G7 

OUTPUT SUMMt1R'( 
AN I 11i~L PRODUCT I Oli COST ($./1(6 OUTPUT) 

J. J:341 SPACE 
J. J~1.).) HEAT 
J. J ~132 AERAT I Oli 
J.J792 INTAKE WATER <PUMPED) 
J. 54 72 REC I RCULAT I Oli PUMP I liG 
J.JJJJ FEED:ARTIFICIAL 
J. 4 732 : PH'(TOPLAl"il<TOl'I 
J.J524 WASTE TREATMEHT 
J.24G2 LABOR,REGULAR 
J. 1 J J J ·-" ·- , SUPER'll SOR'(, ~C 
.) • 12G2 LARVAE 
1 • 7 11 7 TOTAL 

592.949.) TOTAL CAPITAL CJ.).)) 

PERFORMANCE MEASURES 
0. 1 ·3:3G PH'(TO SPACE COST ($/1(6) 
J.2137 RECIRC COST ($/KG) 
J.JGJJ LABOR COST ($/KG) 

23185. :3635 PH'(TO TAl'll:~S AREA <112) 
3.JJJ.) - - TAHKS DEPTH CM) 
J.6191 - - TAHKS FLOW<M3/SEC) 
J. 7283 ·- ·- COIWERS: I Ol"i EFF IC 

1J.J292 AHIMAL IHDI'./ID WEIGHT<G) 
5JJJ. JJJJ ·- ·- :BATCH WEIGHT (1(6) 
5714.47G8 - - HU11EER OF TRAYS 

J. 3 J73 ·- ·- COl~'IERS I Ol"i EFF IC 
18'3. ~1JJJ ·- ·- :DA'(S TD HAR'./EST 
125. 7941 Alil~ 'L TOTl1L CAP ( J J .)) 



TYPE ASSUHPTIOH HUMBER, COMMA, AHD HEW VALUE 
WliEli :DCl'IE T'(PE ''J'n, J' 

OUTPUT SUl111i1R'( 
AHIHAL PRCDUCTIOH COSTC$/KG OUTPUT) 

J.J841 SPACE 
J • .)~1J.) HEAT 
J. ~1.)32 AERAT I Dli 
J • .):354 I l'ITAl(E MATER ; <PUl1PED) 
J.5472 RECIRCULATIDH PU11PIHG 
J.JJJJ FEED:ARTIFICI~L 
J. 4,; 7 J : Pli'i'TOPLAlil(TOl'i 
J.J524 WASTE TREATHEHT 
J.24G2 LABOR,REGULAR 
J. 1 J.).) 

.).1262 
1.7117 

5:39. 2923 

-"- ,suPERVISDRY,~C 
U~RVftE 

TOTAL 
TOTAL CAPITAL CJJJ) 

PERFORMAHCE MEASURES 
J.1959 PH~TC SPACE COST ($/KG) 
J. 21 n REC I RC COST ($/1(6) 
.) • ~11; J2 LABOR COST <$/1(6) 

22371.25Jl PHYTC TAHKS AREA <112) 
3.JJJJ - - TAHKS DEPTH (11) 
J. G 7J1 ·- ·- TAlil(S "f;LOM Cl13/SECi 
J. t;. 728 ·- ·- COH'./ERS I DI~ EFF IC 

1 J. J2'32 Ali I MAL I Ii!) I '.JI D II.IE I 6HT (6) 
5JJJ. JJ~t.) ·- .. ··- :E:ATCH t,JEI6HT 0(t3) 
57 14. 4 76:3 ·- ·- HUl1P.EP. CF TRAYS 

J. 3 J7:3 ·- - COl~'·lEr.~s I 01"1 EFF IC 
18SI. J J J J - ·- DA'(S TO HARVEST 
124.9373 AHH'L TOTAL CAP <JJJ) 

T'i'PE ASSIJ11PT I Oli l'fUM:BER, COl111A, t11'fD l'fEll.1 Vt1LUE 
llJHEli DOl'iE T'(PE '99'3, J ' 
24~ ~· • .).)213 

·;i·n,.:i 

OUTPUT SIJl111t1R'( 
1'1t'f I Mt1L PRC:DUCT I Ol'i COST ($/1(6 OUTPUTJ 

J •. ):341 SPACE 
.) • .).).)J HEAT 
.) • ~I ~L32 l'=tEl<'.t1TI Ol'f 
.) • ~17 .)2 I IHAl(E WATER <PU11PED) 
J. 54 72 !<'.EC I RCLILt1T I Oli PUMP I 1'16 
J.JJJJ FEE:D:ARTIFICIAL 
J. 52 JSI : PIWTOPLAl'fKTOl'i 
J. ~1524 l.o.IRSTE TREATl1EIH 
J.2462 LABOR,REGULAR 
J. l J .:l_J ·-" ·- , SUPER'.JI SOR'(, ~C 
J. 12G~ LAR'.J11E 
1 • 75 J4 TOTAL 

G2G.JG3J TOTAL CAPITAL CJJJ) 

PERFORl1AHCE MEASURES 
J. 21 :35 PH'(TO SPACE COST ($/1(6) 
.) • 2351 REC I RC COST ($/1(6) 
J.JG73 LABOR COST ($/KG) 

25592. 2228 PH'(TO TAl'il(S 11REA 012) 
3. JJ.)J ·- ·- TAlil( S :riEPTH (f1) 
.) • 5451 ·- ·- Tl~l"il(S FLOM <113/SEC:.i 
J.8271 - - COH'.JERSIOH EFFIC 

1J.J292 AHl11AL IHDI'.JID WEIGHTC6) 
5.).).). JJ.)J ·- ·- BATCH hJEIGHT (1(6) 
5714.47G3 - - HUMBER OF TRAYS 

J. 3 J73 - - COli'·lERS I 01~ EFF IC 
139. JJJJ ··"·- !1A·11 S TC 1-tAR'JEST 
133. 1872 Al'fl'f'L TOTAL CAP <JJ.)) 



T'(PE ASSUHPT I Oli HU11BER, COMl1A, Ali:> tiEW 'JALUE 
WHEH DOHE TYPE '999,J' 
13135J 

OUTPUT SU1111i'=lR'I 
AH I 11AL PRODUCT I Oli COST ($/1(6 OUTPUTJ PERFORMAHCE MEASURES 

J. J:341 SPACE 
J.JJJJ HEAT 

. J. JJ32 AERATIOti 
J.JG89 IHTAKE WATER <PUMPED> 
J.5472 RECIRCULATIOH PUMPIHG 
J.JJJJ FEED~ARTIFICIAL 
J. 5521 ~ PH'r'TOPLAlil(TOti 
J.JS24 WASTE TREAT11EHT 
J.2462 LABOR1RE6ULAR 
J.lJJJ -"- 1SUPERYISORY,~C 
J.12G2 LAR'./AE 
1 • 73 J4 TOTAL 

G35.7113 TOTAL CAPITAL CJJJ) 

J.2181 PHYTO SPACE COST ($/KG) 
J. 21;3 J REC fRc CO$T ($./1(6) 
J. JGG J UU:OR COST ($/1(6) 

251 J4. 2343 PH'r'TO TAl'il(S: AREA <112) 
3. 5 J J J ·- ·- TAlif(S DEPTH (11) 
J. 534 7 ·- ·- TANl(S: FLOM CM3./SECJ 
J.8432 ·- ·- COti'JERSIOli EFFIC 

1J.J2'32 AHIMAL IHDI'JID WEIGHTCG) 
5~1JJ. JJJJ ·- ·- I<ATCH l.o.IEIGHT (1(6) 
57 14. 4 76:3 ·- ·- l·ilJ11I:ER OF TRA'IS 

J.3J73 - - COHVERSIOH EFFIC 
18'3. J J J J ·- ·- !:IA'IS TO Ht1R'./EST 
133.5J48 AHH'L TOTAL CAP (JJJ) 

T'1'PE AS:S:UMPT I Oli lilJl1:BER, COl111A, t'=lli!• liEW VALUE 
&,.IHEti :mtiE T'IPE '99St, J ' 



T'f PE ASSU11PT I Ol"i lilJl1BER, C01111A, Al"iD l"iEW './ALUE 
WHEH DOHE TYPE '999,.)' 

OUTPUT SUl111AR'( 
ftli I 11AL PRODUCT I Oli COST ($/1( 6 OUTPUTJ 

J. ~1841 SPACE 
J. JJJJ HEAT 
.) • .) .:.32 AERf=tT I Oli 
.) • J724 I liTt11(E l.JATER <PU11PED) 
J.5472 RECIRCIJLATIOH PU11PIHG 
J.JJJJ FEED:ARTIFICIAL 
.) • 51 G9 : PlftTOPLl11il(TOli 
J.J524 WASTE TREAT11EHT 
J.24G2 LABOR,REGULAR 
J. 1 J JJ ·-" ·- , SUPER'./ I SOR'(, t.C 
J. 12G2 U=tR'Jt1E 
1 • 748G TOTAL 

G12.JG32 TOTAL CAPITAL <JJJ) 

PERr-ORl1AliCE 11EASURES 
J.2J44 PHYTO SPACE COST ($/KG) 
J.25J9 RECIRC COST ($/KG) 
J.JG17 LABOR COST ($/KG) 

2345G. 37 J7 PH't'TO TAl"il<S AREA 012) 
3. 5 J J J ·- ·- TAl"il~~s DliPTH (11) 
J.5G3J - - TAHKS FLOW<l13/SEC) 
J. 8 J J ·~ ·- ·- COl"i'IERS I Oli EFF IC 

1 J. J292 Al"ill1AL Il·i!tI '/ID l.o.IE I GHT <G) 
5JJJ. JJJJ ·- ·- P.fHCH 1 .• JEIGHT 0(6) 
57 14. 4 7•.:.3 ·- ·- t'iUl1BER CF TRA'i'S 

J. 3 J73 ·- ·- COli1lERS I DI~ EFF IC 
13'3. J J J.) ·- ·- J)A't'S: TO H11R'lEST 
128. 3128 Alit·f 'L TOTAL Cl'=tP ( ~1 J .)) 

T'1'PE t1S:S:IJ11PT I Ol"i l"iUMBER, COl111A, Al"iD liEl.e.1 './ALLIE 
lo.IHEN DDl"iE T'f PE '99·3, .) ' 
24, o. JJ2G.7 

OUTPUT SUl111AR'( 
ANIMAL PRODUCTIOH COST($/KG OUTPUT) 

J.J841 SPACE 
J. J.) ,)J HEAT 
J. ~1.) :32 11E~: t1T I Oli 
J. J71S 7 I lilf=WE l.e.IATER <PUl1PED) 
J.5472 RECIRCIJLATIOH PU~PIHG 
J.JJJJ FEED:ARTIFICIAL 
J. 4'345 : PH'(T0Plt11"il(T01i 
O.J524 WASTE TREAT11EHT 
J.24G~ LABOR1REGULAR 
J.lJJ.) _ .. _ ,suPERYISOR'(,t.C 
J. 12G.2 Lt1R'/AE 
1 • 73 JS TOTAL 

597.2G4G TOTAL CAPITAL <JJJ) 

PERFORl1ftliCE 11Et"=t:SURES 
J.1956 PH'(TO SPACE COST ($/KG) 
J.24JJ RECIRC COST ($/KG) 
J.JS39 LABOR COST ($/KG) 

224 J8. 5,_;,;..:, PH'tTO TAlil(S AREA (112) 
3. 5 0.) J ·- ·- TAl'lt<S :DEPTH <11 ) 
J. 59:33 ·• ·- TAt~t::S FLCl,.1 (113/SECJ 
J. 7535 ·- ·- CDN1./ERS I DI~ EFF IC 

10.0292 ANIMAL INDIVID l.o.IEIGHT<6) 
5~1jJ. JJ.)J ·- ·- Bt1TCH 1,.IEIGHT (1(6) 
57 14. 4 763 ·- ·- l"iUM:BER OF TRA'(S 

J. 3 J73 ·- ·- COl'i'./ERS I 01~ EFF IC 
18'3 • .) .) J ,) 
125.JS27 

·- ·- Dt1'1'S TO Hi=tR'lEST 
AHH'L TOTAL CAP <JJJ) 



T'(PE ASSU11PTIOt"1 l'i1Jt1:BER, COMl1A, AHIJ t'iEW './t1LUE 
WliEl'i DOt'iE T'(PE '"J9'J, J ' 

99·~, J 

OUTPUT SUMMAR'( 
Al'i I 11AL PRODUCT I Ol'i COST ($/1(6 OUTPUTJ 

J.J841 SPACE 
J.JJJJ HEAT 
J. J J32 AERAT I 01'4 
J •. )81 '3 I l'iTAl :~E MATER <PUt1PE:D) 
J.5472 RECIRCULATIOH PU11PIHG 
J.JJJJ FEED:ARTIFICIAL 
J. 4833 : PH'(TOPLAl'il(TOH 
J.J524 WASTE TREAT11EHT 
J.2462 LABOR,REGULAR 
J.1JJJ -"- 1SUPERYISORY,~C 
J. 1262 LAR'JAE 
1. 7245 TOTAL 

59J.2257 TOTAL CAPITAL <JJJ) 

PERFORMAHCE MEASURES 
J. 1912 PH'(TO SPACE COST ($/1(6) 
J. 2346 REC I RC COST ($/1(6) 
J. J57G LA:BOR COST ($/l(t:;:, 

21881. 8JSJ Pli'(TO TAl'il<S t1REA 012) 
3. 5 J J,) ·- ·- TAl-iKS DEPTH (11) 
J. ,;411 ·- ·- TAl'il(S . FLOl.o.1 <113/SEO 
J. 7 J32 ·- ·- COl'i'-/ERS I Ol'i EFF IC 

1 J •. )292 Al'i I 11AL I liD I'./ I :D l.e.IE I GHT (6) 
SJJ,). JJJJ ·- ·- BATCH le.IEIGHT <t::: G:, 
57 14. 4 7b8 ·- ·• 1--IUMBER CF TRA'(S 

J. 3 J73 ·- ·- COl'i'/ERS I Ol'i EFF IC 
189.JJJJ 
123.47% 

- - DAYS TO HARVEST 
Al'il'i 'L TOTAL CAP < J J J~· 

T'1'PE ASS:UMPT I Oli l'iUl1BER, COl111A, Ali:D l'iEIJ.I './ALUE 
le.IHEl'i DOliE T'(PE '999, .) ' 
24,J.JJ32 

OUTPUT SUl11111R'( 
Al'i I 11AL PRODUCT I Dli COST ($/1(6 OUTPUTJ 

J • .):341 SP1'1CE 
J • .)~IJJ HfftT 
J. J .)32 AEr~l1T I Ol'i 
.) • .)8:38 I IHAl(E leJATER <PUMPED:.. 
J. 54 72 REC I RCULAT I Ol'i PUMP I liG 
0.0000 FEED:ARTIFICIAL 
J. 481 7 : PH'1'TOPLAl'llCTOl'i 
O.J524 '1.IASTE TREATl1EHT 
0.2462 LABOR,REGULAR 
J.lJJJ -"- ,SUPER'./ISORY,~C 
J. 1262 Lt1R'./AE 
1.729'3 TOTAL 

59J.1J87 TOTAL CAPITAL <JJJ) 

PERFORMAHCE MEASURES 
J. l '3 ~11; PH'i'TD SPACE COST ($/l(G) 
J.2333 RECIRC COST ($/KG) 
J.J574 LAEOR COST ($/KG) 

2181 J. 2374 PH'(TO Tl11il<S t1REA <112) 
3. 5 .) J J ·- ·- TAl'il(:S DEPTH <11) 
J.6979 - - TANKS FLOWCM3/SEC) 
J. 1;4.; J ·- - COl'iVERS I Ol'i EFF IC 

10.0292 ANIMAL INDIVI:D WEIGHT<G> 
5 0 J J. J J J J ·- ·- :Bl1TCH le.IE I GHT (1(6) 
57 14. 4 7G3 ·- ·- l'iL111EER OF TRA'(S 

J. 3 J73 - ·- COl'iVERS I Oli EFF IC 
18';1.JJJJ 
123.4J21; 

·- ·- DA'r'S TD Ht1R'./EST 
AHH'L TOTAL CAP CJJJ) 



T'fPE ASSUl1PTIOli liUt1:BER, COl111A, Ali!l liEW VALUE 
WHEl'i DOliE T'f PE '999, J ' 

, 18, 1 JJ 

241J.JJ133 

OUTPUT SUMMAR'( 
AHIHAL PRCDUCTIOH COST($/KG OUTPUT) 

J.J341 SPACE 
J.JJJJ HEAT 
J. JJ32 AERATIOl'i 
J.J334 IHTAKE WATER <PU11PE!l) 
J.5472 RECIRCULATIOH PUMPIHG 
J.JJJJ FEE!l:AP.TIFICIAL 
J. G 794 : PH'(TDPLAlil<TOli 
0.0524 WASTE TREATMENT 
0.2462 LABOR,REGULAR 
J. 1 JJJ ·-"·- , SUPER'./ I SOR'(, ~C 
J.1262 LARVAE 
1 • '322 0 TOTAL 

879.1415 TOTAL CAPITAL <000) 

PERFORl1AHCE MEASURES 
J. 3976 PH'f'TC SPACE COS:T ($.1'1( 6) 

J.1527 RECIRC COST ( $/KG) 
J. 1291 LA~OR co:ST ($/l(G) 

49 J"n. 2984 Plf (TO TAl'iKS AP.EA (112) 
1. JJJJ ·- ·- TANI($ DEPTH (11 :> 
J. G53 J ·- ·- TAlil(S FLOl.iJ 013/SECJ 
J.69.)4 " . COIWERSION EFFIC 

10.0292 ANIMAL INDI'JID WEIGHT<G> 
5000.0000 - - BATCH WEIGHT <KG> 
57 14. 4 7,;3 ·• ·- liU11P.ER OF TRA'(S 

0.3073 - - CONVERSION EFFIC 
189. 0 0 0 0 ·- ·- I1A'( S: TO HAR'/EST 
197.5353 ANN'L TOTAL CAP (000) 
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Revisions to the aquaculture budgeting program 3/26/77 

Introduction 

This report consists of three sections. 

I. Improvements to the program and notes for conversion to F~RTRAN. 

Several redundant statements have been deleted. Removal of the option to 

evaluate single batch or continuous production has permitted further simpli

fication. (Single batch production can still be evaluated if the interval 

between batches is set equal to or greater than time to harvest.) Statements 

which made reference to a compartment size table, not used in this version of 

the program, have also been deleted. 

II. Modifications to the program. Five sets of modifications are described 

and the required changes in the program noted. 

III. Revised definitions of variables. The list of variables and their defini

tions which was provided in an earlier report is updated to reflect changes in 

parts I and II. In addition, sources are given for baseline values of variables 

listed in INDATA. 

Future work 

Some additional documentation may be sought for the baseline values of 

variables in the input data file. Part of the intent of the program layout is 

that the degree of confidence in the values assumed for the variables should be 

exposed. Concern here can lead in two directions: 

(1) an investigation of the sensitivity of the calculated costs to changes 

in assumed values of variables where justification of those values is 

weak:;- and 

(2) a search for more reliable or empirically validated values relating to 

the species and site under consideration. 
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I t is important to remember that the cost of production estimates can 

only be fully validated when commercial, or large scale pilot plant operations 

occur. We are measuring changes in cost assuming that the model is correct. It 

would therefore seem appropriate to work through the cost components of greatest 

magnitude in detail to ensure that the best representation of the real-world 

situation is being modeled. An investigation of the impact of modifications to 

the existing technology can be carried out at the same time. These steps should 

provide firmer delineation of areas of ignorance concerning biological responses, 

feasible technologies and costs, and the importance of better information in 

reducing, or in giving more precision to, estimated cost of production. 
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I Improvements to Program and Notes for Conversion to F.0RTRAN 

Note l: Some simplification can be achieved if the package is condensed to a 

main program (AQUA2B) and an input data file (INDATA). A working data 

file is still required but it need not be in binary form. The working 

data file should retain updated parameter values until such time as the 

original data set from INDATA is wanted. The easiest way to achieve 

this operation would be to define two data files INDATA and CURRDATA 

where CURRDATA fulfills the role that BNAR has at present. Then at 

line 54511 insert another branch statement to a set of statements which 

will 

(i) read INDATA from a disk file 

(ii) write the data onto CURRDATA 

This option wauld be mandatory the first time the program was run, and 

would be selected whenever a return to the original data set was 

desired. 

Note 2: FTN = F0RTRAN 

Note 3: * indicates line(s) marked are redundant in present program and can be removed. 

AQUA2B 
lines comments 

8000-11500 

12500 

15050 

16000-17500 

18000-301 50 

*27280-27310 

File declaration cards. Format will depend on system require
ments. FILETYPE = 7 is a designation which permits disk file 
to be read regardless of its record size or blocking character
istics. 

If Note lfollowed, the array SUMTIT can be read in as a data 
table. 

TEST is a TRUE/FALSE variable 

Omit in FTN. 

These would not be declaration in FTN and hence constitute 
part of the program. 

Omit. Only one table 



lines 

*27340-27370 

*30100-30150 

*31000 

31500 

34000-44300 

*44000 

*44400 -44440 

*45000-47000 

47000 

*47100 

*47200-47700 

49000 

49100-49110 

*51500 

52000-54517 

54511 

*54530 
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comments 

Omit. Only one table. 

Omit. Refers to compartment size table, not used. 

Omit. 

Omit in FTN. Use assigned G0T0 statement on program. 

These are data tables in FTN. 

Omit. 

Omit. Debugging aid. 

Omit. Procedure refers to section no longer used. 

This is the last line of declaration statements. In FTN 
the format statements (lines 18000-30150) could be placed 
anywhere after this line. 

Change to 47100 READ(DISKIN3, 901, A903[*]); A change in 
INDISK must also be made. See page I-4 . If Note 1 followed, 
read statement in 00 loop. Add error branch. See line 54511 
below. 

Delete 

If Note 1 is followed, add error branch. See line 54511 below. 

If Note followed, omit. 

Omit. Not used. 

Can use assigned G0T0 in FTN provided default for incorrect 
value of IWANT transfers control to line 54527. 

If Note 1 followed insert branch statement here. At the 
statement branched to 

(i) Read from INDATA 
(ii) Write to CURRDATA 

(iii) Insert lines to calculate number surviving, that is 
ACP/INDISK lines 12134-1214l(except line 12140 would then 
read 12140. F.0R I:=l STEP l UNTIL 901 D~ ) 

(iv) Write values for number surviving on disk file (BNAR2). 
The error branches on lines 47100 and 49000 should transfer 
control to this group of statements. If either disk file of 
current data cannot be read (e.g. if it has been removed) then 
o~iginal values of parameters will be placed in these files. 

Change to 54530 TABLES: 



lines 

*54540-54550 

*54610 

*54620 

*54630-54950 

*54960 

*6000-84000 

91030 

*97510-97560 
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comments 

Omit. Only one table. 

Change to 54610 WRITE (DISKIN3, 901, A903 [*]); 

Change to 54620 END; 

Omit. Only one table. 

Change to 54960 G~ T~ PICKkJNE; 

Omit. No longer used in this form. 

In FTN use assigned G0T0 statement. 

Replace by the following statements which provide for printing 
out sections of the mortality adjustment table. 

97510 LIST 3: WRITE (REM0UT, FMT0UT6); 

g1520 READ (REMIN,/,L0W, HIGH); 

97530 IF L0W LEQ 0 THEN L0W:=l; 

97540 IF HIGH GTR 900 THEN HIGH: = 900; 

97550 BEGIN 

97560 WRITE (REM0UT ,< "M0RTA~ITY ADJ. FACT0R TABLE"/>): 

97565 F0R I: = L0W STEP 5 UNTIL HIGH 00 

*97590-97650 

99122-99220 

*98310-102650 

98310 

99100 

100020 

100032 

100039 

100040 

Omit. Table no longer used. 

Changes are described in section IIb. 

A number of changes are required in this section of the program 
to facilitate removal of the single batch option. They are 
described in detail below. 

Change to 98310 F0R I:=311, 432, 436, 452, 453, 454, 455, 
456, 463, 513, 621, 915, 916, 924 

Change [513] to [514] 

Change [621] to [612] 

Change [432] to[435] and [621] to [612] 

Change [436] to [437] and· [432] to [435] 

Change [463] to [462] and [621] to [612] 



line 

100970 

100935 

100992 

101400 

101500 

101600-101670 

101850 

101900 

101910-101920 

102130 

102150 

102200-102650 

*106300 

*107000-107450 

212000 

*223500 

*224000 

INDISK 
8000 

*12130 

*12140 

I-4 

comments 

Change [915] to [925] 

Delete 

Change [915] to [925] 

Change to 101400 VAR[621]:= *+VAR[612]; 

Change to 101500 VAR[513]:= *+VAR[514]; 

Change to 
101600 VAR[432]: = *+ VAR[435]; 
101650 VAR[436]: = *+ VAR[462]; 
101670 VAR[463]: = *+ VAR[462]; 

Change [925] to [915] 

Change [926] to [916] 

Delete. The logic appears at fault here. Number of transfers 
should not be cummulated for continuous production. The output 
will need the same number of transfers regardless of whether 
it is single batch or continuous production. 

Delete. 

Change to 102150 VAR[900]:= VAR[924]/VAR[99]; 

Delete 

Delete. not used. 

Delete. Alternative listing of capital cost is provided in 
the program. 

Change 30.7 to 0.012. Error made in translating units to 
metric. Influences capital cost of heating equipment. 
No change in results from present program. 

Delete. Single batch option eliminated 

Change to 224000 VAL: = VAR[921]* 365.0/VAL; 

ARRAY A[0:13], A903[0:900]; 
Eliminates use of arrays A910, A911 not required.Lines 12130-
12146 will then require the following changes. 

Delete 

Change 301 to 901 



lines 

IND I SK 
*12142-12146 

*12150 

*12160} 
12170 
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comments 

Delete 

WRITE (DISK0UT2, 901, A903,[*]); 

DELETE 
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II Modifications to program 

a.) Addition of artificial nutrients and calculated compensation 
depth dependent on nutrient level. 

Order of calculations 

1. Nutrient concentration at inlet is sum of nutrient concentra
tion in deep sea water and nutrients added artifically. 

2. 

where 
Nt is total nutrient concentration in inlet water G-N/CM3

• 

Nd is nutrient concentration in deep sea water G-N/CM3. 

Na is nutrient concentration added artifically G-N/CM3
. 

Compensation depth is a function of nutrient concentration 

where 

Dk = a+ b . D (448xlo-9) - c 
Nt 

Dk is the calculated compensation depth (CM). 

Dc is the standard compensation depth (CM). 
-9 Dc • 400 when Nd • 448 x 10 is assumed. 

Comment: Dk has been expressed in this way to make use of information 

available in Dc. In the function the values a=0.0, b=l .0 

have been used. The function has the properties that as 

Nt+O' Dk~' as Nt~' Dk~o, and when Nt = Nd' Dk = Dc. 
Modifications to the program are described in section IIb.) 

b.) Actual depth not compensation depth of phytoplankton tank used in 
calculation. 

Order of calculations 

1. Depth factor D' is calculated according to the formula 

D' = D - D2 A[\ where D' is the apparent poo 1 depth (cm) 

D is the actual pool depth (cm) . 
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2. Exposure factor, K 

K = V 
D; 

where Vis the flow into the phytoplankton tank (CM3cM-2sec-l) 

-i- is the apparent detention time (sec) 

-i- measures the apparent length of time taken for a volume of water to 

be totally replaced. It is less than the actual detention time e.g. if 

D; = 200 and V = 0. 1 then-k = 20000 seconds or about 5~ hours. The 

actual detention time if 0=400 would be 40000 seconds or about 11 hours. 

3. Efficiency of conversion, n1 

2 n1 = 1.0 + b1k = b2k 

Note: a functional form which avoids the decreasing value of apparent depth 

that occurs at higher values of actual depth is 

D; = a(l-e-bD) where a and b are parameters 

If a=200, b=0.01 the function gives similar values to 
the existing one. 

D D; using original function D;ustng suggested .replacement 

0 0 0 
10 9 ~ 9 19.0 

100 87.5 126.4 
200 150.0 172.9 
400 200.0 196.3 
600 150.0 199.5 
800 0 199.9 . 

A better fit to the data could be found for this suggested non-linear 
function. The above values are solely for illustration. 

Modifications to the program 

AQUA2B 
Lines 99122-99220 should appear as follows: 

99122 

99124 

99130 

VAR[60]:= VAR[644]+ VAR[20]; 

VAR[61]:= 0.0 + l.Ot(VAR[20]* VAR[22]/VAR[60J); 

IF VAR[l8]GTR VAR[6l]THEN 
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99131 } unchanged 99133 

99135 2(x2, F8. 1 ) >, VAR[l8], VAR[61] 

99137 } omit 99140 

99150 VAR[5l]:=VAR[l8]-(VAR[l8]**2.0)/(2.0*VAR[61]); 

99155 IF VAR[5l]LEQ 0.0 THEN VAR[51]:=0.0001; 

99160 } unchanged 99214 
99220 VAR[54]:=6.25* VAR[60]; 

Line 99155 is added since the functional form permits negative values of VAR[Sl], 

which would be meaningless and would interfere with subsequent calculations. 

c.) Cost of artificial nutrients included in total cost. 

Order of calculations 

1. Cost of artificial nutrients 

C = F·R·C (86.4) 365.0/Q n n 

where 
en is cost of nutrients $/kg output 

F is flow rate into phytoplankton tanks cm3/sec 

R is rate of addition of nutrients g-N/cm3 

Cu is unit cost of nutrients $/kg-N 

Q is output from the facility kg/year 

2. Cost of feed (phytoplankton) 

cp = cps + cpr + cpl + en 

where 
CP is cost of feed $/kg output 

Cps is cost of space for growing phytoplankton $/kg output 

Cpr is cost of recirculation pumping in phytoplankton tanks $/kg output 
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Modifications to the program 

AQUA2B 
line 

224500 VAR [930]:= VAR[663]*VAR[664]*VAR[610]*86.4*365.0 /V.~L; 

237000 Change to 237000 VAR[943]:=VAR[930]+VAR[932J +VAR[934]+VAR[936]; 

Comment: The cost of artifical nutrients does not appear separately in the 
printed output but can be calculated as the difference between the 
cost of feed (phytoplankton) and its major ~Gmponents (space, recircu
lation pumping and labor). 

d.) Inclusion of manpower requirements. 

Order of calculations 

1. Cost of labor in animal production facility 

CL= Ca· A/B 

where CL is the cost of labor in the animal production facility ($/day) 

A is the number of animals started per batch 

B is the interval between batches (days) 

Ca is the share of cost of transfer and harvest 

2. Total regular labor requirement 

CTL = (7CL + CPL/52)/W 

where CTL is the regular labor requirement for transfer, harvest and 
cleaning (hours/week) 

CPL is the total cost of cleaning phytoplankton tank ($/year) 

W is the regular labor wage rate ($/hr) 

3. Number of supervisory and technical staff 

ST= Cb·V/Sa 

where ST is the total number of full time equivalent supervisory and 

technical staff required (#) 

Cb is the overhead cost assigned to output ($/kg) 

V is the output per year (kg/year) 

Sa is the annual salary for supervisory and technical staff 
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Modifications to the program 

AQUA2B 
line 

49100 

102130 

220125 

220300 

220600 

220700 

224000 

252300 
INDATA 

Change 25 to 27 

(This line can be deleted in present program. Replace by VAR[706]:=VAR[706]+ VAR[900]; 
This treats harvest as another transfer operation, carried out at the same rate and with same labor.) 

Move line 224000 to this location 

VAR[707]:=VAR[706]* VAR[926]/VAR[806]; 

VAR[957]:= (VAR[707]* 7.0+VAR[708]/52.0)/VAR[611]; 

VAR[958]:= VAR[701]* VAL/VAR[809]; 

Delete after moving to line 220125. 

Change to 241000 VAR[947]:=VAR[707]*365.0/VAL; 

Change 955 to 957 

11800 809 16.000.0 ANNUAL SALARY, TECH & SUPER LAB~R ($) (these must line up correctly for format 13, F20.2,9A6) 
SUMDATA 

2700 REG LAB0R (HRS/WK) 

2800 SUPER & TECH LAB0R (#) 
(these must line up correctly for format 4A6) 

e.) Changes in baseline assumptions 

1. Var[27], coefficient b2 in phytoplankton conversion efficiency function 
Source Memo of 2/25/77 LVH. Original value did not include light attenuation at depth. 

2. Var [24], unit flowrate into phytoplankton tanks 

Source Memo of 2/25/77 LVH. Corresponds to turnover rate of 1 .15 times per day in lOOcm deep pool rather than 1.5 times per day assumed ·previously. 
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Modifications to the program 

INDATA 
1 ine 1700 

1900 

24 

27 

0.001331 FL¥'WRATE T0 PHYT0 TANK (CM3/CM2/SEC) 

-134000000.0 C0EFF 82 IN PHYT0 EFFIC FN (#) 

(these must line up correctly for format I3,F20.2, 9A6) 
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III. Definitions of Variables and Sources for Assumed Values 

Notes: key to abbreviations in sources. 

EPA report 

Gravitz 

Blecker, H.C. and T.M. Nichols. Capital and Operating 
Costs of Pollution Control Equipment Modules, Vol II
Data Manual. Environmental Protection Agency Report EPA 
RS-73-0236 July 1973. 

Gravitz, N., L. Gleye, G. Tchobanoglous and R. Shleser 
"Preliminary Acute Toxicity Studies of Some Inorganic 
Compounds in Homarus am.ericanus" unpublished manuscript. 

Lightburn & Roels Lightburn K.D. and O.A. Roels "Economic Analysis of a 
Mariculture Plant" unpublished manuscript, December 1971. 

Liao and Mayo 

LVH 

T/S 

Liao, P.B. and R.D. Mayo "Salmonid Hatchery Water Reuse 
Systems" Aquaculture 1:317-35. 1972. 

Estimate by Mr. L. van Hemelryck. 

Tchobanoglous, G. and R. Shleser. "Waste Treatment Costs for 
Saltwater Aquaculture Facilities" unpublished manuscript. 
[may have been published in Aquaculture.] 
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III.Definitions of Variables (Revised 3/26/77) 

Variable Variable 
Number Value Description 

0.0 Not operational 

2 900.0 Time limit on growth. Purpose to permit 
examination of production cost over selected 
intervals. Overridden if either maximum 
harvest weight [920] or maximum number of 
transfer cycles [10] is reached. 
Source Limit on array storage of 900 in this 
program. 

Units 

·day 

4 0.0 Arrmonia concentration in intake water 
Source None. Zero value assumed. 

mg-N/l 

5 0.9 

8 1. 0 

10 5.0 

11 4.0 

13 0.0 

14 2.65 

Efficiency of oxygenation in animal tank 
recirculation pumping unit 
Source Assumption. 

Number of recirculation pumps in animal tanks. 
Source Assumption: Increasing the number of 
pumps will increase capital costs but permits 
isolation of each section of the production 
unit, a protection against epidemic losses. 

Number of transfer cycles in the animal system. 
In conjunction with Lll] it will determine har
vest day, which will occur when a transfer is 
required but none is available. Overridden 
if maximum harvest weight [920] or maximum 
growth time [2] is reached. 
Source Assumption. 

Ratio of final weight per tray to initial weight 
per tray. When exceeded one tray is transferred 
to several others, the number being the value in 
[11 ]. 
Source Assumption. In combination with variable 
19 it determines the limits in which the load of a 
tray wi 11 1 i e. 

Cost of deep sea water delivered to site exclud
ing in-site pumping costs. 
Source No cost figure available. Will depend 
on whether water supplied as by-product from 
industrial process or pumped specifically for 
aquaculture facility. 

Ratio of total animal weight to wet meat weight 
Source Experimental observation-LVH 

propn. 

(#) 

# 

# 

$/m3 

g total 
"/ g wet meat 



Variable Variable 
Number Value 

15 2.50 

16 0.0 

17 5.0 

18 100. 0 

19 20.0 

20 0.000000448 

22 400 

24 0. 001331 

26 0.0 

27 -1340000000.0 

29_ 3.0 
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Description Units 

Ratio of total meat weight to meat protein 
weight (dry matter basis) 

g dry meat 
/g dry prot. 

Source Experimental observations-LVH. 

Reserve phytoplankton tank capacity as 
proportion of utilized capacity. 

propn. 

Source Assumption. No reserve capacity to 
protect against accidental loss of the use 
of a tank. 

Ratio of clam wet meat weight to dry meat weight _ g total 
Source Experimental observation-LVH. /g dry 

Depth of phytoplankton tanks cm 
Source Depth of experimental pools, St. Croix-LVH. 

Maximum weight of animals in a tray. kg 
Source Design criterion, greatest weight which 
can be conveniently manipulated without mechanical 
aids-LVH. 
Concentration of nutrients in deep sea water 
Source Experimental observation, St. Croix-LVH. 

g-N/cm3 

Specific compensation depth for phytoplankton 
production 
Source Assumed value for seawater with 448xl0-9 

g-N/cm3 of nutrients-LVH. 

cm 

Unit flowrate into phytoplankton tanks 3 2 cm /cm /sec 
Source Calculated value based on a turnover rate 
of 1.15 times per day in tanks of 100 cm depth-LVH. 

Coefficient b, in phytoplankton conversion 
efficiency function 
Source see variable 27. 

Coefficient b? in phytoplankton conversion 
efficiency function 
Source Based on calculations by LVH. Uses experi
mental observation that efficiency of conversion is 
0.69 when flowrate into 100 cm deep tank is 0.001331 
cm3/cm2/sec and efficiency is zero when flowrate is 
0.002778 cm3/cm2/sec. See memos 5/26/76 and 2/25/77. 

sec 

2 sec 

Animal feed rate decision ratio of actual feeding # 
rate to biologically efficient (maximum conversion 
rate) feeding rate for animal 
Source Assumption recognizing· the trade-off between 
biologically efficient production of an animal and 
the cost of providing it with a suitable environment 
by LVH. . 
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Variable Variable 
Number Value Description Units 

31 0.000000011808 Biologically efficient specific feed 
supply rate 

g-pr.ot/sec 
/lg animal 

34 

35 

36 

47 

51 

52 

53 

54 

55 

56 

57 

58 

59 

-16.89145 

-1. 891173 

-0.0518 

0.001 

Source Calculation based on experimental 
observation-LVH. 

Coefficient a0 in animal conversion efficiency # 
function 

Coefficient a1 in anima 1 conversion efficiency # 
function 

Coefficient a2 in animal conversion efficiency # 
function 
Source An ima 1 conversion efficiency function 
fitted to limited experimental and theoretically 
required values-LVH. 

Cost of larva on intering the production system $/head 
Source Assumption. Reflects unknown hatchery 
costs. No known market exists from which values 
could be obtained. 

Phytoplankton tank apparant depth 

Phytoplankton tank exposure factor 
(its reciprocal is the exposure time) 

Phytoplankton conversion efficiency 

Equivalent protein concentration (nitrogen 
x 6.25) in deep sea water 

Rate of protein production in phytoplankton 
tanks 

Actual specific feeding rate of animals 

Specific animal conversion efficiency 

Coefficient to convert growth measured as 
gain in protein to growth measured as total 
wet w~ight 

Rate of feeding an individual animal based 
on the average weight in a batch on that 
day 

cm 

/sec 

g out/g in 
(Nitrogen or 
protein basis) 

g-prot/cm3 

g-prot/cm2/sec 

g-pr.ot/sec/l g 
animal 

g-prot out/g-prot 
in/1 g animal 

g-total/g-prot 

g-prot/sec/ 
- anima 1 



Variable Variable· 
Number Value 

60 

61 

98 

99 

101 10000.0 

102 8000.0 

103 10.0 

104 5.0 
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Description Units 

Nutrient concentration in intake water to 
phytoplankton tanks 

3 g-N/cm 

Calculated compensation depth, dependent 
on nutrient concentration 

Weight of individual animal, adjusted for 
mortality, at which a transfer to more 
trays must be made 

Number of animals started on one tray at the 
start of the growth calculations 

Cost of land 
Source Highly location specific. Reflects 
a premium of about 100% over prime agricul-
tural land prices in the United States. 

Area of facility utilizable by building or 
tank structures 
Source Assumed that four-fifths of the land 
area can be actively used and one-fifth will 
be waste, access roads, etc. 

cm 

g/animal in 

$ animals 
in/tray 

$/ha 

m2/ha 

Capital cost of phytoplankton tanks excluding $/m2 
excavation 
Source Lightburn and Roels (1971) provide 
calculations which indicate a capital cost for 
phytoplankton tanks 12 feet deep excluding 
excavation costs of between $13.50 and $15.00 
per square meter. Approximately three-fourths 
of the cost is for piping and ancillary equip
ment. If this part of the cost is cut to one
third for a one meter tank but costs of lining 
remains the same then capital costs range between 
$7.10 and $8.15 in 1971 dollars. The baseline 
figure is therefore a high cost, which might be 
reduced by less substantial engineering standards. 

Life of phytoplankton tanks year 
Source Assumption. This value is lower than the 
lifetimes typically applied to equivalent 
structures but is intended to recognize the like
lihood of obsolescence in an activity where the 
technology is relatively undeveloped. 

The class life system (ADR) used by the U.S. 
Treasury has the following asset depreciation ranges 
(in years) 



Variable Variable 
Number Value 

la5 

la6 

la7 

1 as 

1 ag 

110 

111 

112 

113 

115 

116 

a.a 

5.a 

O.Oa63 

2a.a 

5.0 

3.0 
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Description 

Lower Guideline Upper 
Limit Period Limit 

Agricultural machin-
ery &-equipment 8 

Farm buildings 20 

Light trucks 3 

la 
25 
4 

12 

3a 
5 

Units 

Cost of cover $/m2 

Source Assumed that no shading or other 
protection would be required for animal 
tanks 

Life of cover year 
SGurce See variable la4. 

Ratio of office laboratory and storage space # 
area to phytoplankton tank area 
Source Assumption based on providing approxi-

. 2 
mately 250m of office, laboratory and storage 

area for an operation using 4a,oaam2 of phyto
plankton tank and producing l metric ton per day. 

Capital cost of animal tanks, complete $/tray 
Source Estimate by LVH. 

Life of animal tanks and equipment year 
Source See variable la4. 

Stacking factor (Number of trays per square # 
meter of structure) 
Source Assumption. 

Effective capital cost of utilized land 

Rental cost of raw land 

Annual cost of phytoplankton tanks (excluding 
excavation) 

Annual cost of cover for phytoplankton or 
animal tanks 

Capital cost of office and storage space 
~xpressed per area of tank 

$/m2 

$/m2 /yr 

$/m2/yr 

$/m2/yr 

$/m2 - tank 



Variable Variable 
Number Value 

117 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

200 

201 

202 

203 

204 

205 

206 

20.0 

0.0 

0.5 

0.0 

10. 0 

2.0 
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Description 

Annual cost of office and storage space 

Annual cost of animal tanks, complete 

Total capital cost of phytoplankton tanks 

Total annual cost of phytoplankton tanks 

Total capital cost of animal tanks 

Total annual cost of animal tanks 

Total cost of excavating phytoplankton 
tanks 

Length of embankments, phytoplankton tanks 

Cross-sectional area of phytoplankton tank 
embankments 

Units 

$/m2 - tank/yr 

$/tray/year 

$/m2 

$/m2/yr 

$/tray 

$/tray/yr 

$/m2 

m 

Total cost of excavation work, phytoplankton 
tanks $/m2 tank 

Annualized cost of excavation work, phyto
plankton tanks 

Heat input required to maintain operating 
temperature 

Mean ambient sea-water temperature as it 
enters the system 
Source Approximates average value observed 
in phytoplankt0n tanks, St. Croix. 

Operating temperature of tanks 
Source Assumes no external temperature 
control. 

Efficiency of heat exchanger, proportion of 
available heat recovered. 

Not operational 

Life of heat exchanger 
Source see variable 104. 

Annual maintenance cost for heat exchanger 
Source EPA report. 

2 $/m /year 

Kea 1 /1 

oC 

oC 

# 

year 

% of capital 
cost/year 



Variable Variable 
Number Value 

207 

208 

209 

210 

211 

212 

213 

214 

215 

216 

217 

218 

219 

220 

221 

222 

0.0 

10. 0 

3.0 

4.0 

8.0 

0.9 

11 . 00 

0.0 

0.0 

50.0 
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Description 

Not operational 

Life of conventional oil or gas fired boiler 
Source Assumption. 

Annual maintenance cost, excluding regular 
labor, conventional fired boilers 
Source EPA report. 

Labor requirement for conventional fired 
boiler 
Source EPA report. 

Units 

years 

% of capita 1 
cost/year 

hrs/day 

Maintenance engineer wage rate $/hr 
Source typical skilled labor rate, United States. 

Efficiency of conventional fired boiler 
Source Assumption 

Cost of fuel oil 
Source Assumes 34500 kcal/gal and 38 
~ents/gal for #2 fuel oil 

Loss of heat within system 
Source Assumed zero since no external 
heating employed. 

Heat input required to maintain system at 
operating temperature 

Area of heat exchanger 
Source Assumed zero. No external heat 
source employed. 

proportion 

$/mi 1 Keal 

0c per pass 

Kcal/day 

Heat input provided by recovery through heat Kcal/day 
exchanger 

Standard capital cost, heat exchanger $ 

Capital cost of heat exchanger, adjusted for $ 
changes in cost of construction index 

Annual cost of heat exchanger, including 
capital recovery charge and maintenance cost $/year 

Heat input required from conventional source Kcal/day 

Reserve capacity provided for conventional % of utilized 
heater capacity 
Source Assumption. Value will depend on 
extent to which animals can tolerate acute 
temperature drop to ambient water temperature. 



Variable Variable 
Number Value 

223 

224 

225 

226 

227 

228 

229 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

0.85 

3.0 

100.0 

10.0 

3.00 
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Description Units 

Total conventional heater capacity required Kcal/hr 

Standard capital cost of conventional heater $ 

Capital cost of conventional heater, adjusted $ 
for changes in cost of construction index 

Annualized capital cost for conventional heater $/year 

Annual operating cost for conventional heater $/year 

Total annual cost for conventional heater $/year 

Operating temperature in animal tanks. If oc 
[202] greater than zero; [229]=[202], other-
wise [229]=[201], ambient temperature 

Efficiency of pump 
Source EPA report 

Pump lift-intake 
Source Assumes water is delivered to site and 
represents head loss within the plant only. 

Intake pump standby capacity 
Source Assumes single intake pump and need 
for continuous operation. 

Life of pump 
Source see variable 104. 

Pump annual maintenance cost 
Source EPA report. 

Animal tank recirculation pumping power 
total requirements 

Capital cost of individual pump (successively: 
phytoplankton recirculation, animal recir
culation) 

Annual cost of pump equipment 
(successively, same order as [307]). 

Operating cost of pumps 
(successively, same order as [307]). 

Total cost of recirculation pumping in 
animal tanks 

propn 

m 

% of utilized 
capacity 

year 

% of capital 
cost 

Kw 

$ 

$/yr 

$/yr 

$/yr 



Variable Variable 
Number Value 

311 

312 

320 

321 

322 

323 

326 

327 

328 

329 

330 

331 

401 

402 

402 

0.00000025 

2400.0 

1. 0 

1.0 
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Description 

Total cost of intake pumping 

Animal tank recirculation pumping 
power coefficient 
Source LVH. Function assumes that resis
tance of shellfish to water passage 
increases with their depth in tray, repre
sented by the square of grams of animal per 
tray. Equivalent to assumption that to drive 
2.5 l/sec of water through a tray containing 
the maximum of 20 kg of shellfish requires 
0.1 kw of pump power 

Total cost of intake pumping into phyto
plankton tank 

Total cost of intake pumping direct to 
animal tanks 

Total cost of recirculation pumping in 
animal tanks 

Total cost of recirculation pumping in 
phytoplankton tanks 

Pumping capacity, intake to phytoplankton 
tanks 

Pumping capacity, intake direct to animal 
tanks 

Pump capacity required for each isolated 
animal tank recirculation circuit 

Pump capacity required for recirculation 
in phytoplankton tanks 

Total capital cost of pumping equipment 
(Sum of steps described under [307]). 

Annual cost of pumping equipment 
(Sum of steps described under [308]). 

Cost of construction index for inflating 
those cost functions constructed on the 
basis ENRCC=2000 
Source Engineering News Record. 

Screening 

Filtration 

Units 

$/yr 

watts/(g of 2 animals in tray) 

$/yr 

$/yr 

$/yr 

$/yr 

Kw 

Kw 

Kw 

Kw 

$ 

$/year 

# 



III-10 

Variable Variable 
Number Value Description Units 

404 0.0 Nitrification 

405 0.0 Carbon absorption 

406 0.0 Ozonation 

407-410 0.0 Not operational 

The variables [402] to [406] are used for both capital and operating costs. 
They take the value 1 if the process is included and 0 if the process in not 
included. It is assumed that if the equipment is installed it will be used, 
hence variables [407] to [410] which formerly acted to include operating and 
maintenance costs, when desired, no longer serve any purpose. The functions used 
are described at the end of this section. 

411 5.0 

412 22.0 

413 0.04 

414 0.9 

415 0. 1 

416 0.0 

417 90.0 

418 90.0 

419 0. 12 

420 0.8 

Ozone dosage required for sterilization mg/t 
Source T/S 

Electricity consumption in ozone production kwh/kg 
Source T/S 

Electrical power cost 
Source Typical cost for medium size users, 
United States. 

Proportion of flow in animal tanks recirculated 
Source Assumption. 

Proportion of recirculated water treated with 
carbon absorption 
Source T/S. Only operates if var[405]=1. 

User specified flowrate through animal tanks. 
If set to zero then var [414] determines 
flowrate. 

Efficiency of waste treatment system in removing 
suspended solids 
Source Assumption. Not supported by data. 

Efficiency of waste treatment system in removing 
nitrates 
Source Assumption. Not supported by data. 

Environmental Protection Agency proposed 
discharge guideline 
Source T/S 

Rate of solid waste production 
Source T/S. Based on experimental observation 
on lobster. 

$/kwh 

propn. 

propn. . 

cm3/sec/ 
g animal 

% 

% 

g suspended 
solids/g feed 

g suspended 
solids/g food 
fed, dry matter 
basis 



Variable Variable 
Number Value 

421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 

10.0 

0.003 

(179300) 

(179800) 

(179400) 
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Description Units 

Rate of removal of suspended solids in g-ss/l 
single pass through discharge waste treatment 

Rate of flow in recirculation circuits in l/day 
animal tanks 

Required flowrate through discharge waste l/day 
treatment plant to meet Environmental Pro-
tection Agency regulations 

Total capital costs of waste treatment plant $ 
based on ENRCC index of 2000 

Current capital cost of waste treatment $ 
plant based on current ENRCC index 

Life of waste treatment plant 
Source See variable 104. 

Annual cost of waste treatment plant 

Capital cost of waste treatment plant per 
1000 liters treated 

Operating cost of waste treatment plant 
per 1000 liters treated 

Total cost of waste treatment per 1000 
1 iters treated 

Alternative form of Environmental Protection 
Agency proposed discharge guidelines 
Source T/S. 

year 

$/yr 

$/Kl 

$/Kl 

$/Kl 

g suspended 
solids/g animal 
weight/day 

Cumulated rate of metabolite production, g-N sec/ 
theoretical maximum, continuous batch animal in 

Suspended solids discharge allowance under g-ss/day 
Alternative Environmental Protection Agency 
regulations (see [431]) 

Weight of suspended solids actually produced g-ss/day 

Suspended solids discharge allowance under g-ss/day 
Environmental Protection Agency regulations 
(see [419]) 

The least limiting discharge allowance g-ss/day 



Variable Variable 
Number Value 

435 

436 

437 

438 (102950) 

(103040) 

439 

440 

441 10.0 

442 1. 2 

443 0.0 

444 

445 8.0 

452 

453 

457 
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Description Units 

Rate of metabolite production, theoretical g-N/sec/ani-
maximum based on conversion efficiency and mal in 
expressed as nitrogen, mortality adjusted. 

Cumulated rate of un-ionized ammonia g-N/sec/ani-
production in animal tanks mal in 

Rate of un-ionized ammonia production in g-N/sec/ani-
animal tanks (based on dissociation proper- mal in 
tion of total theoretical ammonia production) 

Calculated flowrate required in animal 
tanks to meet safe metabolite loads 

cm3/sec/g 

Actual flowrate in animal tanks l/day 

Rate of deficit in oxygen supply. If less than mg/hr 
zero, excess oxygen supplied, no additional 
aeration. If greater than zero, additional 
aeration supplied. 

Maximum ammonia concentration allowed in mg/t 
animal tanks 

Design ammonia concentration (% of concentration 
causing 50% mortality in 96 hours-96 hours Lc50 ) 
Source Assumed suitable safety margin. 

Acute toxic ammonia concentration 
Source Gravitz et al. Refers to observations 
with lg and 3g lobsters. No data for clams. 

Rate of flow of (surface) seawater direct to 
animal tanks 
Source Assumed zero under present system. 

Weight of feed entering the animal tanks (dry 
matter basis) 

Operating pH 
Source Assumed same as seawater (7.8-8.1) 

% 

mg/J 

cm3/sec/g 
animal 

g/day 

# 

Capital cost of screening equipment in waste $ 
treatment plant 

Capital cost of mechanical filtration equipment $ 
in waste treatment plant 

Operating cost of screening equipment in waste $/day 
treatment plant 



Variable Variable 
Number Value 

458 

462 

463 

493 

494 

501 0.88 

502 5.0 

503 -0.013908 

504 0.6 

505 1.0 

506 500.0 

507 1.0 

509 5.0 
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Description 

Operating cost of mechanical filtration 
equipment in waste treatment plant 

Units 

$/day 

Rate of production of suspended solids in 
animal tanks, adjusted for mortality 

g-ss/sec/ 
animal in 

Cumulated rate of production of suspended g-ss/sec/ 
solids in animal tanks, continuous product~on animal in 

Rate of flow of water from phytoplankton cm3/sec/g 
tanks and direct from sea into animal tanks 

Proportion of animal tank flow recirculated. # 
If [416] is equal to zero, [494] equals [414]. 
If insufficient flow to maintain safe meta-
bolite load, warning message is issued. 

11 Metabolic body s.ize 11 factor in oxygen 
consumption equation 
Source Unpublished experiments on lobster 
(Schuur) No data for clams. 

Minimum tolerable oxygen concentration in 
animal tanks 
Source Assumed value for lobster. Adult 
animals would tolerate much greater acute 
deficits (below 3mg/I). No data for clams. 

Coefficient b
0 

in specific oxygen consumption 

function 
Source Calculated from unpublished experimental 
data on lobster by Schuur. No data for clams. 

Aeration efficiency; surface aerator 
Source Based on Liao & Mayo, figure 5, average 
oxygen deficit of 2 mg/t. 

Not operational. Was used as conversion factor 
for kwh to HP including efficiency loss. 

Capital cost of aerator 
Source Subjective estimate by Tchobanoglous. 

Maintenance cost of aerator 
Source EPA report. 

Life of aerator 
Source See variable 104. 

# 

mg/f 

mg/hr 
/lg animal 

$/installed Kw 

% of capital 
cost/year 

year 



Variable Variable 
Number · Va 1 ue 

513 

514 

515 

517 

519 

520 

601 

602 

603 

604 

605 

606 

608 

610 

611 

0.0025 

0.0 

2.5 

0.0 

o.a 

o.a 

a.a 

a.a 

4.0 
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Description 

Oxygen consumption rate, continuous 
production, adjusted for mortality 

Oxygen consumption rate in animal tanks, 
adjusted for mortality 

Saturation oxygen concentration in intake 
water (103500). Saturation oxygen concen
tration in recirculation water 

Rate of oxygen consumption in animal tanks 

Direct aeration capacity required 

Temperature corrected specific oxygen con
sumption rate 

Phytoplankton tank recirculation pumping 
power requirement 
Source Extrapolation of existing recircula
tion pumping capacity in phytoplankton tanks 
at St. Croix . · 

Cost of artificial feed 
Source Zero value indicates no artificial 
food fed. 

Composition of phytoplankton 
Source Experimental observations-LVH. 

Reserve capacity of feeding equipment 
Source Zero indicates none used. 

Frequency of feeding artificial food 
Source Zero indicates none used. 

Capacity of feeding equipment 
Source None used. 

Life of feeding equipment 
Source None used. 

Cost of added nutrients 
·source Not investigated, none used. 

Units 

mg/hr/ 
an ima 1 in 

mg/hr/ 
animal in 

mg/hr 

mg/hr 

Kg/hr 

mg/hr/lg 
animal 

kw/m3 

$/kg 

g-dry matter 
/g protein 

proportion of 
utilized capacity 

#/day 

m2/day/unit 

year 

$/kg-N 

Wage rate, regular labor $/hour 
Source Assumption. A high value for U.S. 
conditions. U.S. average wage for hourly paid 
workers in agriculture, Dec. 1976 was $2.84 per 
hour (USDA-Economic Research Service-Farm Labor) 
Fringe benefits typically at l.a% to employer's cost. 



Variable Variable 
Number Value 

612 

618 0.0 

620 0.002413 

621 

640 

641 200.0 

642 15. 0 

643 0.0 

644 0.0 

661 

662 

663 

664 

III-15 

Description 

Rate of feeding animals of given weight, 
adjusted for mortality 

Capital cost of feeding equipment 
Source None used. 

Coefficient b1 in temperature corrected 

specific oxygen consumption function 
Source See variable 503. 

Rate of feeding animals, continuous 
production, adjusted for mortality 

Rate of feeding phytoplankton to animals, 
total plant 

Capital cost of office, laboratory and 
storage space 
Source 

Life of office, laboratory and storage space 
Source See variable 104. 

Efficiency of animal tank recirculation 
loop waste treatment system in removing 
ammonia 
Source None used. 

Rate of addition of artificial nutrients to 
phytoplankto.n tank intake water (Note: where 
these nutrients are added in dilute form e.g. 
sewage sludge, the volume is the total volume 
of deep sea water and diluted nutrient and the 
quantity is related to this volume) 
Source Assumes no addition. 

Utilized area of phytoplankton tanks in the 
plant 

Units 

g-prot/sec 
/animal in 

$/unit 

mg/hr/ 0c 
/lg animal 

g-prot/sec 
/anima 1 in 

g-prot/sec 

$/m2 

year 

% 

g-N/cm3 

2 cm 

Total area of phytoplankton tanks in the plant, cm2 
including reserve 

Total flowrate of deep sea water into phyto- cm3/sec 
plankton tanks 

Utilized volume of phytoplankton tanks m3 



Variable Variable 
Number Value 

701 0. l 

703 20.0 

704 1.0 

705 50.0 

706 (101002} 

707 

708 

801 

802 

803 

804 

805 

(102140} 

(220240) 

7.2 

0. 57 · 

3.0 

1.0 

0.01025 
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Description 

Cost of supervisory and technical labor 
Source Assumption. No data available. 

Rate of transfer and harvest of animal 
trays (Represents number transferred into) 
Source Assumption. 

Frequency of hand cleaning of phytoplankton 
tanks 
Source Assumption. Supported by typical 
cleaning frequency at St. Croix. 

Rate of hand cleaning phytoplankton tanks 
Source Based on subjective estimate, LVH. 

Units 

$/kg output 

trays/hour 

#/month 

Number of transfers per tray at end of growth # transfers 
calculations ;tray in 

Share of number of transfers per animal at end # transfers 
of growth calculations /animal in 

Cost of transfer and harvest 

Total cost of labor associated with animal 
production facility 

Cost of hand cleaning phytoplankton tanks 

"Biological zero" temperature 
Source Not used in current program. Estimated 
for lobster from experimental observations. 
Apparent origin of temperature dependent 
growth function. 

Metabolic body size coefficient used to deter
mine feeding rate of animals 
Source Not used in current program. Estimated 
for lobster from experimental observations. 

Number of phytoplankton tanks. The reserve 
capacity of phytoplankton tanks, [16] should be 
made consistent with [803] which includes 
reserve area 
Source Assumption. 

Unit cost of excavation work, phytoplankton 
tanks 
Source Lightburn and Reels (1971). 

Initial weight of animals entering the system 
Source Experimental observations-LVH. 

$/anima 1 in 

$/day 

$/year 

oC 

# 

$/m3 of 
embankment 

g 



Variable Variable 
Number Value 

806 

807 

808 

809 

900 

901 

915 

916 

5.0 

0.8 

(101000) 

(102150) 

(106200) 

1.0 

920 10. 0 

921 5000.0 

922 

924 

925 (100970) 

(102705) 
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Description 

Interval between batches in continuous 
production 
Source Assumption. 

Units 

day 

Daily rate of weight gain for an individual g/day/animal 
animal for the given average weight 

Proportion of animals surviving after 180 
days 
Source Subjective estimate-LVH. 

Annual salary for supervisory and technical 
labor 
Source 

propn. 

$/year 

Number of trays in use per tray at start 

Share of cumulated number of trays per 
animal started 

#trays/tray in 

#trays/animal in 

Total number of animal trays in plant 

Proportion of animals surviving at start of 
initial growth period. (Normally equal to one, 
but can be set to lower values in program is 
to be started from middle of a growth sequence, 
as when transferring from one system to another 

# 

animals 
=surviving 

animals 
started 

Cumulated weight of animals in system, adjusted g/animal in 
for mortality 

Number of animals in the system, continuous 
production 

#/anima 1 in 

Maximum weight of individual animal at harvest. g 
Ov~rridden if either maximum time [2] or max-
imum number of transfers [10] reached. 
Source Estimated average meat weight of marketed 
wild clams. 

Target output from a batch kg/batch 
Source Assumption 

Number of days to harvest of animals 

Cumulated number of trays in use per tray 
at start of growth 

Weight of individual animal, at end of 
ith day, adjusted for mortality 

Weight of an ima 1 s in the syst.em 

day 

#trays/tray in 

g 

g 



Variable Variable 
Number Value 

927 

928 

930 

931 

932 

933 

934 

935 

936 

937 

938 

939 

940 

941 

942 

943 

944 

0. 1 

0. 1 
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Description Units 

Interest rate on sinking fund proportion 
Source Represents a rate of borrowing for 
high risk ventures. Current rate on low grade 
corporate bonds ranges between 9~% and 11~%. 

Return on capital, a rate charged the fixed proportion 
investments of the firm 
Source See variable [927]. May be set at 
higher levels to calculate market price sought 
in high risk situation. 

Cost of artifical nutrients added to phyto
plankton tanks 

Cost of space for animals including land, 
buildings, tanks, trays 

Cost of space for phytoplankton production 
including land and tanks 

Cost of heating 

Cost of recirculation pumping in phyto
plankton tanks 

Cost of aeration in animal tanks 

Cost of labor to maintain phytoplankton 
production 

Cost of pumping intake water 

Total area of phytoplankton tanks 

$/kg output 

$/kg output 

$/kg output 

$/kg output 

$/kg output 

$/kg output 

$/kg output 

$/kg output 

m2 

Cost of recirculation pumping in animal tanks $/kg output 

Depth of phytoplankton tanks m 

Cost of feed supplement fed directly to $/kg output 
animals 

Flowrate into phytoplankton tanks m3/sec 

Cost of feed (~hytoplankton). This is the $/kg output 
sum of (932], [934] and [936] plus the cost 
of artifical nutrients, if any. 

Phytoplankton. Conversion efficiency g out/g in 
(Nitrogen or pro

tein basis) 



Variable 
Number 

945 

946 

947 

948 

949 

950 

951 

952 

953 

954 

955 

956 

957 

958 

Variable 
Value 
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Description 

Cost of waste treatment 

Weight of individual animal at harvest 

Cost of regular labor employed in animal 
production section 

Weight of a single batch of animals at 
harvest 

Cost of supervisory labor 

Number of trays of animals in the system 
with continuous production 

Cost of 1 arvae 

Specific animal conversion efficiency 

Total cost of production 

Number of days to harvest 

Total capital cost 

Annualized capital cost 

Amount of regular labor for cleaning 
tanks and transferring animals 

Supervisory and technical staff required 

Units 

$/kg output 

g 

$/kg output 

kg 

$/kg output 

# 

$/kg output 

g protein out 
/g protein in 
/lg animal 

$/kg output 

# 

thousand $ 

thousand $/year 

hrs/week 

# full time 
equivalent 
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The following cost functions are fixed within the program: 

Heat exchanger capital cost 
C = 5900 QO.S where Q is the exchanger area 

Source EPA report, converted to metric units 

Conventional boiler capital cost 

C =0.012 q0· 548 where Q is heat output required 
Source EPA report, converted to metric units 

Pump capital cost 

C = 560 q0
•6 where Q is pumping power 

Source EPA report 

\~ste Treatment-screening, capital cost 

C - 18.243 q0· 565 where Q is flowrate 
Source T /S 

Waste Treatment-filtration, capital cost 
C = 31.758 Qo. 554 where Q is flowrate 

Source T/S 

Waste Treatment-screening, operating and maintenance cost 
C = 181.063 Q- 0· 169 where Q is flowrate 

Source T/S 

Waste Treatment-filtration, operation and maintenance cost 
C = 16237.7 Q-. 345 where Q is flowrate 

· Soy re e _ T /S 

$ 

$ 
kcal/hr 

$ 

kw 

$ 
l/day 

$ 
l/day 

$/day 
l/day 

$/day 
l/day 

The waste treatment functions apply to flowrates exceeding 
50,000 l/day. 
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ABSTRACT 

Ammonium and nitrate uptake were measured by continuous 

sampling with an autoanalyzer. For Hypnea musciformis (Wulfen) 

Lamouroux, nitrate uptake followed saturable kinetics (K
5 

= 4.9 

-1 ( )-1 -1 µg-at N·l , V a = 2.85 µg-at N·g wet ·h . The ammonium 
m X I 

uptake data fit a truncated hyperbola, i.e., saturation was 

not reached at the concentrations used. Nitrate uptake was 

reduced one-half in the presence of ammonium, but presence of 

nitrate had no effect on ammonium uptake. Darkness reduced 

both nitrate and ammonium uptake by one-third to one-half. 

For Macrocystis pyrifera (Linnaeus), nitrate uptake fol-
-1 lowed saturable kinetics; Ks= 13.1 µg-at N·l , Vmax = 3.05 

~g-at N·g(wet)- 1 ·h- 1. Ammonium uptake showed saturable kine

tics at concentrations below 22 ~g-at N·l-l (Ks = 5.3 ~g-at 

N·l- 1, Vma~ =2.38 µg-at N·g(wet)- 1·h- 1; at higher concentra

tions uptake increased linearly with concentration. Nitrate 

and ammonium were taken up simultaneously; presence of one 

form did not affect uptake of the other. Previous growth on 

a restricted nitrogen supply stimulated nitrate uptake rates. 

Key index words: 

ammonium 
Hypnea 
Macrocystis 
nitrate 
uptake kinetics 
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INTRODUCTION 

There is evidence that uptake and storage of nitrogen by 

seaweeds can be affected by the concentration of dissolved 

inorganic nitrogen in seawater, and that . environmental fluct

uations in inorganic nitrogen can result in corresponding 

fluctuations in tissue nitrogen and in growth rate. Lamin

aria longicruris accumulated nitrate during the winter when 

concentrations were high, then grew rapidly using the inter

nal nitrogen reserve when external nitrate was depleted (5). 

Fertilization of a natural Laminaria bed with nitrate increas

ed internal nitrate and growth rate compared to unfertilized 

control beds (5). Fertilization with nitrate and phosphate 

increased growth rate in Alaria esculenta (2) and in Chondrus 

crispus (18). Rapid growth periods of tropical Eucheuma isi

forme (6) and temperate Macrocystis pyrifera (15) coincided 

with high environmental concentrations of nitrate. 

Both nitrate and ammonium can be utilized as a nitrogen 

source for growth. For example, Fucus spiralis grew similarly 

on either ammonium or nitrate (24). Gelidium nudifrons 

took up nitrate and ammonium equally over a period of several 

days when they were present singly or in combination (1). 

Gracilaria foliifera and Neogardhiella baileyi grew ~aster in 

ammonium-enriched cultures than in nitrate- or sewage-enriched 

cultures (7). Hypnea musciformis grew better in the ammonia

rich effluent from a c~am mariculture system then in nitrate

rich 870 m deep water, but trace nutrients may have been limit

ing in the deep water (13). However, ammonium can be toxic at 

high concentrations in some sewage effluent-seawater mixtures 
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or i.n enriched seawater media (21 and authors cited therein). 

A knowledge of kinetics of nitrogen uptake was needed 

for maricultural experimentation using commercially important 

seaweed species in the California Institute of Technology's 

Marine Farm project (19) and in the University of Texas' Arti

ficial Upwelling project on St. Croix (16,20). It should be 

theoretically possible to specify optimal cultural conditions 

for nitrogen supply if the relation between uptake rates, ex-

ternal nitrogen concentration, and other environmental factors 

are known. Uptake rates in phytoplankton often vary hyperbo-

lically with external nutrient concentration and are character

ized by the kinetic parameters Vmax (the maximal uptake rate) 

and K
5 

(the half-saturation constant, i.e. the nutrient concen

tration at which uptake is one-half maximal) (9). Thus, Vmax 

is an indicator of uptake ability at high nutrient concentrations, 

whereas K
5 

is an indicator of uptake ability at low nutrient 

concentrations compared to that at high concentrations. The pre

dictive value of K for ammonium and nitrate uptake has been s 

shown for several phytoplankters (10). 

Less is known about nitrogen uptake by macrophytes. Kine-

tic parameters have been reported r1cently for three species: 

Fucus spiralis (23), Gracilaria foliifera, and Neogardhiella 

baileyi (7,8). 

Here, we report relations between external ammonium and 

nitrate concen~tions and uptake rates for the tropical red ~ 
a 1 ga Hy~nea m~ormi s and · the temperate brown a 1 ga Mac rocys tis ('\ 

pyrifera. Uptake kinetics were determined by a continuous 

sampling method which eliminated problems associated with 
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manual sampling (3) and provided many data points for each 

experimental run. We also studied effects of high concen-

trations of one form of nitrogen on the uptake of the other. 

Influences of light and of the nitrogen source for growth on 

uptake rates were determined for Hypnea. The relationship 

between nitrate concentration in the growth medium and the 

uptake kinetic parameters for nitrate uptake were determined 

for Macrocystis. 

MATERIALS AND METHODS 

Organisms. The Hypnea musciformis used in these experi-

ments was a unialgal tetrasporophytic clone, STX-HM-14, obtain

ed from a carpospore shed by a plant collected in Boiler Bay, 

St. Croix~ its behavior in culture has been reported briefly 

elsewhere (14). Juvenile Macrocystis pyrifera sporophytes came 

from a natural kelp bed off the coast of southern California. 

x 
Culture conditions. Hypnea was maintained at 25-29 C in 

Guillard and Ryther•s medium f (12) in 35 °/ 00 seawater with 

all nutrients added at double strength (=2f) under "dayl ight 11 

fl&G)rescent lights on a 12/12 light/dark cycle. The spectral 

irradiance at the level of the cultures was 5.9 µW cm- 2 nm-l 

in the 400-500 nm blue range of the 
1

spectrum --about@of 

,.:. 

11 ( 

f u 1 1 St . Cr o i x sun l i g ht , measured w i th an I n tern at i .on ail Li g ht 

IL-150 photometer. Prior to uptake experiments, the alga was 

grown in medium 2f with either nitrate or ammonium as the N 

source for 11 days, at which time the dissolved inorganic N 

was depleted to less than 1 µg-at N·l-l 

The Macrocystis was maintained at 12-13 C in either flowing 
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Antarctic Intermediate deep water (pumped continuously from 

870 ~ which l0- 6M di sodium ethylene tetraacetic acid (EDTA) ~ 
was added, or in flowing surface water. The deep water contain

ed (in µg-at·J- 1 ): N0
3
-N,<i?.J) NH

4
-N, 1.1; P0 4

-P, 2.1 (20). 

Surface water contained · approximately 0.2 ,.ug-at N0 3-N·l-l and 

-1 0.8 ,.ug-at NH 4-N.l . The experimental plants were visibly 

free of epiphytic growth. 

Experimental Apparatus. A two-channel Technicon Auto-

Analyzer II was used to analyze continuously for nitrate and 

ammonium in 1-ltter Pyrex flasks containing the experimental 

plants. The analytical methods were standard Technicon methods, 

based on those described by Strickland and Parsons (1972). 

Additions of nitrate (KN0 3 ) or ammonium (NH 4Cl) to yield 1-40 

µg-at N·l-l were made by volum~tric pipet from 10 mM N stocks. 

Uptake was measured as loss of added nutrient from the seawater. 

We added successively larger doses in some experiments, or 

simply added a single large dose in other experiments: Both 

methods yielded similar results. The uptake flasks containing 

4-6 g(wet) of alga and one liter of glass fiber-filtered surface 

seawater were held in a water bath at 26: 1 C for Hypnea and 

+ 16- 1 C for Macrocystis. Light was provided by two 20-watt 
I 

fluorescent light bulbs (one "cool" white and one "daylight") 

at the flask surface (to give a spectral illuminance of 1.6 

µW cm- 2nm-l measured as above with the light probe inside an 

empty _uptake flask. Seawater in the flasks was uniformly mixed 

by aeration, to give a current speed of ca 6-7 cm sec- 1 . No 

loss of ammonium-N due to stripping by the air stream was ob-

served over a one-hour period in control experiments (without 
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algae) run at 24 C (pH 8.2 and 9.3) with 20 ug-at NH 4N·l added. 

Calculation of Uptake Rates. Nitrate and ammonium concentrations 

were calculated for selected points on the recorded nutrient disappearance 

curves at 5 or 10 min intervals, using baseline-corrected peak heights of 

calibration standards. After correcting for volume changes due to sample 

removal and nutrient additions (about 10% of the initial volume), we cal-

culated the amount of nutrient taken up per unit time by the alga during 

each time interval. Mean nutrient concentration for each interval was used 

for determination of uptake kinetics. The kinetic parameters Ks and Vmax 

for nutrient uptake were determined from the weighted linear regression of 

S/V on Vas described by Wilkinson (1961). 

RESULTS 

~ypnea musciformis. The steeper slopes of the ammonium disappearance 

curves, compared to the nitrate curves, reflect more rapid uptake of ammonium 

than of nitrate (Figure 1). Uptake of nitrate and ammonium at low nutrient 

concentrations (< 5 ug-at N·l-1) increased rapidly with increasing concen

trations (Figures 2 and 3). Increases in concentration at higher levels 

had less effect on uptake rates. The nitrate uptake data fit a hyperbolic 

curve (Figure 2) yielding estimates for the kinetic parameters Ks and Vmax 

Table 1). The curve for ammonium uptake was a truncated hyperbola; i.e., 

saturation was not attained at the ammonium concentration used. At all nu-

trient concentrations ammonium uptake was much faster than nitrate uptake. 

High nitrate levels had no effect on ammonium uptake (Figure 2), but high 

levels of ammonium reduced nitrate uptake by about one-half (Figure 3). Up-

take of both nitrate and ammonium were reduced by one-third to one-half in 

the dark. Uptake recovered considerably in both cases after only 10 minutes 

exposure to light. Ammonium-grown Hypnea showed reduced rates of nitrate uptake . 
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but uptake rates approached those of nitrate-grown plants after 50 minutes 

exposure to nitrate in the absence of ammonium (Figure 3). 

Macrocystis pyrifera. Nitrate uptake followed saturation kinetics 

(Figure 4), yielding values for K and V (Table 1). Ammonium uptake s max 

followed saturation kinetics below 22 pg-at N·l-1; but at higher concen-

trations uptake increased linearly with increasing concentration (Figure 5). 

This suggested that ammonium uptake may occur by more than one process. 

We calculated the kinetic parameters given in Table 2 only from those 

-1 1 points below 22 ,.ug-at N·l . Nitrate and ammonium were taken up simu tan-

eously (Figure 6). Presence of one form had no effect on uptake of the 

other (Figures 4 and 5). 

Kinetics of nitrate uptake by Macrocystis were affected by the con-

centration of nitrate in the growth medium (Table 3). The V for the max 

deep water-grown plant was higher than for the surface water-grown plant 

on a wet weight basis; this relation was reversed, however, when nitrogen-

specific uptake rate was considered (Table 3). Furthermore, Ks for the 

plant grown in surface water was significantly lower than Ks for the deep 

water plant. Thus growth on a restricted nitrogen supply led to an increas-

ed ability to take up nitrate. 

DISCUSSION 

Ammonium was taken up more rapidly than nitrate by both seaweeds, al

though both nitrogen sources were taken up simultaneously. Simultaneous 

uptake has been reported for other seaweeds, Fucus (23) and Gelidiurn (1), 

but it does not occur generally in planktonic algae (10). High ammonium 

concentrations partially inhibited nitrate uptake by Hypnea but not by 

Macrocystis. Macrocystis in this respect is similar to Fucus (25). When 

each nitrogen source was supplied singly, uptake by Hypnea was faster than 
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by Macrocystis; this may reflect the difference in the experimental temp

eratures (25 C and 16 C respectively), differences in degree of nitrogen 

starvation of the plants, in the case of ammonia (7,24), surface:volume 

ratio differences, or a genetic difference between these two algae. Ammo

nium and nitrate uptake by Fucus increased with temperature (23); similar 

temperature dependence of uptake has been observed in marine phytoplankters 

(10, 25). The faster uptake by Hypnea compared to Macrocystis, may be an 

adaptation to a nitrogen-poor environment. Upwelling of nutrient-rich 

water occurs in the California waters where Macrocystis grows (15), but 

does not occur in St. Croix waters where Hypnea grows. Marine phytoplank

ters from nitrogen-poor environments generally have lower Ks values for 

nitrogen uptake than those from nitrogen-rich environments; this has been 

shown at the population level (17), the species level (4,10,11), and when 

clones of the same species were compared (4,25). 

Nitrate uptake followed saturable kinetics for both seaweeds, and the 

calculated Ks's and Vmax's give an indication of uptake abilities at low 

and high concentrations respectively. The half-saturation constants, K 's s 

are close within the confidence limits given and are similar to those re-

ported for Fucus, but somewhat higher than those reported for Gracilaria 

and Neoagardhiella (Table 1). The Vmax's are more difficult to compare 

since the rates have been reported in different units. Maximal nitrate 

uptake rates for Macrocystis and Hypnea are similar on a wet weight basis. 

However, maximal nitrate uptake rates for Macrocystis and Hypnea are con- x 
siderably higher than those reported for Gracilaria and Neoagard~la on 

a dry weight basis, and are considerably lower for Macrocystis than those 

reported for Fucus on an areal basis. The Ks's for all the seaweeds is 

about one order of magnitude higher than K
5
's reported for marine phyto

plankton (4,10, 11, 17, 25). 
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Ammonium uptake kinetics were more complex. Although the ammonium 

uptake data for Hypnea fit a truncated hyperbola (Figure 3); saturation of 

ammonium uptake was not achieved at the external concentrations used, and 

it is quite possible that ammonium uptake by Hypne~ does not follow 

saturation kinetics. For Macrocystis, the relation between ammonium uptake 

rates and external ammonium concentration shows a sharp discontinuity above 

20 µg-at N·l- 1. A saturable uptake system seems to be operating at low 

concentrations, but another system becomes manifest at higher external 

ammonium concentrations. The latter system could be either simple diffu-

sion resulting in a linear relation between external concentration and 

uptake rate or another uptake system with a higher Vmax and K
5 

than the 

system operating at lower concentrations. 

Deviation of uptake kinetics from simple hyperbolic relations over 

wide concentrations have been reported previously, and in fact seem pre-

valent for ammonium uptake at high external concentrations. Topinka (23) 

found that uptake rates for nitrate and ammonium deviated from hyperbolas 

at higher nutrient concentrations. Ammonium uptake by Gracilaria and Neo

-1 
agardhiella was not saturated at a concentration as high as 40 µg-at 1 , 

and D'Elia et~· (8) suggest that a strong diffusive component predominates 

ammonium uptake at high external ammonium concentrations. 

Although ammonium uptake does not follow saturation kinetics over the 

whole range of external concentrations used, it is still possible to esti-

mate a K
5 

for uptake at relatively low substrate concentrations when the 

two processes can be separated (for Macrocystis, Neoagardhiella, and Gra

cjlaria) or when deviation from saturable kinetics is not extreme (for Fucus). 

The K
5
's for ammonium uptake by seaweeds in these cases (Table 2) are rela

tively close within_ the given confidence limits, but are about an order of 

magnitude higher than values obtained for phytoplankton (10, 17). Any 

; 
... 
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comparisons of nitrogen uptake kinetics between species are necessarily 

uncertain because of our lack of knowledge of how such factors as growth 

history, internal nutrient reserves, and environmental parameters influ-

ence uptake rates. The effect of these factors needs to be examined in 

future studies. 

The original purpose for determining the kinetics of nitrogen was to 

provide guidelines for optimizing the nitrogen supply for Hypnea and Macro

cytis culture. Since nitrate uptake follows saturation kinetics, the up-

take curve provides information on minimum external concentrations requir-

ed to supply the seaweeds with a given amount of nitrogen and also indicates 

the external concentration beyond which no further increase in uptake rate 

occurs. The ammonium uptake curves also provide minimum external concen-

trations required to supply the algae with a given amount of nitrogen, but 

indicate that uptake is not saturated at high external concentrations. The 

results presented here also indicate that both seaweeds take up ammonium 

more rapidly than nitrate at all concentrations; this could influence the 

choice of chemical form ~f nitrogen fertilizer if artificial enrichment of 

seawater is used. 

Because the K's for ammonium and nitrate uptake by Hypnea and Macro

cystis are greater than the levels of ammonium and nitrate commonly found 

in the natural habitats of these plants, accumulation of nitrogen from the 
I 

environment may often be restricted by the .ambient concentration. Thus, 

there is also the potential for a nitrogen limitation on growth. 
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Legends for Figures 

Figure 1. A smoothed tracing of a portion of a chart record 
I 

I ,, 

showing nutrient disappearance (uptake) in simultaneous nitrate 

(heavy line) and ammonium (light line) uptake experiments with 

Hypnea musciformis. The arrows indicate addition of nutrients 

(pg-at N·l- 1) to the flasks. The circles at five or ten minute 

intervals indicate points for which nutrient concentrations were 

calculated; uptake rates were calculated for the intervals between 

these points (see text for details). The Hypnea had been 

grown to N-depletion prior to the experiment, which began with 

1 ~g-at N·l-l additions (not shown here). 

Figure 2. Nitrate uptake by Hypnea. Nitrate-grown Hypnea: (x), 

12.5 hr in light; (()), 14.5 hr in dark; (~),after 10 min 

exposure to light; ( · ) , 14.5 hr in light, in presence of ,18 )lg-at 

. 1-1 ammoni um-N · . Ammonium-grown Hypnea: ( 0), 13.2 hr in light; 

the six points, reading from right to left, are in the order of 

observation at 10 min intervals and thus indicate an increase in 

uptake rate as the concentration decreased. 

Figure 3. Ammonium uptake by Hypnea. (x), 13 hr in light; ( · · ), 

14.5 hr in light, in presence of 19 pg-at nitrate-N·l- 1; (()), 14.5 

hr in dark; (~),after 10 min exposure to light. 



Figure 4. Nitrate uptake by Macrocystis. (x), nitrate only; 

(·),nitrate in the presence of 30 ,,ug-at ammonium-N·l- 1; (() ), 

uptake by nitrogen-deprived algae. 

Figur~ 5. Ammonium uptake by Macrocystis. (x), ammonium only; 

(·),ammonium in the presence of 30 ,ug-at nitrate-N·l- 1. 

Figure 6. Simultaneous uptake of nitrate and ammonium by 

Macrocystis. 
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Table 1. Kinetic parameters for nitrate uptake. 

Alga Temperature K
5 

(~ S.E.) Vmax (~ S.E.) Vmax (~ S.E.) 

C µg-at.1-l µg-at.g(wet)- 1 .h-l . ng-at.g{dry)-1.min-l 

Hypnea 26 + · 4.9 - 3.9 + 2.85 - 0.79 475 ! 132a 

Macrocystis 16 + 13.1 - 1.6 + 3.05 - 0.17 508 ! 28a 

16 + 8.7 - 1.6 + 2.24 - 0.16 3]J ~- 27a 

Fucus 5 + 5.6 - 0.9 

10 + 6.7 - 0.8 

15 -- - + 7.8 - 1.4 

Gracilaria 20 + 2.5 - 0.5 162 ~ 19 

~eoagardhiella 20 + 2.4 - 0.3 194 ! 15 

a Calculated assuming dry weight is 10% of wet weight 

b Calculated using everage relation of 32.2 cm2.g(wet)-l 

Vmax (:t S.E.) 

-2 -1 µg-at.cm .h Reference 

this study 

0.095 ! 0.005b this study 

0.069 ~ o.005b this -study --

0.160 ! 0.008 (25) 

0.202 ! 0.009 (25) 

0.228 ~ 0.018 (25) 

(8) 

(8) 

--~- _----=-



Table 2. Kinetic parameters for ammonium uptake at low external 

ammonium concentrations (< 22 µg-at NH4-N . 1-1). 

Alga Temperature 

c 

Hypnea 26 

Macrocystis 16 

Fucus 5 

10 

15 

Gracilaria 20 

Neoagardhiella 20 

20 

20 

+ Ks (- S.E.) 
-1 µg-at . 1 

+ 16 . 64 - -1 . 78 

5.31 ! 1 .00 

6.4 ! 2.0 

6.4 ! 4.9 

9.6 ! 2.6 

1. 59 

4.94 

4.52 

2.27 

Reference 

this study 

this study 

(25) 

(25) 

(25) . 

(8) 

(8) 

(8) 

(8) 



Table 3. Comparison of nitrate uptake by Macrocystis sporophytes 

grown in deep water or in surface water. 

Growth Medium 

\ 
I I 
· ! 

Deep Water Surface Water 

Nitrate Concentration 

-1) (µg-at N03-N.1 

Tissue Nitrogen 

( % dry we i g ht) 

( -1 -1 µg-at N03-N.g .h ) 

(h-1)a 

27.34 

2.94 

+ 3.05 - 0.17 

0. 0146 ! 0. 0008 

+ 13 .06 - 1. 62 

0.23 

1.85 

+ 2.24 - 0.16 

0. 0171 ! 0. 0012 

+ 8.66 - 1 .56 

a Calculated assuming that dry wright is 10% of wet weight and using the 

value given above for tissue nitrogen. 
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Ammonia-nitrogen production by the bivalve mollusc 

Tapes japonica and its recovery by the red seaweed 

Hypnea musciformis in a tropical mariculture system 
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University of Texas, Marine Science Institute, St. Croix Marine Station; 

Kingshill, St. Croix, US Virgin Islands, USA 

ABSTRACT: Production and recovery of ammonia-N was studied in the second and third 

trophic: levels of a mariculture system on St. Croix, US Virgin Islands. The diatom Chaeto

cnos C1'ruisetus, grown on nutrients in artificially upwelled deep water from 870 m depth, 

was the food source for Tapes japonica. Consumption of the phytoplankton by T. japonica 

increased throughout the day and decreased at night, and was related to corresponding changes 

in algal culture density. Feeding efficiency was highest at night. Ammonia-N production by 

the clams fluctuated over a typical 2~ h period; dropping during the day and increasing at 

night. The ammonia-N concentration in the shellfish tank effluent was inversely related to 

the quantity of phytoplankton consumed by the dams. At all ration levels the small clams 

produced ammonia-N at a greater rate ·than large clams. H. musciformis fragmented and 

washed out of some tanks; the fragmentation was related to high ammonia-N concentrations 

in the inflowing water. High light intensity and temperature alone do not appear to cause 

fragmentation, but may have induced a trace nutrient deficiency in H. musciformis grown 

in the ammonia-rich seawater. Where fragmentation was not obvious, ammonia-N uptake 
per g H. muscifonnis was highly correlated with the average ammonia-N concentration of 

the inflowing seawater both day and night. Percent uptake of ammonia-N increased with 

increasing concentration of the nutrient in the inflowing seawater, reaching a plateau of about 

70 •/e uptake of the available ammonia-Nat concentrations above 4 µg-atll. 

INTRODUCTION 

In the past few years the interest in controlled marine ecosystems has increased 

markedly due to the concern over recycling of waste nutrients and developing new 

food and energy sources (Othmer & Roels, 1973; Goldman et al., 1974; Ryther et al., 

1975; Roels et al., 1976). In these systems there are a limited number of trophic levels, 

each of which is interrelated in such a manner that, starting with a dissolved nutrient 

Source, each level utilizes one or more of the nutrients that is not available to, or has 

been regenerated by, the previous level. At the artificial upwelling project on St. Croix 

(US Virgin Isl~nds) the nutrient source is seawater that is pumped from a depth of 

870 meters and has high concentrations of nitrate, phosphate and silicate (Othmer 

& Roels, 1973; Roels et al., 1976 ). These nutrients are used for the production of 

phytoplankton which is then fed to bivalve molluscs. Recovery of the soluble waste 

produced by the shellfish is accomplished by growing seaweed in the effluent from 

the shellfish tanks. 
This paper deals with the generation o-f ammonia-N by the bivalve mollusc Tapts 

japonica Dehaycs feeding on the di;uom Chattoctros curvisetus Cleve and the recov

ery of the ammoniJ.-N by the red seaweed Hypnea musciformis (Wulfen) Lamouroux. 

MATERIALS AND METHODS 



Experimental design 

The experimental system consisted of three trophic levels connected in series so 

that seawater flowed continuously. from one trophic level to the next, as follows: 

phyruplankton - bivalve molluscs - seaweed. The methods employed with each trophic 

level are given in the following sections. 

Phytoplankton 

The diatom Chaetoceros curvisetus (clone STX-167, isolated from St. Croix deep 

water by KCH) was grown in an outdoor 2000 liter epoxy-coated concrete tank 

(reactor) (Malone et al., 1975). The growth medium used was Antarctic Intermediate 

Wacer, pumped from a depth of 870 m, hereafter referred to as deep water. Deep 

water was continuously pumped into the reactor to give a dilution race of one reactor 

volume per day. The overflow from the reactor was fed by gravity to the tanks con-

taining the shellfish. ~ 

Shellfish 

Four different populations, comprised of two different size classes, of the bivalve 

mollusc Tapes japonica were maintained in the flow through system. Either 70 or 

140 gms, total wet weight, of clams of a particular size class were placed in 4.6 l tanks 

(28 cm X 16.4 cm X 10 cm deep) and the algal culture was metered into each tank 

at the rate of 1 ml sec-t. The inflow into the tanks was adjusted by restricting the · 

. flow with an appropriate length of capillary tubing. The water in the shellfish tanks 

was continuously mixed by aeration from a horizontal air manifold on one short side 

of each tank, and the tanks were shaded from direct sunlight. The clam~ were sus

pended off the bottom of the tank on an epoxycoated wire mesh. A single population 

of cbms consisted of two tanks containing an equal biomass of the same size clams. 

The choice of flow rate and clam biomass was based on unpublished data which in

dicated that these flow rate/biomass combinations approached the maximum conver

sion rate of phytoplankton protein to shellfish meat protein. 

Every fourth day, at the conclusion of a 24 h experiment, the clams ~ere removed 

from each tank, blotted dry with a paper towel and the total wet weight determined. 

Enough clams were removed to return the weight to the the initial 70 or 140 g. Sam

ples of clams were taken from both the large (mean shell length = 18.9 mm, mean 

dry meat weight= 84.0 mg) and small (mean shell length = 10.1 mm; mean dry meat 

weight = 9.7 mg) size classes at the beginning and end of the experiment and the dry 

meat weight was found\ to be 6.02 + 0.91 6/o of the total wet weight. This factor 

(.0602) was used to convert total wet weight to dry meat weight for the entire ex

periment. 
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A number of taxonomic synoyms exist in the English ·a~d Japanese literature for the Japanese little neck dam, Tapes japonica. The more common names being Vmnupis semidecussata, Tapes semidecussata, T. japonica and Paphia philippinarum. Throughout this paper we refer to the clam as Tapes japonica Dehayes, 1853 (see Cahn, 195l;Ohba, 1959). 

Seaweed 

The effluent from each of the four shellfish populations flowed into a 4.6 l tank containing the red seaweed Hypnea musciformis. The inflow was. maintained at the rate of 2 ml sec-1, or 37.6 tank volumes per day. A second Hypnea tank received the effluent from the first in an attempt to maximize nutrient removal. The tanks had the same dimensions as the clam tanks, and the seaweed was kept constantly revolving by aeration from a manifold located along the long axis on one side of the tank. The tanks were exposed to full sunlight throughout the day. The Hypnea musciformis used for these experiments was collected from a single pop~lation on a local reef (0-0.5 in depth) and none of the seaweed was sexually reproductive. The plants were picked free of epiphytic seaweeds and only actively growing branches were used in the experiment. An initial wet weight of 20 g of seaweed was placed in each tank. Every four days, at the conclusion of a 24 h experiment, the seaweed was removed from each tank, blotted dry on a pap~r towel and the wet weight determined. 20 g .of H. musciformis was replaced in the appropriate tank. The total wet weight at the end of each experiment was used to calculate the ammonia-N uptake per gram of seaweed for the entire 24 h experiment. In some of the shellfah-scaweed combinations the seaweed fragmented and washed out of the system, resulting in a decrease in biomass. Data collected from these tanks was not used for calculating ammonia-N uptake. When fragmentation did occur H. musciformis was replaced with newly collected plants. Control Hypnea tanks were set up as described above, except that instead of receiving the effluent from the clam tanks they received the phytoplankton culture directly at the rate of 2 ml sec-1• In a separate experiment an additional con-. trol was run to test for ammonia-N uptake by residual phytoplankton in the effluent from the shellfish tanks by omitting the H. musciformis from the system. 

Sampling program 

A series of five experiments, each covering a 24 h period were carried out on July 9, 13, 17, 21 and 26, 1976. Samples of the phytoplankton culture flowing into the shellfish tanks, the effluent from each of the shellfish populations and the effluent from the seaweed tanks were collected at four hour intervals be~inning at 0600 h (except on July 26, when sampling began at 0200 h). The water temperature in the banks from one of the shellfish-seaweed combinations was measured at each sampling time. The means and ranges of temperature are given in Table I. 

Table 1 
Mean and range of temperatures (°C) in one serial CC)mbination of a T apts japonica population and two Hypnta musciformis tanks. Timc:s of high and low temperatures are given in parentheses 

Temperature 
range 

High 
Low 

Mean± S.D. 
(n - 2 .. ) 

Tapts japonica 

30.0'' (18:00 h) 
2s.0° {06: oo h} 

27.1 ± 1.'4° 

Hypnta musci/ormis 
ht Tank 2nd Tank. 

30.5° (1'4:00 h) 
25.0° {06:00 h) 

21.2 ± l.8° 

Jl.0° (1'4:00 h) 
24.8° (02:00 h) 

27.1 '± 2.0° 



The turbidity of the influent and effluent sa~pl~s from the shellfish tanks was 
measured using a model 250 Monitek laboratory turbidimeter (Monitor Tedmology~ 
Inc., 303 Convention Way, Redwood City, Calif. 94063). All samples were filtered 

through Gelman Type A-E glass fiber filters and the filtrate was analysed for ammo
nia-N and nitrate + nitrite-N concentrations using a Tedmicon Auto-Analyser II. 
The analytical methods used are described in the standard Technicon Auto-Analyser 
methodology handbook and are based on the procedures given by Strickland & Parsons 
{1972). For the influent samples, into the shellfish tanks, a known sample volume was 

filtered and a protein determination carried out on the filter according to the method 
of Dorsey et al. (1976). 

RESULTS 

Feeding activity of Tapes japonica 

Figure 1 shows the diel periodicity in the average phytoplankton consumption, 
over five 24 h experiments, for the four populations of Tapes japonic~. The quantity 
of Chaetoceros curvisetm consumed by T. japonica was based on the difference in the 
turbidity between the influent and effluent water from the shellfish tanks. Although 
there were some differences in the amount of phytoplankton consumed by the four 
cbm populations the diel periodicity in the rate of consumption was similar for all 
groups. The actual amount of phytoplankton consumed increased throughout the day, 
reached a peak around sunset, and .t~en decreased throughout the night. 

The periodicity in the amount of phytoplankton consumed by the clams may be 
related to the periodicity in the algal cell density, measured as turbidity, of the influent 
phytoplankton culture (Fig. 1). It can be seen that the turbidity of the influent water 
inaeased throughout the day, peaking near sunset, and then dropped during the night. 
The change in the rate of consumption by the clams reflects this change in algal cell 
density. 

If the average amount of phytoplankton consumed by the four clam populations 
is expressed as a percentage of the available phytoplankton it is dear that a higher 
percentage of the phytoplankton was removed at night (Fig. 1 ) . This suggests that 
the clams increased their pumping activity or altered their filtration efficiency; this 
resulted in a greater percentage of the available phytoplankton being consumed. 

Ammonia-N production by Tapes japonica 

Figure 2 shows the temporal change in the average ammonia-N production for 
.ihe four populations of Tapes japonica over five 24 h experiments. The ditferences in 
ammonia-N production (Fig. 2) between the four clam populations were greater than 
the differences in the amount of phytoplankton consumed (Fig. 1). The highest con-
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centration of ammonia-N was produced by the 140 ( X 2) gm population of small 
clams. Despite the differences in the quantity of ammonia-N produced, the periodicity 
in the observed ammonia-N concentrations was similar for all four populations (Fig. 
2). The ammonia-N concentration in the shellfish tank effluent gradually decreased 
throughout the day with the lowest levels observed between 14:00 and 18:00 h; this 
was followed by an increase in the average ammonia-N concentration during the 
night. 

For comparison the average turbidity of the phytoplankton culture being metered 
into the shellfish tanks is also shown in Figure 2. The turbidity increased and reached 
its peak during the day while the ammonia-N concentration in the shellfish tank ef
fluent was dropping to its lowest level. This suggests that the ammonia-N production 
by T. japonica in our experimental mariculture system is inversely related to the 
phytoplankton concentration flowing into the shellfish tanks. 

In Figure 3 the ammonia-N produced by T. japonica per g dry meat per day is 
plotted against protein-N consumed per gram dry meat per day for the two different 
size classes of clams. The quantity of phytoplankton consumed was measured as tur
bidity and converted to protein-N using the regression equation protein-N = 31.86 
{turbidity) (r = 0.97; d.f. = 29) in order to present the system as protein-nitrogen con
sumed versus ammonia-N produced. At virtually every level of food consumed the 
smaller clams, as represented by the upper line, produced ammonia at a greater rate 
than the larger clams. It is also clear that ammonia-N production and the. quantity 
of phytoplankton, or protein-N, consumed are inversely related for both size classes 
of clams. 

Fragmentation of Hypnea musciformis 

Hypnta musciformis in a number of tanks fragmented and many of the pieces 
washed out of the system. This resulted in a decrease in biomass and a decrease in the 
percent uptake of ammonia-N in these tanks. The process of fragmentation did not 
appear to be reversible once fragmentation commenced. This suggested that fragmen
tation might be related to the nutrient concentration, especially since the second 
Hypnta tank in a series had a lower inflowing ammonia-N concentration due to the 
uptake of the nutrients by the first Hypnea tank, and fragmented less often. Figure 4 
shows the relationship between the average ammonia-N concentration of the seawater 
flowing into the Hypnea tanks and resistance of the seaweed to fragmentation. At the 
low ammonia-N concentrations H. musciformis could be maintained for longer periods 
than at the higher ammonia-N concentrations before fragmentations occurred. 

· The fragmentation did not appear to be specifically related to either light or 
temperature. alone. The seaweed tanks in series had a nearly identical temperature 
regime (Table 1) but the Hypnea in the first tank in each pair usually fragmented 
more often than, and earlier than, the Hypnea in the second tank. The seaweed in 
the control tanks experienced the same lighting regime as the experimental tanks but 
the control did not fragment during the 21 days of the experiment. 

Growth of Hypnea musciformis 

Excluding all of the Hy"pnea tanks where fragmentation obviously occurred, 
growth (increase in wet weight) during the 4 day periods between harvest was greater 
in the t:lnks rcccivin~ the shellfish tank effluent directly than it was in those tanks 
receiving effluent from seaweed tanks. The percent growth of the weed grown directly 
in the shellfish tank effluent v.:as 37.4 °/o (n = 10) and in the second seaweed tank it 
was 22.0 °;, (n == · 15). In some of these tanks there was actually a slight loss of weight 
which was possibly due to the onset of fragmentation. 



Ammonia-N uptake by Hypnea musciformis 

The uptake of ammonia-N per gram wet weight of Hypnea musciformis was 
found to be highly correlated with the avera~e ammonia-N concentration of the sea
water flowing into the tanks (Fig. 5). ·The values plotted in Figure 5 are for both day 
and night samples. The diel variation in 'ammonia-N uptake followed the diel varia
tion in the ammonia-N concentration flowing into the Hypnea tanks. Consequently. 
any direct influence of light on ammonia-N uptake was probably masked by the diel 
fluctUations in ammonia-N production by Tapes japonica (Fig. 2). Support for this 
is provided by uptake studies with an ammonia-N starved laboratory culture of H . 
m111ciformis where dark uptake of ammoniak-N was about 90 °/o of the uptake rate 
in the ligh~ over the range of 12-18 11g-at/l (Haines, unpublished data). 

At inflow ammonia-N concentration of 1.1 µg-at/I, or less, e~cretion (shown as 
negative uptake in Fig. 5) was observed in six out of eight tanks. Perhaps H. musci
/ormis in these tanks was fragmenting but not to the extent that it was readily visible, 
or the seaweed may have been excreting intracellular nitrogen prior to the onset of 
fragmentation. 

On a percentage basis, uptake of ammonia-N increased with increasing concen
tration of nutrient in the inflowing water, reaching a plateau of about 70 °/o uptake 
of the available ammonia-N above an inflowing concentration of 4 pg-at/I (Fig. 6). 

The pigmentation of Hypnea changed when it was maintained in our system. 
The natural light brown color changed to a yellow~brown color in tanks receiving 
low levels of ammonia-N, and to a dark red-brown in the tanks receiving the highest 
ammonia-N concentrations. Lapointe et al. (1976) observed similar changes in pig- · 
mentation in Hypnta and Graciiaria species in their mariculture system utilizing 
sewage-enriched seawater. 

DISCUSSION 

Feeding activity of Tapes japonica 

The quantity of phytoplankton consumed by the four populations of clams in 
our flow through mariculture system fluctuated over a 24 h period (Fig. 1 ). The pattern 
of change, which reflected a change in the algal cell density of our phytoplankton 
culture was similar for all four populations except that a biomass of small clams con
sumed slightly more of the available phytoplankton than an equal biomass of large 
clams. This might be expected since it is well known that filtration rate is dependant 
upon body size, being relatively higher for smaller animals (Winter, 1973 ). The facr 
that there was not a greater difference in the quantity of phytoplankton consumed 
by an equal biomass of different size clams may indicate that our system was food 
limited. The phytoplankton culture was metered into the shellfish tanks at a constant 
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rate and this rate probably resulted in an algal cell density immediately surrounding 

the animals which was below the level where filtration rate is reduced, and yet high 

enough to stimulate a near-maximum feeding efnciency for both size classes and 

weight groups of Tapes japonica (Winter, 1969; Winter & Langton, 1976; see also 

Hildreth & Crisp, 1976 ). Therefore the differences in the quantity of phytoplankton 

consumed by equal biomasses of clams may reflect the absolute difference in filtration 

rate for the animals of different sizes. 

In a mariculture system such as ours the percentage of the available phytoplank

ton consumed by the shellfish might be expected to remain constant. This was not the 

case; a greater percentage of the available phytoplankton was consumed at night 

(Fig. 1 ). The reasons behind this are not yet fully understood but it may be that the 

increasing phytoplankton concentration flowing into the tank during the day stimu

lated an increased feeding efficiency which was maintained for a number of hours 

afi:er the algal cell concentration had decreased during the night (Winter & Langton, 

1976). 

Ammonia production by Ta_pes japonica 

The ammonia-N production by Tapes japonica in our experimental system 

showed a similar daily patter~ of change for all four populations (Fig. 2). The de

crease in ammonia-N concentration form the shellfish tank effluent during the· day 

conuasts with the algal cell density of the inflowing .phytoplankton culture, which 

increased during the day. It therefore appeared as if the ammonia-N concentration 

in the shellfish tank effluent was inversely related to the influent algal cell concentra

tion. Since the quantity of phytoplankton consumed by the clams reflected the phyto

plankton concentration coming into the tanks (Fig. 1) and, the ammonia-N concen

tration was inversely related to the inflowing phytoplankton concentration (Fig. 2) it 

follows that the ammonia-N production was inversely related to the quantity of food 

consume~ as shown in Figure 3. Little data exists on the influence of nutritional levels 

on the rate of ammonia excretion for bivalve molluscs, except for starved animals 

{Bayne, 1973, 1976; Bayne et al., 1976). However, the effects of nutrition have been 

more thoroughly investigated for zooplankton where it has usually been found that 

nitrogen excretion increases with an increased ration (Corner et al., 1965; Butler et al., 

· 1970; Takahaski & Ikeda, 1975). In contrast to this more general pattern, Martin 

(1968) found an inverse relationship between ammonia excretion and the quantity 

of phytoplankton ingested by natural zooplankton populations. However, in a more 

recent publication Takahaski & Ikeda (1975) have demonstrated that the excretion 

rates, measured using a method similar to Martin's, have to be corrected for the up

take of ammonia-N by the phytoplankton culture which is serving as a food source 

for the zooplankton. They divided the zoopl::mkton excretion rate into an apparent 

excretion rate and the uptake rate by the phytoplankton and have shown that the 

apparent excretion rate was inversely related to the phytoplankton concentration in 

the experimental flask. This situation is very similar to what takes place in our mari

culture system. It would appear that our ammonia-N production data for Tapes ja

ponica only approximates an actual excretion rate and would need to be corrected 

for ammonia-N uptake by the phytoplankton being continuously metered into the 

shellfish tanks. Nevertheless, our ammonia-N production data accurately reflects the 

levels of ammonia which are available for culturing commercially valuable seaweeds 

·such ~ Hypnca musciformis. One other possibility has to be considered before we 

may conclude that nutrition;il levels are or are not inversely related to ammonia-N 

excretion for T. japonica. Bivalves will normally satisfy their metabolic enertW re

quirements by using carbohydrates, then lipids anJ then protein (Gabbott &. Bayne, 

1973; Bayne., 1976). So, it is possible that at the lower food levels the protein in the 

phytoplankton would be utilized for the metabolic requirements and that the resulting 

deamin:ition of the protein would incre:ise the rare· of ammonia excretion at the lower 

food levels. 



Growth and ammonia-N uptake by 
Hypnea musciformis_ 

The growth rates of Hynae'a musciformis and uptake of ammonia-N per gram 
of seaweed observed in this experiment were lower than in a previous study (Haines, 
1976), but the maximum percent uptake was higher. This may be explained by the 
use here of lower dilution rates, lower ammonia-N concentrations, and a higher bio
mass of H. musciformis per unit volume of the tanks. In this experiment we are trying 
to maximize nutrient removal, whereas in the previous study the emphasis was on 
maintaining a maximum growth rate and avoiding nutrient limited growth. 

Fragmentation of Hypnea musciformis 

The fragmentation observed in this experiment appeared to be related to high 
levels of ammonia-N, but it does not necessarily follow that high concentrations of 
ammonia-N alone caused the fragmentation. In the previous study fragmentation did 
not occur in Hypnea musciformis cultures receiving either Tapes japonica effluent or 
deepwater when supplemented with 4-12 pg-at ammonia-Nil and a dielated trace 
metals + .vitamins mix (Haines, 1976). The Tapes japonica individuals in that study 
were fed algal cultures grown in deep water supplemented with the dielated trace 
metals + vitamins mix 85 °/o of the time, and with cultures grown in unsupplemented 
deepwater alone the remaining 15 °/o of the time. In the more recent experimentS, no 
supplement was used in the algal culture. There were also differences in light intensity 
and temperature between the two experiments. Previously the temperature was lower 
in the Hypnea tanks receiving supplemented deep water, where the average temper
ature was 22-23° C (maximum 24.6° C), and in the tanks receiving shellfish effluent 
where the average temperature was 26.1 ° C (compare with Table 1). Light intensity 
wa,s also undoubtedly higher· than in the previous study because the tanks used in the 
present experiment were shallower (0.1 m versus 0.3 m depth) and translucent rather 
than opaque. Furthermore this study was completed during the summer months, rather 
than in the winter when light intensity is lower. Our experimental conditions may 
have induced, in Hypnea musciformis that fragmented, an increased requirement for 
a trace metal or vitamins caused by using an ammonia ridi, high light intensity, and 
.high temperature environment. Lapointe et al. {1976) observed fragmentation of H. 
musciformis in their tanks at the Harbor Brandi Foundation (Florida, USA). They 
suggested th~t fragmentation was caused by high light intensity, rather than the high 
temperatures (above 28° C) in their non-nutrient limited cultures. The total dissolved
N concentration in their tanks was at least 10-20 times higher than those in our exper
imentS. It ther~fore seems unlikely that the trace nutrient deficiency at high light 

- --, 
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intensities and high temperature that we suggested as a possible cause of fragmentation 

would occur in their system. From these studies of H. miisciformis it is difficult to 

identify a specific factor(s) which causes fragmentation especially s(nce our control 

H. musciformis did not fragment. A comprehensive study on nutrient, light, and tem

perature interaction is necessary before the mechanism c:i.using fragmentation will be 

understood. 
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Fig. 1: Diel perodicity in the average phytoplankton consumption by four popul.uions of Tapts japonica over five 24 h experiments. The 06:00 h values are repeated on the right hand :side of the graph. 0 = 70 g (total wet weight) large dams; 0 = 140 g large dams; e = 70 g small clams; • = 140 g small dams; = turbidity of water entering dam tanks; = average percent consumption of phytoplankton for all four clam 
populations 

Fig. 2. Temporal changes in the average ammonia-N production by four populations of Tapes ' japonica over five 24 h experiments. Symbols as in Figure 1, except average 
ammonia-N production for the four clam populations 

Fig. 3: Ammonia-N production versus protein-N consumed for four populations of Tapes japon3ca comprised of two different size classes of clams. The upper regression line is for the small animals where Y = - 0.18 X + 118.25 (r = 0.7~; d.f. = 8) and the lower regression line is for the larger clams where Y = -0.11 X + 45.64 (r = 0.82; d.f. =:= 8). 
Symbols are as in Figure 1 

Fig. 4: Relationship between the average ammonia-N concentration of the seawater flowing into the Hypnta musciformis tank and the resistance of the seaweed to fragmentation. Data points are included here if fragmentation of H. musciformis was readily visible during the experiment or if fragmentation did not occur during the 21 day experimental period. Ammonia-N concentrations are the means calculated from values determined at 4 h intervals over a 24 h period every four days. 0 = 0.80 - 1.16 µg-at ammonia-Nil; e = 1.32 - 7.51 · ,ug-at ammonia-Nil 

Fig. 5: Uptake of ammonia-N per gram wet weight of Hypnea musciformis as a function of the ammonia-N concentration of the seawater flowing into the seaweed tank. A straight line fit to the data follows the form where: Uptake = -0.77 (inflowing ammonia-N concentration) + 0.74; (r = 0.95; d.f. = 25). Data were excluded for tanks in which fragmentation of the sea.weed was obvious. Control Hypnea musciformis tanks receiving phytoplankton culture 
ouly are also included in the graph 

Fig. 6: Percent uptake of ammonia-N by Hypnea musciformis as a. function of the ammonia-N concentration of the seawater flowing into the seaweed tank. The values are derived from the same data presented in Figure 5 expect that the negative uptake (excretion) data were omitted 
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Report on 14c Studies on Individual Cells in 

Populations of Chaetoceros curvisetus on St. Croix 

by 

Bassett Maguire, Jr. & James B. Davenport 

APPENDIX I 

The 14 c autoradiographic method (Maguire and Neill, 1971, Ecology) 

was used to examine the photosynthetic rate of individual cells within 

Chaetocerous populations in Pool 1 and in experimental reactor 8 and its 

"control" (reactor 6) in June 1977. 

The decline in Pool 1 which occurred between June 13th was especially 

long and slow and was so highly unusual that the beach people, who apparently 

are usually quite accurate in their predictions~ missed in their estimates of 

when the crash would come. Because of this we did not get the before (and 

after) measures we wished on the pool. Upon the crash of Pool 1, however, 

some of its contents were used to innoculate Reactor 8, and Reactor 6 was 

established as a control. 

Light and dark bottle oxygen and 1 4c experiments were run at .33m in 

these reactors from 1100 June 18 through 1700 on June 19, twice on June 21, 

and once on June 22. The most pertinent and interesting results are surrmar

ized on Figure 1. 

The histograms illustrate the number of grains of silver, each result

ing from the radioactive disintegration of a 14C atom, for a number of cells. 

On the 18th the mode was 15-17 silver grains/cell; the mode was the same on 

the 21st, as can be seen by the dotted histogram, but there was a slight de

crease in the mean. However, because of our knowledge of the decrease in pro

ductivity of the cells (from the oxygen data which wil) be discussed below), 

the incubation of the cells with the 14C was lengthened from 2 to 3 hr. The 

solid lines of the middl~ histogram give the number of grains/cell/2 hr. of 

incubation, and show clearly that there was a decrease in photosynthetic pro-
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ductivity on the part of a large fraction and the Chaetoceros cells on the 

21st. For the reason given above, the 14C incubation of June 22nd was further 

lengthened to 4 hr. The mean and mode, even with the 4 instead of 2 or 3 hr. 

incubations, had moved strikingly to the left, as shown by the lower dotted 

line histogram, and when productivity distribution for the Chaetoceros cells 

was plotted on a 2 hr. incubation basis (the lower, solid histogram), the re

duction in productivity of essentially all of the cells remaining alive in 

the population was dramatic. Reduction in the number of living cells also was 

very great---only 51 cells were seen on one slide as a result (usually numbers 

are much greater), and the histogram of the 22nd was therefore normalized to 

102 to give size and shapes easily comparable with these above. The caret on 

the X axis of each histogram gives the background radiation level for the slide 

preparation, and, can roughly be considered to be the zero point on that axis. 

These data strongly suggest that the entire population was affected by 

some agent or condition which reduced productivity of each member of the pop

ulation (note that the skew to the right of the 18th is followed by a shift 

towards a normal distribution on the 21st and to a skew towards the left on 

the 22nd). 

Good supporting evidence comes from the light/dark oxygen bottle results 

which are suRITlarized to the right of each histogram. In these, photosynthesis is 

estimated from the difference in oxygen change in the light and dark bottles, 

and expressed here in terms of carbon fixed in terms of mg/m3/hr. On June 18, 

the Chaetocerous was producing at a rate of about 8.7 x 10-9 gm C/103 cells. 

This productivity dropped to 6.3 x 10-9 g/103 living cells on the 21st and then 

to 5.7 x 10-9 g/103 living cells on the 22nd. The decrease was striking, 

though not as great in these data as with the 14C data, a situation which may 

well be the result of interference with oxygen bottle results as density of 

living cells decreased, and as amount of dead cell material, bacteria, and 

predators all increased. 
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Light levels (raw meter counts) during these 3 runs were 103, 78, and 

93 respectively. This means, if one assumes a photosynthetic rate directly 

proportional to light level, that the middle histogram should be moved to the 

left by about 30%, and the bottom histogram moved to the left by somewhat less 

than 10%. Such corrections for light levels would make the results even more 

dramatic, especially for the 21st, and reinforces our conclusion that an in-

creasingly large decrease occurred, at the level of the individual cell pro

ductivity, within the experimental time interval. 

Reactor 6, whic~ was supposed to be the control, apparently also became 

affected by the same agent as did Reactor 8, as its pattern through time was 

much the same as that of Reactor 8. 

In summation, from these results, it is our judgement that the Chaetocerous 

population was affected by some agent, possibly a virus (or metabolite?) which 

progressively reduced the photosynthetic capacity of the algal cells and 

resulted in their death (washout could explain it, at most, partly). In 

addition, however, large populations of a good-sized ciliate (Oligotrichina) 

developed in one reactor, and a very large population of small amoebae 

(Hartmalnellidae or Vahlkampfiidae) developed in the other. These and other -
predators could also, on occasion, be the cause of great and rapid reduction 

of algal populations. 

3 



APPENDIX J 

Organic Production Potential of 
Artificial Upwelling Marine Culture 

O.A. Reels, S. Laurence, M.W. Farmer and L. Van Hemelryck 

In: 

Microbial Energy Conversion 

a seminar held 

in Gottingen 

(Federal Republic of Germany) 

4th- 8th October, 1976 

Edited by 
H. G. Schlegel and J. Bamea 

Erich Goltze KG, Gottingen, 1976 

pp. 69-81 



The seminar on 

Microbial Energy Conversion 

was suggested by the 

Office for Science and Technology of the United Nations 

and the 

UN Institute for Training and Research (UNITAR) 

and jointly sponsored by 

UNITAR and the Ministry for Research and 
Technology of the Federal Republic of Germany (BMFT) 

was organized under the auspices of the 

Gesellschaft fiir Strahlen- und Umweltforschung (GSF) 

and held in the 

Institut fiir Mikrobiologie 
Grisebachstra.Ge 8 
D-3400 Gottingen 



ORGANIC PRODUCTION POTENTIAL OF ARTIFICIAL UPWELLING MARINE CULTURE 

O.A. Roels, s. Laurence, M.W. Farmer and L. Van Hemelryck 

St. Croix Marine Station, Port Aransas Marine Laboratory, 
The University of Texas Marine Science Institute, 
Port Aransas, Texas 78373, USA. 

Abstract: Increased population and rising expectations have put an enormous strain on the world's energy and food supplies. Petroleum reserves and land-resource limitations severely limit the expansion of conventional agriculture and animal husbandry. 
In tropical and subtropical areas of the oceans, the warm surface waters constitute the world's largest storage of solar energy. The underlying cold deep water, less than 1,000 meters below the ocean's surface, constitutes a cold sink, making it possible to generate mechanical energy by inserting a suitable heat engine between the warm and cold waters. The energy required for pumping the deep water to the surface is typically 6.5% of the total energy produced by the plant. 
The nitrate, phosphate and other nutrients dissolved in the deep sea water constitute the raw materials for plant growth when brought into the light at the surface. Extrapolation of results from smallscale experiments conducted at the St. Croix (United States Virgin Islands) "Artificial Upwelling" station, indicate that this system could produce twenty times more algal protein per hectare than alfalfa, the highest protein-producer per hectare in land-based agriculture. The algal protein can be converted into clam protein with better than 30% efficiency. 
It is recommended that a commercial feasibility test of a combined sea-thermal power plant and mariculture operation utilizing deep-sea water and sunshine as major raw materials be undertaken. 

Introduction: Increased population and rising expectations have put an enormous strain on the world's energy and food supplies. Humanity is expected to increase from the present four billion to between six and seven billion by the year 2000. Already now, five hundred million people are suffering from protein-deficiency. Pimentel and his collaborators (1975) have demonstrated that both petroleum and land-resource limitations make it impossible to feed the present population a United States diet (in which 69% of the total protein intake is of animal origin) based on United States agricultural technology. 
Very high levels of agricultural productivity requiring few manhours have been achieved in highly developed nations through the intensive use of petroleum-dependent machinery and fertilizers. Pimentel 

~ al. (1975) have estimated that even without an increase in world population, the world-wide use of these techniques would exhaust 
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presently known petroleum reserves in 13 years. Another factor limi
ting the expansion of agricultural production is the availability of 
arable land. Most of the available land is in use, and although the 
arable land area can be increased through irrigation, this is a capital 
and energy-intensive practice. Because of these pressures on arable 
land and petroleum reserves, it is imperative that we explore alterna
tive methods for protein production. 

The constraint on arable land naturally points to the vast area of 
the oceans~particularly in the tropical and subtropical latitudes~as 
the world's largest collector and storage of solar energy. 

However, the animal protein production derived from the sea is dis
appointingly small. The sea presently accounts for only 5-10% of world 
protein consumed. The world fish catch has apparently stabilized at 
1970 levels (Mayer, 1976) and overfishing of many species has already 
occurred (e.g., sardines, whales, herring). The total fish production 
in the oceans, which is obviously closely related to total bioma~s pro
duction, varies greatly with the different oceanic areas: thus, the 
"open ocean" with 90% of the surface area of the world's oceans pro
duces 0.7% of its fish, the coastal zones with 9.9% of the area produce 
54% of the fish and the upwelling regions with only 0.1% of the surface 
area of the world's oceans produce 44% of the fish (Crisp, 1975). 

This natural phenomenon of high biological productivity in upwelling 
areas has stimulated our research in "Artificial Upwelling." "Artifi
cial Upwelling" utilizes sunshine and deep-ocean water as raw materials 
to produce energy and high-quality protein. 

Its protein production potential per unit area exceeds that of most 
agricultural systems, and it is not dependent on petroleum for ferti
lizer and energy. 

"Artificial Upwelling" derives mechanical energy from the tempera
ture differential between the warm surf ace water and the cold deep 
water in the tropical and subtropical oceans. Only a small proportion 
of the total energy generated is required to drive the pumps to bring 
the deep water to the surface. The deep water is also rich in nutrients 
(nitrate, phosphate, etc.) compared to surface water. These nutrients 
can be used as fertilizer to produce plant biomass for marine food 
chains. In a small land-based pilot plant on the North Shore of St. 
Croix (U.S. Virgin Islands), the authors have demonstrated the techni
cal feasibility of the biomass production based on aeep-sea water and 
numerous paper studies have analyzed the engineering and economic fea
sibility of power generation from the sea's temperature differential. 

The Eneray Resource: The ocean's waters are horizontally stratified 
ana the deep-ocean water is uniformly cold. In tropical areas the tem
perature differential between the sun-warmed surface layer and the deep 
cold water is 20°C; this differential varies but little throughout the 
year. This temperature difference can be utilized to create mechanical 
energy by inserting a suitable heat engine between the warm and cold 
layers; such an engine would have a low Carnot efficiency because of 
the small temperature difference, but the resource is practically inex
hau3tible and renewable because it is powered by the sun. As demands 
for fossil fuels increase and they become more difficult to mine, the 
net energy gains (gross energy less the energy cost of extraction and 
delivery) resulting from their recovery decreases: we have seen exam
ples of this in the current expensive exploitation of Alaskan and 
North Sea oil. 

The concept of utilizing this temperature differential to run a heat 
engine is credited to d'Arsonval (1881). Claude (1930) constructed and 
operated such a plant on the North Shore of Cuba; the plant's operation 
was short-lived because of trouble with the cold-water pipeline, but he 
did qemonstrate that the process was technically feasible. Since that 
time, numerous paper studies (Anderson and Anderson, 1966; Lockheed, 
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1975; TRW, 1975} have demonstrated that such a plant could be constructed utilizing present-day technology. There are wide variations in the projections of the cost of the power produced by such "sea-thermal power plants." These plants could use the "open" or Claude-cycle process, in which the warm water is evaporated under low pressure to drive a turbine, or the "closed" cycle process, in which an intermediary fluid such as ammonia, freon or propane, is evaporated by the warm surface water and condensed by the cold deep water. The "closed" cycle is advantageous because the working pressures are greater and therefore allow for conventional turbine design. However, this system requires very large and expensive heat-exchangers between the working fluid and the warm and cold water. The "open" cycle avoids this problem, but requires a large turbine capable of efficient work at low pressures, and may involve problems with dissolved gases in sea water. Other problems with ocean-thermal energy conversion (OTEC) plants include corrosion and biofouling, but the general consensus is that the difficulties can be solved. 
The energy available from the resource is best expressed in terms of cubic meters of deep water, since long and large-diameter pipelines must be used to obtain the deep water, and because pumping costs must be considered. For a cold source at 280°K and a warm source at 300°K, the maximum theoretical efficiency for full utilization of the resource (Van Hemelryck, 1975) is: 

n - 1 (Joo - 1) = .0357 max - 2 280 

and the maximum available energy is: 

Wmaxlm 3 = k~nmax = 2.91 x 10 6 J/m 3 

where k = specific heat of water = 4.187 x 10 6 J/(°K m3
} 

Van Hemelryck (1975) has discussed a Rankine-cycle plant which makes optimal use of this resource. At the limit for an optimal plant, the discharge temperatu~e of the cold water (T'c>, and that of the warm water (T'h), should be equal (T'c = T'h). Further, assuming a threestage (multiple evaporation) plant and a surface water:deep water ratio of 3:1, he has shown that with a ~T of 20°K the theoretical output would be 1.642 x 10 6 J/m 3
, neglecting irreversible losses associated with the operating equipment. Because net yield will depend upon various economic factors and the actual design of turbines, pumps, and (for the "closed" cycle) heat-exchangers, a precise estimate of usable energy from this process cannot be made. For a proposed "open"-cycle plant at Abidjan, Ivory Coast, Salle and Capestan (1957) estimated a gross energy production of about 1.0 x 10 6 J/m 3 of deep water. A 100 MW plant would thus require approximately 3.15 x 10 9 ml/yr. In contrast, a recent "closed"-cycle design commissioned by the U.S. Energy Research and Development Administration (Lockheed, 1975) would require pumping almost 18 times the volume of deep water, 5.7 x 10 10 ml/yr, to achieve a gross output of 250 MW. Anderson and Anderson (1965, 1966) estimated that, for a 33 MW plant producing 302 kW/m 3 /sec the pumping costs would require 6.5% of the gross power production. For a plant of this size, pumping costs would therefore be 1.96 x 10~ J/m 3 • This cost would undoubtedly go down for larger plants. 

The Or anic Production Potential in Artificial U wellin Marine Culture: A ter its uti ization in the condenser ot a sea-thermal power generating plant, the deep water is unaltered except for its temperature, and can be utilized as a source of nutrients for mariculture. The technical feasibility of "Artificial U;>welling" mariculture has been demonstrated ·in a small plant on the North Shore of St. Croix, 
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----------- --------------------- ---, 

U.S. Virgin Islands (17°47'N, 64°48'W) in the Caribbean Sea. The site on St. Croix was chosen because the ocean reaches a depth there of 850 m, approximately 1.6 km offshore. Three polyethylene pipelines, each 1830 m long and 7.5 cm in diameter, were installed from shore into the sea to a depth of 870 m. The pipelines were installed in 1972 and have brought deep water to shore continuously since that time; the present deep-water flow is 250 liters/min. As shown in Figure 1, the deep water is pumped into two 45,000-liter (12,000 gallon) pools. Diatoms grown in these pools are started from laboratory cultures, then cultured in 757-liter (200-gallon) tanks which are used to inoculate the pools. One diatom, Chaetoceros curvisetus Cleve (STX-167) can be grown in continuous culture in unsupplemented deep water, frequently for up to 40 days, at a turnover rate of one pool volume per day. The pool cultures are pumped continuously into shellfish tanks at metered rates, depending upon the feeding activity of the shellfish: an algal stripping rate of about 90% is maintained. The system also contains a hatchery, where the clam Tapef japonica (Deshayes) is regularly produced, a larvae-setting area or juveniles, an experimental shellfish area used to determine optimum feeding ratios, animal density, etc., and a pilot shellfish-rearing area used to test results of small-scale studies and for preliminary economic determinations. Food to these areas can be supplied from the pools or from a wide range of algae grown in elevated 2000-liter culturing vessels ("reactors"~. In addition, a separate set of ten 2000-liter reactors is used to study the possibility of maintaining continuous cultures using a surface-water inoculum. 

•S.000 ... 
'OOL 1 

.S,000 •. 
'OOL 2 

11 

1 I 
--.---~ '---~-----

Figure 1. Outline of the experimental deep-sea water mariculture facility on the North Shore of St. Croix, U.S. Virgin Islands. 
Table 1 gives the concentration of the major nutrients necessary for algal growth in deep and surface water at St. Croix. 

Table I. Nutrient Concentration in the Deep (870-m) and Surface Waters North of St. Croix, U.S. Vir in Islands 

Surface Water (3 km 
off shore) 

870-m Deep Water 

.2 

31.3 

Nutrients (µg-at iter 

.2 

.2 

.9 

• 7 

.2 

2.1 

4.9 

20.6 

The yearly temperature range in the shellfish tanks is 22-29°C. Ten species of shellfish have been screened for growth and survival in the 
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St. Croix system. Eight species grew well and reached market size 
quickly. They are the European oyster (Ostrea edulis), the Pacific 
oyster (Crassostrea ~), the Pacific oyster for the half-shell trade (£. ~' Kumomoto variety), the Japanese littl7-neck cla~ (T~pes 
jaoonica), the Southern clam or quahog (Mercenar1a camoech1ens1s), F1 
clam (a cross ~· camoechiensis X ~- mercenaria), the bay scallop (Argo
pecten irradians) , and the Japanese pearl oyster (Pinctada martensii) . 

The Japanese little-neck clam reproduced in the system and a third 
generation has been produced. 

Spiny lobsters, Queen conch and carrageenan-producing seaweeds are 
grown in the effluent of the shellfish tanks. Studies to test the fea
sibility of rearing the Queen conch (Strombus ~) on algae growing 
on the sides and bottoms of ponds are underway. The spiny lobster, 
Panulirus argus, is being reared on culled shellfish. Hyonea musci
formis, a carrageenan-producing red seaweed, doubles its weight every 
three days by stripping ammonia (an animal excretory product) from the 
shellfish tank effluent. 

Primarv production: One of our main goals at St. Croix is maximal 
algal productivity. Since inorganic nitrogen (nitrate, nitrite and 
ammonia) is the limiting nutrient for algal growth in deep-sea water, 
we have expressed our algal production in terms of protein per hectare, 
based on the efficiency of inorganic-nitrogen to algal-protein conver
sion. The latter is dependent upon internal (or species-specific) 
variables as well as upon external variables such as temperature, 
nutrient concentration, dilution rate, and pool depth. 

In the pools at St. Croix, Chaetoceros curvisetus regularly attains 
a concentration of 25 µg-at of protein-nitrogen/liter. Since the inor
ganic nitrogen concentration in the incoming deep-sea water is 32 ~g-at 
per liter, this represents a conversion of deep water dissolved inorga
nic nitrogen to phytoplankton protein-nitrogen of over 78%. Assuming 
only 70% efficiency of inorganic nitrogen to protein-nitrogen conver
sion, at one turnover per day, and with a pool depth of 1.0 m, the pro
tein production/m 2 /yr in the St. Croix experimental system for 330 days 
operation of the pools per year (35 days down-time for cleaning and 
restarting of the pools) would be: 

32 70 
109 x 14 xroo x 6.25 x 800 x 330 0.52 kg 

or 5.2 tons protein/he~tare/year. 
To maximize the phytoplankton-protein which can be produced per unit 

surface area and per m3 of deep water, the optimal pool depth and turn
over (dilution) rate of the pools should be determined. 

Farmer (M.W. Farmer, 1976, Doctoral dissertation, Biology Department 
of The City College, New York; in preparation) studied productivity of 
Chaetoceros curvisetus (STX-167) in outdoor cultures in 80-cm deep, 
2000-liter vessels as a function of the culture turnover rate and light 
intensity. Light intensity was controlled through the use of neutral 
density screens which regulated the surface light intensity of the cul
tures at 3%, 20%, 30%, 46%, or 100% of the natural sunlight intensity 
(I0 ) on the beach in St. Croix. Light attenuation in each culture was 
determined at sunset and sunrise each day by measuring subsurface and 
bottom light intensities. Four different deep-water flow rates were 
used for each light condition: .25; .70, .95 and 1.20 turnovers/day. 
For simplicity, we discuss below the results of those cultures in which 
the surface light intensity was 0. 3 x I 0 only:. or Cl = O. 3. From these 
data, pool depth, light attenuation, turnover rates, and hence produc
tivity values, for an optimized algal system were constructed. It must 
be emphasized that an "optimum" set of algal pool parameters (depth vs 
length and width) must take into account economic factors such as cost 
of excavation, ~aintenance, etc., and thereforP. that depth which pro-
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vides the maximum production per unit surface area may not be the best 
in terms of capital or maintenance costs. For this reason, we have 
chosen to base our productivity estimates upon what at present appears 
to provide the optimum cost/productivity ratio in addition to those 
estimates providing greatest absolute productivity. 

To determine the optimized productivity estimates, differences bet
ween the light intensity at the top and bottom of the reactors at dif
ferent dilution rates were used to calculate the light attenuation 
coefficient, k. From these absorbance values, a least-squares parabola 
regression was constructed to extrapolate to other dilution rates. 
This parabola is shown in Figure 2. The peak absorbance value is 

ABSORBANCE VS TURNOVER RATE 
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Figure 2. Absorbance vs turnover rate. 

obtained for .81 turnover/day, under these experimental conditions. 
Next, the corresponding pool depths were calculated. The depth for a 
pool with 100% incident light was defined as that depth at which the 
average light intensity (Iav) in the culture is the same as the average light intensity in the screened experiment at the same turnover rate. 
Pool depths were calculated by first defining the average light for 

each cultu::va:c:::i(~-;:k=)e expression: 

where a proportion of incident light penetrating a neutral density 
screen and striking the surface of the culture; 

I 0 illumination immediately below the surface in the absence 
of a screen; 

z depth. 
For the selected data, obtained for a = 0.30, Iav was very close to 

the theoretical 0.215 I 0 average light for a 100% incident light cul
ture with depth equal to the compensation depth. The compensation 
depth is the depth at which energy lost through respiration is equal 
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to energy gained through photosynthesis. Light attenuation at that 
depth is O. 01. 

In a second step, the depth of cultures with the same absorbtivity 
(k), for each turnover rate, which would also "see" the same average 
illumination, when subjected to unattenuated (a=l.O) sunlight, was 
determined. Figure 3 illustrates the relationship between turnover 
rate and equivalent depth. 

EQUIVALENT DEPTH VS TURNOVER RATE 

10 

az 0.4 0.6 0.8 1.0 l.Z 

TURNOVER I DAY 

Figure 3. Equivalent depth vs turnover rate. 

In these studies, direct. measurements were made of cell density and 
particulate nitrogen: 10 8 cells contained 0.388 mg particulate nitro
gen. From these data protein concentration vs turnover rate could be 
estimated: the relationship is illustrated in Figure 4. Protein con
centration decreases with increasing turnover rate. 
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Figure 4. Protein/liter vs turnover rate. 

75 



\ 

Figure 5 illustrates the relationship between the volume of deep-sea 
water (m 3

) handled per m2 /day and the protein produced in g/day. Since 
they are notlinearly related there will undoubtedly be a trade-off bet
ween increased productivity, the cost of constructing a deep pool, and 
the cost of pumping large volumes of water. 

PROTEIN CONCENTRATION VS VOLUME/DAY 
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Figure S. Protein vs volume. 

Table 2 summarizes the data discussed above. Tentatively, we chose 
our "optimum" pool depth as 4.87 m; this represents peak light attenua
tion and a good compromise between depth and productivity (6.99 grams 

Table II. Turnover Rates, Attenuation Coefficient (k), Average Light 
Intensity, Depth, Volume Pumped per Unit Surface Area per Day, 

Cell Density and Cell Production, and Protein Production Values Based 
on Data Collected on a 0.8-m Deep Culture, with a=0.3 

Turn
over/ 
Day 

.25 

.so 

.70 

.81 

.95 
1. 00 
1. 20 

k 

.4110 

.8021 

.9533 

.9754 
~9408 
. 9114 
.7044 

.2557 

. 2214 

.2099 

.2083 

.2108 

.2130 

.2293 

Depth 
(m) 
9.30 
5.57 
4.95 
4.88 
5.00 
5.10 
6.11 

Volume/Day Cells/ Cells/ Protein/m ' / 
/m 2 Liter Day/m 2 Day (g) 
(m 3

) (x 10 7
) (x 10 10

) 

2.325 9.20 21.4412 
2.785 8.60 23.9844 
3.465 7.80 27.1344 
3.953 7.30 28.8159 
4.750 6.45 30.8180 
5.10 6.20 31.4721 
7.332 4.75 34.7463 

5.20 
5.81 
6.58 
6.99 
7.48 
7.63 
8.42 

protein/m 2 /day). The maximum productivity within the explored range is 
obtained with a 6.10-m pool depth at a turnover rate of 1.2/day and 
yields 8.42 grams protein/m 2 /day. These extrapolations are based on 
many assumptions and have to be verified experimentally. · 

The energy cost of producing phytoplankton protein is another impor
tant consideration. As indicated earlier, the deep-water pumping costs 
are typically 1.96 x 10 4 J/m 3

• For a plant of given size this is a 
constant, but the costs per hectare of ocean or land surface, and there
fore the energy input vs food energy output ratios for a given surf ace 
area, will depend upon the depth and turnover rates of the pools. 
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Table 3 illustrates these relationships for the deep-water effluent 
from the condenser of a hypothetical 100 MW OTEC plant. Clearly, the 

Table III. Hectares Required for Full Utilization of 100 MW OTEC Plant 
Deep-Water Discharge, Pumping Energy Required, Food Energy 

Produced, and Energy Input/Output Ratio for Pools 
Varvin in Depth and Turnover Rate 

Turn- Depth Hectares Pumping Energy Food Energy 
over/ (m) Required* Required Produced 

Energy Input 
Energy Output 

Day (kg-cal/ha/day) (kg-cal/ha/day) 
(x 10 5 )** (x 10 5 )*** 

.25 9.30 2787 1.09 4.48 

.so 5.57 2328 1.30 5.01 

.70 4.95 1870 1.62 5.67 

.81 4.88 1639 1.85 6.02 

.95 5.00 1364 2.22 6.44 
1.00 5.10 1270 2.39 6.58 
1.20 6.11 883 3.44 7.25 

*Lockheed Design (1975) 6.48 x 10 7 ml/day. 

.24 

.26 

.29 

.31 

.34 

.36 

.47 

**Deep-water pumping costs= 1.96 x 10~ J/m 3 • 10 5 kg-cal=4.185xl0° J. 
***Algal protein = .58 ash-free dry wt. 1.0 g ash-free dry wt=S kg-cal. 

area required decreases with increasing pool depth and turnover rate. 
On the other hand, the cost of energy per hectare and hence the ratio 
of the energy input/food energy output increases. Perhaps the most re
levant way of judging the importance of these figures is to compare the 
potential productivity of an "Artificial Upwelling" system to various 
terrestrial crops. 

Table 4 illustrates the primary (algal) productivity which could be 
obtained with a deep-sea water mariculture system with the primary pro
ductivity of selected land products. These products which provide the 
best protein output (alfalfa), highest output in terms of weight (corn 
silage) and require the lowest fuel energy input (cassava) were chosen 
for comparison. All comparative data are from Pimentel et al. (1975). 
The "minimum" figures assume a 9.3-m deep pool with a .257day turnover 
rate. "Optimum" and maximum figures assume a 4.87 or 6.1-m deep pool 

Table IV. Primary Production per Hectare per Year for Chosen 
Terrestrial Crops and for Phytoplankton Grown in 100% Deep Water. For 

"Artificial Upwellina", 1 Year= 330 Days' Production 
Crop Crop Crop Energy Energy 

Type of Crop 
Yield in Yield Yield Input** Input/ 
Protein (kg) Food (x 10 6 Energy 
(kg) Energy kg-cal) Output 

(x 10 6 

kg-cal) 
Terrestrial* 

A) Alfalfa (highest 
protein produc- 710 6,45lt 11. 4 2.694 .24 
tion) 

B) Corn Silage (high-
est crop yield 393 30,200 24.1 5.493 .23 
in weight) 

C) Cassava (lowest 
fossil energy 58 5,824t 19.2 0.016 .0008 
input) 

Marine (Artificial Up-
welling; Phytoplankton) 

Minimum*** 17,160 28,586t 147.9 35.93 .24 
"Optimum"*** 23,063 39,764t 198.8 61.10 .31 

Maximum*** 27,793 47,719t 239.6 113. 32 .47 

Energy 
Input 

(kg-cal)/ 
Protein 
Output 

(grams) 

3.79 

13.97 

.27 

2.10 
2.65 
4.08 
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Footnotes to Table IV: 
*Comparative data are from Pimentel et al. (1975). 

**Energy input = fossil-fuel energy for terrestrial sources and deep
water pumping costs for "Artificial Upwelling". 

***See text for explanation of terms. 
+Dry weight (kg). 

with turnover rates of .81 and 1.2/day, respectively. In terms of its 
production of protein, dry weight of crop and food energy, the mari
culture system compares very favorably. The energy input required for 
each hectare/year is, of course, greater than for the terrestrial pro
ducts, but for the terrestrial products this is fossil-fuel energy 
which we again stress is becoming increasingly scarce and expensive. 
In terms of energy input vs food energy output, the various systems are 
very close, except for cassava. The reason for this is that labor is 
substituted for fossil-fuel-derived energy. Pimentel et al. (1975) 
estimate that in excess of 1,200 man-hours/year are required for each 
hectare of cassava production~ this compares with about 25 man-hours 
for corn silage. Labor costs are an important element of comparative 
data, but they are not yet available for the mariculture system. Con
sidering that a source of energy will be easily available from the 
OTEC facility, mariculture is likely to be a highly mechanized, energy
intensive business with low man-hour requirements. Our calculations 
do not include energy costs other than the costs of pumping the 
deep-ocean water. In any case, it will be noticed that in terms 
of kg-cal input vs protein output, the mariculture system compares 
very favorably with corn silage and encompasses the figure for 
alfalfa. 

Seconnarv oroduction: The algae produced in the St. Croix "Artifi
cial Upwelling" system have been used as food for filter-feeding shell
fish: clams, oysters and scallops. The conversion of deep-sea water 
nitrate to algal protein and further to clam-meat protein was studied 
at the St. Croix Station. A mixture of unialgal cultures of Chaeto
ceros curvisetus (STX-167) and S-1 (an unidentified naked flagellate) 
was used. The cultures were grown individually and continuously in on
shore pools, combined in a mixing tank and fed continuously to several 
batches of ~ japonica for 36 days. The clams in each batch were 
culled every 9 days to bring them back to the original weights. Thirty
five, 70 and 140-gram batches of clams in a 4-liter container received 
a continuous food flow-rate of 1.0 ml/sec. Thirty-five, 50, 70, 100, 
and 140-g batches of clams in 4-liter containers received a 2.0 ml/sec 
food flow rate. The particulate protein and dissolved NH4+, No3- plus 
N02-, entering and leaving each shellfish tank were measured daily. 
Every 9 days, all the clams were weighed and measured; enough clams 
were harvested to bring the total population weight back to its star
ting level, and the tank deposit was determined for each group. Sixty
nine percent of the 31 ug-at/liter nitrate-nitrogen in the deep water 
was converted into algal protein nitrogen over the 36-day period. From 
31% to 35% of the algal protein entering the Tapes feeding tanks was 
converted into clam-meat protein by the 1 ml/sec flow groups and bet
ween 24% and 33% of the algal protein was converted into clam-meat pro
tein by the 2 ml/sec flow groups. The fastest individual clam growth 
was obtained in the 35-g, 2 ml/sec group, with a 1.42 mm/week shell
length increase and a .411 g/week/g whole clam weight increase. The 
greatest clam population growth occurred for the 100-g, 2 ml/sec group 
with a total weight gain of 134 g in 36 days. 

The fastest individual clam growth was obtained at the lowest per
cent stripping of algal protein nitrogen. Ammonium ion concentration 
in the shellfish tank was highest at the slowest individual clam growth 
rate. The Protein Efficiency Ratios in this experiment varied between 
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8 and 14, indicating that the algal food source is a good one for~ 
jaoonica. (Roels et al., 1977. To be presented at World Mariculture 
Soc. Mtg., January 9-12, Costa Rica.) These results are sununarized in 
Figure 6. 

DEEP WATER DISSOLVED 1N1 

I 
311-1g at LITER-I 

I 
69% 

~ 
~ 

PHYTOPLANKTON PROTEIN-N 23% 
211-1g at LITER-1 

I 
33% 

+ 
Tapes japonica PROTEIN-N 

6.93 µg at LITER-I 

Tapes japonico EFFLUENT 

I 

61% 
(ESTIMATED) 

t 
Hypnea musciformis 

Figure 6. A summary 
of a recent (December 
1975) food conversion 
study carried out at 
the "Artificial Up
welling" site at St. 
Croix. Total conver
sion efficiency for 
deep-water nutrients 
to ~ jaoonica 
meat protein was 23%, 
considerably higher 
than achieved in con
ventional agriculture 
and animal husbandry. 
The red seaweed 
Hvonea musciformis 
has been grown in the 
Tapes tank effluent 
with a 61% efficiency 
of conversion of the 
ammonia in this tank 
effluent. 

We have also grown the carrageenan-containing seaweed in the Tapes 
tank effluent. In the experiment described above, this effluent--cc;n= 
tained about 2 µg-at NH3-N per liter, and preliminary studies indicate 
that about 61% of this available nitrogen can be incorporated by 
Hypnea. The use of another such primary producer could further benefit 
the overall biological and economic productivity of deep-sea water OTEC 
plants and mariculture systems. 

Comparison between "Artificial Uowellinq" marine culture and agri
culture and animal husbandry: Table 5 compares the protein conver

sion etficiency obtained in "Artificial Upwelling" mariculture experi
ments with those of various other secondary producers. In small-scale 
experiments, the St. Croix mariculture system achieved a better plant 
to animal protein conversion than is achieved in cow's milk production, 
which is the most efficient animal protein production system known in 
conventional agriculture and animal husbandry. 

In recent studies, surface water was used as an inoculum for deep 
water and the resultant phytoplankton was fed to the clam ~ jaoonica 
(S. Laurence and O.A. Roels, 1976, ~Plant and animal protein production 
in a mariculture system utilizing deep (870-m) and surface water mix
tures," in preparation). Such inoculations would be economically 
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Table V. A Comparison of the Plant-to-Animal Protein Conversion 
Efficiency Obtained in the "Artificial Upwelling" System 

with Other Efficient Secondarv Producers 
Animal Product Animal Protein Output 

Mi k* 
Eggs* 
Beef (feedlot)* 
Catfish* 
Shellfish (Taoes jaoonica)** 

Vegetable Protein Input 
.L.. 

27.1 
6. 5 

10.5 
33.0 

*The comparative data for these products are from Pimentel et al. 
(1975). 

**Shellfish data from the St. Croix "Artificial Upwelling" mariculture 
system. 

advantageous since the system would not require extensive laboratory 
culturing facilities. A mixture of 80% deep and 20% surface water was 
used. Cultures obtained peak density within five days and were usually 
dominated by Chaetoceros curvisetus. These cultures were maintained 
for up to 40 days at 1 turnover/day on a 2,000-liter scale. Shellfish 
fed phytoplankton grown under these conditions converted the plant pro
tein into animal protein with an efficiency of 35%. The results are 
summarized in Figure 7. 

870 m DEEP WATER 
32 µg at LITER-I 

DISSOLVED 
1

N
1 

T 
SURFACE SEAWATER 

I µg at LI TER-1 

DISSOLVED 'N' 

80% OW = 20% SW 
25.8 µg at UTER-1 

DISSOLVED 
1

N
1 

I 
77% 

• 27% PHYTOPLANKTON PROTEIN-N 

L 
20 µg at LITER-1 

35% 

• Tapes~ MEAT. PROTEIN-N 
7 µg at LITER-1 

Figure 7. Summary 
of a food conversion 
study using surf ace 
water to inoculate 
deep water. Cul
tures were dominated 
by the diatom Chae
toceros curvisetus 
and were maintained 
at one turnover per 
day for up to 40 
days with a constant 
ratio of 80% deep 
and 20% surface 
water. 

Conclusion: Available experimental evidence indicates that "Artificial 
Upwelling" marine culture can produce substantial quantities of high
quality plant and animal protein. While conventional agriculture and 
animal husbandry are faced with increasing cost and scarcity of arable 
land and petroleum, "Artificial Upwelling" could generate more electri
cal power than the food production requires and would not utilize arti
ficial fertilizers. 

In view of the present population pressure on food, energy, water 
and land resources, the outlook for improving humankind's lot is grim. 
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If successful, "Artificial Upwelling" would generate power from the 
sun and could produce high-quality animal protein in large quantities. 
Its commercial feasibility should be tested now. 
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