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1 SUMMARY

Although the upwelling areas cover only 0.1% of the total surface
area of the world's oceans, they produce 44% of the fish (Crisp, 1975).

In these upwelling areas, the deep water rising to the surface as a re-

sult of natural forces, supplies the nutrients necessary for phytoplank-
ton blooms, which in turn can sustain rich animal 1ife, which forms the

basis of the abundant fishery in these areas.

In the tropical oceans, the deep water is considerably colder than
the surface mixed layer. Surface temperatures range from 24-289C over the
year and the deep ocean water is approximately 20°C colder. The deep
water also contains more dissolved nutrients (nitrate, phosphate and sili-
cate) than the surface waters. As early as 1881, d'Arsonval recognized
that it would be possible to generate electrical power based on this tem-
perature differential.

The authors and their colleagues have demonstrated the technical
feasibility of utilizing the deep water as an ideal medium for mariculture.
It would thus be possible to utilize both the cold temperatures and the
nutrients of the deep water. Certain species of algae grow well in the

" deep ocean water, once it is exposed to the sunlight, because of its re-
latively high nutrient content (nitrate, phosphate, silicate). The algae
grown in this way can be used as a food source for filter-feeding shell-
fish or other phytoplankton consuming organisms. Moreover, the deep
water is free of parasites, pollutants, predators, epizoites, epiphytes

and disease-bearing organisms which plague many mariculture operations.



The St. Croix site was chosen for the Artificial Upwelling experi-
ment because 1000 m deep water is only 1.5 kilometers from the shore at
the laboratory site. Three 7.5 cm diameter polyethylene pipelines were
installed to a depth of 870 m in the sea. A glass lined pump on shore
pumps deep water into two concrete lined pools of 50 m3 each (5 m x
10 m by 1 m deep). The deep water in the pools is inoculated with phyto-
plankton culture. Once the required cell density is reached, usually
in Tess than 24 hours, the pools are put on continuous flow. Deep water
is pumped into the pools at the same rate as phytoplankton suspension
is pumped to tanks containing filter feeding bivalve molluscs. The Sys-
tem was completed in 1972.

Between 1972 and 1976, standard procedures for phytoplankton cul-
turing in this system were established and ten species of molluscan bi-
valves were tested for survival and growth. Eight species grew well:

they were Mercenaria campechiensis, an Fy hybrid of M. mercenaria x M.

campechiensis, Tapes japonica, Ostrea edulis, Crassostrea gigas, C.

gigas Kumamoto variety, Argopecten irradians and Pinctada martensii.

Crassostrea virginica and Mercenaria mercenaria grew slowly and suffered

high mortalities.

From October 1976 until October 1978, the St. Croix Artificial Up-
welling Mariculture system was operated in pilot plant fashion to deter-
mine yields and provide a basis for cost<estimates of the system. Tapes
Japonica used in the pilot plant were produced in the hatchery of the

Artificial Upwelling system in St. Croix. The diatom Chaetoceros curvisetus




(STX 167) was grown in the pools as the sole food source for Tapes in
the pilot plant, although other algal species were grown for larval
and juvenile Tapes in the hatchery.

During 1976-1977, a Model I pilot plant was operated which gave
shellfish growth below expectations. A full report on the operation of
this Model I pilot plant was submitted to the Sea Grant Office in January
1978 (Artificial Upwelling - Progress 1976-1977).

The shellfish tank design was modified, based on the results of
1976-1977 experience, and the Model II pilot plant started operating in
October 1977.

This report describes the results of 12 months' operation (October
1977 - October 1978) of this Model II pilot plant.

Over a twelve month period, the phytoplankton pools (100 m2, Tm
deep) averaged a phytoplankton protein production of 2.2 g/mz/day. This
corresponds to a plant protein production of 8.1 Tons/Ha/year and should
be compared to maximum plant protein production for alfalfa of 0.7 T/Ha/
year. Alfalfa is the best protein producer in conventional agriculture.

Since the 1 m deep pools were operated in nutrient-limited rather
than in light-Timited fashion, it is estimated that 3 m deep pools could
produce 19.3 T protein/Ha/year.

The Model II pilot plant produced 423 kg of Tapes japonica in 12

months, for an overall conversion efficiency of 15.8% from phytoplankton
protein to shellfish meat protein. With improved techniques, based on

the experience gained in the Model II pilot plant, it is expected that
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an overall conversion efficiency of 24.2% of phytoplankton protein to
shellfish meat protein can be achieved.

An Aquaculture Budget Generator, which provides cost of production
estimates was developed and is described in detai]. ‘Excluding the cost
of the deep sea water (in case an OTEC plant or other plant utilizing
the cold temperature would provide its effluent free to the mariculture
system), the production of the clam Tapes japonica would cost $1.57 per
kilogram whole fresh weight in a system comparable in all respects to
the way the St. Croix system pilot plant Model II was operated. In a
system with as small a deep sea water flow as used in the St. Croix pilot
plant (1.3 1/sec) the deep sea water cost would be exorbitantly high
($48.54 per kg shellfish produced).

Based on reasonable improvements suggested by the Model II pilot
plant, the Aquaculture Budget Generator predicts a production cost of

$1.06 per kg whole fresh weight Tapes japonica for a plant producing

365 T shellfish per year. This price includes a deep sea water cost of
$0.3854 per kg of clams produced. Excluding the deep sea water cost,
the price would be $0.67 per kg clams. Such a plant would have a deep
sea water flow of 624.7 1/sec. It would utilize 6 pools with a depth of
3 mand a total surface area of 2.4 Ha. The animals would be grown from
1 mg spat to 11.5 g market size in 252 days.

For a mariculture plant coupled to a 10 Megawatt OTEC plant, with
a deep sea water flow of 37.5 m3/sec, the cost per Kg. whole clams would
be $0.7722 if the mariculture plant pays for the Deep Sea Water pipeline
installation and pumping costs. If the deep water pipeline and pumping
cost was borne by the OTEC plant, the clam production cost would be
$0.6703/Kg. Such a plant would produce 21,900 Tons clams/year. The

description of such a plant is shown in Table 1.1.
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2 INTRODUCTION

Although the upwelling areas cover only 0.1% of the total surface
area of the world's oceans, they produce 44% of the fish. In these
upwelling areas, the deep water rising to the surface as a result of
natural forces, supplies the nutrients necessary for phytoplankton
blooms, which in turn can sustain rich animal 1ife, which forms the basis
of the abundant fishery in these areas.

In the tropical oceans, the deep water is considerably colder than
the surface mixed Tayer. Surface temperatures range from 24-28°C over the
year and the deep ocean water is approximately 20°C colder. The deep
water also contains more dissolved nutrients (nitrate, phosphate and
silicate) than the surface waters. As ez~ly as 1881, d'Arsonval recognized
that it would be possible to generate electrical power based on this temp-
erature differential. This is best done in these areas of the oceans
between 20°N and 20°S.

The St. Croix Artificial Upwelling ‘Project has demonstrated the tech-
nical feasibility of utilizing the deep water as an ideal medium for mari-
culture. Certain species of algae grow well in the deep ocean water, once
it is exposed to the sunlight, because of its relatively high nutrient con-
tent (nitrate, phosphate, silicate). The algae grown in this way can be
used as a food source for filter-feeding shellfish or other phytoplankton
consuming organisms. Moreover, the deep water is free of parasites, pollu-
tants, predators, epizoites, epiphytes and disease-bearing organisms which

plague mény mariculture operations.
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The St. Croix site was chosen for the Artificial Upwelling experiment
because 1000 m deep water is only 1.5 kilometers from the shore at the
laboratory site and St. Croix is situated in the tropical region at 179N.
Three 7.5 cm diameter polyethylene pipelines were installed to a depth
of 870 m in the sea. A glass lined pump on shore pumps deep water into
two concrete lined pools of 50 m3 each (5m x 10m x 1m deep). The deep
water in the pools is inoculated with phytoplankton culture. Once the
required cell density is reached, usually in Tess than 24 hours, the pools
are put on continuous flow. Deep water is pumped into the pools at the
same rate as phytoplankton suspension is pumped to tanks containing
filter-feeding bivalve molluscs. The system was completed in 1972.

Between 1972 and 1976, standard procedures for phytoplankton cul-
turing in this system were established and ten species of molluscan bi-
valves were tested for survival and growth. Eight species grew well:

they were Mercenaria campechiensis, an F1 hybrid of M. mercenaria x M.

campechiensis, Tapes japonica, Ostrea edulis, Crassostrea gigas, C. gigas

Kumamoto variety, Argopecten irradians and Pinctada martensii. Crassostrea

virginica and Mercenaria mercenaria grew slowly and suffered high mortalities.

From October 1976 until October 1978, the St. Croix Artificial Upwell-
ing Mariculture system was operated in pilot plant fashion to determine

yields and provide a basis for cost estimates of the system. Tapes japonica

used in the pilot plant were produced in the hatchery of the Artificial Up-

welling system in St. Croix.



13.

The following report is a summary and analysis of the "Artificial
Upwelling" project operated in pilot plant fashion on St. Croix, U.S.
Virgin Islands. The report focuses on the technical and economic feasi-
bility of artificial upwelling mariculture, based on data collected on
a two-trophic lTevel marine food chain operated at the St. Croix site

over the period October 11, 1977 to October 10, 1978.

The pilot stage, two-trophic level deep seawater mariculture system
was operated on St. Croix, U.S. Virgin Islands, over a twelve month period,
Antarctic Intermediate Water from 870 meter depth was pumped continuously
into two 50,000 liter on-shore pools. The pools were inoculated with la-

boratory grown cultures of the diatom Chaetoceros curvisetus (STX-167) and

operated at a turnover rate of 1.15 day"1. The algae were pumped continu-

ously to 28 tanks containing the clam Tapes japonica. A prior pilot ex-

periment (Pilot Plant Model I)yﬁéayééen run over a nine month period during
1976~1977 and has been reported in full in the "Artifical Upwelling - Progress
Report 1976 - 1977" submitted to the National Sea Grant Office in January
1978. During this earlier pilot run, the shellfish tank design was found
to be inappropriate resulting in poor shellfish growth. This report provides
the results obtained in the Model II Pilot Plant operated for a twelve month
period, during which a greatly improved design of shellfish tank was
utilized, resulting in considerably better growth.

Quarterly reports on this work for the period October 1, 1977 - Decem-

ber 31, 1977, January 1, 1978 - March 31, 1978, and April 1, 1978 - June 30,
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1978 have been submitted to the Sea Grant Office respectively on January
27, 1978, April 15, 1978 and Aucqust 10, 1978 and should be consuited in
conjunction with the present report.

The report also refers to data collected over the years 1974 - 1977
on the first trophic level. A complete description of the data base used
for this report can be found in Appendix A.

Because the amount of data collected over this period of time is
very large (analysis utilized several million individual data points) and
because a full appreciation of the upwelling process requires consideration
" of a multitude of complex and interacting factors, the body of the report
is a distillation of our main conclusions only. In some sections it has
been necessary to refer the reader to appendices, to published papers and
manuscripts submitted for publication and to data files far too voluminous
for reproduction in this report. Nevertheless, the report stands by it-
self and is intended to serve as the single most cogent assessment of the
Artificial Upwelling process to date.

The report is divided into seven main sections. First, the guiding
concepts ("Conceptual Approach") underlying our approach to the process
are described. This involves a coherent set of assumptions brought to bear
in designing, operating and analyzing the Artificial Upwelling process in

St. Croix. Next is a brief history of the project; this provides context

for operations and designs which have an historical as opposed to a strictly
logical basis, and serves to highlight the accomplishments of the station
sincé its inception to the present day.

A description of the Artificial Upwelling system at St. Croix (as of
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10-10-78) is then provided.

The methodology used in operating the two trophic-level food chain
is then described, including brief descriptions of chemical measurement
and data analysis techniques. The results of the phytoplankton and shell-
fish production for the year 10/77 - 10/78 is then given. This is follow-

ed by the analysis and discussion of the economic feasibility of Artificial

Upwelling. This section incorporates the technical description of the
mariculture system as operated on St. Croix over the 1977-78 year. A re-
vised aquaculture budget generator, based on the St. Croix results and on
an extrapolation of these results with cost data per Kg of shellfish pro-
duced is presented.

The report then summarizes the conclusions: \
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3 CONCEPTUAL APPROACH

The actual operations of the Arfificial Upwelling project have
been the result of a number of biological and practical constraints, but
since its inception, the project has been guided by a few underlying
principles. In this section some of the underlying philosophy of opera-
tion is qualitatively described, followed by a more specific outline of
our basic approach. The descriptions and analyses which comprise the
remainder of the report should be evaluated within the context of these
general principles.

The primary goal of the project has been that of operating a con-
trolled multi-level food chain using deep (Antarctic Intermediate) water

and sunlight only as raw materials. Since its inception, the project has

emphasized the production of plant and animal protein in such a system.

Although it has been understood that various technical and especial-
ly, economic factors may require that extraneous energy or nutrient re-
sources be incorporated at one or more trophic Tevels in the process,
every attempt has been made to evaluate its biological and technical feasi-
bility in the light of this restriction. As will be seen below, the em-
phasis on protein production using deep water and sunlight alone has guided
the choice of such diverse elements as the particular species of alga used,
to means employed for rearing shellfish.

The emphasis on protein production stems from the fact that the Timit-
ing macronutrient in the St. Croix Artificial Upwelling system is nitrate-

nitrogen (NOE - N). By tracing the transfer of nitrogen from its inorganic
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form in deep water to its presence as plant and animal particulate pro-
tein-nitrogen, a simple accounting of the productivity and efficiency of
the system can be made.

Employing deep water and sunshine alone as raw materials reflects
a more general emphasis on simplicity in design, operation and analysis.
This emphasis stems from an understanding of the extreme complexity and
exceptionally large number of possible bjological relations and types of
measurements which can be utilized, and the need to establish an invariant
and easily-monitored system as opposed to one that may be thouaht of as
more biologically "realistic" or "interesting”. We have attempted to in-
crease the complexity or scope of the guiding quantitative equations or
engineering only if a significant discrepancy (based on well-defined
analyses) develops between predicted and actual outputs. The approach
has therefore allowed for a relatively simple eva1uation of the process
as well, since the number of potential inter-variable relations has been
kept to a minimum, and it has a positive influence on the technical and
economic féasibi]ity of the proceés by reducing the technical sophistica-
tion and cost of operation. As will be seen below, emphasis on simplicity
has Ted to significant trade-offs in the level of control exercised over
the process and in the level of output at both trophic levels. This con-
ceptual approach is presented schematically in Figure 3.1.

The procedures reflect an awareness that the actual accomplishment
of these goals, at least at commercial scale, will require an unequivocal
economic e?a]uation of the process based on actual data supnlemented by

understanding generated from a variety of sources.
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FIGURE 3.1  SCHEMATIC REPRESENTATION OF THE ST. CROIX ARTIFICIAL

UPWELLING PILOT PLANT II MARICULTURE SYSTEM.
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The core of this approach is the technical description, a set of

simple, quanitative equations which are used (1) to generate a set of
procedures for operating the process and (2) as inputs for the economic
analysis. Because the process involves a two trophic-level food chain,
the technical description involves equations which describe outputs
(under a well-defined set of boundary conditions) at both trophic Tevels.

The technical description allows for the generation of predicted outputs

(in the present case, from the pilot-level project under consideration),
given that the operations are consonant within the boundary conditions of
the equations. The technical descriptions which served to guide the
pilot plant Model II operations over 1977-78 may be found in Appendix B.
This is the same technical description as was used for the operation of
the Model I pilot plant during 1976-77. This report contains a revision
of the phytoplankton technical description in section 7.

The technical description serves as the core model for the economic
analysis, produced by a computer program, the "Aquaculture Budget Genera-
tor" or A.B.G. |

The A.B.G. is the basis of the economic sensitivity analysis of the
system: the budget generator clearly indicates the major costs inherent
in the different phases of the system to produce the end-product:shellfish.
The sensitivity analysis guides the manipulation of selected variables
(pool depth, shellfish transfer schedu1és, etc.) and determines the influ-
ence of changes on other variables, the most important of which is the cost
of production ($ per Kg of live shellfish). Thus, the model allows for an
evaluation of these variables which have the most important impact on pro-

duction costs.
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This type of manipulation is the basis for the economic evaluation

and data analysis presented in the present report. First, a priority

1isting of the most cost-sensitive items (variables) was generated. Since

their impact on production costs depends on the validity of the technical
description, a comparison was made between the predicted outputs and the
measured results obtained from the pilot plant. An initial and qualitative
determination was made on the degree of actual or possible discrepancy. In
those instances where discrepancy was indicated, a further and more rigor-
ous analysis of the data was made to determine the extent and cause of the
discrepancy. Once it was determined that the measured or calculated re-
sults were obtained under conditions analagous to those dictated by the
technical description (and therefore not due to chance, accident, or oper-
ating procedures beyond the scope of the expressions), an evaluation of

the (1) need to alter the technical description and (2) ability to supply
the information necessary for change was accomplished. If a determination
of need for change was made but insufficient data or understanding was
available, the item was placed onAa priority 1ist for further research and
develonment. Otherwise, the change was incorporated, and a re-evaluation

of cost-sensitive items through manipulation of the A.B.G. was done.
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4 DESCRIPTION OF THE ST. CROIX ARTIFICIAL UPWELLING MARICULTURE
PLANT
4.1 SEA WATER COLLECTIONM
The sea water enters three divergent pipelines, each 6400 ft
(1920 m) in length whose lower ends are at a depth of ca 2990 ft (370 m).
Their position on the sea floor is shown in Figure 4.1.

The Tines are made of 3" nominal (i.e. 3.5" 0.D. x .396" wall
or 8.89 cm x 1.01 cm) polyethylene nipe which was supplied in lengths
of 1000' (305 m) in coils of approximately 8 ft (2.44 m) in diameter.

The polyethylene pipes were heat butt-welded and these butt-welds were
reinforced by a Kellems grip as shown in Figure 4.2.

Each line was made up in three sections for deployment purposes.
The two joints which were made after deployment consist of monel assemblies
heat swaged over stubs of the pipe by the pipe manufacturer. These stubs
in turn were heat welded to the pipe Tengths.

Over a length of approximately 1031 ft (309 m) in the area where
the lines might be exposed to abrasion from coral and rock due to water
currents, the pipe was covered by reinforced rubber hose nominal 4" I.D.
x 1/4" wall (10.2 cm x .63 cm).

Over the entire exposed }éngths, cylindrical split 5 1bs (2.27 kg)
lead weights were strapped to the pive on centers ranging from 8 ft
(2.44 m) to 32 ft (9.76 m) predicated on the predicted currents acting
on the emplaced lines. These lead weights are shown in Figure 4.3. Near

the intake, the lines are anchored with lead blocks (450 1bs) to which a
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Figure 4.2. Polyethylene pipe butt-weld protection assembly with

Kellem grips.

24.



ln‘m‘

L e

O DAY

e T?D
R

ANESWEBSSw
NG LTOB ._«Oml DJﬁ;

x

EB3VOMY
BRHIME M1 BV BrOISNIMIC
;. GMADRSE ISIANIMNAIO 663NN

BRAONVEHIW

TRwetd B

4

ALSHIAING VIEWN10) 40

HOLIVAMISE0 TYDI0102) INOWWY @

YOME TOMS

Ly

pt A \w/

AR HOBIND

Sl

AB MAAY B

e ma

Ei 2 FE vl

E‘ o NN(\';‘;Q‘

SAamUsvn HBRBOB |, G

snabsvam R4
189 — g
oy

b e 1YG « ol @ BSON mBason
A .
" ABOLANES TDSIN ~ 4S5 ~diTmE>

Het-0Z-00

S -0 @gn-lomas

SIAIHTTBW

POV 1A 2 D5 =)

‘ord Taiw

B i

s wimELviA

30

Ty

AN SvsmrEmt —

¢ X ‘x.."\.\\* )
2e%0%62e%0% 25 %%

0.0, OO

VMUY 9. 0.9.0.0.9 0. 02w
Jw«%uwd»%%%@@%oﬂ’%ﬂ
QALK

=BAARAEMS

=3 1= 1 Vel

Caddy ALvQ ~ I ARAP AL Ju i Ta]

SR

[

fLLLLLE Tl 777777777




26.

stainless steel cable 100 ft long is attached. The other end of
this cable is connected to the intake of the pipeline, which floats
100 ft above the bottom, supported by a plastic encased glass float

for bouyancy (Figure 4.4).

The Tines are placed in a diverging pattern and converge at a point
approximately 1300 ft from shore and are restrained by a system of Kel-
lem grips, steel cables and steel stakes, grouted into holes drilled
into the bottom. From this point the pipes are threaded through a 1130
feet Tong 14" diameter (35 cm) bell and spigot pipe made of fiberglass
and epoxy resin ("Techite" pipe).

This protective conduit in 10'or 20' sections is fastened in place
by concrete saddles (refer to Figure 4.5) staked down with (2) epoxied
steel bars -- #8 or 1" (2.54 cm) in diameter and approximately 30" (76
cm) in length. These bars are grouted into holes drilled 18" (46 cm)
into the bottom using perforated sleeves and grout fills the clearance
between the bars and the oversized holes precast through the saddles. A
schematic diagram of this Techite pipe system is shown in Figure 4.6.

Upon reachingthe water's edge the pipes leave the conduit and are
Ted through (3) 5" schedule 40 PVC (14 cm x .65 cm wall) pipes which are
covered by a 40 ft (12.2 m) long prestressed double tee concrete beam,
the space between the tees encompassing the 5 inch pipes was filled with
concrete. The emerging pipes, which are at water's edge, are fitted with

a monel flange and stud as described above.



Figure 4.3. Lead weight assembly.
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Figure 4.4,

Anchor connection and float assembly.

29.



oy

== - S

— wo anG ¢ »oaa [ AR TTRE 56 b
3 X % #ewd bwwm yvory sswtlp m ﬁ“.ﬁmu
. 3 ¥ H ¢ v o 1D ek
- 210Ny Iveud30 d
& N ABTING e SIHON NI DUV BNOISNINHG } z“.a\.‘o..\@.p- b SBe Bsdh m@meacy
UPIHMDOASE IBAAMBLO BB I Wt
rJ.n_tzww.W/A* ZO_L.‘UWZZOU J»OT.UZ/QI SIDNYHDIOL 12> WJM“E%W&?DJ.NHHn — e
UOND TOMS 5 3o e = : : -
ALISEIAING VIEWMO) 40 (7o 71 iz [ e vores e
( . 8 TP LY T~
\HOLVAYISEO TWDID0T039 INOWYT W) pihme Sumdai] e vavn A
N 9 £DvNING
- U ~NowuwomoS
BWIOK G
ANUNWBERY  AWLgv
U “\fz_m i i 1590 W!A,
LiLER *
] X iﬂx
¢ 8 X . 15 wagioebs woms . %0
% — -.ﬂﬂ H soenE wweavvhs  § oo
. - o ,
> N —
t\\ S, S
) i
— (Dl B — L
VLY PR A I
2 i
X p Y B, % . % LT,
! : e A™eena : . t e ¢ o ;
. 21% e e (0 i MG QE V0B t 1 e - 8
\ (& AR e ¥ % N
s SN O
, m s -
~ ,‘* V\ - Baou .f _ aww1>  msofy ?n“ __ -1”
//: o3| 5 a 70“ :
s e ’ VAN

. l!..
BREBTARLBE L0

>

zvaovhe  vemig revg Y,
"

M |
w.
|

BEVYD BAVWEIAYD WLlM
AvOd  sswhls o)
&

A0Sy _ F m

RO LB DS 20 M WILLBTY

S e

m .
|
T :
~ ﬁ%\/\\\\\\ {.l-n\.ﬁ’lyi\\?! R

—




31.

Figure 4.5. Concrete saddles for the Techite pipe anchoring system.
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Figure 4.6. Techite fiberglass pipe. Drawing on next page.

Diver installing concrete saddle to
anchor Techite pipe.
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From this point on, all pipe and fittings are made of PVC. Each
pipe has a 3" ball shut valve before connection to the manifold. The
valves are normally open; they are closed only when samples of water are
taken from each line for chemical analysis to monitor the integrity of
the lines and also to observe the minor if any seasonal fluctuations
of the nutrient content.

An overall schematic drawing of the pipeline is shown in Figure
4.7.

The Tines converge at the shoreline and, each with a ball shutoff
valve, are manifolded to a single header leading to the inlet of one of
two glass lined centrifugal pumps which are at an elevation of 38" (96.5
cm) above normal sea level. The annual sea level variation in this area
is 12" (30.5 cm) or Tess,

The system is equipped with two pumps (Goulds Pump Co., Model 3708)
arranged in parallel and valved on both the suction and discharge sides
for rapid switch to the standby pump in case of emergency and for routine
preventive maintenance. A 300 gal (1135 1) polyethylene priming tank is
mounted on an elevated platform outside of the pump house.

The pump house also contains the aeration pumps, the electrical
panels and switches.

The shallow section of the deep water pipelines are inspected each
month by a team of divers to a depth of 20 m.

This system has given extremely reliable operation from its installa-

tion in May 1972 until the end of the Model II pilot shellfish plant operation.



Figure 4.7. Deepwater pipeline schematic.
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$n October 10, 1978, the 4" PWC pipe linking the valving manifold

~at the’shore terminal of the three pipelines to the deep sea water

pump showed a number of hairline cracks due to exposure of the PVC pipeline
for a period of six and one-half years to sunlight. Replacing this 4" PVC
line caused the first significant interruption in the deep sea water supply
since the installation of the pipelines in May 1972, After installation

of the new 4" line, (above sea level) it was shielded from direct sunlight
to avoid repetition of this problem.

The deep sea water supply coming up through each of the pipelines was
sampled weekly and analyzed for nitrate, nitrite, phosphate and silicate.
The salinity was also determined. The results of these analyses indicated
that the pipelines had remained intact throughout the period.

4.7 SEA WATER DISTRIBUTION -

4.2.1 CONSTANT HEAD DEVICE

From either of the two pumps (the other being a standby)
a 3" Schedule 40 PVC line leads to a 6" PVC tee into whose vertical branch is
fixed a 6" PVC stand pipe holding a concentrical 3" PVC internal drain
whose upper end is at an elevation of 29 feet ASL (8.7 m). Since the
pump provides ca 15% more flow than is required, a constant head pressure
is provided. The drain pipe exits through the side wall of the stand pipe
at a height to permit filling of an elevated tank having a capacity of 528
gallons (2000 1) thus providing a source of "secondary" deep water for
fi11ing inoculum tanks, cleaning and other intermittent uses without dis-
turbing the constant head of the "primary" deep water which permits accurate

continuous controlled flow through fixed diameter orifices.



2z

e s A

yThgﬁsecondary water storage tank is fitted with an over flow stand
pipe and excess flow is conducted through a filter bed before returning
to sea. The tank is tightly covered to eliminate sunlight and hence un-
wanted a]gée growth. The stand pipe is capped with a 6" PVC cap and a
11/2" double elbowed vent Tine turned downward for the same purpose. The
standpipe is shown in Figure 4.8.
4.2.7 POOL SUPPLY FLOW REGULATION ‘

From the discharge run of the 6" tee at the lower end
of the stand pipe a 3" PVC header leads to the two algae pools. From
this header, 1 1/2"PVC lines, with ball shutoff valves bring the water
to the pools through an orifice plate which is fixed in place by half of
a 1 1/2'PVC union. This system is detailed in Figure 4.9. Figure 4.10
details the orifice sizes used. Table 4.1 shows the flow control data
through the orifices.

4.3 DESCRIPTION OF THE ALGAL POOLS
The two pools, of reinforced concrete are rectangular and
have sloping sides of 45°. At the rim, they measure 35'-6 (10.8 m) by
19'-7 (5.97 m) the depth is 4' (1.22 m) providing a working capacity of
50,000 1. A 1 m PVC stand pipe extends to the working level and any
overflow drop in level indicates an imbalance in the overall system.
The stand pipe is pulled for draining for periodic cleaning, the drain-

age lines lead to an underground filter bed.



Figure 4.8. "Constant-head" standpipe.
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Figure 4.9. Diagram of the deep seawater flow-through the mariculture

system. Drawing on next page.

Phytoplankton Pools
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ﬂ—Air Vent FLOW CONTROL DATA
ﬂ CONTROL DIAMETER
POINT ORIFICE ™n T om.
.380 .965
ALGAL POOL A -
INFLOW 390 | .991
Internal Drain MIXING TANK
INFLOW B 737 1.87
{3 TOTAL)
SHELLFISH
C 279 .709
To Storage Tank . g2 | : TANK INFLOW
Stand Pipe ——— &
Mixing Tank
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Figure 4.10.

Orifice detail.
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TABLE 4.1  FLOW CONTROL DATA

46.

ORIFICE

CONTROL POINT DIAMETER FLOW RATE

IN SYSTEM INCHES CM G.P.M. £/m  L/sec
Deep water
through orifice
to pool .380 . 965 10.54 39.9  .665
Mixing tank
through orifice
to trough .
(1/2 total) .737 1.87 10.54 39.9 .665
Trough through
orifice to
shellfish tank .279 .709

.79 3.0 .050
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4.4 DISTRIBUTION O#W}HE ALGAL POOL CULTURES AND SHELLFISH AREA
Submerged pumps are used to pump the pool cultures from

the nools to the shellfish area. A total of three pumps are used in
each pool: Two in series to obtain the required pressure and the third
to increase the flow. The rate of flow is governed by the positioning
of ball shut-off valves placed in each of the 1 1/2'PVC lines. The
pumps have magnetically coupled impellors. Downstream of the control
valves, the pool water enters the covered shellfish area where it is
directed to an elevated mixing tank and from there enters a 2" PVC header
with two branches, each with a fixed diameter discharge orifice, which
directs the water to an "open" 6" PVC distribution trough.

Each trough services 14 shellfish tanks arranged in two rows of
seven each. A detail is represented in Figure 4.11. The troughs are
elevated and positioned between the two rows. Seven 1" tees on 37"
center are cemented into holes in the underside of the trough of a size
to accept the branch of the tees, the tees are placed at an angle. In
the runs of the tees are cemented a length of 1" pipe. A 1" cap, drilled
through the end to provide a fixed orifice, is pressed over the 1" pipe
to overcome the difficulty of producing 28 identically sized orifices,
the caps are drilled off center to allow "fine tuning” by rotating the
cap and then marking the proper position.

The angle at which the tees are cemented into the trough plus the

length of the horizontal 1" pipes cause the jet of water to impinge at



Figure 4.11. Details of pilot-plant shellfish area.

Drawing on next page.
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the proper distanée'From the center of the circular shellfish t;hks to
impart rotation of the water and promote the flow of floating matter toward
the center. The shellfish tanks, (Figure 4.12) made of fiberalass are
26" (66 cm) inside diameter, 6" (15.2 cm) inside depth and have a top
flange making the overall diameter 28 3/8" (72 cm), wall thickness is
3/16" (.47 cm). A 1" PVC coupling is epoxied into the bottom to provide
a socket for a 1" standpipe (which maintains a 3.54" (9 cm) water depth)
and a drain Tine. The tank working volume is 9.24 gal (35 1).

A fiberglass cover, 29 7/8" (75.9 cm) outside diameter, with a
1/2" (1.27 cm) turned down 1ip, also 3/16" thick is fitted with three
riser blocks to center it over the tank and provide ventilation but re-
duce the entry of light to reduce unwanted algae growth. The cover also
has a scooped opening which covers the incoming water jet and the ori-
fice for the same purpose. The tank drain pipes consist of a 1" PVC
electrical 45° sweep which can be rotated for sampling. Normally the
overflow is conducted to a system of open gutters leading to drainage

lines to underground sand bed before returning to sea.

4.5 CLEANING
Since the primary deep water system is enclosed and the deep
water itself is clean, the only cleaning required is that of the pool
filling orifice plate which is easily removed by unscrewing the union nut.
The pools are periodically drained and scrubbed down with a chlorine
solution and rinsed with deep water. The submersible pumps are immersed

in a chlorine solution and rinsed during the downtime.



Figure 4.12. Fiberglass shellfish tank. Drawing on next page.
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The pool algal distribution system, however, which is exposed af-
ter reaching the mixing tank, requires periodic cleaning. For this pur-
pose, a second mixing tank and header are on hand. The distribution
troughs, while described as "open', are made of 6" PVC pipe with access
holes with fitted caps over each of the seven discharge points and also
with loose caps at each end. The cap at the entry end has a 1 1/4" pyC
45% electrical sweep cemented off center to just clear the inside wall
of the 6" pipe and directed upward to deenergize the water received from
the nozzle and thus provide a uniform water level over the length of the
trough (Figure 4.11, Section A-4). A1l of these features permit cleaning

of the interior surfaces with bottle brushes.

4.6 DESCRIPTION OF THE AERATION SYSTEM

Two graphite vane pumps (Conde Milking Machine Company No. 3)
in parallel supply air to the algal pools and to the inoculum tanks.

The introduction of air to the pools is through a 1" PVC pipe re-
strained by 6" concrete column blocks at a height of approximately 4 1/2"
(11.4 cm) off the bottom. This pipe is placed along the long centerline
of the pool and has holes drilled at regular intervals through the bottom
element. The inlet end of the pipe is elbowed up 45° for the attachment
of a rubber hose. The blind end has a stabilizing cross bar made up of
a tee and two short capped off pipes.

The air to the inoculum tanks is introduced through an assembly

made of 1/2" PVC pipe and consists of a vertical leg teed into an
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octagonal ring and a 45° reinforcing bar teed into the ring and elbowed
and teed into the vertical Teg. An epoxied concrete cylinder placed on
the vertical leg provides negative bouyancy. Forty holes 0.041" (0.104
cm) diameter are drilled into the bottom element of the pipes making up

the octagon. The aeration system is shown in Figure 4.13.

4.7 DESCRIPTION OF ELECTRICAL SYSTEM
The standard power supply is from the Virgin Islands Water &

Power Authority and comes to the station in the form of two separate sin-
gle phase supplies providing an "open A" three phase network.

In the case of failure of this power, an automatic transfer system
starts one of two standby emergency diesel powered generators. These
are 15 kw units, Fermont Model MB-16.

THe distribution of the 3 phase current is through a 4-wire system.

Three phase power is supplied to the deep water pumps and to the
aeration pumps. The submersible pumps are on single phase and this sys-
tem includes automatic ground fault switches to prevent injury to personnel.

A time delay automatic contactor in the circuit feeding the deep wa-
ter pumps disconnects the pump motors should there be a failure of power
supply for a period of more than 30 seconds. This prevents the pumps

restarting unprimed upon resumption of power.

4.8 GENERAL
Table 4.2 Tists the conversion of pipe sizes in inches to

centimeters.



Figure 4.13.

Inoculum tank aeration system.
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TABLE 4.2  CONVERSION OF PIPE SIZES TO METRIC

NOMINAL SCHEDULE OUTSIDE DIAMETER WALL THICKNESS (Nom.

DIAMETER No Inches Cm Inches Cm
1/2 40 .840 2.13 .109 277
3/4 40 1.050 2.67 .113 .287

1 40 1.315 3.34 113 .338
11/4 40 1.660 4.22 .140 .356
11/2 40 1.900 4.83 .145 .368
2 40 2.375 6.03 .154 .391

3 40 3.5 8.89 .216 .549

4 80 3.5 8.89 .300 .762

4 40 4.5 11.43 237 .602

6 40 6.625 16.83 .280 711
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Table 4.3 gives a listing of the major components used in the
system and their sources. A schematic representation of the overall

system is shown in Figure 4.14.



TABLE 4.3.

LISTING OF MAJOR COMPONENTS AND SOURCES

59.

ITEM

SOURCE

MODEL NO.

Sea Water Pumps
Aeration Pump

Submersible Pump

PVC Valves, Fittings
& Pipe

Inoculum Mixing &
Priming Tanks

Shellfish Tanks

Sea Water Pipelines
Abrasion Resistant Hose

Surf Zone Conduit

Anchoring Bars &
Grounding Sleeves

Grout Additive
Anchoring hardware

& chain

Kellems grips

Hose & weight clamps

Weld protection yokes

Bouyancy float

Goulds Pump Co.

Seneca Falls, N.Y. 13148

Conde Milking Mach. Co.
Sherrill, N.Y. 13461

Little Giant Pump Co.

(Distributor - Harry Alter,

Chicago, I11.

Plastic Pining Systems
169 Freling Huysen Ave,
Newark, N.J. 07114
Nalgene

H&M Systems

St. Thomas, U.S.V.I.
Dupont

Gates Rubber Co.

Techite Division

United Aircraft Products Co.

California

Perfo Division

SIKA Chemical Corp.
Lyndhurst, N.J. 07071

SIKA Chemical Corp.
Lyndhurst, N.J. 07071

Schnitzer
Kellems

Punch-Lok

Corning Glass
Corning, N.Y.

No. 3703 -- Glass lined

No. 3 -- assembled for
use as a blower

No. 4 SiD

Fisher Scientific

Special

3" Schedule 30
3 1/2" x 1/8" wall
14" "Techite"

1 1/4" (for 1" bars in
1.1/2" hole)

SIKA set

o o

No. 020-20-1311
No. 0-30-S
Special (DWG £-2216)

16" didmeter




Figure 4.14.

Schematic representation of the mariculture facility.
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5 PHYTOPLANKTON PRODUCTION

5.1 INTRODUCTION

In this section, the results of one-hundred (100) phytoplankton

pool cultures operatedvover the period 7/3}7év;; 10/10/78 a;e described
and analyzed. Separate treatment of cultures activated over the veriod
encompassing the Model II shellfish idemonstration project (10/8/77 --
10/10/78) is also included. In addition, results of deep-sea water
sampling over the period 1972-1973 are described.

In general, it is the purpose of this section to describe how these
algal cultures were initiated and maintained, and to report the results
obtained. Emphasis is placed on the production of algal protein and the
efficiency with which available deep water inorganic 'nitrogen' was con-
verted to particulate protein-nitrogen. The conversion of available
(incident) solar radiation to usable biomass is also estimated.

These data do not represent a means for direct extrapolation to
Targe (commercial)-scale operations. Since the two pools used for these
studies are only 1 m. deep, production is nutrient--rather than Tight-Timited,
and the technical description predicts much greater production per unit area
at large scale in deeper pools than was obtained with the 1 m. deep pools in
St. Croix. Thus the pools are not a model or mimic of larger-scale opera-
tions and are thus not, strictly speaking, a pilot-level operation. Actual
production to be expected at commercial scale can be derived from the
technical description assuming the latter is sufficiently precise for pro-

posed conditions at large scale.
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The two pools were used to provide food to fhe second trophic
level, and were not operated with the intention of providing experi-
mental support or verification of the phytoplankton technical description.
The number of treatments possible with the two pools is generally inadequate
for the systematic variation necessary for such evaluation, and the
necessity of providing food often required non-systematic changes in
procedures. However, all procedures were systematized over the period
10/8/77 -- 10/10/78, and significant variation in food supply to the
shellfish resulted. Finally, it should be noted that culture 'crash' or
mass cell death, necessitating pool scrubbing and reinoculation constitutes
a problem so that both pools were "active" (supplying food to the shellfish)
for 83% of the time for the period from 10/8/77 until 10/10/78. Seventeen
percent (17%) of the time was taken by draining, scrubbing, reinoculation
and start-up of the pool cultures. Neither the present technical description
nor any of those models surveyed in the literature provide a prediction or
understanding of these culture crashes.

In summary, the pool data reported provide a means for determining
the relationship between various monitored parameters. Further, we may
determine if the results are in substantial agreement or disagreement with
the basic assumptions of the model. The data may also be used to determine
the relative degree of stability or invariancy in output obtainable under
outdoor conditions with the use of the systematic set of procedures described
below. Another use of the data is to provide a tight budgeting of food
availability to the second trophic level (shellfish), thus providing the

basis of an evaluation of its conversion efficiency. Finally, the data
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can be used to determine which parameters are most effective for
monitoring the system and to point to those areas related to phyto-
plankton production requiring immediate or Tong-term research efforts.

These issues are treated in the concluding parts to this section.

5.2 INCOMING DEEP SEA WATER
5.2.1 INTRODUCTION

In this section, selected physical, chemical and bio-
logical properties of the Antarctic Intermediate ("Deep") Water Mass, used as
the nutrient source for the microalgae, are reviewed. A knowledge of
these characteristics is crucial for an adequate evaluation of the study
described in this report. The absolute temperature of the deep water
and its thermal stability over time are of central importance for an
evaluation of the utilizable thermal energy to be gained throuch use of
an Ocean Thermal Energy (OTEC) plant. Temperature also influences |
biological activity at all trophic levels. Both salinity and temperature
play a significant role in determinfng the fate of deep sea water discharged
into open bays or into the open sea (see Laurence and Roels, 1976, Marine
Pastures, ERDA). The biological composition of deep water (the snecies
and concentration of organisms present in the water) will affect a
combined OTEC/mariculture operation in various ways. It is important for
an understanding of OTEC heat exchanger bfofou1ing, for species succession
and possible contamination in the microalgae ponds, and for a consideration
of potential disease and fouling problems at all subsequent (higher) trophic

levels,
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The nutrient concentration of the deep sea water, its constant
composition and the absence of pollutants, predators and disease-
bearing organisms make it a uniquely suitable medium for Artifical
Upwelling mariculture. At the St. Croix Marine Station, the incoming
deep water is sampled for dissolved inorganic nutrients on a routine
basis. This permits verification of pipeline structural integrity
(through comparison to baseline, or expected values) and providas a
quantitative basis for estimating the absolute Timits to nutrient
availability and thus, to the amount of cytoplasm which can be produced
by the microalgae grown in it, per unit volume of deep water pumsed.

Nutrient-Timitation of batch cultures of the diatom Chaetcceros
curvisetus, STX-167, grown in Antarctic Intermediate seawater, was
investigated. A factorial nutrient enrichment experiment indicated
simultaneous nutrient-limitation by phosphate and nitrate with synergistic
involvement of various vitamins and trace metals. A copy of the paper
descriﬁing éﬁ;sAstudy is avai1ablevin Appendix C; Since one of the
primary aims 6f the ubwe11ing procéss is the production of hign-quality
plant and animal protein, and since most (over 90%) of the incorporated
inorganic ‘nitrogen’ is transformed into protein, an analysis of the
amount of available deep sea water inorganic 'nitrogen' and the efficiency
with which it is transformed into plant and subsequently into animal,
protein represents the chief means by wh{ch the over-all productivity
and efficiency of the mariculture system is evaluated. For these reasons

complete data on the nutrient concentration of the deep water zare

important.
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5.2.2 METHODS AND MATERTALS
The St. Croix Marine Station is located ca. 3 km due
north of 17014'N, 64967'W. Three polyethylene pipelines, each with an internal
diameter of 3 in., and a Tength of 1.9 km, were installed on May 29,
September 3 and September 29, 1972, respectively. The three intakes
are situated approximately 1.6 km offshore at a depth of ca. 370 meters.
The intakes are known to be separated both vertically and horizontally
in the water mass. The three lines have brought up a continuous f1ow
of deen water since 1972; total flow is at present 250 liters/minute.
The two 50,000 Titer pools require Tess than 100 Titers/minute, while the
twenty 2,000 liter 'reactors' require less than 50 Titers/minute. The
remaining water is used to maintain an adequate head and is returned to
sea. At periodic intervals, this water is also used for cleaning.
A manifold arrangement constructed of PVC and Tocated near the
shoreline allows for the sampling or use of water from any combination of

1, 2, or 3 pipelines.

5.2.2.1 SAMPLING, 1972-1978
In the years immediately following pipeline

installation (1973-1975), sampling for salinity and for macronutrient con-
centration was both intensive and extensive. In addition, variations in
biological parameters such as Ch]orophy1{ a were occasionally determined
over short (24 hour) intervals. As the mariculture goals of the labaratory
were successively accomplished and the stability of the deep water supply
was made manifest, sampling was reduced in scope and was carried out with

Tonger intervals between sampling.
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Generally, samples for macronutrient composition were taken in
replicate from each pipeline at weekly intervals over the period 1373-
1978. Sampling for phosphate and silicate were taken routinely and
aperiodically during the 1976-1977 year (see results below), but were
resumed on a weekly basis for the following year. For these analyses
a 4 Titer sample from each line was first obtained. Aliquots (ca. 250 ml)
were filtered through Gelman type A/E glass fiber filters (47 mm., 0.45u)
at 8" Hg immediately after sampling. Samples for nitrate, nitrite and
ammonia were stored in glass bottles and samples for silicate and
phosphate were placed in plastic bottles. A1l weekly samples were frozen
and removed at monthly intervals for chemical determinations. For analysis,
a Technicon Autoanalyzer II with standard manifolds was used. Standard
Technicon chemical methodology was used but a modification of the phosphate
method, according to Berhardt and Wilhelms (1967), was introduced in 1974.

Samples for salinity determinations were taken from the 4 liter
sample used for chemical determinations over the perjod 1972-15875, but
were discontinued thereafter. Aperiodic checks on the deep water were
made since that time but results were not recorded; virtually no changes
were found. Salinity was determined either by titration according to a
modi fied version of the method described by Strickland and Parsons (1972),
or by using a Hytech bench-type inductive salinometer.

Deep sea water (DSW) temperature as delivered by the pump at the
surface was recorded at 0800 and 1490 hours daily, using a hand-held
centigrade thermometer. Data for the period 1976-1978 were recorded in

machine readable format and are reported here.
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wpm it

Turbidity measurements, were done daily on a combined DSW
sample over the period 2/2/77 -- 8/1/77, using an 800 ml sample and
a Monitek model 250 turbidimeter. Samples were calibrated against.a
diatomaceous earth standard.

The presence of microorganisms in the deep water was studied
most extensively in 1977 (coincident with turbidity readings) and
determined at various intervals over the period 1972-1978. Generally,
samples of DSW were treated with Lugol's solution and settled in a
plexiglass chamber. Following settling and removal of the top 99% of
the sample, the remainder was sampled for microscopic review. Another
technique used was to add unfiltered DSW to a 50 ml Erlenmeyer flask
containing Guillard's "F/2" enrichment medium. The flasks were then
kept at low Tight at ca. 259C for various periods and sampled aseptically
to determine microalgae and zooplankton present. These studies generally
identified genus only. Because of the very low concentration of organisms
in the DSW, no attempts were made to quantify their relative or absolute

abundance.

5.2.3 RESULTS
Table 5.1 illustrates summary physical and chemical
measurements on the DSW over the period 1973-1978.
The 678 salinity measurements made over the period 1973-1975 indi-
cate a very high degree of stability in regard to this parameter. Since
salinity often varies by large amounts in estuaries and other off-shore

environments commonly used as sources of water for mariculture (daily fluc-
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AY

tuations of 5 °/oo and seasonal fluctuations of 20 °/00 or more are com-
mon), this extreme stability provides a virtually unmatched water quality.
Routine salinity analyses were discontinued in 1975, but periodic checks
since that time have indicated no detectable variation over mean values
obtained during 1973-1975.

The measured DSW temperature delivered at the surface is the result
of significant heat-transfer from the water surrounding the small diameter
pipelines and is ca. 15°C warmer than is the in situ temperature (6.7°C).
Nevertheless, the measured DSW temperature of 21.1 : 0.97°C indicates a
high degree of stability in regard to this parameter.

Macronutrient measurements also indicate a very high degree of
stability over the 6 year period.

Separate nitrite (NDé—N) measurements were discontinued in 1976 as
over 99.9% of the total (Nog + NOé) - N is comprised of Nog - N.

Note that for all measurements some variation over the years is no-
ticeable, and that this coincidesAwith an increased intra-year standard
deviation. Because a single technician performed the measurements during
1973-1974 while four (4) technicians performed the later analyses, this
increased variation does probably not reflect changes in deep water in-
organic nutrients. Rather, measurement error is probably the main source
of variation. In the absence of more information, the very low deviation
around values obtained over the 1973-1974 period, indicates that these
numbers should be accepted as "standard" values. We doubt that any signi-

ficant variation in macronutrient concentration exists.
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The nutrient content of water from the individual pipelines is
tabulated for the periods 1976-1977 and 1977-1978 in Table 5.2. The
three pipelines represent three different sampling areas and the high
consistency between mean values for each of the lines, for each of the
four macronutrients, reflects the stability of the Antarctic Inter-
mediate water mass with respect to these chemical parameters.

In contrast to the very consistent physical and chemical features
of the deep water, all biological measurements to date indicate a quanti-
tatively low but highly variable composition.

Organisms identified in deep sea water samples to date include

Amphora coffaeiformis (see Anderson, 1975), various Bellerochea sp. in-

cluding Bellerochea polymorpha, a diverse population of Chaetoceros sp.

including Chaetoceros curvisetus, Navicula sp., Nitszchia closterium,

Nitszchia pacifica and various other Nitszchia sp., and various uniden-

tified microflagellates. Various types of bacteria have also been iden-
tified in deep water samples. '

There has been no systematic attempt to determine the full range of
organisms present in the deep water, nor is a precise knowledge of this
concentration known. Because the actual number of species is probably
great (and may include as yet unidentified sexual forms of known species),
because their concentration i; very low (total particulate matter in DSW
is invariably below 0.2 ppm), and because all evidence to date indicates
great variability in both species composition and concentration, a full

understanding of DSW biological composition would require an intensive

and extensive series of studies.
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5.2.4 CONCLUSTONS
This brief summary of data collected on Antarctic Inter-
mediate water pumped to the surface on the north shore of St. Croix over the
years 1972-1978 1éads to the following conclusions: |

(1) Structural integrity of all three (3) polyethylene lines to
a depth of 870 m. has been maintained over a six year period.

(2) Physical and chemical measurements indicate a very high degree
of stability over time. The thermal and chemical composition of the wa-
ter mass may be assumed to be constant.

(3) Biological composition is generally unexplored, but the con-
centration of living material is Tow, with a high degree of variability.

Implications of DSW biology on mariculture remain to be investigated.

5.3 THE CONVERSION OF DEEP WATER INORGANIC NITROGEN ALGAL
PROTEIN-NTTROGEN
5.3.1 METHODS AND MATERIALS
Appendix D is a detailed set of operating procedures
for the initiation of large (50,000 liter) outdoor mass algal cultures
at the St. Croix Marine Station.
This is a generalized set of procedures and a number of minor modi-
. fications have been employed during the period of time covered by this
report (7/76-10/78). Generally, many éttempts have been made to introduce
time, labor and energy savings at one or more steps in the process. Over
the period 10/11/77--10/11/78, during which the operation was run in a

fully documented and systematic fashion, such modifications were introduced
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when it appeared that major cost savings could result if these changes
were employed at large scale. These changes were documented in the
quarterly reports to the agency for the 1977-78 year, and will not be
described in this report. However, it should be noted that the proce-
dures outlined in Appendix D are a full and highly reliable methodology
for initiating outdoor cultures but that they do not stem from an expli-
cit theoretical treatment of the subject. As such, they represent a
summary of one, but by no means the only, series of steps which can be
used, and are based generally on practical experience.

The revised phytoplankton technical description has been employed
as a means of testing various inoculation procedures notably, through
manipulation of volume of water nutrient concentration, algal (protein) -
inoculum concentration, and duration between transfers. Results of more
investigations are not sufficiently complete for inclusion here but it
has been shown that the model will be valuable for determining efficient
and cost-effective methods for inoculation procedures at large scale.

It is important to realize that the predictions based on the theoretical
model are used as inputs to the economic analysis, and not the actual
procedures used in St. Croix and described in Appendix D.

Because the methodology used for initiating and sustaining the out-
door mass algal cultures is described in detail in Appendix D and may be
found in several previous reports to tﬁe agency, only selected principal
features of these methods will be described here.

The general technique is described in Figure 5.1.
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The following points concerning this technique should be noted:

(1) The residence time in each stage is determined by the initial
size of the inoculum (cellular protein), the volume of the vessel (volume
of media), media concentration, and the growth rate of the organism (Ks)’
As noted above, the actual schedules used to date are based on experience,
but the revised technical description allows for a quantitative prediction
of the increase in cellular protein in time, given any set of inoculum
size, vessel size, organism growth rate, and concentration of Timiting
nutrient in the media (for continuous flow, inflow rate, and outflow rate
can be manipulated).

(2) The transfer schedule used is dictated by practical considera-
tions such as personnel availability and by the reliability of the cul-
tures. This Tlatter factor dictates the need for back-up cultures. At
the scale used in St. Croix, multiple cultures are prepared easily at
low cost. At commercial scale, a much more precise analysis of reliabil-
ity would be required to keep redundancy to a minimum. This is of great
importance as economic analysis indicates that inoculation costs are a
large portion of total production costs.

(3) The location of the vessels is subject to change and may be
different depending on the layout of the facility and on other practical
considerations. For example, there is no a priori reason for the smaller
vessels to be within a Taboratory environment. (During small scale exper-
iments carboys often have been kept outdoors with shading during full sun-
Tight.) Further, some of the stages may be eliminated entirely (especially

the large flask stage).
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(4) The need for sterility is also somewhat dependent on practical
considerations. At the St. Croix lab, all vessels of 16 liter size and
less are autoclaved. Because the deep water does contain various types
of phytoplankton and bacteria, research goals are best accomplished with
a highly controlled, axenic culture system. Less expensive methods (heat
probes and/or use of chemicals such as hypochlorite) have been used suc-
cessfully. At large scale, sterility is entirely impracticable.

(5) Light conditions may be varied considerably. The Tight cycle
used in the laboratory in St. Croix is based on practical experience and
convenience. Laboratory Tight cycles of 12 hours on/12 hours off have
been successfully employed and may preadapt the cultures to outdoor con-
ditions. The revised technical description does not provide any input
for the optimization of Tight variables. The time of inpculation for
polytank and pool cultures (1530 hours) is dictated by the fact that
morning and early afternoon sunlight may be too intense for the alga,
and might result in bleaching of the chlorophyll.

(6) The temperatures used are species-specific. STX-167 grows
well between 20 and 27°C, while growth slows outside this range. Tempera-
ture variables are a simple extension of the revised technical description.

(7) The concentration of nutrients in the media is also subject to
variation. Since one of the prime goals of the Artificial Upwelling pro-
cess is the use of deep water as the oniy nutrient source, the use of en-
riched sea water in the laboratory is not necessarily desirable. In the
past, a number of pools have been inoculated following a series of trans-

fers in deep water only; the residence time in each stage is, of course,
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increased. The addition of CO2 to highly enriched cultures ("F" Tevel
and above) has also been accomplished and results in very rapid growth

and a very dense inoculum for the succeeding stage (71.0 x 108

cells/
Titer), with a consequent reduction in residence time and/or vessel size.
In general, the case of nutrient supplementation may be analyzed quanti-
tatively through the use of the revised technical description and its
use at commercial scale is dependent upon economic and practical considera-
tion.

The system used to maintain the phytoplankton cultures, including
the flow-regulation system, pools, air system is described in Appendix
D. It is important to re-emphasize the point thap the St. Croix system
is not a scaled-down version, model or mimic of any proposed system.
Thus a commercial scale system would fequire engineering appropriate to

the change in scale and to changes in techniques dictated by practical

and economic constraints.

5.3.2 RESULTS
This section summarizes the results obtained when the
mass algal outdoor cultures in St. Croix are operated according to the
procedures described above.

Sinée production in the pilot system is nitrogen Timited and since
the final product of both trophic levels is protein, the production of
algal protein and the efficiency with which deep water inorganic nitro-
gen was converted to protein-nitrogen is emphasized in this section. Es-

sential features of the cultures are described and significant problems
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with the process are reviewed.

Over the period from July 1976 through October 1978, one hundred
(100) monocultures were activated. Inoculations which failed to result
in an activated culture (operation on invariant, continuous flow) were
not given a culture number. Thus, the extra time required to initiate
the following culture increased the mean down-time between cultures.

5.3.2.1 REPRESENTATIVE CULTURES
Figures 5.2 A, B, and C illustrate examples
respectively of a rapidly collapsing culture, a typical or average culture,
and a highly stable, long-lasting culture. These cultures were chosen
for illustrative purposes only.

Similar gfabﬁs forAéééﬁ of the 100 cultures are on file and are
available. The graphs display a curvilinear fit (spline function) to
measurements taken on dissolved inorganic ammonia, dissolved inoraanic
nitrate and nitrite, particulate protein-nitrogen, cell density and
temperature of the culture. Ambient (air) temperature and integrated
1ight values alsoc are shown.

The following general points should be noted:

(1) For all three cultures, ammonia-nitrogen values are consistently
low (generally below 2ugat 1'])s but rarely approach zero. In general,
ammonia values in the pool cultures did not deviate significantly from
deep water concentrations. As discussed below, this supports the observa-
tion that STX-167 did not make use of ammonia as a nitrogen source.

(2) Particulate protein-nitrogen and dissolved inorganic (nitrate +



Figure 5.2 A

Legend:

Representative unstable culture

Solid green line: Particulate Protein-N ug atoms 1~

Solid red line: (NO3' + NOZ") - N ug atoms 171

Solid black Tine: Number of cells m1™!
Solid blue Tine: (NHy + NH,") - N ug atoms 17!
Dashed red 1ine: Air temperature %

Dashed blue line: Nater temperature in the pools %

Green vertical bars: Irradiance (watts/hr/mz)
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Figure 5.2 B

Representative typical culture.
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Figure 5.2 C

Representative stable culture.
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nitrite) demonétrate a high degree of within and between culture varia-
tion.

(3) Concentrations of PPN and total DIN appear to be strongly and
inversely correlated. As supported by more complete and quantitative
evidence below, this indicates a marked preference of STX-167 for nitrate
over ammonia as the nitrogen source, at least in the St. Croix system.

(4) Cell-density generally correlates positively with PPN concen-
trations, but displays more variation. Potential implications are dis-
cussed below.

(5) Culture temperature is a smoothly varying function with a sig-
nificant increase in P.M. (1400) vs. A.M. (0800) readings. The potential
influence of temperature on culture stability is also discussed below.

(6) There appears to be no simple or obvious correlations between
the environmental observations and either instantaneous or total culture
protein production.

From both the technical and ecdnomic point of view, the culture
characteristics of most concern fbcus on maximum sustainable protein
production. This, in turn, depends upon the maximum instantaneous yield
and the longevity of the culture.

Figure A is an example of a highly unstable and short-Tived culture.
Although the culture was on a constant dilution rate, protein-nitrogen
concentration increased steadily for the first 4 days, reached a peak, and
declined thereafter. The peak in protein-nitrogen production is accompanied

by a reduction of inorganic nitrate + nitrite to negligible levels.
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This culture was inactivated after 7 days because of the need to
maintain sufficient food to the shellfish. However, other, similar cul-
tures which have remained activated showed a continued decline in protein
concentration, accompanied by an increase in the number of dead cells de-
tected, levels of (nitrate + nitrite) to near deep sea water values and
contamination with unwanted species, generally pennate diatoms and pro-
tozoans, and by an increase in observable bacterial levels. No recovery
of production in such cultures has been observed but a resurgence of
production by Chaetoceros may occur given sufficient time or adequate
control measure.

Figure B demonstrates a similar but more typical pattern. Protein
production increases gradually, then declines after reaching a peak. The
nearly complete conversation.of available deep water 'nitrogen' to pro-
tein-nitrogen at the peak of production is a common if short-Tived phenom-
enon and speaks well for the potential productivity of the system.

The gradual increase in PPN concentration as illustrated by cultures
77 and 13 (Figures A & B) is noteworthy for two reasons.

First, this implies that at the flow-rates employed (1.15 dilutions/
day*1), the organism can grow at significantly faster rates for periods of
days. Increasing protein concentration has been observed in cultures with

1

dilution rates exceeding 1.5 day™ ', so the maximum sustainable division

rate of the diatom may exceed this value. A general increase in dilution
rate is therefore possible and, if no detriment to culture Tongevity re-

sults, an increase in protein production would occur.
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The phenomenon also implies that steady-state, if obtainable, may
take a period of days to occur. This is very important, especially if
greater control over cultures (by manipulation of dilution rate, nutrient
supply, etc.) is considered. In fact, preliminary computer runs using
the revised phytoplankton technical description indicate that steady-
state is reached only after a period of days, indicating that feedback
control using short time intervals may be counter-productive.

Figure C, displays the results of culture #65, representing a good
culture in terms of stability and longevity.

Since economic analysis to date has indicated that inoculation costs
are a significant part of overall production costs, it is most desirable
to initiate cultures which last as long as possible. Cultures such as
#65 indicate that steady-state can be maintained for periods approaching
one month and longer. The ability to maintain a high quality monoculture
for such periods of time under constantly changing environmental condi-
tions without changes in operating procedures is remarkable. Very few
systems have achieved the ability to maintain a healthy monoculture under
outdoor conditions. The factors responsible for producing long-lasting
cultures have not yet been identified. No significant relation between
environmental parameters and culture longevity or total culture protein
production have been identified to date.

The more general problem of culture collapse will be discussed fol-
lowing a summary presentation of environmental and culture data obtained

over the period 1976-1978.
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5.3.2.2 ENVIRONMENTAL OBSERVATIONS
Table 5.3 illustrates the mean and standard
deviation of selected environmental observations on one hundred pool
cultures. For these summary data, all data points available in machine
readable format were employed.

As expected, there was a significant degree of correlation between
light, air temperature and culture temperature.

An initial linear analysis on these variables indicated that
combined a.m. and p.m. air and culture temperature readings (n = 3030)
had a coefficient of determination (RZ) of 0.47. Light, which was
integrated over 24-hour periods only, demonstrated an R2 with culture
temperature of 0.15 (n = 1383) and with air temperature (n = 1386) of
0.10. '

A partial correlation analysis indicated that low concentrations
between temperature and light readings was due to significant variation
in culture density, as measured by‘PPN content. Controlling for PPN
raised the R2 value between light and culture temperature to 0.52;
additional control over other culture variables had no significant effect
on RZ.

Incoming deep sea water temperature will be determined by the
efficiency of the ocean thermal energy c0ﬁvgrsion process, the residence
time in the pools, air temperature, wind and relative humidity. This is
important as STX-167, isolated from the deep water, has a temperature
optimum of 21 © 20C. In fact, laboratory experiments have indicated a

significant slowing of division with this diatom at temperatures exceeding
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TABLE 5.3. SUMMARY ENVIRONMENTAL OBSERVATIONS 7/76 -- 10/78.

Mean ¥ s.d. N of Data Points
Air Temperature (°C) 27.9 F 2.5 3190
Culture Temperature 24.5 * 1.7 3106
Light
(kw/hr/m2/day) 4.42 *1.39 708

1. Based on readings of a hand-held thermometer taken twice daily
@ 0800 and 1400 hours. Data for A.M. vs. P.M. values and for
individual cultures are available in machine-readable format.

2. Based on readings .5 m below surface of pool cultures at 0800
and 1400 hours daily. A.M. vs. P.M. and individual culture
data available in machine-readable format.

3. Based on 24-hour (0800-0800) readings taken from integrating
radiometer; 169.8 unitsz1.0 kw/hr/m¢/day. More detailed infor-
mation available in machine-readable format.
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270C. The actual temperature reached in the St. Croix pools often
approached this value, and mean pool temperatures were above optimum
for the organism.

The slight but statistically significant and deleterious effect
of elevated pool temperatures on the cultures was demonstrated in a
zero-order partial correlation analysis. Culture temperature was
inversely correlated with PPN (R2 = -~.1123)n and with the logqg of the
cell concentration (R2 = -.2640), while it was positively correlated
with (NO3 + NO3) concentration (RZ = 0.1274). (No significant effect
with ammonia was found which, as discussed above, was generally
unutilized by the cells). Controlling for variations in light intensity
in the partial correlations analysis increased the inverse RZ value
between pool temperature and 1oglobce11 concentration to -.3224, while
that between pool temperature and PPN was raised only slightly to -.1390.

Considering the non-systematic nature of the changes in variables
measured and the low variation in pool temperatures in general, these
results present good preliminary evidence for the notion that Tower pool
temperatures resulting from deeper pools would improve the growth and
possibly the longevity of STX-167 in outdoor culture. Of further statistical
interest would be an analysis of culture longevity and/or steady-state
conditions and fluctuations in pool temperature, especially at the higher
end of the scale and as a function of light variations. Certainly, the
possible role of elevated temperatures in the phenomenon of culture

collapse warrants more detailed experimental investigation.
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5.3.2.3 POOL CHEMISTRIES
Table 5.4 is a summary of pool chemistry
and cell density data collected over the period of July 1976 -~ October 1978.

The meaﬁ‘concéntration,bf PPN produced in the pools was
21.83 upgat 1.71 This is equivalent to a conversion efficiency of total
deep water inorganic nitrogen (31.5 ngat 1.71 s assumed) to PPN of 69%.
This conversion efficiency is identical to.that predicted by the criginal
(1976) phytoplankton technical description for 1.0 meter deep pools at a
turnover rate of 1.15 day'l. This is more a reflection of the long-term
consistency of the results obtained than it is a reflection of the adequacy
of the technical-description. However, the reason for this is that the
conversion efficiencies predicted by the original description were bhased
on emnirical meésurements made during a November-December 1975.study using
2000 Titer vessels ('reactors'), and not on a quantitative or mechanistic
understanding of algal nutrient uptake and growth. However, the long-term
predictability of conversion is important and well established; similar
summary measurements of conversion efficiency performed on pools over
various lengths of time ranging from 1 month to 1 year during the years
1975 - 1978 have indicated little deviation from this mean value.

Despite the fact that mean PPN values do not vary over the long-term,
considerable within-culture variation is a consistent observation (sce
Figures 5.2 A, B, and C above). The standard deviation of 7.55 ugat~!
is almost 35% of the mean value.

Of course, dissolved inorganic (NO§ + NOé)-N concentration over
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this Tong period of time also reflects this variation (kX = 4.8 ngat ]."1;
s.d. = 7.42 ugat 1.'1). As expected, a strong inverse linear relationship
exists between PPN and (NO3 + NO7)-N concentration. A fourth order
partial correlation analysis (controlling for cell concentration, pool
temperature, light intensity and ammonia) indicated a linear correlation
between PPN and (NO3 + NOé)-N of -.3010.

Figures 5.3 A and B illustrate simple linear functions of FPil versus
(NHZ + NH3)4N and (NO3 + NOé)-N, respectively. The high degree nf
variation in PPN concentration with virtually no- concomitant change in
ammonia content is clearly evident. The lack of a perfect inverse
correlation between PPN and (NO3 + HO§)~N concentration can be deduced
from Fiqure 5.3 B. Most of the variation around the line exists at the
higher end of the PPN scale, where (NO3 + NOp)-N concentraticn was very
low. Much of the random variation is probably due to (Nog + NOi)—N
determinations which are close to the limits of detection at high PPN
concentrations.

Another, probably more significant reason for this tyve of variation
in the correlation between the PPN values and the (NO& + NO%)—N'concentration
is that following uptake of the nitrate, and subsequent conversion to
protein, the cell may release dissolved organic nitrogen. Thus, simply
measuring PPN and (N0§ + NOé)—N content does not account for the total
nitrogen available and no perfect correlation between low (ND§ + NO, )-N
and high PPN values can be expected.

The mean total nitrogen accounted for in the pools was 27. 81 pgat L-l,

or about 88% of total inorganic deep sea water 'N' available. In fact, the



Figure 5.3 A.

Particulate protein nitrogen plotted as a functioen

of (NHZ + NH3)-N concentration.

96.
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Figure 5.3 B.

Particulate protein nitrogen plotted as a function

of (NO3 + NO§)~N concentration.
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addition of a total dissolved organic nitrogen analysis to the spectrum
of measurements employed has increased this accountability to 96%. This
provides a crude indication that total measuremént errors are above 4%
stemming probably from the lack of precision or sensitivity in the methods
used.

In any évent, the preferential uptake of nitrate over ammonia
by STX-167 under these conditions--probably due to the very low
concentration of ammonia present--apears well established. Further,
the high degree of inverse correlation between PPN and (NO§ + NOZ) -N
content indicates that the latter may be very useful for a continuous
monitoring of culture conditions, perhaps supplemented by PPN and
total dissolved organic nitrogen analyses at aperiodic intervals. Data
to date indicate that these supplemental measurements would be most
useful to verify and/or diagnosis of culture health during the latter
phase of a culture's lifetime.

Table 5.5 summarizes the data obtained and time required for
reinoculation between cultures ("down-time") and of culture Tongzvity
("activation-time"). ’

These data indicate clearly that outdoor continuous-flow cultures of

Chaetoceros curvisetus (Cleve) can be initiated and sustained using \

deep-sea water only as the culturing medium. However, the relatively 3
short mean active 1ife of the cultures (12.4 days) and the high standard '

deviation (6.2 days) points to the problem of maintaining a constant
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TABLE 5.6  SUMMARY PRODUCTION OF ALGAL PLANT PROTEIN IN THE
ARTIFICIAL UPWELLING SYSTEM JULY 1977 -- JUNE 1978.

NUMBER OF CULTURES 50 cultures

DEPTH OF PoOLS! 1m

EFFECTIVE AREA (two pools) 100 m?

MEAN TURNOVER RATEZ 1.23

MEAN PPN PRODUCTION 21.58 ugat L~1

MEAN % ACTIVATION TIME 82.86%

MEAN PROTEIN PRODUCT ION 2.22 g/mPday = 8.1 Tons/Ha/year

1

Note that pools are very shallow and thus are not light-Timited.
Areal production would increase considerably at large scale under
Tight-limited conditions.

2
Turnover rates used varied from 1.15 - 1.56 day'l.
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intensity. Light intensity was controlled through the use of neutral
density screen which regulated the surface light intensity of the cul-
tures at 3%, 20%, 30%, 46%, or 100% of the natural sunlight intensity
(IO) 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 1ight condition: 0.25, 0.70, 0.95 and 1.20 turnovers/
day. For simplicity, we discuss below the results of those cultures

in which the surface 1light intensity was 0.3 x ID only; or o = 0.3.
From these data, pool depth, Tight attenuation, turnover rates, and
hence productivity values, for an optimised algal system were con-
structed. 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, maintenance, etc., and therefore
that depth which provides 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 ourlproductivity estimates upon what at
present appears to provide the optimum cost/productivity ratio in addi-
tion to those estimates providing greatest absolute productivity.

To determine the optimised productivity estimates, differences
between the 1ight intensity at the top and bottom of the reactors at
difference dilution rates were used to éa1cu1ate the Tight attenuation
coefficient, k. From these absorbance values, a least-squares parabola

regressijon was constructed to extrapolate to other dilution rates. The
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peak absorbance value is obtained for .81 turnover/day, under these
experimental conditions. MNext, the corresponding pool depths were
calculated. The depth for a pool with 100% incident 1ight 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 defin-

ing the average light for each culture according to the expression:

I = of
av o] kz

where o = proportion of incident Tight penetrating a neutral density

screen and striking the surface of the culture;

i1lumination imnediately below the surface in the absence

—t
[

of a screen;

i

z = depth.

For the selected data, obtained for o =0.30, Iav was very close to
the theoretical 0.215 Io average light for a 100% incident light culture
with depth equal to the compensatidn depth. The compensation depth is
the depth at which energy lost through respiration is equal to energy
gained through photosynthesis. Light attenuation at that depth is 0.01.

In a second step, the depth of cultures with the same absorptivity
(k). for each turnover rate, which also "see" the same average illumination,
when subjected to unattenuated (o = 1.0) sunlight, was determined.

In these studies, direct measurements were made of cell density and

particulate nitrogen: 108 cells contained 0.388 mg particulate nitrogen.
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From these data protein concentration vs turnover rate could be estimated.
Protein concentration decreases with increasing turnover rate.

Since they are not Tinearly related there will undoubtedly be a
trade-off between increased productivity, the cost of constructing a deep
pool, and the cost of pumping large volumes of water.

The actual St. Croix pilot plant operation utilized 1 m deep pools
with a turnover rate of 1.15/day. This resulted in actual phytoplankton
protein production equivalent to 8.1 tons/Ha/year.

It was estimated that a 3 m deep pool would provide an economic
optimization between good utilization of the solar energy incident on
the surface area and cost of excavation: as pool depth increases beyond
3 m, relatively 1ittle further increase in productivity per unit surface
area is gained. A 3 m deep pool would have a turnover rate of 0.75 per
day and would produce 19.3 T of phytoplankton protein/Ha/year, allowing
for a duty cycle of 0.93 (14 days on, 1 day off).

It might be possible, of course, to achieve better utilization of
the incident solar radiation im shd]]ow pools by increasing the nutrient content
af the incoming deep sea water through the addition of fertilizer. This in turn
would increase the density of the phytoplankton cultures and might require
dilution of the phytoplankton produced prior to feeding the culture to the
shellfish. Experimentation along these lines was started during 1978 and
will be reported on separately. ’

The major problem with the phytoplankton cultures remains the un-
predictable collapse of the cultures after varying periods of time. A
basic investigation of this phenomenon is underway. A brief summary of

the results is enclosed as Appendix E.
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6 THE PRODUCTION OF CLAMS, TAPES JAPONICA

6.1 TINTRODUCTION

In this section, we turn to a discussion of the focus of
work on "Artificial Upwelling" over the 1977-1978 year. During this
year emphasis was given to a feasibility test of growing clams Tapes
japonica. Technical feasibility was evaluated through a series of
systematic observations on growth and food conversion data. These
data were also used to determine the validity of the technical descrip-
tion, which was used to perform an economic evaluation of the process.

The test can be characterized as a practical demonstration project,
While the major focus of work was on the shellfish, parallel work on
economic factors indicated that major cost items centered around primary
production.

It is important to realize that the second trophic level was not
intended to provide specific inputs for the technical description, which
serves as the quantitative, theoretical basis for economic evaluation.
Rather, the shellfish were manipuiated and fed according to a pre-existing
set of equations based on a generalized understanding of shellfish growth
functions. Since the description predicted specific weight gains as a
function of animal popu]ation parameters and food availability, it was
intended to compare these predictions with actual weight gains. This
comparison would serve to demonstrate tﬁe adequacy of the description
or to point to areas requiring revision and/or more empirical work.

Since the shellfish technical description is based on experimental
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work carried out at the laboratory between 1970 and 1975 and on a
literature review of similar work done on various species of bivalves,
the work described here is best seen as a test of scale. That is, it
was assumed that the existing equations were adequate extrapolations
from earlier, experimental-sized studies and that the process most

required practical demonstration at the largest scale possible. This

decision had important implications. Attempting to grow the maximum
amount of shellfish required, for example, that both pools be employed.
Since the cultures sometimes "crash", and because the limits to
efficient phytoplankton growth were being pushed to the maximum, fluctua-
tions in the food supply to the shellfish occurred. On one hand, this
dynamic condition made systematic monitoring difficult, and introduced
variables not necessarily accounted for in the original equations. On
the other, the production system was pushed to its limits. Since procedures
were entirely scheduled and non-routine intervention was not permitted,
any difficulties in growing the animals were assured of being demonstrated.
In short, some precision in data was sacrificed to assure that the techniques
employed were sound, and could be duplicated at any scale without fear
that similar growth could not be maintained.

In general, a highly conservative approach was taken, and the data
that were generated support the claim that the actual production obtained
is below that which might be expected at commercial scale. This is not
to say that the means for increasing such production are entirely at hand,

for our understanding of shellfish feeding and growth remains inadequate.
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Before moving to a description of the system, it should be
noted that these points can be carried specifically to certain design
features of the system, such as the shellfish tanks. Other designs
are fully compatible with the technical description, and may prove
both technically and economically superior to the design employed
for this test. An economic analysis which incorporates these design
features, however, is dealing with fewer unknowns since an actual,
adequate test has been performed. Those aspects of the actual system
used in St. Croix which have and have not been used as the basis for
economic evaluation represent the most crucial and difficult decisions
required for an adequate evaluation of commercial feasibi1ity.

In this section, we will discuss a comparison of the results obtained
in Model I and Model II pilot plants, generated respectively during 7/76--
7/77 and 10/77--10/78.

The experience gained from the problems encountered in the Model I
pilot plant led to a vastly 1mprqved design for the Model II plant.

This section is followed by a description of the Methods and Materials
in the operation of a Model Il pilot plant. ,

The following sections describe the results obtained and the chapter
concludes with a brief discussion.

6.2 COMPARISON OF RESULTS OBTAINED IN MODEL T vs. MODEL 11 PILOT

SHELLFISH PLANTS
The design and operation of the Model II (1977-1978) shellfish

area was based in part on the results of the Model I (1976-1377) pilot

demonstration. Full results of that earlier test, were described in our
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earlier report to Sea Grant for 1976-1977. The problems experienced
using Model I were:
6.2.1 CONFIGURATTION
Significant problems were encountered in cleaning the shell-

fish trays (Nestier) in the Model I pilot plant. There was a signifi-

cant build-up of fecal material. Bacterial plaques (Pseudomonas sp)

were frequently noted. A significant amount of dissolved NO3 and NO,

was taken up at the second trophic level, probably by the filamentous

algae (Enteromorpha) which accumulated on the insides of the tanks.

Cleaning of tanks was difficult and time-consuming. Flow rate control
was somewhat difficult and time consuming.

Although food chain conversion efficiency was quite good (generally
ranging from a high of 30% to a low of 5% and strongly and inversely
correlated with age and size),. the actual growth rates and conversion
efficiencies in the Model I pilot plant were generally 25-50% of that
expected,based on the original shellfish technical description.

We may summarize the results of analysis of these problems in the
context of changes which were incorporated into the new plant design.
Some of these conclusions were based in part on experiments done during
the 1976-1977 year (see our Sea Grant Progress Report 1976-1977, pp. 160 ff).
Various theoretical and practical factors were alsa incorporated into the
final design stage of our Model II pilot plant.

Because of the compounding of variables in the plant (since it was

not an experimental design), it was determined that the significant drop-off



113.

in conversion efficiency with age, and the significant deviation between
predicted and actual results (this deviation also widened with age),
provided insufficient evidence to indicate if or how the original
description might be changed. Of primary importance was the need to
improve the environment of the animals, and to disentangle the age/size»
dependent variables from the "configurational" (environmental) variables.
Although it is well-known that mortality increases exponentially with

age once adulthood is reached, it was assumed that the fouling of the
tanks was responsible at Teast in part for the abnormally high death
rates, zspecially in instances involving very heavy die-off in individual
tanks. Fouling was attributed in part to low food ingestion rates

(U = 50%) on the part of the shellfish, poor circulation and drainage

in the tanks (due mainly to the presence of the plastic Nestier tray
Tiner), and to the seepage of sunlight into the tank, thus allowing for

the growth of Enteromorpha.

The Tow food conversion rates in our Model I pilot plant were traced
in part to low ingestion rates, especially for larger (older) animals,
and possibly to fouling, gametogenesis and spawning variables, to age
(size) dependent changes in assimilation and to the stocking density
(Toading factors) of the animals (again, the older/larger animals were
more densely stacked in the trays).

Since it was known that variables related to maturation were at least
in part responsible for the drop-off in food conversion with age, and

that the original technical description did not include such variables,



114.

it was expected that the Model Il plant could provide this information

by eliminating the deleterious influence of as many environmental variables
as possible. Therefore, the following changes were incorporated into the
plant.

(1) The trays were placed under a roof and covered with fiberglass
tops. This was done to prevent the growth of algae in the tanks and
to Tessen the amount of sunlight and heat exposure to the animals.

(2) Shallow (9 cm deep), circular trays were used. This improved
drainage and circulation, greatly simplified cleaning procedures, reduced
costs, and provided less surface for the growth of algae, bacteria, and
the accumulation of metabolic by-products.

(3) The animals were spread in a loose monolayer thus reducing the
stocking density or "loading factor”.

(4) By adding deep sea water to the inflow when one or both pools
were off-1ine, the amount of flow to each tray was kept constant, thus
reducing the amount of stimulation thought to contribute to the release
of gametes.

Before presenting the results of the Model II plant in detail, these
results which have a direct bearing on attempts made to eliminate problems
encountered with the earlier, Model I (1976-1977) plant will be presented.

6.2.2 MORTALITY
A significant amount of protein was lost through the
Model I plant because of high mortality rates and frequent spawning. A

very significant problem for the analysis of the Model I plant was that
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the variables of shellfish age, size (as indicated by all shell and
weight measurement variables), spawning frequency, food availability
and consumption, food flow variability and tank fouling all covaried
to some extent. Therefore, the causes of high mortality rates could
not be determined based on a strictly quantitative evaluation of these
data. The ultimately successful solutions to reduce mortality and
spawning in the Model II pilot ﬁ]ant are discussed below.

Table 6.1 is a summary of mortality in'the Model I and Model II
plants. Note the vastly improved survival rates for the Model II plant.
Frequent and regular inspections of the Model II trays revealed no

significant fecal and detrital accumulations.

The mortality for populations of Tapes in Pilot Plant Model

I and Pilot Plant Model II is lTisted in Tables 6.1A and 6.1B.
Direct comparison between Tapes survival in the two pilot plant
models is difficult: there were differences in population numbers,
population sizes, time the populations spent in the pilot plants;

method of culling and harvesting, etc.

Pilot Plant Model I (Table 6.1A) reared three populations of
shellfish for a six month period. During this time 2714, 2323, and
2218 individuals died from Tapes populations 20, 21 and 22 respectiye]y.
Since approximately 10,000 juvenile clams were introduced into the

system for each population a gross mortality of 24% was observed.
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TABLE 6.1A  MORTALITY DATA FOR PILOT PLANT I, JANUARY 11 TO
JUNE 28, 1977.

DATE POPULATION POPULATION POPULATION
#20 #21 #22
1/11/77 - - -
1/18/77 - - -
1/25/77 38 15 57
2/1/77 122 14 50
2/8/77 79 26 35
2/15/77 60 23 63
2/22/77 178 17 39
2/28/77 37 - -
3/1/77 54 24 21
3/8/77 120 22 51
3/15/77 42 184 41
3/22/77 176 53 131
3/29/77 71 317 81
3/31/77 - 430 -
4/5/77 242 317 309
4/12/77 79 114 66
4/19/77 222 24 234
4/26/77 102 165 81
5/3/77 145 23 165
5/10/77 42 135 43
5/17/77 213 25 209
5/24/77 52 98 41
5/31/77 177 24 118
6/7/77 48 97 29
6/14/77 156 30 138
6/21/77 56 104 130
6/28/77 177 32 91
Z POPULATION 2714 2323 - 2218

TOTAL 7255
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Pilot Plant Model II (Table 6.1B) grew 16 shellfish populations
for time periods ranging from one week to eight months. Total mortality
from January 3, 1978 to October 10, 1978 was 4144. Table 6.3 lists
- approximate number of individuals introduced into the pilot plant for
each population and from these figures a mortality of less than 1%

was achieved. )

These data and observations support the conclusions based on 1976-

1977 data and indicate that the corrective measures taken to improve the

environment of the animals was successful and contributed to a greatly

improved survival rate with age.

6.2.3 SPAWNING

The frequent tank spawnings observed in the Model I
pilot plant were attributed in part to the methods. used in handling of
the animals during cleaning and weighing. It was judged that the animals
were out of the water too long, exposed to sunlight, and subject to
excessive mechanical stimulation. Finally, it was determined that
spawnings which occurred between cleaning periods were due to changes
in flow-rates to the animals; this was due to the deactivation and re-

activation of pool cultures: in pilot plant Model I, the flow rate of
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sea water to the animals was reduced by half when one pool was off
Tine.
Spawning data for the two configurations (Models I and II) are
not strictly comparable because of the different number of trays (12
and 28, respectively) and other differences. From 01/20/77 to 07/15/77
in the Model I plant, a total of 94 tank spawnings were observed . Total
tank spawnings recorded for Model II over the one-year 10/11/77 to
10/10/78 was only 28. Thus, greater consistency of flow rate, reduced
handling, reduced sunlight and other improvements helped to reduce the
release of gametes. Note that since the hatchery could obtain:ripe
individuals for spawning purposes almost at any time in the pilot plant,
gametogenesis was probably not interfered with.
6.3 METHODS AND MATERTALS
Figure 6.1 illustrates schematically the system used for pro-
ducing shellfish. The primary production system has been described in
detail in Section 4. For purposes of analysis,the primary and secondary
production systems were considered as wholly separate. The shellfish
production system consisted of (1) a larval and setting area, (2) a
juvenile grow-out area and (3) the shellfish demonstration facility.
Each of these three areas had a distinct food supply system. In addition,
brood stock were maintained for the purpose of providing a constant
supply of animals.
6.3.1 BROOD STOCK
Note: A shellfish hatchery operation manual describes

in detail the methods outlined below (see Sunderlin and Baab, 1977 in
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Laurence, et al. 1978; also see Rodde et al., 1977). Brood stock
animals consisted of three (3) original populations of the clam

Tapes japonica (DesHayes) obtained from California and Washington

State (Rodde et al., 1977), as well as a number of populations produced
from these animals on St. Croix. (Full records of all populations
used for the test and of their spawning history is available; the
latter data is stored on disk file and magnetic tape).

It is important to note that none of the hatchery procedures
were intended to serve as inputs for economic analysis. Although pro-
cedures for brood stock and for animals less than 56 days old were
standardized, Tittle control was maintained over such parameters as
food supply. Aperiodic manipulation of brood stock, larvae and juveniles
was permitted to maintain healthy stock. Thus, hatchery procedures were
not considered as part of the demonstration tést per se. Rather, main-
tenance of brood stock and production of spat was undertaken for practical
considerations and demonstration of the feasibility of hatchery procedures
in the subtropical climate was vaTuab]e in its own right. This is especially
important to bear in mind since growth in the shellfish demonstration
plant was clearly affected by the quality and quantity of animals pro-
duced by the hatchery. For purposes of later economic analysis, a more
dependable and viéﬁrous supply of animq]s to the grow-out facility was
assumed, such as would be obtained if the spat were purchased from outside
sources or if the existing hatchery would produce more animals per batch.

The brood stock were housed in fiberglass flumes and fed a mixed
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diet of algae grown in continuous culture in 2,000 liter concrete

tanks provided with deep sea water. Chaetoceros curvisetus (STX-167),

Bellerochea polymorpha (STX-114), Thallasiosira pseudonana (3H) and an

unidentified flagellate designated S-1 were used to feed the brood stock.
During interruptions in food supply to these animals (these interruptions
were not documented), brood stock were either left unfed with flowing
sea-water or were supplied the effluent from several tanks in the
shellfish demonstration plant.

A particular demand, which shaped a large number of parameters
at the second trophic Tevel, was that of introducing populations on a
regular, scheduled basis. This was in contrast to the previous years'
work in which three (3) populations only of Tapes were grown, introduced
simultaneously and this growth monitored for about one full year.

To test the ability of the system to go on a production-line basis,
populations were spawned at 28-day intervals, by subjecting selected
brood stock animals to thermal shock using a close variant of the Milford
method. This procedure did not always result in an adequate number
(1 x 107) of fertilized eggs., in which case, larvae were obtained by
subjecting selected pilot plant shellfish to an identical treatment,
and/or by obtaining larvae which resulted from spawnings following manip-
ulation of the shellfish tanks (see results,below).

6.3.2 LARVAL CULTURING AREA |
Larvae were reared at an initial concentration of 10/ml.

The animals were housed in 379 Titer conical fiberglass tanks and supplied
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moderate aeration. The larvae were fed a mixed diet consisting of
sterile, laboratory grown cultures of S-1, 3H and STX-114 at an initial

concentration of 8 x lO4 to 2 x 105

cells/ml.
It is important to note that this diet, based on a Tong series
of studies undertaken on Tapes Tarvae at the St. Croix station, does not

include Chaetoceros curvisetus (STX-167). This is important for the

follTowing reasons. First, STX-167 was not used because it is apparently
too large (probably because of its chain forming tendencies and extensive
spine formations) to be ingested efficiently by Tarvae. However, no
precise determination of filtration efficiency with size in Tapes has
been accomplished. In St. Croix, STX-167 was fed to the animals beginning
on day 56, and the animals were expected to be about 4.3 mm in shell
Tength. The influence of this size, based on the original shellfish
technical description (Van Hemelryck, 1978), upon subsequent growth rates
1s unknown. It should be realized, however, that some of the populations
consisting of unusually small animals on day 56 may have continued to
grow poorly in part because of this switch to an organism too large for
efficient ingestion.

The question of diét for larvae and juvenile animals assumes great
importance when considering that only STX-167 grows well on unsupplemented
deep water. Thus, a mixed diet requirement for the younger animals also
demands a totally different algal cu1tuf1ng system, to which an "enrichment"
solution must be added. This point is especially important to consider
since there is generally technical and economic pressure to produce the

smallest (youngest) animals acceptable by the market place, because of
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their high food conversion efficiencies, lower maintenance costs, etc.
The following manipulations of Tapes Tarvae were carried out as
a routine part of hatchery procedure. The algal culture was renewed
three times weekly by filtering the Tarval culture through a graduated
series of 3 Nitex sieves. Clumped food and debris were trapped on the
top sieve and discarded, while larvae were collected in a 10-12 Titer
concentrate. Sieve sizes were increased for the subsequent filtration
of over 90% of larvae accumulated on the middle sieve.
A random 15 ml sample was taken from the 10-12 Titer concentrate
and used to monitor growth and survival after each filtration. Ten (10)
or more larvae were measured for length and width using an ocular micro-
meter (Loosanoff et al., 1966). On days 2, 10 and 14, a Sedgwick-Rafter
cell was used to determine the concentration of larvae; duplicate or
triplicate 1 ml aliquots were counted. Results were used to estimate
food requirements for the population as well as to determine survival.
Following filtration, the tanks were refilled with deep sea water and
streptomycin sulfate ("Vetstrep")}was added to 50 mg,L“l.
On day 14, the larvae usually began to metamorphose, and were
transferred to the juvenile grow-out area.
| Larval tank temperatures were not controlled and were monitored
frequently. Temperatures ranged from 23 to 25°C. Salinity, also monitored
periodically, ranged from 34.75 to 34.95 ppt (also see results below).
6.3.3 JUVENILE GROW-QUT AREA
Larvae and juveniles were transferred to the juvenile

grow-out area on day 14, regardless of size or condition. This area
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consisted of two (2) fiberglass flumes, each measuring 30.5 x 3.1 x

14 cm. From 1.0 - 1.5 x 10% Tarvae were placed in each setting flume
and streptomycin and food were added. Up to the age of 21 days, the
larvae/juveniles were filtered three times weekly and batch fed the
mixed diet of laboratory-reared algae. By day 21, most of the larvae
had metamorphosed, and the flume was placed on a continuous flow of
algal culture from two or three of the outdoor, 2000-1 culture vessels
containing STX-114, S-1 and 3-H. (A1l unmetamorphosed animals were
therefore washed down the drain). Food densities in the reactors were
sampled infrequently and fluctuated considerably. A range of 7.1 x 104
to above 1.0 x 106 cells per ml was recorded. Prior to 02/18/78, total
flow to each flume from the reactors was 1.38 Titers/minute for animals
21-35 days old, and 2.76 - 4.14 liters per/minute (depending on popula-
tion size and growth rate, and concentration of cells in the food supply),
for animals 35 - 56 days old.

Because of observations which indicated that population growth rates
at this age were food-limited, the fTow rates were increased on.02/18/78
to 2.76 £/min and 5.52 £/min over days 21-35 and 35-56 respectively.

Three air lines were placed in each flume beginning on day 14 to
aid in mixing, and the flumes were cleaned three times weekly. Populations
were weighed on days 35 and 56, to the nearest .1 gram. Animals were
patted dry and weighed on a Mettler bafance.

6.3.4 PILOT SHELLFISH AREA
Because of its central importance, the pilot shellfish

area will be described 1in some detail.
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Figures 6.2, 6.3 and 6.4 illustrate the system used. As
indicated in Figure 6.5, algalvcu1ture from the two pools was pumped
into a 100-liter capacity polyethylene tank. This mixing tank could
also accept deep sea water directly, when one or both pools was offline,
to maintain a constant flow of water to the shellfish. The mixing tank
was located in the shellfish wet lab and was elevated above the shellfish
tanks. The mixing tank was covered with opaque polyethylene film to
prevent the entry of sunlight and thus of the growth of algae. The tank
was cleaned once weekly (Tuesdays).

The algal culture from the mixing container was fed into a PVC
header and divided equally into two (2) parts. One-half of the flow
went into each one of two troughs. Flow into the trough was regulated
by a fixed diameter orifice. Each of the two troughs (designated north
and south) delivered water to fourteen (14) tanks, consisting of seven
(7) p@irs of tanks situated opposite one another. Water from the
trough flowed down into a PVC "tee" and out two fixed-diameter orifices
and into the shellfish tanks. As‘shown in Figure 6.3, the water entered
the tank at an angle, thus imparting a circular flow to water in the
tank and aiding in circulation and cleaning. The headers and trough
were cleaned once weekly (Tuesdays) with a stiff plastic brush. At no
time were any chemicals used to clean components in the shellfish pilot

plant.

The twenty-eight (28) shellfish tanks were each circular in shape
(diameter = 26" = 66.04 cm) with a flat bottom and area of 530.9 inches2
or 3425.3 cmz. A removable standpipe of 1/2" PVC was placed in the center

of the tank and maintained water level at 9 cm depth. The water flowed
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FIGURE 6.2 SCHEMATIC OF THE DEEP WATER DELIVERY SYSTEM TO THE

MARICULTURE FACILITY
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FIGURE 6.4  FIBERGLASS SHELLFISH TANK
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FIGURE 6.5 DIAGRAM OF PUMPING SYSTEM
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out the standpipe to a fiberglass trough and then out to sea. The
tanks were not aerated at any time. This elimination of air supply

to the shellfish was a product of the economic evaluation of the

Model I shellfish pilot plant. That analysis indicated that air

costs were a significant portion of the operating costs. Tanks were
scrubbed and rinsed clean every two (2) weeks only (Tuesdays). If
bacteria were observed in the tank (this occurred rarely), the tank
was placed in full sunshine for about one hour and re-rinsed. No
other cleaning was done. Cleaning was only done on regular, scheduled
days regardless of the condition of the population.

Probably the most notable feature of the shellfish systems was the
use of a Tow-head constant-flow food delivery system. The low-head
employed (11 cm. between top of water in the trough and exit point in
the PVC "tee") allowed for a very even distribution of water to all of
the tanks. Slight variations in flow to one or more tanks was quickly
compensated for. Flow-rates into each tank were measured three times
weekly by collecting tank eff]uenf in a graduate cylinder for a 30-second
period. Flow-rates were adjusted by rotating the PVC cap at the end of
each "tee"; since the orifice was off-center, this had the effect of
changing the head and therefore the flow-rate. With all 28 tanks
operating, nominal flow to each was 47.14 mls/sec.

6.3.4.1 SHELLFISH TRANSFER PROCEDURES
The goal of introducing a new population of

Tapes juveniles into the plant every 28 days combined with the limited
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amount of culture available (an absolute maximum of 140,000 liters/day)
required that each population be moved successively through the plant,
and be harvested after 266 or 280 days in the plant.

Maintaining a constant and identical flow rate to all tanks per-
mitted a simple means of maintaining flow rate control, but required
periodic culling of the tank populations to maintain an optimum feeding
rate to the shellfish. The populations were manipulated according to
predictions of feeding and growth as described in the shellfish Technical
Description (see Van Hemelryck, Laurence, et al., 1978). This quantita-
tive description was based in part on the results of earlier feeding
studies undertaken in St. Croix (see Roels, et al., 1978). The original

technical description assumed that growth was a function of food con-

centration (protein/ml/sec) and the area of the animal ( ., Where

W = whole wet weight (g).

Assuming that the amount of food available remained constant at
21.4 ugat L°! of protein-nitrogen, this equation permitted a constant
relation between water flow and tray area. Based on the technical descrip-
tion, the ration allowed for each 2550 cm2 tray was supplied at the
nominal flow rate of 47.14 ml/sec. This assumes that the animals in the

2

tray have a combined area of 2550 cm”, and are distributed in a monolayer.

To provide some flexibility in the number of animals which could be
placed in each tray, the tray area was increased to 3380 cmz. Thus,

each population covered only about 2/3 of the bottom of the tray.
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Since it was assumed that the animals fed according to an
area (WO‘GE) function, the growing populations were culled back
periodically to a constant area of 2550 cmz. The actual procedures
used were as follows:

On day 56, when the animals were expected to be .01 g in whole
wet weight and 4.3 mm in shell length each, 200 g (20,000 animals) were
placed in tray #1, where they remained for 14 days. Because the animals
were very small and fast growing at this stage, this was intended to
ensure that the animals were over fed (otherwise, they would soon out-
strip the food supply). About 50% of the food supplied to tray #1 was
assumed to be in excess and went down the drain. |

On day 70, the population was transferred to Tank #2, where it
was also over fed for the follewing 14 days.

On day 84, the animals were considered sufficiently large to
obtain accurate numbers and individual whole wet weights. Ten (10)
subsamples of 100 animals each were weighed to the nearest .0001 g
(Mettler balance). The entire poﬁulation was then patted dry and
weighed to the nearest .1 g; the subsample mean individual whole wet
weight was divided into the population wet weight to obtain a population
number.

The population was then divided into two (2) portions and placed
into trays #3 and #4 for 14 days. The/proper whole wet weight of the

population assigned to each tray was determined on the basis of an



134,

equation derived from the technical description in which
F = .0185?\30.0»10)‘2/3
where F = flow rate in ml/sec. (assumes protein-nitrogen in the food
supply of 21.14 ugat L‘l); Ny = number of animals on day 0 of each
14 day period and w, = mean individual whole wet wéight, day O.
Since F = 47.14 ml/sec and the mean individual whole wet weight

(w,) of the population was known, the number (Nj) and therefore, the

0
whole wet weight of the population (W, = Ng(Wg)) could be calculated.

The constant in the equation (K = .0185) was derived empirically
during November-December 1975 feeding trials (Roels, et al., 1977). The
feeding criterion used was determined on the basis of some computer runs
using the Aquaculture Budget Generator (ABG) which indicated that a
compromise between high stripping efficiency (and thus of gross growth
efficiency) and individual animal size would be economically optimum.

The value used for the feeding criterion (K = .0185) predicted a stripping
efficiency of 88% and a gross growth efficiency of 27%. Thus, the

animals were not fed to maximize either conversion efficiency or individ-
ual growth rate.

On day 84, prior to being transferred to two (2) trays, the popu-
lation was sieved and the smaller animals discarded if the total weight
available exceeded the pre-determined loading capacity of the trays.

(If this occurred, a new individual weight and number for the popula-
tion was determined.) On all subsequent transfer days, however, a

randomly selected weight of animals were culled, and no more selective



135.

sieving was performed

When 98 days of age, the animals were divided into three (3)
trays, on day 112 into four (4) trays. From then on, the population
remained in four (4) trays. Instead of allowing the population to expand
to more trays, the animals were culled to maintain a constant area.

Full harvesting of each population began 210 days after intro-
duction to the plant (266 days old) when two (2) of the four tank pop-
ulations were removed. The remaining two tanks of the population were
harvested 14 days Tater (280 days old).

Fluctuations. in the concentration of algal protein-nitrogen in
the food supply were not used to alter the weight of animals per tray.
Thus, changes in protein-N concentration due to pool crash or diurnal
fluctuations in algal concentration represented an unstable input
within the context of relatively invariant water flow to vopulation
area (F = .0185 No(w)o‘ﬁs) ratio.

Since the area of each papufation in the pilot plant was held
constant (except for populations 56-84 days of age which were over fed),
the number of animals per tray decreased in inverse proportion to the
age (Ag) of the animals and the total weight per tray (W); Ag and W
covaried.

These standard procedures allowed for invariancy in control of
pilot plant flow rate, manipuiatién of populations through the plant,

and systematic observations (as described more fully below). Thus, the
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demonstration feasibility test could operate with a minimum of labor
and with no disturbance of the animals except at 14-day intervals.
At all times, it was considered more important to let actual failures
in control disrupt the ingestion of food and of subsequent growth
rather than provide emergency support. This was done to eliminate
unforeseen labor and maintenance costs in scaled-up operations.

Conversely, the facility could not provide systematic variation
among all relevant variables for a complete test of the technical
description. Discrepancies between predicted and actual weight gains
as a function of area were used to generate elaborations upon the
original technical description, but could not test differential pre-
dictions of the influence of say, age and mean whole wet weight, since
these variables co-varied in the pilot plant. Food function variables
were also purposefully compounded as all populations regardless of age,
weight or number were fed an identical amount of food.

Other points relevant to the analysis of data collected in the pilot
plant are discussed more fully below.

Fach tray population was weighed at 14 day intervals. Original
and final weights for each 14-day period were recorded, as were the
number of dead and their weight, and whether or not spawning occurred.
This Tlatter observation was actually made on transfer days but was sometimes
observed during the daily visual inspection of the plant.

6.3.4.7 SHELLFISH "NITROGEN" BUDGET
Understanding and accounting of the two-trophic

level food chain were expressed through predictions and analyses of nitrogen
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transfer through the algae and shellfish.

At the shellfish stage, inflow nitrogen was measured on
Mondays, Wednesdays and Fridays at 1400 hours. Replicate samples
for particulate protein-nitrogen (PPN) analyses were carried out on
/5 ml of culture. The culture was filtered at low (< 8" Hg) vacuum
and the algae collected on a 25 mm Gelman A-E filter. The filters
were placed in test tubes and frozen for later analysis using a
modified Lowry technique, (see dbrsey, et al. 1977). Filtered culture
water was frozen in glass and plastic bottles for later analysis of
dissolved inorganic nitrate and nitrite (NO§ + NOé)-N and for ammonia
(NHZ + NH3)—N, using a Technicon Autoanalyzer II system and standard
Technicon manifolds.

The effluent from each shellfish population in the plant (each
population occupied 1-4 trays, and some of the earlier populations
from the Model I plant occupied up to 8 trays each) was collected on
Monday, Wednesday and Friday at 14:00 hours and were analyzed in repli-
cate for particulate PPN, (NO3 + NO5)-N and for (NHZ + NH3)-N.

A subsample of twenty-five (25) animals from each population was
taken every 14 days (culled animals at transfer day were used). The
animals were patted'dry, and measured individually for shell length, -

width and depth (mm) (Loosanoff, et al., 1966). Dry shell weights, wet
kmeat and dry meat weights were ob%ainedA(see Laurence and Roels, Sea

Grant Progress Report 1976 Appendix B for details). The dried meat
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was pulverized and its protein content was determined using the
modified Lowry technique of Dorsey et al., 1977.

The amount of PPN remaining in each tank at the end of the
1l4-day period was estimated by determining PPN in randomly selected,
diluted aliquots. Generally, this PPN fraction, assumed to be
unassimilated algal protein-nitrogen, was very low, and often below
levels of detection.

Tank temperatures were taken daily with a hand held thermometer.

In addition to these routine observations, a large number of
aperiodic measurements were taken. Salinity, pH, and 02 concentration
were measured at various locations in the plant. Measurements of Chl a
concentration and of dissolved organic nitrogen (D.0.N.), and of Pog_
and 5103' concentration were also made occasionally. The inflow and
outflow of each population in the plant were sampled over 24-hour intervals
twice during the year. Randomly selected animals from various populations
in the plant were also subjected to separate study of their 0, consumption,
food stripping rates as a function of food concentration, and ammonia
tolerance. These data are not included in this report.

6.3.4.3 DATA MANAGEMENT
A1l routine observations were catalogued and
numerical equivalents placed on appropriate data collection sheets (see

Appendix A). Manual transformation of these data were used to generate

Quarterly Reports and staff updates.
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Following verification of all data points, data were entered
into tape and disk file on a Hewlett-Packard HP9825A minicomputer
system. The computerized data file is shown in Appendix A. Al]
data entries were verified against original data sheets. Data files
and access programs were tabulated and all routine observations on
the one-year (10/11/77 -- 10/10/78) operation of the p]ani are
immediately available in machine readable format.
6.4 RESULTS OBTAINED IN THE MODEL 11 SHELLFISH PILOT PLANT
6.4.1 HATCHERY

The results obtained in the shellfish hatchery are
written up for publication. A copy of the manuscript is enclosed as
Appendix D.

6.4.2 SPAT SUPPLY TO PILOT PLANT MODEL 11

The hatchery was operated for practical purposes only
and was not included in the analysis of pilot shellfish data, nor were
any of the results incorporated within the shellfish technical description
or the computer based Aquacu]ture'Budget Generator. Generally, the
reason for this omission is that, due to the small numbers of animals
required, labor intensive hatchery techniques were used on St. Croix. The
size of a hatchery required for Artificial Upwelling mariculture at
commercial scale would require mechanizatibn of procedures, or the spat
could be purchased from outside sourceg. Here, only general results of
the hatchery operations are provided. A complete treatment of hatchery
operations may be found in Sunderlin, Laurence and Roels, "Spawning and

Growth of the clam Tapes japonica in a Subtropical Hatchery", in Appendix D.
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Some basic characteristics of populations spawned and intro-
duced into the pilot plant are shown in Table 6.2

A total of eighteen (18) populations spawned in the hatchery
between 7/76 and 7/78 were introduced into the Model II pilot plant.

The Tarval period for these populations averaged 14 days, and
mean survival to metamorphosis was 51%.

The growth rates of successive populations were highly consis-
tent as indicated by shell length and width measurements taken on
day 14 shown in Table 6.2. Length/width ratios were alsoc highly
consistent for larval animals as shown in Figure 6.6. These data
are virtually identical to measurements taken by Loosanoff, et al..
1966 on Tapes.

Tables 6.3 through 6.23 supply some basic growth rate information
(shell Tength plus width measurements) for the eighteen populations.

Referring again to Table 6.2-for populations  Tapes 34 through
Tapes 43, the weights produced on Day 35 and Day 56 were erratic. The
disapnointing weights for populations #42 and #43 were specifically
believed to be related to food (poor qualfty reactor cultures, primarily
S-1) and lower temperatures in the winter (23°9C versus 25-27°C in summer)
contributing to slower growth:

Consequently, on February 18, 1978, starting with Tapes 44, several
changes were made in the hatchery procedures:

(1) At least 6 - 8 x 106 fertilized eggs were obtained on spawning

days.
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FIGURE 6.6

WIDTH (microns)

248 |

268 |
248 |

180 |
168 |
148 |
128 |
108 |
g8 |

48 .

142.

LENGTH:WIDTH RATIOS TAKEN ON DAY 14 OF ALL TAPES JAPONICA

POPULATIONS INTRODUCED IN PILOT PLANT MODEL II TAKEN
ON DAY 14.

.....

- pmit
L BT

48
88

3 8 8 3 8

180
288
248
268
286
288
328

]

LENGTH (microns)

348



143.

TABLE 6.3 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

dr 1

3.8

-
[

0y

Iate Seaunsd  Aua,

Forulation # 240
Mawimum waluyss:

for Hatckers dota H=18

HRTCHER"

Haeldars  10¢gme WL
1 V.18 =8, 97

%)
e
b
w3
o
XX
¥y
f )
B
E

4

g 1:1-"36 ':“;‘ll;‘&’

=3 1e3.74 144,749
2B9.44 199,44

15 223,72 289,44

13 228.48 217.88
13 238.896 228,43
v 261.88 247.35z
28 333.68 299,12
22 437.92 437,32
av FI2B. 88 E60, B
23 748,89 550,64

34 928.88 248,04

25 1328.80 1148.05

33 1249, 088 19688, B9
41 2189.38 1700, 05
43 146, 66 1158, 09
43 3168.688 2360, a8
37 SdEE, B8 1366, 04
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TABLE 6.4  LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

iy

Dote Spawned Aus. 18 197
Fopidlotion & 0 21
Mascimum waluss: for Hatchery data Hs1G

HATCHER"

Aag(dayy  10umd NERRIT
1 P, 26 SE. 32
2 189,43 37.0%9
4 33.28 112.34
v 173,98 151.34
3 193,92 138,48

11 228.38 214.28
14 237 .84 228.43
is 283.68 271.3:2
13 399,84 371.28
21 584.58 485,43
23 348,88 S90,.59
23 3z29.89 YE8.89
38 245,88 329,949
2 248,88 336.898
37 20,05  3e0.88

45 1326.88 (458,04
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TABLE 6.5 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Sepawrmed  Aug, 24,1378

Fopulation & 22
Mawimum valuesz: for Hatchery dato H=13

HETCHERY

HesCdarys  1owia ERFT
1 BT 55.53
a 199,43 3. 44
B 132.32 131.38
3 18@.238 171.38
18 233.24 171,38
13 199,92 198.48
13 266,58 233.848
1y 295,12 275.83
28 448,58 498,804
22 S68.88 308,494
22 T29.88 s£448.489
3? 1728.98 1448,.948



TABLE 6.6  LENGTH AND WIDTH OF CLAM LARVAE AND SPAT 146.

Dote Seownsd  Aus. 311376
Fopulation #
Mawimum valuss: for Hatokhery data H=18

HATCHERY

Hagdday) Ligm WL
1 182,32 7. 8E

2 114,24 F0, 44

= 147,35 123,78
2 134,22 133,28
14 leg.ed 152,32

TABLE 6.7 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spowned Mavw 23 1377
Fopulation # 34

Maximum values! for Hatchery dota H=19

HATCHERY

Fae(dayy  1dums WL
2 114,24 98, 44

v 15a,33 13V.82

ay

11 S ZEF.44 0 159501

(]
(W]

=,
K

(A%
o
58
“53
N
e

13 ST

15

(X%}
I
[
g
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§a
et
1

')
a0y



TABLE 6.8 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Srawred  Jume 17,1977
Fordlation & 35

147.

Maxiomum walugst for Hotcohers dota H=14

HATCHER"
ngtdav* 1 W Ly
2 183, 43 8. 44
lg 294,053 198,49
12 214.29 199,92
14 213,98 289,44

TABLE 6.9 ° LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spawned Julw 131377
Population & 28
Maximum walues:

H

HATCHERY

Aaeidary  1¢um) WL
2 112.3: 33

4 122.84 114,

v 171.35 142,

g/ 128.33 184,

11 175,12 181,
14 128,328 171
15 133,18 138,
13 294,68 294,

far Hatchery data H

"
24

24
zh

7

O3
N

Led
L

[eu]
[

[x)
o

14
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TABLE 6.10 - LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Dote Spaunsd  Hus, 15 1577
JJ: -y

Fepulation & 0027 i}
Masimun walues: for Hatchery data MH=14d

HATCHERY

cedawy  LTium? b LA
2 1as. 82 233.53
4 133.28 186.62
3 2B4.83 135,18
11 204,83 Z84.83
14 213.%8 214,28
ig 233,89 Z23.72
23 514,83 4358.%8

TABLE 6.11 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Seawned pt. 1491977
Fopulation #

Masximum valuess: for Hatchery dotao H=10

HRATCHERY

Aseddar)y 1loumd W LA
2 112.34 43,38

3 157,83 138.94

7 195.16 17V3.28

E 199,92 190,48

14 223,72 289,44
21 223,48 223.72



TABLE 6.12

TABLE 6.13

LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Tare Seawmed O
Fopglotion 8040
Masimum waluss:

o 1121377

=
-

1]

HATCHERY
Haeddayl 1ium) b g
3 114.24 199,483
5 138.83 171.38
3 139,32 139,92
13 223.43 2325.18

LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spawnsd Moy, Tel1377
Population # 41

Maximum values: for Hatchery data H=18

HRTCHERY
Aaedday)  1oum) RFTLN
2 112.34 98,44
4 142,889  199.43
v 133.84 171.38
12 213.98 214,29

149.

taor Hatcherw data H=1d
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TABLE 6.14  LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

UDate Zpawrned Dec, Ha 1377
Fopulation # 42
Masimum walues: for Hotchery data H=1

HETCHER®Y
Hagddayy  1ium) 1 e
4 123.52 184,72
5 132.32 133.23
3 138.83 17s8.12
15 247.92 238.89

TABLE 6.15  LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spawned  Jam. 2s 1978
Poprulation # 43
Maximum walues: for Hatchery dota M=19

HRTCHERY
Aaedday)  1ium B L )
2 114,24 99, 44
3 193,16 139,53
12 204.53 199,33
15 242,76 233,24



TABLE -6.16

TABLE. 6.17

LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Iate Srouned
Forprulation #

o lues:

[laslmum

Hag

1

fu -

. oY

Ao

-4

1

13

dar. 113973
44
for Hatcohers data
HATCHERY
1 i L4 WA )
23,238 199,48
198.48 178,12

LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Sepawned
Population # 45
Maximum waluss:

H

I

1
2

LD

i

[ X}

Coda

E

e

Fe

HH

3

b. 271378

151.

H=14d

tor Hatchery datag MH=19

TCHERY

MESFTON

?3.

38



TABLE 6.18  -LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Seaured March 27157

Population # 48

Maximum woluszs for Hotchery

HATCHERY
Faeddary 1oum?
3 152.38

S 228,34

12 229,92
18 244,29

LER)

TABLE - 6.19 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spawned RAeril 25: 13973

Population # 47

Maximum valuesd for Hatchery dato

HATCHERY
Faeddars 1lum)
{ 183,32

5 186,51

11 229.32
15 249,83

W m

358.14

.1}

-t

et
(23

3
f

Faa
e
4= o3
fu
[N

Si]
[

data
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H=1

]

=
A

M=18



TABLE 6.20  LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spaowmed  Maw 23 1E7T
Porulation & 453
Masimum waliyes:

HRTCHERY
Agedday s 10ym) NERFTCN
3 55, 54 47,689
18 159,33 189,33
13 223,72 284,88
249 223,72 283.72

TABLE 6.21 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Sepawned Julv 1751378
Population & 54

tor Hatchery data H=

153.

14

Masimum waluesz: fop Hatchery data M=1d

HRATCHERY
Hagiday) 1w L
2 112.34 78,44
3 137.83 148,39
o 289,44 192,39
12 218,38 209,44
13 237.84  247.52
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TABLE 6.22 LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Date Spounsd  June 191373
Fapulation % 4%
Maximum waluezs for Hatchery dota M=10

HATCHERY
Aaeddayy  1ouml ENTUN
2 114.:24 335.29
3 les.68 142.59
3 214,28 199,92
12 233.89 233.848
15 247.52 233.4808

TABLE 6.23 _ -LENGTH AND WIDTH OF CLAM LARVAE AND SPAT

Dote Spawned July 1751378
Population # 348
Masximum waluss: for Hatchery data M=1d

HATCHERY
Faeidary 1lumd TR
2 112,34 98,44
5 157.83 148,98
3 299,44 192.30
12 218,95 289,94
19 257,44 247,52
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(2) On Day 14, the population was culled to 2 - 3 x 106 and
1-1.5x 10° Tarvae were placed in each of two setting flumes.

(3) On Day 21, the two flumes were combined when placed on
continuous flow and the food flow to the flume was increased by a
factor of 2.

(4) On Day 35, the population was culled to 25 gm.

(5) On Day 56, was culled by sieving and 200 gm of the largest
clams were placed in the pilot plant.

It was expected that on Day 56 the hatchery would provide a
homogenously distribued population of 20,000 - 25,000 animals, each
4.3 mm in shell length and 0.01 gm in individual whole wet weight. Ten
(10) populations of 18 were composed of individuals weighing 0.01 gm or
more on day 56. The last four populations (Tapes 47 through Tapes 50)
exceeded this weight two or three times and averaged over 7 mm in length
(Table 6.2).

One disappointment was the number of induced spawnings (11 out of
18) versus the number of spontanebus spawnings required for the 18 pop-
ulations destined for the pilot plant. Brood stock were not always ripe,
primarily due to inadequate holding tank facilities and lack of constant

food supply. We did learn over the last two years that Tapes grown in

the pilot plant will undergo gametogenesis and can be easily spawned by

manipulating temperature, flow rate or a variety of stress-inducing

variables. Clams can be kept in a ripe condition at all times if sufficient

care and over feeding is maintained. No artificial lowering of temperature
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below the 21 - 239C range supplied by the deep water is necessary.

Regular cleaning of the brood stock facilities is very important.

It is clear that a separate brood stock facility is not required
and enough animals of a pre-selected size, condition and genetic
history can be removed from the pilot plant and induced to spawn. In
the present pilot plant, such a procedure has provided spat more
reliably than has the use of a separate brood stock operation.

6.4.3 SHELLFISH ALLOMETRY

Extensive data were collected on shell length, width
and depth, and on mean whole WEt,weight, wet mean weight, dry shell
and dry meat weight, and protein-nitrogen content of the meat of pop-
ulations 34 through 50 (for similar data collected on populations 20,
21 & 22, see our 1976 - 1977 Sea Grant Progress Report). The data
displayed in Tables 6.24 - 6.39 reflect mean values for 25 animals
selected from each population at biweekly intervals. Allometric relations
were very consistent, indicative of reliable sampling and measurement
procedures.

Figure 6.7 illustrates interrelationships among the three shell
dimension measurements. For these plots, raw data (n > 4000) were used.
Note the high degree of consistency in the values and the generally
Tinear relationship between length and width (rv2 = 0.98). Depth, however,
displays a non-linear relationship with Tength and width; in general
the organism's thickness grows at an accelerated rate in comparison with

length and width as a function of age. Variation in these depth/Tength
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TABLE 6.25

Date Seawnsd  June 1791377
Fopulation ¥ 32

fAll waluss=mean.+=35. 0.

ZHELLFISH RALLOMETRY

Ase Timimy  wimmr  dimmd H Wloey  WMOsy  DMOs2 Sigy PRT.o3r FPPHOz
Cin dars)

138 15.18  18.48 5.34 S4 9.5245 3,3553 9.948% 9.2837 9.01630 9.902TH
2,37 2,85 1.38

144 13.97 12.57 S 43 196 1.9737 9.5362 9.8516 9.3355  9.03398 9.99323
3.31 1,38 1.6%

138 12.75 13,43 2032 199 09,9535 9.4733 9.9723 8.4982  9.93821 9.99577
2.31 1,65 1.24

172 12.2% 13.1% ='34 25 1.4455 9.5933 9. 1187 9.73523  9.94542 9.90743
3.58 2.32 1.83

136 19.73 13.28 732 25 1.45894 9.7337 8.1211 9.7247 §.95092 8.99%7
3.13 2,87 1.563

200 193.32 13.%74 3.13 25 1.6722 B.3154 89,1529 9.3553 9.97985 4.91134
3.38 2,749 2.38

214 12.63 12.96 7.4 25 1.3178 9.7147 9. 1924 89,5023 9.94520 9.88723
3,27 2.13 1.42

28 22.83 15.22 3,55 2% 2,2611 1.89832 9.16%5 (.177% 9.07363 3.81173
2.58 2.91 1.48

242 25,99 15.8% 18.%7 25 3.267% 1.8827 9.30863 1.3332 A.13538 9.82156
2.82 2.14 1.42

ass 24.54 15,27 18.43 25 3.9449 1,535@ 9.2013 1.3030 9.33134 B.31392
3.47 2.38 2.15

a2ve 23.18 135.58 5.65 25 2.4796 1.2323 9.1954 1,2463 9.97872 9.01264
3.39 2.58 1.75

234 22.43 135.12 3.55 25 2.5895 1.2121 8.1%42 1,2976 9.93245 8.91313
4.87 2.54 2.4l
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TABLE 6.26

Datz Sepawned  Jule 121377
Population # 38
ALl valugz=peans +=3, I,
SHELLFIZH ALLOMETRY
Hag Tommr  widmmy o mmy M MWOss  WMO9)  DMEs:  DSosy PRT. o FRMC a0
Tl davss
33 17.32 11.7% 5. 39 32 B.7114 29,4489 9.9593 9, 4835 3,929 g, 99473
3.1 2,83 1.5%
113 13.18 43 .85 143 9.1377 9.1955 9.98120 9,9521 0.998517 0, Beas3
2.36 t.21 3,92
153 lo.38 11.:9 538 23 9.3339~1,09056~1, 9909~1, 90ug ~1.398089~1. 99099
3.42 2,38 1.47
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TABLE 6.27

Dates Seawned Aus. 195 1377
Fapulation & 27
ALl waluss=mgons ==3,. 0,
SHELLFISH ALLOMETRY
Aseg T¢mme  wimmy  ddmmd M Wbicay  WMisy  DMCsy  DS{sr  FRT.(=3x  PPHOs:
Cim daes )
37 I.82 -1.88 -1.849 35 1.1606 9.5229 9.89%31 3,477 9.22610 4.99413
1.4% g.89 =1.80
71 3.52 F.74 3,84 323 B9.9782 9,9399 9.9852 8.9312  9.9922% 9.9949%30
1.32 g, 34 i, 58
25 13.72 253 4.7 197 9.24%7F 9.1379 3.8178 9.1118  3.99698 9.98112
1.59 a, 73 Gl
39 19,78 13,28 T34 =5 1, 159% 3.5759 5.998923 B.51356 B.94211 2,99:74
2.78 1.72 1,44
113 15.52 16.23 5.93 2% 3.5289 9.2598 9,5443 B.36%1  9.091913 2.982%0
2.88 {.28 8.3%
127 17.44  11.13 B 17 S5 3,5099 9.3151 9.9533 §.2943 9.92383 8.8837°7
2.83 1.%8 1.98
141 17.9%7 11.83 5. 34 25 3.9526 99,5242 9,9833 9.4344  B.9337F 2.08341
2.58 1.58 1.21
198 17.7%5 11,89 5,57 24 1.8117 9.5458 9.9823 9.46568 9.083822 9.09811
3.32 1.%37 1.43
183 28.58 13.328 T3 25 {,55%% 37,3437 90,1352 9.7963 9,955674 5.00902
3.35 2.31 1.68 .
1332 28.78 13.58 T 35 1.5279 9,9982 £.1358 9.71%5 9.95515 4.98822
3.553 2,45 1.385
127 Z2.43 14.71 3. 36 25 2.3451 1.1899 3.1348 9,3353 B.97397 5.01134
3.21 2.13 1.68
211 26,18 17.54 18.88 2% 13,1337 1.5128 9.26352 1.519% 13,18248 9.91639
3.48 2.33 1.78
225 2%.19 (8.5 18,17 28 92,3483 1,5479 5.2433 1.4818 B.11732 9.91877
4.22 3,485 2.23
233 24,74 15,50 18.18 28 2,314 1.4217 39,2281 1.3947 B3.99931 9.51383
4,87 2.78 2.31
253 25,74 1T.17 14,82 3% 32,2599 1,762% 09,2935 1.438% 9, 123584 5.82451
3.35 MR- 2.18
267 26,52 17,79 1il.89 55 23,5839 1.9297 Q.2794 1.7853 8.12187 9.913237
3.82 2.8 1.%72
231 SB.ET 1T.24 1873 2% 03,3114 1,718 B.2351 1.53324 B.999%44 3,3135%1
2.95 2. 159 1.52
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TABLE 6.29

Date Seownsd  Oot. 111377
Fopulation & 49
All walugzssmeans+=-3, 0.

SHELLFIZH ALLOMETRY

Aeg Tomms  wimiay  ddmmt M Ucas  WMcs)  DMdsy D3¢ BRT.O3)  FRHOsD
Cin davso

et 3.39 3.58 LTS 182 3.9181 98,0837 9.8814 9.997s 9, 390944 g, 095997
1.886 §.72 §.33

@ 3.87 5. 44 2.7 24 3.8774 9.9418 9.9969 23.93%56  3.88258 a3, 59933
1.73 1.83 B.68

34 11.33 Ter 3 3.92 25 §,2211 9. 128% B.9173 9.18987  9.89724 G.88117
1.81 1.18 3,38

32 12.72 3. 44 4,33 25 3.2993 9. 1544 9.09254 5. 1447 9.01934 G, 88182
2.33 1.48 1.81

112 15.589 18,28 .43 2% 73,5214 9.3335 8.8512 9.2878 9.0228s B, 88356
3.36 2.28 1.42

128 17.36 11.3§ 5.%4 25 3.3605 8.47097 5.9799 8.389% 5.83143 8. BEsas
3.27 2.873 1.53

148 19.36 13.13 742 7= 1.3274 8,7319 9.12331 9.5%535 18.85131 g, 88331
3.13 2.17 1.48

154 22,82 14.57 3.30 25 {,3348 1.9319 9.1688 H.3538 B.86333 F.01812
4,24 2,83 2.87

163 22.88 13.1s 3.37 % 02,1146 1.14453 B.1736 4.9693 0.47I01 9.81254
3.82 2,57 .99

132 24,19 16,88 9,383 25 22,4909 1.32%¢ 9.2167 1.1815 B.99355 G,.81453
3.69 2.42 1.87

198 26.25 17.33 18.78 25 03,1798 1.7494 3,.2445 1.4394 A.16733 3.91713
2.7 1.38 1.52

218 25,51 1v.98  18.29 25 2.3131 1.4227 9.2132 1.3954 2,996535 3.01543
2.89 2.25 1.78
224 25.38 17.87 18.2% 25 3.29381 1.7454 9.2677 1.S127  B.19948 8.917%9

5.83 3.588 2,70
1d.14 25 3,8813 1.5188 9.2329 1.4795 9.93833 9.@1351

233 25.15 15.50
4.26 2,39 2.24

252 29,41 12.3% 12.39 25 4.5576 2,3374 9.4932 2.239% 9. 14911 4.09233%
4,17 2.83 2.18

266 2%.21 13,48 12.38 25 4,7874 2,5387 9.4147 2.3567 0. 15297 9.02509
4,98 3.37 2.352

238 28.46 12,32 12.19 28 33,3486 1,7419 9.3565 2.9935  9.1385% J.0295%
3.81 2.11 .58
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TABLE -6.31.

Date Spauned D8
Poapulation # 42
811 walugs=mean:

SHELLFISH RLLOMETRY

Hag 1Cmmy  wimms  diam M WWcsy  WMoss  DMisy  DSosx  PRT.L90 FEMO 32
fin davs?

T8 3,34 ~1.89 ~1.08 I87 9.9043 3.9927 3,999 9§, 3825 B.39817 Q. 9ugdas
t.h6  —1.88 -1.49

34 5,39 3,83 1.07 25 §.9382 4,0158 9,9838 9.0133  9,00723 4.a891L7
1.9& 1.23 §. 85

33 3,59 5.91 2. 32 2= g.1511 8.9939 3.91%55 9.957VI  B.00554 9, 09168
2.35 1,53 1.8

112 11.52 TP $.83 °5 3,2533 9.1363 §.8347 B, 11s5  3,09838 d,88127
2,47 1.37 3.33

1248 12.32 3. 37 4,34 2% 3,3412 9.1333 9.8288 9.1573 9.91273 d.085294
2.75 .85 1.19

1483 15.5¢ 18,82 5.32 2% 3,5857 99,3285 9.945% 9.2852 F,013%6 9,9831%
2.54 1.581 1,12

154 18,32 11,12 5,968 25 3,7533 98,3927 9.8533 9.3837  8.923793 0., 88533
2.37 1.39 1.32

153 1{.43 11.453 B 32 25 3,3300 B.4934 B8.8319 8.4314  §.9273 3, 50447
3.563 2.27 1.85

132 28,78 13.54 -1 25 1,4531 9.7954 5.1238 9.5377 9.04314 3.9a788
2.52 1.73 1.232

198 23.43 15,23 2,93 2% 21638 1.1583 8.1942 1.8127 3, 97480 §.811324
2.79 1.23 1.83

214 2%,99 17.47 19.28 25 9.9974 1.5459 8.2748 1.23615 4.1@232 H.31545
2.51 1.39 1.13

224 26,14 17.24 18.83 35 3,09375 1.6048 9.2857 1.4338 6,12257 §.01361
3.23 2.14 1.43

25 28,338 17.56 18.34 28 3.53548 1.23919 9.30%4 1.793% 9.11382 g.81221
4,21 3.29 1.99

252 23,54 18,88 11.82 2% 4.5186 2,32851 9.3475 2.2129 A,12724 2,924838
3.79 2,77 2.18

288 2.7 13,75 11.38 2% 4, @799 1,93885 §.3377 2.9914 B,12735 3.92088
4. 74 3.33 2.34

228 29,22 1%.18 11.74 25 4,5278 2,4957 89,3731 2.12173 G, 12798 3.02947
4.3 2. 38 2,18
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TABLE 6.32

Date Sraownsd  Jan. Ze1ETH
Fopulation # 43
ALl valuss=means+=3. 0.
» SHELLFIZH ALLOMETRY
Raeg Tiywwmy  wiams  ddsml M WWdss  WMcay  DMosy  DSdsy PR, 73r FRMI3,
fin daws
37 1,89 ~1.080 -1.99 456 9.00983 5.9997 9.0991 3.9902 9.392682 3, 0805

.99 -1.89 -1.89

vl 3.3 -1.09 -1.08135003 9.9991 5.0088 9.9008 3.9988 9,19999 9. JHEL
1.25 ~1.889 -1.09

33 .38 3.32 2.82 133 9.9292 9.9119 9.09813 9.88%2 9.0uA75 3.18ela
1,34 W27 8,33

39 3.34 3.37 2.93 25 3.1974 9.95%6 9.9135 9.8478 9, 08474 J.08uTs
2,49 1.52 9.8%

113 ti.14a Foed 3.93 25 59,2294 09,1236 B.9193 2.898% B.307+5 9.981173
1.38 1,15 .78

127 13.79 3.322 3.8z 25 5.4239 9.2153 9.9395 9.2077  8.10913713 0.98214
2.32 1.68 1.29

141 13.55 217 4,36 24 9.4449 95,2350 9.9372 9.29%9 @.01576 I,90253
2.99 1.39 1.28

135 17.45 11.55 6.92 25 9.9239 2.4738 0.9513 9.4442 3.152710 3.98460
2.32 1,49 2.35

163 12.57 2.3 7.72 25 1.3993 9.6397 9.1132 B.51%6 9.04233 9.88232
2.6% 2,21 1.38

133 19.88 13,7322 7.39 25 1.5838 9.3467 9.1479 9.75620 9.35554 9.08337
4.53 2.82 1.56

197 23.85 13.8% 2,358 25 2,2579 1,08317 48,1786 1.1782 9..1353 9.31317
2.88 2.19 1.98

211 25.43 17.25 19.73 25 2.9631 1.3634 98,2638 1.3997 8.38732 8.91343
3.28 2,848 1.64

223 25,31 17.3%5 19,37 25 3.4813 1.7227 3.31S1 1.7391 9.337%4 3.813s57
3.13 2.33 1.77

239 25.24 17.19 19.38 25 2.9639 1.2%37 9.27%6 1.7182 9.933145 2.31393
4,44 2.95 2.47

253 27.36 138.83 11,91 25 3.7211 1.S8922 5.2993 I.1383% 5..2393 9.0137¢
4,98 2,99 2,18

asv 28.6% 12.23 12.49 25 4.7698 2.3928 9.3973 2.4072  B.:24993 9,83333

3.35  &.2l 1.56
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TABLE 6.33

Dats Spawned  lanm, 21,1572
Papdlation & 44
Bll wvaluessmean: +=3, 7,

ZHELLFISH ALLOMETRY

Fzz Doy wdmmy  ddmms H Wigy  WMOsy  DMosy DScsd FRT. O30 PEHC 33
Cim odavsl ‘

35 LoS7 -1.08 ~1.969 831 9.9985 59.09006 @.9801 9, 59802 -1.99996-1, 90aaa
Q.32 L.98g -1.88

T3 .74 -1.89 -1.86 320 9.3953 9.9935 9.9904 9,597 H.a8814 3.08982
1.87 =1.88 ~1,.86

3 3.84 4.12 1,33 25 B.8337 3.8175 9.9928 F.415% 5.08037 9.58015
1.83 l.14  8.583

@3 7.28 S.41 Z.43 23 9.4772 3.9412 5.9951 5.9381 5.90194 9.988351
2.5% 1.73 .94

11z 2. 2R 5. 55 3.38 22 8. 1587 9.9387 9.0188 9.0839 5,509554 9.090595
2,53 1.52  38.32s

128 11.38 L 4,11 25 8.3192 8.17358 9.826% 5.1443 0.0154% 9.55153
3.34 2.24 1.45

1453 13.18 18.i2 5.48 23 8.3873 3.2931 B.045% 3.2694 §.917S9 3.49231
2.39 l.883 1.26

154 7.3 ilesl 5.36 23 9.3497 9.4525 9.9792 9.3972  5.92935 9.89470
1.32 1.22 8.99

163 28.33 13.83 5.95 23 1.3131 9.3254 9.1363 9.5%37  9.97992 5.91272
2.21 1.75 {.51

132 28,32 13.72  8.832 25 1.4957 2.3025 9.13%4 8.5331 §,94870 5.85779
3.1 1.28 i.28

135 22.54  14.74 9,12 23 2.9116 1.9554 8.1487 9.9552 ©.95792 9.99927
2.23 1,98 1.34

218 22.49  15.12 2.38 25 1.9853 3.9873 4.1742 4.9774 9.96350 9.91918
2.13 1.52 .11

224 22,51 180491 3,78 25 2.3516 1.9631 B8.138€ 1.13825 9.98653 9.01964
2.3v7 1.74 1.48

238 24,37 15.25 16.48 23 2.8333 1.4924 9.2508 1.345% 9. 11491 59.91339
2.59 2.88 1.324

£ 24.58 15.66 18,25 23 3.5365 1.3581 9.2385 1.1863 4.19673 5.4170s
3.78 2.43 1,54
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TABLE 6.34
Tate Sepauwned  Feo, 2721372
Paopulation & 45
A1l waluss=wears+=5. 0,
SHELLFISH ALLOMETRY
Aae LTimmy  wimme  dlmmd M MWCar  WMoer  DMCsr D3Cay  PRT.(3)  FPHead
Cinodavs s
37 1.33 ~1.98 ~1.89 544 3.08018 3,9997 59.49981 2.9993  §.99903 4, 55903
3.58 -l.88 ~1{.99
71l 3.3% -1.48 -~1.809 243 9.8877 9.4859 9.3985 9.98:37 0.858018 9,909853
1.82 ~-t.08 -1.40
] 5.51 4,54 2.22 23 9.9488 3.8247 4.99815 49,0248 3,480324 A,50038
1.73 1.12 8,34
35 19,25 5.38 3.46 27 9.16%4 9.8%43 59,9121 B.9745  9.1495458 9.000553
2.498- 1.2% 3.32
113 12.53 3,48 4,50 25 9.3332-1.0008-1.9989~1.088098 ~1.99908-1, 90458
2.89 1.23 1,14
127 15.42 18.82 5.31 23 9.5389-1,90680~1,9009~1.8899 -1.30089~1, 00404
3.158 2.83 1.3%
141 17.35 11.87 6,83 23 8.9338 8.4987 3.9742 9.4342 9.94551 9.98723
2.83 1.71 1.29
153 21,58 14,29 3.68 2% 1.5785 8.369%95 9.1327 3.78%8 9,13655 3,308998
2.39 1.%9 1.43
15% 21.18 13.32 3.28 23 1.5548 8.3347 9.1414 9.7193 B.95339 3.88351
2.54 1.51 1.43 :
133 22.54 14,78 3.75 25 1.9426 1.9648 48,1847 9.3772 9.83723 B.,889%27
2.35 1.72 1.381

137 23.17 18.21 9,13 25 1.5998 2.38%930 9.1581 1.0119 8.942352 3.29792
3.26  2.14 1.51

211 24.37 15.358 189.93 25 2.7445 1.3847 G.2138 1.2488 3. (3481 3,92144
3.25 2.:8 1.38

3 17.18 18.72 25 3.1324 1.5448 58,3044 1,.4334 3,.171092 3.82728
5 1.22 1.3%



TABLE 6.35

o,
)

Jate Sepawmsd March 2
Fopulavion # 48
A1l wvalueszs=mgans+=3. T,

GEE Piommd  wlmm?

71 T3l 4,92
1.29 d.51
a5 3.386  B.7R
1.33 1,483
29 12.8% 11.35
2.52 t138.:27
113 15.45 18.82
Z.86 1.63
127 13.26 11i.38
2.51 1.39
141 28.28 13.83
2.88 1.83
1558 12.54 12.35
2.26 1.58
159 21.32 14.17
2.64  1.85
133 23.49 13.39
2.85 2.98
128 24.78  18.82
2.585  3.41

SHELLFI3H ALLOMETRY

3.88355 9.9304
g-1.8988-1.1
-1,5889~1,9888-1. 9893

7.133935 4.8843

168.

FRT.uay FPMoso

§.HB235 3.89022

-1.138936~1. 5980

-1, 13908¢8-1 ., 00060

B.33451 B.683932

T

3.138668 9.019868
9.134935 B.88:34
9, 134383 3.08633
G,H8913 B.81=27

g.13548 9.01636
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TABLE 6.36

Dare Seauwned April I5.1%73
Parpulation # 47
ALl valusz=megaony+=3. 0,

SHELLFIZH ALLOMETRY

Ase Limmy  wilmar  odimmd H WWdsy  WMC3) DWiarx  D3iay  2RT. 3y FPMoa
Tin odavzs

34 14,39 D27 25 9.3828 9,138% 93,9333 9.17H1  3.41985 9.99161
1.78 B.71

33 16.15 5.87 24 B8.5713 9.3739 3.955% 9,2932  3,82911 9.99322
2ad4d 9,772

112 13.5% ToHe 25 1.9893 8.3633 9.9797 8, 3465 1.92935 4.99438
2.24 3.38

128 13.39 T.22 25 1.135893 9.5293 89,9222 5.5235  3.4331%5 9.99519
2.84 3,31

1489 28.32 7.2 EF 1.36%93 9.6963 9.1689 0.5734  3.93341 9,99531
2.18 4,33

134 21.%4 3.48 23 1.7785 9.7376 9.1683 9.732%  3.99%485 9,91585
1.93 3.29

158 23.85 9.24 25 2,158% 1.8768 9.13%6 1.974%  3.98743 9.91439

3.88
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TABLE 6.37

re Spauned May 231373
pulation & 43
1 ™

valusssmeans +=2, I,

SHELLFISH ALLOMETRY
2 Limmy  wéamy  ddmmy M WWCa)  WMOz)  DMOs)  DEd3r TRT. e PRMOT
vin das
3 18,23 X4 3.1737 9.9972 A.015% B.09815 3.099VEB 3.491lc
1.72

3
YR

25 B.4443 §, 2458 §,0377 d.1343 3, 3127 2, 0824

L2
o
e
£
.
—

i3

33 16.85 25 3.5539 89,3595 9.9573 9.233F  3.481979 9.89317

P

puy
»
L
et
3 T S g e
EVETL RS TR S B AN 1Y)

s & s ® & &
LY TR R B I

£a
SR Tx]

3.3457 5.4583 0.9733 4.4334 3. 9277 9. 5844

[
£
ot

-
N
[
—
o 00 e
= fe o}
E Y]
f
s
-
§
G 00 G ™) e L ~f G R O L

® # ® ® ® & @ = v 8w & °

U 00 D o G SO0 A B DD
Ty LRG3 S~ h ol o= B o0 5 0 R
£
(%]

126 13,96 13,43 25 1.3411 9.7898 89.1182 5.5313  3.85293 9.49377
1.83 1.21

123 22.55 14.3% 25 1.9728 1.6531 9.1724 9.3143F 1.99681 9.4813528
2,13 1ad3



TABLE 6.38

Dotz Seawned  Jume 191975
Population $ 49
ALl walugz=neans+=3.0,

Aae Tommd  wilmml  ddmm)
Cin davss

T1 3.38 El.il 3,08
1,89 3,72 8,44

33 12.a3 3.14 4,14
1.53 1.17 3.73

33 13.56  18.33 F.87
2.33 1.57 .81

111 17.19 11,3 5.3%

2.7 1,38 1.33

SHELLFISH ALLOMETRY

H W3y hiMda

25 8.19%38 9.95%s
25 B.2%523 8.1377
28 9.3931 4,322

27 9.3243 9.4523

D sl

8.9144
§.9222
9.9525

23,8593

03

9.4

9,12

4.2

8.3

-

552
59
TST

-

[~

*RT. 3

3.839483

171.

FRML 3

3.18782 3.4

J.HB2E33

d.44111



"% TABLE- 6.39

D Spaungd
Fapulation # 38
A1l

yalugssmgans+=3. 0.

Hae Tommy wimmd
Cip davsd

71 11.22 Tead

1.32 g9, 54

33 13.33 3.34

1.78 1.15

July 17 LES

SHELLFISH ALLOMETRY

A E D H Whivay  WHC3

3.3% 25 B.2113 8.1168
§.61

4,32 25 3.33088 B.2871
3,91 '

172.

DM

DSoar  FRT. (82

H.9248 B.2933

3.9318 8.1733



FIGURE 6.7 RELATIONS OF THREE SHELL DIMENSIONS OF ALL TAPES

POPULATIONS GROWN IN PILOT PLANT MODEL II
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and depth/width relations also increases with size. Deviation from
linearity is especially noticeable once the animals are over 15 mm
in shell Tength (10 mm in width). These allometric trends may have
important implications for a quantitative description of feeding and
growth and are discussed in more detail below.

Consistency in shell length, width and depth measurements versus
whole wet weight, wet and dry meat, dry shell and dry meat weights is
also evident, as illustrated in Figures 6.8 and 6.9.

Data from Tables 6.24 - 6.39 were used to generate Figure 6.10
which shows percent protein as a function of mean whole wet weight
because the Tapes protein content was used as a basis for determining
protein conversion rates (algae-Tapes). The shellfish technical descrip-
tion assumes that protein is 3% of whole wet weight; data collected from
the Model II plant indicates that this is a reasonable assumption. Varia-
tion in this value has been related to fluctuations in food supply (slope =
-0.07).

6.4.4 FODD SUPPLY TO fHE SHELLFISH
6.4.4.1 FLOW RATES TO THE SHELLFISH TRAYS
As shown in Table 6.480, flow rates were virtually

identical for all trays in the system. The north (trays 1-14) and south
(trays 15-28) were fed from separate orifices but received nearly identical
mean flow rates. For purposes of ana1}sis, it was assumed that flow to

all trays was identical and equal to 50 mis/second (1500 mls/30 seconds).
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FIGURE 6.9  RATIO OF SHELL DIMENSIONS TO WEIGHT FOR ALL TAPES

GROWN IN PILOT PLANT MODEL II.
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FIGURE 6.10 PERCENT PROTEIN VERSUS WHOLE WET WEIGHT OF TAPES
GROWN IN SHELLFISH PILOT PLANT MODEL II.
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"TABLE 6.40

SUMMARY SHELLFISH EFFLUEMT FLOW RATES
18-11-77-18-18-743
IMDIWIDUAL TRAY DATH

Cl.3fFlow=-rates in mlss38secs.

HORTH SIDE SOUTH SIDE

TRAY# M MEHAM +- 35.D. TRAY# H MEAM += 5.
1 133 1487 +~-14%9 13 133 1425+=-173
2 134 1513+=- 3% 15 133 1581+=-184
3 139 1511+=-183 17 139 1491+~ 23
4 133 1514+- 383 13 139 - 1438+- 99
) 139 1323+-166 19 133 1534+=-122
5 139 1537+~-183 28 139 1492+~ 39
v 139 1588+~-147 21 139 1438+=14%3
3 139 1518+~-125 22 1328 142+=112
3 133 1549+~151 23 139 1518+~ 33
18 139 1532+-121 24 139 1552+=-141
11 139 1323+=-152 25 133 1525+- 33
12 132 1497 +=147 26 139 1535+~ a3
13 133 1514+=-158 27 139 1513+= 29
14 124 14558+-153 =23 134 1423+=142

MERHM 1514 1438

S5TD.DEY. : 21 38
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In general, flow-rates were consistent, and were indicative of great
improvement of design over the Model I plant.
6.4.4.2 NITROGEN BALANCE IN THE SHELLFISH PILOT PLANT
Against the background of highly consistent

shellfish allometry and flow rates, considerable variation was observed
in influent and effluent chemistry values, as well as in individual
population and Biweekly weight gains. We turn first to the flow-through
chemistry values.

Table 6.41 illustrates mean.and standard deviation values for
(NHZ + NH3) -N, (NO§ + NOp)-N and Particulate Protein Nitrogen (PPN) and for
total 'N' (NHy + NH3 + NO + NO3 + PPN)-N for each biweekly test period.
For each test period, the inflow was sampled six times in replicate.
Table 6.42 gives the same data for effluent values. For these data, the

T standard deviation for the 5 - 8 shellfish popula-

values are the mean
tions which were sampled for effluent chemistries in the plant over each
biweekly period. (Effluent data for individual populations are discussed
below). Mean inflow values are also displayed in Figure 6.11.

Total ammonia levels are consistently low (grand mean t standard
deviation = 1.5 f 0.7 ugat L'l). The values are very close to those
measured in the pools (see Table 5.4 in the Phytoplankton section).

Because of changes in nutrient uptake by the algal cultures and
due to culture collapse, the (Nog + NO5)-N values vary considerably.
Figure 6.11 shows that the (NO§ + NO§)-N and PPN values are inversely

related. This is also consistent with the pool data (see Table 5.4
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SUMMARY SHELLFISH IMFLOM CHEMISTRIES
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SUMMARY SHELLFISH OUTFLOW CHEMISTRIES
1811 P7=-18-18-78

cl.onll waluess in wusansl

L Bumeed data for 5-8 shellfish ropulations
for gach biweskly teszt period
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11'!‘3""".?? 1-3 S.T‘ 5:‘3 '5:3
3. 11sB8e7v- 3T 3.3 E 21.3
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'4- 11""22;7?“ :..‘c? 1‘:lq' ""1":? ET!C‘
1285477 2.9 3.8 3.4 4,7
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Gl"iT,TE: 1-4 .‘12 ‘,l’:‘; E’-T
:'3- "31’1? T:B‘ 552 2-? 11:7‘ lnn.‘:‘;
!’31({317:3 1-@ 1-1'3 5& :..:J‘ ‘5- 1
E’l @1»’"313"?8“' 33:3 Bl 3 :31 T’ :E‘a E:
az-14-78 1.2 8. 4,3 5.2
1‘3. 93”14'?:3_ 5'1 ” 5.7 125 1 2:: E‘i
B2s28.78 1.7 4.7 4.8 4,4
11, B2 28-.78- 3.2 &l 168,53 21,7
@3-14-78 2.0 3.8 B2 4,3
1:.:.; [':'314 ?::JJ« 51@ :u6 14‘@3 gla:;:
BI- 2878 1.9 2.8 5.1 5.2



183.

t

TRIES

CHEMIS

W

HITFLI

H
P e
H

HELLFI!

1

HEY

b

S

1777=-18-18
CDont Lraed )

1

AeL

1

T e
= =

AS L )

LA

[OUR A
e =

Wy P

g 1]

[ RS o)

o0 i

u
(S A o

] vt
LS B o

(A%

o O
° =

¥ o

¥ 03
s e

AN A

i 1

b iR

-t 1§
g
N
=
fin )

24,6
‘4;5

U
= ®

£ O3

00 O
. =

oD

O -t
P

W —

(A
0 P
frm
e, ¥
W s

A% SIS

B plRy

et

R A

0

[EaRAL]

=y

=+
o -

[
[0
P ™
Ry
LA
=
LI s ]

5

L

-t 1]

R )

O
= =

& 0

uulila)

WYy

[ARLRAY
-

o et

0o
00 e

R
O 5
OF
R X
W
fac )

| SNy ]
LA L8
%

g T

[

LLARS 1

4t [

T o

e 0

W e

oo
[
e ™,
~, 03}
LS a s
U
B
RS2 acn
=

O
£ T
g

[

=+ -

Lo =t

~+ ~t

D alin

hes RS

Lo
.

o

[AS LN 5]

| R

ANE R AN

LAY 4
2 =

b gl

o O
® =

i L3}

(A%}

o

T

", 0
P 22
facy]

=
—
(a8}

231&
Fed

T e
- "

[ANRAS |

Loy P

o3 =f

P 0§

R i

P o
o0
| RN
vt el
oL
LA
LXKy

pule}
[

£
(a3}

DA
00
(A

SRR )
-

[ ]

LA s o
~1—
et

g-

o)
§

31377
88,2378

I

a -"’1
23

W o0
I
R

g 1

Rt

LUl

oY =

s e
LR cn]
—

oy =t

W i

i o0

00
[ N
[ =]
1% B
R 5
O3 D
i ]

-3
e

e OO
a =
i £rf

(A}

oy ¢

LR AN

v

o =

4
1.4

MEAH
TD.DEY.

.
-
e



184.

SO0IY¥3d 1531 ATIM33IMIL

N-(Ndd + EHN +

14
4

'y 7
HN + moz + mozv+,v\

dv3A INO 40 a0IY3d ¥ ¥3A0 SAVYL HSIJTIIHS
OL MOT4NI 40 NOILISOdWOD TWIIW3IHI NI SNOILYNLONTd T1°9 3¥n9id

E

¥

BOoOSONeON=BE

]

(1/2250) SITYLSIWIHI MOTIANT

t H 5 L

El
0 =
=g g

T ET
R4S
Bl
" gt
4!
" 81
-8t
" @2
" 1e
K24
" E2
" be
&e
- 8¢
" L2
" 82
" 62

T Be

" 1€
~¢E




185.

and Figures 5.2.A, B and C in the Phytoplankton Section #5).
Figures 6.12 and 6.13 illustrate relations between inflow and

outflow ammonia (NHZ + NH3)—N and nitrate and nitrite (NO§ + NOé)—N

respectively. Note that effluent ammonia values are generally

higher than the inflow values (grand mean = 4.4 * 1.5 gat L7t

),

and that the effluent values appear to fluctuate randomly in relation
to inflow values. Clearly, this reflects ammonia excretion by the
shellfish, and this excretion was correlated to concentration of ammonia
in the inflow.

In contrast, there is a nearly perfect linear relationship between
inflow and outflow (NO3 + NOE)-N values (rz = 0.97). This is significant
for three reasons. First, the data represent a good internal check on
the (NO3 + NO5)-N measurements and indicate high accuracy. Second, no
uptake of (NO& + NOé)—N was observed in the shellfish tanks as was the
case in the Model I plant. This provides a much more accurate and complete
'nitrogen' budget than was available the previous year. Third, no (NOg +
NO%)—N production was observed efther, as was observed with the 1975
constant weight study (used as the basis for the shellfish technical
description). In that study, effluent (NO§ + NOé)—N values exceeded
inflow values.

The mean ! standard deviation values for inflow PPN is shown in

Figure 6.14. Individual values obtained for each of the 156 sampling

days (3 times weekly x 52 weeks) are shown in Figure 6.15. The high
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FIGURE 6.12
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FIGURE 6.14
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degree of variability in the PPN values is very significant and will
be reviewed below, especially in relation to pilot plant shellfish
weight gains.

The 8.4 T 4.5 pgat L1 (NO% + NO5)-N in the shellfish inflow
represented about 26% of the available inorganic nitrogen in the
incoming deep sea water which is about 32 upgat L"1, As indicated
earlier, effluent (NO§ + NO5)-N values are virtually identical. Ammonia
(NHZ + NHB)—N inflow values (1.5 ¥ 0.7 ngat L'l) represent a mean of
4.7% of available incoming inorganic nitrogen. In the effluent, the
ammonia - N corresponds to 13.8% of the inorganic nitrogen in the
Deep Sea Water.

PPN values iﬁ the infTow.(i?.O t 3.5 pgat L“l) represent a mean
of 53% of available Deep Sea Water 'nitrogen’.

Of great importance is the fact that the effluent contained a mean
of 9.0 pgat L-! of PPN, or still 28.1% of deep sea water 'nitrogen'.
Thus only 47% of the incoming PPN was assimilated by the shellfish.

The total 'N' measured in tﬁe inflow (26.7 * 2.1 ngat L") and
outflow (21.9 f 2.8 ugat Lnl) represent 83.4% and 68.4% of total avail-
able deep sea water ‘nitrogen’.

Inflow values for total 'N' are in agreement with the pool culture
measurements given in Section 5 of this report and show that a signifi-
cant quantity of dissolved organic nitrogen was not measured. The
difference between inflow and outflow total 'N' values is due to the
uptake of algal PPN and its subsequent conversion to shellfish meat

protein-nitrogen. On the basis of the flow-through chemistry values
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4.8 ugat L71 or 15% of deep sea water 'nitrogen' was converted to
Tapes meat nitrogen or about 28% of PPN in the inflow and 60% of

the PPN removed in the tanks was converted to meat protein-N. This
assumes that all of the meat protein-nitrogen is accounted for in

the total 'N' outflow Tess inflow values, which may not be true

since there is a measurement error, for example. However, it provides
a good internal check for conversions based on total whole wet weight
gains and percent PPN of whole wet weight.

This discussion of flow-through chemistry results will be completed
by a brief reference to selected inflow versus outflow relations.

One of the first questions which arises from the observation that
the removal of PPN by the shellfish (47%) was quite low, pertains to
inflow versus outflow PPN results. Since shellfish filtration rates are
to some extent dependent on the concentration of the food supply (cells/
ml, PPN pgat L1, etc) (Winter, 1973; 1978) one might suppose some
relation between inflow and outflow PPN concentration.

This relationship for 148 complete sampling days is shown in
Figure 6.16. A least squares linear fit of the data is superimposed
over the data points. It must be stressed that the effluent values
represent the mean effluent values for from 5-8 populations; individual
population data are explored in more depth below. Despite this inten-
tional homogenization of data, a weakTy‘positive, linear trend can be

observed (rz = 0.31). This trend is important, since it does not support
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FIGURE 6.16  INFLUENT VERSUS EFFLUENT PPN FOR 148 SAMPLING
DAYS IN THE MODEL IT PILOT SHELLFISH PLANT
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the hypothesis that the fairly low concentration of PPN in the

food supply which was 17.0 ugat L‘l, as opposed to the 21.4 ugat L-1
assumed by the technical description and used as the basis for the

number of animals in each tray, was limiting uptake efficiency. The

data here must be considered as suggestive only, but effluent values
rarely go down with an increase in inflow values. Rather, they generally
increase, indicating no increase in feeding efficiency where there is

an increase in the food concentration.

Figures 6.17 and 6.18 are scattergrams with a superimposed least-
squares linear fit to the data, of ammonia production (outflow-inflow)
versus PPN presented and ammonia production versus PPN absorbed (PPN
presented-PPN in effluent). Once again, data (N = 151 for 6.17 and N =
140 for 6.18) are for the combined effluent values for all populations
in the plant, and are therefore relatively crude. Clearly, some general
relation between PPN presented and/or absorbed and ammonia production
exists. However, there is a great deal of scatter evident in both plots.

These figures provide some support for the need to include some
type of tank population parameter, expressed as a function of individual
shel1fish age in size variables when analyzing food conversion. By
averaging tank populations which vary considerably in age and size, few
clear relationships in 'nitrogen’ conversion can be established.

6.4.5 SHELLFISH GROWTH
Table 6.43 illustrates Tive whole wet weight gains for

the entire year (10/11/77 - 10/10/78). Live weight gains for each of
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FIGURE 6.18  AMMONIA PRODUCED AS A FUNCTION OF PPN ABSORBED
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TABLE 6.43

SUMMARY SHELLFISH WHOLE WET WEIGHT GRINS
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the 26 two-week test periods are shown, as is the mean * standard
deviation weight gain per tray (n = 28).

A total of 423.619 kg. of Tive whole wet weight of Tapes was
produced over the 12-month period of the study. The mean weight
gain per two-week test period was 16.293 kg, with a standard deviation
of 4.879 kg. Weight gains per test period ranged from a low of 4.75
kg (11/22/77 - 12/06/77) to a high of 25.003 kg (5/23/78 - 6/06/73).
Thus considerable variation in weight gains between individual test
periods was observed. Since considerable control was exerted over
the weight and area of animals per tray and since the tray environment
was healthy (see above) this variation was due to fluctuations in food
supply and to differences between individual populations.

The mean T

standard deviation data for individual trays is impor-
tant and illuminating. The original shellfish technical description
predicted equal weight gains for shellfish populations with equal
animal area fed equal quantities of food. A1l trays in the pilot plant
were culled to maintain this conétant area (ca. 2550 cmz), and all trays
were supplied identical flow rates. However, variation in weight gain
between trays was very large--in all cases the standard deviation ex-
ceeded the mean value by a wide margin. A highly similar set of data
was obtained from the Model I pilot plant, in which three populations
were studied longitudinally for a one—year period. As indicated above,
those results were clouded by high mortality and spawning rates which

reflected a poor tank environment, and no substantial conclusions con-
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cerning the validity of the technical description could be drawn.

Data collected on the Model II pilot plant (a confiquration
strikingly different from the Model I design) support the Model I
results. Further, the data indicate that although the rearing of
shellfish can be accomplished routinely and with 1ittle technical
problems, the qualitative feed model requires fundamental change.

It is very difficult to determine at this stage if problems encoun-
tered with the shellfish are attributable to the type of food pro-
vided, to the mannér in which it is fed to the animals (tank design,
etc.) or some basic physiological process in the animals themselves.
The shellfish growth data indicate that the fluctuations in weight
gains of the animals in the pilot plant are traceable to problems
with the algae, i.e. their food supply.

Commercial exploitation requires a consistent and predictable
output (weight gain, in this case). For this reason, the first issue
to be addressed in relation to technical feasibility is the considerable
deviation observed between the twénty—six (26) two-week test periods,
as illustrated in Table 6.43.

First, it should be pointed out that the total weight gains for
each two-week period reflect highly consistent patterns within each
test period (between the individual test populations and trays). That
is, when total weight gains were low, the weight gains from all individ-

ual trays were generally low, and conversely, when total weight gains
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were high so were all individual tray weight gains: the fluctuations
in biweekly weight gains did not reflect random combinations of high
and Tow tray weight gains. Figure 6.19, illustrates the maximum,
average and minimum weight gains per tray over each test period; note
the high degree of covariance.

These data imply that for any particular test period, the weight
gains of the fastest and slowest-growing animals were 1imited by a
common variable.

Naturally, this implies further that total weight gains for each
test period were limited by food supply. Indeed, this appears to be
the case. Figure 6.20 illustrates total live weight gain and the total
protein presented to the pilot plant for each test period. Total protein
presented was calculated by multiplying the mean concentration of PPN in
the food supply by the total flow of water through the plant dnd is,
therefore, a relatively crude measure. Nevertheless, there is a very high
correlation between weight gain and food supply. As shown in Figure 6.21,
a least squares linear fit of the data indicates a ré of 0.31; this should
be considered as quite strong given the nature of the data. It is
especially important to note that the total protein presented was cal-
culated from mean values and does not take into account fluctuations in
the food supply within each test period. For example, the relatively
high total amount of food presented dur%ng test period 23 (8/15 - 8/29/78)
coincides with a relatively low weight gain, but this may be attributable
to the high standard deviation of inflow PPN values during this period |

(see Tables 6.41 and 6.42 above).
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MAXIMUM, AVERAGE AND MINIMUM WEIGHT GAIN PER TRAY

FIGURE 6.19

IN THE PILOT SHELLFISH PLANT MODEL II
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LIVE SHELLFISH WEIGHT GAIN AND TOTAL PROTEIN PRESENTED

FIGURE 6.20

FOR MODEL II SHELLFISH PILOT PLANT.
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FIGURE 6.21  LEAST SQUARES FIT OF PROTEIN PRESENTED

(CENTIGRAMS) vs. LIVE WET WEIGHT GAINED (k.g.).
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Of course, weight gain results from the complex interplay
of many factors. From the viewpoint of technical feasibility and
the need to obtain high and constant weight gains, however, it is
evident that the periods of very low weight gain (particularly
during periods 4, 13 and 15) are attributable to a low and possibly
fluctuating food supply. This qualitative examination of data implies
strongly that an improvement in the first trophic level would dramatically
improve the overall weight gains recorded. Below, we discuss potential
weight gdins in more detail by examining the growth of superior pop-
ulations during periods of high and consistent PPN concentration in food
supply.

Tentatively, we may conclude that these fluctuations in weight gain
do not invalidate the technical approach taken to rear Tapes in the pilot
plant and that a relatively simple experimental program could iron out
most of the problems to be encountered at commercial scale. Most of the
problems are apt to be economic and will reflect problems of scale; there
is nothing to suggest in the data collected in the Model II pilot plant
that shellfish (particularly Tapes) are inherently difficult to rear.

Figure 6.22 is a scattergram of live weight gain per tray (all
trays, all test periods) versus the animal population area per tray on
the first day of each test period (popu]ation area = N(w)o‘66 were N =
number of animals and w = mean whole wet weight per animal; see Methods
and Materials above). The high concentration of points (many are over-
lapped and thus indistinguishable on this plot) where X = 2550 cm2

reflects the intended animal area per tray as determined in the shell-



FIGURE 6.22

LIVE WEIGHT GAIN/TRAY(g)

1688 L
1508 |
1488 |
1388 L
1288 L
1168 L

LIVE WEIGHT GAIN PER TRAY VERSUS SURFACE

AREA OF THE CLAMS

e
Pt
-
o
s
Ty
Y
-
. s
o 4
s -
R Lo
- -
o
-
T
o e TS
- F an
- PR
POt -
- o
. wa ‘e
y .
o o °
" .
e
fee o -
i
Beus -
nee
s
-
-.
- g
"%
.
Pa ow

204.

1868

i
g 8
h

N(w) T. 67/TRAY (caT2)

toes

2088
20080

7008 |

BEBG

BEee



205.

fish technical description. Points to the left of this line do

not reflect poor control over population area; rather, they represent
animals less than 84 days of age which intentionally occupied only

a portion of the tray area. These points increase positively and
Tinearly as they approach the ideal area equation. The points to the
right of this intended value represent those trays for which the
"Toading factor" or area/tray was intentionally increased by a factor
of two (2) during test periods 10 and 11. This was done to test the
hypothesis that total weight and/or area per tray and not age was
responsible for the drop-off in weight gain per tray. Deviations in
weight gain per tray among those trays with a similar area contradict
predictions based on the original technical description.

In Figure 6.23 the whole wet weight per tray on the first day of
each test period is plotted against the age of the animals. Since area
was held constant, the total weight of animals in each tray increased
with individual size (weight) and age. Some notes on the more obvious
deviations from the general trend of the data will be instructive. The
cluster of points above the general function represent those trays in
which the Toading factor was increased during test perjods 10 and 11.
The cluster of points where age was more than 420 days reflect pop-
ulations 20, 21 and 22 which were transferred from the Model I pilot
plant. Deviations in initial weight/tray for a given age, of course,
reflect variations between populations in individual weight as a function

of age. This reflects variations in growth rate between populations.
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FIGURE 6.23  INITIAL WEIGHT OF SHELLFISH PER TRAY AS A
FUNCTION OF AGE
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This variation in individual wet weight per animal as a function of
age is illustrated in Figure 6.24. Figures 6.25 - 6.39 illustrate
mean individual weights as a function of age for those populations for
which data are available. The mean individual wet weight is a cal-
culated figure based on a known population weight and an assumed pop-
ulation number.

As indicated in (Table 6.43), there is considerable deviation in
weight gain/tray within each test period. Was this random déviation or
does it reflect a consistent trend?

In Figure 6.40, Tive weight gains per tray are plotted against the
age of the animals per tray. First, the tendency to see a parabolic
relationship in the data with a peak at x = 84 days should be resisted
since, as indicated above, all populations spent the first two test
periods while in the plant (56-84 days of age on the initial day of
each test period) in an "overfed" condition. During this period, the
animals did not cover the bottom of the tray and the total animal area
was below that dictated by the shellfish technical description. Rather,
the drop-off in weight gain appears to be logarithmic. Of course, this
linear scattergram does not take food supply into account, which probably
explains most of the variations in weight gain per tray for a given age.
Genotypic variations probably also account for some of the variation, but
this cannot be determined precisely froh the data.

Since the initial weight/tray increased with age (Figure 6.24) we
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.25
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FIGURE 6.26  INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE
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FIGURE 6.28  INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE
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FIGURE 6.29  INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE
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FIGURE 6.30
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.32
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.33
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.34
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FIGURE 6.35  INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.36
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INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE

FIGURE 6.38
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FIGURE 6.39 INDIVIDUAL WET CLAM WEIGHTS AS A FUNCTION OF AGE
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FIGURE 6.40 LIVE WEIGHT GAIN/TRAY (g) vs. AGE OF ANIMALS/TRAY
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would also expect a drop-off in weight gain per tray as a function
of the population weight/tray. This is confirmed in Figure 6.41.
Here, the drop-off is more dramatic than is apparent in the weight
gain versus age plot (Figure 6.40) because the loading factor was
increased during test periods 10 and 11. The resultS of that test
demonstrated dramatically that an increase in total weight/tray, inde-
pendent of age and without a corresponding increase in food supply Ted
to a dramatic drop in weight gains. In fact, the only losses in tray
weight were recorded during these periods (Figure 6.41) and occurred
in trays with the greatest initial whole wet weight.
Of course, age and individual weight per animal may be treated
as separate variables (as they are above), but generally we expect them
to covary in a controlled situation, where food supply and genotypic
variation would be minimized. 1In any event, there is no direct correla-
tion between age and growth of clams. Other developmental/physiological
variables which generally covary with age (size, various physiological
parameters such as metabolic rate, etc.) are more important for growth.
For a given size clam, maximum weight gains per unit tray area can
be obtained by increasing food supply up to an optimum Tevel, beyond
which the population will be unable to remove it efficiently. This is
shown in Figure 6.42, where weight gain per tray is plotted against the
ratio of protein presented over initial weight per tray. Clearly, we

expect that low food levels and Tow population weights will lead to Tow
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weight gain, even if food is efficiently assimilated. The greatest
weight gains should occur in those trays containing sufficient clams
fed optimal amounts of food and containing the most efficient growers
(e.g. the youngest animals). This is the case as shown in Figures
6.40 and 6.41.

If maximum weight gains per tray (i.e., per unit pilot plant area)
is the main goal, then animals should be harvested at the earliest
possible age. Weight gains can be kept high as animals grow by feeding
an increasingly large amount of clams a greater amount of food. Weight
gain per unit pilot plant area is limited only by maximum animal stacking
densities and Timits of animal tolerance to water flow. A trade-off
exists between maximum harvestable animal size and food conversion
efficiency.

These are only economic and engineering problems, however, and the
data presented herein indicate no special technical problems.

However, economic projections must rest on a firm theoretical and
empirical base and the data indicate clearly that a drop-off in weight
gain occurs as a function of animal size and/or age and/or total pop-
ulation (tray) weight at a far greater rate than that predicted by the

shellfish technical description, independent of animal population area.

Thus, the technical description requires change to reflect the drop-off

in food conversion as a function of maturation.
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6.5 DISCUSSION

The operation of the pilot plant to produce Tapes japonica

by Artificial Upwelling in St. Croix during the year 10/77 - 10/78
was different in many ways from the manner in which a commercial
plant would be operated. Indeed, we have learned from both Model I
and Model II Pilot Plants how to improve the yields of the Artificial
Upwelling mariculture system.

The major differences which would Tead to increased yields at
the shellfish stage would be the following:

1) Food supply to the animals.

a. Since the St. Croix system has only two pools, the food
supply was diluted with stra’sht deep-sea water whenever one pool was
shut down due to its scheduled draining, cleaning, re-filling and re-
inoculation. This down-time accounted for 17% of the total time during
a one year period. If more pools were available, a system could be
devised whereby pools producing high density cultures would be "on line"
providing a constant volume of flow containing a constant concentration
of phytoplankton protein to the shellfish. This would require an increase
in the surface area of the pools for phytoplankton production and/or an
improvement in the management of the pools. This would increase the food
supply to the shellfish by 20% (199§§~;Z—9, and an increase of 20% in
shellfish production might be expected.

b. As is apparent from Figure 5.2B, describing a representative
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typical phytoplankton pool culture, the pools were activated before
maximum levels of particulate protein nitrogen were reached and were
de-activated after collapse was well advanced. If pools at high
production level (e.g. 27.5 ugat PPN.L'l) were kept active, it is estimated
that a further increase of 30% of food supply to the shellfish could be

achieved, Since the mean PPN production in the pools was 21.58 pgat L’1

1

(see Table 5.6) a PPN concentration of 27.5 ugat.L™* would represent 90.1%

conversion of incoming 30.57 ugat (NOj + NOé%—N.L“l to PPN, ‘[2,_7._5 x 100 _ g4
M5 ]

If these % increases in food supply (20 + 30 = 50%) would give rise
to similar % increases in whole shellfish weight produced in the pilot
plant, an output of 423.6 x 1.5 = 635 kg might be expected (423 kg of
shellfish were actually produced over the 12 month operation of the Model II
shellfish pilot plant).

The projection that 635 kg of whole shellfish weight could be
produced in one year in the shellfish plant by improved food supply
dors not appear unreasonable: Table 6.43 indicates that thevhest increase
in total weight gain of the Tapes in pilot plant Model II for a two week
period was 25 kg, achieved between 5-23-78 and 6-6-78. This would
corresnond to 25 kg x 26 = 650 kg production in one year if this growth
rate could be sustained, and would correspond to a conversion efficiency
of 24.2% of phytoplankton protein-N to shellfish meat protein-N, compared
to the conversion efficiency of 15.8% actually achieved during 12 month's

operation of the St. Croix Model II pilot plant.
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2) Improved management of the shellfish.

a. Since it was scheduled by the granting agency that the
pilot plant would be operated for 12 months only (10/77 - 10/79),
and we were attempting to produce as much shellfish as possible
during that period, the Tapes populations #20, 21 and 22 which had
been in Model I pilot plant since 8/3/76, 8/10/76 and 8/24/76
respectively, were transferred from the Model I pilot plant to the
Model II pilot plant on 10/4/77, (see Table 6.2). These populations
were then approximately 1é months old. They were larger animals,
with slower growth and a history of relatively poor growth and high
mortality in the Model I pilot plant.
The weight of these populations when introduced in the pilot plant
Model II was
#20 14.714 kg in 3 trays
#21 25.373 kg in 5 trays
#22 37.422 kg in 8 trays
Populations #34 and #35 (see Table 6.2) had also been in the Model I pilot
plant since July and August 1977 respectively and were transferred to
Model II on 10/4/77.
These populations were introduced in the Model II pilot plant because
insufficient 56 day old animals were available to stock up the full
pilot plant (28 trays) on day one. |

These Tatger animals with their previous unsatisfactory history in

Pilot Plant Model I could be expected to have poorer growth and food
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conversion efficiency than the populations specifically produced

in the hatchery for Pilot Plant II. Their presence would therefore,
depress the amount of shellfish which could be produced in the pilot
plant if only young 56 day old populations had been introduced into

the pilot plant.

These older populations were moved through the pilot plant and
harvested as new populations were introduced. Only their weight gains
were counted as Pilot Plant Model II shellifish production.

b. The other Tapes populations introduced in the Model II Pilot
Plant when they were 56 days old (#37, 39, 40, 41, 42, 43, 44, 45, 46,

47, 48, 49 and 50 -- see Table 6.2) varied greatly in total and individual
weight and size. Individual average weights ranged from 1 mg for Tapes 39
to 40.4 mg for Tapes 50. The total weight introduced in the pilot plant
varied from 27 g for Tapes 43 to 400 g for Tapes 50.

It is obvious from Table 6.2 that the drastic action taken to improve
the hatchery management (see section 6.3.3) in February 1978 greatly -
improved the growth of the spat between setting and day 56 when the
animals were introduced in the pilot plant. This is demonstrated by the
average weight of the clams of populations 47, 48 and 49 (see Table 6.2)
which were 37.3, 24.4 and 40.4 mg on day 56 compared to mean weights
ranging from 1 to 11.4 mg per clam for populations 37 through 47 on day 56
when they were moved from the hatchery into the pilot plant. The later

influence of this improved starting weight of the shellfish in the pilot
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plant is best shown in Figures 6.28 through 6.39 giving the
growth of Tapes populations #37 through #49 in the pilot plant.

On day 98, six weeks after their introduction in the pilot
plant (when they were 56 days old), populations 37 through 46 had
an average individual weight per clam of 180 mg; populations 47,

48 and 49 averaged 500 mg on that day.

Similarly, on day 126, populations 37 through 46 had an average
individual weight per clam of 440 mg; the corresponding weight for
population #47 was 1,000 mg -and for population #48 was 2,300 mg.

The most important influence of improving the size and condition
of the animals introduced from the hatchery into the plant is likely to
be on the length of time the animals will have to be kept in the plant

to reach market size.
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7 TECHNICAL DESCRIPTION

7.1 INTRODUCTION
Autotrophic organisms synthesize organic material in the
ocean from inorganic compounds, utilizing sunlight as a source of
energy and constitute the first trophic level in the ocean's food
chain. The most important photoautotrophs, quantitatively, are the
unicellular algae.

The nutrients required to produce organic compounds are derived
from the decomposition of organic matter. In the tropical oceans,
the surface waters are nutrient-depleted, whereas comparatively high
nutrient concentrations occur in deep ocean water.

Energy is introduced only at the first trophic Tevel in the marine
food chain. The phytoplankton biomass produced is dilute and individual
size is small. At higher trophic levels, the individual size generally
increases and individuals congregate, making harvesting practical.

Natural upwelling of deep-ocean water causes and sustains the most
fertile fisheries in the ocean. "Artificial Upwelling" projects to
domesticate this natural process.

7.2 GENERAL APPROACH

The efficiency of utilization of solar energy for protein
syntheéis can be maximized by management.

The process can be directed toward the end product most desirable
to man.

We have initially selected a two-trophic level system consisting of
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a phytoplankton stage, followed by shellfish cultivation. This
approach satisfies the requirements of a minimum number of trophic
levels to preserve efficiency and provide a usable food.

In the St. Croix "Artificial Upwelling" project, the required
chemical input is derived from nutrient rich deep-ocean water. It
is recognized that a spectrum of nutrients is involved in the
development of phytoplankton. The transformation of "nitrogen,"
generally the "Timiting" nutrient, is used to characterize successive
trophic levels.

Finally, each trophic level is maximized individually, neglecting
as yet undefined trade-offs in each level, which may improve the
efficiency of the total system.

Qur objective, within this description, is to establish an adequate
quantitative relationship (transfer function) between the mariculture's
outputs, its inputs, and its environment.

The expressions are to be based on our underétanding, 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 rational mechanism has been established, empirical
expressions satisfying experimental evidence may be used. These sections

are identified and are subfect to a continuing analysis.
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7.3 INITTIAL HYPOTHESIS
I. A spectrum of elements is involved in the exchanges
taking place within our system. '"Nitrogen" is considered the
1imiting chemical component in the food stream.

II. Each trophic level is considered an independent entity,
related to the other Tevel only through the output/input link, as
defined.

IIT. Some operating conditions can be controlled and/or maintained
constant. Others have time-dependent fluctuations. It is assumed that
storage mechanisms within the organisms will absorb these fluctuations
and allow time-variant inputs to be replaced by constant averages.

7.4 DEFINITION OF TROPHIC LEVELS

FIRST LEVEL: PHYTOPLANKTON

Inputs Output
Solar Energy ~—— R

P Phytoplankton Protein

Nutrients

SECOND LEVEL: SHELLFISH

Input Outputs

' ' Shellfish
Phytoplankton Protein - e
ytop <

Waste

7.4.1 FIRST TROPHIC LEVEL : PHYTOPLANKTON
Phytoplankton absorbs nutrients and transforms them

into protein with the help of solar energy, according to:
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p = canyv

where: P = phytoplankton protein produced (g)
¢ = nutrient concentration (g-at. N cm'3)
a = equiv. N to protein ratio

(14 x 6.25) = 87.5 -

ny = conversion efficiency -

it

v volume of deep-sea water handled (cm3)

nys for a specific phytoplankter, is a function of the exposure
to sunlight of the culture. This exposure is, in turn, a function of
the pool turnover rate and of the pool depth.

At a compensation depth (D.) the light intensity equals the

)
respiration needs of the phytoplankton. 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:

0.01 o e

it

o~HDc

-uD. = 4£n 0.01 = -4.61

The average light attenuation, in a column of this depth is:

i Do

D
¢ 1
Iav _1 eMidz = (l-e”“Dc) = 215
o uDe

From experimental data collected in St. Croix by Mary W. Farmer,

a reactor shaded to 20% could be operated at a turnover rate of .7 day”

1

o
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The measured value of u = .01158 cm'l, and:

p, = %O % 400 cm

¢ U
In reactors approximately 80 to 100 cm deep, a turnover rate of
1.2 day"1 can be maintained.

An attempt has been made to develop expressions, compatible with
these data, which would provide a continuous relationship between pool
depth turn-over rate and conversion efficiency.

An empirical relationship, proposed in our original "Technical
Description", is considered unsatisfactory. A better understanding of
the phytoplankton growth mechanism (MODEL) is required, before a rational
expression can be introduced. Some progress has been made, in the
development of a "Phytoplankton Model", but not to the extent that a
set of continuous expressions can be derived.

Based on the analysis of the data collected we estimate that:

10) in pools 1 m deep, at a turnover rate of 1.15/day under
the climatic conditions prevalent 6n St. Croix, the "nitrogen" to
protein-"nitrogen" conversion is .9.

On the basis of the data collected on shaded reactors, we estimate
that:

2°) the same conversion can be achieved, in an extrapolation
of our present experiment, in pools 3 m)deep at a turnover rate of
.75/day.

No estimate of the effect of different operating conditions, on the

conversion efficiency, is avdilable.
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7.4.7 SECOND TROPHIC LEVEL : SHELLFISH
Shellfish assimilates phytoplankton, and in the
process increases its wet weight, according to:

S =Bnp

2
where:
S = shellfish wet weight increase (g)
8 = protein to wet weéight ratio (33.125) -
ny = conversion efficiency -

feeding rate

Ny for a specific phytoplankton/shellfish combination, is a
function of the rate at which phytoplankton is presented to the shell-
fish. 1If this rate is low, only the vital needs will be satisfied,
and no net weight increase will result (nz = 0). If the rate is too
high, all available food cannot be assimilated.

Growth rates, in terms of é, are not constant, over the 1ife span
of the shellfish. Studies have shown that over a wide range of sizes,
the filtration rate of sheTTfish-fs proportional to w0'73, where w
represents the individual weight of each animal (Jurgen E. Winter, "The

filtration rate of Mytilus edulis", Marine Biology, 22:317-328, 1973).

A further decrease of this rate, for large (or 01d?) animals was noticed,

but not evaluated.

The filtration rate, and the critefion by which to characterize 2
TR I _Wj
feeding rate, seems more closely related to the animal's area [~ = (55 }
W
than to its weight, or volume (23 =7%).

In our analysis we have adopted:
PP (g

2
N(w)3

Lo} s

secal)
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as our feeding criterion.

2
F = protein feeding rate per (individual weight)§
p = phytoplankton protein inflow rate (g sec'l)
N = number of animals -
w = individual weight (g)

The empirical relationship, proposed in our original "Technical
Description", is considered unsatisfactory. A better understanding of
the shellfish growth mechanism (Model) is required, before a rational
expression can be introduced. Some progress has been made, in the
development of a "Shellfish Model", but not to the extent that a set
of continuous expressions can be derived.

According to data collected in St. Croix during a constant-weight
study in November-December 1975, the optimum conversion was achieved
for a feeding rate; per 1 g-equivalent animal of:

F=1.18 8 (g-prot/sec)

Maximum conversion is the slowest feeding rate, which should be
considered. In practice, a feeding rate, three times higher than optimum
conversion as determined by this experiment was suggested. The feeding
factor aimed for in the pilot plant is:

F=3x1.18 8 = 3.54 8 (g-prot/sec)

©7.4.2.1 SPACE REQUIREMENTS
To the extent that the feeding rate has an

influence on both the growth and food conversion efficiency, it is
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important that the distribution of food is uniform.

To achieve uniform access to the food stream, for all shellfish
in a given compartment,

19) a circulation is imparted to the medium, considerably stronger
than the fresh food flow. This is easily achieved in a "closed loop"
container, such as a circular tray, or a "raceway" configuration.

20) Space is to be provided so that no shellfish interferes
with the access to food of other shellfish.

This last requirement translates into a distribution of the
shellfish into a Timited number of layers, possibly a “"monolayer”,
on the bottom of a tray. The space requirements are defined in
terms of the individual animals area, rather than it's volume or
weight.

The highest packing density which can still be considered a
monolayer is of the order of:

s x (w13 | g/ cn’
where: |
S = apparent density p 1 g/cm3

this corresponds to:

N Vi |
N )23 4/cm’
W
where:
N = number of animais/cmz

The food flow required, for a tightly packed tray is of the

arder of:

F/cm2 = 3.54 ™A (gm—prot/sec/cmz)
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For a conversion efficiency of .9 and a nutrient content of 32
ugat-N/1, in the phytoplankton stage, this food flow is achieved with
a culture flow of:

3.54 &8
32 e 9 x 87.5 x .9

= ,01405 (cm3/sec/cm2)

For every cm3/sec of deep sea water phytoplankton culture flow,

a tray area of:

1/.01405 & 70 (cmé/cm’/sec)
has to be provided.

7.4.2.2 CONVERSTON EFFICIENCY
The actual productivity of phytoplankton

achieved in the St. Croix pilot plant is equivalent to 8.1T/Ha/year. The
productivity, in terms of shellfish whole wet weight is 42.3T/Ha/year.
On the basis of a protein to wet weight ratio of

B = 33.125

the achieved conversion efficiency, for an entire year:

n_ = 42.3 = .158
2 8.1 x33.125

over a bi-weekly period (perjod 17), in the pilot operation, a total
weight gain of 25 kg was achieved, as opposed to an average gain of
16.3 kg , per two week period over the entire year.

For an extrapolation of our present experiment, assuming perfected

techniques, a conversion efficiency of

25
n. =.159 x — = .242
2 16.3

can be expected.
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No estimate of the effect of different operating conditions, on

the conversion efficiency, is available.
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8 AQUACULTURE BUDGET GENERATOR
The Aquaculture Budget Generator package consists of an
interactive computer progrém (AQUA3A) with supporting data files
(DISK3$ and SUMD3A). The main program also calls a subroutine
(CNSTRCT). The programs are written in Fortran (MNF compiler), for
use on the University of Texas at Austin CDC CYBER 179/750 computer.
Appendix B contains a listing of
--the main program "AQUA3A"
--the subroutine "CNSTRCT"
--the files "DISK3@"
"DISK31"
"SUMD3A™
--a Tisting of variables used in the program
8.1 FILE FUNCTIONS

a. AQUA3A--the main program, provides cost of ptEQUction
estimates. The values of input parameters and variables can be

examined or modified interactively.
b. DISK3$--(The $ sign stands for individual versions,

numbered 3 to 9).
Source of default values for the input assumptions.
c. SUMD3A--Source of the titles for AQUA3A, when producing
a tabulated 1ist of production cost estimates.
d. CNSTRCT--Subroutine which interprets operator commands,

to display or modify variables.
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OPERATOR
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CMSTRCT DISK3$

SUMD3A

8.3 PROGRAM AQUA3A--PRINCIPAL PARTS

The program consists of an initialization section, an

interactive section and a calculation section.

8.3.1 INITIALIZATION SECTION (up %o statement #12()

Within the initjalization section, the array of

variables (VAR) is set to @. The default values of the input assump-

tions (DISK3$) and the output table titles (SUMD3A) are read from their

respective files.

A mortality table is generated (A9§3).

§.3.2 INTERACTIVE SECTION (statements #150 o #487)

The interactive section controls the display of

requested variables and modification of input assumptions.

the operator to:

1) Change an assumption
2) Examine a variable

3) Run the budget program
4) (N.A.)

5) Exit from the program

It allows
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8.3.3 CALCULATION SECTION [(f4rom statement #5¢¢ to end)

There are three parts to the calculation section.
These are:

a) A biological subsection, in which plant and
animal growth and survival are computed on a daily basis, and total
requirements are calculated.

b) A physical subsection, in which are determined
the facilities needed to satisfy the requirements specified in section
a) to produce the desired output; and

c) A cost subsection, in which the physical and
biological requirements to produce a unit output are costed, following
standard accounting practices. The cost components and selected per-
formance measures for the system are then printed out.

8§.3.3.1 BIOLOGICAL SUBSECTION (4rom statement #5¢(

to &49.)

Within the biological subsection, the conver-
sion of "nitrogen" into phytop]aﬁkton protein, then into shellfish, is
evaluated in accordance with the "Technical Description" of the Artificial

Upwelling process. 19) a constant phytoplankton conversion efficiency

(VAR(27) = .9) is assumed, unless the compensation depth is exceeded:
the volume beyond this depth is considered unproductive.

The compensation depth, for deep sea water (VAR(23)) is accepted
to be 400 cm. This compensation depth is corrected, for nutrient en-

riched DSW, by making it inversely proportional to the nutrient concen-
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tration (VAR(22)).
In a pool, whose depth does not exceed the compensation depth,
each cm® of DSW, with a "nitrogen" content of:

32 ugat-N/1

14 x 32e-09

H

4.48e-07 g-N/em3  (VAR(21))
yields:
0.9 x 4.48e-07 x 6.95

il

2.52e =06 g-Prot/cm3

How this yield would vary with, for example, the duration of
exposure to sunlight is not defined at present, in the "Technical
Description". The conversion yield, as defined above, is assumed
to occur, for the St. Croix environment in:

a) A pool 1 m deep at a turnover rate of 1.15
b) A pool, 3 m deep, at a turnover rate of .75.

Pool depth (VAR(70)) and turnover rate (VAR(72)) are introduced
from the assumption initialization files. Set (a) represents the
actual operating conditions contained in the file "DISK3p" and set (b)
is part of set of assumptions, contained in file "DISK31". This
second set of operating conditions is deemed representative of what
would be achieved in a large scale operation.

29) The shellfish conversion efficiency is also assumed constant.

An animal of a total wet weight size of 1 g, is fed at a rate of:
3x 1.18 e -8 g-Prot/sec (VAR(57))

Animals of different sizes are fed at rates proportional to an
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exponential (VAR(803) = 2/3) function of total wet weight. The
required food flow rate (VAR(60)), and the resultant weight increase.
(VAR(828)), is evaluated on a daily basis from the introduction of the
spat, at a size provided by VAR(8@6) = .9@1 g, until the desired market
size (VAR(921) = 1P g) is reached. Actual harvesting occurs at the
next transfer operation, whose intervals are determined by VAR(61).
Daily evaluations are corrected for mortality, according to the
mortality table A903. This mortality table provides the daily mortality
to be expected, on the basis of an estimate of the fraction of animals
surviving after 180 days (VARS@9).
§.3.3.7 PHYSICAL SUBSECTION (4rom statement §28 to
Section 1)
From the output of the biological subsection,
the following parameters are evaluated:
--Days to harvest (VAR(923))
--"Standard" harvest weight/animal (VAR(916))
--Mortality correction (VAR(917))
--Protein Consumed/animal introduced (VAR(622))
--Phytoplankton production rate per unit area (VAR(55))
From these parameters, the area, volume, flow and number of animals
introduced per batch, to achieve the desired output is computed.
The desired output is defined in terms of the size of successive batches,
in kg (VAR(922)), and of the interval between batches, in days (VAR(807)).

For the selected subdivision of the total pool area a ratio of the
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nimber of walls per pool is determined, since several pools share
common walls.

The area required by the shellfish and the total area involved
in transfers, over one year, are also calculated.

8.3.3.3 COST SUBSECTIONS (SECTIONS 1 to 12)

SECTION 1

This section evaluates the capital and operating costs, related
to the seawater intake system. This evaluation requires a selection
of the size (diamter of the intake line(s), in order to minimize the
sum of capital and operating costs,

The capital cost of a set of intake pipelines is obtained according

to:
¢=F+aD+ knpt®

where:
C = Capital cost (VAR(258)) $
D = Pipeline diamter (VAR(ZSO)) m
N = Number of pipelines (VAR(240)) #
L = Length of each pipeline (VAR(241)) m
F
G } = coefficients
K

An interpolation between published cost data, provided the

following values for the coefficients:

F = 140,000 (VAR(247))
G = 370,000 (VAR(248))
K= 740 (VAR(249))
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A capital annualization factor is applied to the capital invest-

ment cost, in order to determine annual capital costs. This factor:

A = Isf

fF 7 e -+ Ret. + Maint.
(Igp + 1) -1
where:

Ae = Annualization Factor (VAR(251)) (#/year)
Ic¢ = Interest rate on sinking fund (VAR(928)) (#/year)
A = Life of pipeline (VAR(242)) (year)
Ret. = Return on capital (VAR(929)) (#/year)
Maint.= Annual fraction of capital cost, required

for mainenance (VAR(244)) (#/year)

The pumping power required to overcome pipeline friction losses,
is determined as follows: from our internal pipe friction evaluation

program it is derived that the unit friction head is closely approxi-

mated by:
FLOWy1-8
UFH = u il )
D4.8
where:
FLOW = DSW Flow (VAR(664)) (m3/sec)
D = Pipeline Diameter (VAR(250)) (m)
N = Number of pipelines (VAR(240)) (#)
U = Coefficient, (unit friction head in

a 1 m diameter pipe, with a 1m3/sec

Flow} (VAR(245) = .0001) (#)
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The power loss; per m of pipeline length:
FLOW

W/L = 1000. x (——) x UFH (kgm/sec)
= 9.807 x (L) x urH (kW)

and the power cost, per year, per pipeline.

Y
NOP = (Duty factor) x 365. x 24. x w x W/(Pumpn)

where:
YOp = Yearly power costs ($/year)
W = Unit power costs (VAR(414)) ($/kwh)
(Duty factor) = Pipeline duty cycle (VAR(243)) (#)
(Pump n) = Efficiency of Pumps (VAR(382)) (#)

Combining the above expressions, the power operating costs, per year,

can be expressed as:

~ FLOW.2.8  -4.8
YOp NQL( N x D

where:

D
#

(Duty Factor) x 365. x 24. x w X U/(pump n)

I

(VAR(252)

The yearly capital costs are:

_ 1.8
Yeap = Ag(F + 8 + KNLDZ-5)
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and the total yearly costs:
Y =Y +
tOt Cap Yop
The optimum pipeline diameter is obtained by solving the first

derivative, with respect to D, for this yearly cost equation.

9 Yot 8

_ : FLOW,2-8
5 = AfG + 1.8 AKNLD™ - 4.8 NOL (—ﬁ_~) X

D“5.8 = ﬂ

This implicit expression is evaluated by iteration, to within .1%.
For the selected diameter (VAR(25@)), the required capital investment
(VAR(258)) and yearly capital and operating costs (VAR(259)) are then

evaluated.

SECTION 2
This section concerns itself with components of the system, whose
costs-are directly proportional to their area. These components include:
--The phytoplankton pools, required excavation, liners,
embankments; |
--The shellfish area;
--Ancillary office/storage facilities
The cost of phytoplankton pools consists of three components, the
first two non-recurring, the last recurring.
(1) Cost of Land. This is the cost of raw land divided by the
number of usable square meters in a hectare (making allowance for

roadways, support equipment, wasted space, etc.).
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(2) Cost of excavation. This depends on the number of pools,
total area and depth. With more than one pool there are some embank-
ments which are common boundaries for two pools. Assuming approximately
square pools, the length of each side will be:

L = A% where A is the pool area in m2

A correction to the total length of embankments, for contiguous
as opposed to isolated single pools, is introduced by the equivalent
wall/cell number (VAR(678)) calculated earlier. The total length of
embankment :

Ly = (wall/cell) x e (m)
Assuming a 4 meter roadway on top of each embankment and sioped sides

to the pools, let the cross-sectional area of the embankment be:
D D \2 2
Al = 4{—} + 2 [— m
E (;oé) (100) (m")
where D is the actual pdol depth 1in cm.
Thus, the volume of excavation work is:
R 3
VE = AE LT ‘ (m”)
Let the cost of excavation by KE $/m3 then cost of excavation, Ces
is given by:

E= K Vg = K Ap g ($)

(3) Cost of 1ining. If the pool lining is concrete its 1ife may
be quite Tong, although for accounting and investment purposes a

relatively short period may be selected. Non-rigid liners such as butyl
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rubber may have a much shorter actual life.

If the pool sides have a gradual slope, a reasonable approx-
imation to the quantity of liner is given by the pool area.

SECTION 3

This section sizes and costs the required DSW distribution channels
and 1ift.

A single hypothetical channel, carrying the total flow and having
a Tength (VAR(154)) equal to the square root of the total pool area, is
substituted for the distribution network.

The flow velocity (VAR(76) = 1 m/sec) is provided as an input
assumption.

The channel cross-section (VAR(151)) is obtained by dividing the
total flow (VAR(664)) by this flow velocity. The product of the cross-
section by the length of the channel provides the excavated volume.

To achieve the assumed flow velocity in a given channel, requires

a slope (VAR(153)) which is computed according to:

2,2
SLOPE = %
where:
n = roughness factor (VAR(77) = .g2) (#)
V = flow velocity (VAR(76)) | (m/sec)
m = Hydraulic radius (VAR(152)) (m)

H

(\J2/3 A) /2
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where:
A = channel cross-section (VAR(151)) (mg)

The total Tift required:

1]

Total Tift = Length x Slope x Regulation factor

VAR(3¢3) (m)
The Regulation factor (VAR(75) accounts for additional head losses,
required to control the distribution of the deep sea water between a

number of pools.

SECTIONS 4-9

These sections, in previous versions of the Aquaculture Budget
Generator, were handling heating, aeration and effluent treatment
aspects. They are deleted from the present "AQUA3A" version.

SECTION 10

Within this section, the circulation pumping costs are determined.
These costs include capital investment in pumping equipment, maintenance
and energy costs.

The program provides for four separate pumping operations.

(1) Deep sea water distribution to the pools.
(2) Deep sea water distribution to the shellfish
(3} Recirculation of water in the shellfish trays
(4) Recirculation of water in the phytoplankton pools
Only the first of these operations’is active in "AQUA3A". The

other operations are set to @.
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VAR(328) = Pumping capacity, DSW to Shellfish = @.
VAR(313) = Shellfish tray recirculation power = (.
VAR(6@2) = Phytoplankton pool recirculation power = @,

The deep sea intake pumping power requirements are accounted for
in Section 1.

The capital cost of pumping (Cp) is given by:

Cp = 56900
where W is the calculated power requirement in KW.

The operating cost is the power cost, for continuous operation,
and the maintenance cost is a fixed percentage of the capitaf cost.

SECTION 11

Labor costs, for handling of shellfish, cleaning of shellfish and
phytoplankton areas, are evaluated in this section.

The tasks are defined in terms of the areas to be handled, and of
the frequency of these operations. These tasks are transformed into a
time requirement, to which an hourly rate is then applied.

Supervisory and Taboratory technician labor is specified as an
input assumption (VAR(7@2) in terms of a direct component of the unit
output cost, in $/kg total wet weight.

Specialized labor required to maintain the plant and equipment is
costed separately for each component in the relevant section of the
program. |

SECTION 12

In this section the results of cost evaluations are summarized for

insertion into the output display.
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§.4 PROGRAM OPERATION
Operation of this program on the UT computer, is described

in the introductory comment of the "AQUA3A" program. After the
prompting response:

"PICK ONE. FOR HELP TYPE 9."
If the user types "9", the response is:

"IF YOU WANT TO: V !

"1) CHANGE AN ASSUMPTION "

"2) EXAMINE A VARIABLE ' !

"3) RUN THE BUDGET PROGRAM !

"5) EXIT FROM THE PROGRAM !

"TYPE 1, 2, 3, or 5 !
If the user types 'l', the computer responds:

"TYPE ASSUMPTION NUMBER, COMMA, AND NEW VALUE !

"WHEN DONE TYPE 999.0 !
NOTE: No acknowledgement of the assumption change is provided. Space
successive requests adequately and verify that the desired value has
been accepted, by examining the modified assumption (see below). If
the user types "2", the computer responds:

"IF YOU WANT TO: , :

"1) SEE A SECTION "

"2) SEE AN ASSUMPTION "

"3) SEE A TABLE "

"4) RETURN TO THE PROGRAM i

"TYPE 1, 2, 3 or 4 .
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If the user transmits 'l', the computer returns:
"TYPE THE RANGE OF THE SECTION YOU WISH TO SEE !
“e.qg. 1, 47
Only a single range can be examined, at which time the previous
message appears. If the user transmits '2', the computer responds:
"TYPE THE ASSUMPTION NUMBER YOU WISH TO SEE !
"IF YOU WISH TO SEE ANOTHER ASSUMPTION, TYPE IN THE
NEXT NUMBER !
"ASSUMPTION YOU WISH TO SEE. WHEN DONE TYPE -999 !

Transmitting "-999", returns the display prompt.

If the user now types '3', the message displayed is:
"IF YOU WANT TO: "
"1) SEE THE MORTALITY ADJUSTMENT FACTOR "
"TYPE 1 !
If the user types 'l', a 998 day survival table is printed out, 5 days
per line. Any other response is considered negative.
In both cases, the system returns to the display prompt.
If the user responds to the display prompt, by typing '4' the
program returns to the initial prompt:
"PICK ONE. FOR HELP TYPE 9 "
If the user types '3', the calculation part of the program is
entered, using the latest values of assumptions, and the "Qutput Summary"
is printed out, before returning to the start of the program.

If the user types '5', the execution of the job is terminated.
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&.5 PROGRAM outpur
A number of the variables (VAR), manipulated by the

program, constitute input assumptions and can be defined interactively
in the absence of specific requests, these input variables have to
be provided with a set of "default" values. These default values are
provided by the "DISK3$§" files.

Two sets of default values for the assumptions are available at
this ‘time:

"DISK3@" contains a set of conditions, representative of the
actual St. Croix operation;

“DISK31" contains a set of conditions, representing an extrapolated
realistically improved operation.

The main differences between the two sets are summarized as follows:

--The actual St. Croix operation utilized a deep sea water flow of
~ 1.3 1/sec, exposed to sunlight in two pools with a combined volume of
~ 100 m3, a depth of 3 1 m and at a turnover rate of s 1.15/day. The
shellfish phytoplankton protein conversion efficiency is set at .158.
The total output, neglecting interruptions under these conditions, would
have been a 485 kg/year of shellfish (whole wet weight).

--The extrapolated operation analyzes a plant producing 1000 kg/day of
shellfish. The phytoplankton is being grown in six pools, 3 m deep, at a

turnover of .75/day. The shellfish conversion efficiency is assumed to

be .242.
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When either set of initial assumptions is loaded by the "AQUA3A"
program, and execution is requested, an "Output Summary" is produced
which is a baseline output, for either the St. Croix or the extrapolated
operating conditions. Baseline summarizes for both the "DISK3@" and
"DISK31" set of default assumptions are shown in Table 8.1 and 8.2.

As detailed on Table 8.1, the "Output Summary" contains two
columns:

1) Lists a number of components of the total shellfish production
costs. These costs are expressed in $/kg of whole wet weight shellfish
output. (The last two items in this column, relate to the annual
capital costs and to the required capital investment. These amounts,
expressed in k$, concern the entire plant).

2) Lists a number of characteristics of the plant, which are
determined within the program.

3) Represents the plant output, in kg/year. The desired output is
one of the inputs provided to thg program. It is formulated in terms
of the size of each batch (VAR(922)), in kg, and of the interval between
batches (VAR(8A7)) in days.

4) Represents the summation of all costs, divided by the plant's
output. It also corresponds to the sum of the identified cost components,
listed in Column 1.

5) This subsection relates to thé phytoplankton production. (Note
that it is expressed in terms of $ per quantity required to produce 1 kg

of shellfish).
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6) This subsection represents the costs, specifically related
to the shellfish section.

Under the "Performance Measures", column 2,‘are 1isted:

--The required deep-sea water flow, to achieve the desired out-
put, and the characteristics of the intake pipeline system, as optimized
within the program;

--The phytoplankton pool size (Total) and configuration assumed;

--The ishellfish area requirement;

--Listed next are the shellfish mean harvesting size, in grams, and
the number of days required for the introduced larvae, to attain that
size.

A comparison of both baseline tables shows the major influence
exerted by the size of the plant, on unit output production costs,
particularly the deep sea water component.

At the size of the St. Croix operation, the deep sea water costs
represent an exorbitant $48.54/kg. In a plant handling about 500 times
the St. Croix water flow, the contribution of the deep sea water costs,
to the total production costs, shrinks to & 36%.

REMARK: The pipeline characteristics listed in the "Performance
Measures“ column of the St. Croix baseline "Output Summary" (Table 8,1)
do not represent our actual installation. The program suggests, and
utilizes, a pipeline which is optimized for the utiTiied deep sea water
flow. Our St. Croix installation provides more water than was utilized
by the demonstration plants. The deep sea water intake installation was

constructed as a verification of feasibility, and was not optimized.
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APPENDIX A

Artificial Upwelling Pilot Plant Model 1I

Computerized Data File
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272.
STX COMPUTERIZED DATA FILE

PURPOSE:

Improve accessibility of the data collected through scheduled

obgservations.

LIST CF MEASUREMENTS:

I) DEEP SEAWATER CHEMISTRY 1/week
- Thursday-a.m.

2 x 3 samples

NH, , D001
NO4+NO5 D001
PO, : D001
sio, - D001

II) POOL HISTORY

a) £illing rate " as required
Dilutions/Day - D002
Operating volume D002
b) status change ' as required
Inoc. source/Poocl # D007
Inoc. date/time .D0O07
Activ. date/time D007
Deactiv. date/time D007
ITI) ©POOL CHEMISTRY ' , . 3/week

Mon/Wed/Fri-p.m.
2 ¥ 2 samples
NH4 D003

Partic. Prot.=N ‘ D003



IV) POOL CELL COUNTS

Count (167)/Contam. (+)

V) ENVIRONMENT

Level, Pool I
Level, Pool II
Temp., Pool I
Temp., Pool II
Temp., DSW
Temp., Air
Light*/Rain*
VI) POLYTANK HISTORY
(To be defined)

VII) POLYTANK OBSERVATIONS

a) cell counts

count (167)/contam.

b) enviromment
Temp.
PH
VIII) HATCHERY SPAWNINGS

Parents, sperm
Parents, eggs
" Spawnings Date

Number of fert. eggs

D004

D005
D005
D005
D005
DOO05
D005

D005

D004

D005

D008

- D009

D009
D009

D009

273.
2/day

a.m./p.m.

2 x 2 samples

2/day (except *)

a.m./p.m.

2/day

a.m./p.m.

2 x 4 samples

4 readings

1/4 week

variable



IX) HATCHERY OBSERVATIONS

Date/weight

Nunmber/fraction removed

Length/width (10x)

X) PILOT PLANT SHELLFISH HISTORY

Batch # introduced
Weight introduced
Batch # removed

Weight removed

XI) SHELLFISH FLOWTHROUGH & CHEMISTRY

NH4
NO3+N02

Partic. Prot.=-N

XII) SHELLFISH PLANT CONTROL

a) environment

Mixing tank level

Av. tray temp.

D009
D009

DOGY

D010
DOL1G
D010

D010

D006
D006

DOC6

DOQGS

. DOOS

274,

X 3/week
variable

Sample of 10

2 weeks

?

28 trays

3/week
Mon/Wed/Fri-p.m.
2 on inflow

.2 % 8 outflow

2/day

a.m./p.m.
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. CATAFILE ST
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diy weight

e dryshell

meat
N weight

D005

D011
D01l
D011
DO1l1
D011

D011

D011

D01l

D012

D012

D012

275.
3/week

Sun/Tues/Thurs=-p.m.

2 x 28 readings

2 weeks

?

8 batches, 25 samples



278.
2. The data input is obtained from a number of data-

collecting sheets (Appx. A). As individual files will usually be
established one at a time, it is of interest to group all
measurements, recorded on a specific data sheet, into the same
file.

3. All data will be stored into a "Master File," tape
cassette library. Only a fraction of the "Master File" is directly
accessible, in the system's memory at any time, due to memory size
limitations. The individual files will be subdivided into
sequential "pages,"” each of which can be accommodated by the
available memory. The location of such pages becomes part of the

primary access parameter.

Measurements have been tabulated in function of shared major
access parameter, data source and file size, in ordervto select a
convenient page organization (See table 1).

The sequence of pages, constituting each individual file for
a calendar year, are grouped into books.

The adopted organization distributed the measurements over 10

books, identified by the letters A to J.

Measurement Book
I E
II a) G
ITI b) G
IIT C
v A
V- B

VI (To be defined)
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Book Page Unit Pages/Year Data/Page Data/Year Meas.

H 1/2 Batch 26 (4) 104 VIIT
288 7488 IX
292 7592
I 4 Trays 14 260 3640 X
J 4 Batches 52 320 16640 XIII a)
16 832 XIII b)
- 336 17472

More detailed shellfish tray temperature measurements made

during 1976-77 are filed under:
B' week 52 168 8736 . XIT a)
The data location witﬁin each page follows:
A - PAGE ‘ IV & VII a)
(cell counts)
a7, 2, 6, 2] - Sample 1
- Sample 2

Pl

B [ (3% o
§

- P2

3 =« PT1l Cell Counts*

4 - PT2
5 = PT3
6 = PT4

1 - a.m. (8:00)

2 - p.m. (14:00)

| 1 - 7°- Day sequence (1 to 7)

* Note: If contaminants are detected, use (=)



281.
B = PAGE V + VII. b) + XII a)

(beach observations)
B [7, 2, 17]
L—-_—‘ 1 - Pl Level
2 = P2 Level
3 ~‘Pl Temperature
4 - P2 Temperature
5 - DSW Temperature
6 = Air Temperature
7 - PT1 Temperature
8 - PT2 Temperature
9 - PT3 Temperature
10 - PT4 Temperature
11 - P71 pH
12 - pT2 pPH

13 = pT3 PH

15 - SPP Mixing tank level
16 - SPP Tray temperature

17 - a.m. light/p.m. rain

1l - a.m. (8:00)

2 - p.m. (14:00)

¥l = 7 - Day sequence (1l to 7)'



C = PAGE

c [3, 3, 12, 2]

10
11
12

1

|
I

2

3

ITI + XI

{(culture chem.)

Sample 1
Sample 2
Pl
P2
Mixing tank
Outflow 1

2

3

8

»(See note*)

NHy
N03+N02

Partic. prot.-N

1 - 3 - bDay sequence (1 to 3)

282.



*Note: Frames C [P, Q, 12, S] are used to
Store: Date corrections

Population #

Tray #

in 2 digit blocks, as follows:

Outflow
Date correct;_1 ? % % % 8

. cf{p, 1, 12, 1}— — — -93 .33 33 ad ad
Population # ‘

c{p, 1, 12, 2} — — — — — -+ +-.ad

c{p, 2,12, 1}— — — — 33 33 @ T3
From Tray #

c {p, 2, 12, 2}— —|— — +-.a

c{p, 3, 12, 1}— — — —.3@ 33 &3 &3
To Tray #

c {p, 3, 12, 2}— — — — -.&

a1}

8)

&)

&}

283.

&)

o}



D = PAGE XI1 . 284.

(tray flow rates)

D [3, 29, 2]
L 1 = Reading 1
2 = Reading 2
1 - 28 = trays 1 to 28
29 - Date correction¥®
!1 - 3 -« Day sequence (1 to 3)
* Note: "Date Correction” only in frames:

p[rp, 29, 1]
Frames:
p[p, 29, 2]
are blank.
E - PAGE I
(DSW chemistry)

E [13, 5, 3, 2]

me-_-l - Sample 1

2 - Sample 2

1 - Pipeline 1

2 - Pipeline 2

3 - Pipeline 3

1 - NHy

2 = NO;+NO,
3 - PO,

4 - sio,

5 = Date correction#®

Zl = 13 = Day sequence (1 toc 13)

* Note: "Date Correction" only in frames:

E[P, 5, 1, 1]



Frames:

E [P, 5' 2!
E [P, 5, 3,

are blank.

G - PAGE

G [25, 5, 2]

E [P’ 5' l,
l] E [P’ 5, 2'
1] E [P, 5, 3,

(pool history)

1l - Index 1

1l - Inoc. date

2 = Activ. date

/
/
3 - Deactiv. date [/
4 - Inocul. source /

/

[}

- Dilut./Day

2]
2]
2]

285.

IT a) + II b)

Index 2
Time
Time
Time
Pool #

Op. Volume

1l - 25 - Culture # (N to N+24)



H - PAGE

H[12, 12, T]

NN R

10
11
12

e

1 - 12

Note: For sequence #1 only

H [1, 12, 2]

L s

2

1

11

12

* (Next -available sequence #)

2 - 10

Index 1
i

Length
Length
Length
Length
Length
Length
Length
Length
Length
Length
Number
Date

- Sequence

(spawning) :

Index 1

- %

Blank

i

i

Number

Date

286.
VIIT + IX

(hatchery)

Index 2
Wiéth
width
Width
width

- Width

‘Width

/

/

/

/

/

/

./ Width
/  Width

/  Width

/ Width

/ Fractt;retained
/ Weight

/

# ‘Odd files 1 to 12

Even files 13 to 24

Index 2
Bank

/ Blank

/ Egg batch %

/ Sperm batch #



287.
I - PAGE X

(p.p. shellfish)

I (4, 13, 5)
1 - Introduced weight
2 = Introduced batch #
3 - Removgd weight
4 - Removed batch #
5 - Date
“even files - -ndd files
~——~—-~4 1l - 13 - Sequence # 1 .to 13 14 to 26
{ 1 - 4 - Tray #
J = PAGE XIII a) + XIII b)
(shellfish allometry)
J (4, 28, 3)
L__,__,_ 1 - Index 1
2 - Index 2
» 3 - ‘ Index 3
’ 1 - 25 - Length /  Width / Depth
26 - Number / Wet Weight / Dry Weight
27 - s.8. Dry / S$.S. Shell / Meat Protein-
Weight Weight Ny
28 - Date / Batch # / Meat Protein-
, Ny
1l - 4 - Batch sequence # even files - odd files

1 to 4 5 to 8



FOR 1977 ONLY

B'= PAGE

B' [7, 2, 12]

|

~J

288.

XIT a)

(shellfish tray temp.)

12 = Tray 1 to 12
ca.m. (8:00)

p.m. (14:00)

"= Day segquence (1 to 7)



289.

For a 52-week year (364 days), the total data library will

consist of:

Book Page Format Slots Pages File Size*
' /Page  /Year (Words) (Bytes)
A [7.,2,6,2] 168 52‘ 8736 69888
B (7,2,17] 238 52 12376 99008
c [3,3,12,2] 216 52 11232 89856
D [3,29,2] 174 ¢ 52 9048 72384
E [13,5,3,2] 390 4 1560 12480
G [25,5,2] 250 2 500 4000
H [12,12,2] 288 26 7488 59904
I [4,13,5] 260 14 3640 29120
J [4,28,3] 336 52 17472 139776
Total: 576416

For 1976-77 only:
B! [(7,2,12] 168 52 8736 69888

Total 1977: 646304

*Note: Because of unused blank slots, some file sizes are

slightly larger than the corresponding data set.
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290.
A 9825-A tape cassette has a nominal capacity of 250000 bytes

(two tracks). A total of three cassettes/vear will be used

as follows: For 1876 For 1977 For 1978
Cas. #l: Books: A 1/3 to 7/2 1/1 to 7/1 1/0 to 6/30

B 8 1 9 ® . ] 14

BY ® " w " w "

C [ " 1] 1] [ [

D " o " " " "

E " " - " " "

G " " " w " "
Cas. #2: Books: A 7/3 to 12/31 7/2 to 12/30 7/1 to 12/29

B " " " " " "

B! ® " " " “ "

c " " " " " "

D " " " " " "

E " " " " " "

G n " " " " "
Cas. #3: Books: H 1/3 to 12/31 1/1 to 12/30 1/0 to 12/29

T " " " " " "

I " " w " " "

File location and sizes, within each tape, will be as follows:

Cas. #1, Trk # File Size
“(Bytes)
File & = Loading Programs 5000
Files 1=26 = A[l68] 26 x 1344
File No. = l+Integer (Qi%gii)
Files 27=52 = B[238] 26 x 1904

File No. 27+Integer (Date-1,
7

Total Number of Bytes: 89448



For 1976-77 Only:

Files 53-78 B' {168}

QitE*l)

File No. 5

53+Integer (

Total Number of Bytes:

Cas. #1, Trk 1

File @ = Display Programs (A,B)
Files 1-26 = C {216}

File No. = l+Integer (QQEE:l)
Files 27-52 = D{174}

File No. = 27+Integer (Date-1,
Files 53-54 = E{390}

File No. = 53+Integer (QEEEZE)
File 55 = G{ 250}
File 56 = Display Programs (C-G)

Total Number of Bytes:

Cas. #2, Trk @

File @ = Loading Programs
Files 1-26 = A{168}

File No. = l+Integer(9§E§:£§§)
Files 27-52 = B{238}

File No. = 27+Integer(2§E§:£§§)

Total Number of Bytes:

For 1976=77 Only:

Files 53-78 B'{168}

File No. = 52+Integer Date~183

Total Number of Bytes:

291.

26 x 1344

124392

5000
26 x 1728

26 x 1392

2 x 3120

2000

5000

99360

5000

26 x 1344

26 x 1904

89448

26 x 1344

124392



Cas. %2, Trk 1 292.

File @ = Display Programs (A,B) 5000
Files 1-26 = c{216} 26 x 1728
~ File No. = l+Integer(EEE§:£§§)
Files 27=52 = D{174} 26 x 1392
File No. = 27+Integer(2§E§:£§§)
Files 53-54 = E{390} 2 x 3120
File No. = 53+Integer(2§§§:£§§)
File 55 = G{250} 2000
File 56 = Diswlay Programs (C,G) 5000
Total Number of Bytes: 99360
“Cas. #3, Trk &
File @ = Loading Programs 5000
File 1 = (Empty) 3200
Files 2-27 = H {288} 26 x 2304
File No. = 2{(Population#-p) +0
+1
Files 28-41 = I{260} | 14 x 2080
File No. = 2xInteger(g£§X£:£)+28 +0
File 42 = Display Programs . 5200
Total Number of Bytes: 102424
Cas. #3, Trk 1
Files 0-51 = J {336} 52 x 2688
File No. = 2xInteger(2§§§:£) :g

Total Number of Bytes: 139776



L'}

A HP-9885 disk has a capacity of 468480 bytes (1830 records).
total of 2 disks/year will be used as follows:

1976 Disks: Disk g: Book A Jan.
B i1

Bl i

Disk 1: Book Jan.

"

C
D
E 1l
G
1977 Disks: Disk @g: Book A Jan.

Bl 1

ey

Disk 1: Book

L]

1978 Disks: Disk g: Book

m w4 6 3OO 0O H

]

Disk 1: Book C Jan.

G ki

3 to Dec.

1]
¥

3 to Dec.

1l to Dec.

1

w

0 to Dec.

9w

0 to Dec,.

31

31

30

29

293.

A



File location and sizes, within each disk, will be as follows:

Disk @ Data Files File Size
- Records)
Files "A=1" to "A=-52" 6 x 52
1 + Integer (Eiﬁgii) = File Seqg. #
Files "B=-1" to "B=52" 8 x 52
1 + Integer (23%31&) = File Seq. #
Files "H-1" to "H-26" 10 =z 26

=1
[2 ( Population #= P )] +0 = File Seq. #

Files "I-1" to "I=14" 9 x 14
[2xInteger (EE%Xiii) ],fé = File Seq. #

Total Number of Records 1114

For 1976-=77-Only:
Files "b-1" to "b-=52" (B') 6 x 52

1 + Integer (QE%E:&) = File Seq. #

Total Number of Records 312



Data Files

,..
St
it

File Seq.

i

File Seq.

L
il

File Seq.

1) = File Seq.

=1y 1+l s
__ﬁ_}}+2 File

tal Number of

Seg. #

Records

295.

File Size

(Records)

7 x 52

6 x 52

13 x 4

11 x 52

1316



Doo1

DEEP WATER DISSOLVED INORGANIC NUTRIENTS 298.

Beach Technician

Date Lab Technician

Time Chemist

R S s S -

all values in ug-at liter=!

SAMPLE | BOTTLE | PIPE | LT NH, * NO.~ POZ 510‘;
# TYPE # v '

Glass 1

Plastic 1

Glass 2

Plastic 2

Glass 3

Plastic 3




Ugo4

301.

TIME

D002

299.

FROM

FIELD SIZE

x 10

/liter

x 10

/liter

/liter

TIME

TIME

x 10

/1iter

/liter

/1iter




BEACH DATA SHEET D005
OBSERVER WEEKDAY DATE 302.
0800 HOURS RAINFALL
TEMPERATURE: AIR DW LIGHT READING
SHELLFISH TANK PT1 PT2 _PT3 PT4
LEVELS: POOL 1 POOL 2 MIXING TANK
temp temp
TANK FLOW RATE TANK FLOW RATE TANK FLOW RATE TANK FLOW RATE
ml/30 sec ml/30 sec ml/30 sec m1 /30 sec
‘ / / / /
T ; T14 7 T15 7 T28 7
/ / / /
T2 / T13 7 T16 7 127 7
/ / / /
T3 / T12 / T17 / 726 /
/ / / /
T4 7 T11 7 T18 7 T25 7
/ / / /
TS 7 T10 7 T19 7 T24 7
/ / / /
T6 7 TO9 7 T20 / T23 7
/ / / /
T 7 7 T8 7 T21 7/ T22 /
1400 HOURS
TEMPERATURE: AIR DW LIGHT READING
SHELLFISH TANK PT1 PT2 PT3 PT4
LEVELS: POOL 1 POOL 2 MIXING TANK
temp temp




D006

PILOT PLANT
DATE
INFLOW
‘_ _ 1 ACTIVATED—POOL 1 POOL 2
SAMPLE Nz NO; *NO; | PROTEIN E— —
4 N BEACH TECHNICIAN
LAB TECHNICIAN
ALL values in ug-at Liten~!
ALL proteins based on 75mb {iltered
OUTFLOW
"POPULATION | TANK | SAMPLE LT Nz NO3 +NOg PROTEIN
4 # # / N




o g

St - -

ewy |

e3D(]

ewry |

o3[

“

ewy |

S

e3p(]

"ATLIV30 VNI A

NOILYATLIV3O

NOILVAILIV

# 1d

oWy | @3]

NOTLYINJONI

# 100d

13




305.

pH

1400

0800

PT

»

DATE

COMMENTS




Day O
Date

Population #

# Fertilized Eggs

Eggs from Tapes population #
Sperm from Tapes population #

DOOSA



307.

D0O09B

Date

Population #

Weight

# and/or fraction removed

Length Width In Units
@ Unit = u

= W N

10

av.



DAY

DATE

308.

ALL welghts in grar

et}
e

POP £ | Wd-14/TANK

Wd=-14/POPN

Wa/TANK

Wd/POPN

AW/TANK

AW/POPN

MORTALI

ol

(93

(8]

woojoo j~ o

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

fﬁ?ﬁiﬁ?




Date

Population #

Tare wt.

# clams/sample
Whole wet wt.
Whole dry wt.
Dry shell wt.
Dry meat wt.

Wet meat wt.

Length Width Depth

Length X
Sx

Width X
Sx

Depth §

Length

Width

Depth

309.



D012 310.

PROTEIN-"N" ASSAY

THE FOLLOWING DATA WAS OBTAINED USING A SUBSAMPLE FROM:

NOTEBOOK #
PAGE #
POPULATION #
DATE SAMPLED
WHOLE DRY WEIGHT (gross) . grams )
TARE - grams
WHOLE DRY WEIGHT (net)  grams
DRY SHELL WEIGHT (gross) ~ grams
TARE grams

DRY SHELL WEIGHT (net) qrams
‘~THE DIFFERENCE BETWEEN THE ABOVE TWO PARAMETERS (DRY MEAT WEIGHT)
WAS DISSOLVED, DILUTED, AND SUBSAMPLED AGAIK:

DILUTION _
SUBSAMPLE RATIO____ .

1

PROTEIN-"N" ASSAY~ mi crograms




3171,

ADDITIONAL MEASUREMENTS

XIV) HARVEST SIZE DISTRIBUTION AND MORTALITY RECORD 2 weeks
(as for X)
28 trays
a) # of dead D013
weight of dead DO13
b) sieve size D013 (3 sieves
+ total)
# retained D013
XV) FECAL PROTEIN-N 2 weeks
; (as for X)
a) protein-N D014
b) # of trays DO14
XVI) SHELLFISH INDIVIDUAL WEIGHT (variable)
(as for X)
15 populations
a) date DO15
b) up to 10 weights DO15
c) total N DO15
d) average and std. dev. (calc.)

FILE ORGANIZATION

XIV) a) tray #/sequence #
b) sieve size

XV) a) origin/sample #
b) origin/sample #

XVI) date/batch #

MEASUREMENT ‘ BOOK

XIV) a) K
b) K

V) a) K

b) K



XVI) a)

d)
BOOK  PAGE UNIT

K 8 weeks

K=Page

L Population

L-Page

BOQK Page Format

'K (4, 40, 2]

L (14, 3]

PAGES/YEAR DATA/PAGE

1978, Cas. #3, Trk g
Filés 4

Files

File 50

File 51

File 52

98]

File 5

[ N

L

312.

DATA/YEAR MEAS

7 224 1568 XIV a)
32 224 XIV b)
4 448w
320 2240
XIVa) + XIVb) + XV
15 3 45 XVI a)
30 450 b)
3 45 c)
6 %0 a)
42 630
VI
Slots/Page Pages/Year File Size
Words Bytes
320 2240 17920
42 672 5376
3=-49 = K [320] 7 % 2560
No. = Unit (Qi%%:l) + 43
Loading program for K [*] 1200
Display program for mortality 1200
Display program size distribution 1200
Display program for tray deposits 1250



(4,

40’

2]

29
32

33

o

313.

Index 1
Index 2
(mortality per tray #)
28 - Nuéber Weight
(size éistribution)
3} - Si;ve Number

|
(Blank) Total Number

(fecal |sample #)
40 - Anal. 1 Anal. 2

4 - Seguence #



[14,

3]

2 Total N

3 W

10
11

12 w
13 Average

14 std. dev.

Date

LA



315.

Files 54-69 = L[42] 16x336

File No. = Population #+20
File 70 Loading program (L) 646

File 71 Display program (L) 1772



316.

L978 Disks: Disk §g: Book K Oct. 25, 1977 to Oct. 10, 1978

L Nov. 8, 1977 to Sept. 12, 1978

rile location and sizes, within the disk, will be as follows:

disk @ Data File File Size
(Records)

files "K=1" to "R=77"

Unit <9_§,§_§:}.) = File Seg. # 7%10
2

Files "L-1" to "L=-16"

Population # = 33 = File Seq. # 16x2

Total Number bf Records 102



317.

PROGRAM FILES

disk 4

"ADDIT" Loading
)
"Addit" Programs

Jisk 1

"ADDl"

)
I!ADDZ'!

) Display
"ADD3" Programs

HA ddll )



Transfer Day Date
tanks of Tapes # harvested today.
Tank #
Tank #
Total wt. wt.

Clams were sieved and counted.

Retained on 12.5 mm sieve: clams
Retained on 9.5 mm sieve clams
Passed thru 9.5 mm sieve clams

Final number

spawnings were observed after transfers

Tanks s , and representing Tapes s , and

Many gapers observed in the Tast tanks.

Mortalities:

Tank # # Dead Weight of Dead
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POPULATION NUMBER DETERMINATION
Day 28 (84 days past spawning)

1.

Individual whole wet weight

N W

100

100

100

100

100

100

100

100

100

O W |0 N oy [ [ fw [Ny [
PO T P P PUS PUS PUEE PR PR I

100

)

mean
std. dev.

Population weight

+ tare less tare

~P I ot (B G IR e
e de  fe  ds  fe fe s

3.

Population weight =

Poputation number

Population weight/mean individual whole wet weight

/

DO15
DATE
POPULATION
TECHNICIAN
= X 104 animals

320.



APPENDIX B

AQUACULTURE BUDGET GENERATOR COMPUTER FILE

LISTINGS . . v v v v v v v o e o e e s s e o s e, 321
1. MAIN PROGRAM "AQUA3ZA"™ . . . . . . . . . . ... ... 322
Z. SUBROUTINE "CNSTRCT" . . . . . v v v v v v v v v v 331
3.0 "DISK38" © . o oL e e e e e e e e e e e e 334
4. "DISK3T™ L L L o o s e e e e e e e e e e e e 338
5. "SUMD3AM ... L L e e e e e 342

6. LISTING OF THE VARTABLES USED IN THE PROGRAM . . . . . 345

321.
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FRUGHE™ AWUABA(TAPEL, TAPES, TAPEL, DUTPUTSTARPEL) 323.

AvUACULTURE ruDGET GENEKATUY PROGRAM
e TRIC

VERSIUN 3A, REVISEUD 14.1.79 BY L, VAw HEMELRYCK,

TH1S YErSIUN EVULVYED FRUYM VERSIUN 28, AS ADAPTED TO ThHE ST,
(rOIA #rTIFICIAL JPAELLING SYSTE* wY G, ALLEN, I MaY, 1976,
w0 THASSLATED Fruv ALGOL INTO FunTRAN EY S. DAvIS, IN FEge
~UARY, 1978,

TrHlS vERSIUN IS DUCUMERNTED INDEPENDENTLY FRU THE PREV]e
LuS VEnSlums, LT wETALlws TAkE INTERACTIVE STRUCTURE, PERMIT=
TIoo IwoIvIoUaL [WPUT PARAMETERS TO BE MUDIFIED, BEFORE THE
GUTPUT 15 EVALUATED, THE INITIAL VALUES OF THE SET OF ASSUMe
TIONS CAN SE ©1wTRUOUCED FROM A NUMBER UF INITIAL VALUE Fle=
LES, WAMED DISK3ID, wHERE % = 2178760009

Tu mUN THIS PRUGKAM, ON THE UNTV, OF TEXAS UT=2D SYSTEM
ITmk FULLOA1.G SEQUENCE IS FOLLOWED,(SYSTEM RESPONSES ARE IN
JuOTeS), #FTER LuGIn:

ECCE
REALPF,1748,84dUA3A,DISK39,SUMD3IA

EL08 -

ECOPIED FILE BAGUAZAS.

ECuPlty FILE D)SKA3sE

ECO0FIED FILt SUMD3AS

ECCE
LOAD BAGUAZA, vnFLIBY/
EXECUTE, p TTY,LISK32,3UMD3A

EG0E

EFL USED sseeeE

ELUAD TIME .eeee 1M SECE

EPILnUNE, FUK HELP TYPE 9,8

YOU ARE NUw In THE BUDGET GENERATUR PROGRAM,

LIMENSLON VAR(901),4(11),C902(9u2),A903(900),

1 SURTIT(20,4),wT{961)

InTEGER Lo TIME, 1w laT, IREC, INOX,Js IPICK, LUN, HIGH, LENGTH,
1 IdsR,ERR

b AL VUM, VAL, VALY

LUGICAL TEST

NImENSION ASST(96)

INTEGEK ASST,PIC(B4),SIGN,CEL, wL

UATa (A35T(I),I = 1:9371)/203p501“r15r10r17'18121123:27f3@r
5215513Orddrb1152103'6u1b5160107108;09;70971p72,73,7“;75{

iJ

C /O:77r76,79,5ﬂ1152/1&37164;1@511@6:107;1981ldqlllﬂfllll
L 26&;EUSpale,éuﬂrBUIr2u2.243'2u4,2u5p2401247.248'2ﬂ9e

£ 5025395, 544, 345,360,313,4v2,414,4084,446,

r 330,501 ,5%8,591v,062,603,008,611,612,0602,643,645,712,764,

fa}

7&1-"31 7\)(‘; 5‘/‘5;5{"“’5‘;'359 89’“7: &U7;8w9;9x42,921'922¢ 9281929/
wU 54 1 = 1,9e01,1
S5 vhR (1) = v,

mbA I LGITLAL vax vALUES FRUM DISK3IS: 1€ INITIALIZE
ASnu P 1UnS s



&y Oy O

oo

(e Ne

ISTCIND I S ST O Yor |

mEesp L3p1¢S) var(A357T01))
105 FURYATLLX,E1G.12)
114 ConTInie

kb Inw 3

324,

vaLy = aLUb{VAR{BJ49))/18B8,
oy 112 1 = I,QJU,I
A9vu3(1) = EXP( vaLuUx1)

112 CunTIwuk

REALD In UUPUT mEADINGS FROM SUMD3A

Ul 12w 1 3 1, 265 1
READ(G,115) (SUATIT(L,J), J = 1, 4, 1)
115 FurmaT (ua?)
12 CUNTIwnuUE

PICKNDNE:
150 CunwlInuE
wR1ITE (1,15%)
155 Fur+al (x PICrUnNE, FUR HELP TYPE 9,%)

READ(Lstow) (PICCI),1 = 1, 0¥, 11}
162 FUR#AT(wdAL)

CAall CNSIRCT(PIC,xsYsZsERR)

IF { ERK oGT. w ) GO 1 0D 159

IaaNT 2 K + o5

1F ( IwanT ,EQ. 1 ) GO TO 306
IF ( iwanT ,Ewe 2 ) GU TO 4dyu
IF ¢ Iwanl _EG., 3 ) GO TO 5vv
IF ( Iwand Ed., S ) GU TO 99¢
1F ¢ IwmiafT ,NE; 9 3} GU TO 159

wRKITE € 1s 1740)
174 FURYMAT (x IF Yuu wANT TO0= =%
o Jlur, *x1)CHANGE A ASSUMPTION®/10X,%x2) EXAMINE A VARIGBLE=®
C J1uA,*3) RUi THE bUDGET PROGRAMx/10X,*5) EXIT FROM
0 THE PROGRAM%//% TYPE 1.,2:,%3 OR 5 =)
Gu TO0 159

CrianNGESS

v aRITE (1, 345}

345 FORYAT ( % TYPE ASSUMPTION NUMBER, COMMA, AND NEw VALUE=®/
3 & wHEwn DOMNE TYPE #%2999,u%%x %)

31w read (1,329) (PIC(IY, I = 1, b8, 1)

320 FORWAT (6441)

Capl CnN3STRCT (PIC KoY eZpERR)
IF { ExR JGT, W) 60 T0 349
iREC A+ .9

vaby Y

IF ( IKEC oFue 999 ) U TO 154

b4

|

IF ( IREC .wE, 249 ) GU 10 344
VAL = aLUs(vabLul / 1dd.d
DU 330 1 3 1, 94361
49030 1 ) = EXP( vaLxI) s
Ly CONTIiNUE
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325.
s 352 1 = 4, 9m, 1
Invtl = |
IF O ImEC .£9e ASST(INDX) ) GO TO 374
35 Coyallnde
535 wnlTE (1,304) IREC
Sow FORAAT ([3,%x 15 NOT a4 VALID NUWMBER FOK AN ASSUMPTION===TRY AGAIN=%)
0 TU 31w

57w CORTIwLE
var { IREC) = VALU
G0 Tu 310

LISTIT:

o wrITE (1,481w)
41w FURMAT (% IF YOU wowT TQzxr/
3 TS5,x1) SEE A SECTIOn%/T5,%2) SEE AN ASSUMPTION%/
C iI5,%3) SEE A TASLEX/TS,%d) RETURN 10 THE PROGRAM=%/
C x TYPE 1,2,3 OR 4x)
FEAD (l,42¢) IPICK
42w FUrYAT (11)

IF € IPICR ,EG. 1 ) GO TOD 42sS
LF O IPICR JEw. 2 ) GO TO 445 .
IF € IPICK (EG. 3 ) GO JO 470
IF ( IPICK .E4We. 4 ) GO TD 150
w0 TO 449

LisTli:
429 wKITE (1,43%4)
43u FORMAT (= TYPE THE RANGE OF THE SECTION YOU WISH TO SEEx
o /x {(E.G, 1,47)%)
READ (1,433) ( PIC(1)sl = 1, 62, 1)
435 FurmMAT ( bral )

CaLl CnNSTRCT (PIC X,Y,2Z,ERK)

1F ( ERR 6T, v ) GU TO 42s

LUw 2 X + wv,5

HlogH = Y + 4,5

IF ( mled .GT. 96l ) HIGH = 961

DG 44 L = LOw, mIGH, |

IF ( var(I) oNEa WL) WRITE (1,437) 1, VAR(L)

437 FORMAT (I3,F3d.1%)
“4hy COWT INUE

GL TO 4494

LlsTe:
dan ar]TE (1,490)
“590 FUR®AT (% TYPE THE ASSUMPT, WNUMBER YOU wISH TO SEE. %/
U * IF YOU wI8H TO SEE ANUTHER ASSUMPT, TYPE I~ THE NEXT*/
C £ ASSUAPT, YOU w1S8H TO SEE., wHEN DUONE TYPE %%=999zxx %}
455 wEAD (1,436 (PIC(L),1l= 1, by, 1)
oo FURAT (9¢h1)

CALL CHSTRCI(PIC, X, Y,2Z,ERR)

IF { eRm JEu,. 1) GU TD 445
IEC =2 4 + 4,5

IF (U IKEC LT, =9%aw) GU 10 4wy

gU 457 1 = 1, 95, 1 ¢
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LTV RIO UL shive iREL ) LU TU dsp
aS 7 CuNTlwUue
AxITE (15,30i) IREC 326.
eu Ty dob

4ew CusTlivuk
LU 4es 1 = o8, 1
KE D (3:404) J;(ﬂ(ﬁ)’k\ = 1111}1)
IF (J eEue IREC) GO TU 4s5

wod LunsTINUE

dod Fdr+al (J4,15A47)

4o anllE (1,464) J,(A(K),K = is11,1)

xErInD 3
0 TO 455
LIST3:

4749 ax]lTE (1,479)

475 FUPMAT (% 1F YQU waARKT TO0s%/
5] Tilbex1) SEE Tmk mMURTALITY ADJUSTMENT FACTOR®/
C = TYPL %)
READ (1,470} IPICK

47 FURMAT (i1

IF C IPICK ,Euv, 1 J GO 10 u8u
axl]lTE (1,477) IPICK N

G77 FURMAT (x ENTERED CHARALTERG:*% *pI1,% x%x]S NOT A VALID CHOICE.*)
GU TO 47¢

bow wRITE (1,443) (I, a%a3(1) r1=21,9¢0,1)

405 FURMAT (% MORTALITY ADJUSTMENT FACTOR TABLE (A943) =/
BlBa{5( =T=» ;IS;*=*pF].“p1X)/))
GU TOD 4¢o

STawTe
wHEv COMPAKING TmE FORTRAN VERSION TO THE ALGOL
REMEMOER THAT 1 #AS seEn ADDED TO EVERY VAR SUBSCRIPT,

Sviw CONTINUE

INITIALIZE vARIABLES

VAR (613) = u,

VAR(918B) = i,

VAR(QI‘:}) = iy

vAR(Z22) = (VAR (21)+VAK(645))/VAR(21)
VAR(Z23) = var(23)/var(22)

VA (74) = VAR(T74)/var(22)

VAR(I9)=VAR(7wv)
VAR(25)3VAR(T2) =*VAR(19) /864wy,

PRYTOPLAWKTON PRODUCTION
DEPTH FaCTuw
IF € van(19) 6T, vax(23)) wRITE (1,565) VaAR(19),VAR(23)
548 FORiaT (% ACTualL PUUL DEPTH FaCTUR EXCEEDS CU-PENSATIUMN DEPTH=%
3 122X, F4,1))
var(52) = amInl (Vaw(23),VvAK(1S))

CONVERSIO EFFICIENCY
VER (D<) 2VAR(27)2VvAR(19)/VAR(52) 0
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Relp UP MRUIE
S5¢5 VvAR(53>)
VAR {(50)

SheiLFlsSn PRU

T14F DEPEGDEN
Ubl4 = 95w
niGr = ULl
IF  var(3
Luw = |

InlTlaplie
T {LJda)
I = Luw

FEEDING CRITE
VAR (57) =

DALILY INCREME
DU Bad
1 = I+1
aN[map

wATE OF FeeDdl
VAR(BA)=VA

CUNVERSIDI E
VAK(50)=vaA

L PRiaude TIon G/CME/SEC
2 o.2d * (VvAR(21) ¢+ VAR(645))
= van(53) * VArR(54) = VAR(2S)

327.

DUCTIO

T GRUwWTH LIMIT
o
) WGT. @) HIGH = MIND (VAR(3),ULIm)

= vaAk({%4as)
=1

=IO
VAR (3n) % VAR(3Z2)

NT LugP
12 = LOw,rtIGH,
GRUATH FunCTION

NG Ge=PRUT/SEC/ANIMAL 1IN
R(57)xaT(1)xxVAR(BUZ)

FFICIE~NCY
"{35)

TUTAL #“EIGHT/PROUTEILIN RATIO

¥ A

GROWTH
VK
1\T

SUrvV]val
C9ve2 (1)

CurULATED FUU
var{(bl3)=yv

K(59) = VAR(15) = VAR(16) * VAR(18)
INCREMENT PER DAY
#(Bein) = VAK(59) * VAR(S58) % VAR(6P) = B4,
(I+1) = »T7(1) + VAR(8u48)
= A933(]) %2 VAR(9G2)

U FLUNS, CURKECTED FOrR SURVIVAL (G/SEC/ANIMAL IN)
An{ol13)+viRk(0d)%C9v2(1)

CurULATED ~EIGHT AawdD NUWBER, CURRECTED FOR SURVIVAL

VAR (98 )=y
VAR(919)=y

TARGET aAEIGHT
IF (T (]+)
Toa A = Jdux(|
IF (n B,
714 12 = 12«1
b CUNTiivUE
R ITE (1,54
Bly FOURYAT (x
GO TO 154

Flaal wBEIGHI
sel VAR(YZS)
var(316)
vAR(917)

B8t 0

AR(918)+wT(1+1)xC92(1)
AR(919)+C%w2(])

REACHED

} LGE, VAR(921)) Tuu,s¢e
IY/vAR(61)=InT((I)/VAR(K1)]))
) T1v,824

1) HIGH
Takub T welGHT CANNOT BE REACHED InN %,13,% DAYS,x)

AND MUYRER, PER ARIMAL IN
I+.1
wT(I+1)
Coug(l)
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VAR [oddlsvar(ol3dl/var({sd?) 328
st luhT AKU WJ4SER UF ANI¥ALS SIMULTANEQUSLY IN THE SYSTEW

VAR (IR )ISVAR(DI6)/VvAK(BAT)

vAR(S19)svAR(I19)/Var(elT7)

TolAL NJmder UF ANI-ALY STARTED/BATCH
VAR(927) = 1nud, 2 vax(922) / (VAR(916)%VAR(917))

TUTal FEED wRuTE, AREA UIILIZED, FLOW, VDLUME

varx (pdl) = Vvam({927) = VAR(6E2)

VAR (Bod) = vark(b4l) 7/ VAR(Ss)

VAR (003} = Var(e6d) = (1, + VAR(17))
vark{pbd) = var(pod) * VAR(Z25) / 14U06¢L,
var (po5) = vak(bed) = VAR(19) / 1¢JvdbY.

PUuL wabi To CELL HATIUD
CEL = o

88w LU 8BSy L = 1,21

wh & &L 0+ |

DO BY9Y n = 1,%,1

CeL = CEL + 1}

sl = bl + 2

IF (ChL.EU,vaK(Had)) Q0@
0%y CUOnT INUE

Moo= Med

IF (ColL LT . VAR(BAY)) 884
Yva vaAR{e7¢) = wlL/CEL

TkAY ARE4 (M2),TRANSFEKS
vaR(Qu@):VAH(ocZ)*VLR(ES)*VAR(7”)/1”Bw@'
VAR(TU7)2VAR(949)2365,/VAR(E]1])

(SECTION 1)
INTarE PIPELINE CUSTS
1F (VAK(2)) 9d2,962,912
9éz VAR(251) 2 vAR(928)/((VAR(928)+1,)**VAR(242)=].,)+VAR(929)+VAR(244)
VAR(252) = VAR(2U3)*BT763.*VAR(414)x9,BBTxVAR(245)/VAR(302)

4vt = VAR(Z2S]) % vaR(248)
a1 = VAR{Z2Us) * VAR(Z2S1) x VAR{249) = VAR(248) % VAR(241)
A = =(VARK{24d6) + 3.) % VAR(Z52) % VAR(244) = VAR(Z241) =

B (var{obod)} / (VAR(244) = VAR{243)))1=2x(VAR(246) + 1,)
Nlam = (=a2/81)%x(1/(2.%VAR(246)+3.))
L5 VU = Ag ¢ A1xD]AMRR(VAR(246) = 1,) ¢+ A2xDIAMRx(=VAR(246) = 4,)
b 2 w/((vaR(24e) = 1.) % AlaDlaMax(VAK{(Z2d46]) = 2,) =
5 (vAR({Z246) ¢ 4,3 = A2xDIAMx»{=VAR(246) = S5.))
Diaw = 01aMm =00
IF ( ABS{2D /7 DIAm) = BA1) 916,918,985
Yig vAH(254a) = Dlam
Vvar{(2598) = vaR(247) + VAR(248) = VAR{(258} +
B VAR(Z24d) % var{241) * VaAR{(249) z VAR{Z2Sblzxvar{(24s)
vax {259 = vaR(251) ® VAR(Z254) ¢+ VAR(Z24¥) = VAR(Z41) %= vaR{252) =«
s VAR(Dod ]}/ VARIZ40) 122 (VAR{2U6 )41, 1/ (VAR{Z2Sy)Inx{vAR(246)+3,.1]

(SECTION 2)
COsST OF sPalte

Cus1 OF LanD o
G1e veam{lig) = vaR(1s2) / VAR{1©3)
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vaxilloag

VAR (125)
Vvar{120)
Var(127)
vAr{12n)
var(114)
o) 1e) +
varR(llo)
s 1.) #
var (117
vAar{(118)
e 1e) +
VvAR(119)
B 1) ¢
VAR(12V)
VAR(121)
vArR(122)
vak (123)

= varillc)

* VvarRlYEY)

MORTIZATION AnD CaPITAL COSTS /

tig

329.

vak(o@d) = VAR(e7U) % SGRT(VAR(663)/VAR(EZYE)) / 120,

S 4. x VAR(19)/1vde + 2, = (VAR(19)/10d,) %% e

= VAR(4u5) * vak(125) * VAR(126) % 18444, / VAR(663)

= VAR(127) x VAR(929)

= var(lad4) » (VAR(928) / ((VAR(928) + 1,) x% VAR(125) =
VAR (929))

= VaR(ld4o) x (VAR(928) / ((VAK(928) + 1,) %% VAR(1®7) =
VvAR(929))

= VAR(b042) % VAR(1u8)

= VAR(L17) %= (VAR(928) / ((VAR(928) + 1.) #*% VAR(6U43) =
VAR (929))

S VAR(149) = (VAR(928) / ((VAR(928) + 1.) =« VAR(112) =
VAR(929))

= VAR(112) + VARC(1¢4) + VAR(186) + VAR(117) + VAR(127)
= VAR(L13) + VAR(114) + VAR(116) + VAR(118) + VAR(128)
S vAR(112) + VAR(146) + VAR(117) + VAR(189)

= VAr(113) + VAR(116) + VAR(118) + VAR(119)

e OF SECTIGN 2

DISTRIBUTION

VAR(158)
Var(151)
VAR (152)
VvAR(153)
Var(3us)

AMURTIZATION

VAR(155)
VARK(156)
Var (1lev)
var(lol)

(SECTION 3)

CHANKELS

SURT(VAR(662))/2Vid,

VAR(b6Y4)/VAR(T76)
SArRT(2,xvakR(151)/3,.)/2,
(VAR(70)xVAR(T7T7))*22,/VAR(152)%x(4,./3,)
VAR(ISA)AVAR(153)xvVaAR(T7S)

LIS T T F I

AND CARPITAL COSTS

VAR(1S5S4)xVAR(181)*xVAR(8US)

VAR(LIS55)2varR(929)
VAR(154)*x(VAR(112)+VAR(184)+VAR(117))+VAR(15%)
VARCLISA)* (VAR(113)+VAR(LI14)+VAR(118))I+VAK(156)

LU I LI 1

Ewh OF SECTIUN 3

Cusl
VAR({331)
VAK{332)

PUMP CAPACITY,

var(327)
VAR (329)
VAR(33u)

DO 944 1

var (1)
VAR(3nh) =

VAR (442)
VAR{3K9) =

a

VAR(312) =

(SECTION (@)

OF PLUMBING

Z Y,
S W,

INTAKE AND RECIFCULATION(Kw) =
9,807 x VAR(664) % VAR(3B3Z)
VAR({313) % VAR(949)

YAR(B#2) = VAR(665)

1944 EFFIC,

LI I 1]

327, 334, 1

= VAR(1) / VAR(3¢2)
(564, % VARC(I) =3 ¥,6) = (1,
/ 2edb,

VAR(3A8) = (VAR(928) / ((VAR(928) + 1,) *x VAR(3u45)
+ VAR(929) )

VvAR(3c8) = VAR(3eb6) / 140,

+ VAR(384) / 126.) =

= 1.

+ VAR(1) %= B76¥, =%

o]

Ydi

YAR(414)
VAR(I = &) = VAR(3IY9) + VAR(Z13)
VARL33L) = vAR(331) + VAK(3u8)
vAR(532) = van(332) + VAR(3¢9)

CunilnuE



C
c
C
C

3

e

Enu UF SECTION ¢ 330.
{(SECTION 113
CuST UF LABUR = mbaRVEST,TRANSFER,AND CLEAWNING
VAR(707) 5 (VAR(T7w7) = var(el2)) 7/ VAR(TV4)
VAR (T7u9) = vaR(ob2) * VAR(612) % 365,
B /o (van{(7eS)xvan{Tvrolrlivndiey,)
EnD OF SECTION 1%
(SECTIOn 12)
CuST SUSMARY
val 3 VAr(922) x 305, / vaR(8u7}

vAER({952) = (VAR(259)+VarR(14)*VAR(66UI*VAR(243)%x31836uv, )/ VAL
VAR(933) = VAR (b04)

var(934) = vaR(321J)/7val

vARK(935) = var(24du)

VAR(930) = var(121)avar(e63)/ (18233 .xVAL)
VAR(937) = vask(25v)

VAR(938) = vak(T72%)/vaL

VARK(93539) = vak(241)

VAR(Gde) = VARK(I32)+VvAR(B3I4)I+VAR(I36)+VAR(938)
VAR{941) = vaR(BvdY)

Vak{(942) = var(1233xVAR(949)/7vVaL

VAR(QUZ) = vak(ss5)

yar (Qua)y = vaAk(T747)/VaL

varx (945) 2 VvAR(B63) /10848, .

VAR(9Uo) = VAK(48)xlvou,/{(vAR{91612VAR(917))
VAR(947) = VAR(19)/109.

VAR(9U48) = VAR(QUZ2)+VAR(QUU)+VAR(946)

VAR{G9U) = VvaR(7s2)

VArR{95%1) = vAR(91e)

VAR(992) = VAR(S4UI+VAR(TULUB)I+VAR(9%Q)

VAR(953) = AINT(VvAR(923))

VAR(99d) = (VaR(934) %= VAL + VAR(123) =% VAR(949)

b tYAR(1o1)+VAR(332)+VAR(259))/16v0,

VvAR(955) = vaL

vAR(95e) = (VAK(124) % VvAR(663) / lvdvu, + VAR(122) = VAR(949)
£ +VAR(1on) +VAR(331}+VAR(258))/10v4dd,

@ e e e W 0D W W D W @ W W un oy S S UUTPUT RESULTS B s S D wD ey W e BN 5 02 9D op SP S 6n OB 6P OB ON 6 O OB OF GBS W A BR o OR &

exRITE (1,%68)
Yo ruURMAT (T34, =2 QUTPUT SUMMARY=x)
" wKITE (1,961)
Yol FURMAT (TS,=xAnI+AL PRODUCION COST(S/KG QUTPUT)=A,
o) TUs, *PERFORMANCE MEASURES®)

ul 98¢ I = 932, 956, 2
IJ = [ = 934
WRITE L1e970) VAR(L) (SUATIT(1d,d)d=1,48,10,
r VARCI#1) , (SuTIT(Id+i,J)sd=1,4,1)
979 Formadl (2(Fluv.d,1%,4A73})
S8 CONTINUE

¥93 awvITE (1,993)

995 Fumwbhi (x PrROGRAS EXECUTION TEKMINATED BY USER REWUEST=®/
[s) # HUGO oYE FRO™M Auwdhla =) °
STOUP
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Lo 2 20 o Y Ao g

SUnRJUTIHE CHSTRCT (PIC,LOw,HIGH, VALU,ERR)

TH1S SURRKOUTIHE S1~uLATES A& FREE FORMAT ALGOL READ, I
1S U8t anwY HLACE wHERE S
1) FOrwAT IS URDETER#INED OR FREE
€) ULTIPLE ENTRIES SEFARATED BY CUMMAS ARE ANTICIPATED
LP TU 3 WEAL 0.5 ARE CONSTRUCTED FROM THE ENTRIES ( EMBEDDED
BLAanNsS arE [GRORED) .
ehrORS DETECTED 1 TrmE SUBRUUTINE ARE COMUNICATED TG THE DRIVER
oY PLACING & 1 In EfdR,

AR IR Sn T Sl ea B on BN an B a0 BN an BN Gu U a0

InTEGER PIC (8¢

INTEGER ExR,SIGW

inTESGER CUMMAtDAS”tDLN“rH@pHI'HapHSpHQ’HS;Hb,H7,HB,H9
INTEGER DEC

REaL Luw,m]GH,valL U

LUGICAL FOund

DATa  COMMA,DASAH, BLAR,HA, A1, M2, H3, HU , HS , H6, HT , HB,H9 /
7 IHdeeltr=, | r rl“ﬁrlﬁlrlﬁapIHZ,1HU,1H5,1H6,1H7,1H8,1H9/
DATA VEC/Lh,/ )

s

o

111318l lZE VARIABLES

[N )

LK =2 @
Iwlx =2 v
Ldn = ¥,
~IGH = v,

VALY A

o

fon}

U0 258 1 = 1, 3, 1
ACC = w,

IEACNT = =}

SiGN = 1

FOunD = FALSE,

anwAlyze InPUT STRING 1 CHARACTER AT A TIME.,Ld CHECK FOR INCORRECT
ChHARLCTERS

OO O

pu 24y J = 1, 29, |

1wha = 18DX + |

IF ( PICCINDX) .EQ. COMMA ) GG TO 243
1P O PICCINDX) ,Ewe LK ) GU TO 248
FUUND = (TwrUE,

CHECRK 5IGN = unlLyY ONE SIGW CHARACTER ALLOWED PER AO.

(e BN A I an

IF ( PICCINDX) onEe UASH ) GU TO 235
IO Stenw 20, 1 Lbu Tu 22u
wikl TE (1121“)
“le Fus4ai (& mQORe THan ugnE vMIaUS SIGK FOUND IN ONE UF ENTRIES®)
cHKk = 1
o [ U

220 51ty = =i
=0 TUO 244 o
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[anl an
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[nE el

2355

56

237

238

239

2w

243
2u7

25¢
-1

CrECw FuUx DECLI#AL POINT 332.

IF { PIC(LINDX) N2, DEC ) GU TOU 237
1P O JEXCHT 61, =1 ) ~RITE (1,236)

Fir+#al (% SECUKND DEC. POINT FOUND IN SAME 1nG,==FIRST ONE IGNORED®)

ITexCui = @
G L} T Ul a t i

ConTItue

aSoumE IT I3 30%E wlell @#=9 AND NOT CHAR,

alCeg s =\

IF ( PIC(INDY) Ew., H# ) ACLZ = B,
1F ( PICCImDX) LEQ. HI ) ACC2 =2 i,
IF € PICCINDR) Ewe mn2 ) &CC2 = 2.
1F ( PIC(InNDx) LEG. H3I 3 aCCZ2 = 3,
IF ( PICCINDX) oEuwe. M4 ) ACCZ2 = 4,
IF ( PIC(IANDXK) sEU. ns ) ACCZ = 5,
IF C PICCINDX) EQ. He ) ACC2 = 6,
IF ( PIC(InDX) JEW. w7 ) ALLZ =7,
IF  PICCLIwDX) LEUS. H8 ) ACCe2 = B,
IF ( PICCINDX) el M9 J ACCZ = 9,

I1F ACC2 = =1 THEN N0 LEGAL CHAR, FOUND

IF ( ACLC2 .GT, =1 } GU TO 239

wiRITE (1,2358) PIC(INDX)

FORMAT (% 1LLEGAL CHARACTER FOUND IN NO, FIELD. CHAR: =%,A1)
EwRr = 1

rETURN

CORT INUE
MUST BE A LEGAL CHARACTER., =STACK UP=%x NO.

ACLC = ACC = 1Y,
1F ( TEXCWNT ,GE. ¢ ) I1EXCNT = IEXCNT + 1
ACC = all + aCCl2

CumTINUuE

IF (.nUT, FOUND ) GU TUO 2ed
CONTINUE

IF ( LEXUnT ,Ede. =1 J IEXCNT = v
ACC = S1Gw & ACC/ (luxxIEXCNT )

IF (1 Ede. 1) L3w = ACC
IF (1 JEBwe € )} ®luon = ACC
IF ( l.EW. 3) VaLu = aCg
CONT INUE

CuonTlwnde

RETJRWN

£
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SET TU 1, TO REMUVE DSw COSTs
TIME L1I#IT UN GRUWTH (FouMAX)
INLET NH3 CUNC

COSY OF DEEP SEA WATER
TOTAL wET wEIGHT/WET wial AT
DY MEAT/MEAT PROTEIw
RESERVE PHYTO PQOUL CAPY
WET/DRY MEAT WEIGHT
NUTRIENT CONCENTRATION DSk
COvP DEPTH FOR PHYTO POOLS
PHYTC CONVERSION EFFICIENCY
FEED KATE/BASELINE FD RATE
BASELINE FEED CRITERIOW
SHELLFISH CONV EFF

(SPAKRE)

CUST UF SsSPaT

INTERVAL BETWEEN TRANSFERS
(SPAKE)

(SPakE)

(SPARE)

(SPALRE)

(SPaRE)

(SPAKE)

(SPAKE)

(SPAKE)

POOL UEPTH

(SPARE)

TURNUVER RATE

(SPAKE)

SHFESH TRAY A/FLOw

FLOw REG, HEAD MULT,
CHANMEL FLOW VELOCITY
RKOQUGHNESS FACTUR

(SPARE)

(SPAKE)

(SPARE)

LOST UF LAND

ARE& USABLE BY BLDG OR STRUCT
CAP COUST PHYTU POULS

LIFE OF PHYTOPLANKTON POOLS
COST UF COVER

LIFE UF COVER

OFF A STO AkEA REW/POOL ARE A
CAPITAL COST OF ANIMAL TRAYS
LIFE UF TRAYS

SHELLFISH STACKING FACTOR
MEAN AMBIENT SEA WTR TEMP
OPErRATING TEMP OF POOLS
MalNTENANCE ENGI WAGE RT
NUmBER OF PIPELINES
PIPELINE LENGTH

PIPELINE LIFE

PIPELIWE DUTY CYCLE
PIPELINE MAINTENANCE FACTUR
FRICTIONHEAD {M3/SECe=]mM
FLON EXPORENT

F CUEF., PIPELINE CUST

5 COEF,, PIPELINE COST

K COBF., PIPELINE COST
EFFICIENCY QF PuUMmP

PUMP LIFT (INTAKE)

(») 335.
(DAaY)
(UG=N/L)
($/M3)
{m)

(r)

{(m)

{(m)
(G=nN/CM3)
(cM)

(r)

(»)

(G/SEC/1G=ANTIM,

(m)

(3/7HEAD)
(vay)

(cm)
(1/Day)

(CM2/CM3/SEC)
(p)

{(M/SEC)

(e)

(%/HA)
(M2/HA)
(3¥/M2)
(YEAR)
(g/M2)
(YEAR)
(m)
(g/M2)
(YEAR)
(?)
(c)
(C)
(3/HR)
(e)
(M)
(YEAR)
(»)
(r)
{(r)
(»)
(%)
(»m)
(&e)
(»)
(M)
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SIANVDRY KEWULIRED
LIFE OF Puwmp
PuUmP MAINTENANCE

Anv TRAYS RECIRC PUwER
ENGe NEwS RECORD COST INDEX
ELECTRICAL POWER CUST

(3PAKRE)
(SFPAKE)

ELECTRIC MOTOR EFFIC

(SPakrE)
(SPLRE)
(SPARE)

PHYTU PL RECIRC PaR REQ

(SParE)
(SPAKE)
COST OF ADDED NUTR
NAGE RT

CaP COST GF OFF,STRG,aC

LIFE OF OFF,STRG,AC

NUTR ADDED TG INTK wTR
CST OF LBr=HRYST SUPER
RT OF TRNSFR AND HRVST

PHYTO PUGL CYCLE

RATE OF manD CLEANING
METABOLIC COEFFICIENT

NO OF PHYTO POOLS

"COST UF EXCVTn PHYTO POOL

INITIAL wEIGHT
BATCH INTERVAL

FRACT SURVIVING AFTER 18w

START POP SURVIVAL

MAX wEIGHT (UF AN AT HRVST
TARGET OQUPPT FRM PLNT
INT RATE ON SINKING FuaD

RETURN ON CAPITAL

()
(YEA~3336f
(& CAP)
(Kw/M2)
(r)
($/KaH)

(e)

(Rw/M3)

(3/KGe=n)
($/HR)
(b/M2)
{(YR)
(Gen/CM3E)
(3/kG QUT)
(M2/HR)
(DAY

(M2 /HK)
()

(m)

(E/M3)

(G)

(Day)

()

(r)

(G)
(KG/BATCH)
()

()
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SET 10 1. TU REMOVE DSa CUSTS
TIME LIMIT ON GROWTH (90d%AaX)
INLET winm3 CONC

COST UF DEEP SEA WATER
TOTAL wET  WEIGHT/WET MEAT wT
DRY MEAT/MEAT PRQOTEILIN
RESERVE PHYTO POUL CaPY
nET/0RY MEAT WEIGHT

NUTRIENT CONCENTRATION DSA
COMP DEPTH FOR PHYTU POULS -
PHYTU CUNVERSIOM EFFICIENCY
FEED HATE/BASELINE FD RATE
BASELINE FEED CRITERION
SHELLFISH CONV EFF

{SPAKE)

COST OF 8PAT

INTERVAL BETWEEN TRANSFERS
(SPARE)

(SPARE)

(SPARE)

(SPARE)

{SPARE)

(SPAKE)

(SPAKRE)

(SPArRE)

POOL UDEPTH

(SPAKE)

TURNOVER RATE

(SPARE)

SHFSH TRAY A/FLUw

FLOn REG, HEAD MULT,

CHANNEL FLOw~ VELOCITY
KOUGHNESS FACLTOR

(SPAKE)

(SPAKE)

(SPARE)

COST OUF LAKND

AREA USABLE BY BLDG OR STRUCT
CaP COUST PHYTO PUODLS

LIFE OF PHYTOPLANKTON PQOOLS
COST UF COVER

LIFE OF COVER

OFF A STO AREA REW/POOL AREA
CAP1TAL COST OF ANIMAL TRAYS
LIFE OF TkAYS

SHELLFISH STACKING FACTOR
MEAN AMBIENT SEA wTR TEMP
UPERATING TEMP UF POOLS
MAINTENAKRCE ENGI WAGE RT
NUMoER OF PIPELINES

PIPELINE LENGTH

PIPELINE LIFE

PIPELINE DUTY CYCLE

PIPELINE MAINTENANCE FACTUR
FRICTIONHEAD {M3/SEC=1iM UlAmM,
FLOw EXPONENT

F COEF,, PIPELINE COST

G CugfF,, PIPELIHNE COST

K CUEF., PIPELINE CUST
EFFICLENCY DF PUMP

PUMP LIFT (InNTAARE)

339.
(m)

(Day)
(UG=nN/L)
($/7M3)
(m)

(r)

(m»)

{(m)
(G=N/CMT)
(c™)

{(rm)

{(m)

(G/SEC/1G=AN]IM!L

(m)

(»/HEAD)
(DAY)

(Cm)
(1/DaY)

(CM2/CM3/SEC)
{(r)

(M/SEC)

(r)

(3/Ha)
(M2/na)
($/M2)
(YEAR)
(§/mM2)
(YEAR)
(r)
(3/M2)
{YEAR)
{(r)
(<)
(C)
(»/HR)
(»)
()
(YEAR)
(m)
{(r)
(e)
{r)
(%)
(3m)
(3e)
(&)
(i)
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STanvey REGUIRED

LIFE UF pPump

PyUmp MAINTENANCE

AN ThAaYS RECIRC PUnER
ENG., NEWS RECORD COsTY INDEYX
ELECTRICAL PUWER COST
{SPARE)

(SPAKE)

ELECTKIC MOTOR EFFIC
(SPAKE)

(SParE)

(SPAKE)

PHYTD P KECIRC FwR REg
{SPAKE)

(SPARE)

COST OF aADDED NUTR

HNAGE RT

CAP CUST oF UGFF¢STRG, AL
LIFE OF OFF,S5TRG, aC
NUTR aADDED TO INTK wTR
CST oF LBR=HRVST SUPER
RT UF TRNSFR AND HRVST
PHYTO POOL CYCLE

RATE UF HAND CLEANING
METABOLIC COEFFICIENT
NO UF PHYTO PooLs

COST OF EXCVTN PHYTO PUOL
INITIAL WEIGHT

BATCH INTERVAL

FRACT SURVIVING AFTER 189 DaYS

START pOp SURVIvVAL

MAX WEIGHT OF anN AT HRVST
TARGET QUPPT FRmM PLNT

INT RATE Own SINKING FND
RETURIN On CaPITAL

340.
()

(YEAR)
(4L CaP)
(Kn/mM2)
(»)
($/Knk)

(e)

(Kn/m3)

(E3/KGery)
(3/MR)
(3/M2)
(YR}
(Gepn/CM3)
(3/KG QUT)
(MafﬁRJ
(Day)
(MZ2/HR)
(»)

(p)

(/M3

(&)

(DAY)

{(r)

(e)

(G)
(KG/BATCH)
(e)

{(#)
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LhkoPestk a4 wATER

LOA FLUw (¥3/5EC)
BSy plsSTrIduTion

» OF PIPELLnNES

PHY T SFACE

FIFELINE Olas (~)
E LapQx

FiIPELInE LonNGTH (~)
EOJulal

P WK PUULS
SFsn SPACE

rudl vullive ’ (13)
& LAapUK

PLUUL whih (M)
= LARKVAE

POulL DEPTH ()
B TuTaL

TmaY ArREA (m2)

SUPERVISIUN
Invivivual ~EIGHT (G)
Tural PrUD, Cusis
untv3 10U HaRVEST
AeniJAL CAP, CUST(yuv)
GUTPUT (RG/YEAR)
Tulal CAPITAL (vve)
KRk AR
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DESCRIPTION OF THE VARIABLES USED IN THE PROGRAM

NOTE: ASSUMPTIONS ARE IDENTIFIED BY (*)
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/0

.(—
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EYus(1L)

L9ueg(l)

vﬁﬁ{
v A {
vaAR(
VAR (
yar(
vAR(
y A
Var(
VK (
VAR
vAR({

v AR {

UL St
VAR
VAK(
vax(
Var{
v
VAR (
Y AR (
Var(
¥AKR(
y AR
ViRk(
VAR (
war {
vdre

VAR (

2)x
i)
5)x
lag)=
12)=
Lol =

V73 %

ol)x

o
-

i

8 1] ] 1

#

# [

oueyvlval a7 &b UF Day (1)
EAP(1xaL0G(varR(EGY))/1B0,) [I=1,984}
Survlval, Cuxwe(CTED FOR INIT, SURVIVAL
AYAS([)rvVvark(9v2) {I=1,1IMaX]
SeEl Tu 1. TU UDELETE DS« CUSTS

TI«“E LIWIT On GRONTH

8% ‘e

TOLET M3 COWCEMNTRAT LU

ki@

CUST UOF LeEr SEa AATER

TuTal wET/wEl SEAT wWEIGHT

2e65

DY MEAT/MEAT PRUTEIwN

e

KESERVE PrYTU PUOUL CAPACTITY

e

sl /oy <EAT EIGHT rRATIO

S5

PUUL VEPTH

vax{ 748}

WwUTRIe T COnCENT., DEEP SEA mATEK

4, U8k=37 -

ENRICHMENT .

(vaw( 21)+Var{ad4S))/varR( 21)
CUMPENSAT IOn DEPTH, DEEP SEA WATER
dygid,

CumP, DEPTH, CURRECTED FOR ENRICHMENT
Var({ 23)/Var( 22)

UDSw FLOw PE® UNIT POUL AREA

Var{ T72)%xVAR( 19)/86446,

FHYTO CONVERSION EFFICLENCY

9

FEEDING RATE/BASEL INE

3,

BaSELINE FEELING CRITERION

1e1nE=u8

SHELLFISH COnvERSIUN EFFICIENCY

o158

el e

Lu3dl UF 3Pal

@ k‘*t l

MInImum UF ACTUAL OR COMP, DEPTH

amMInl (VAR( 23).vAR( 190

PRrYTU CONVERSION EFFICIENCY

Var{ 27)rvar{ 19)/VAR( 52)

PROTEIN Ewulyvy, OF NUTRIERT CONCENTRATION
b.25 % (var({ 21} + Vawr(ed5))

PrUTELW PRUDUCTLUN RATE

Var{ 55) = vAR( 54) = VAR({ 25)

SFECIFIC FEEDLWG RATE

vas{ 3a) % var{ 32}

SrHbLLFISH COSvERSIUON EFFICIENCY

dan{ 35}

TulaL «eT/PRUTEIN RATIO

vihk( 15) % vax({ lo) % Var({ 18)

FERUING Raleg/aniMale=1In

VAR S7)xaT(1)x2vAR{(BA3Z) ofIzfi,IMax]
InTErvAL sETneEEN [RANSFEKRS

346.

DAY
UG=N/L

»/43

e

C™

G=N/CHM3

i

CM

CM
CM3/SEC/CM2
»

»
G=PROT/SEC/1G=AN
o

(ST
(EXTRAP)
E/HEAD

C™M

o
GePROT/LM3
L=PRUT/CM2/SEC
G=PROT/SEC
»

»
G=PRGT/SEC
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yvak{ celx
VAR{ p3)=%
var{ oy4l=
var{ L95)=x
VAR ( ool)x
VAR &7)x
VAR ({ np)x
vark { p9) %

var ( fe)x  FPLUUL DEPTH ™
z lés, (S7x)
= 3(5\4. (EXTRAPJ

var( /1 )= .

Vak ( 72)x  JURNMUVER Ka4lE 1/DAY
= 1,15 (STx)
= .75 (EXTRAP)

vak{ 73)x

Vvan{ Tulx  TrAY AKEA/FLO# CMe/CM3/SEC
= T¥,

ITRAY AREA/FLU~, CORRECTED FUR ENKICHMENT CM/CMB/SEC

= Vark( T4)/VAR( 22)

VARK( 75)x  FLUw REGULATION mEAD MULTIPLIER o
= 2

vAR( 7o)* ChéasunklL FLOw VELOCITY M/SEC
: 1.

VAR ( 77)% RUJGHNESS FALTUk ) ™
= .02 )

VAK{ Ta)=

var( 79) =%
VAR( Ba)x

var (logl)x  CUST UF LanND S/HA
= 1vBdu,

Var(1vw3)% ARKEA USABLE BY BLDG., 0Ok STRUCTURE M2/ HA
= Budy,

var(lwnd)x  CAPITAL I~VESTED, PHYTU POOL LINER /M2
= lv,

var (1e5)*  LIFE OF POULS YEAR
= 5, '

var (luolx  CUST UF COVER /M2
= We

VARL117)%  LIFE OF COVER YEAR
= 5,

VAR {1l )x OFFICE/STURAGE AREA REG, PER POOL AREA ]
= Ludb3

VAR (1w9)%x  CaPlTalL InvESTED, ANIMAL TRAYS 3/M2
= 2d,

VAR (llg)= LIFE OF TrRAYS YEAR
= 5,

VAR(111)= SHELLFISH STACKING FACTUR »
= 1,

VAr(112) CUST OF USABLE LAwD $/M2
= Var{la2)/vax{1v3) .

VAR(113) RETURN O CAPITAL INV, IN LARD /2
S Var(112)2vax(929)

var(]1l4) AMORTLIZATION UF PUOL LINER S/7¥2/YEAR
= VAR(lau)f(va«(qad)/((VAH(928)+1.)**VARclaS)-l.)+VAR(929)

vaR{({lo) AMORTIZATION 0OF COVER 3/M2/YEAR
2 VAR(180)x(Var(920)/((VAR(928)+1,)*aVAR(1a7)=1,)+VAR(929)

vArR (117 CaplTal CG3T UF UFFICE/STORAGE SPACE/M2=PO0L /42
S vVAR(na2)svAR(1gE)

vhr(}1a) R T1Z26710y OF OFFICE/STUKAGE SPACE B/ M2/ YEAR

VARCLL7)/(var(920) /7 ((VAR(928)%1 ) x2vAR(6L3)=1,)+VAR(929)



vAR({119)
Vhak(1de)
var (121)
vax(lge)
Var(1egd)
VAR (1£5)
var{ido)
var(127)
Var {(1248)
var (15a)
yaAr (151
VAR (152)
var(153)
VAR (155)
VAR (150
Var (lod)

Vark(lel)

VAR (g2 )»
VAR (2o %) %

vak{212)*

vAR(229)

var{Fduy}®

vaR (241 )%

11}

o
e

s
4

e
o

-
e

o
P4

VAR (2d2) =

VAR(Zu3)*
VAR {Zud 1%
VAR(gd5) %
varR{(Zbo)®
Var (247 )=
vAR(2ue ) =

VAK{Z4S )%

var {25 )

-
s

e
=

-
=

-
o

-
=

-

-
o

Bpmgrl LZA4TIUN UF IRAYS F/M2/YEAR
ver (1ud)x(var(920) /((VARK(928)+1 . )xxvAar(lid)=1,)+Vak(929)

Tufal POUL CARITAL ITNVESTMENT /42
Ve {112 ¢VAR(1ed)+VAR(LILIT7)+VAR(LI2T)

amuRTIZATION UF PUOLS $/M2/YEAR
VAR(LILI3)eVvar(116)+VvAR(LIB)+VAR(IIBI+VAR(IZE)

TOTabl TeLY Carllal INVESTMENT $/ %2
VAR (11234 VAR (1ol +VvaR(117)evak(1v9)

AMORTLIZATION OF TRAYS F/M2/YEAR

VAR {113)+VvAR(llo)+var(118)Y+var(119)
LenigTr OF PUuL wAaLLS M
Lhexvar(aBrvdi+]l ) =3UrRT{VAR(B63))I/188,

CrUSS=3ECTL1U4 UF POUL ~&LLS Me
gV AR(19)/14G. v (VAK(I9)/18Y,. ) %%

EXCAvaTIOn CUSTS OF wALLS/POOL AREA /M2
VAR(OUES)*VAR(125)2VAR(126)%100dB./VAR(663)

AMUrTIZATION UF PUDL wALLS 2/ ME/YEAR

VAR(127)xvAar{(929)
ITake CHAMNEL LENGTH "
Sur T (VAK(po2))/2vY,

Crannkl CROSS=SECTION v
Var{pod)/Var( 7e6)

MYDRAULIC RADIUS M
SLRrRTIZ,*VAR(1S51)/3,)/2.

CraivnEL SLUPE ) »
(VAR TodxvAr( 77 )x%x2,/VAR(152)%x%x(4,/3,)

EXCAVATION CUSTS UF CHAMNELS %
Var (15w ) xVAR(1S1)*VAR(B®YS)

AMUKTLIZATION UF CHANNEL EXCAV, $/YEAR

VAR (195 )svak(929)
TuTalL CHANNEL CAPITAL INVEST. §
VAR (ISU)»x(VAR{1L12)+VAR(Ip4)+VAR(LILI7))I+VAR(155)

CHANNEL AMUKTLIZATLION $/YRAR
VAR(L156)*(vAR(113)4VAR(LI14)+VAR(LI1B))+VAR(156)

ME AN WMRIENT SEAWATER TEMPERATURE C
2o

UPERATIwe TEYPERATURE OF POOLS C
af?o

SATWTENANCE ENGINEER wAGE $/HR
8.

NUMBER UF PIMELINES ”
1.

FIPELINE LENGTH 4
lovw,.

LIFE UF PIPELINE YEOKR
2,

FIPELINE wuTlY CYCLE e
1.

PIPELINE mMAIKTENANCE FACTOR »/YEAR
a ¥ 5

FrRICTION AEAD AT IM3/SEC In IM [DIAM, PIPE I
o diini

FLide EaPUnENT &
195

FoCuerFiCIenT, PIPELINE CUOST %
Tdaave,

L CLefFIClenl, FIPELINE COST 4
57” wieh ¥ p

AOCUBFFICIESGT, PLPELINE COST ~
740, °

FlbPellhe DlamEibx £y

348.
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H

3

4

VAR (251

vAah (25¢)

1

vhit(255)

VAR (25G)

YAR(3:2) =

VAR (3. 3)

VAR (504 ) =
var (3vh)x

VAK(D’{JO)*

var(3it0)

VAR {5019)

VA (3]1a)

VAR{311)

i

vaAr (312)
Var{415)x
Varn (3]4)
yvarR(321)

4

VAR {32¢)

VAR{323)
Varn (424)

Var(527)

i

Yyrur{s5gdn)

i

VAR (529

VAR(35¢)

Var{551)

AU Al I Zal iy FACTOR (1NTakE)

VER(TZ0) / ((VAR (928041, ) 2xvhk(242)=1.) + m/YELN
VAR(929) + vaAx(Zud)

YEARLY UPERATING CUOST FUR UNIT FLUW/DIAw $/YEAR
Vﬁﬁ(ﬁ“b)*d7on.*VAde]u)*@.&w?*VAn(2QS)/VA~(3&2)

CARITAL I~NvESTmMEANT (1LTAKE) a

vAR(Z47) + vaAr(2458) = VAR (28 ) +

VAR (24w ) * vAx(241) = VAR (249) = VAR(25F) xx] 3

YEARLY CaPITAL anD OPERATING COSTS (INTAKE) I/YEAR
VAR{251) * VAR(256) + VAK(P4w) = VAR(241) x VAR(252) =
(VvArlood) / VARL248))a*(VAR(246) + 1.) 7/
(var(25a) %2 (vah(248) + 3,.))

ErFICLENCY UF PU™MPS ”

s 85

VISTRIpUTION FumMP LIFT .

VAR(ISV) *VAR(153)xvaAR( 759)

sTanlby KEWUIKED .

lvwa,

LIFE OUF PUPS YEAR

VIR

PUCP SATMTENANCE +CaP

3.

CAPLIAL 1wVEST, EACH PUMPING STAGE A

tboJ.*VAhtl)**b.b)*(1.+VAR(BUu)/lwb.)xVAR(QQZ)/ach.
l1=327,334] .

AMURTIZATION, EACH PUMPLNG STAGE B/YEAR

VAn(5u&)x(VAR(926)/((VAH(928)+1.)**VAR(BdS)-l.)*VAR(QQQ))

MRTUTENANCE 4D POWER, EACH PUMP, STAGE $/YEAR

VAR(ﬁbé)*VAH(Sbb)/lﬂu.+VAR(327)*8760.*VAR(“1&)

SHELLFI3H TRAY RECIRKCULATION £OsT1s Y/YEAR

SAELLFISH TraY RECIRCULATION POWER Kw/ M2

PUuL PUMP NG COSTS $/YEAR

VARH{349)+yvarR(31v) {I=327)

vIKECT V3~ TO SHELLFISH PUMF, COSTS $/YEaR

VAR{309)+VAR(31w) {I=328]

SHELLFISH TradY RECIRCULATION COSTS $/YEAR

Var (e 9)+var(31v} {1=329)

PUuul RECIRKCULATION COSTS $/YEAR

VAR(3uR)+VARL 3L 6) [1=233u]

PUsrPInG CAPACITY, [NTAKE TU POOLS, WET K

Yol Txvar(bb4)2VAR(363)

PU“PInGg CAPACINY, INTAKE TO PUOGLS, GROSS Kw

VAR{A327)/VaR(3:2) .

PU“PInNG CAPACITY, DSa TU SHFSH, NET L

Vje

FU¥P LG CAPACITY, Dsw TO SHFSH, GROSS KW

var(S2b)/var(302)

PUIPING CAPACITY, SFSH KECIRCULATION, NET K ¢4

VAR(313)avaR({9469)

PUYP G CAPACITY, SFSH RECIRCULATIUN, GRUSS KW

VAN(329)/Van(502)

PU-PING CaPaACLITY, POOL RECIRCULATION, NET KA

VAR {(ow2)2xyadr(06S)

PunPlius CarPalllyYy, POOL RECIRCULATIUN, GKOSS K

VAR(332 )/ var{3vg)

PU-PS CarPilaL fuveST, (SUMMATION) Y
vac {551 )+van(Ses) °

349,
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L LA T N R0 Y SR
VA (Lo )%
yar (a4ld)=

varK(asl)

VAR (daedg )
Varm{ddo)x
VAR (o ) *®
VAN{SLL'/)*
vAR (Bunl=®
VR (D lu )
vark{515)

var{optid) %
\4#3’\’(0?“5}*
yAK {pd ) %
var{(oes)

VAR (pllJ)*%

a
o=

VAR (plg) =

1]

Vir{nl3)

var{ol7)
var (ol

11}

Var{(opdl)

wm
b=

VAr (bd2) %

var{od s)=*
VAR (HdS)*

s
p=-4

var (ood)

1)

vAr{oos)

1]

VAR (ood )

VvAR{boS5)

1]

var (el

vﬁH(7ud)*°
ynx(?ga)a-
¥QH(7J5)k‘

o
“

van (7.0} %

[

var {74/}

var (7.9)

ya<{532)+vax{5v9)

EiG, wEWS RELURU COST InDER
e RN

clLeCI=ICaL Paaewx CUSTS

PRy

raglb TREAT9EN]

ELeCinIC ~37UR EFFICLIENCY
e

AbRo [ lUn LUSTS

PrYly POUL RKECIKCULATIUN POWEK

e

LUST ufF ADDED wUTRIENTS

Ve

whGE RATE

e

Suvmalluiv OF vallLy FuuD FLUWRATES
vark{ol3)+var( su)aL9u2(1)
Apv]lTIuwal FOUL TU SHELLFISH
TuTal PLANT FUUD FLOwW/ANIMAL=IN
vaxk{ol3)/vax(8e7)

TulaL PLawT FUUD FLOW
VArR{(927)avar(o2d)

COST OF UFFICE/STOKAGE SPACE

2,

LIFE UF JFFLICE/STORAGE SPACE

15,

MUTRIENTS anOby TO DEEP SEA wATER

PHYTGPLANRKTON PUUL ARER
var{odl ) /var{ So)

PHYTU, PUUL AREA, INCL. RESERVE
VAR {oo2)x (1. +var{17})

TOTAL FLU» IwTO PUOLS

VAR (BoZ2)avaxt 25)/1d9vudi,
TUTAL POOL VOLUME, IrCL. KESERVE
var(sb63)xvardl 19)/14089d4d,
~ALL TO CELL RATIO

Wl/Ceb

CUST UF LAaBOR, SUPERVISIOw

o 1

=aTE UF TRANSFER AND HARVEST
29

PrYTQ POOL CYCLE DURATIUN

15,

salf UF POJL CLEANING

54,

SHELLF1SH axEA TU BE CLEANMED
VAR (Yu9) 2365, /vARL 61)
SHELLFISH ax"fga CLEanNInG COSTS
(var (787 )xvask(ol2) )}/ vaR{724)
PrivTu, POUL CLEAMING LOUSTS

$/KnH

$/YEAR

Kn/M3

b/RGe=y

&/ HR

GDAY=PROT/SEC

5/K6=0UT

G=PROT/SEC/ANIMAL=[N

G=PRCGT/SEC
/M2
YEAR

GeN/CHM3
cue

CMe
M3/SEC
M3

»
$/KG=0UT
M2/ R
Day
mMe/HR
M/ YEAR
B/YEAR

B/YEAR

Vax(o02)*vaR(ol2) #3865,/ (VAR(PUSI.VAR(THo) A1 0308, )

350.



VAR { Ay S )%

VAR (Dvd ) ®

VAR {(navh ) x

11

VAR (Oon )R

-
P4

Var{nho/)x*

VAR {n."3)
Var (BLY) =%

YaR(Yod) =

i

VAR(Y 1)

FH

Var(917)

vAK(910)

i

VAR ($19)

VAR(Gg21 ) x
Var (G2 ) *

Var(9Y¢23)

i

var (S27)

VAR (S9Zp ) =%
VAR (929 ) =%

VAR(932)

1]

VAR(933)

VAR (934)

VAR(935)

VAR (9 30)

i

VAR(937)

Var (9355)

vAR{939)

VAR {94d¢)

VAR {941)

VR {YGL2)

“EVAROLIC CORFFICLIENT ”
2o/ 5,

i)obR UF PrYlu, PUJLS o
o (STX)
0, (EXTKAP)
cACavaTInG CUSTS 5/ M3
1.

Lwlllap wEloTH/ZANTMAL G
s Jwl

SATLH InlExval DAY
5'

CALLY GRuUATA [WCREMEWT/ZANIMAL=]N G/Day
var ( 59)rvaRk( SBIxyax( oh)xBpuavi,

FRACTION SuRvIVING AFTER 181 DAYS »
ot

STarlnl PUPULATIUN SURVIVAL »
e

IwuiviDuAL wellGTr, AT HARVEST G
w1 (I+1) {Iz1waX]

NUMSER UF ANIMALD/ANIMAL-IN AT HAKRVEST ™
Cowme(l) {l=IMar]

CuvUL, wElulnm, CURRECT., FOK SURVIVAL GDAY
VAR(FIB)+wT(I+1)%2C932(1) {I=1,1MAX]

Cuaub, wELGTH, SIYMJULTAN, IN PLANT G
VAR(91B)/VAR(BVT) )

Cuvul, mumstHd, CURRECT, FOR SURVIVAL rDAY
VAR(919)Y+(C942(1) tI=1,1mAX]

Cu~ub e wumdEx, SIMULTAN, 1IN PLANT w
VAR (9Y19)/VAR(&8AT)

Taroe T [wDlvive WEIGTH AT HARVEST G
14,

TaruET QUTPUT/BAICH KG
52‘17)1.

nuUMber OF DAYS TU HARVEST (+.1) DAY
1+.1 {I=I=ax]

RUMBER OF AnwI~ALS INTRODUCED/BATCH »
122 o xVAR(S22)/(VAR(916)RVAR(I17))

INTEREST RATE Ul SINKING Funsu n/YEAR
ol

RETukie g CAPLITAL #/YEAR
.1

UEEP SEa w4TER COSTS $/KG=0UT
(VAR (2S59)+vArn(14)2VAR(60U)*xVAR(243)%31536d6w, ) /VAL

vEEP SEA wATER FLUW mM3/8EC
vhr(b6d)

UEEF SEA ~ATER DISTRIBUTION COSTS $/KG=0UT
vaR(321)/vaL

HUWGER (OF IwTAKE PIPELINES &
varR {(Z4d)

Prurid SPACE COSTS Y/KG=00UT

var(121)xvir{b63)/ (1006, 2xVAL)
PIPELINE LDIAWETER M
ViR (£5)

FrYTu LABOR CUSTS o/ Ke=0UT
VAR(T749)/val

PIPELINE Lineln 4
vak{2ul)

PrYldg TOoTaL CJ8TS 3/AG=0UT

VAR (932)+yvar(934)+vAR(938)+VAR(938)
NUBER UF PUOILS P
VAR (Bed) '

SrELLF1S5Hd sPaCE CUSTS $/hG=0UT

357.



vaRk Y4 8)
vaR{Yuy)
VAR (9dY)
VAR (9db)
VAK(947)
vhak (vdn)
varm{9Yu9v)
var(Y5a)
vAR(951)
VAR({95¢)
VaR{955)

VAR {(954])

VAR(955)

VAR (956)

VAL

1 LI+1)

i 12} i

11}

£ 11

(4]

N 1)

1]

1]

PrYlu PUULL VJLUME
Var{obs)
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ABSTRACT

Nutrient-limitation of batch cultures of the diatom

Chaetoceros curvisetus, STX-167, grown in Antarc<=ic Inter-

mediate seawater, was investigated. A factorial nutrient
enrichment experiment indicated simultaneous nutrient-limi-
tation by phosphate and nitrate with svnergistic involvement
of various vitamins and trace metals. It is suggested that
the factorial design nutrient enrichment experiment may be
an excellent tool for investigating occurrences of multiple

nutrient-limitation.



INTRODUCTION:

Any essential nhytoplankton nutrient will stop growth
when 1ts concentration declines below levels that can be
utilized by the organism, sometimes approaching the lower
limits of detection by normal chemical analysis. The
limiting role of nitrate, phosphate, and silicate in primary
croduction has been studied extensively (Caperon and Mever,
1972; EZrpoley and Renger, 1974; Chu, 1946; Xilham et al., 1977;
Ruenzler and Xetchum, 1962; Paasche, 1973(a), 1973(b)). Trace
metals and vitamins can also limit ohytoplankton growth. Men-
zel and Ryther (1961) observed increased pr imarv production
when iron was added to Sargasso Sea water. Molybkdenum, man-
ganese, copper, and zinc have been found to be essential to
algal growth (C'Relly, 1974). Vitamins 312, thiamine, and.
biotin appear to be the main vitamins required by certain al-
gae and are potentially capable of limiting production (Car-
lucci and Bcwes, 1970).

Mos+t studies have not examined the prcblem of multiple

nutrient limitaticn or the synergistic and antagonistic efifects
cf nutrient enrichment. The factorial experiment addresses
these complex problems of nutrient limitation. ¢ch macronu-

t
s considered a factor that

*_1.

trient or micronutrient examined
can affect ohytoplankton growth. The eifect 0f two or more
concentrations of each nutrient, singlv and in all of the var-

e which nutrient or combination

o

ious combina*icns, to determi
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FACTORIAL NUTRIEZINT ENRICEMENT

The technigue is also well suitad to determining the
optimal enrichment of culture media in mass culture of
phytoplankton. The factorial design was used in +his studv

-ty

to determine nutrients limiting primarv produc=iocn in *=he

U. S§. Virgin Islands. This mariculture operation utilizes

meters as a culture medium to grow the diatom, Chaetoceros

curvisetus, clone STX-167, isolated by Dr. Xenneth Haines.

This alga is utilized by filter-feeders in 2 controlled

food chain.

METHODS :

Factorial Experimental Cultures: Factorial design ex-

periments are classified by the number of factors (nutrients)

and thelr concentrations. The classification of *rhis factorial

-

. n : V . - .
experiment was a 2 design (two concentrations of n nutrients)

-

The factors considered in this study wers nitrate, chosphate,

0

silicate, iron, trace metals, vitamins, and a chelator, EDTA.
The vitamins, biotin, thiamine, and 812, were combined and
the trace metals, copper, zinc, cobalt, manganese, and molybde—

num, were also combined. EZach of these nutrients, when examined
7 ”

was used in two different concentrations. The lower concentra-
tions wers those naturally occurring in +he Antarctic Inter-

mediate water. The enriched concentrations were approximataly

50% above the Antarctic Intsrmediate seawater lsvels or, in
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the case where these were not known, as with the vitamins zané
trace metals, Guillard and Ryther's (1962) F/4 levels were
used (Table #1). The F/4 medium has been shown previcuslv <o
be an excellent medium for algal growth. The nutrient fac-
tors were considered in two separate experiments. In Exper-
iment %1, phosphate, silicate, iron, EDTA, vitamins, and
trace metal enrichments wers considered (Table #1). Experi-
ment %2 examined the effects of phosphate, vitamins and
trace metals again, along with nitrate enrichment. All en-
richments were done in duplicate.
The culture methods were those of Picard (1976). The

nutrients under study were added in all vossible enrichment

2o

combinations to 93 ml aliguots of class~fiber filtered Ant-

arctic Intermediate water in individual 125 ml Erlenmeyer

flasks. The volume was brought to 99 mls in each flask with

Bntarctic Intermediate water and the cultures were z2utoclaved.

Chaetocercs curvisetus, STX~167, was grown axenically in F/4
medium until cell densities wer§ high enough for inoculation
(circa 3 x lOS cells/ml). The cultures were then centrifuged
and the pe;let washed twice with 10 ml portions of sterile
Antarctic Intermediate water. One ml aliguots of the washed
cell suspension were then added to each of the experimental
flasks. The cultures were then incubatad at 23°C with a

12L:12D light cycle. Cool-white fluorescent pulbs prowvided

ight intensity of 0.03 ly/min as measured with a Lambkda

&_—J

a



light meter. The culture flasks wers shaken twice a day o
ke2ep the algae from settling out of suspension. A%t approxi-

mately 1000 hours of each day, the cultures were sampled
aseptically, the samples were preserved with Basic Lugol's
preservative, and cell counts were done with a Speirs-Lavy
hemacvtometer until stationary growth phase was reached.
Staticonary growth was considered to have been reached when
cell counts were the same for at least two successive davs.
The experiment was terminated when a drop in cell numbers

Data Analysis: The £final cell vield was defined as the

-

average cell density when stationary growth was reached, or
as the highest cell density attained when stationary growth
did not occur and the cell number declined within one dav

a

h

ter reaching its peak.

Changes in cell yield due to culture enrichment wi
single nutrient were considered'prim ry effects, while en-
richment of two nutrients involved first-order interzcticns.
The higher order interactions were enrichments of three or

more nutrients. For culturses enriched with phosphate, ni-

trate, and silicate, the interactions compared the effect of
phosphate on the nitrate-silicate interaction, the affact of

. 1

nitrate on the phosphate-silicate interaction, and +

ih

- .
z2CT

e 2

ol

of silicate on the phoschate-nitrate interaction. The major
objective of these asxperiments was <o compare tweo treatments.
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FACTORIAL NUTRIEZNT ENRICHEMENT

The yield resulting from enrichment was comparsd to =he visld
©f all other treatments. For example, when ohosghate en-
richment was considered, all phosphate enriched cultures were
compared to all t:eatmeﬁts without phoszhate enrichment. It

is azssumed, therefore, that the effact of phosphate on cell

vield will be neither hidden nor enhancsd by the other en-

richments, and a2ll of the phosphate enrichments wera consider-
ed replicates of each other. TFor the t-test to compars all

the enrichment combinations, the eguation of Freund (1370)

was used:

o3l
}
¥l
-

interest)
il = mean yield of the treatment of interast
X, = mean vield of the remaining tresatments
Sf = variance of ﬁl
S% = variance of ?2
n, +n_, = 2 = degrees of Irsedom Ior t-tsst

- 2

A computer Drogram generated a t-value for each nutrient

e . . . .
combination compared =0 the remaining Lreatments.
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The t-tftest values were then used to detarmine which

D.
LD
ot
{2
[}
@
by
8
0
(D
[oN)

cenfidence levels. A positive t-value in
growth, while a négative t-value indicated reduced

growtil. This type of data analysis cannot give the rank
importance of the wvarious nutrients if more than single
nutrient limitation is occurring. It will, however, indicats

the presence of multiple nutrient limitation.

RESULTS :

In the first experimental run wheres phosphate, silicate
iron, EDTRA, vitamins, and trace metals wers considerad
pnosphate enrichment produced significantly higher vields
than any other enrichment at the 99% confidence level (Table
72) . The vitamins and trace metals, when added singly to
the phosphate enrichment, apreared to enhance the effact of
phospnate as is noted by the aepression of the phosghate
t-test value when vitamins or trace metals are removed from
the comparisons. The vitamins and trace metals in combination,
nowever, seemed to depress the effec:s of the phosghate
enrichment. The toxic effect of silicats snrichment was
amplified by the addition of vitamins =0 +the medium. Final

rom 2.0-4.2 x 10° cells/ml

h

9]
Y
s
§—
]
-
D
§—+
{n
n

in experiment %1 ranged

The second experimental run examined =he eifact of

o : S 7 4o -} 3 d « + - ; E™ -
enrichiment with nitrate, chosghate, vitamins and trace metals.
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Pheoscinzata enrichment again produced sicgnificantls nighar
1 nd o - - - b Ty 1 i
cell yields at the 99% confidence level (Tzable 24 In

vields, Phospnate and nitrate, when added in comcination,
produced the most significant sults. Phosphats enrichment
appears to enna the effect of nitrate an hmen<, while

enrichment. The vitamins and trace metals again ire

enhancing the effect of nitrats and ghoschate enrichmant

though not significantly affecting the £inal cell vield
by themselves. In both experiments, unenriched Anctarctic

Intermediate water &id not have significantly lower cell

i

vields. A maximum cz2ll vield of 4.4 x 107 cells/ml was
obtained with the phosphate-nitrate-vitamin-trace metal

enrichment combination (Table #3).

DISCUSSICN:

In Antarctic Intermediate seawater, under the experinmen

conditions used, Chaetoceros curvisetus, STX-167, appears to

be experiencing dual-nutrient limitation Zfrom phosghats and
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nitrate, indicating that ade

!

vitamins, and trace metals are oresent in the Antarctic

H

ntermediztes water to ensure maximum utilization of existing

nizrate and phoschate supplies. Enrichment with phosrnats
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vhosphate limitation. The vitamins and trace metals, though
not limiting in themselves, are involved synergisticallv
with this dual limitatign. 3ecause nitrate and phosphats
appear to be limiting to growth simultaneocusly, the N:2

ratio in the Antarctic Intermediate wate

>
o

(appreximazely

15:1) may well ke identical to the intracellular N:P ratio
cf Chaestoceros curvisetus. Further investigaticns will
verify this hyvothesis.

Multiple-nutrient limitation has been discarded as =
zossiblility by some investigators (Droow, 1974; Rhee, 1973).
The culture methods and means of analvsis nused, however,
were different from those presented here and may lack the
sensitivity to perceive the subtle effects of certain tyres
of nutrient limitation.
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Table 42

Enrichment Treatment

t
(all treatments)

EEEEREEREREEEE T ERREEE

eEEBRERREY:

2,783
-1.543
-1.226
0.137
0.104
0.974
-0.636
0.545
1.406
2.215
2.186
-0.820
0.041
-2.489
0.118
-1.439
0.080
-0.811
-.351
-0.307
-0.230
-0.404
0.407
-1.273
0.153
-0.150
1.024
-0.201
1.333
0.305
0.865
0.002

t

(no V)

1.664
1.151
-2.393
-0.210
kK kR
2.335
0.629
-0.372
0.773
e e dode
2.964
-0.230
1.435
Tk
1.434
-2.318

v dedode

-0.951

e e J o

0.414
kA
0.131
1.364
HrdxF
0.883
-0.431

kR

0.130

Ed s k]

0.506

dekdedek

-0.527

£

o T)

1.723
~-1.484
-3.076

l.108

3.579

R s &
=-5.832

+.248

..365

2.373

oy ok
-J.3881
=.044
-2.007

sedewe d

3.102

53.795

YRR

1.449

Rkwdde
o e oo Yo

2.C99
g.421
-1.001
*Ardeke
0.742
1.914
.
1.903
T
Hdekdek

0.420
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Table 32 - : . (continued)
t t t

Enrichment Treatment (all treatments) (no V) (nc T)
SEV -0.913 ekl -2.738
SFT =0.049 0.244 mE K
SCV -0.914 aladabaid -3,739
SCT 0.457 1.175 eEETE
ST =0, 810 B £ 2 5 - RwRE
FCV =0.252 Rdedekk 5.228
FCT -1.635 -1.488 FewE
m _0 N 353 E S S & o st
O]I‘ ..0 o 658 kx5 wEwRE
PSEC 0.625 0.473 A
PSEV -0.624 bbbk -.084
PSET =0.414 0.089 Eibaded
PSCV =0.416 *kddk =3.320
PSCT 0.347 0.730 b
PSUT =0, 414 fedkdeh® RERR
PFCV 0.140 Fedededede 2.818
PFCT -0.761 -0.679 erkR®
PFUT -0.345 kkkdk ek
m 0 . 070 khhdd b d &5
SECV 0.417 HhRER 3.730 .
SFCT -0.206 -0.296 rikededek
SEVI' .._0 . 206 ES S 2 & 3 kYo
SCV’I‘ ..O . 206 kkhdd e <dep de e
FCV‘I' _.l‘]_lz EE &k L b & &2
PSFCV 0.532 bt bd ..070
PSECT =, 240 =(,027 sewe ke
PS:EW ...O o 625 ) Jededededy o de ok
Pscv’_[‘ ..0 . 047 ek F S & & &
Pm ...O. 529 EL &) & ekttt
S'Em ...0 . 047 ' E 2+ & 4 S & & o
PSE'CV'I' ..0' 303 Bkl fedvrded

CONTROL -0.819 -1.072 -J.589



Table 43

Yield Enrichment Treatment Yield Enrichment Treatment  Yield

Enrichment Treatment
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PSF
PsC
psv
pPST
P
PFV
PET
PCV
PCT
pvT
SKFC
SFV
SFT
5CV
sCT
SVli
v
Fcr
F’Vl\
cvr
PSFC
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Y=
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= ol t t t

Enrichment Treatment (all treatments; ‘n0 P) {ro N) (no V) (no T)
P 5.117 ekl 2.796 4,051 4,284
N 3.184 2.540 ek 1.309 1.973
7 0.937 1.32¢4 0.443 TREER 1.476
T 0.43S 3.322 -0.110 1.004 kkdhk
PN 7.797 wiekdek Tekdkk 4.561 5.469
¥4 3.209 ok k% 1.720 Teddedek 2.713
PT 2.804 ke e 1.395 2.281 kbt
NV 2.726 2.303 eRRTR Yeskeckedeie 2.029
NT 2.353 2.061 ladakoid 1.671 FkuRR
T 0.312 -},211 =0.639 *kdkkk bbbl
PNV 5 . 024 igdedode *hhd® bkt d 2. 634
m 4 . 389 TwwdR dkwend 2 . 058 defeded R
EVI' 2. Ggl La s 54 0 . 041 ek foded e ke
N‘Vf 2 . 003 o i 413 hdkddd deddwd dkhdd
Rq‘vr 4 N 005 et fe kR fedkd kot b E 24 &4
CONTROL ~1,751 -1.687 -1.725 -1.748 -2.001
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Table %1 Factorial Nutrient Enrichment Ccocncentrations
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Table #2 Factorial Enrichment t-test Values - Experimen=

#l. P = phosphate S = silicate F = iron t = 2.3 {(99%

confidence level; 120 degrees freedom) C = EDTA V = vitamins

T = trace metals
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Table #3 Final Cell Yields (cells/ml x 10°) - Experiment
21, P = phosphate S = gilicate F = iron C = EDTA V =

vitamins T = trace metals
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Table #4 Factorial Enrichment t-%est Values - Experiment

|

#2. P = phosphate N = nitrate t = 2.75 (99% confidence level

~p

all compared) t = 2.04 (95% confidence level; all compared)

t = 2.98 (99% confidence level; one treatment removed) +

s

=

2.14 (95% confidence level; one treatment removed)



Table %5 Final Cell Yields (cells/ml x 105) ~ Experiment

42, P = phosphate N = nitrate V = vitamins T = trace metals
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by

J. B. Sunderlin, S. Laurence, 0. A. Francis, and 0. A. Roels
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ABSTRACT:

An experimental shellfish hatchery was established in
April 1974 at the "Artificial Upwelling" mariculture system
on St. Croix to test the feasibility of operating a hatchery
in the tropics for rearing temperate species and to augment
the supply of commercial shellfish seed which is not normally
available on a year round basis. From August 1976 through

October 1978, the hatchery reared Tapes japonica (DESHAYES),

on a regular basis, to supply pilot plant Models I and II.
During the 4 1/2 years that the hatchery was operated, 50
batches of Tapes were spawned and 45 of these were reared in
the system. Out of these 45 batches, there are data from 40
batches for percent survival to metamorphosis; the average for
all these populations is 40%. The range of survival was 0.4%
to 90%. For the 18 batches introduced into the Pilot Plants,
the percent survival averaged 51%.

After rearing 45 batches of Tapes, including five generations,
in the hatchery system, it is apparent that the feasibility of a
hatchery in the tropics has been demonstrated. Refinements and
improvements in the system are substantiated by the increased

survival in the last 18 batches of Tapes reared.
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INTRODUCTION:

A hatchery facility was developed in April 1974 at the
St. Croix "Artificial Upwelling" mariculture system to (1) test
the feasibility of operating a hatchery in the tropics using
predeminantly temperate shellfish species (2) insure a supply
of hatchery seed when needed instead of having to rely on a
supply of commercial hatchery seed that is not constant and
which is usually geared seascnally to the temperate climate and
(3) eliminate acclimation procedures to the tropical environment
that are essential with purchased commercial seed.

In addition to five generations of Tapes japonica, Crassostrea

gigas (Thumberg) and Ostrea edulis (Linne) have also been success-

fully spawned and reared through metamorphosis to adults in

St. Croix. The kumamoto variety of C. gigas has been successfully
spawned 10 times but the species never metamorphosed in the St.
Croix hatchery.

A critical factor to consider when establishing a pelecypod
shellfish hatchery is water quality. Most hatcheries must filter
or centrifuge their available water to remove undesirable organisms
and even then water quality varies seasonally (Bardach et al.,
1972, Chanley, 1975). 1In the "Artificial Upwelling" mariculture
system in St. Croix, U.S. Virgin Islands, water of excellent quality
and constancy is available since Antérctic Intermediate water is
pumped from a depth of 870 m to shore. Nutrient concentrations
are stable and do not vary seasonally (Roels et al., 1975) and
deep water is free of man made pollutants, diseases and predators

harmful to shellfish.
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Larval feeding studies conducted in St. Croix on Tapes
japonica larvae indicated the best diet to be a mixture of three

algal species (Thalassiosira pseudonana,Bellerochea polvmorpha

and S-1, an undetermined cryptophyte flagellate. All three of
these algal species can be grown in large scale culture in

St. Croix. When these algal species are fed singly or in
combinations of two but not as a mixture of three, the larval
growth rate is reduced (3underlin et al., 1976).

Survival for 40 populations of Tapes will be presented.
However more detailed analysis was carried out on data generated
from the 18 batches of Tapes used for the pilot plant Models I
and II from August 1976 through October 1978.

This paper reports the hatchery procedures, hatchery growth
data, and some pilot plant data for 5 generations of Tapes

japonica.



383.

MATERIALS AND METHODS:

Brood stock used to produce the Tapes japonica were from

two sources: clams from the"artificial Upwelling"mariculture
station which were originally purchased as 3mm juveniles from
Pacific Mariculture, Inc., Pescadero, California; and adult clams
obtained from the State of Washington (Ellison Oyster Co.,
Olympia, Washington, 98502). The same procedures were used for
the spawning and rearing of the Tapes larvae for all 45
populations. The hatchery techniques, essentially the Milford
method (Loosanoff and Davis, 1963), employed were the following:

Shellfish brood stock were subjected to thermal stimulation
to induce spawning. Deep water was circulated through a glass-
lined, gas-fired water heater to raise the temperature in the
spawning dishes from 22 to 32°C within 10 minutes. Stripped
gonad solution (sperm or eggs) was added to the dishes to
stimulate spawning. When brood stock were not stimulated to
spawn on a specified date, in order to keep the pilot plant time
schedule (spawning every 28 days), eggs and sperm from spontaneous
spawnings in our pilot plant were collected.

Larval cultures at an initial concentration of 10 larvae/ml
were reared in 379 1 conical fiberglass tanks with moderate aeration.
Prior to Spring 1976, 15, 30 or 50 1 polyethylene containers were
used for larval rearing. The algal culture was removed three
times/week by filtering the larvae tanks. The larval cultures were
filtered through a graduated series of three 25.4-cm diameter
Nitex sieves (nylon-monofilament bolting cloth; Tobler, Ernst

and Traber, Inc., Elmsford, N.Y.). Clumped food and debris were
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trapped on the top sieve and discarded, while larvae were
collected on the bottom two sieves. Larvae were rinsed from
sieves and combined in a 10-12 liter concentrate. Sieve sizes
were increased on the next filtration day if a large percentage
(>90%) of larvae accumulated on the middle sieve.

A 15 ml sample was taken from the 10-12 1 concentrate of
larvae after it was thoroughly mixed. Data on larval
growth and survival were obtained from this 15 ml sample. On
each filtration day, at least 10 larvae were measured (length
and width in microns (Loosanoff et al., 1966) using an occular
micrometer. On day 2, day 10 and day 14, a Sedgwick-Rafter cell
was used to determine the number of larvae/ml; duplicate or
triplicate 1 ml aliquots of the sample were counted.

After filtering,the 379 liter larval containers were refilled
with deep water and 0.2 ml of "Vetstrep" (Streptomycin sulfate,
Merck and Co., Rahway, N.J.) per liter of larval culture was
added (equivalent to 50 mg/liter). A mixed diet of two diatoms

(Thalassiosira pseudonana and Bellerochea polymorpha) and one

unknown Cryptophyte flagellate (S-=1) was fed to the larvae most
of the time, but on occasion only two of these species were
available. The initial food concentration in the larval cultures
ranged from 8 x 104 to 2 x 10° cellé/mle

The yearly temperature range in the larval cultures varied
between 23-28°C and the salinity was 34.75 to 34.95 ppt.

On day 14, when metamorphosis began the larvae were transferred

into flumes measuring 10°' x 1' x 5 1/2°7,
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Until day 21, the larvae/juveniles were filtered three

times per week and batch fed. One million to 1.5 x 106 larvae
were placed in each setting flume and again "Vetstrep"and food
were added at proportional concentrations. All food for the
hatchery until day 21 was cultured in an air conditioned
laboratory in 15 liter carboys. On day 21, when the majority
of the Tapes population had metamorphosed, the flume was placed
on continuous flow. The juveniles then received a mixed algal
diet of 2 or more species from outdoor 2,000 liter reactor
cultures. Densities in reactor cultures range from 1 x 104 to
1 x 106 cells/ml depending on the age and species in culture.
Prior to February 18, 1978, flow to the flumes was 1.38 1/min
from day 21-35 and 2.76-4.14 1/min from day 35-56. Thereafter
Day 21-35 flow was 2.76 1l/min and Day 35-56 flow was 5.52 l/min.
Three air lines were placed in each flume beginning on Day 14
to aid in mixing.

On Day 56, the hatchery population was introduced into the
pilot plant facility. Two hundred gm of clams were placed in
a tank. However, if the population weighed >200 gm, sieving
was done to select 200 gm of the larger and faster growers for
the pilot plant. If less than 200 gm were available, the entire
hatchery population was placed in the pilot plant without sieving.

The clams were fed STX-167 (Chaetoceros curvisetus) exclusively

after introduction into the pilot level facility.



RESULTS AND DISCUSSION:

Operation of the Hatchery

Forty-five populations of Tapes japonica were reared in the

hatchery over a 4 1/2 vyear period and data for 40 of these
populations are given in Table 1. The average % survival to
metamorphosis for all 40 batches is 40%. The range of survival
was 0.4% to 90%. The 18 batches of Tapes introduced into pilot
plant Model I and Model II are marked with an * in Table 1 and
more detailed growth data are given for these populations in
Table 2.

Eighteen populations of Tapes japonica were spawned in the

St. Croix hatchery and subsequently introduced into the pilot
plant. The larval period for this species averaged 14 days and
percent survival to metamorphosis averaged 51%. Consistent growth
results were obtained from Day 0-Day 14 for all 18 populations
(Table 2); standardized techniques and a steady food supply account
for this similarity in growth.

When the length-width relations of 18 populations of Tapes
japonica, from Day 2 through metamorphosis, are graphed, a
similar curve to that described by Loosanoff et al., (1966) results.
Figure 1 depicts this length-width relationship.

For populations of Tapes #34 through Tapes #43, the weights
produced on Day 35 and Day 56 were erratic. The disappointing
weights for populations #42 and #43 were specifically believed
to be related to food (availability of poor quality reactor
cultures consisting primarily of S-1 during their hatchery rearing).
Lower temperatures in winter (ZBOC vs. 25-27°C in summer) also may

have contributed to slower growth.
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On February 18, 1978, starting with Tapes #44, several
changes were made in the hatchery procedures:

a) at least 6—8x106 fertilized eggs were ébtained on
spawning days.

k) On Day 14, pcpulations were culled to 2—3xlO6 larvae
and l—l.Sx106 larvae were placed in each of two setting flumes.

c) On Day 21, the two flumes were combined and placed on
continuous flow and the flow to the flume was increased by a
factor of 2.

d) On Day 35, populations were culled to 25 gm.

e) On Day 56, populations were culled by sieving and
200 gm of the largest clams were introduced into the pilot plant.

Since the aim of the hatchery is to produce juvenile Tapes
for introduction into the pilot plant at 28-day intervals, it
is expected that on Day 56 the hatchery will provide a
homogenously distributed population of 20,000-25,000 animals,
each 4.3 mm in shell length and 0.01 gm in individual whole wet
welght. Ten populations of individuals weighing 0.01 gm or
more were introduced into the pilot plant. The last four
populations Tapes #47 through Tapes #50 exceeded this weight
by a factor of 2 to 3 and averaged over 7 mm in length (Table 2).

One disappointment was the number of spontaneous spawnings
that had to be used to supplement induced spawnings (7 out of 18)
to provide the 18 populations destined for the pilot plant.
Brood stock were not always ripe, primarily due to poor holding
tank facilities and lack of constant food supply. We did learn
over the last two years that Tapes grown in the pilot plant will

undergo gametogenesis and can ke easily spawned by manipulating
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temperature, flow rate or a variety of stress inducing variables.
Clams can be kept in a ripe condition at all times if sufficient
care and feeding 1is maintained. No artificial lowering of
temperature below the 21°-23°¢ range supplied by the deep water
is necessary. Regular cleaning of the brood stock facilities

is very important.

Generally, data collected indicates that a separate brood
facility is not reguired and enough animals of a preselected
size, condition and genetic history can be removed from the
pilot plant and induced to spawn. In the present pilot plant,
such a procedure has provided spat more reliably than has the
use of a separate brood stock operation.

Use of Antibiotics in Hatchery Operations

The role of antibiotics in the hatchery has been reviewed
and several studies that we conducted are mentioned at this time.
The first batch of Tapes, destined for the pilot plant, that
was grown entirely without antibiotics was population #36.

Prior to being placed into thevsetting flume, this batch grew
well and had good survival (76%) to metamorphosis. However,
several days after transfer to the setting flumes, very high
mortality (>90%) occurred. This was tentatively traced to
bacterial slime on the bottom and sides of the flume probably

due to the lack of "Vetstrep” in the flume. Hence, it was decided
to add "Vetstrep" to the larval cultures through Day 21, at which
time, the flume is placed on continuous flow.

Tapes population #39 was divided into two groups; one group

with "Vetstrep" at 50 mg/l and one group without antibiotics.

On May 14 the "Vetstrep" group larvae were larger, but survival
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was higher in the no antibiotic group. Again, during
metamorphosis, the no antibiotic group experienced a mortality
of over 90% and the "Vetstrep" group's survival was close to 40%.
Tapes population #40 was divided into two groups: the
"Vetstrep" group and a no antibiotic group, and up until Day 13
when the larvae were transferred to flumes, the results for
survival and growth were similar to Tapes population #39 and
other batches grown in this manner. On Day 13 both batches
were treated similarly but separately ("Vetstrep" was added to
each flume at 50 mg/l). On Day 20 there was very little
difference between the groups and nearly 300,000 clams had
set in both groups. Based on the results obtained in the
Tapes #40 study, it appears possible that antibiotics can be
eliminated through Day 13 and that adequate survival can be
maintained during Days 14-21 with the addition of "Vetstrep"
(50 mg/1l) to the flumes.
It may be possible to use considerably less than 50 mg/l
of "Vetstrep" as indicated by an experiment run on Tapes pcpulation
#41. One group from this population had 50 mg/l "Vetstrep" added
and the other group, 25 mg/l. Survival to metamorphosis for
both groups was excellent and there was virtually no difference
in the size of the larvae at the time of setting. A good

percentage of clams for both groupsvmetamorphosed.



The Influence of Number of Generations in the System and Culling

Procedures on Survival and Growth in the System

Despite the fact that no definite conclusions can be drawn
at this time as to whether our fifth generation clams exhibited
enhanced growth and survival when compared to preceeding generations,
there is sufficient preliminary data available to warrant a
discussion of the potential influence of long term selection on
growth rates.

The present study employed animals from five (5) generations“
of Tapes and two mixtures (two each combined generations 1 and
3 and 1 and 4). In addition to the mixtures there were four (4)
lst generation populations, three (3) 2nd generation populations,
three (3) 3rd generation populations, two (2) 4th generation
populations, and two (2) 5th generation populations (18 populations
total). Although there was no systematic attempt to control the
influence of genotype and culling in the pilot plant, animals
selected for brood stock for the production of each successive
generation were selected from groups of individuals judged as
the largest (generally, by shell length, but also by weight).
Assuming some significant degree of heritability of growth rate
for the species and a significant correlation between adult
and larval growth rate, an increase in mean larval size with
each successive generation would be4expected.

Table 3 illustrates the relationship of 1lst, 2nd, 3xrd, 4th,
5th and mixed populations of Tapes grown in the hatchery.
There is a trend for increased survival from 3rd to the 5th
generation, and the 5th generatién attained the highest»average

weight of a population on both Day 35 and Day 56.
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Table 4 illustrates the mean s.d. of the product of larval
length and width on day 14 for the 5 generations and two mixtures.
A general positive trend with generation exists with the exception
of the 3rd. There is good evidence to indicate the 3rd generation
population should be excluded from analysis, as they were spawned
in August 1976 within three weeks of one another, and were the
only groups fed non-sterile algal culture prior to day 14. Further,
only two instead of the usual three algal species were fed to them
consistently (Sunderlin, 1978). The mean, s.d., survival for this
generation on day 14 was 19 * 12.3%, compared with 57.1 * 14.2%
for the remaining 15 populations.

There is strong evidence to indicate that selective culling
of individuals from any of the populations is of greater
importance than is the relatively weak trend with generation.
Table 4 presents a comparison of observed length and width
measurements for the 5 generations with a simulation of what
these values would be if all but the largest 50% and 10% of the
population were culled. Note that if the top 10% of the seed
from the 3rd generation are selected, the mean length is 250.06u
compared with 225.5p for all of the 5th generation with no culling.
Table 5 presents a similar calculation for each Tapes population.
These values may be compared with the actual length and width
measurements on day 14 presented in Table 2. Over the long term,
selective breeding will probably be more advantageous and lead
to significant improvement in the seed. For the short term, a
combination of high production and rigorous selection will provide
sufficient numbers of fast growing seed. The growth rate of the
final animals selected as well as their numbers will involve a

trade off between production cost and growth rate.
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ALLOMETRICS:

Allometric data from pilot plant Model II best illustrate
some aspects of the continued growth of Tapes populations after
leaving the hatchery. Despite the fact that all individual
populations exhibit varying growth rates and wet weights
relative to their chronological ages, various allometric
parameters show very constant relationships. Figure 2 demonstrates
the consistent relationship of length, width and depth which
exists through market size for the Tapes populations grown in
pilot plant Model II. The linear relationships illustrated
in Figure 2 also serve to demonstrate that our measurement
techniques for the clams were good. Similarly, Figure 3
demonstrates the constancy of wet weight protein content of pilot
plant Tapes populations. Percent protein content remained at
a level of 3 to 4% of whole wet weight through an animal weight
of 5.7 gms.

Figure 4 displays the relationship between shell length
or width and shell depth of Tapes populations grown in pilot
plant Model II. While the relationship between shell width
and length remains linear throughout Tapes life span (Figure 1),
when shell width reaches 10mm, and shell length reaches 13-14 mm,
depth of shell begins to increase relative to both these dimensions,
indicating that after this point in time, an increasing proportion

of welght gain is due to increase in shell depth.
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Figure 1. Length-Width Relationship of Tapes japonica.
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The relationship between length, width and depth

of Tapes japonica grown to market size in the

Model II pilot plant.
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Figure 3. The relationship Between Tapes japonica

live wet weight, and protein content.
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Figure 4. The Relationship of Shell Depth fo Shell Length

and Width of Tapes japonica Cultured in the

Model II Pilot Plant.
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Table 1. Percent survival to metamosphosis for 40 Tapes
japonica populations.
Tapes Spawning
population date induced or % survival
number spawned spontaneous to metamorphosis
5 2/04/75 spontaneous 41,
6 3/05/75 induced 44,
7 4/05/75 spontaneous 63.
9 7/16/75 induced 34.
10 10/16/75 induced 36.
11 12/30/75 induced 4,
12 1/02/76 induced 51.
13 1/27/76 induced 46.
16 5/12/76 induced 60.
17 6/02/76 spontaneous 30.
18 6/18/76 spontaneous 63.
20% 8/03/76 induced 33.
21% 8/16/76 induced 14.
22% 8/24/76 induced 10.
23 8/31/76 induced 11.
24 1/03/77 spontaneous 6.
25 1/24/77 spontaneous 4.5
26 1/31/77 spontaneous 0.4
27 2/08/77 spontaneous 15.
28 2/28/77 induced 2.
30 3/16/77 spontaneous 40,
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Table 1 (cont.)

Tapes
population date induced or % survival
spawned spontaneous to metamorphosis
31 3/30/77 spontaneocus 6.
32 4/01/77 spontaneous 13.
33 4/25/77 induced 68.
34% 5/23/77 induced 63.
35% 6/17/77 induced 57.
36 7/18/77 induced 76.
37* 8/15/77 induced 71.
39%* 9/14/77 induced 59.
40* 10/11/77 spontaneous 56.
41% 11/07/77 induced 90.
42%* 12/6&7/77 spontaneous 58.
43% 1/02/78 induced 38.
44* 1/31/78 spontaneous 46.
45% 2/27/78 spontaneous 43,
46% 3/27/78 spontaneous 71.
47%* 4/25/78 spontaneous 66.
48% 5/23/78 spontaneous 40.
49% 6/19/78 induced 57.
50%* 7/17/78 induced 41,

*populations introduced into Pilot Plants Model I and Model II.
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Table 3. Comparison of the 5 generations of Tapes japonica

reared in the St. Croix hatchery.

average % average weight average weight average weic
survival to on D35 on D56 per clam
generation metamorphosis of population of population on D56
(gm) (gm) (gm)
1st 70 15.53 319.40 0.0077
2nd 52 27.26 313.86 0.0073
3rd 19 N/A N/A 0.0222
4th 57 45.13 760.64 0.0081
5th 62 109.54 2159.93 0.0388

mixed 46 44.30 2004.76 0.0106
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APPENDIX E

CULTURE COLLAPSE EXPERIMENTATION

To date, our research in the causes of Chaetoceros curvisetus
(STX-167) pool culture collapse has been directed toward the following
general areas:

1) The possible influences of bacterial and/or viral contamination
on culture collapse.

2) The possible influences of autotrophic competition, or zoo-
plankton predation on culture collapse.

3) The influence of turnover rate on culture longevity.

4) The influence of nutrient enrichment at 2x and 4x levels on
culture longevity.

5) Testing of other clones (notably STX-200) of Chaetoceros curvisetus

for improved culture longevity in the system.

A study of viruses and/or bacteria as causative agents in culture
collapse indicated that although both groups of organisms could be isolated
from our 50,000 litre culture pools no consistent relationship between
their occurrence and the onset of collapse could be identified. Similarly,
a 173 day study on the influence of autrophic and heterotrophic contam-
inants in deep sea water and phytoplankton pools demonstrated no consistent
relationship between the occurrence of éont&minants and collapse of the
STX~167 population. On the contrary, collapse of the STX-167 population

was generally accompanied by a reduction in the numbers of all contaminant
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species present in the pool.
Studies on the influence of turnover rate on culture longevity,

use of Chaetoceros curvisetus clone STX-200 in pools, nutrient

enrichment of deep water and an analysis of routine pool culture
parameters for the period January 1979 - November 1979 all point to

the probablility that pool culture collapse is a light/temperature
effect. Comparison of reactor cultures operated at turnover rates of
0.75, 1.15, and 1.30 da‘y"1 with pool cultures operated at a turnover
rate of 1.15 day"1 for the same period indicated that culture temper-
ature (a function of turnover rate in 2,000 liter reactors) rather than
the turnover rate per se had most effect on culture longevity; the
coolest cultures lasting for the greatest length of time. These results
are amplified by a seasonal analysis of pool cultures which demonstrated
a strong correlation (0.64, 0.59 for pools 1 and 2 respectively) between
depressed culture temperatures and increased culture longevity and
average .STX-167 cell density.

Light effects may be equally as important as temperature in determing
STX-167 culture longevity. When clone STX-200, which had demonstrated
excellent tolerance to high-1ight conditions in laboratory experiments,
was introduced into routine culture in Pool 2, average pool longevity, and
average cell density increased significantly in comparison to the perfor-
mance of STX-167 in Pool 1. Similarly, complete nutrient enrichment to

2x and 4x levels in reactor cultures caused a nearly 100% increase in
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culture Tongevity as compared to unenriched DSW reactor cultures,
possibly due to the effects of increased self shading.

VWhiTe we have yet to identify the definitive causes of culture
collapse, we are now in a position to partially mitiacate their effects,
either through the exclusive use of Clone STX-200, and/or through the
introduction of a nutrient enrichment scheme in our 50,000 liter pool
cuitures. This latter approach might have the additional ancillary
benefits of providing an adequate test of the concept of operating
deep sea water phytoplankton pools in a 1ight Timited mode to optimize
areal production while at the same time providing additional production

capabilities within the framework of the existing facility in St. Croix.






