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Aquaculture can potentially produce very
high food yields from relatively small
areas in which ponds or raceways provide a
controlled environment. However, realizing
this potentially high production requires
that the aquaculture facility provide con-
ditions that are as close to optimum as
possible for the animaI being cultured.
Providing optimum conditions in turn requires
that the aquaculturist have control over
the culture system's environment. Water
temperature is one of the most critical
environmental parameters for the growth
and well-being of marine animals, but the
cost of controlling temperatures in large
volumes of flowing seawater is prohibitive.
Coasta.l nuclear or fossil fuel electrical
generating plants use seawater as a coolant
and produce large quantities of warmed
water as a waste by-product. The availa-
bility of this otherwise wasted heat energy
may make control of water temperatures in
a large-scale commercial aquaculture facil-
ity technically a.nd economically feasible.

At Oregon State University, we began re-
search in 1971 on the potential beneficial
uses of heated effluents in aquatulture.
During the course of the study, we conducted
experiments to assess the feasibility of
culturing the Pacific oyster  'Cmssoetz'aa
..upas! and several species of salmon in
warmed seawater, The work on salmon
cuIture, completed in 1974, is described in
a number of publications. Dur objectives
in this report are to discuss the results
of our work with the Pacific oyster and
to consider the feasibility of using heated
effluents to culture this species inten-
sivelyy.

Although our conclusions are based
primarily on the results of our own re-
search, we also draw upon other researchers'
studies to reinforce our findings. Un-
fortunately, must of the previous work on
intensive oyster culture and on the effects
of elevated temperatures on oysters has
dealt with species other than i.'. ~i.~as.
Such work can indicate the resets that
we could expect from |.. ~.'..;cs under similar
conditions, but we caution the reader to



keep in mind that there are ver> real
physiological differences among the species
of oysters. Regardless of the species in-
volved, the geographic location of the various
studies must also be considered in evaluating
their applicability to our specific area of
interest. Natural environmental conditions
interact with the effects of elevated tem-
peratures and with the artificial conditions
created by the culture system to alter the
mollusks' response. Our data provides some
specific examples of this problem.

DEFINITION OF TERMS

Our studies were primarily concerned with
intensive oyster culture. Intensive culture
means systems of holding and rearing animals
in a pond, raceway, or other enclosure with
controlled water exchange and distribution;
this implies that the number and type of
macroorganisms contained in the system can
also be controlled. An intensive culture
system contains a greater than natural
density of the cultured animal. The
degree of intensivy depends on the complete-
ness of control and on culture density;
for example, intensive oyster culture ranges
from enclosures separated from the sea by
dikes having tidal flood gates to entirely
closed recirculating culture systems. Be-
tween these two extremes, a number of
experimental and commercial culture systems
have varying degrees of control over the
animals' environment. Some of these systems
will be considered in greater detail in
later sections.

The potential exists for using heated
effluents in other aspects of oyster
aquacul ture. Heated e f fluent s could pro-
vide the relatively high water temperatures
required for production of oyster "seed"--
post larvae, preplanting--in a hatchery.
Oysters could also be grown out, using more
traditional methods, in the thermal plume
from a power plant, These alternative uses
for heated effluents in oyster cultur.e
will be considered briefly.

Finally, "feasibility" in this study
connotes probability of biological success;
that is, we discuss the growth and survival
of oysters under various environmentaL
conditions, and draw some conclusions
about heated effluents' potential effects
on oysters in an intensive culture situation,
However, economic and tcchnical feasibility,
which are beyond the scope of this project,
must «iso be considered before general
recommendat ions concern ing commerc ial
feasibility can he made.

ADVANTAGES OF INTENSIVE OLDSTER CULTURE

Pacific oysters have been cultivated in
Oregon waters since the mid 1930s, Tra-
ditionally, these oysters were produced from
seed, attached to old oyster shell "cultch"
--substrate for attachment--was either
spread in patterns or somewhat randomly
broadcast onto estaurine mud flats to
grow to maturity. Harvesting of the market-
sized oysters was accomplished with oyster
tongs or dredges, or simply by hand har-
vesting at low tide. This culture method
requires relatively little capital in-
vestment, but it also suffers from a number
of significant disadvantages. For example,
the traditional culture method requires
the use of oyster seed attached to cultch,
However, this type of seed is becoming
expensive and difficult to obtain at any
price.

Commercial oyster hatcheries prefer to
produce the so-called "cultchless" oyster
seed. Cultchless seed consists of individual
oysters generally 3-10 mm in length and
not attached to any substrate. This type
of seed is easy to produce and can be
shipped anywhere in the world without
special handling. One mill.ion cultchless
oyster seed can very easily be contained in
a 2-cubic-foot insulated shipping container.
An equal number of standard cultch seed
would require shipping over 150 bushels of
oyster shell. Cultchless oyster seed's
advantage has seriously limited hatchery
production of cultched seed and, in turn,
has further reduced the availability of
seed for traditional oyster cuLture methods
in Oregon,

Cultchless oyster seed requires more
care and handling than seed attached to
shells or other cultch materials. Its
growing use in Oregon's estuaries has
brought fundamental changes to the industry.
Specifically, cultchless seed has forced
the oyster industry to increase the inten-
sit> of oyster culture in Oregon. At
present, cultchless seed is cultured in
trays suspended from rafts in bays, hut
raceway or pond culture methods will
probably soon become a reailty.

In addition to satisfving the requirement
f' or car eful handling of cultchless seed,
intensive culture offers some distinct
advantages over traditional culture methods.
Raceway or pond ~ulture provides protec-
tion for the growing crop of highly vulner-
able young oysters, Predators such as crabs
and fish can be excluded from the oysters'
environment, and damage to the culture



facility from storms can be avoided. Water
of very low salinity occasionally occurs in
the oyster rearing areas of some of Oregon's
estuaries following periods of heavy rains.
Mature oysters, able to close their shells,
can avoid the harmful effects of the reduced
salinity for hours or even days at a time.
Small oysters, on the other hand, are
vulnerable to the effects of such freshets,
and may suffer heavy mortalities An
intensive culture operation using a pond
or raceway could isolate its water supply
from the bay by turning off pumps or by
closing tide gates. In this manner, oyster
growers could exclude water of dangerously
low salinity from the oysters' environment.

growth and survival of the oyster crop in
much the same way that conditions are opti-
mized for the growth and survival of ter-
restrial livestock.

INTENSIVE CULTURE BACKGROUND

Oysters have been cultured for several
centuries and a review of some of the im-
portant aspects involving the growth of
oysters under controlled conditions seems
appropriate as a logical first step in
evaluating the biological feasibility of
intensively culturing the Pacific oyster
in heated effluents

Other advantages to intensive oyster cul-
ture include ease of access and harvest,
and increased protection of the oyster growing
area. Currently, in Oregon, oyster grounds
are leased from the state, not owned by the
oyster grower, although the grower does
have some of the rights of ownership. More-
over, these oyster grounds, as public pro-
perty, are subject to control and regula-
tion by a number of different agencies, in-
cluding the U.S. Army Corps of Engineers,
the Oregon Department of Environmental Qual-
ity, the U.S. Coast Guard, and others. In-
tensive culture, removed from navigable
waterways, would still be subject to
water pollution regulation, but would avoid
many of the restrictions placed on tradi-
tional culture grounds.

Intensive oyster culture offers the pos-
sibility of increasing seawater's natural
ability to support oyster growth. This
might be accomplished through the use of
fertili ers to increase the density of the
oysters' naturally occurring algal food,
or through the use of some yet to be de-
veloped artificial food for oysters. We
must recognize that in the absence of en-
hancement or supplementation of oysters'
natural food, intensive culture would not
increase the estuary's overall productivity.
Intensive oyster culture directs the sea's
natural productivity into an edible and
marketable product more efficiently than
traditional culture methods, but, perhaps
more important, it provides the oyster
farmer »ith the opportunity of increasing
or supplementing that natural productivity.

Generally, intensive culture practices
afford the aquaculturist increased control
over the environment in which the crop is
grown, providing at least the opportunity
to control water temperature, water flow
rate, food density, and salinity. This
control over the environment in turn affords
the chince to optimi e conditions for the

The French have cultured the European
oyster, Ostz'ea eblis, in shallow ponds
or 'Iaires for hundreds of years. Recently
they have begun to use clair es for the
Portugese oyster, Craasastrea angu1at~.
However, although the French cultivate
these ponds very intensively and many even
use fertilizers to increase algae pro-
duction, the Iairee are not generallv used
to grow oysters from spat to market size,
but their continued success indicates that
oystei's can be maintained in and will
thrive under such conditions.

On the East Coast of the United States
a great deal of work has been done with the
Eastern or American oyster, Cz'as8ostrea
vi mini=a, a close relative of Cr a@sos tr ea
gi"as. In 1904, Everman reported that
adding fertilizer to ponds containing
oysters created a dense bloo~ of algae
in the ponds'. Ho~ever, he found that the
oystei's acquired a marshy" flavor from
the "undesirable" species of algae in
the pond. Nevertheless, growth improved
in the pond-reared oysters, demonstrating
over 70 years ago that oysters could be
cultured intensively under controlled
conditions.

In 1959, Carriker reported the results
of detailed studies on the feasibility of
culturing C. u-.-zainicc in ponds constructed
on Gardiner's Island in Long Island Sound,
He found that ponds permanently isolated
from seawater exchange would not support
the growth of oysters, but that if an
adequate source of food-bearing water could
be maintained the culture techniques showed
promise. He also pointed out that at that
time very little information was availa-
ble to permit definition of what consti-
tutes an "adequate exchange of food-hearing
water." Interestingly,' Carriker suggested
20 years ago that a program of selective
breeding was needed to develop a strain of
oysters adapted to intensive culture practices.



The U.S. Fish and Wildlife Service sup-
ported studies in the early 19b0s to
evaluate the potential of pond culture for
growing oysters rn.the Chesapeake Bay region.
These studies were carried out by Shaw �964,
1968!, and were conducted in four .I hectare
 one-fourth acre! ponds constructed at the
Bureau of Commercial Fisheries headquarters
in Oxford, hiaryiand. The porrds were sup-
plied with water pumped directly from
Chesapeake Bay. Shaw found that the con-
dition of oysters placed in these ponds
declined steadily owing to lack of food.
The study's official conclusion was that
artificial ponds appear to have comroercial
potential for oyster culture, but commer-
cial application would require refinement
of techniques and development of methods to
increase the oysters' food supply,

In 1970, Ryther began research on the
feasibility of using treated sewage as a
source of fertilizer for culturing large
quantities of planktonic marine algae.
Ryther and his colleagues at the Woods
Hole Oceanographic Institution proposed
using algae produced in this manner to feed
oysters or other mollusk in raceway culture
systems. In a series of experiments with
C'. vr,r~afrii a and other bivalves, Ryther
found that careful use of sewage increased
the density of algae in seawater, and that
this algae could be used to grow oysters,

However, the success of the system de-
pended on the ability of the ovster farmer
to control temperatures. Without tempera-
ture control, the algal species composition
in the ponds could not be maintained, and
consequently, species of algae that were
poor food for oysters occasionally dominated
the cultures. ~tore importantly, lack of
temperature control during the winter months
caused the water temperatures in the rearing
ponds to drop well below optimum tempera-
tures for oyster growth. Therefore, during
the cold months, the mollusks' growth
was roinimal regardless of the food available
to them. Ryther' s important and imaginative
pilot studies demonstrated that intensive
oyster culture is feasible, but its success
depends on contiol of both temperature and
food supply.

is metered into the oyst'er rearing tanks
in control led amounts. Water temperature
and flow rates are also controlled.

After five years of research, Epifanio
and his University of Delawave colleagues
have shown that oysters can be grown under
completely controlled conditions. However,
their work also underlines how little we
known about many of the nutritional and
environmental requirements of oysters,
For example, there were very distinct dif-
ferences in the growth rates of different
groups of oysters fed different species of
cultured algae, but there is at present no
adequate explanation of the nutritional
benefit to oysters of the different algal
species.

Experiments conducted over a number of
years have provided at least a partial
definition of the conditions under which
oysters can be intensively cultured, These
studies have also shown that the concept of
intensive oyster culture is biologically
sound: oysters can be grown under con-
trolled conditions. However, we do not yet
know for certain what environmental condi-
tions are optimal for oyster growth and
further research is necessary before we
can understand how environmental factors
interact with each other and with food
quantity and quality to affect the growth
of oysters in intensive culture.

In 1972, researchers at the University of
Delaware began construction of one of the
most intensive pilot oyster culture systems
in the world. The system is entirely
closed; seawater is recy< led through a
water treatment plant to remove uneaten
food and waste products. Food for the oys-
ters  C. u-,-r; rrr, -! is produced in large-
scale, single-species algal cultures, and





izene1'a~ ."e no procedures  Malouf and Breese 197, ! .

All of the Newport and Port Orford ex-
periments using urdiltered seawater used
the same basic type of culture system,
The system consisted of a series of head
tanks, one for each temperature included in
the design of the experiment. Each head
tank received a flow of unfiltered sea-
water at ambient temperature Vycor im-
mersion heaters controlled b> thermoregu-
lators were placed in all but one of' the
head tanks to heat the water to the desired
temperatures. Heated water was aerated
to prevent supersaturation with atmospheric
gases because of the increase in tempera-
ture. Water supersaturated with atmos-
pheric gases causes gas-bubble disease in
many marine organisms, including oysters
 Malouf et al. 1972!.

Water of appropriate temperatures flowed
through glass tubing that was bent and
inserted through rubber stoppers. The
water flow rate was controlled by rotating
the glass bend in the stoppers. The systems
maintained water flow rates that were gen-

0eral ly within +I C of the reported temper-
ature.

During experiments, oysters were placed
on plastic screens in shallow plastic pans
through which water from one of' the head
tanks flowed. The pans were placed in
water baths that received a flow of excess
water from the head tanks, which served to
dampen possible fluctuations in water tem-
perature «ithin the pans.

Measurements of oyster growth were based
on changes in shell length or meat weight.
Shell length, for purposes of this study, is
defined as the maximum dimension from the umbo
to the ventral margin of the shell, Tech-
nically this dimension is shell height, but
it is also the shel I's greatest dimension
and is most commonly referred to as length.
Growth in terms of shell length was deter-
mined by periodic measurement of randomly
selected samples of oysters from each treat-
ment group. Large animals were measured to
the nearest millimeter vith calipers.
Small animals, used in only one experiment,
were measured to the nearest .I millimeter
with a micrometer eyepiece on a dissecting
microscope.

To provide a measurement of thc initial
weight of the oysters' meat, a random sam-
ple was drawn from the pooled group prior to
the start of the experiment, The wet or
ash-free dry weight of the meats of indi-
vidual oysters or groups of oysters from
the sample were determined using standard

Relative growth ~ates were calculated
from meat weights or shell lengths from
the equation:

ln W� � ln Wl
k =

 T - T

where:

W = the initial mean weight or shell
1 length

W> = the final mean weight or shell
length

and  T, � T ! = the duration of the exper-
I

iment in days

The coefficient, k, multiplied by 100
yields percent change per day  Warren 1971!.

Cultchless oysters used in the experiments
were obtained from commercial oyster
hatcheries in Washington and California.
Oysters attached to shell cultch, used in
only one experiment, were produced by
thc pilot oyster hatchery at Oregon State
University's Marine Science Center in New-
port. In all cases, the oysters vere
held in flowing seawater at ambient temper-
atures for at least two weeks prior to the
start of an experiment. At the beginning
of an experiment, randomly selected oysters
were placed directly into seawater at the
various treatment temperatures The animals
vere not acclimated to temperature.

Gr'ot' n cmd Swmival of Faaifia Oysters at
ar. Meri Coastal ication

Public attitudes and current coastal
lafid use planning make it unlikely that
future power generating plants will be con-
structed on any of Oregon's limited estuarine
«aters. Theref'ore we must establish whether
or not Pacific oysters can survive and grow
in seawater pumped from the ocean at an
open coastal site before we consider the
feasibility of using heated power plant
effluents to culture this species. For
this purpose, paired systems were constructed
at the hlarine Science Center in Newport,
an estuarine location, and at Port Orford,
an open coastal site. Experiments were
then conducted at the two locations to
monitor the growth and survival of juvenile
Pacific oysters provided with equivalent
~ater flow rates and temperatures.



first exp«i
r'ment involved the use of

'le Pacific oysters. Fifty-s less j uveni eed n each of four plasticls were plac i400 ml/min of seawater att~ s receiving m 0

of four tempeQ t mperatures, 1 0, 1 5, I 8, and
sters were held under theseThe aystens for 40 days  January 16 to

12 1973!. Their growth and surviva 1
March 12 'h' period was monitored in replicateOver this peri
systemst ms at t' he two locations.

Results show that growth rate was low
at botbo th locations  Table I! . Mortality was
~ew at igh t higher in the port Orford system,
b�t was directly related to temperature at
~th locations. On the basis of this ex-

de f in it ive stat ement 5 ai e1ssible concerning the relative suitability
of the two locations for an oyster culture

' fmcii ity, The data indicate that poor
~h occurs during the late winter months,
~ that increased temperatures during this
~iod can result in high mortality rates.

-'- ~s seasonal aspect of oyster growth and
ssxrvival was investigated in a later
axperiment.

The second, longer term experiment in
this series was identical to the first,
but was conducted later in the spring  March
~June 22, 1973! and lasted 83 days.
The results of this experiment are very
similar to those of the first  Table 2!,
Groarth and survival rates were greater

, . for animals held in Newport. Mortality
-i rates among the Port Orford oysters were
- clearly higher at the increased temperatures.
," 2bis indicated that food was probably more
' plentiful at the Newport site. Stress

fram the combination of high temperature
and low food density caused increased mor-
tality among the oysters held on the open
coast.

The third short-term experiment compared
growth and survival in the two locations
using small spat attached to shell cultch.
%vo hundred spat were selected for rela-
tively uniform sizes and even distribution
on the shell cultch. All other spat on
the shells were removed. Shell pieces
holding a total of 50 spat were placed in
each of four trays receiving 400 ml/min of
sea water at the required temperature.
Reeklekly measurements of shell length were
made for four consecutive weeks  May -7 to
June 242, 19r 3! . Systems and procedures
as descr'scribed above were replicated at
two sites,

Unlike tike the previously described experi-
ments, this
and im roved

his experiment showed goo"
in Port O

p ved growth among the oysters hei"
rford. At all but the ambient

seawater temperature �0 C!, the oysters0

actually grew better at Port Orford than in
the estuarine waters at Newport.

Obviously this was a short-term experiment,
involving only one season of the year. How-
ever, the results show that there is
nothing inherently harmful to Pacific oysters
in Full seawater, and that during some
periods of the year the natural food of
oysters is more plentiful in the estuary
than on the open coast. This difference in
food availability is reflected in the
animals' growth and survival. However,
when food is available, good growth of
young Pacific oysters can be obtained at
an open coastal site.

Our observations, supported by other
studies not necessarily intended to compare
coastal and estuarine waters, show that
Crassostrea pipas can survive and grow well
in full-strength seawater if sufficient
food is available. !n one such study,
conducted at the Port Orford laboratory,
juvenile Pacific oysters grew from 8 mm
to approximately 55 mm in length in a period
of nine months.

Askew �972! concluded from studies in
England that "lower salinities are necessary
far successful breeding of C. gee, but
for the purpose of growing and fattening
seed oysters, the higher salinities appear
to be no disadvantage." Askew based his
statement on the results of an experiment
in which he cultured C. gigae spat in
estuarine and oceanic locations in England.
The average monthly instantaneous growth
rate for the estuarine site was 0.233,
while growth rates at the oceanic site
averaged 0.241.

Re lati onehi p Between Temperature and Growth
of Pacific Oyetere in the Absence of
Supp lemental Feedina

The seven experiments conducted during
this phase of the study were carried out
at Oregon State University's Marine Science
Center in Newport. Systems and procedures
were as described in "General Methods."
The objectives af the experiments were to
define the relationship between water tem-
perature and the growth of juvenile Pacific
oysters, and to determine how that rela-
tionship varies with season.

The results of the seven experiments
showed that, despite extreme seasonal
Fluctuations in the absolute values ob-
tained for growth rate, the general rela-
tionship between temperature and oyster



Table 1. Comparison of shell growth and mortality rates among juvenile Pacific
oysters reared at an estuarine location  Newport! and at an open coastal site
 Port Orford!. Fifty animals per treatment received a water flow of 400 ml/min.
The experiment was conducted from January 23 to M a rch 18, 1973.

Table 2. Comparison of shell growth and mortality rates among juvenile oysters
reared at an estuarine location  Newport! and an open coastal location  Port
Orford!. Fifty animals per treatment were provided with 400 ml/min of unfiltered
sea water. The experiment was conducted from March 30 to June 22, 1973.
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~ f I
«ctxon permxt comparxson

~" of the
acific oysters at variousthe growth o

Lee he year, The combination of »1
Per oyster eper minute of water flow at a
temperature of 15 C, wxth anxmals havxnx'

shell length of ZO-ZSmm, was
n four r of the experiments  num-

Ill and V! . A f i f t h exper iment
V! incl

8ml er
! eluded water flow rates that

per oyster per minute, so that
interpolation could be used to

natural food of oysters.

Weekly sample for POC and nitrogen in
seawater were drawn from the head tanks used
in the oyster growth experiments. Sampling
continued throughout the year even when
oyster growth experiments were not in pro-
gress. A Z50 ml sample from a head tank  at
ambient temperature! was divided into two
100 ml samples for analysis. The 100 ml
samples were gently filtered through Whatman

13
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pie l, The observed relationship between water temperature and shell growth of juvenile
Pacific oysters, Creasost2"ec c;"'~as. Data are from six experiments conducted at dif-
ferent times of the year as shown.

Fig. The observed relationship between water temperature and meat growth of juvenile
c>fic oysters, C. gigaa. Data are from five experiments conducted at different

times of the year.
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GF/A glass fiber filter papers cut to fit
in a 13 mm Millipore Swinnex filter holder,
The procedures followed were developed by
Donagjay and Small [1977! to minimize the
loss of organic material during filtration.
Particulate organic carbon and nitrogen
were determined using a Carlo-Erba carbon-
hydrog en- ni t rogen- oxygen anal yzer .

The results of the five growth experi-
ments are shown in Table S. The extreme
fluctuations in oyster growth is apparent
 Fig. 3 and 4!, Since experiments used
sexually immature animals at constant
temperature, observed changes in growth
were probably a result of changes in
available food for the oysters. The close
relationship between the oyster growth rates
and the density of particulate organics
 particularly nitrogen! observed in the
incoming seawater supports this conclusion
 Fig. 3 and 4!.

It is also unlikely that the observed
fluctuations were caused by changes in the
salinity of the estuarine water. Though
periods of little or no growth correspond
to reduced salinity during the winter
months, a similar cessation of growth was
also observed among oysters held at Port
Orford, a location that did not show sig-
nificant fluctuations in salinity.

These data indicate that very little
growth can be expected in juvenile oysters
between the months of September and April.
Food supply during warm months appears suf-
ficient to support rapid growth, but clearly
some supplemental feeding is necessary to
take full advantage of artificially ele-
vated temperatures during the winter.

Although the reported particulate organic
carbon and nitrogen values may relate to
available food, the measurements were not
intended to reflect more than relative
conditions in the bay. The ranges of par-
ticulate organics reflect values that might
be expected at an estuarine location, but
can not be used as a rigorous definition
of the carbon or nitrogen requirements of
the animals, We believe that the data
adequate>y represent seasonal growth fluc-
tuations and particulate organics, our
objectives in this phase of the study.

Beiationsh~ps Bet~eer. i'uter .-"Lou Bate ana
the ~rmth o7 Pa=zfio Oysters at Vartous
Temperatures

Oyster growth experiments III and IV
were designed for factorial analysis and
included four water flow variables

compounded with three temperature variables.
The two experiments were conducted at dif-
ferent seasons to provide insight into the
interaction of temperature and water flow
rate, and permit consideration of a gener-
alized relationship between water flow
rate and oyster growth at different temper-
atures. The experiments were conducted in
Newport and followed procedures previously
outlined  " General Methods" !.

The influence of water flow rate on
oyster growth at three temperatures is
shown in Table S and graphically in
Fig. S and 6. The absolute values obtained
for growth in the two experiments were
very different  Table S!, but the general
form of the relationships are similar
 Figure S and 6!. Increases in water flow
rate up to some maximum resulted in increases
in flow rate failed to yield increased
growth was lower in cold water than in
warm water. The growth curves show that
weight losses were greater at higher
temperatures when flow was inadequate,
and that there is an intermediate flow
rate at which the growth curves tend to
intersect each other, and growth appears to
be independent of temperature.

Water flow rate requirements for oysters
or other bivalves are often equated with
food requirements and presented in the
literature, perhaps unintentionally, as if
they were universally applicable constants.
Oysters obviously do not eat water, but
rather require it as a food-containing
medium, as a source of oxygen and minerals,
and as a means of diluting and dispersing
waste materials. Therefore, the water
flow requirements of oysters vary inversely
with the water's food content. This rela-
tionship between oyster growth and flow
rate  8 ml/oyster/min in this case! is
related to season  Figs. S and 6!. Further,
we have already demonstrated that the
seasonality of growth in oysters is related
to changes in available food.

The movement of water does affect the
feeding and therefore presumably the
growth of bivalve mollusks  Kirby-Smith
1972; Walne 1972!. However, the effects
of water movement on feeding and growth are
overshadowed by the dominant effects of
food density and temperature. We cannot
emphasize, therefore, the absolute values
obtained in our or others' studies for
water flow rate requirements. We have
shown that these values are seasonally
variable. Most importantly, these studies
do demon strat e the general ized rel at ionships
among food availability, temperature, and
the growth of oysters and the profound
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fig. 3. Observed oyster shell growth rates rom five experiments plotted at the midpoint of
each experiment. Also shown are the mean particulate organic carbon values observed
in the incoming sea water for each month. Carbon values are means of data collected
over a two-year period.

Observe ed oyster shell growth rates forr~ the same five experiments shown in Flg
but lo d » this case with monthly means of particualte organic nitrogen in the
incoming seawater.
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Fig. 5. The observed relationship between oyster meat growth rate and water flow rate at
three temperatures. Data from Experiment III carried. out October ll � December 15.

The observed relationship between oyster meat growth rate and water flow rate at
three temperatures. Data from Experiment IV carried out flay 15 � July 17.

19



hypothetical curves shown in Fig. 7 are
based on Fig. 5 and 6 and on similar
relationships that have been clearly
demonstrated for other aquatic animals
 Brett et al. 1969!

effect the season has on the growth of
these animals.

The curves in Fig. 7 have been divided
into four areas  numbered 1 through 4 and
enclosed by dashed lines!. These four
areas, corresponding to four different
ranges of food availability, show four
entirely different relationships between
temperature and growth.

Fi . 7. H othetical curves relating oyster growth to food availability at three temperatures.
ig. . yp e aFour areas of particular biological interest are circled with dashed lines andd are

discussed in the text.
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Extreme seasonal ftuctuations in the
growth of oysters provided only with
natural food have been shown by a number
of previous studies  Askew 1972; Dame 1972;
Maurer and Aprill 1973!. However, these
studies have generally attributed the
observed fluctuations in growth rate to
seasonal changes in water temperature. We
have shown in our studies, conducted at a
constant temperature �5 C!, that temperatureo

control alone is not necessarily sufficient
to produce year-round growth in oysters,
and that high temperatures during periods of
low food density can create increased
weight loss and high mortalities.

Definitive statements concerning the
effects of temperature and water flow rate
on the growth of oysters can not be made
without additional information on the density
of food in the incoming water. Moreover,
experiments on these relationships are best
conducted in an artificial system in which
temperature, water flow rate, and food
density can be controlled independently.
Our experiments, described in the preceding
section, do indicate the general form of the
relationships between food availability and
oyster growth at various temperatures. The

When food dens ity is very low, there is
a direct relationship between weight loss
and temperature  Area l!. Alternative
hypotheses can be suggested for this
relationship. For example, increased weight
loss at higher temperatures might be caused
by increased metabolic costs in the absence
of increased food availability, or food
consumption relative to food density might
be inhibited by high temperature. Assimi-
lation efficienty--the percentage of food
consumed that is ultimately available to
the animal for respiration and growth--is
reduced by increased temperature, or that
the relationship is caused by a combination
of the above factors.
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'.further increases in food avail-
'* .not yield increased growth.

rtance of the proposed alternative
can only be evaluated in a system

ts independent manipulation of
and food. We designed and built
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:+caid require the use of some type
~taI food in order to be success-

* lnsar-round basis. Experiments
in the following section also

data on the feasibility of using
algae to supplement the natural

.~ ters.

IH AH ARTIFICIAL SYSTEM USING
AL FOOD

Objectives of this phase of our study
Swsure food consumption, metabolic
s and growth in juvenile Pacific

ion o
ia ~ system permitting control and
on of food availability and temper-
A secondary objective was to assess

i'ty of using cultured planktonic~sibil i
to supplement the narural food of

t our objectives, we designed and
~ad a recirculating sea water

'%is s sty em was based on a number
~ , g systems �illiaux and Lackie

0; Epifanio and Moot z 1975! .0tte 1970.

Details of the recirculating system used in
these studies are available elsewhere
 Malouf 1977; Malouf and Breese 1977!.
Therefore, we present only a very brief
descriptian of the system's essentials.

The water treatment system was physically
separate fram the animal holding trays and
temperature controls, and included a series
of sequential particle filters in sequence
from 116u-Sp-3u and finally, 0.8u, The
particle filters, which removed all of the
excess food, were followed by cartridge
activated carbon filters. The carbon
filters were in turn followed by an ultra-
violet sterilizer that reduced bacteria
to acceptable levels. A conditioned
biological filter of dolomite gravel kept
ammonia. levels at or below 0.5 ppm during
our experiments.

The system was designed to maintain four
different temperatures. Water was
eventually recombined into a single water
source and treated in a single treatment
system, and then split again inta four
temperature control subsystems. The
system provided four temperatures and
permitted four levels of Food availability
�6 treatments!, all with a common water
supply. Glass heat exchangers chilled
one-half of the system's 10 1/min total
water flow to 15 C, and then one-half of

0

this �.5 I/min! was further chilled ta ll C.
Another one-fourth of the system's flow was
heated to 19 C, and the final one-fourth was0

0
heated to 23 C with glass immersion heaters.

Cultchless oysters, obtained fram commerciaI
hatcheries, were placed on nylon screens
immersed in 41 plexiglass trays. There
were 16 such trays, each receiving a flow
of 200 ml/min at the appropriate temperature
and containing 300 oysters. Gultured
algae was metered with chemical pumps into
three of the four trays at each temperature
A fourth tray at each temperature was unfed.

addition to the unfed tray, feeding rates
Of approximately 85, 170, and 340 ug Of
particulate organic carbon per liter were
used at each temperature. This was accomp-
with twa species of algae  used on alternate
days!, Ãonocnr~sis IrrtIreri and
Pse~-oisoohrgsis paradoxa. The feeding
rates given above correspond approximrarely
to I0,000, 20,000, and 40,000 cells per
milliliter of .'5. Iutheri, and 14,000, 28,000,
and 56,000 cells per milliliter of
P. =aradara. Algae used in the study were
clultured in 60 I plexiglass tanks using
techniques described by Breese and Malouf
�9.5!. Algae were fed only from cultures
in an active growth phase  the logarithmic
portion of the growth curve}.

q4",



The Energy Budget-

Qc - Q = Qg Qr
in which

Qg ~ Qr
x IOO
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Our objective in this part of the study
was to determine an 'energy budget" for
juvenile Pacific oysters, and to ascertain
how that energy budget is affected by food
density and temperature. The idea of an
energy budget derived from an effort to
simplify a complex subject. Irlev �945!
and Fry {1947! pioneered the approach for
aquatic organisms, and Warren and Davis
{1967! refined it. The concept is essent-
ially an attempt to list and to measure all
of the possible fates of the energy content
of food eaten by an animal. The approach
views growth as just one of a number of
possible fates of the energy of consumed
food. Determination of the relative
magnitudes of other energy costs and
consideration of the effects of environmental
factors on the partitioning of energy
provides the basis for understanding, not
just oberving, growth.

The energy budget equation proposed by
Warren and Davis is, in its simplest form,
as follows:

Q = the energy content of food consumed
c

by an a.nimal

the energy content of a11 waste
products  feces, urine, etc.!

Q = the energy content of growth  soft
g tissues, shell, gonad, etc.!

Q = the energy lost through respiration
 metabolic costs!

The Warren and Davis equation was used
without modification by Thompson and Bayne
�972! in their study of growth in the
mussel, hfytzlus eduPza. However, some
minor modifications may make it more useful
and meaningful for studies of bivaIve
molluscs. For example, bivalves are able
to clear great quantities of particulate
matter from suspension, but their food
handling mechanisms are more limited in
capacity. Consequently, some fraction of
material cleared by an oyster may be
complcxed in an amorphous, mucus-bound mass
called pseudofeces  Bernard 1974!.
Therefore food consumption may be more
meaningfulIy thought of {Q ! as thec
arithemtic difference between food cleared

 Q 1! and pseudofeces  Q ! .
cl P

Most studies of growth in bivalve
molluscs have considered the energy content
of the soft tissue and have ignored the
energy content of the shell's organic
fraction. A few studies have attempted to
measure energy contained in the organics-
of mollusk shells  Hughes 1970; Dame 1972:!;
others have assumed sheII organics to be
negligible  Tenore et al. 1973!. The shell
organics may constitute only about 1-2
percent of the weight of the shell, but this
material may be significant relative to the
weight of the body of the animal. Shell
organics should be considered in the energy
budget as part of growth, since little
evidence supports the assumption that they
have an insignificant energy content.

Finally, since respiration varies with
food consumption rate  Thompson and Bayne
1972!, respiration should be measured under
conditions that are as similar as possible
to those under which growth is determined.

Our study invoIved the direct measurement
of food cleared  Q !, respiration  Q !, andcl r
growth  Q !. Since no pseudofeces were
formed in any of the experiments, cl'
Waste production was estimated as tne
difference between assimilation  Q + +
and food consumption  Q !. Assimilation
efficiency, a measure ok the fraction of
food consumed that is available to the animal
for respiration or growth, was defined in
this study as

Net&de fOZ' Detertirs'nZng the COmpOnentrr Of'
the Energy Budget

The rate of the oysters' food consumption
was determined by making repeated counts of
the density of algaI cells entering and
leaving the trays containing the animals A
Coulter Counter model ZBI, which was used
included a P-64 Channelizer and an X-Y
plotter, for rapid and accurate determinatiorrs
of algal cell density and the size distrib-
ution of the algal ce11s. When no oysters
were present in the trays, the inflow and
outflow densities differed by an average of
only 2 percent. Moreover, the size distrib-
ution of the ceils was not altered as the
cells passed through the trays, even thougho o
the temperatures in those trays {11, IS
19 , and 23 C! were different from the
temgerature in the system's algal reservoir
{17 C!, When animals were present, the
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outflow density was generally from 40 to 80
percent of the inflow density.

ln one trial, counts of the inflow and
out flow densities were made {with oysters
pr esent! every two hours for 20 hours
These counts did not show any Pattern of
feeding activity or inactivity among the
populat ion o f oyst ers as a whol e. That is,
the oysters' rate of removal af algal cells

relatively constant during the 20-hour
period, despite the fact that the oysters
were in the dark for 12 hours and in room
lighting for 8 hours of that time.

During the course of the experiments, we
noted that the condition of the algal cells
changed considerably during the period of
time that they were stored in the reservoir.
After 20 hours in the reservoir, for
example, Pseudaiaochrysr',e pzrado~ cells
lost 19 percent of their organic carbon,
18 percent of their nitrogen, and 40 percent
of their mean cell volume. These changes
in cell volume were taken into account
in our calculations of food availability
and consumption. However, algal cells
should not be thought of as constant units
of food. Food consumption of food density
in terms of algal cells has no significant
meaning unless the nature and size of those
cells is well characterized.

Dichromate wet oxidation procedures
 Maciolek 1969, Strickland and Parsons 1972!
wer.e used to determine the caloric value of
the algal cells. Our data yielded a
conversion factor of 9.22 calories per mg
of carbon for P. potu&~ and 9.65 calories
per mg carbon for iRnoeh~em 7utheri,

Oxygen consumption was determined in
small jars arranged to siphon off a flow of
water from the inflow to a particular tray.
Oysters were placed ia three of five jars
at each treatment condition. Water with
food  except in the case of the unfed
groups! was allowed to flow through the jars
for 18 hours. The jars were then sealed,
and were allowed to stand at the appropriate
temperatures for two hours. The dissolved
oxygen concentration in the jars was then
determined using Winkler titrations. The
difference in dissolved oxygen between the
jars containing oysters and the control
jars that did not contain oysters indicated
the oxygen consumption of the animals.
Oxygen consumption was converted to caloric
terms using an oxycalorific coefficient of
3.42 calories per mg of oxygen  Warren 1971!,

The growth of the animals was determined
by comparing the ash-free dry weight of the
animals at the end of an experimental period

with the ash-free dry weight of a randomly
selected subsample taken at the beginning
of the experiment. Preliminary trials
showed that hand shucking these very small
oysters {3-10 mm! was extremely difficult
without introducing significant errors from
shell fragments or from incomplete recovery
of the meats. Therefore, an alternative
shucking technique using concentrated HCl
was devised and tested.

The acid shucking technique permitted
rapid handling of large numbers of very
small animals, and, more importantly, it
permitted recovery of the acid-insoluble
organic shell matrix along with the meat.
Preliminary trials showed that the acid had
no effect on the dry weight or ash-free dry
weight of hand-shucked oyster meats
 although the tissues were obviously
denatured by the acid!. These trials also
showed that the caloric content of the meats
was unaffected by the treatment, and that
the residual CaC12 produced by the reaction
of the acid with the CaCO> of the oyster
shell could be removed by a five-minute
distilled water wash.

Our data showed that the recovered and
weighed organic shell matrix amounted to
approximately 20 percent of the total organic
content of 6-10 mm oysters, Omission of this
material from energy budget estimates would
introduce a significant error.

Dichromate wet oxidations were performed
on the acid-shucked meats and shell matrices
to provide a conversion of ash-free dry
weights to calories. These determinations
yielded results that were somewhat lower
than those reported by other workers  Russell-
Hunter et al. 1968; Dame 1972!, but the very
small animals used in our study are known
to be low in lipid content and therefore in
caloric content. Moreover, these animals
have a high percentage of protein, a
substance that is more resistant to dichromate
oxidation than either carbohydrate or lipid.
These determinations yielded a mean of 4081
calories per gram of ash-free dry weight of
oyster tissue, including the proteinaceous
shell matrix.

For the energy budget experiments, growth
rate was calculated from the equation:



W -Wl
Growth Rate =

in which

Reaul. ta
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�$! Wl +W2! t2 tl!

W = the mean caloric content per animal
2 at the end of the experiment

Wl = the mean caloric content per animal
at the beginning of the experiment

 t � t ! = the duration of the
2 I experiment in hours

The equation expresses an increase in
caloric content, relative to the mean
caloric content of the animals in each
treatment, during the course of the
experiment. The other components of the
energy budget equation were also expressed
relative to the mean caloric content of the
animals. Growth rates so calculated are
expressed in terms of calories per calorie
hour. These were multiplied times 1,000 to
yield calories per kilocalorie per hour.

In conducting oyster growth experiments
in a recirculating system supplied with
cultured algae as a source of food, our
objectives ~ere primarily to determine how
temperature and food density influenced the
components of the animals' energy budget.
Concurrently, we investigated the feas-
ibility of using cultured algae to supplement
or substitute for the natural food of
oysters.

Food Consum tion � !: Results of our food
.c

consumption determinations demonstrate a
clear difference in the rate at which the
animals consumed the two different species
of algae  Table 6!. In every treatment,
but particularly at higher temperatures,
the oysters consumed much more of the
Paeudoiaoahryaia paradara than they did of

aÃonoahz'pais Luthe~. At 23 C, for example,
the oysters consumed an average of 6. 4
percent af the P. pazadaxa but only 2 7
percent of the AI. Lutheri available to them.
These two species of algae, superficially
very similar, are both flagellates with a
diameter of 3-5 um, and both have been shown
to support good growth in oyster larvae,

Evidence in the literature indicates that
bivalves do show different responses to
different species of algae. For example,
Davids �964! found that the mussel,
Mytilua eduLis. consumed different species

of cultured algae at very different rates
In fact, his results led him to conclude
that the mussels "did not like algae of the
genus ChloreLLa as food".

These data underscore the problems involved
in general statements concerning rates of
food consumption in oysters fed cultured
algae, As we have already noted, food
consumption data in terms of algal cells
are difficult to interpret, because algal
cells even of a single species can vary
widely in weight, volume, and food content.
Moreover, the species of algae involved
clearly has a major bearing on the oysters'
rate of consumption of the algal cells
 Table 6! .

We found that food consumption ranged
from a law of about 10 percent to as high
as 50 percent of body weight per day.
These values are higher than literature
reports based on studies involving adults
and juveniles of the mussel, HytiLua ezluLia
 Bayne 1976!. However, Bayne's data clearly
show an inverse relationship between body
weight and food consumption as a percentage
of body weight, Moreover, animals generally
consume a lower percentage of their body
weight per day as that weight becomes
greater  Warren 1971!. Data from additional
experiments  Malouf 1977! showed that larger
oysters did consume a lower percentage of
their body weight per day. For example, at
15 C oysters have an ash-free dry weight ofa

about 3.0 mg fed P. paraaaaxr consumed an
average of 10 percent of their body weight
per day. This compares to an average af
41.6 percent of body ~eight consumed per
day by the 0. 1 mg oysters. Bayne �976!
reported that mussels having ash-free dry
weights of 200 mg consumed 6-13 percent of
their body weight per day, and that 2.0 g
animals consumed only 1-3 percent of their
body weight per day.

Additional data is required before
precise predicitons of food consumption can
be made for oysters of varying sizes.
However the relationship between food weight
specific consumption and body weight is
clearly inverse. Food consumption probably
ranges from a high of about 50 percent of
body weight per day far very small spat to
a low of about 2 percent of body weight per
day for adult oysters,

Generally, the rate of food consumption
in absolute terms was directly related to
food density  Table 6!, but. this was not
true for animals fed hf. Luther', at high
temperatures. Food consumption as a
percentage of food available decreased as
density increased  Table 6!. This results
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in a higher percentage of food wastage in
a once-through system, but may or may not
be balanced by increased growth at higher
food densities.

food consumption data are presented in
teras of calories per kilocalorie per hour
 Ta5Ie 7!. These data are weighted means
that account for the number of hours that
the animals were fed the two algal species
during the experiment and for the changes
in the caloric content per cell that
occurred in the system's algal storage
reservoir.

Ox en Consum tion  Qr!; The rates of
oxygen consumption measured in the experi-
mental animals varied considerably,
particularly among the unfed animals.
Oxygen uptake rates determined early in
the eight-week experiment were compared to
rates determined after six weeks, and show
that the oysters did partially acclimate
to increased temperatures. Animals re-
moved from water of ambient temperature
 about 1 2 C! and placed in water at 23 C
showed a large increase in oxygen uptake,
This was partially an acute response to
the temperature increase, and oxygen up-
take declined among those animaIs as the
experiment progressed until oxygen uptake
determinations for animals held at the
four temperatures showed less significant
differences  Table 7!. There was little
evidence of complete acclimation, however,
and oxygen consumption among animals held
at temperatures up to 19 C continued to
be higher than consumption in animals held
at 11 C. Animals held at 23oC showed re-
duced metabolic activity later in the
experiment. This reduction in activity--
shown in both food and oxygen consump-
tion--was probably a response to stress.

Assimiliation Efficienc and Waste
Production  Q !: The energy budget plots
show that waste production accounts for
most of the energy from the food consumed
by the oysters  Fig. 8!. Conversely,
assimilation efficiencies are quite low,
amounting to 22 to 42 percent of the food
consumed  Table 7!. Assimilation
efficiency values as high as 90 percent
for bivalve mollusks fed cultured algae
occur in the literature  Thompson and
Bayne 1972; Langefoss and Maurer 1975!,
However, studies involved large animals,
and assimilation efficiency estimates
were obtained by comparing the ash or
caloric content of the feces with that of
the food. This technique, called the
"Conover ratio" makes some assumptions
that may not be valid. In any case,

microscopic examination showed that the
feces produced by oysters in our experi-
ments contained a large number on intact
algal cells, many of which retained their
motility,

An inverse relationship exists between
food density and assimilation efficiency,
although this relationship is not well
defined for C. gzgaa at the higher
temperatures. This inverse relationship
between food density and the assimilation
efficiency of food consumed has been shown
for bivalves in other studies  Winter 1970;
Thompson and Bayne 197 2!.

Growth  Q !: The growth rates of the
animals wire directly related to food
density at each temperature  Table 6!.
Maximum growth was observed at 15 C, and
maximum weight loss  negative growth!
occurred at 23 C, No positive growth was
observed at 23 C at any of the food densi-0

ties used.

Partial energy budgets for oysters held
at the four experimental temperatures and
four food densities are shown in Fig. 9.
These plots omitted food consumption and
waste to permit use of a larger scale
than Fig. 8. The curves show a general
sigmoidal relationship between food avail-
ability was very low or very high, growth
rate appeared relatively insensitive to
further changes in food availability.

At low to moderate food densities,
respiration rate is directly related to
food density  Table 7! . Assimilation
efficiency, on the other hand, is inversely
related to food density. The negative
effect on growth of declining food density
is partially offset by decreased metabolic
costs  respiration! and by increased
assimilation efficiency, The net effect
is stabilization of weight change over a
broad range of food densities

At very high food densities, respiration
rate may stabilize  Bayne 1976!. Moreover,
as food density increases both food con-
sumption as a percentage of food available
and assimilation as a percentage of food
consumed decline Consequently, at verv
high food densities, growth may be
unaffected by relatively large changes in
density.

Maintenance Re uirements For our purposes,
maintenance requirements are defined as
the energy that must be available, con-
sumed, or assimilated so that respiration
is just balanced by assimilation, and

26
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Figure 8. Graphical representation of the energy budgets of juvenile oysters held at
four temperatures and four ration levels in "Closed system" Experiment II.
Q = food consumption rate; Q = rate of waste production; Q + Q =
aksimilation rate; and Q = respiration rate.
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growth is zero, Maintenance requirements
in terms of food availability may be
graphically estimated at the intersection
of the growth curves with the zero growth
rate line  horizontal dashed line in Fig 9!.
Maintenance requirements in terms of a -simi-
lation may be graphically estimated as the
point at which the respiration and assimi-
lation curves intersect each other  Fig. 9!.

Graphical estimation of maintenance re-
quirements is accurate only if the shapes
of the curves involved are well defined.
For example, the growth curve for oyster
held at IS C has only a single point below
the zero growth line  Fig. 9!. The curve
thus lacks the characterisite. sigmoidal
shape, and graphical interpolation under-
estimates the maintenance requirements at
IS C.
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Figure 9. A partial energy budget  Q and Q omitted! for juvenile oysters held at
four different temperatures and fed four different ration levels. Graphicalc

ate of food availability necessary to maintain zero weight change as
shown.
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Estimates of maintenance requirements can
also be calculated from the energy budget
equation. By letting growth  Q ! equal zero,
and estimating respiration  Q !g assimilation,
and foodod consumption--ia absolute terms and
as a percentage of availability--from the
data m
food av

maintenance requirements in terms of
availability can be estimated. Main-

tenancece in terms of food consumption can be
similarl rly estimated. Maintenance in terms
of assisimilation can be assumed to equal the

respiration rate of animals under conditions
that yield zero weight change.

Maintenance requirements for oysters held
at ll , 19 , and 23 C are graphically esti-0 o 0

mated in Table 8, Estimates given for 15 C
are calculated values, and only the value for
availability differed significantly from the
graphical estimates, which was 2S cal/kcal/hr.



Table 8. Graphically estimated requirements to maintain zero weight change
at four temperatures Requirements presented in terms of food availability,
food consumption, and assimilation.
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These estimates show that maintenance
requirements in terms of food availability
reach a minimum at 15 C  Table 8!.
Maintenance requirements in terms of
assimilation, on the other hand, are
directly related to temperature  Table
8 and Fig. 10!. Measured assimilation

o
reached a maximum at about 15 C and
declined with further increases in temper-
ature  Fig. 10, data from Table 7!. The
arithmetic difference between measured
assimilatioa rate and estimated assimi-
lation required to maintain zero weight
change was greatest at IS C.0

The highest temperature at which
positive weight change could be expected
under the conditions of the experiment and
at the lowest food density  SS cal/kcal/0
hr! was about 18 C  Fig. 10! . An approxi-
mate doubling of the ration to 152 cal/
kcal/hr increased the maximum temperature

0
for positive growth to about 22 C. A
further increase in food density ! to 252
cal/kcal/hr! did not result in an increase
in the maximum temperature at which posi-
tive growth could result. The oysters
showed positive growth over a broader
range of temperatures when food was
plentiful than when it was scarce  Fig.
10!, but an upper temperature limit--and
presumably a lower temperature Iimit--
exists that is independent of the quantity
of food available to the oysters.

Maintenance requirements in t erms o f
assimilation incrase with increasing

o
temperature, but at temperatures over 15 C
there was very little increase in food
consumption as a percentage of food avail-
able. Consequently, as temperature

increased, maintenance requirements in
terms of food availability increased dis-
proportionately to increases in metaboIic
costs. Approximately a threefold increase
in food availability was required to
maintain zero weight change with each in-
crease of four degrees Celsius.

Discussion Before considering the
implications of these results for the
culture of Pacific oysters in heated
effluents, we will touch on a numbez' of
specific points that warrant discussion.

First, the arithmetic difference be-
tween estimated maintenance in terms of
assimilation and measured assimilation
 Fig. 10! is not "scope for growth."
Scope for growth, as defined by Warren
and Davis �967!, and applied to studies
of mollusks by Thompson and Bayne �972!,
is the energetic difference between
assimilation and respiration. Maintenance
requirements estimated from growth curves
provide a measure of the amount of
energy required under given conditions to
maintain zero weight change indefinitely
 Fig. 9!. In that sense they are useful
for considering the effects of temperature
on animals

However, maintenance requirements
estimated in this manner are equivalent to
respiration only under conditions yeilding
zero growth. Clearly, respiration is not
independent of food consumption, and no
single maintenance requirement stimate
can be valid at all rates of food consump-
tion for estimating scope for growth.
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Secondly, the results of our study indi-
cate that the optimum temperature for the
Irprth of juvenile pacific oysters is about
LS C.C. The data also show that no positive
Srowth can bs expected ar temperatures in
sac+55 of 22 C regardless of' the food
4ensit . However, C. gras does grow
milder ssome conditions at temperatures

ceeding 22 C  see Fig 1!. This
a/parent d'discrepancy suggests that growth
col2d it i on ss in our experiments were not
Optimum for some factor other than food
System did su
l452$<ty or temperature. We feel that

id support good growth  increases

of up to 150 percent in eight weeks!. How-
ever, these results or any other growth
results should be applied with care to
other environmental system» in the absence
of additional information on the effects of
a variety of factors on oyster growth.

Thirdly, the expression oi food availa-
bility in terms of calories provides a use-
ful common denominator for discussing the
results of energy budget cxpcriments. How-
ever, the use of caloric equivalents may
obscure important qualitative differences
among food materials. We observed clear



differences in the rates at which the
oysters consumed the two species of algae
used, despite the fact that these algal
species provided tom with essentially
the same caloric value. These results
may indicate that the energy budget, and
therefore the growth of oysters, is
influenced by qualitative differences in
food, and that food consumption rate is at
least one of the components of the energy
budget that is affected.
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summary
and
recommendations

We have reviewed the results of a large
number of experiments and, to a lesser
extent, have discussed some pertinent infor-
mation published in other sources. In the
following sections, our findings are summa-
rized and used in combination with other work
to draw some general conclusions concerning
the biological feasibility of intensively
culturing Pacific oysters in heated effluents.
Finally, we recommend possible designs for
such a culture system and suggest critical
areas in which additional information is
needed.

SUMWRY

Our studies dealt with the biological
feasibility of using heated effluents to
culture Pacific oysters, Crassostrea pzgae,
to market size. We did not consider possible
uses of heated effluents in traditional
extensive culture methods  as in culture
of oysters using traditional methods in the
thermal plume of a power plant!, in hatchery
operations. Our studies were concerned
only with biological feasibility.

Even a cursory review of published
accounts provides sufficient background to
indi. cate that the intensive culture of
oysters is in general biologically feasible.
However, several important questions remain
in doubt. Can beneficial use be made of
increased temperature on a year-round basis?
Is it biologically feasible to feed oysters
when their natural food is scarce. What are
the optimum conditions of temperature and
food density for the growth of Pacific
oysters? Our study attempted to answer these
questions and others.

Since it appears unlikely that future
power plants will be canstructed on any of
Oregon's limited estuari~ waters, we needed
to determine if Pacific oysters could survive
and grow in full-strengt'4 seawater from an
open coastal location. Experiments comparing
the growth and survival af oyster spat in
water from the Yaquina estuary in Newport
and in water from the open coast at Port
Orford showed that fu11-strength seawater is
not inherently harmful for culturing Pacific



oysters. However, an open coastal site
is likely to provide less food for the
oysters than a highly productive estuary,
and some provision may have to be made for
supplemental feeding of the oysters.

A series of experiments showed little
or no growth advantage to temperatures in0
excess of 15 C. However, since ambient
coastal temperatures range from 9 C too

about 12 C, some growth benefit could be
obtained by warming the water.

High tempera.tures  above 20 C! result-
ed in reduced growth and high mortalities,
particularly if high temperatures were
accompanied by Iow water f1ow rate or
low natural food availablility.

Extreme seasonal fluctuations in the
growth of oysters under constant conditions
of water flow rate and temperature were
observed. Little or no growth was record-
ed between the months of October and March
 five to six months!.

In a series of five experiments, oysters
of the same initial size were held at a

0flow rate of' 8 ml/oyster/min at 1S C during
different times of the year. Concurrently
particulate organic carbon and nitrogen
in the natural seawater were monitored to
provide an indication of available food
for the oysters These experiments showed
that: �! the fluctuations in oyster growth
rate were not caused by temperature
changes; �! inc~eased temperatures alone
would not produce good growth in oysters
during the winter months;�! paTticulate
organic carbon and nitrogen appear to
provide an adequate indication of natural
food availability; and �! the growth of
oysters is minimal duz'ing the winter be-
cause food is scarce.

Experiments showed that there is no
single relationship between water flow
rate and oyster growth at different temp-
eratures, because the water flow require-
ments are ultimately determined by the
food content. of the water. Food density
in the water demonstrated extreme seasonal
fluctuations, which are reflected in
changes in water flow requirements.

During the winter, no growth was ob-
served at high temperatures regardless
of the flow rate, because the oysters'
feeding is limited ultimately hy their
ability to filter the water, not by the
rate of flow of water past them.

Experimental results permit us to

suggest general hypothetical curves that
relate food availability to oyster growth
rate at various temperatures. These curves
sho» how growth rate is inversely related
to temperature under some conditions, and
is either directly related or seemingly
unrelated to temperature under other
conditions.

Since the use of elevated temperatures
to enhance the growth of oysters depends
for success on food availability, we
conducted experiments that included among
their objectives determination of the
bioIogical feasibility of supplementing
natural food supplies with cultured algae.

These experiments, conducted in a re-
circulating seawater system provided with
measured amounts of cultured algae, also
enabled us to develop energy budgets for
juvenile oysters at different temperatures
and food densities.

Results showed that juvenile oysters
could be grown on a diet of cultured
algae and reaffirmed. the 1S C optimum0

temperature for the growth of juvenile
Pacific oysters.

The food consumptions of the oysters
depended on the species of algae used.
The oysters consumed much more Fse~zaa-
chrwsis paradora than they did Rorrochryeia
Lutizeri, although the two algal species
are very similar in biochemical composition.

The food consumtion rate of juvenile
oysters, as a percentage of their body
weight per day, is inversely related to
their size. Very small oysters  about .1
mg ash-free dry body weight! consumed up
to 50 percent of their body weight per
day at the same temperature. Literature
reports indicate that adult bivalves
 about 2, 00 g dry body weight!consume
only 1-3 percent of their body weight per
day.

No growth was recorded among oysters
held at temperatures above 19 C, regard-0

less of the density of algae provided to
them.

Increased growth possibly could be ob-
tained at higher temperatures  above 20 C!
if food quality could be improved.

Assimilation efficiency, a measure of
the percentage of food consumed that is
actually used by the animal for either
respiration or growth, was relatively low
among smal] oysters fed cultured algae.
Assimilation efficiencies for very small
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washing together into piles in the corners
of the tank or from being washed out of
the tank completely, and that permit the
oysters to be easily handled for sorting
and washing. Different types of trays
have been used for this purpose. One type
that is available commercially and that
seems to have rather widespread acceptance
can be nested into stacks that are easy to
handle and that permit circulation of
water through the stack. However, this
tray contains holes for water circulation
that will not retain the smallest oyster
spat, so that plastic window screen must be
tied into the trays before they can be used
for the early growth period. As soon as
the spat are large enough to be retained
in trays without screens, they should be
transferred to trays that insure adequate
movement of water, and should be sorted and
thinned to permit rapid growth.

For the final growth period, the oyster
farmer should build or purchase trays with
a reasonably. coarse mesh. Vinyl coated
wire trays can be purchased, trays can be
rather easily manufactured using a wooden
or steel reinforcing rod frame covered with
plastic netting. Netting is available in
a variety of mesh sizes, to that a fine to
medium mesh could be used for the inter-
mediate growth period, and a coarse mesh
could be used for the larger animals. Mesh
size should be chosen to afford minimum
waterflow restriction and yet retain the
oysters, Since the oysters must be sorted
and thinned periodically so that they will
physically fit on the trays as they grow,
they can also be transferred occasionally
to a larger mesh size.

The design of the rearing tanks and
water distribution system should create a
well-distributed flow of water that removes
waste materials and supplies each oyster
in the system with water that has not been
previously filtered free of food by other
oysters.

Based on our own observations, we would
recommend a tank design that creates an
upward flow of water through stacked trays
or racks of oysters. To provide an evenly
distributed flow of water, the inflow to
the tank should enter through slits running
the length of each side of the tank at the
bottom. The tank should be narrow and
should include baffles that force the water
to flow up through the stack of trays.

A traveling crane located above the tanks
would assist in harvesting and could be
used to lift the stacked trays out of the
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tanks for washing in a tank filled with
fresh water or a dilute chlorine solution.
The fresh water or chlorine can help to
control the growth uf fouling organisms,
many of which are not resistant to rapid
reductions in salinity or to chlorine. Air
drying or other chemical dips may also be
used to control fouling organisms attached
to the oysters or the trays  Hidu and Rich-
mond 1974; Maurer and Aprill 1973!.

Su lemental feedin . Although considerable
work has been done during the last 30 years
on development of an artificial food for
oysters, at present no formulated diet
exists that can be used as a substitute for
natural food. Certain materials have been
used successfully to "fatten" oysters--to
induce a buildup of stored glycogen--but
no studies have reported increases in both
shell and meat among oysters fed solely on
an artificial diet. Some of the more recent
work used starch to increase the meat weight
of mature C'. vir'giniea  Willis et al. 1976!.

Obviously, a storable artificial food for
oysters would revolutionize the oyster indus-
try and would make large-scale intensive
culture a reality. However, until an arti-
ficial diet is available, cultured algae
will continue to be the only reliable ma-
terial for supplementing the natural food
of oysters and other bivalves, A great deal
of research has been done recently to develop
techniques for large-scale culturing of
algae. A pilot plant using treated sewage
as a fertilizer in algal culture was built
at Woods Hole, Massachusetts  Ryther et al,
1973!. Designed to provide a conti~uous
supply of algae to cultured bivalves,
this plant serves as a prototype for our
hypothetical algal production facility.

Our studies have shown that young oysters
grow quite well on a diet of the flagellate
Psewdoisoehrysis paradoxa,. This species is
also easy to culture, and specific informa-
tion describing optimum culture conditions
is available. Therefore, we have designed
our hypothetical algae culture facility
around the use of P. pm'ado+a produced
in a system modified from those used in
large experimental or commercial fac il it i es .

In estimating our system's requirements
for cultured algae, we wil I assume a number
of constants to be valid, However, we
emphasize, that a number of factors will
influence these "constants." Factors such
as site location and season will of course
influence the quantity and quality of natur-
al food available to the oysters, which will
in turn affect the need for supplemental

food. Other factors such as nutrient source
and concentration, temperature, culture
density, and light intensity will influence
the weight and the nutritional value of
the cultured algae cells. With these
cautions in mind, we suggest the following.

A desirable level of particulate
organic carbon provided to the oysters is
about 700 ug C/L  see Fig. 3!; we assume a
background of 200 ug C/L, so we propose to
supplement at a rate of 500 ug C/L entering
the oyster growing tanks.

2. Each Pseudoisoshrysis p~oxa cell
contains approximately 5.2 x 10 g of
carbon  Malouf 1977!; 500 ug C/L is,
therefore, about 100,000 algal cells/ml

3< Our culture system would contain 10
x 10 juvenile oysters, and we would supply
a water flow rate of 10 ml/oyster/min, or
a total flow of 10 x 104 I/min.

4. Maintaining the desired algal cell
concentration a! that flow rate would
require 10 x 10 algae cells/min, or 14 x
10 cells/day.

5. We will assume that the algal cul-
ture ponds will reach a density of 3 x IO
cells/ml � x 10 cells/1!; therefore, we
would require 4.7 x 10 I/day from the
algae cultures.

6. Our primary cul.ture ponds--concrete
basins 2 m deep--would have .6 ha of
surface area each and would be filled to a
depth of 1.33 m. Since .6 ha equals 6070
m at a depth of 1,3 m, the ponds would2

contain 7.9 x 10 I each,6

7. We expect to harvest 33 percent of
the algae culture volume each day and to
refill the pond with seawater and fertilizer
 Ryther et al, 1973! . Thu~, each primary
pond could supply 2.6 x 10 I/day, and two
such ponds could su~ply our daily requirement
for algae �. 7 x 10 I/day! .

8. The system should include four pri-
mary ponds. Two will be harvested daily
for at least two weeks before we would
expect contamination with undesirable
algal species; one other will have been
inoculated with algae and will have in-
creasing algal density, and the fourth will
be read> for cleaning and sterilization
This cycle would repeat approximately every
two to four weeks.

9. The four ponds should be physically
isolated from each other as much as possible.



Older algae cultures in open ponds inevitably
become contaminated, and isolation will help
to prevent crass-contamination between the
older cultures and the freshly inoculated
ponds.

10, An inoculum of algae equal to about
5 percent of the primary ponds' volume should
be used to start these large cultures,
This will require four secondary culture
ponds containing 40 x 10 I each. These4

should be no more than 1 m deep, with
dimensions approximately 10 m x 40 m.

Secondary ponds would also require
an inoculum equal to about 5 percent of
their volume. This ~ouldcall for tertiary
cultures of about 20,000 algal cells per
mol. Ideally, there should be two of these
for each secondary culture, since this is
the largest size at which backup cultures
may be practical. Tertiary cultures may
be about .5 m deep and 4 m x 10 m, and
might also be covered by plastic green-
houses  two tanks per greenhouse! approx-
imately 20 m long and 6 m wide.

12. The tertiary algae culture ponds
should be inoculated from 1000 1 culture
contained in a laboratory support building.
These 1000 1 cultures would in turn be
inoculated from 50 1 tanks maintained from
sterile stock cultures as described by
Breese and Malouf �975!.

13. All of the cultures 1000 I or less
in volume would use seawater sterilized
by chlorination-carbon filtration or by
autoclaving. All would be lighted by
fluorescent bulbs.

14. Seawater used in the primary,
secondary, and tertiary cultures, 5-6 x
10 I/day, must be sand filtered to at
least 5 ijm. Heat from the power plant
or high-volume ultraviolet sterilizers
might also be used to sterilize this water.
If the required water was pumped '4 hours a
day, which is likely, a flow of 4170 lpm
�100 gpm! would be required.

We have outlined in detail the type of
algae production system that a large-scaLe
intensive oyster culture might require.
Our data and the work of others  Price

al. 1976! show conclusively that some
supplemental feeding would be essential

intensive oyster culture associated with
higher than ambient temperatures is to be
biologically feasible  sec Fig. 3!. Our
estimates of the algae production fac i Lit ies
wel 1 include some error, but should show
the scale of these facilities with reasona-
ble accuracy. Obviously, 2 ha ot aigae

culture ponds represent considerable
capital investment, perhaps more than the
oyster growing tanks. In any case, the
development and production of a stoi'able
artificial food for oysters clearly would
reduce the scale of the total culture system
by eliminating the need for algae culture,
and would contribute immeasurably both to
the reliability of- the system and to its
production potential,

Some additional considerations. We have
dealt with some of the problems inherent
in the use of heated water from power
generating plants for culturing oysters.
However, we have not discussed a number of
additional problem areas. Most of these
are associated with the po~er plant itself
and were beyond the scope of our experi-
mental work. Inthe following section, we
will briefly discuss some of the work of
other researchers and consider critical
areas requiring additional study.

Seawater's passage through the cooling
system of a power generating plant can put
the seawater in contact with metal com-
ponents of that system, increase the
concentrations of heavy metal ions in sea-
water exiting thc power plant. Although
concentrations of heavy metals would pro-
bably not in themselves cause mortality
among oysters cultured in the plant's
ef fluent, oysters can concentrate these
heavy metals in their tissues  Galtsoff
1964! Abnormal metal content in the oyster
meat could create a health hazard for the
consumer or aftcct the product's marketa-
bility. Studies indicate that copper is one
of the metals that accumulates in oysters
held in power plant cfflucnts  Roosenburg
1969; Gilmore ct al. 1975!. Zinc can also
cause problems in some situations  Wolfe
1970!. The nature and degree of the heavy
metal problem depends on the design of the
plant, but the designers of culture systems
us ing power pL«nt cfflucnts must not over-
look the problem.

Bivalve mui tusks, including oysters, are
able to accumulate radioact i ve material s in
'their environment  I'rice L962; Wolfe 1970! .
Rates of acctcmal;It ion of these materialS
depend upon tha chemical «nd physical
properti es of th» radiosotopes and upon the
organisms" L»tI r;Ict ions w ith their environ-
ment. Temper;ItaIrc, s«l inaty, and pH may
influence th» rat»s ot upt«kc «nd levels of
accumulation ot certain isotopes, parti-
cularly those that «re of metabolic signi-
ficance to th» .Inimal J,Wolfe and Goburn
L9.0!. This is potcIItiIILly critical to the
economic su»»»ii ut .II'Iy  Iystcr ctlltuie
5! stem assort;It»IL wit lI .I IIucl»«r power plant
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 Price et al. 1976! .
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Chlorine is widely used for control of
fouling organisms in the cooling systems of
electric power generating plants, and ad-
versely affects the productivity of algae
contained in the water  Carpenter et al.
1972! . The use of chlorine could diminish
the quality of natural food available to
oysters held in a plant's effluents, and
also the feasibility of using the effluents
in mass algae culture.

Aquaculturists who have attempted to use
the effluents from power plants face diffi-
culties when the plants undergo one of the
periodic shutdowns  Anon. 1977!. Oysters
can survive long periods in reduced water
flow of water, and, compared to fish, they
are resistant to reduced oxygen concen-
trations and rapid temperature changes.
However, their feeding and growth would be
adversely affected by lengthy shutdowns.
Some alternative system for providing water
flow would be required if interruptions in
the power plants' effluents were expected
to occur with any frequency.

We have briefly alluded to the problem of
controlling disease among oysters inten-
sively cultured at increased temperatures.
The Pacific oyster is susceptible to bac-
terial diseases that may become critical
under crowded conditions silmultaneously
providing relatively high concentrations of
organic materials in warm seawater  Lipovsky
and Chew 1973; Grischkowsky and Liston 1974!.
Control of bacterial and other diseases in
an intensive culture system would be essen-
tial, Currently, techniques for disease
control  ultraviolet treatment of the water
supply, use of antibiotics, and other methods!
have proven only partially successful.
Moreover, the use of antibiotics or chemicals
in food culture is restricted by the Food
and Drug Administration, so that disease
control techniques promising on an experi-
mental basis may not be applicab1e at
present to commercial culture systems

Solution of most of these problems, and
indeed the successful operation of an in-
tensive culture system in general, would
require close cooperation between the aqua-
culturists and operators of the power gener-
ating plant. An intensive oyster culture
facility, or any other type of culture
facility, could not possibly succeed in
the effluent of a power plant unless the
operators of the plant understood aqua-
culturists' absolute requirement for a
relatively stable environment free from
harmful substances

Clearly, additional information on
all aspects of the intensive culture of
Pacific oysters would be helpful in the
final design of a culture facility.
However, feeding and nutrition and disease
control are two specific problem areas in
which there is a critical need for
additional research.

Without significantly improved under-
standing of the nutritional requirements
of oysters, culminated eventually by the
development of an inexpensive artificial
food, the economic feasibility of intensive
oyster culture must remain in doubt The
massive investment required to produce
living food  algae! for oysters should be
painfully obvious from our discussion,
but the unreliable nature of algae culture
may not be so evident. Experience has
shown that it is actually more difficult
to provide optimum conditions for algae
growth than for oysters. Elimination of
the need for algae culture would relieve
the oyster farmer of a significant economic
burden, and, equally important, would in-
crease the total system's reliability.

Finally, we would like to emphasize that
our knowledge of techniques for disease
control in intensively cultured Pacific
oysters is limited at best. At present
the only universally accepted means of
controlling such diseases is through cul-
ture conditions that inhibit the growth of
the organism. Unfortunately, this is like-
ly to inhibit concurrently the growth of
the oysters, since it generally requires
low temperatures and low densities of
organic materials, Positive disease
controls must be developed and accepted by
the Food and Drug Administration and other
regulatory agencies before full advantage
can be taken of the food producing poten-
tial of heated power plant effluents.
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