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INTRODUCTION

This report covers the period 1971-1976 and, regrettablf, was
prepared in the absence of Dr. Robert Shleser, the Project Leader for
the first four years {1971-75). Too, 2 number of persons who played
major roles in the early development of the research no longer are with
the program. Notable among these are Dr. M.L. Tracey (genetics},

Dr. N. Gravitz (water quality), and Mr. A.M. Schuur (program manager) .
tf our perspective in the absence of these original project members
fails to identify accomplishments known to them, it is a loss for which
we can only offer our apologies.

Initially, this program ranged broadly in its examination of likely
candidates for useful aquaculture. guch widely different prganisms as
Tasmanian freshwater crayfish, grass carp, Asian prawns, other prawnsg,
vyarious crabs, several mollusks and lobsters were explored. Soon,

however, our research focused on lobsters {poth Homarus americanus and

H. gammarus). Earlier studies, largely derived from work at the
Massachusetts State Lobster Hatchery, had shown that lobsters could be
grown from eggs to adults under confined laboratory conditions.
Lobsters seemed to offer a number of advantages not possessed by all
crustaceans. Among these were the short, free-swimming larval stages,
the apparent hardiness of the larvae and subsequent stages, and the
potentially high economic value of the adult animals. We hoped that
intensive study of one animal by an interdisciplinary team would yield
scientific data and a technology that might serve, in the broad sense,

as a general model for crustacean aquaculture. The primary gquestion

iv



posed was, is an cconomically viable commercial culture of the lobster
possible? That single query has guided our research through the
five-year period. We are not yet ready to offer an affirmative
answer, although that time is near at hand.

Our work fell into a series of definable areas and questions, and
this report is written around them. We feel we have mastered larval
rearing and that the technology we have developed is fully transferrable
to commercial operations., Our nutrition program now has developed
artificial feeds that promote growth nearly as well as “natural" foods,
and these feeds are ones that can be adapted to mass production by the
animal food industry. BAlso, we are well on our way toward a full
understanding of the basic nutritional requirements of lobsters. We
have examined their genetics and have shown that heritable variations
in natural populations provide the potential for the selection of
superior, fast-growing strains. Too, we have developed techniques for
"genetic tagging" that can be used to study the effects of the planting
of hatchery reared young lobsters or other crustaceans in the field.
This is a signal accomplishment, since no device for tagging crustaceans
for long term study had previously been available. We have successfully
mated lobsters in the laboratory and have grown the offspring. Our
matings have produced hybrid offspring between American and European
lobsters, and this offers exciting possibilities for the improvement
of growth and efficiency rates through "hybrid vigor." We have
identified, isolated and learned to control, through our microbiology/

pathology research, a number of potentially devastating diseases of



lobsters and have learned to diagnose system and nutritional deficiencies
through pathclogical analyseg of lobsters. Through our systems analyses
and economics program, we Can now project costs of lobster production
with a high degree of confidence; the models developed by that program
have guided us in selecting critical areas for further research. We
have studied water quality and can now define the environmental redquire-
ments of all stages in lobster production; the program has also made
fundamental contributions to an understanding of seawater chemical
analyses. We have experimented with flow-through {open), semiclosed
(partially recirculating), and closed (fully recirculating) water
systems and have explored the use of algae (ggg_hlgology) in the
cleangsing of the effluents of aquaculture systems and in the mass
culture of juvenile lobsters.

A number of perscnnel formerly employed in cur program have moved
on to other academic institutioms and to positions in privately funded
aquaculture operations. The training we have afforded has provided
them with the basisg for their upward movement in their professions.

Many students have been formally assisted by our program, SOme by
direct support as Sea Grant Trainees and others by association with,
and assistance from, the many researchers in our group. Four graduate
theses have been completed based upon work in, or with the assistance
of, our program. At present, two Sea Crant Trainees are in the final
stages of their Ph.D. theses research and another is in the early
stages of her Ph.D. program. A visiting graduate student from France

is carrying on her thesis research as part of cur genetics program,
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Only time will evaluate the degree to which our research, our pro-
gram, and its findings are truly useful in commercial agquaculture. The
bagic approach we have developed has set standards and provided the
technolagy prasently used by a number of small commercial ventures. We
are not yet at a time at which lobsters can be produced at a cost
competitive with wild-caught animals, but, as the wild stocks decrease,
there will be an inevitable increase in the price. As our knowledge
and technology of lobster production increases, there is every indica-
tion that these two trends (the rising cost of wild-caught lobsters and
the decreasing costs of cultured lobsters) will intersect and reverse
their relative costs. We are close to the full domestication of the
lobster and to the time when economically viable commercial lobster
aquaculture will appear.

We have organized our report so that the reader may first visualize
our physical systems and the cperations that relate to them. The
development of these systems, in part, preceded and, in part, occurred
along with the development of our more basic research programs. That is,
there has been an evolution of our systems, operations, and support
functions that has paralleled the needs of our experimental activities.
Following this in our report, we turn to a description of the functions
and accomplishments of each of the program areas. This more basic
research is organized by discipline. At the end of our report, we have
provided hrief conclusions | 3 1ist of our trainees, theses, and co-
operating organizations and individuals, and finally a list of papers

published, in press and submitted for publication,
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OPERATIONS

Central to the investigation of lobster aguaculture are the opera-
tions which maintain lobster survival and provide controlled repeatable
environments within which the necessary experiments may be executed.
Sound experimental control and meaningful comparison of different ex-
periments depend on the availability of large numbers of healthy
animals that have been reared under nearly identical conditions. Egqg-
bearing or "berried” females are obtained from various sources, chiefly
and most consistently from Massachusetts coastal waters. Hatching
occurs mainly in the winter and early summer with the exact timing
dependent on the availability of berried females and experimental
requirements,

This section discusses the pPhysical systems and procedures re-
lated to the routine production of larval and juvenile lobsters and the
maintenance of adults. Also presented here are ordinary support
Procedures for monitoring water guality, diagnosing sick or dying
animals and data analysis provided to the Program as a result of our

interdisciplinary approach.

Physical Systems

The major considerations for commercial Jobster aguaculture will
be production output, cost, and animal health. Gften, these criteria
are antagenistic to one ancther and optimal results require competent
management. OQOur research has provided future culturists with an array
of management techniques to allow flexibility and to improve the

poetential of their operations.

s



The MOSt promising culture scheme is the use of elevated water

temperature which increases the growth and development rates of lobsters

(Hughes and Matthiessen, 1962, Limnol. and Oceanogr- 7:414-421). This

increases the productien capability of each rearing tank and decreases

the cost of feeding and maintaining larvae for tong pericds of time.
Yet, there are inherent disadvantages in this practice, especially in
the cost of heated water and the health of the animals. The cost of
heating seawater is discussed in the Systems Analyses section, and
microbial diseases (enhanced by increased temperatures) are discussed
in the Microbiology/Pathology section of this report.

In order to reconcile and lessen these drawbacks, several systems
and procedural modifications have been instituted. The cost of heating
water may be drastically reduced by recirculating the heated water,
rather than disposing of the effluent after a single pass as in the
flow-through (open) method. However, continuous recirculation (closed
system), especially without biclogical filtration, would eventually
be harmful to the animals due to metabolite buildup. We optimize the
advantages of both systems by using a semiclosed or partially re-
circulating seawater system for lobster rearing. By the addition of
replacement water at a fraction {B-16 per cent) of the complete turn-
over rate, the s'emiclosed system reduces heat loss and ensures the
constant elimination of metabolites and maintenance of water quality
{salinity, pH, salt balance, etc.). A discussion of the various

advantages and disadvantages of these three types of systems (open,




closed ang semiclosed), including methods of calculating heat input
requirements ang Water-replacement rates, has been published {21)?
Microbial populations increase as a result of elevated water
temperatures, fThe microorganisms may or may hot be directly pathogenic
to the lobster, but the microbes are potentially detrimental ang should
be minimized in the rearing systems. We have found the most efficient
method of eliminating viable microorganisms from the culture waters is
the use of op-iine ultraviolet irradiatioﬁ. Water from the system
outfall tank (sump) is passed through microfilters and ultraviolet
sterilizers where bacterial numbers are reduced to less than 20/ml.
Pelagic larval and benthic postlarval and adult stages of the
lobster require different holding compartments if they are to be reared
effectively. Regardless of the animal habitat, however, the same semi-
closed recirculating system with on-line ultravioclet irradiation is
used in all of our work. Central to this system is a large sump which
receives the fresh seawater, filtered of gross particles and supplied
at a metered rate. Again, the amount of fresh Seawater is only a
fraction of that required by an open system. A standpipe in the sump
connected to a drain maintains the proper water level. Generally, the
sunp is also the site where the seawater is heated to maintain the
required temperature. Temperature requlation is accomplished by a

thermostat with a sensor either in the sump or, if convenient, in the

*In the text which follows, publications of ocur program are cited as
numbers in parentheses. Those numbers refer to the numbers on the list

of Publications at the end of this report.
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animal housing unit. The thermostat controls a relay that activates on
demand either immersible heating elements or a pump that circulates some
of the water to a heat source that can be commercial, epoxy-lined water
heaters, heat-exchangers, or solar panels. Often, an airlift pump is
used in the sump to prevent thermal stratification; this, or course,
also provides for additional oxygenation of the water. From the sump,
the heated seawater is pumped to treatment units. (The size of the
pump is dependent on the size of the total system.) Treatment is
geherally a three-stage process. First, the water is passed through a
sand and anthracite celumn filter which acts as a roughing filter and
provides some biological treatment of metabolites. Although some meta-—
bolites are taken out in the column filter, metabolites are primarily
removed through continuous dilution and disposal with the partial sea-
water replacement. Following the column filter the water is passed
through successive (50, 25 and 5um} disposable resin cartridge filters
which remove the remaining particulate matter. Passage through an ultra-
violet sterilizer completes the treatment process. After passing through
the animal holding unit, the water is returned to the sump for recircula-
tion. Variocus flow 2e®rs and valves are used to monitor and adjust the
flow of water at critical points. Some details of this system have been
described along with diagrams of the various units (21}.

although the semiclosed system has been used extensively at the
Bodega Marine Laboratory, studies conducted at the inland UC Davis campus
allowed us to develop totally recirculating {closed system) technology.

A closed system required the removal of detritus {unused food and fecal



particles) and dissolved metabolites while maintaining proper salinity,
pH, and salt and icnic balances. Several water-treatment systems were
designed and evaluated:; the most successful combination consisted of a
multimedia filter, an illuminated sand bed, and an ultraviolet sterilizer.
The multimedia filter consisted of a five compartmented, rectangular
chamber with alternating flow diverters which gave an upflow in one
compartment followed by a downflow in the next, achieving a colwumnar
flow through each compartment. The first was filled with anthracite
topped by a polyurethane foam pad to remove particulate waste. The
next two compartments were filled with coarse sand, providing substrate
for nitrifying bacteria, which converted toxic ammonia to essentially
non-toxic nitrate. The following one contained activated charcoal to
remove crganics, and the final compartment was an aeration area to
restore the dissolved gases. From this filter, the effluent water was
pumped into a manifold which sprayed fine streams of the water into
artificially illuminated containers of sand. This provided a substrate
for the growth and proliferation of macro algae such as Enteromorpha and
Ulva, the halophyte Salicornia {pickleweed) , and several unidentified
diatom and blue-green micro algae species. The plants which covered
the surface served toc remove nitrogenous wastes. Before returning to
the rearing tables the water was "polished" by a disposable cartridge
filter and an ultraviolet sterilizer.

Temperature control was afforded through a multichannel heat ex-
changer coupled to a standard hot water heater or to a freshwater sump

cooled by portable immersion chillers. Salinity was maintained through



periodic addition of deionized water. Water changes occurred at approx-
imately one month intervals. With this relatively simple system, ammonia
was consistently maintained well below .oxic levels.

Two identical systems of the above design were operated simultaneously
for twe 90-day experimental pericds. Each system contained approximately
1140 liters of water and was stocked with 36 juvenile lobsters. One
system was filled with natural seawater from the Bodega Marine Laboratory,
and the other with artificial seawater prepared from Instant Ocean Mix
(Aquarium Systems, Inc., Eastlake, Ohio) and deionized water. The growth
of the lobsters in the artificial seawater system was significantly
better in the first trial, and slightly better in the second trial over
that of the lobsters in natural seawater. No obvious explanation was
evident as water quality parameters remained essentially the same for
both systems. However, the experiment did prove that artificial sea-

water is a satisfactory medium for the culture of juvenile lobsters,

This has obvious implications for future commercial operations where

suitable natural seawater is not available (Gallagher and Brown, 1976,

Aquaculture 9:87-90),

Rearing and Management Procedures

are—
LT

As mentioned earlier, the larval stages are pelagic, necessitating
a constant flow of seawater sufficiently forceful tc maintain the larvae

in the water column without battering them against the walls of their

container. The rearing tank used for larval production (see Fig. 1) is

hydraulically designed to disperse the larvae uniformly in the water

column and flow rates are adjusted between 4-8 1/min, depending on the
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number and size of the larvae. If the rearing tank is ineffective or
too many larvae are placed in the tank in an attempt to increase pro-
duction cutput, mortalities will occur from cannibalism and disease
will spread more rapidly. We have modified the original design of the
larval-rearing tank to reduce particulate settling and described the
hydraulics of the tank (4).

Although the seawater for the larval rearing systems is passed
through ultraviclet sterilizers, a large number of microorganisms attach,
or adhere, to the surfaces of the animals. In order to eliminate these
sur face contaminants, we have developed a useful prophylactic method,
using the chemotherapeutic staining agent malachite green (19) and
determined toxic levels to the larvae (25).

Malachite green has alsc been found effective for several larval
diseases, including those caused by the fungus Lagenidium sp., chitin-
olytic bacteria, and nonspecific microbial epibionts. The Microbiology/
Pathology section of this report deals with these syndromes in greater
detail. Antibiotics have been found acceptable for bacterial diseases,
but care must be taken that a fungal epidemic is not created by the
selective removal of competitive bacteria in the system. The larvae
may be made more susceptible to these diseases if certain water quality
parameters are substandard. Most important for the sensitive larval
stages is the toxic metabolite, ammonia, necessitating the frequent
monitoring of this chemical. Larval-rearing practices have been fully

discussed in a handbook on hatchery methods (21).



After four molts in the larval stage, lobsters become benthic and
are considered postlarval or juveniles. virtually all of the post-
jarval studies at the Bodega Marine Laboratory have been carried out
using individual habitats (Fig. 2) due to the cannibalistic behavior
of the lobsters. They are reared in removable trays which fit into
water tables which are typically l2lcm x 242cm with an i18cm depth. They
are made from plywood coated with fiberglass and have two or three drain
holes located on the centerline. The drains are plumbed with an external
standpipe at one end of the table and return the water to the sump.

Water enters the tables and is directed through distribution pipes
around the perimeter. A circular flow of water in the tahle from the
distribution pipes at the outside to the drains at the center provides
a scouring action to remove mest scolid waste products from the table
bottom. By adjusting the standpipe at the end of the table, the water
level in the table can be exactly fixed.

The animal compartments consist of plexiglass trays with plastic
mesh floors which are lowered into the water and rest on the distribution
pipes, & few centimeters from the bottom of the table. Typically, four
trays are placed in one table for convenient handling and compartment
size may vary to allow 72-128 compartments per tray. This system has
given excellent service in terms of animal survival, ease of maintenance,
and reliability. Animals of almost any size may be accommodated by
varying the compartment size, although this system is best suited for the
younger juveniles. Trays may be removed at any time to allow cleaning,

and all areas can be monitored visually. A complete system {which would
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include a siphon break) will halt water loss in case of a pump failure
and will recirculate indefinitely if the seawater replacement supply
should fail.

Farly recirculating systems (a jet of water entered each individual
compartment from the top) were difficult to maintain and access to the
animals was limited. Our water treatment procedures and physical system
designs were added sequentially to improve culture conditions. Although
experimental comparisons between the evolving systems were not carried
out, our progress can be noted. In an early experiment (6), survival
on a diet of iive adult brine shrimp was only B85 per cent after three
months for one group of test animals, while most of another group were
lost due to a system's failure. With the present system, survival on
the brine shrimp control diet is generally 100 per cent and system
failures leading to animal death are extremely rare.

Adult holding facilities are of two types: shallow troughs and
deep tanks (Fig. 3). The preformed fiberglass troughs {(36cm x 152cm X
26cm deep) have removable dividers that can be used to make up to 10
compartments per each trough. These units are used primarily for
holding males and some potentially valuable broodstock animals. The
72 deep tanks (37cm X 74cm x 49cm deep) have been connected in eight
batteries of nine tanks each in order to carry out the brocdstock
development experiments described in the Genetics section.

Adult lobsters are fed a mixed diet of bottom fish, squid, shrimp,
and shellfish as available. Feeding level is regulated by experience

co that the animals are not fed to excess but close to satiety. This
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close attention to the proper feeding level minimizes cleaning of adult
holding units, generally once a week. Handling of adults is kept to a

minimum sc that "banding" (placing rubber bands arcund the c¢laws) of

these animals generally is not necessary.
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SUPPORT FUNCTIONS
The advantage of an interdisciplinary approach to complex research
problems accrues not only from the expertise brought to specific
research problems but alsc from the ability to make routine Operational
procedures necessary for research, which will be described. While only
three of the program areas are featured, other areas perform equally
impertant, though less routine, tasks such as obtaining egg-bearing

lobsters and hatching offspring for experimental subjects.

Water Quality

Changes of system variables such as flow rate, animal density,
feeding freguency, system turnover rate, etc. (previously described) all
have a variable effect upon the water gquality. Conversely, a serious
adverse change of the water quality can be remedied or offset by
appropriate changes of system variables. This interplay requires
knowledge of some rather critical components of the water quality. The
chemical and the bacteriological components are discussed hers as
separate entities, but interpretaticn of both types of monitoring data
goes into an understanding of the quality of a water sample. Metabolic
wastes and its by-products are important in aquaculture for two reasons.
First, these products are often toxic (notably ammonia and nitrite
nitrogen} to the cultured species; second, these products must be
safely disposed of for general health reasons. In semiclosed culture
systems, accumulation of these potentially harmful materials require

continuous attention.
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Thi: assimila;ion, utilization, and excretion of nitrogen, and the
chemical form of the excreted nitrogen are important variables in both
experiments {to be elucidated later), and in systems management. Am-
monia-nitrogen is particularly important in management practices since
this form is quite toxic at relatively low concentrations. It has been

found that about 1300 micrograms per liter is the LC o 96 for small

5
lobsters (for details, see section on Seawater Chemistry). Intake water
at the Bodega Marine Laboratory varies from one to 60 micrograms per liter
in ammonia-nitrogen. When the ammonia concentration in a system exceeds
100 micrograms per liter, some variable such as makeup rate or backwash
frequency must be altered to bring the concentration closer to ambient
values. We routinely monitor for inorganic nitrogen (ammonia-—ammonium,
nitrate, and nitrate) and inorganic phosphate at selected stations. As
research needs dictate, more stations and additional assays are added,
e.g., total nitrogen, carbon, and phosphorus. The salinity, pH, and
dissolved oxygen are also measured as systems needs indicate.

The results of these assays and the bacterial count are excellent
indicators of the water quality. Any serious deviation from established
norms signals the need for alteration of one or more of the systems
variables. To date, some 50,000 separate physical-chemical data points
have been measured in our facility. With our automated system, we have
provided many outside agencies (private and University) with water
guality data and technical assistance.

Live bacteria are ubiquitous; their number at any time or place
depend upon growth and death (or removal) rates. These rates, in turn,

15



depend precisely upon those systems variables which must be known and
controlled in the cultivation of lobsters. 'Thus, together with various
chemical assays (most specifically ammonia-nitrogen) routine bacterial
live counts indicate the relative water gquality of the system. At the
Bodega Marine Laboratory, intake water bacterial count varies from 500-
2000 organisms per ml {unpublished data). 1If this water is simply al-
lowed to stand (aerated), the total count will go te about 500,000 per ml
while, if a source of nitrogen is added in the form of ammonium, nitrate
or protein, the number of bacteria will go to 10 million per ml. Thus,
fecal material and unused food left in the system cause extremely high
hacterial populations. Systems operated normally (as described) will
have less than 20 bacteria per ml. If the bacterial count rises to
several hundred per ml and there is no significant change in the con-
centration of ammonia, then it is likxely that the U.V. tubes need to be
cleaned. A concurrent rise in bacteria and ammonia indicates that sumps
and filters need to be cleaned.
Diagnostics

Animal mortalities occur even in the best of systems and most care-
fully designed experiments. Often, the Proper identification of the cause
of death can be indicative of 4 system malfunction, or that some dietary
or other physiological stress is being introduced: A large number of
animals have bpeen autopsied. Routinely, the exoskeleton is examined for
obvious breaks due to trauma or bacterial erosion. Next, missing
appendages are noted and whether qood scar tissue 3eals the wound. The
branchial chamber and the q9ills are examined for disccloration and

le




melanizavion, Gills are usually examined microscopically (phase-
contrast wet-mount at 400X} to determine if the cellular structure is
intact or harbors bacteria. The gross integrity and color of the
hepatopancreas is probably the best single, rapid indicator of the
animal's health, although phase-contrast wet-mount preparations and
stained histological sections of the organ are more discriminatory.

In additicn to routine chemical and bacteriological tests, alil
systems are checked for variation in temperature, water flow (motor
failure or clogged lines), molted and dead animals. These checks are
made at least three times per day. Most systems are disinfected prior
to new experiments and sand-charcoal filters are backflushed every
seven to 10 days.

Quantitative Analysis

Quantitative methods are employed to apply current knowledge of
lobster growth and metabolism to the design of experiments and to analyze
data from experiments.

Questions regarding physical system and statistical design can be
answered, hased on knowledge of lobster qgrowth and metabelism prior to
experimentation, Deotermination of the minimum-size container each
animal must have so that the effect of limited space on growth rates
does not confound the results of an experiment is a good example of use
of the current model to design experimental systems. Another is the
determination of flow rates regquired, based on current estimates of
metabolite production. In order to design an experiment so that
statistically significant differences ¢an be determined, a preliminary
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estimate of the expected results is useful. These estimates are often
made by using current models of growth or metabolism.

Interpretation of the results of experimentg performed in our
laboratory often requires statistiecal analyses of the data. To perform
the required analyses, we have designed computer programs which store
data on magnetic tape and perform different kinds of analyses. Data
are stored on tape in terms of a code identifying each animal (e.g., treat~
ment, location, aund family ), carapace lengths with molt times, initial
and final weights, carapace lengths, and date of death. The data can be
stored, updated, and edited at any time during the experiment. The various
types of analyses Performed typically include carapace length-time re-
gressions and blots, survival-time Plots, length-weight regressions and
rlots, biomass-time plots, and analyses of variances in weight or carapace
length. These analyses apply to data from growth experiments. Cap~
abilities of sStoring and analyzing other types of data are programmed as

the need for them arises.
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PROGRAM AREAS

Introduct ion

The primary purpose of our project has bheen to develop the science
and technology necessary for commercially viable lobster aguaculture and
demonstrate its feasibility; Over the past five years, the nature of the
work performed to accomplish these ends has eveolved from making lobster
culture biologically possible to making it economically viable. Currently,
lobsters can be grown routinely at high growth rates and low mortality,
but the cost of culture is not yet competitive with ex-vessel prices in
the fishery.

The aquaculture work at our laberatory has focused on defining the
relevant aspects of lobster biclogy rather than constructing large scale
commercial culture facilities. As discussed in the previcus section, our
work on the development of physical systems has been oriented toward
research culture systems, although much of the knowledge and experience
gained will be applicable to commercial systems. The results of bio-
logical experiments are related to commerciallculture through a general
mathematical model of lobster aguaculture. These results are discussed
in this section, under the applicable programs areas.

The relationships between the various program areas and the necessity
of each are best seen from a general viewpoint of intensive or controlled
system aquaculture. In intensive aquaculture, all aspects of an or-
ganism's enviromnment are provided. The cost of culture is the cost of
providing this environment,and the benefit -in terms of market value
of the product - is reflected in growth and survival. The animal inter-
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acts with its environment in various ways, and the task of biclogical
research is to describe thesge interactions. The animals' growth and
survival are in response to characteristics of the environment such as
temperature, space, food type, and general water quality. The animal
excretes variocus toxic metabolites which musgt be removed from the en-
Vironment; it also consumes food and oxygen which must be provideg.
Bach of the program areas is concerned with specific aspects of
these relationships and each has giqnificant accomplishments. Work in
the Seawater Chemistry program is related to describing effects of the
chemistry of system environment on survival and of metaholite excretion
on the system environment. This program has defined the toxic level of

several nitrogenous metabolites and contributed to an understanding of

Seawater chemical analysis. The Algology program has concentrated on
the use of algae to remove metabolites and provide food. The Micro-

biology/Pathology bregram describeg patholegical effects of the environ-

ment and prescribes means of minimizing them. This pProgram has identified,

deficiencies through analyses of lobster pathologies. Research in the
Nutrition program isg oriented toward producing a low cost food with high
growth rate, hign survival, and low metabolite production. This project
has developeq artificial rationsg which promote a growth rate approaching
that of natural foods and has defined some of the basic netritional
requirements for lobster. The Genetics program is ultimately concerned
with heritable differences among lobsters with respect to performance

in the culture system. This program has examined genetic variability
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in natural and laboratory populations of lobster and other species of
decapod crustaceans using electrophoretic techniques, has estimated

the heritability of growth rate, and is investigating reproducticn for
broodstock development. In addition, this program has developed
techniques for genetic tagging that can be used to study the effects of
planting of hatchery-reared young lobsters or crustaceans in the field.
Work in the Systems Analyses and Economics program is concerned with
defining the response of growth and survival to environmental variables
and integrating results from all program areas for purposes of evaluation
in the economic context of commercial culture costs. This program has
quantified the response to temperature and space and has developed a
model and analysis techniques for cost projection, system optimization,
and research direction. The accomplishments menticned here are only the
major results in each area. Further accomplishments and more detail are

presented in the following sections.
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SEAWATER CHEMISTRY

In the oceang, the concentration of pPotentially toxic material is
quite low, and physical-chemical Parameters such ag salinity ang PH
remain fairly constant., a pPracticail, semiclosed aquaculture facilitv ig
likely to eXperience substantia] variations with accumulation of toxic
material. The end product of nitrogen metabolism, ang Very toxic to the
lobster, jg excreted principally 45 ammonia. Therefore, the rate of jtsg
formation and removal from the growth system becomes critical. fFor-
tunately, in physiologically satisfactory Seawater, the ammonia is con-
verted to the ammonium iop-

NH, + H30+ == NH4+ + H0
to the extent of nearly 97 per cent. The ammonium ion is not texic, but
even with the equilibrium strongly favoring the ionic form ammonia will
accumulate, Under ideal circumstances, the ammonia will also be con-
verted to nitrite ang nitrate hy bacterial nitrification.

That concentration which will kill 50 per cent of tegted l-gram
lobsters in 96 hours (LC50 96) is 1200 micrograms of ammonia—nitrogen per
liter, and 14pp micrograms for 3-gram animals {unpublishea data). Similar

455ays with nitrite ang nitrate showed these species of nitrogen tg pe

honhtoxic at €oncentrations of 106,000 pg/1 ang 300,000 ug/1 respectively,
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organ in neormal, unexposed animals is quite firm, easily removed intact
from the body cavity, and the color is emerald green with some brown
pigment in the tubules of the gland. Animals exposed to ammonia had

a soft hepatopancreas which was necrotic and difficult to remove. The
brown pigment was usually missing and, at high concentrations of ammonia,
even the green pigment was gone. The chronic concentration of ammonia
toxic to small lobsters is not known, but no ill effects have been noted
during fairly long (more than 96 hours) exposure to 100 micrograms per
liter.

To accurately assay for the very low levels of ammonia found in the
Bodega Marine Laboratory intake water, the standard procedures had to be
modified and, in order to do so frequently (twice a week}, the process
had to be automated. While the necessary changes and tests were being
made, it was found that a substance believed to be indophencl was pro-
duced by exposure of the reagents to light. This substance gives a
variable and erroneous value tc the ammonia assay (18).

Water samples do have some bacteria; even when the samples are
stored in the refrigerator, there is some conversion of the inorganic
substances (nitrogen and phosphorus) into organic materia), giving
erroneous readings after a few days. It has been found (unpublished
data) that prefiltration {0.45um filter) and addition of chloroform
preserves the sample.

Seawater is an extremely complex ionic medium. Consequently, the
apparent dissociation constant needed to calculate the ratio of ammonia
to ammonium had to be experimentally determined. It was found to be
2.65+.03 at 17°% {unpublished data). This value agrees closely with

one calculated on theoretical grounds.
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The first of these is the ability to directly Provide fresh, nutritioys
food for animals such 45 oysters, clams, scallops, or mussels, or to Pro-
vide food for live foogd animals such ag rotifersg, Copepods, and brine
shrimp that are fed tp carnivoroug aquacul ture Speciesg, Additionally,

algae may he used to feed the larval stages of many fish ang Crustaceansg

The fact that the climate at Bodega Bay ig vVery regular, being
cool (50-650F) Year-round, andg reasonably sunay (0,35 kcal cmz/day
Yearly average) allowed for the establishment of an ocutdoor greenhouse
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culture facility with only minimal envirommentally controlled space
required for the starter cultures. Initial experiments were begun
to look at the potential use of phytoplankton culture techniques to
remove toxic nitrogenous wastes from the water used for lobster culture.
Several species of phytoplankton, which traditionally have been
uged successfully to culture shellfish, were grown in media which con-
tained ammonia nitrogen at concentrations that well bracketed those
which had been determined by the water guality section to be toxic to

juvenile lobsters. The diatom Phaeodactylum tricornutum, the green alga

Dunaliella primolecta, and the chrysophyte Isochrysis galbana were used.

The results were disappointing from one point of view. The removal rate
of ammonia by the algal cells was so low at the toxic concentrations
(1.2mg/1} that it was infeasible to use a phytoplankton system to de-
toxify juvenile leobster culture water for reuse. This information,
however, led to the use of a conventional, bacterial gravel bed-type
filter to convert the toxic ammonia nitrogen to essentially nontoxic
nitrate nitrogen. Culture water was recirculated through this filter
until nitrate nitrogen accumulated to a level that would support active
phytoplankton growth. Nitrate-laden water was then bled off to a
phytoplankton culture unit.

The next step in the development of a phytoplankton wastewater
treatment system was to design a physical culture system which would
lessen or eliminate problems encountered in traditional wastewater algae
culture practices. The problems were (in order of importance): 1) con-
tamination of cultures with "weed" species of algae; 2) instability of

culture growth due to fluctuating nutrient levels; and 3} inefficient use
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of space because of large, shallow ponds required for light Penetration,
With these pProblems in mind, the following system wag designeg:
The European concept of using tall columns rather than flat ponds was

Ctonsidered and adapted, fThe advantages of the former are that not only

light penetration, alloy for better deration, have a small surface area

eXposed to Possible outside contamination, and can be constructed from

Yoofing sheets,
The columns would be hooked Up so0 that the flow must pass through
2 series of individyal units. At the inflow end would he the nitrate-

laden, filtereq, and v sterilized effluent water. p constant drip feed

level, The decraaseg Nutrient uptake due to loyw conecentration would
still be effectiyve overall because of the high cell count. The one-way
flow would limit accidental Contamination to only downstrean units,
and the modular design woulga allow shyutdewn of part of the system for
Periodic maintenance, With sufficient testing, encugh cultyre modules
could be hooked UpP to accommodate the highest Possible concentration of
nutrientsg coming into the system: thus, the entire system would gelf-

adjust to varying nutrient loads below that level.
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The above-described system was in the construction stage when the
Holmes ad hoc Sea Grant Review Committee recommended that algology studies
at Bodega Bay be terminated and the efforts redirected to areas more
closely concerned with crustacean agquaculture. The studies were
terminated, and the algology group began to study feeding and culture
of larval Dungeness crab.

Some other areas explored by the algology group included the evalua-
tion of tuna cannery wastewater effluent as a nutrient source for phyto-
plankton culture and possible shellfish aquaculture. The results of
this study (37) indicated that, with conventional waste treatment, tuna
wastewater could support phytoplankton growth near that of a conventional
mineral culture medium.

One of the constraints to lobster aquaculture derives from the
aggressive, territorial, and cannibalistic nature of these animals.
visual contacts between lobsters commonly lead to aggressive interactions,
and the losers in these combats not infrequently are consumed by the
winners. A number of attempts at mass rearing were carried out in the
program, one of which involved the culture of juvenile lobsters in nearly
opaque "greenwater."

A group of highly cannibalistic 4th-stage lobsters were placed in
a single, noncompartmented tank. The culture water was enriched with
algae culture nutrients and seeded with a starter culture of Dunaliella
primolecta, a green flagellate. The algae bloomed and, for 90 days, the
lobsters were maintained in a dense {1x105 - lxlo6 cells/ml) culture of
algal cells. Adult brine shrimp (Artemia) were added and maintained

at about 1/ml. At the end of the experiment, the lobsters had ex-
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perienced something over 30 Per cent mortality. fThe greenwater animalg
averaged one and a half times larger (carapace length} than their

siblings as well.

periment, there were Several possibilities: 1) the turbid conditions
masked visual contact between lobstexrs, 2} the algal cells absorbed

or camouflaged the smel] cf vulneraple newly molted individuals, 3) the
animals had well fed live food available all the time, and 4) the algae
removed nitrogencus wastes from the cnlture water. Although these

studies have not been completed, magg rearing of Young lobsters, with

high survival, would offer significant savings in labor, space, facilitieg,

and capital, and would be a boon to ¢ommercial lobster aquaculture,
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MICROBIOLOGY /PATHOLOGY

successful cultivation of the lobster was anticipated, in part, from
the fact that this animal had been known to be subject to only a few
microbial diseases (notably gaffkemia, shell disease, and some para-
citic diseases). Furthermore, there were no indications that these
animals concentrated or harbored microorganisms or chemicals harmful te man.

The overall objective of this program area is and has been the con~
tinucus maintenance of the health of the cultured animals. This general
concern has necessitated serious investigation into several areas. Work
done may best be presented, not in chronological order, but through some
well-defined categories: 1) the development of diagnostic and monitoring
procedures, 2) the recognition of new and the re—evaluation of known

infectious diseases, and 3) the consideration of noninfectious diseases.

pevelopment of Diagnostic and Monitoring Procedures

Gross and histological anatomical features of adult lobsters have
been studied in some detail; yet, there is little published knowledge of
such features in larval and juvenile lobsters. one of our early major
concerns was to establish the gross anatomical and physiological hagses
of "healthy” or "normal" larvae and juveniles. This, of course, is a
prerequisite for recognizing unhealthy or diseased animals.

A large number of animals {larvae, juveniles, and adults) have been
examined. Most of these animals died in standard holding facilities or
under specialized research conditions. Some normal animals were
sacrificed for control. Several easily recognizable features emerged
as indicators of the health of the animal, First was the integrity,
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the firmness and color of the exoskeleton, In the healthy animal, a
characteristic pigment is deposited in the endocuticle (just under the
epicuticular surface layer}. While the pigment per ge is probably not
significant to the health of cuyltured lobster, its absence signifies a
faulty exoskeleton which later will be shown to impair the pPrimary
defense mechanism against microbial invasion. Preening, swimming, and
normal movement of larvae and young juveniles prevent (in normal
animals} accumulation of large numbers of microorganisms on the exo-
skeleton. However, if the rearing system has an excess of nutrients,
the proliferation of microorganisms is so rapid that larvae and some-
times juveniles become totally infested with g variety of microbes.

Color and integrity of gills is a second indicator of the animal's
health., These organs in the healthy animal have a clean surface and a
well~-defined cellular structure. In diseased animals the surface of
the gills are often covered with microorganisms and the cellular
structure is disturhbed or totally missing. As with the exoskeleton, the
celor of the gills is a good indicator of health or disease. 1Invasion
of any foreign material causes the production of the enzyme polyphenol
oxidase in the blood of lobsters which causes hemocytes to become
necrotic and form a reddish brown pigment (melanization}, which is easily
seen in the otherwige opague gills.

Third, and possibly of the greatest diagnostic value is the hepatao-
Pan.r2as, a gland (midgut gland) occupying a large part of the body
favitiv. 't 36 an evagination of the midgut enormously expanding the

Jizestive and absorptive surface, Thir organ consists of a larae
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pnumber of lobes, each tined with characteristic cells. In normal young
lobsters the hepatopancreas is large, firm, and emerald green with many
brown rosettes. Almost any pathological condition results in both
macro- and microchanges in the hepatopancreas. There may be discolora-
tion, shrinkage, necrosis, and melanization. Cchanges observed in these
various tissues under a variety of disease conditions have been
published (32) and form the basis for the routine diagnostic procedure
described in a previous section of this report.

As indicated earlier, the number of bhacteria in the culture system
is one index of water quality. 1In order for this simple but powerful
tool to be useful, the pacteriological characteristic of the input
water must be known. It has been found {unpublished data) that, at the
Bodega Marine Laboratory, the number of countable bacteria range from
500-3000 per ml. About two-thirds of these are marine forms; the rest
come from terrestrial runoff and wind-borne spores. Seascnal upwelling
results in demonstrable increase in the microbial count. Potentially
pathogenic (to the lobster) bacteria are found in every saﬁple. There
igs sufficient nutrient in the intake water to support a final crop of
50=-500 thousand countable pacteria. No one bacterial form predominates.
and nitrogen always has heen found to be the limiting nutrient.

A large number of the dead animals died during the molting process
or soon after {still soft). In many cases, the shedding process could
not be completed because, 1} the appendages were entangled with fila-
mentous algae and bacteria, and 2) the old and new axoskeletons were€

welded together by sections of melanized material.
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55552213} Diseasos

With the improved diagnostic capabilities, it became obvious that
several new disease entities existed in our facilities and in other
rearing facilities. Tt became our second major task to completely
describe the symproms and the etiology of the diseases and to suggest
therapeutic procedures. Ruring this time also, it became evident that
some of the previously described diseases had to be re-examined,

New Diseases

Haliphthoros milfordensis is a phycomycetous fungus that invades

the tigsue of young juvenile lobsters. 1t is recognizable by the
melanization which ocours at the sites of infection, usually the bases
of the walking legs and the interior of the branchial chambers. Melani-
zation is the attempt of the lobster to encapsulate or wall off the
pProgress of the fungal mycelium. This results in a brown “scab" at the
Site of infection with mycelium projecting in different directions and
tinged brown from encapsulating melanization. The fungus parasitizes
the epithelial layer of the exoskeleton and allows secondary invasion
by other microbial agents. Death may also be caused by mechanical im-
pairment of the aexoskeleton during molting. The fungus isg spread
through cultyre water to other animals by the production of laterally
biflagellate zoospores which may exhibit some chitinolytic activity to
gain entry into the chitinous exoskeleton. Older Juvenile lobsters

and adults are not Susceptible to this disease, presumably due to the
increased thickness of their exoskeletons. The work completed con-

Cerning this disease included large scale epidemiology, animal examination,
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fungal isclation and descripticn, and the completion of Koch's postulate
which involves the inoculation of undiseased animals, contraction of

the disease by those animals and reisclation of the fungus from the
diseased animals. This work has been published (11) and the investiga-
tion of potential treatments was conducted at UC Davis by D. Abrahams
and D. Brown with our cooperation.

We reported ancther phycomycetous fungus as being pathogenic to
lebster larvae. This fungus, Lagenidium sp., has been held responsible
for diseases occcurring on other marine decapod crustaceans, but is
particularly severe with lobster larvae. Left untreated, the disease
may cause more than 90 per cent larval mortality in two to three days.
Characteristically, the fungus consumes the larval tissue entirely,
leaving empty exoskeletons to float in the rearing tanks. A system that
becomes infected with Lagenidium is most often irretrievable due to the
fast growth of the microbe. Like H. milfordensis, it is passed through
the culture water by motile zoospores, which, apparently, are capable of
penetrating the thin larval integument with a germ tube to provide entry
to a variety of marine decapod hosts {20; person‘al commanication, Dr. C.
Bland, University of North Carolina, Dr. D. Lightner, University of
Arizona, D. Armstrong UC Davis). Again, the thicker exoskeletons of
older animals appear to protect them from infection.

Nonspecific microbial epibionts is a name given to a variety of
microbes that attach themselves or adhere to the surfaces of lobster
egqgs, larvae, and young juveniles. The microbes include filamentous
and nonfilamentous bacteria, green algae, blue-green algae and stalked

protozoans. They are nonpathogenic, yet their presence occludes
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respiratory surfaces {egg merbranes, larval and juvenile gill membranes})
and restricts gaseous exchange which leads to anoxia. The conditien ig
particularly severe during pericds of low Oxygen tension or during the
demanding periods of hatching or molting, Sometimes, filamentous
blue~-green algae become long enough to entangle larvae and impair
molting, Mierchial epibionts are wholly dependent on nourishment from
the culture water and use the animal surfaces only as attachment or
settlement substrate, The dissolved nutrient content in the seawater
then is a very influential factor, and poor water quality may be con-
sidered an indirect cause of this disease. Microbial epibionts do not
penetrate the eqqg membrane or the larwval integument, but may be passed
to subseguent developmental Stages during hatching and molting by
contact with shed exoskeletons. We have reported the occurrence of
this disease on lobster €99s and larvae (31). The natural occurrence
of this disease on Dungeness crab €ggs may be a factor in the decline
of crab populations in the San PFrancisco Bay region (22). From a
thorough characterization of the disease on these crab eggs we learned
that the most harmful epibionts are nonfilamentous microorganisms that
are susceptible to antibiotics (33).

Investigation of potential treatments for these diseases has
focused on the chemotherapeutic dye malachite green, the antibiotics
streptomycin and pPenicillin, and ozonation of the culture water. Anti-
biotics are a specific therapy, selectively eliminating most bacteria,
They are particularly usefyl against the free-living bacterial forms
of microbial epibionts that are believed to be the most harmful. Often,

however, light or early infections of Lagenidium may be disquised by
34
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microbial epibionts, and the use of antibiotics reduces any bacterial
competition that may exist, allowing an opportune situation for the un-
susceptible fungus {20Q). Therefore, a general or broad-spectrum
therapeutic is necessary. We have found malachite green to be guite
effective against Lagenidium, most microbial epibionts, and chitinolytic
bacteria that cause shell disease. We have also determined levels and
exposures of malachite green that are toxic to lobster larvae (19, 25).
Ultraviolet irradiation of the culture water has proven successful
(19} in retarding the influx and growth of microbial populations and
has been used extensively in our larval and juvenile rearing systems.
We have also investigated the use of ozone as a micrebial deterrent.
This procedure is similar to ultraviolet irradiation of the seawater
except that oxygen is treated and bubbled through the water. Prelim-
inary results have shown that therapeutic levels of ozonated water
have no toxic effect on lobster larvae {17). Better understanding of
the effects of ozone in secawater are, however, required hefore this may
be suggested as a viable aguaculture treatment.
Further Study of Known Diseases
The most widely studied lobster disease is gaffkemia, a systemic

disease caused by the bacterium Aerccoccus viridans var. homari. Our

treatment of this disease has been to quarantine incoming animals,
diagnose the disease from moribund or dead animals, and treat with
antibiotics those infected adults that are particularly important to
our program. All cases of gaffkemia that we have observed at this
laboratory have been from animals recently shipped from the East Coast.

A disease caused by one of the fungi imperfecti, Fusarium spp.
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wWas found anpg reported by other researchers, e have confirmed thejiyr
findings and determined Species Variation between the Causative agentsg
from the different Sites,

"Shell disease" ig the common term for destruction of the exo-

t0 reach the chitinong layers. rhig €an happen in a variety of ways
such ag wounding, through setal or tegqumental ducts (which open to the

surface), or Possibly ag 5 result of lipolytic bacteria) symbionts that



and are fed a diet presumably capable of providing a full complement
of material for the intermolt repair of the epicuticle. Results of
these investigations have been presented (29).
Increased Susceptibility and Noninfectious Diseases

It is evident from the previous considerations that potentially
pathogenic microorganisms in the system do not necessarily cause
disease, Often, the animals become infected because of sublethal en-
virommental conditions that stress the animals or, in some manner, decrease
their resistance. BShell disease is a good example since it is most fre-
gquently found on cultured juveniles that are fed inadequate synthetic
diets. The link between diet and the epicuticuylar barrier against in-
fection has already been discussed and many infectious diseases may
actually be seccndary to conditions of stress. As mentioned earlier
(section on development of diagnostic procedures}, animals in the process
of molting and immediately afterward are extremely sengitive to adverse
environmental conditions. While the exoskeleton is soft, the spores of

the fungi H. milfordensis and Lagenidium sp. may penetrate more easily.

Larvae are, in general, more vulnerable to infectious diseases. This
higher susceptibility may be related to the observation that melanization
so characteristic of the juvenile defense system is not seen in larvae.
In addition to these stresses are those physical-chemical parameters
that left unaltered would eventually kill the animals. These non-
infectious diseases may severely stress the animals while still at sub-
lethal levels, greatly increasing their susceptibility to infectious

diseases. Dissolved oxygen content of the culture water is one of these
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water temperatures. Oxygen tension must he maintained at high levelg
during molting or when microbial epibionts cover a bortion of the
respiratory gurface, It ig well known that the metabolite, ammcnia, he-

comes toxic to lobsterg, We have additionally found that even sublethagl

Period of tjpe, The increased metaboliam at 2?%:causes the lobsters to
Utilize theiy oWn protein whjch they obtain by Slowly destroying the

hepatopancreas. This ig supported by higher ammonia Production levelsg

lobatar Ayunaculeyra,
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NUTRITICHN

From the very beginning, development of a cost-effective synthetic
lobster diet was seen as one of the project's primary goals. However, it
was not until several years later that the magnitude of this central
problem was appreciated. Early results, using diets obtained from re-
searchers working with other aquatic animals, were disappointing, as these
studies demonstrated the need for a complete nutritional program rather
than a relatively simple feed development program. An evaluation of the
available literature suggested that much of the effort would have to be
directed toward understanding specific nutritional requirements. Much
of the previous work on crustacean nutrition, primarily with penaeid
shrimp, had concentrated on the development of inexpensive rations mada
from by-products of marine origin. Definition of nutrient requirements
had been largely ignored. RS the by-products are complex and tend to
be highly variable in quality, little progress had been made in pro-
viding guidelines as to what a crustacean diet should contain. Addition-
ally, it was seen that the need for individual compartments in order to
prevent cannibalism coupled with the use of heated water to increase
growth rates probably mandated the development of intensive systems
for lobster aguaculture. As natural food sources will be absent in
these intensive, factory-like systems, all nutrient requirements will
have to be supplied by the formulated rations. This is a very different
set of circumstances than those found in shrimp culture where natural-
food organisms in ponds or raceways provide nutrients lacking in the
formulated feeds.
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Considering thesge factors, it was decided that definition of basic
nutritiona] Parameters for the lobster was the best way to foster the
development of economical and practical rations (26). Inexpensive, or
least-cost, formulation of rations by the feed industry is dependent on
knowledge of three factors: 1) nutrient content of ingredients, 2)
digestibility of these ingredients, and 3} nutritional requirements of
the animal. A wide variety of feed ingredients have been subjected to
chemical analyses, and the industry hasg available varioys tables on the
hutrient content of these feedstyffg, Based on these tables, the
industry can substitute the least expensive ingredient available at any
bParticular time, while maintaining a Predetermined nutrient profile by
taking inte ACCount each species’ ability to digest the varjous jin-
gredients, wWhile nutrient requirements ang digestibility values have
been worked out for many animals, they have not been defineq for

crustaceans. Once thege factors are known, the Aquaculturist, with the

was, and stj]] is, extremely limiteq, The best Source of information

at the time came from the work of John Hughes, Director of the Magg-

achusetts State Lobster Hatchery. Over a period of 13 Years at the

Martha's Vineyard lobster hatchery, he foung hatchery lobsterg could
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be reared if they were provided with a variety of fresh foods. Growth
and survival were less than satisfactory when single food items such

as shrimp heads, clams, crabs, oysters and fish were used., A com—
pination of these items produced high survival and steady growth. The
difficulty of obtaining a specific organism on demand precluded the
possibility of carrying out careful feeding experiments using these
food sources. There was a need for a single food source which would
serve as a standard control diet against which synthetic diets could be
evaluated. Live adult brine shrimp, although limiting in some agpects,
proved to be suitable.

Labsters can effectively utilize brine shrimp from hatching through
the first three to four months of the juvenlle stage. Beyond approx-
imately four months of age, the rate of growth begins to decrease, due
to the lobster's requirements for larger food. gurvival on the brine
shrimp diet is generally close to 100 per cent and growth over the first
four months has consistently proven to be superior to any other single
food scource examined. The best growth is achieved when the juvenile
lobsters are fed a fresh portion of brine shrimp on a daily basis {6).
The daily amount fed is five per cent of the animal's body weight; this
amount is in excess of what is generally consumed.

The first experiment using formulated rations compared a number of
artificial diets which were available from work done with other aguatic
animals {7). ‘The most successful of these was a penaeid shrimp diet
(FST 24 5/72D Louisiana ctate University) consisting of 31.5 per cent
shrimp meal, B per cent fish meal, 2 per cent fish solubles, 3 per cent

soybean meal, 19 per cent rice bran, 1 per cent lecithin, 5 per cent
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whey, 1pn Per cent Starch, 1o ber cent single cell Erotein, 5 Per cent

fish oi1, > ber cent Vitamin mix, 2.5 Per cent kelgin, and 1 per cent

Perimenta) Crustacean dietg, Additionally, 4 suitahle vVariety of
Auxiliary Squipment for preparation, balances, mixers, etec., ang Storage
of experimenta] diets, was also Procureq, Rearing Systems were designeqg
and set up for diaeg evaluatjaop with juvenile lobsterg under controlled
conditions, These gystems are describeg in the Operations Section,

The firge exXperiment using dietg manufactyreg at BML indicateqa that
a fairly well defined diet, E-1, broduced g growth rate almost a5 good
as the complex Shrimp djiet. This BE-1 djet consisted of 35 Per cent
Soybean Mmeal, 15 per cent whear gluten, 25 Per cent rjce bran, 5, 5 per

cent corn Starch, 15 Per cent Yeast, and 4.5 per cent lipids, Although




Using the diet, E-1, the Natrition group has spent the last several
years studying the impact of various nutrients on the growth and sur-
vival of juvenile lobsters, This work has been extremely frustrating
at times because of the multitude of factors which need to be considered
and the lack of any information on these factors in the literature.
Quite often we have been unable to demonstrate the effect of a specific
class of nutrients because other nutrient deficiencies produced an over-
all retardation of growth. This type of pioneering diet development
proceeds very slowly until a general outline of all the nutrient re-
quirements has been achieved. However, once this stage is reached the
further development appears quite simple and dramatic. Fortunately,
the work over the past five years has yielded this overall picture
of nutrient requirements, and we are, therefore, close to moving on to
the final stage of development,

The pattern which has emerged was derived from a number of experi-
ments carried out both at the Bodega Marine Laboratory and on the Davis
campus and by Dr. Castell of Canada. Ms. Margie Gallagher, a graduate
student under Dr. D. Brown, carried out most of the work on the Davis
Campus as well as some of the early work at the Bodega Marine Laboratory.
Diet manufacture for the work at both locations was carried out at the
Bodega facility.

Protein Requirements

As protein is needed for growth, amino acid requirements and op-
timum protein levels were examined very early. Work at Davis defined
the essential amino acid requirements of the lobster (Gallagher, 1976. Fed.
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Broc. 34:880). Using radioisotopic techniques, 10 aming acids were jin-
dicated ag being essential for juvenile lobsters, These aming acids,
valine, leucine, isoleucine, lysine, threonine, Phenylalanine, tryptophan,
arginine, histidine, and methioninq are the same 1p which have been shown
t0 be essential for other animalsg, Unfortunately, the quantitatijive
Tequirements for €ach of thage amino acids ig not shown by radioisotopic
techniques and have yet to be worked out,

With other animal 5pecies, the quantitatjive requirements for the

a4 reliable interpretation as to the Praobable quantitative amino acig
requirementsg €an be made, Mcre recent experiments, for example, jinp-
dicate that albumin jg a much better choice for promoting growth in

lobster than casein (Conklin, unpublished data}, Thig Probably jig 5

Since the optimum mixture of Proteins needeq to satisfy amino acid
requirements i{g yet to pe defined, the minimum protein levels required
to sustain rapid growth cahnot be specified, A reasonable range jis
betwean 1) pPer cent (30) and 42 per cent which is the Protein content of

brine shrimp (12).
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Lipid Requirements

The general inability of arthropeds to synthesize cholesterol has
been well documented in the literature, The optimum level for cholestercol
in the diet for juvenile lobsters has been defined to be approximately
0.5 per cent of the dry weight of the diet (Castell et al., 1975. J. Fish.

Res. Board of Canada 32:1431-1435}. 1In addition, Castell and Covey (1976,

J. Nutr. 106:1159-1165) have suggested a requirement of unsaturated fatty
acids by the lobster. A mixture of two parts cod liver oil to one part
corn oil seems to provide an acceptable balance of saturated and un-
saturated fatty acids. An optimum concentration of this mixture is
around 4 per cent of the dry diet weight (Conklin, unpublished data).

Carbohydrate Requirements

The need for carbohydrates in the diet of crustaceans has not been

generally demonstrated. Ccasteil and Budson (1974, J. Fish. Res. Bd. Can.

31:1363-1370) suggested that Homarus americanus did not have the ability

to utilize carbohydrate for energy. However, work in our laboratory
shows that increasing the carbohydrate levels (starch) improves growth
(Conklin, et al. submitted for publication). Fresumably, this in-
creased starch content spares some protein which was being used for
enerqgy rather than growth.

vitamins and Minerals

Specific vitamin and mineral requirements have not yet been demon-—
strated for the lobster. As a general rule, "shotgun" mixtures of both
vitamins and minerals are used to supplement formulated crustacean

rations. These supplemental mixtures are, in addition tc vitamins and
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minergls, present in gthep componants of the djiet zuch ag Yeast, rice

bran, shrimp meal, ete, Until purified tegt diets are developed which

Susceptible eg infectiong of chitinolytic bacteria which are normally

nonpathogenie (op. cit,}. Fisher ang Coworkers (25) Proposed that the lack

mineral ang vitamin p deficienC1es or imbalances, Experiments to pin-
point the aptimum balance of these factors will be carried oyt in the

near futupe,
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hy live brine shrimp. Tt is hoped that the further experiments planned
around the vitamin and mineral requirements will eliminate the abnormal
shell problem. If this proves to be correct, we will have available,

for the first time, a suitable artificial diet which can be used to carry

out the needed research for commercial diet development.

Future Work

The final steps leading to commercial diet development have been
defined in a review on lobster nutrition (26). Definitive research
will be needed in three major areas before routine formulation of least-
~gost diets from commonly available feed ingredients can occur. These
three areas of investigation are as follows:

1. Definition of changes in quantitative nutrient requirements through-

out the life cycle of the lobster. General nutrition studies indicate

optimum nutrient levels during an animal's life span continually change.
While work with juvenile lobsters {(up to four months of age} is probably
suitable in defining qualitative nutrient requirements, further work
will be necessary to determine optimum quantitative requirements for
larger animals.

2. Definition of optimal quantities of both essential and growth pro-

moting nutrients. In order to maximize the rate of growth, it will be

useful to examine nutrient interaction. If the experiences of farm
animal nutrition can be used@ as a guide, this effort will be a con-
tinuous process.

3. Translation of results derived with purified constituents into a

form useful to the commercial feed industry. Coefficients of digest-
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ibility, usable nutrients, and energy content of feedstuffs in relation-
ship to the lobster will have to be compiled just as they have been for
farm animals, The necessary flexibility of least-cost diet formulation
is dependent on being able to match nutritional requirements of the
animal with the dppropriate bPercentages of thesge feedstuffs that are

available for use.
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GENETICS

The future of lobster agquaculture is usually envisioned as a highly
mechanized, intensive technology analagous to today's chicken industry
{26). Because of the relative ease of rearing larvae, the acceleration
of growth at increased temperatures, the relative hardiness of the animal
in the laboratory, and the high economic value, the American lobster is an
ideal candidate species for a multidisciplinary research project aimed
at the development of such intensive aquaculture technology. Yet, this
vision must be tempered with the knowledge that Homarus is both an en—
dangered natural resource and a species still far from domestication.
We depend on the productivity and genetic potential of heavily fished
natural populations. Thus, our studies encompass the genetics of
natural as well as laboratory populations of lobsters. Our results are
applicable both to intensive culture and to many problems encountered
in extensive aguaculture schemes such as ocean ranching of salmon

{Joyner, 1975, Jour. Fish. Res. Bd. Canada, 33:902-904} and pond and

ocean stocking of shrimp {Shigueno, 1975, Shrimp Culture in Japan} .

The state of the iobster fishery has, of course, been well studied
and documented. Suffice it to recall two points relevant to the develop—
ment of the genetics program area at the Bodega Marine Laboratory. First,
fishing pressure has produced a demographic shift towards populations

composed of younger, smaller lobsters (Skud, 1969, Fiskeridir, Skr. Ser.

Havunders 15:295-309)., These produce fewer egqgs, and with reproductive
output thus impaired, lobster populations seem to be on the verge of pre-
cipitous declines. The establishment of lobster breeding colonies may
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ultimately be as important to the preservation of genetic resources as
it is to the growth of aguaculture per sc. To date, complete control
over lobstor reproduction has not been achieved, and the problem of
broodstock development is currently the primary focus of this program
area. We shall return to a discussion of this problem and the evolution
of our research program later.

A second aspect of the lobster fishery and natural resource that
initially concerned us was the rather bitter controversy between the
traditional inshore, pot fishery and the newer offshore, trawling
fishery. The latter had blossomed with the discovery, in the 1350s, of
virgin populations of large lobsters in the deep canyons off the con-
tinental slope. When studies showed that adult offshore lobsters
migrate up onto the continental shelf in spring and summer when extrusion
of eggs and mating occur, contreversy centered on the role of offshore
stocks in the reproduction of inshore populations. However, this was not
only a question of importance to the management of the fishery. Clearly,
if the American lobster was subdivided into genetically different stocks,
it would bhe important to examine the aguaculture potential of these
separate stocks. Already Rodgers, Cobb, and Marshall (1968, Proc.

Natl. Sheilfish Assoc.) had demonstrated differences in the sizges of

inshore and offshore lobsters. Could these reflect different growth
rate potentials?

This was the historical, resource context in which the aguaculture
project at the Bodega Marine Laboratory and, in particular, its genetics
program area developed. In the next section we shall discuss the

general problem of genetics research in agquaculture, the specific

50



questions about lobsters we initially attempted to answer, and the
methodological approaches taken. Results of our studies of bicchemical
genetics in lobsters and their application to aquaculture are summarized
in later sections. In a fifth section, we go on to some more traditional
quantitative genetics of growth rate and discuss the implications for
selective breeding. Finally, we conclude with a review of the need and
current status of lobster broodstock development and a lock into the
future of research in this area.

What is the Rule O.f Genetics Research In Aquaculture?

An immediate response to this question often is, "To breed bigger,
tastier, faster growing, disease resistant, and economically more efficient
stockse." Of course, such great expectations are understandable in light
of the tremendous impact that genetics research has had on crop and
animal improvements. And there is no question that a rational genetics
breeding program is an ultimate desideratum for any aquacultured species.
Nevertheless, because many of the prime candidates for agquaculture
{particularly invertebrates such as the American lcbster) are not yet
domesticated, traditional approaches and methods of animal breeding
cannot be applied. 5S¢, must aquaculture genetics research await control
over reproduction? Certainly not. Basic problems can be addressed
directly.

Genetic improvement can only take place if there are genetic dif-

ferences among individuals. Therefore, the primary focus of any agua-

cultural genetics research program must be the description and quantifica-

tion of genetic variation. At the start of our program, little was

known about genetic variation in lobsters, and three fundamental questions
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concerning variation required answers: 1) How much genetic variation
exists among individual lobsters? 2) Are there different stocks of
lobsters and are inshore and offshore lobsters the same stock? 3) How
different are the EBuropean and American lobsters and might hybridization
of these two species be beneficial? Within the last 10 years, techniques
have emerged to provide rapid, preliminary answers to these types of
questions. These technigues are chiefly biochemical - the separation
by means of gel clectrophoresis of protein or enzymes extracted from the
homogenized tissues of organisms and the visualization of specific
enzymes by chemical assays. Our first task then was to apply these
techniques to the American lebster and to measure variation.

Biochemical Genetics Of Homarus lLobsters

The theoretical basls for using electrophoresis to detect genetic
variability is the now well~confirmed relationship between the genetic
material, DNA, and the specification and synthesis of cellular proteins.
A chief advantage of the technique is that the characters or phenotypes
studied, distances that snzymes move in an electric field (electrophoretic
mobllities), are under simple and direct genetic control.

Phosphoglucomutagse: A case study

The inheritance of enzyme phenotypes in the lobster Homarus are
typified by cur studies of phosphoglucomutase (PGM), a major enzyme of
carbohydrate metabolism. Gels that have been electrophoresed and
stained for PGM activity show two distinct zones of activity that are
under separate genetic control. All American lobsters studied thus far
have the same band of activity in the faster-migrating PGM-2 zone, and

we assume that there is a single, nonvariable gene locus directing
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the synthesis of this enzyme. (Note that traditional genetics methods
treat only phenotypic differences such as eye colors, seed gshapes, etc.,
but that biochemical genetice techniques algo detect and guantify pheno-
typic and genetic similarities such as PGM-2.) In the slower-migrating
zone, PGM-1, three different band patterns or phenotypes are found. Two
are single band phenotypes that differ in mobility by 3 mm; the slow band
phenotype appears in about 54 per cent of all lobsters and is arbitrarily

100 103

called PGM=-1  while the fast band phenotype, called PGM-1 , is found

in only 7 per cent of lohsters. The remaining 39 per cent of lcbsters

appear double-banded, having both PGH—l100 and PGM—llo3

. Our genetic
interpretation of these phenotypes is as follows: the two kinds of single~
banded individuals are homozygotes, 1l.e. carrying either two 100 or two 103
genes {(alleles) at the Pgm-1 locus, while the double banded individuals

are heterozygotes carrying one 100 and one 103. This hypothesis of
classical Mendelian inheritance has been fully confirmed by analyses of
females and their offspring (13,24). A single case of a non-Mendelian

PGM~1 phenotypic ratic in a lobster family has been ascribed to multiple

insemination {Nelson and Hedgecock, American Naturalist, in press). Thus,

our studies of PGM have enabled us to 1) identify a specific gene in the
lobster, 2) type individuals by their PGM phenotype, and 3) demonstrate
that more than one male may successfully fertilize a female's eqggs.

PGM-1 is only one of 46 gene-enzyme systems (loci) we have studied
in Homarus (Table l). We have confirmed by progeny analyses Mendelian
inheritance for a total of nine enzymes; these are the first gene loci
to be formally described in the lobater Homarue (13,24). In a later
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section we will discuss how these genes may be useful in aquaculture
broodstock development.
Genic Variation Within Lobster Populations

Initial answers to the three fundamental gquestions stated above were
obtained partially in a study of 290 mature H. americanus drawn from
eight localities on the Atlantic Coast (16). In a subsequent study,
specimens of H. gammarus were obtained from the Irish Sea and the waters
of Norway for comparison to American lobsters (38).

The amount of genetic variation among the individuals of a popula-
tion may be quantified in a number of ways. First, what proportion of
gene-enzyme systems show variation? If one considers all variation,
this measure is highly dependent on sample size as reflected in the
data of Table 1., Here the American lobster appears to have more varia-
tion than its Buropean cousin, but actually much of this variation is
due to rare alleles detected in the larger samples of H. americanus.
This bias is somewhat remedied by requiring that for a gene-enzyme
system to be called variable or polymorphic, the most common allele
may have a frequency no higher than, say, 95 per cent (see Table 2).

Second, what is the average number of alieles detected per gene-
enzyme system? Again, this measure depends on the number of individuals
studied.

Finally, what is the average proportion of gene loci at which an
individual carries two different allelic enzymes, i.e., the proportion

of heterozygous loci per individual? This may be estimated from the

proportions of heterozygotes observed at each locus. For the two PGM

55



Table 2. Summary statistics of genetic variation in average populations of

the American and European species of Homarus.

Data from 8 popula-

tions of H. americanus {16} and 2 populations of H. gammarus (38).

Statistic H. americanus H. gammarus

Number of loci studied 44 41
Averaqge number of indiwviduals

sampled per locus 30 24
Proportion (%} of polymorphic

loci* . 14.1%+1.5 13.1%+2.3%
Average number of alleles per

locus 1.23+0.03 1.21+40.08
Average proportion (5) of

heterozygous loci per in-

dividual 4.4%+1.1% 3.9%+0.5

*A locus is defined as polymorphic if the frequency of the most common

allele is no greater than 95 per cent.
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examples given, an individual has a probability of 0.39 of being
heterozygous at Pgm=-1 but zero probability of being heterozygous at
Pgm-2. These probabilities are averaged over all loci studied toc obtain
a measure of variability that is more dependent on the number of gene-
enzyme systems studied than on the number of individuals.

By all three statistics, populations of the American and Buropean
lobsters have similar amounts of genetic variability (Table 2). Average
heterozygosity in lobsters is approximately the same as in mammals, and
thus, there appears to be enough variability for artificial ;election to
pe effective. BAs we shall see, this has been substantiated in an
entirely different way by a study of growth-rate variation, On the
other hand, our results showing about 4 per cent heterczygous loci per
lobster were, at first, startling. Most invertebrates that had been
studied up to that time were found to have large stores of variation, with
average heterozygosity in the neighborhood of 15 per cent. In order to
confirm our observation of low variation in lobsters, we conducted a
survey of variation in other decapod crustaceans,particularly species
having economic importance such as cancer magister. We have found low
variation to be the rule in the decapods.

The adaptive and biological significance of genic variation as
measured by electrophoresis is currently a subject of much interest to
specialists in the fields of population and evolutionary gepetics. Data
generated by our sideline investigation of decapods have played a role in
the development of this field {cited in the review of Selander, 1976;
also by Valentine, 1976; both in Molecular Evolutlon, F.J. Ayala, Ed.}.

We have pointed out elsewhere the relevance that a unifying theory of
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genic variation might have for selection of aquaculture candidate species
(24; Nelson, K., Proc. of the Bth Annual Werld Mariculture Society
Meeting, submitted for publication).

Are there different stocks of lobsters?

For each gene-enzyme system studied in the eight population samples
of H. americanus (Fig. 4), we asked whether the freguencies of alleles
differed from locality to locality. In almost all cases, they did not.
The frequency of the ng—llei allele, for example, varied from a low of
17 per cent in the Maine sample {MIA, Fiqg. 4) to a high of 31 per cent in
the Bay of Fundy sample (BFY}, a nonsignificant difference. Frequencies
of malic enzyme variants, however, did vary significantly. A fast allele,

102

Me + had a frequency of 97 per cent in the Gulf of St. Lawrence sample

(GSL), but a frequency of only 2 per cent in the Massachusetts inshore
102

Me

samples (WHP, MVS}. In our offshore samples (GBS, LSA) the allele
had a frequency of 45 per cent. Because such genetic differences could
only be maintained by unrealistically high rates of natural selection if
genes are truly exchanged among populations, the Me results cause ug to
reject the hypothesis that offshore lobsters repopulate the inshore areas.
Different stocks of lobsters do exist, and this must be taken into
account in lobster aquaculture.

Another statistic, I, summarizes allele frequency information ang
measures the overall degree of genetic similarity between populations on
a scale from 0.0 to 1.0. When calculated for the Pgm-1 comparison be-
tween MIAR and BFY, it yields a value of 0.98. In the cases of the
Me comparisons, GSL vs MVS and MVS vs LSA, I is 0.06 and 0,79, respectively,

Average genetic similarity for all loci and between all populations
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studied in the American lobster is I = 0.994+0.001. Thus, although gene
exchange among populations from different geographical regions appears
to be limited in some way, these stocks still have very similar gene
pools.

In a subsequent study of the European species (38) coﬁparable results
were obtained. Average genetic similarity between the Norway and Irish
Sea samples was 0.987. Again, the greatest divergence of allele fre-
gquencies occurred at the Me locus, and again, ggiff_occurred in much
higher frequencies in the Norway sample. This suggests population sub-
division on a large geographic scale and a possible selective advantage
for the Egigi allele at higher latitudes.

Genetic similarity of European and American lobsters

Electrophoretic techniques allow one to quantify the number of
gene differences between species in just the same way as in the compari-
sons between stocks of the American lobster. Our results indicate
surprisingly great similarity between H. americanus and H. gammarus,
with I = (1.896+0.007. Only three gene-enzyme systems have evolved
completely different electrophoretic profiles (Table 1). Based an
evidence from other animals, we have speculated that this similarity
is the result of rather recent evolution of these lobsters. Moreover,
within the past two years, matings between these species have resulted
in successful extrusions both in our laboratery and in the lobster
facility at San Diego State University. The latter group has also
produced viable, healthy hybrid lobsterlings. Thus, the American and
European lobsters are similar enough to crossbreed but different
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encugh at the gene level so that hybrid progeny may bhe expected to show
hybrid vigor with respect to aquaculturally important traits. We shall
return to the use of interspecific hybridization in a later section.

Gene-enzyme Markers and Their Applications in Aquaculture

The basic BML Sea Grant mission over the past five years has been
the development of the science and technology of aquaculture using the
jobster Homarus as a model. Traditional methods for broodstock develop-
ment were precluded by the absence of husbandry techniques, and the
literature on the genetics of Homarus consisted of one report of chromo-
some numbers and some work on esterase variation. Lobster, in@eed,
presented a challenging model from the standpoint of genetics. As in-
dicated, our approach was, first, to recognize and to formulate funda-
mental questions concerning genetic variation in natural pepulations,
and second, to answer those questions rapidly with the available method-
ology of biochemical population genetics. To lay agquaculturists and even
to scientists unfamiliar with recent advances in this specialized field
of genetics, the relevance of these studies to aquaculture might not have
been immediately apparent. However, not only did this methodology allow
us to answer our initial gquestions and increase our knowledge of stock
and hybridization potential, but it also opened up a completely new
technology with varied and far—-reaching, powerful applications for all
crustacean aquaculture 24; Hedgecock, Proc. of the Bth Annual World
Mariculture Society Meeting, submitted for publication).

These applications may be placed in the context of four problems
that are encountered in the development of aquaculture hroodstock:

1) taxonomic identification of the cultivated species, subspecies, race
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or ecotype, and organisms associated with these such as parasites, 2}
family or cohort identification such as required in hatchery release and
growout programs, 3} accuracy in pedigree data, and 4) monitoring of
inbreeding and choice of optimal lines for crossbreeding {op. cit.).

The properties of gene-onzyme variation and the case with which it
is detccted by gel-electrophoretic methods offer technological solutions
to these problems. FEnzyme variants can serve as markers of individuals,
pepulations, stocks, or species because of their detectability in milligram
biopsy samples, their stability over a broad range of developmental and
physielogical states and their adherence to the laws of Mendelian and
population genetics.

Specific examples of each of these applications have been published
and will not be elaborated here. It must be emphasized, however, that
for crustaceans, biochemical genetic tagging appears to be the only
practical means for identifying hatchery reared stocks in the ocean,
and thus, the only means of evaluating survival, dispersal, and recapture
rates in lobster, crab, or shrimp hatchery—restoeking programns.

Genetics and Lobster Growth

Description and guantification of genetic variation in lobsters were
also extended to the more complex but economically important phenotype
of growth rate. 1In this case, genetic variation cannot be measured
directly as with enzyme variation. Therefore, we attempted to estimate
variation in growth rates of lobsters and the proportion of this varia-
tion attributable to additive genetic variation., 'This proportion,
known as the heritability, tells us the cextent to which selective

breeding might improve the growth rate of lobsters. Such information,
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together with our expectations for hybridization, is esgsentjal in formula-
ting future research and breeding programs.

The first experiment was simple in design (28), but yielded a pre-
liminary estimate of growth-rate heritability and several new questions
for future research. An interesting complication in the experimental
design was that hatching took place over a period of 45 days, so progenies
entered the experiment at different times. Average family growth rate
declined in an inverse-rank correlation with time of intreoduction to the
seawater tables. Deteriorating water gquality coupled with increasing
lobster biomass and bacterial levels over the course of the experiment
are thought to have been the cause of poorer growth. Similar environ-
mental factors were alsoe thought responsible for growth-rate differences
between siblings reared in two di fferent seawater tables.

Further analyses to detect differences among families were confined
to groups of families placed in the experiment within the same week.

There was considerable variation in the growth rate of animals treated
alike - the standard deviation of juvenile average weight increase per
day was over 10 per cent. In turn, up to 30 per cent of this growth rate
variation seemedto be heritable. Though preliminary, the egtimated
heritability of lobster growth-rate is comparable to those found in do-

mesticated animals such as cows, pigs, and even rainbow trout. This

result supports the suggestion from our biochemical studies that lobsters,

once domesticated, have the genetic potential for significant improvement

through selective breeding.

This pilot study spawned two follow-up experiments. One was designed

to test competing hypotheses for the observed negative correlation hetween
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the growth of a lobster and total biomass of lobsters in nearest

! i ters were grown in clear
neighbaring compartments (Fig. 5}. Since lobsters g

plexiglass compartments, the effect could have been a behavioral responge

mediated by visual contact among neighboring lobsters, Alternatively

larger lobsters might have inhibited the growth of smaller neighbors
through increased metabolite concentrations, The experimental design
was to grow sibling leobsters with zero, three, and five cloge neighborsg,
both in clear and in opacque compartments, Unfortunately, the results
were jnconclusive.  The number of neighbors had no effect on growth rate
and labstors in clear compartments grew slightly faster than those in
Opaque cells. This latter result was quite unexpected, but may have
been due to slightly smaller dimensions in compartments constructed of
thicker, OPaque plastic material. The effects of metabolite loads or
behavinral interactions on lobster growth thus remain open questions,
Another exporiment that was designed angd initiated in July 1976, as
a4 result of a pijot gtudy of growth-rate variation, involved pver 3,000
lobsters from tight famjljes grown at three different temperatures and
on four different diets, Exvcuted ip collahoration With the nutrition

qroup of ogr braject, thig experiment wag made to evaluate the nature

and extent of interactiong among genetic, temperature and diet factors.

Unpredictable family x environment interactiong had been observed in the

pllor study (2e), 1f widespread,

t . . .
Ure or diet op qrowth. The experiment wag récently concluded, and the

data have not Yot been fully analyzed,
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Lobster Reproduction and Broodstock Development

The development of lobster aquaculture depends upon countrolled pro-
duction of young from broodstock. There are three ways to acquire
ovigercus females: 1) obtain the egg-bearing lobsters from fishermen
specially licensed to trap berried females, 2) impound mature, non-ovig-
erous females in late summer and early fall and B0 to 80 per cent of
these will extrude, and 3) contain the whole mating-extrusion-hatching
cycle in an artificial enviromment {21). The first source is highly
seasonal and unlikely to be available to commercial aquaculturists. The
sacond source is legal, but, again, highly seasonal. Some control over
extrusion and hatching may be possible by temperature manipulation but
pr. D, Aiken has pointed out the dangers of interference from molt cycle
disturbances. The third alternative, complete control over reproducticn,
requires an investment in research and broodstock maintenance but will
likely give a higher return in terms of steady production of larvae and
the possibility for selective breeding. Consequently, in mid-1975, we
began to turn cur attention to the problem of lobster reproduction. The
following is a brief summary of relevant biology and our experimental
approach to the problem of reproductive control.

In the natural environment, nearly six years is required to reach
the size of gsexual maturity. Following a female's first “nuptial" molt
(when insemination occurs), nine months typically elapse bhefore extrusion
{fertilization) of eggs (Hughes, 1973, S-E-A Scope 3:6-8). Most of the
larval history of Homarus is then passed within the egg in contrast to
other crustaceans which endure a long planktonic larval life. At ambient

temperatures (Massachusetts) or at a constant 10°C the female retains
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the eggs for nine months before hatching. Thus, under the ambient
temperature regime of New England, 18 months pass between fertilizaticn
and hatching. Under certain conditions, this time may be reduced even
in the natural environment. The time between extrusion and hatching,
for example, may be reduced to only four months at 20°C (Hughes, 1973,
S-E-A Scope 3:6-B; Perkins, 1972, Fisheries Bulletin 70:95-97). However,
control over extrusion will offer more flexibility in egg.production.
Ordinarily, in New England waters, the nuptial molt and insemination
occur in the summer or early fall, but extrusion and fertilization of
eggs is put off until the following spring or summer. However, as many
as 10 or 20 per cent of these females extrude during the (same?} fall or

winter (Herrick, 1911, Natural History of the American Lobster), and it

is at least likely that ovarian development in these fall-extruders has
been accelerated to meet the next spring's hatch (Perkins, 1872). According
to Aiken {personal communication), a large proportion of the one and one
guarter pound hens (2nd nuptial molt?) from the waters of Prince Edward
Island, when brought into the laboratory during the summer, extrude in the
early fall. Here at the Bodega Marine Laboratory, five matings resulted

in extrusion within five months, while one mating resulted in an extrusion
after one year. The impressicn from the literature is that whereas the
extrusion-to-hatch time is more or less strictly (inversely) related

to temperature, the time from nuptial molt to extrusion is more "dichoto-
mously variable," with extrusion and fertilization time more probably a
close function of the energetics of ovarian development and only indirectly
related te time of nuptial molt and insemination. If ovulated eggs are

available in fall, extrusion may occur then; otherwise, it is postponed
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until the following summer, Thus, we have concentrated ocur experimental
efforts on the events leading to extrusion.

The complex interplay of ovarian maturation, the molt cycle, and
extrusion itself appears in various Crustacea to be under the influence
of photoperiod and temperature; other factors such as diet and water
depth play a role. Hughes (1973, S-E-A Scope 3:6~-B) states that a 46 cm
water depth is essential for extrusion to occur. A broodstock facility
was, therefore, built consisting in the main, of 72 individual holding
tanks 37 cm by 74 cm by 49 cm deep as described above; this last fiqure
reflects Hughes' observation.

For experiments, these holding tanks are connected in eight batteries
of nine tanks each. Any battery may be held on either an ambient, flow-
through or a heated, recirculating regime. These eight batteries, in
addition, may be held on as many as six different photopericds. In our
first experiment, batteries were switched from ambient, flow-through (140C]
to recirculating, heated water at two different times, spaced 45 days
apart. By increments, the animals were acclimatized at 20°C in the re-
circulating systems., Two different phatoperiod regimes were combined
with cach temperature regime to provide a total of four experimental
conditions, each covering nine animals. The experimental subjects
consisted of 36 females mated in our laboratory within the preceding
six months, all balanced over the four experimental conditions according
to time and genetic nature of the mating. Animals were visually checked
for extrusion and fed daily on an "optimal” diet of bottom fish, squid,

shrimp, and shellfish as available.
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In this initial study, a succession of system problems stressed the
animals severely and only one H. americanus female (mated to an H. gam-
marus male) extruded in September 1976. This large complement of hybrid
eggs, the first to be extruded at the Bodega Marine laboratory, is due to
hatch within several months, and the growth of the juveniles will be
compared with H. americanus progenies hatching at the same time.

Currently, this facility is being replumbed and safety features are
being installed to ensure that system difficulties are kept to a minimam.
The experiment has been expanded to include 72 wild-caught, recently mated
females, balanced over four regimes of temperatures and two of light.
This experiment will continue through summer 1977. vitellogenesis is
being monitored by the serum titer of female specific protein.

Since August 31, we have had six extrusions in addition to the
hybrid cross reported above. Of these, one was an American x American
cross, one was an American female x European male and four were Euro-
pean females x American males. Lobster workers at San Diego State
University have alsoc had several extrusions by European females mated
to American males. We are encouraged by these initial successes in
hybrid crosses, particularly those in the direction European female X
American male. Hybrid crosses appear to offer, in the near future, a
source of genetically defined juvenile stocks for continued research

in the nutrition and disease areas. '
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SYSTEMS ANALYSES AND ECONOMICS

Introduction - Early Goals and QObjectives

In the initial phase of the project, as large scale commercial
lobster aquaculture seemed to be biclogically possible, the question of
how much it would cost became increasingly important. There were no
good estimates of culture cost, but there were many suggested "best”
methods of culture or ways of improving culture methods through research.
However, these were often evaluated in the limited context of the re-
searchers' areas of expertise. Because of the wide variety of backgrounds
among those involved, there were many different opinions as to the best
method of culture and highest research priorities.

An obvious need existed for a means of evaluating the state of
knowledge of lobster aquaculture and how it might best be improved.
Because the final goal was to develop the technology for commercially
viable aquaculture, it seemed most reasonable to evaluate these issues
in an economic context, i.e., in terms of the producticon cost of lobster
aquaculture. The tool used in these evaluations could not merely sum the
various costs of one culture scheme, It had to be general enough to
reflect a variety of culture methods and flexible enough to incerporate
advances in research as well as demonstrate their effect on culture
methods and cost,

The approach taken was to develop a general mathematical model of a
lobster culture facility. This model included descriptions of the
lobsters response to the system enviromment, the physical system nec-
essary to provide this environment, and the cost associated with each

70



L iy e e e

component of the system. The model of the biological responses of the
lobster was designed to be general enough to apply to any conceivable
culture environment. The physical system was modeled so that with a
minimum of changes, it would reflect any one of a variety of culture
schemes to be considered. The costs of various components were modeled
s0 that they depended on the operating level of that component {e.g. the
cost of pumping depending on the product of flow rate and 1ift).

The development of the model had a threefold purpose: 1) to pro-
ject culture costs and determine the accuracy of projections, 2] to
determine optimal (least-cost) culture methods, and 3} to determine the
best path of research through sensitivity analysis of culture cost to
poorly known or economically important parameters. The general philoso-
phy of model development was tc construct a preliminary model based on
assumptions where experimental data were lacking, to. exercise it to
determine the characteristics of the system, and to improve it in the
areas of greatest economic importance. Through this process, an in-
creasingly valuable tool of analysis has evolved.

Development of the Model and Techniques of Analysis

The initial effort in describing the.response of the lobster to its
environment was to model the dependence of growth rate on water tempera-
ture. Molt data from several hundred lobsters grown at the Massachusetts
State Lobster Hatchery on Martha's vineyard were analyzed. In order to
formulate this model, the process of growth by successive molting had
to be described. A model of growth was developed which translated this
basically discrete process into an economically meaningful, continuous

process of weight increase. Since growth is measured experimentally in
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terms of carapace length, a method of converting these measurements to
weight was derived. The outcome was a differential equation describing
growth rate in terms of weight as a function of weight and temperature.

After growth rate had been related to temperature the optimal
culture temperature could be determined. This process is a good ex-
ample of the benefit of applying optimization theory to aguaculture.
Lobstors, like most poikilotherms, qgrow faster at higher temperatures.
Yet, heating water causes an increase in operating and capital costs.
There is, therefore, a trade off between higher cost per unit time for a
short period and lower cest per unit time for a long period. The tempera-
ture which will produce a lobster for the least cost will, in general,
vary with time over the culture period.

A preliminary model of culture costs which included the cost of
heating water, weight-dependent costs, and costs which depended only on
time was formulated. With these models the optimal temperature {i.e.,
the temperature which minimizes total culture cost) was determined using
optimal control theory (2)}. This is a technique of mathematical optimiza-
tion which determines an optimal function of time rather than a single
value (i.ec., the optimal temperature at each point in time during the
culture period was determined) . Dr. Rauch of Lockheed Research Laboratory
in Palo Alto provided assistance in this work. The general result was
that the optimal temperature was either the temperature of max imum
growth rate or the natural seawater temperature, depending on the relative
costs of heating water. In cases where the costs were such that the
optimal temperature changed during the culture period, it always changed

from the maximum growth temperature down to the natural temperature,
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This indicates that it is best to provide conditions of high growth rate
while lobsters are small and possibly relax these conditions as they
become larger (2).

The next major effort was to extend the model to include more hio~-
legical responses, environmental variables, detailed physical system,
and specific dependence of cost on system operation. In addition to
growth rate, the biclogical part of the model included the rates of
mortality, ammonia and solid waste excretion, and oxygen and food con-
gsumption. The environmental variables affecting these rates were
temperature, container size, amount of food fed, and the type of food.
While some of the relationships were based on assumptions rather than
experimental data, the model and ensuing optimization were developed
as an example of how all relevant factors affected the system.

The physical system (Fig. 6) was modeled as a rearing unit which
was capable both of pumping water from the sea and returning it, and
recirculating it through a waste treatment system for re-use, SO that
the optimal amount recirculated could be determined on an economic basis
{1). The relationships between flow rate and metabolites were adapted
from a mass balance relationship developed by Liao and Mayo (Aquaculture,
1, 1972). Culture costs included costs of pumping, heating, waste treat-
ment, space (containers, tanks, building, land), food, feeding and labor.
Equipment costs included estimates of amortized capital. operating and
maintenance costs.

optimal—control theory was used with this model to determine simul-
tanecusly the optimal values of temperature, container size, amount of

food fed, type of food, and recirculation rate (3,14). Results computed
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for exemplary parameter values indicated that in the case of temperature,
space, amount of food and type of food, it was best to provide conditions
for rapid growth to younger lobsters and relax these conditions later in
the culture peried. In cases where temperature switched from the maximum
growth temperature to natural, the fraction of total flow recirculated
switched from one to zero. Dr. Rauch again contributed significantly

to formulation of this model and the optimal control analysis.

At this point, experience gained through modeling and computation of
costs for optimal culture systems enabled us to recommend areas of future
research which had the greatest impact on culture costs. Since natural
foods were prohibitively expensive, development of a good artificial
food was a necessity. Because flow rates and, therefore, heating,
pumping and waste treatment costs, depended on metabolite excretion rates
and tolerances, these areas deserved greater attention as promising
artificial foods were developed. These recommendations were presented
at the Lobster Workshop in Bodega Bay, April 1974.

An experiment designed to determine the effect of container size on
growth rate was completed about this time. Fifth-stage animals had been
grown in five different-sized containers for a period of 10 months.

Many experimental problems were encountered in the early phase of this
work which cast some doubt on the results, but the data were analyzed
and a preliminary model describing the effect of space limitation on
growth rate was developed (5) (Fig. 7).

By this time, enough experimental data had accumulated to begin
making reasonably accurate cost projections, For these, the parts of

+he model which were based on experimental data were included {effects
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of temperature and space on growth rates, and ammonia tolerance}, a good
artificial food was assumed, and ammonia excretion rate was based on the
maximum available nitrogen., The estimates of costs were improved and
extended to include three different types of systems: stacked tray. silo,
and raceway. This phase of the modeling was done in conjunction with G.
allen and W. Johnston of the Agricultural Economics Department at UC Davis
and was programmed by them for simulation. This is a technique whereby
the equations desc¢ribing a system are solved for specified parameter
values {i.e., size of containers, temperature, and recirculation rate are
specified for each run as opposed to optimal-control analy=sis which
determines optimal values of these}. The ensuing analyses compared the
cost of three types of culture systems, showing a stacked tray system to
pe the least costly. The effects of economics of scale and increased
growth rate were also examined. These results were presented at the

1975 Winter Meeting of the American Society of Agricultural Engineers as
"an analysis of three facilities for the commercial production of Homarus
americanus" by A.M. Schuur, P.G. Allen, and L.W. Botsford,

Following this analysis, optimal-control theory was applied to the
three types of systems to determine changes in optimal values of tempera-
ture, container size, and recirculation rate (35). Optimal container
size was smaller for types of systems with higher relative costs of
space. Examination of the affect of varying harvest weight showed that
cost per unit weight varied less than 10 per cent over the range of 20 g
to 454 g. The optimal number of containers necessary throughout the
culture period was determined to be three, by simulating discrete sized

containers, rather than allowing container size to vary continuously
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(an assumption made earlier to simplify optimal control analysis). The
effects of varying scme experimentally determined parameters and geo-
graphic location were also examined.

An experiment designed to refine our estimate of the effect of
temperature on growth rate was completed in our laboratory. Fifth-
stage lobsters fed brine shrimp were grown at six different temperatures
(15°, 18°, 21°, 24°, 27°, and 30°C) for 120 days. Analysis of results
showad highest growth rate at 21°¢ (average dl/dt = ,098 mm carapace
length/day) (Fig. 8). The relationship between carapace length and
weight was determined for the size range of interest in agquaculture
(.06-454 q). These results were combined to develop a model of growth
rate in terms of weight as a function of temperature (Botsford, in
preparation).

Current Status

The biclogical model has developed into an accurate useful tool in
terms of growth rate, with accurate definition of metabolic rates still
partially dependent on development of a good artificial food. The de—
pendence of growth rate on temperature and space accurately dascribes
growth rates observed in experiments in which brine shrimp are used as a
food. Comparison of the model with preliminary results from a spatial
confinement experiment performed at San Diego State shows close agree-
ment {J. Carlberg and J. Van Olst, personal communications). This not
only puts the space model on a firmer basis, but extends the experimental
time period on which it is based to one year.

The expression relating oxygen consumption rate to weight angd

temperature is currently based on experiments by Schuur {unpublished),
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Logan {1976, Ph.D. thesis, University of Delaware) and McLeese (1964,

Helgol. Wiss Meer. 10). Legan and MchLeese both found an in¢rease in

oxygen consumption rate for fed over starved animals {64 per cent and 75
per cent respectively}. The model of oxygen consumption, therefore, is
based on McLeese's expression for weight dependence, and Schuur's ex-
pression for temperature dependence multiplied by a factor of 1.7 to
account for calorigenic energy of feeding.

The food consumption rate expression is currently based on an
energy budget and assumed artificial food. Logan (1976) measured the
energy requirements of juvenile lobsters in terms of growth, respiration
and egestion at 22°C. He found good agreement between predicted and
measured consumption rates of brine shrimp. The model of food consumption
rate is based on this energy balance, We assume a caloric equivalent for
food which is representative of artificial foods. This value varies with
specific food type. Changes in the relative amounts of protein, lipids
and carbohydrates in the food could alter other terms in the energy
balance. Values obtained using this expression for consumption rate
are approximately the same as those observed in preliminary experiments
and a conversion ratic of 1.6 to 1.

The most important metabolite in terms of the impact on cost is
ammonia. The model of excretion rate is a mass balance for nitrogen
expressed in terms of the toxic species (NH3). The model assumes complete
deamination of all protein consumed and not devoted to growth. The
resulting excretion rate is slightly higher than experimental values
ocbtained by Logan (1976} and in twe preliminary experiments performed in

our laboratory. More experimental work is needed to define this parameter,
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using artificial foods as they are developed. In the base~line model the
ammonia concentration is maintained at one-tenth of the 96 hr acute lethal
concentration of ammonia for juvenile lobsters (1.2 mg NH,~N/1)

(Gravitz et al., unpublished).

The expression describing mortality is based upon growth experiments
at 21°C for animals fed brine shrimp for a period of two to three months.
Mortality rate is assumed to be greater than that observed in these ex-
periments for the first three months of growth and decreases in steps as
weight increases.

The current model of the physical system is essentially the same as
we have described (3%). Ammonia is the limiting metabolite which deter-
mines flow rate, and oxygen is supplied (as needed) directly to the
rearing unit. The outflow is treated to meet EPA standards (9). The
model of the physical system is currently being expanded to include
alternative methods (to fossil fuel) of heating water such as heat re-
covery, thermal effluent, and solar heating.

The cost model computes capital, operating, maintenance, and direct
labor costs for an indoor, stacked-tray system with a mechanical feeder
as described by Schuur et al. (1975, op. cit.). The cost of space in-
cludes land, building, tank, structure and tray costs. The relation-
ships between equipment capacity {e.g., fleow rate, heating rate) and
capital cost include the effect of scale {Allen and Johnston, in press).
The costs of waste treatment also include the effect of scale and are
based on flow rate treated {9). The costs of the labor include
cleaning, stocking, transfers, feeding, and harvesting. FPood cost is

based on costs of artificial rations available for other species (g0.65 /k9)-
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Cost estimates of system components are being refined and compared to
current vendor prices,

The status of research and the impact on culture costs due to pro-
posed advances through research are currently being evaluated. The
advantages of increased growth rate from artificial genetic selection
and eyestalk ablation are among these advances. The concept of com~
munal rather than individual rearing for a portion of the culture period
is alsoc being evaluated.

The favored type of culture is currently the stacked tray, but this
may change as other types are developed and compared. The projected
culture time from fifth stage to 454 grams is 29 months for brine shrimp
fed animals, at 21% in unlimited space. Assuming artificial rations
can produce a growth rate 0.9 times that on brine shrimp, culture time is
12 months. For a system in which production cost is minimized, con-
tainer size limits growth by approximately 30 per cent, increasing culture
time to 42 months (Fig. 9). The optimal values of temperature and re-
circulation rate depend critically on relative costs of heating water
and large scale waste treatment. If heating costs are reduced significantly
{using an alternative to fossil fyel} a flow-through system at 21% will
probably be optimal. This conclusion depends heavily on the degree of
waste treatment required at the outflow by EPA and other agencies.

The current total cost estimate of lobster production in North
america in a stacked tray configuration with a mechanical feeder is near
six dollars for a 454 g lobster, of which three dollars is devoted to
fossil fuel heating of water (Fig. 10). The latter cost can be reduced

to less than 0.5 dollars using thermal effluent from a power plant. These
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cost estimates depend heavily on the costs of components, the system
configuration, and other external parameters. The model is basically a
research tool rather than the final design of a culture facility.

A prospectus for a specific commercial facility must be based on
the costs of equipment, labor and energy, legal requirements and ambient
conditions of the geographical location of interest. The modeling
approach and, more specifically, the models and techniques of analysis
developed in the system analysis and economics program of this project
can be very useful in this regard.

In summary, the major contribution of this program area is a paradigm
for economic analysis of a lobster culture system. This includes a general
model of most conceivable lobster culture situations, technigues for design
of an optimal facility, and a means of projecting costs and directing re-

search together with examples of their application.
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CONCLUSION

No insurmountable physical or biological problems now stand in the
way of lobster aquaculture. Lobsters can be grown with minimal mortali-
ties from eggs to adults and our research has made substantial contribu-
tions to essentially all phases of the culture of these desirable food
organisms. We have successfully resoived the technological problems
associated with the design, constructicn and management of seawater
systems for hatching, larval rearing and grow-out, and we have developed
techniques for modeling the aguaculture of the lobster which account for
both the biological properties and physical systems involved. The models
are structured in an economic context. The cost projections from cur
studies indicate, however, that we are not yet at a time when the price
of commercially raised lobsters can compete favorably with those caught
by the commercial fishery.

We have made real progress toward the domestication of the lobster
and an understanding of its biology. We have developed excellent data
on growth in culture systems, nutrition, and genetics. We have defined
the water-quality requirements of lobsters and can control all diseases
which have appeared. Our work with artificial diets has shown con-
tinual progress, and we have had successes with mating, egg extrusion
and subsequent hatching of lobsters in our laboratories. The two major
problems still unresclved are those of a superior artificial diet and
full control of the reproductive activities.

We believe that much of the data and technology we have developed
for lobsters is transferrable to the aquaculture of other species. Our
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cxpericnce with systems design and management for lobsters allowed us to
develop systems for prawn and crab research quite readily. <Configurations
of the particular holding units may change from species to species, but
the principles of ultraviolet treatment, pumping, filtration, temperature
control, and recirculation remain the same. The work in nutrition has
provided diets which may be used as standards for crustacean research and
the diseases identified and controlled have broad applicatiens to other
crustacean species. Our water-gquality and water-chemistry work is broadly
applicable to marine agquaculture, and our genetic studies have developed
the concept of biochemical tagging which will have wide applications in
crustacean hatchery and culture programs, and has gathered data from

the study of variation in many crustacean species in order to establish
rules for candidate selection in aquaculture. Although our mathematical
model was develcped specifically for lobster culture, it can be modified
to apply to culture of other species. The same technigues of cost pro-
jection, system optimization, and research direction can be usefully
applied to any culture system. Overall, our findings appear generalizable
to crustacean aquaculture as a whole.

Our approach has been advantageously multidisciplinary and has
expedited our work., It has allowed for a division of labor and a sharing
of expertise. The experience and knowledge gained in one area has decreased

the likelihood of the repetition of errors by workers in other areas
because of the close daily contact among our researchers and the joint
nature of many of our actnal experiments. Too, cross-comparisons

between the several research areas have pointed up problems and generated

ideas, and, because of the breadth of area and knowledge represented
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by our multidisciplinary group, immediate discussion, and even experimental
testiné of hypotheses or problems,has been possible. In real ways and in
terms of our accomplishments, what we have produced collectively is
significantly greater than the output could have been if the individual
research activities had been located at disparate institutions. Truly,

the total is greater than the sum of the parts.
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