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Abstract

The first critical hurdle facing the development of an offshore maricul-
ture industry is the availability of high quality seed required to stock the
pens or cages. First estimates for the requirement of seed based on the
possible offshore sites discussed so far are staggering  =9,000,000,000 by
2000!. In fact, the main flaw in most business plans concerning offshore
mariculture is the absence of a real plan concerning seed availability, includ-
ing the realistic costs. The shortage of seed is due mainly to the difficulty in
culturing the early life stages of marine species. Most marine fish hatch at a
small size, requiring some form of micro-invertebrate prey initially and ma-
rine crustaceans go through multiple metamorphic stages, requiring many
different food types  algae and micro-invertebrates!. These food require-
ments mean that in order to culture the desired commercially valuable spe-
cies, one must also culture or supply larger quantities of required prey spe-
cies. While it may be possible to site a component of the hatchery offshore
on larger platforms, it may be more cost-effective to site the food produc-
tion, hatchery and maturation systems onshore. This, of course, reintro-
duces the specter of competition for coastal resources and coastal zone
management, something that offshore aquaculture was supposed to elimi-
nate. This represents the second hurdle to the development of mariculture
because there are some real disadvantages to location on the coast, e.g.
nearshore pollution, lack of biosecurity, competition with industry and rec-
reation and environmental fluctuations. However, the advent of commer-
cial closed, recirculating aquaculture systems should ameliorate these disad-
vantages by reducing both the need for influent water supply and the dis-



88

charge of effluent. The improved control needed for initial life stages will be
easier to maintain in recirculating systems, especially biosecurity. Many new
technologies for the automated culture of algae and micro-invertebrates are
being developed. The Japanese, world leaders in offshore mariculture, have
until recently based their production on the availability of wild seed. Recent
developments in Japan  e.g. new government facilities, regulations and re-
search! suggest that they realize that a dependable source of cultured seed
is essential for the future success and growth of aquaculture in Japan. Other
recent developments suggest that they are diversifying their industry to in-
clude onshore recirculating aquaculture systems. A similar pattern appears
also to be occurring in Europe. A comprehensive plan for mariculture de-
velopment in North America should recognize the strengths and shortcom-
ings of each type of production system while focusing resources and energy
on the development of appropriate commercial technology.

Introduction

Global aquaculture production has risen at a rate of 10.9 percent over
the last decade. In fact, 25.6 percent of the world's fishery production is
now attributed to aquaculture  Tacon 1997a!. Looking at the latest produc-
tion statistics  Figure 1!, it is clear that marine finfish and shellfish are minor
contributors to the actual aquaculture production, 2.1 percent and 4.1 per-
cent, respectively  Rana 1997!. However, due to their greater relative mar-
ket value, they contribute more  a factor of 4 times! to the value of aquacul-
ture products, 8 percent and 17.3 percent, respectively. The marine finfish
culture industry produced 573,332 mt in 1995 up from 209,684 in 1984
at a growth rate of 9.6 percent/yr during the 11-year period and at 13.2
percent/yr during the last five years  FAO 1997; Pedini and Shehadeh
1997!. Much of the finfish mariculture production is achieved using nearshore
cages and offshore cages and net pens  Pedini and Shehadeh 1997!.

There are many critical issues facing the development of offshore mari-
culture and most are described in detail in this volume. One group of critical
issues can be considered to be societal and technological constraints con-
cerning facility siting  e.g. pen design, mooring systems, navigation and
environmental concerns!  Hayden, 1998; Helsley 1998; McElwee this vol-
ume; Kruse this volume; Conforti this volume; Rayburn this volume!. These
constraints result from our lack of technology or lack of adequate govern-
mental policy and procedure. They frequently impede progress but rarely
cause the complete failure of a project unless mismanagement has occurred.
The next grouping of critical issues is that of economics; it is expensive to
build and operate facilities offshore  Belle this volume; Johnson and Breed
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Fig. 1. Global aquaculture production by class in 1995  Rana 1997!. The pie chart
on the left is a breakdown by millions  M! of metric tons produced and the pie chart
on the right is by value in billions  B! of US dollars.

this volume; Wilson and Stanley this volume; Thomson this volume; Loverich
this volume!. These expenses include construction and other capital costs,
labor and management, operating costs  e.g. feed, repairs and marketing!
and transportation. Once again these costs rarely cause the failure of a
project unless one or more costs have been significantly underestimated or
price of the product drops significantly in response to increased supply. For
example, the value per mt of salmon and sea bass/sea bream decreased
over 29 percent from 1984 to 1995  unadjusted for inflation! and 50 per-
cent and 1990 to 1995  adjusted for inflation!, respectively, due to increased
production and market saturation  Bartley 1997a; Lem and Shehadeh 1997!.
The last of critical issues concerns the biology of the cultured species and
exposes gaps in our knowledge and technology. These biological constraints
include the supply and biosecurity of broodstock and seedstock- the subject
of this review.

Of all the critical issues facing offshore mariculture, the most constrain-
ing at present is the availability of high quality seed required to stock the
pens or cages  Fukusho 1996: Savage et al. 1998; Johnson and Breed this
volume!. You cannot start an industry unless you have the raw resources on
which to base production- in aquaculture that is the seedstock. First esti-
mates for the requirement of seed based on the possible offshore sites dis-
cussed in this volume are staggering. In fact, the main flaw in most business
plans concerning offshore mariculture is the absence of a real plan con-
cerning seedstock availability, including the realistic costs. The shortage of
seedstock is due mainly to the difficulty in culturing the early life stages of
marine species. Most marine fish hatch at a small size  halibut eggs are 0.9
mm compared to salmon at 6 mm, Wray 1998!, requiring some form of
micro-invertebrate prev initially. These food requirements mean that in or-
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der to culture the desired commercially valuable species, one must also
culture or supply larger quantities of required prey species. While it may be
possible to site a component of the hatchery offshore on larger platforms,
it may be more cost-effective to site the food production, hatchery and
maturation systems onshore. As a result, even in cases when seedstock
production technology appears to be adequate, seedstock availability rarely
meets the demands of the industry  Pedini and Shehadeh 1997!. The need
for modern onshore hatchery and food production facilities and their de-
sign is the topic of this review. Furthermore, recommendations will focus
on the development of offshore mariculture in North America while most
of the industry experiences that will be reviewed are taken from the Japa-
nese and Mediterranean mariculture industries.

Status of the Industry

Mariculture is an international business but most of the production is
centered in the Orient  FAO 1997!. The Japanese account for 5.1 percent
of total world aquaculture production, ranking third in the world  Rana 1997!
and they culture >50 percent of the marine finfish  FAO 1997!. The Japa-
nese consider food a strategic resource just as most Americans consider oil
a strategic resource. Being an island nation, food from the sea is particu-
larly valuable  per capita consumption is 67.8 kg in Japan compared to a
global average of 13.4 kg! and government and industry have worked in a
partnership to develop this resource  Bartley 1997b!. The best example of
the investment that the Japanese have put into mariculture is the chain of
fisherman association and prefectural aquaculture facilities that dot their
coastline �9 prefectural, 21 city and 53 fisherman associations; Fukusho
1996!. Currently, there are more than 50 major facilities, each of which
cost between 2-7 Billion Yen  US$750,000,000-2,400,000,000 total cost!.
These facilities house research programs that focus on the hatchery pro-
duction of finfish fry, mollusc larvae and crustacean larvae while a few also
include grow-out systems. They require extensive food culture systems for
algae and micro-invertebrates that are fed to the fry and mollusc and crusta-
cean larvae. At the present time, most of the production is used for stock
enhancement and offshore mariculture.

The Japanese are world leaders in nearshore and offshore mariculture
because most of the population prefers marine finfish to freshwater finfish-
eels being the exception. The mariculture of food fish is based on the net
pen culture of sea bream and yellowtail, 72, 185 and 169,765 mt in 1995,
respectively  FAO 1997!. The Japanese have until recently based their pro-
duction almost solely on the availability of wild fry. Recent developments in
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Table 1. Projected production levels of seedstock at the Nagasaki Pre-
fecture Marine Laboratory. This modern hatchery and fisher-
ies research station is estimated to cost 10 Billion Yen or
US$86,000,000  Anonymous 1997b!.

Yellowtail 500,000

Bartail 300,000

Abalone 500,000

Urchins 500,000

R&D- tilefish, grouper, rockfish, whelk, sea cucumber

Japan  e.g. new government facilities, regulations and research! suggest
that the industry realizes that a dependable source of hatchery cultured fry
is essential for the future success and growth of mariculture in Japan. The
largest mariculture facility in the world, the new Nagasaki Prefecture Ma-
rine Laboratory  Table I!, has recently been constructed by the prefecture
government and industry at a cost of 10 Billion Yen  US$86,000,000!. It
contains a hatchery, maturation facility, larval food production systems, net
pens and processing plant  Anonymous 1997b!. The financial goal of this
facility is to add 40 Billion Yen per year from fisheries products to the local
economy by 2011. Despite their heavy investment in mariculture facilities
 !US$1,000,000,000!, few of the Japanese facilities produce more than
10 Million fry and larvae per year for a total of 500 Million/yr  =$2/fry or
larvae!. The figures speak for themselves; mariculture is big business in
Japan and inspires heavy investment.

A similar pattern appears also to be evolving in Europe, especially south-
ern Europe  Tacon 1997b!. Production of sea bass, sea bream, mullet and
flatfish in the Mediterranean has risen to over 54,000 mt in 1994 and
60,000 in 1996 from a level of =5,000 mt in 1984, a rise of 	000
percent in a decade  Table II; Pedini 1996!. Production of sea bass and sea
bream is projected to increase to >100,000 mt by 2000 and will require
1.1 billion fry  Hjul 1997!. This increase in production is attributable to the
increased trade opportunities created by the formation of the European
Union  EU!, generous financing of infrastructure by the EU, mastering of
fry production techniques, development of better formulated feeds and use
of sea cages as the favored production system  Pedini 1996!. Figure 2 shows
the current production levels by country and year, respectively. The great-
est increase is in sea bass and sea bream production where the fry are
produced in hatcheries and the potential for increase is limited only by the
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Table 2. European marine finfish production in metric tons  mt! of food
fish and hatchery production of fry in millions M �0~!  Bauce
1997; Anonymous 1997a; Hjul 1997; Wray 1997a, 1997b,
1998; FEAP 1998!.

~ Mediterranean sea bass and sea bream production was 54,570 mt
and 236 M fry in 1996 and 70,000 mt and 310 M fry in 1997.
Production is predicted to be >100,000 mt by 2000.

~ Greece produced 21,000 mt �0 percent of total! and 95 M fry in
1996.

~ Turkey produced 12,000 mt in 1996.
~ Italy produced 6,500 mt and >60 M fry in 1996.
~ Spain produced 5,600 mt and 6,000 mt in 1996 and 1997, respec-

tively and one hatchery produced 1.2 M fry in 1996.
~ Flatfish production was =3,200 mt in 1997.
~ Norway produced 70 mt of halibut in 1994 and 138 mt in 1996.
~ France produced 852 and 950 mt of turbot in 1996 and 1997,

respectively.
~ Spain produced 1,890 and 2,225 mt of turbot in 1996 and 1997,

respectively. They are projected to grow more than 3000 mt and 2
M fry in 1998.

Year

Fig. 2. Production of marine finfish by countries around the Mediterranean Sea
during the period of 1984-1994  Lem and Shehadeh 1997!.



market  Lem and Shehadeh 1997!. Most recently, similar hatchery tech-
niques are being applied to flatfish, especially the turbot  Wray 1997a,
1997b!. The production of mullet, on the other hand, appears have been
stable for the last five years, apparently due to the fact that production is
dependent on wild fry. This represents a reasonable comparison of the
expected sustainable growth rates for finfish production when one is de-
pendent on wild fry and the other is not  Pedini 1996!.
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Current Needs

The US Department of the Interior and Department of Commerce do
operate large, modern freshwater hatcheries for sport fishing and salmon
stocking programs that approach the scale of investment seen in Japan
and Europe  National Science and Technology Council, 1996!. Together
these hatcheries had a yearly operating budget of =US$60.5 M in 1994,
over half of the total amount that the US government spent on aquaculture-
related activities that year. In comparison, the US has yet to establish a
single fisheries development facility of this scale for mariculture. There are
several university, government and private research facilities scattered around
the country that have developed strong programs in mariculture of fish,
molluscs and crustaceans. However, none could come close to producing
the quantity of seedstock needed to support even a pilot-scale, offshore
mariculture project much less a large-scale operation. This is a major im-
pediment to the development of an offshore mariculture industry  Katz 1996!.

In terms of immediate research focus, the US aquaculture industry and
research community must select a few appropriate target species or genera
for screening and then standardize protocols between laboratories for their
commercial evaluation. This is the one biological issue which has been at
least partially addressed on a research basis; many scientific publications on
spawning of marine finfish are available. Several of the later chapters in this
volume and the previous volume review the characteristics of many poten-
tial target species  Drawbridge and Kent 1998; Ostrowski 1998; Benetti et
al. this volume; Davis et al. this volume; Ostrowski and Chambers this vol-
ume!. However, the list is far too long and we can only afford to develop
methodologies for a few initial target species with current research funding.
Moreover, the commercial scale spawning of North American marine fin-
fish species is lacking. The only truly commercial-scale marine finfish hatch-
eries in North America are for redfish restocking programs. However, red-
fish may not be the optimal species for offshore mariculture, especially in
terms of market demand but they may provide the best candidate species
for proving the technology.



94

The issue for discussion in this chapter is the selection of these species
based on our current and potential future hatchery technologies. The growth
of offshore mariculture will require massive amounts of fry and it will be
expensive at first to produce them. Several hatchery facilities should be
created immediately at existing laboratories and their efforts coordinated. A
typical pilot-scale facility would require 10 to 25-5 mt hatchery tank sys-
tems for fry production in order to evaluate multiple species and/or com-
pare rearing techniques over a 24 month time period. Concurrent with the
initial target species selection process, facilities and methods for the com-
mercial-scale production of algae and micro-invertebrate must be devel-
oped  Rusch and Malone 1991, 1993; Morizane 1991; Kanamaki and
Shirojo 1994!. The production of fry will require ever greater amounts of
natural larval foods; this production is space and labor intensive, often re-
quiring a magnitude of effort greater than maintaining the fry culture sys-
tem itself. If the industry could then select 2 or 3 initial target species or
genera with the highest probability of success based on market potential as
well as biological characteristics  e.g. growth, feed conversion and fecun-
dity!, progress toward commercial scale production would accelerate.

Future Needs

Using the examples provided by the history of offshore mariculture in
the Orient and the Mediterranean, several future goals for development in
North America can be identified. The construction of and stable funding for
several � to 4! world-class research hatcherv facilities  cost
!US$20,000,000! at appropriate locations along the temperate and sub-
tropical coasts of North America is a top priority for the development of an
offshore mariculture industry. These facilities would include programs in
genetics, disease management, nutrition and reproduction and demonstrate
commercial scale hatchery production of marine fish fry and invertebrate
larvae. These facilities would also house flexible arrays of hatchery tank
systems, large automated algae and micro-invertebrate culture systems  Fujita
et al. 1982; Rusch and Malone 1991, 1993; Kanamaki and Shirojo 1994!
and biosecure, closed, recirculating systems for broodstock maturation and
spawning  Turk et al. 1997!. Ideally, the facilities would be managed through
a collaboration of government and industry and would pioneer technology
that industry alone would not typically support  e.g. genetics improvement
of stocks, basic nutrition research and disease management! but from which
they would ultimately derive great economic benefit  Katz 1996!.

The future goal should be to meet the demand for marine finfish fry
created by a mariculture industry that is estimated to grow at a double-digit
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Fig. 3. Estimated world production of marine fish fry for the last 1ten years. The
solid line represents the actual current production of «50/o of the total needed fry
and the dashed line represents the total estimated number of fry needed for all
marine finfish production in the years from 1995 to 2000.

growth rate for the next ten years  Pedini and Shehadeh 1997!. Hatchery
production of marine finfish in 1990 was estimated to produce =2.7 B fry
to support a final harvest of 225,000 mt and hatchery production in 2000
is projected to be =3.9 B fry to support a projected harvest of 350,000 mt
 Figure 3!. These production estimates equal approximately half of the world' s
total production from finfish mariculture �73,332 mt in 1995; FAO 1997!
such that wild fry are still being used at nearly the same rate as hatchery
spawned fry. This being the case, nearly =8.4 B fry would have to be pro-
duced in 2000 to supply the entire demand for finfish mariculture world-
wide  Figure 3!. To satisfy the need for this 8.4 B fry, it would require 1,000
hatcheries operating 365 d a year, each producing =100,000 fry/d
 =33,500,000 fry/yr each!, estimating a 25 percent survival rate to the
juvenile stocking size. Currently, the best hatcheries produce between 1-
10,000,000 fry/yr with only 15 percent survival to stocking sizes  Fukoshu
1996; Wray 1997b!.

Progress toward meeting the demand for marine finfish fry and shellfish
larvae can be divided into two issues, one is the development of technology
to produce the fry and larvae while the second is the cost-effective employ-
ment of the technology. The costs of the fry and larvae are as much a
concern as their availability. One of the ways that the cost can be trimmed
is through the use of automated systems that reduce the labor intensity of
seedstock culture. The most commonly automated components of aquacul-
ture systems are environmental systems  e.g. temperature, pH, dissolved
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oxygen and photoperiod!; feed management systems  e.g. input and clean-
ing!; financial and inventory systems  e.g. accounting and maintenance!;
and filtration systems  e.g. exchange rate, backwashing and special filtra-
tion!. The use of process control and artificial intelligence systems will make
it possible for aquaculturists to reduce the operating costs and labor costs of
aquaculture production systems  Lee 1991, 1993, 1995; Whitson et al.
1997!, including hatchery and maturation systems needed for offshore
mariculture. Aquaculture control systems result in: �! increased process
efficiency; �! reduced production costs; �! improved understanding of pro-
cess; �! reduced energy and water losses; �! reduced stress and disease; �!
improved accounting  Lee 1995!. Process control technology will undoubt-
edly be useful for the operation of offshore mariculture systems. too. These
systems can be used to automate feeding, sense changing weather and sea
conditions, sense stresses to sea cages and observe fish behavior  McCoy
1993; Whitsell and Lee 1994; Whitsell et al. 1997; Benetti et al. this vol-
ume!.

Another critical goal for the future development of offshore mariculture
is the identification of ideal candidate species  Katz 1996; Benetti et al. this
volume; Davis this volume; Ostrowski this volume!. Regardless of the mar-
ket potential or price per kg  i.e. demand! for a particular fish species, its
availability through culture will affect the supply and hence the commercial
value of a cultured species. The first issues to be addressed are the control
parameters  e.g. environmental and nutritional! for out-of-season spawn-
ing. This will require the development of regulated spawning techniques for
each species and the advent of genetic selection/stock improvement pro-
grams  Bartley 1997a!. It must be relatively easy to spawn in captivity and
culture the fry to the stage at which they can be weaned to artificial feeds;
the key is that few marine species are easy to culture. Their smaller egg size
and resulting small hatching size as compared to freshwater fish is certainly
one major obstacle but their very carnivorous life style is another major
obstacle resulting in the need for large volumes of micro-invertebrate prey.
The ideal marine species would be one in which large well developed fry
hatch and feed immediately on standard cultured micro-invertebrate prey
such as brine shrimp or rotifers. The fry should then be capable of being
weaned quickly  �4 d! to artificial feeds; feed conversion should be excel-
lent during most growth stages. There must also be a focus on the develop-
ment of artificial larval feeds for marine fry  Fukusho 1996!. This research
can be coordinated with the research on production of natural larval foods
so that partial replacement wiII be the first objective, followed by complete
substitution. The ideal species would be tolerant of crowding and of a wide
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range of temperature and salinity, allowing its use to be spread through the
temperate and sub-tropical areas of North America. This species would
also be one that could be spawned on cue so that production could be
maintained out-of-season. No one species appears to possess all these ideal
characteristics at this time but marine bass and flatfish species appear to
hold the best promise.

A final area of future research centers on health related issues and
biosecurity. Establishment of best management practices for each ideal spe-
cies, especially disease management, will be essential to the success of fry
culture  Katz 1996!. The acceptance of standards for biosecurity in all hatch-
eries will act to insure the industry against catastrophic disease outbreaks.
The biosecurity of broodstock svstems will also be necessarv to insure the
health of the fry produced in biosecure hatcheries. Use of wild broodstock
would eventually cause the same types of coastal zone conflicts as the col-
lection of wild fry; we must develop dependable sources of healthy broodstock
for each of these ideal species. Maturation feeds must also be improved
before cultured broodstock can be used to sustain the demand for seedstock
created by a growing offshore mariculture industry. The use of biosecure
closed, recirculation systems will increase as the number of cultured
broodstock increase and our dependency on natural waters will decrease
 Lee 1995; Turk et al. 1997!. These biosecure broodstock systems will also
enable genetic selection programs that will lead to improved, domesticated
stocks. The ability to environmentally isolate the broodstock lines and de-
velop inbred families from which a variety of family crosses can be made is
a requirement before growth of a mariculture industry can be sustained.
The best evidence for increased emphasis on domestication and genetic
improvement of marine finfish has been the 
0-fold increase in scientific
publications on mariculture genetics from 1980 to 1994  Bartley 1997a!.
This pattern of development  e.g. improved biosecurity, improved nutrition
and domestication! mimics the development of commercial broiler coops
and feedlots in developed countries  Allison et al. 1991; Mottram and Street
1991!, ensuring offshore mariculture will meet its future market potential.

Recommendations

A comprehensive plan for mariculture development in the US should
recognize the strengths and shortcomings of each type of production sys-
tem  e.g. recirculating tank, pond, nearshore cage and offshore cage and
net pens! while focusing resources and energy on the development of ap-
propriate commercial technologies. The most critical issues facing the de-
velopment of on-shore hatchery and maturation facilities for the support of
offshore mariculture are:
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1. Construction and funding of a government/industry network of mari-
culture hatcheries �-4! located on the temperate and sub-tropical coast
of North America, focusing on applied research and commercial hatch-
ery demonstration. This effort can be modeled on the prefectural aquac-
ulture stations found in Japan.

2. Development and application of improved hatchery technologies, espe-
cially for large scale production of algae and micro-invertebrate prey.
Automation of as many hatchery functions as is possible is considered
advantageous.

3. Identification of ideal species for culture, focusing first on egg and hatching
size and second on prey/food selection. Those species that hatch at a
larger size will be much easier to provide with prey of appropriate size.
These species must also be amenable to out-of-season spawning tech-
niques.

4. Once optimal candidate species are identified, genetic selection pro-
grams must be instituted to develop biosecure, domesticated stocks,
optimizing hatching size, disease resistance, conversion efficiencies and
growth rate. Special facilities will be required to house these valuable
stocks in biosecurity.
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Abstract

This paper is divided in two sections: �! Biological and market criteria
were evaluated to rank several pelagic, demersal, reef and coastal fish spe-
cies into experimental, technological and/or economical feasibility leu-
els, according to their respective prospects for commercial aquaculture de-
velopment using offshore floating net cages in the Gulf of Mexico. Dolphin
fish  Coryphaena hippurus!, greater amberjack  Seriola dumerili!, pom-
pano  Trachinotus carolinus!, yellowfin tuna  Thunnus albacares!, bluefin
tuna  Thunnus thynnus!, Southern flounder  Paralichthys lethostigma!,
Gulf flounder  P. albigutta!, mutton snapper  Lutjanus analis!, red snapper
 L. campechanus!, gray or mangrove snapper  L. griseus!, yellowtail snap-
per  Ocyurus chrysurus!, groupers  Epinephelus spp!, and red drum
 Sciaenops ocellatus! are among the native candidate species whose po-
tential for commercial aquaculture development in offshore systems in the
Gulf of Mexico is evaluated in this paper. �! Several methods exhibiting
potential for solving some of the problems of large offshore aquaculture
production systems are presented and discussed in this paper. These in-
clude a number of novel underwater imaging, detection, measurement sys-
tems and monitoring devices employing either optics, acoustics or a combi-
nation of both. Specifically, there is a need to monitor. in real time, the
existing fish biomass in net pens. Coupled with a system that can monitor
the volume of uneaten feed, this technology could be instrumental in mini-
mizing feed losses, production costs and environmental degradation in and
around the fish farming area. In addition, these remote sensing techniques
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lend themselves to fast and accurate counting devices to monitor the trans-
fer of stock from one system to another. Other useful applications of these
methods range from in situ plankton counting and identification to detec-
tion of large potential predators and vessels. An optical system patented by
HBOI provides a real time 3D laser generated "movie" of fish, displaying
their movements  x,y,z! in a volume. Finally, environmental and legal issues
associated with offshore platforms and their use for marine finfish aquacul-
ture are briefly discussed in this paper.

Introduction

Marine finfish aquaculture production worldwide has been increasing
exponentially during the 1990s  F.A.O., 1997!. In 1995, total marine fish
production was 532,000 metric tons  MT!. Assuming a conservative steady
annual percentage rate  APR! of 5 percent, total production by the year
2,000 will be 700,000 MT  Tacon, 1998!.

Inshore and offshore net cages are the most widely used systems for
commercial aquaculture of marine finfish in Asia  Ikenoue and Kafuku, 1992;
Aoki, 1995; Chou et al., 1995; Li, 1995; Liao et al., 1995!, producing
more than 90 percent of the 7.5 million MT of high-value marine finfish
worldwide between 1992 and 1995  Main and Rosenfeld, 1995!. Cage
culture of marine fish has grown rapidly over the last decade in Europe,
particularly in Greece and Spain with the gilthead sea bream  S parus au rata!
and the Mediterranean sea bass  Dicentrarchus labrax!. Production of sea
bream and sea bass in Europe increased from 1,000 MT in 1985 to 35,000
MT in 1994 and is expected to rise to 60,000-100,000 MT by the year
2,000  New, 1997!. Cage culture is also developing very fast in Australia,
where southern bluefin tuna  Thunnus maccoyii! ranching has already be-
come a multimillion dollar industry. Indeed, tuna ranching in Australia be-
gan in 1990 and is presemtly the largest bluefin aquaculture industry, with
production of approximately 3,000 tonnes in 1997  Smart et al., 1998!.

The most comprehensive review on cage aquaculture worldwide was
made by Beveridge �996!, who compared the use of net cages with other
growout systems such as ponds, embankments and tanks used for farming
marine fish. Miget �995! suggested that the marine fish industry in the
U.S. could be developed in association with offshore oil rigs in the Gulf of
Mexico. Indeed, the available infrastructure of thousands of inactive oil and
gas platforms, combined with ideal year round water quality parameters,
make the Gulf of Mexico an attractive option for the development of off-
shore cage systems for marine fish farming. Due to stringent regulations
restricting the use of water and coastal areas for aquaculture, offshore sys-



tems represent the best alternative for the development of commercial fish
farming operations in the U.S.. However, with the exception of salmonids
and a few research projects, the production of high-value marine fish in
inshore and offshore net cages in the U.S., Latin America and the Carib-
bean regions has been negligible and restricted to pilot scale operations
 Benetti et Ql., 1995a; Benetti et al., in press!.

Among the most important problems to be resolved before developing
large scale cage culture systems in the Gulf of Mexico for are those related
to liability, bonding, insurance and other legal issues associated with off-
shore platforms. Environmental issues must also be addressed. Poorly man-
aged cage aquaculture systems can be detrimental not only to the ecosys-
tem and biodiversity, but also to the sustainability and commercial viability
of the operations. There have been problems related to environmental deg-
radation associated with cage culture in the coastal areas of several coun-
tries  e.g. The Philippines, Norway and Scotland!. However, environmental
impact generally associated with cage culture in coastal areas should be
insignificant at deep water platform locations. For instance, contamination
of the sediments and benthos by pesticides and metals  mainly copper from
copper-based paints used as antifouling agents and zinc, which is a compo-
nent of fish feeds and is used in galvanized cage structures! would be negli-
gible in an offshore environment due to the greater depth, strong water
currents and distance from the shore. Proper cage farming management
techniques include avoiding the use of chemical pollutants while improving
rates of growth and food conversion, therefore minimizing wastes due to
excessive excretion, uneaten feeds and feces. A limited amount of nutrients
and solids will inevitably be released from the cage farming operations, but,
eutrophication is not a threat in areas surrounding offshore cage systems.
Even though the natural productivity of the water may be expected to in-
crease to a certain extent, limited amounts of organic and inorganic pollut-
ants can be assimilated by the carrying capacity of the offshore environ-
ment. Nevertheless, controls, such as the requirement of periodic environ-
mental assessments of cage sites prior to and during project development,
should be effected.
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Feasibility levels
The criteria used for establishing the feasibility of each species are some-

how subjective and restricted to the leuel of control and results to date
related to the following aspects:
~ maturation: broodstock availability and management;
~ spawning: natural, environmentally conditioned and/or hormone in-

duced;
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~ larual rearing: larval husbandry techniques;
~ suruiual rates: during the larval rearing, nursery and growout stages

Experimental feasibility: Research level. The species is generally dif-
ficult to raise, with little or no control over maturation, spawning, and larval
rearing. Survival rates from fry to harvest size are low  between 0-1 per-
cent!. The species has been and can be experimentally raised but results
cannot be consistently repeated. Research at this level is generally con-
ducted at universities or research institutions and is funded by government
grants.

Technological feasibility: Research and deuelopment leuel. Control
over maturation, spawning, and larval rearing vary greatly among the spe-
cies. Survival rates are generally low to medium  between 1-20/o!. The
species has been and can be raised but not yet at a profit. Results can be
repeated consistently. R&D is generallv conducted in private companies,
universities and research institutions using both private and government
funds.

Commercial feasibility: Economic feasibility leuel. Total control over
maturation, spawning and larval rearing. Survival rates are generally me-
dium to high �0-70/o!. The species has been and is being commercially
cultured at a profit by the private sector.

Brief Overview of Selected Candidate Species

Biological and market considerations were evaluated to rank the follow-
ing pelagic, demersal, reef and coastal fish species into the feasibility levels
previously described. The species were ranked according to their prospects
for offshore aquaculture using net cages in the Gulf of Mexico. Results are
shown in Table 1, along with a brief overview of a few selected candidate
species.

Bothidae

Paralichthys lethostigma, Southern flounder

The southern flounder, Paralichthys lethostigma, is a lefteye flatfish
found along the U.S. east coast and Gulf of Mexico from North Carolina to
Texas, but is absent from southern Florida  Robins et al., 1986!. Adults
reach 60-91 cm  review by Pattillo et al., 1997!. The southern flounder is
considered one of the top candidate species for commercial aquaculture
development in the United States because it tolerates higher temperatures
and lower salinities than most other flatfish species and can be therefore
reared in a wider variety of environments. In addition, flounder have excel-
lent market demand and price. A similar species, the Japanese flounder
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hirame  Paralichthys oliuaceus! has been commercially raised in cages in
Japan and Korea. According to the National Fisheries Institute, annual profits
from farmed flounder in 1997 exceeded $100 million in Japan. For grow-
ing out flatfish in cages, it will be necessary to modify the bottom of the
cage to some extent  Jeon et al., 1992!. It appears that Southern flounder
has great potential for cage culture in the Gulf of Mexico.

Paralichthys albigutta, Gulf flounder

The gulf flounder, Paralichthys albigutta, is a lefteye flounder  Bothidae!
found throughout the Gulf of Mexico to North Carolina, including southern
Florida and the Bahamas  Robins et al., 1986!. Very similar to the southern
flounder in appearance and general ecology, gulf flounder prefer higher
salinities and are smaller, reaching a maximum size of 71 cm and 5 kg
 review by Pattillo, 1997!. The gulf flounder is another excellent candidate
species for aquaculture development in the Gulf of Mexico. However, fur-
ther research should be conducted with this species before an evaluation of
its aquaculture potential is made.

Carangidae

Seri ola d u meri li, Greater amberj ack

The greater amberjack, Seriola dumerili, is distributed worldwide in
tropical waters. The jacks are among the most commercially important
family of marine fish in the Indian and Pacific Oceans  Robins, 1986!. Com-
mercial culture of a similar species, the Japanese hamachi or yellowtail
 Seriola quinqueradiata! has been conducted in other countries for several
decades. Wild caught fingerlings of this species have been cultured in float-
ing net cages in Japan since 1965 and adults are marketed worldwide for
sashimi or sushi  Ikenoue and Kafuku, 1992!. Recently, RRD work in Ja-
pan and Australia has been concentrated on another similar species, Seriola
lalandi, whose pilot scale production has demonstrated excellent potential
for expansion to commercial scale. The technological feasibility of matura-
tion. spawning and larval rearing of another related Seriola species  S.
mazatlana! has already been proven  Benetti et al., 1995b; Benetti et al.
in press!. The establishment of a economic and commercial hatchery op-
eration for greater amberjack, S. dumerili, will make this species a logical
choice for offshore cage culture in the Gulf of Mexico.

Trachinotus carolinus, Florida pompano

The Florida pompano, Trachinotus carolinus, occurs in estuarine and
coastal waters of the Gulf of Mexico and from the southeastern U.S. to



Brazil, but is most abundant along the Florida coast  review by Pattillo et
al., 1997!. It is considered a good candidate for marine aquaculture and
received considerable attention in the U.S. during the 1960's and 1970's
 Moe et al., 1968; Watanabe, 1995!, but research has been discontinued.
The Florida pompano would be suitable for cage aquaculture if the species
is proven to be technologically feasible at the hatchery level. Adults prefer
higher oceanic salinities  Pattillo et al,, 1997! and maximum growth rates
occur at stable temperatures above 25'C  Finucane, 1969!. Studies on Florida
pompano in floating net cages suggest that using large offshore cages in
areas such as the Gulf of Mexico may provide a favorable growout system
 Watanabe, 1995!. Wild caught fingerlings of Florida pompano have been
experimentally reared in cages and ponds in Venezuela, Mexico and Ecua-
dor.
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Coryphaenidae
Coryphaena hippurus, Dolphin Fish or mahimahi

Dolphin  mahimahi!, Coryphaena hippurus, are predatory pelagic fish
distributed throughout the tropics and subtropics  Palko et al., 1982!. This
species has considerable potential for cage aquaculture due to very fast
growth rates and high fecundity. In flow-through seawater systems, captive
reared fish fed artificial diets had growth rates that were among the fastest
ever recorded for teleosts  Benetti et al., 1995a!. All technological aspects
of dolphin fish aquaculture are controlled, but the economic feasibility of
their aquaculture has not been realized yet.

Lutjanidae
Lutjanus campechanus, Red snapper

The red snapper, Lutjanus campechanus, inhabits coastal waters along
the eastern U.S. from North Carolina to the Yucatan in the Gulf of Mexico
 Robins et al., 1986!. Natural stocks have been overfished and the com-
mercial fishery was closed in 1991  Bennett, 1993!. Spawning and larval
rearing of this Iutjanid is currently in the experimental stage  Phelps et al.,
1996!. In Taiwan, the intensive culture of L. argentimaculatus, a species
closely related to L. campechanus, is already well established with growout
taking place in culture ponds and cages  Liao et al. 1995!. Another similar
species native to the Pacific ocean, Lutjanus guttatus, has been success-
fully spawned and experimentally raised in cages in Costa Rica and in Mexico.
The red snapper is an excellent candidate for cage culture in the Gulf of
Mexico, once larval rearing and fingerling production protocols are estab-
lished.
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Lutjanus anaiis, Mutton snapper

The mutton snapper, Lutjanus artalis, is a popular native game fish and
a promising candidate for cage aquaculture development in the Gulf of
Mexico. The mutton snapper exhibits fast growth and survival rates, is re-
sistant to diseases and has a high market value. Wild caught mutton snap-
per have been spawned and larvae reared in captivity by Watanabe et a1.
�998! and Benetti and Feeley  in prep,!, Hatchery reared 4-month-old
juveniles would be suitable for stocking in offshore cages for growout,
Watanabe et ai. �998! reported that juveniles grew from a mean weight of
10.5 g to 140.8 g after 71 days in recirculation seawater tanks �8 fish/
ms!. With financial support, the aquaculture of this species could be rapidly
expanded from the R8rD stage to commercial production,

Lutjanus griseus, Gray  mangrove! snapper

The gray snapper, Lutjanus griseus, is a ubiquitous resident of the Gulf
of Mexico and the western tropical and subtropical Atlantic inhabiting estu-
aries, riverine, mangrove, shallow bay and offshore coral reef environments.
The gray snapper has good potential for cage aquaculture because it toler-
ates a wider range of temperatures and salinities than most snapper species
and is a commerciaHy important high quality food fish. Gray snapper has
been successfully spawned and their larvae reared through metamorphosis
 Benetti and Feeley, unpublished!, however the viability of sustained spawn-
ing and larval rearing needs to be further investigated,

Ocyurus chrysurus, Yellowtail snapper

The yellowtail snapper, Ocyurus chrysurus, is another important Lutjanid
native to the Gulf of Mexico and western Atlantic ocean. Some experimen-

tal trials on their spawning and larval rearing have been conducted with
limited success in Texas  Riley et a1., 1995; A. Davis, University of Texas
Mar. Sci. Inst., pers, comm,! and in Florida  T. Capo, University of Miami,
pers. comm,!, Survival rates during the larval rearing are still very low and
laboratory reared fingerlings exhibit slow growth and high food conversion
rates. A considerable amount of RSD work must be conducted before evalu-

ating the commercial aquaculture potential of the yellowtail snapper.

Sciaenidae

Sciaenops oceiiatus, Red drum

The red drum, Sciaenops oceiiatus, is an important estuarine and coastal
gamefish of the Gulf of Mexico and eastern United States. Since 1990,
commercial harvest of red drum has been closed in the Gulf of Mexico due

to overfishing pressure driven bv the popularized Cajun style "blackened



redfish" recipe  review by Pattillo, 1997!. However, the sale of farm raised
fish is legal and the Florida Department of Agriculture has proposed guide-
lines to lipid test farmed fish to distinguish them from their wild caught
counterparts. Red drum are one of the few marine species whose culture is
commercially established and exhibits very good growth and survival rates.
Maturation, spawning, larval rearing, fingerling production and growout
technology is readily available. It is an excellent candidate species for cage
culture in an offshore environment. Red drum has been introduced from
the U.S. to several countries throughout the world. This species is commer-
cially cultured in cages in Asia  Taiwan! and experimentally in Ecuador. Red
drum juveniles and adults prefer high salinities with maximum growth oc-
curring at 35 ppt and are eurythermal, with adult fish moving offshore to
avoid cooler temperatures  review by Pattillo, 1997!. Other Sciaenidae spe-
cies with potential for cage culture in the Gulf of Mexico is the orangemouth
corvina  Cynoscion xonthuIus!.

Scombridae

Thunnus albacares; Yellowtail tuna; T. Thynnus, Bluefin tuna
Found worldwide in temperate, subtropical and tropical waters, the bluefin

tuna, Thunnus thynnus, and yellowfin tuna, T. albacares are commercially
important fish species whose aquaculture potential have been recently par-
tially developed. Ranching wild caught tuna in cages is a common practice
in the Mediterranean and in the Pacific. In Australia, 8-12 kg juvenile northern
bluefin tuna are caught offshore, stocked in cages for growout until they
reach market size of 20-30 kg. Growout period is only approximately 3
months; specific growth rates  SGR! are 5/o of their body weight per day.
However, spawning, larval rearing and fingerling production of tuna is only
at the R&D stage in Japan  bluefin! and in Panama  yellowfin!. In the U.S.,
the fishery is based solely on wild caught fish. When tuna hatchery opera-
tions are technologically feasible, then the U.S. can begin to consider off-
shore cage culture of Thunnus spp. in the Gulf of Mexico.

Serranidae

Epinephelus spp., Groupers
The Epinephelus genus is a large subgroup of the Serranidae family

consisting of medium to large tropical and subtropical species that are rec-
ognized for their commercial value as food and ornamental fish. A consid-
erable amount of information is available in regards to grouper aquaculture
 Tucker, 1994!. Floating cage growout of grouper is practiced in Thailand
 Ruangpanit and Yasiro, 1995! and other Asian countries. Groupers are



recognized as the most commercially important cultured commodity in Hong
Kong, Taiwan and the Southeast Asian region  Kuo et al., 1988!. It takes
approximately a year to get 9-10 cm fingerlings to reach a market size of 1
kg. However, the larvae are extremely delicate and survival rates to the
fingerling stage are still low. Nevertheless, several species of groupers of
the genus Epinephelus are commercially raised in many countries in Asia,
particularly Singapore, Japan and Taiwan. If fingerlings are available, na-
tive Gulf of Mexico species  E. striatus, E. morio! are very good candidates
for cage aquaculture based on reported growth rates and commercial feasi-
bility of other species in the Asian Pacific Epinephelus sp.  Kuo et al.,
1988!.

Sparidae

Pagrus spp., Porgies
The sea bream, Pagrus major, has been cultured in Japan since 1965

and today, 90/o of production is supported by hatchery reared fingerlings
with growout being conducted in floating net cages  Kumai, 1995; Main
and Rosenfeld, 1995!. The red porgy, Pagrus pagrus, is the only Pagrus
species of the porgy family that is native to the Gulf of Mexico  Robins et
al., 1986!. Although other Sparidae of the genus Pagrus and Sparus have
been commercially cultured in Asia and in Europe, respectively, no reports
of aquaculture of porgies are avialable for the U.S..

Adapting novel optical and acoustics technologies to offshore
aquaculture

Harbor Branch Oceanographic Institution's Engineering Division has
developed a wide array of subsea sampling and data acquisition systems for
oceanographic research, exploration and defense applications. These in-
clude a number of underwater imaging, detection, measurement systems
and monitoring devices employing either optics, acoustics or a combina-
tion of both. Some of these technologies may have direct applicability to
both onshore and offshore aquaculture endeavors.

3-D Laser Scanner

A unique 3-D, high resolution underwater laser scanner that may have
application in commercial offshore aquaculture has been developed by
HBOI'. The first system was developed under contract to the US Navy for
military purposes. Subsequently, others have been refined and built for marine
science applications. Rather than relying on underwater lights and a con-
ventional video camera  subject to back scatter in turbid water! this system



Fig. 1. 3-D laser scanner n>ay have application in offshore net cage systems

rapidly "paints" a scene in a given volume with a laser beam that is repeat-
edly and rapidly scanned in a "raster fashion" by a pair of computer-con-
trolled mirrors.

The trajectory of the incident light is always known from the instanta-
neous position of the computer-controlled mirrors. The laser beam is emit-
ted throuqh a glass port in the underwater housing. Behind a second port is
a iPosition Sensitive Detector>  PSD! that provides the ixi and iyt coordi-
nates of the centroid of the reflected light. Knowing the angle of incidence,
also know is the where expected the point. at which the reflected light strikes
the PSD had it reflected off a flat surface at a given range. Should it land
anywhere else, somethino  for example a fish passing bv! has interrupted
the iz path.t Through simple physics, geometry and trigonometry a high-
speed microprocessor runs algorithms to process these linterruptionsi into
a high-resolution 3-D map of the volume before the device. Figure 1 de-
picts the theorv of operation of the apparatus. This system is capable of
imaging 20 frames per second  very nearly video rates!. High resolution
laser generated imovies> have been produced of small �-2 cm! near ly trans-
parent fish that accurately quantify their size as well as their instantaneous
location, speed and direction in a given volume of water.
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Video Tracking

Where turbidity permits imaging using underwater video systems, an
automated approach to quantifying, tracking and identifving organisms also
developed at HBOI may be employed, In this approach. computer vision
techniques are applied to video images of biota, enabling the collection of
information regarding their behavior, mobility and local and global distribu-
tions in a non-intrusive manner, The software automatically extracts char-
acteristics such as size. duration, and the spatial coordinates of the organ-
isms and uses this information to taxonomicallv classify the species with
some degree of certainty. Active contour models are used in the implemen-
tation, This technique has been demonstrated using video sequences of
organisms as small as marine plankton. The sheer volume of video data
recorded over the period of even several hours makes manual analysis im-
practical. Through the use of this technique, however, results compare with
human expert level accuracy for counting and identifying even plankton
with results achieved in much shorter time than manual counting, This sys-

tem provides the ability to process data needed to characterize the in situ
spatial and temporal relationships of almost any organism or object in its
natural environment. Figure 2 depicts an example of tracking plankton
size, type and position with time.

Acoustic Sensing of Larger Fish, Mammals or other Large
Animals or Objects

Another system designed by Harbor Branch engineers for a different
problem may have application in offshore aquaculture, particularly for moni-
toring, measuring or counting larger fauna, The system is depicted in Fig-
ure 3 in its intended purpose, which is to prevent manatees  an endangered
species! from getting crushed by closing navigation locks in very turbid wa-
ter. It is an acoustic system, but far less expensive and many times more
rugged and robust than commercial imaging sonar systems. A row of 'emit-
ters," each placed approximately 10 cm from the next in a cartridge strip is
mounted to one gate. An identical cartridge is mounted to the other gate,
where it is being utilized as a row of "receivers.'

This "either/or" functionality of the cartridges is the result of one of its
unique features, Rather than using expensive and delicate ceramic acoustic
elements, each component is simply a "tube' of rolled piezo-electric film,
When excited mechanically, the piezo-electric film generates an electric
charge. Conversely, when given an electric charge, it vibrates. Thus, two
identical cartridges are useda the emitter is provided electrical pulses caus-
ing it to vibrate at a very high  over 700 kHz! frequency in structured syn-
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Frame 1

Frame 4Frame 3

Fig. 2. Example of tracking phnkton outlines over four sequential frames.

Fig. 3. Low cost, low power acoustic detector for large fish, mammals and large
objects,



chronous pulses. The "receiver" side converts this acoustic energy back
into a signal. The elements are spaced every 10 cm from surface to bottom
creating a sort of acoustic "ladder."

The system is designed to detect the passing large objects or animals
such as sharks, manatees, etc., and ignore smaller fish. Thus, anything
passing between the acoustic "rungs' goes undetected. Similarly, the
microcontroller is programmed not to react to a single beam interruption as
would be the case of a mullet or crab passing through a beam. However,
when two  or more! adjacent beams are broken simultaneously, the
microcontroller recognizes the presence of a large object. The length of
time that beams are interrupted may be interpreted as the length of the
object passing through. In addition to being linked directly to the motor
controlling gate closure  to reverse their direction upon manatee detection!,
the system is also tied into a data logger that provides a valuable data set for
biologists monitoring the animals migration and behavior.

Two important features of this acoustic system are:  a! The frequency
 greater than 700 kHz! is high both to assure that it is far above the hearing
range of this endangered species and, therefore, does not annoy or "ha-
rass" them; but also to assure that the acoustic energy is absorbed and
attenuated after only a very short distance  essentially the gap between the
closing gates!a this keeps the concrete and steel, parallel walled-lock form
simply becoming saturated and ensonified with meaningless acoustic re-
verberations that would defeat the system; and   b! The second salient fea-
ture that enables the system to work is the shape of each piezo-film ele-
ment. The navigation lock doors "swing" relative to each other. It would be
impossible to project a single coherent beam from one fixed emitter to its
corresponding fixed receiver when they' re mounted on these swinging doors.
However, bv forming the acoustic beam into a 160~ "fan' that diverges
very little in the other plane, the discrete "rungs" of the acoustic "ladder"
are preserved while assuring emitter-to-receiver contact regardless of the
relative orientation of the two doors.

Effectively, this is a low cost, rugged, controllable-resolution underwater
imaging system that works in a controlled volume  for example a chute
between 2 pens or tanks! to monitor, count and to a lesser degree even
measure the objects passing through � all in an automated manner.

Conclusions and Recommendations

To a greater or lesser extent, all species evaluated in this review present
potential for commercial aquaculture development in offshore systems in
the Gulf of Mexico. We recommend that the private industry use native
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species which have been ranked at the economic and/or technological fea-
sibility levels for project development. Universities and research institutions
should focus on those candidate species ranked at the experimental feasi-
bility level. The technology available for offshore net cages systems can
support the development of the industry. Methods for improved monitor-
ing, surveillance, security and safety of offshore systems are also available
and could be easily adapted for use in cage aquaculture. From the techno-
logical viewpoint, sustainable mass production of fingerlings of commer-
cially important marine finfish species for stocking the cages constitutes a
limiting factor for industry development. Although most species evaluated
were ranked at the experimental and/or technological feasibility levels, the
technology for their commercial aquaculture development is available
in the U.S., and closely related species are commercially raised in other
countries. Even though the offshore environment would be subject to
minimal environmental impact caused by fish farming in cages, we rec-
ommend to carry out rigorous environmental assessment simultaneously
with the development of the commercial operations. By monitoring
and minimizing any potential environmental impact, offshore aquacul-
ture operations in the Gulf of Mexico can be sustainable in the long
run. Finally, problems related to liability, bonding. insurance and other
legal issues associated with offshore platforms must be resolved before
this resource can be fully exploited. The offshore area of the Gulf of
Mexico exhibits extraordinary potential for the development of a sus-
tainable marine fish cage aquaculture industry.
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