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PREFACE

The United States and Japanese counterpart panels on aguaculture were formed in 1969 under the
United States-Japan Cooperative Program in Natural Resources (UINR). The panels currently include
specialists drawn from the government and academic departments most concerned with aquaculture.
Charged with exploring and developing bilateral cooperation, the panels have focused their efforts on

exchanging information related to aquaculture that could be of benefit to both countries.

The UJNR was begun during the Third Cabinet Level Meeting of the Joint United States-Japan
Committee on Trade and Economic Affairs in January 1964. In addition to aquaculture, current subjects in
the program include toxic microorganisms, air pollution, energy, forage crops, national park management,
mycoplasmosis, wind and seismic effects, protein resources, forestry, and several joint panels and

committees in marine resodfce research, development, and utilization.

Act:oniplishments include: increascd communication and cooperation among technical specialists;
exchanges of information, data, and research findings; annual meetings of the panel, a policy-coordinating
body; administrative staff meetings; exchanges of cquipment, materials, and samples; several major

technical conferences; and beneficial effects of international relations.

The 26th U.S.-Japan Aquaculture Panel Symposium was held in Durham, New Hampshire, from 16-
18 September 1997. Following the symposium, field trips during a seven-day period included the areas of
Portsmouth, New Hampshire; and Bar Harbor, Eastport, Camden, and Boothbay Harbor, Maine. The
symposium was organized by program chair Anne Bucklin, Sea Grant Director; Hunt Howell, Professor of
Zoology; and Rollic Barnaby, Sea Grant Extension Officer, at the University of New Hampshire.

Panel Chairmen;
James P. McVey, United States

Yukio Uekita, Japan



Participants in the 26th UJINR Aguaculture Panel Symposium, held in
Durham, New Hampshire, U.S.A., September 16-18, 1997.
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RESEARCH IN FLATFISH CULTURE IN THE NORTHEASTERN
UNITED STATES

George C. Nardi
GreatBay Aquafarms, Inc.
153 Gosling Road
Partsmouth, NH 03801
e-mail: GAquafarm®@aol.com

ABSTRACT

Although flatfish have been commercizlly cultured for over a decade in Europe and Asia, their culture in North
America has enly recently been commerciatized. The commercialization of Atlantic halibut Rippoglossus
hippoglossus and summer floundet Paralichihys dentatus culture followed years of collaborative effort between
industry and university researchers. Other important flatfish specics are being evaluated for commercial culture
throughout the region, including winter flounder Pleuronecres americanus, witch flounder Glyprocephalus
cynoglossus, and yellowtail flounder Plewronectes ferruginea. Juvenile production continues to be an impedi-
ment to commercialization. Commercial on-growing strategies include both net pen and land-based 1ank cutture

systems,

INTRODUCTION

Summer flounder Paralichthys dentatus
Research is underway in New Hampshire,
Massachusetts, Rhode Island, Connecticut, and
New York. Commercial production was begun in
New Hampshire in 1995, Massachusetts and New
York in 1997, and is slated for 1998 in Rhode Is-
land. Much of the research in New Hampshire
has taken place at the University of New
Hampshire's (UNH) Coastal Marine Laboratory
and at GreatBay Aquafarms, Inc. (GBA), a com-
mercial hatchery. UNH research has been sup-
ported by both the U.S. Departinent of Commerce’s
National Oceanic and Atmospheric Administration
(NOAA)/National Marine Fisheries Service
(NMFS) Saltonstall-Kennedy Industry Grants Pro-
gram (5-K) and the U.S. Department of Agricul-
ture Northeast Regional Aquaculture Center
(NRAC). The S- K work investigated substrate
color prefcrences and effect on pigmentation, ju-
venile stocking demsities as a percentage of bot-
tom coverage (100, 150, and 200%), feed prefer-
ences, growth performance, and use of a recircu-
lating seawater system. The NRAC research in-
vestigated the efficacy of natural spawning vs.
hormonal inducernent, larval stocking densities at

10, 20, 30, and 60 larvae/L, and weaning diet
protein contents of 45, 50, and 55%. Much of this
NRAC-sponsored research is being undertaken at
GBA.

GreatBay Aquafarms, the New Hampshire
Industrial Rescarch Center (NHIRC), Sea Grant,
NRAC, and the Electric Power Research Insti-
tute (EPRI) have cooperatively funded a number
of research projects. The NHIRC research in-
cludes microbiology and veterinary diagnostics,
waslewater characterization and cffluent treatment
design, and thermal engineering to capture the
waste heat of a utility for heating the seawater
and air. UNH Sea Grant and GBA are working to
identify and develop a probiotic approach for early
larval rearing in order to increase survival and limit
pathogen habitation of the culture environment or
larval gut. In addition, UNH Sea Grant research-
ers are working with GBA to identify genetically
superior broodstock by tracking the performance
of individual families raised in 2 common environ-
ment. The EPRI funding assisted in the develop-
ment of a commercial scale grow-out demonstra-
tion system where research is being undertaken to
evaluate the performance of altemate recirculat-
ing life support systems, specifically the biofilters.
One biofilter is a fluidized sand bed, the otheris a
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plastic media submerged in an acrated tank. This
research is also assisting in the engineering of a
land-based tank farm being planned for GBA. This
demonstration farm will allow GBA ta compare
variables such as stocking density on biofilter per-
formance. The operating costs of the two sys-
tems will also be compared.

In Massachusetts, Aqua Future, Inc., a
hybrid striped bass grow-out operation, is building
a hatchery for the production of summer fleunder
juveniles and, as the recipient of a NOAA Fishing
Industry Grant (FIG), is providing oversight and
design input for two grow-out demonstration sites,
one in New Bedford, Massachusents, and one in
Quonset, Rhode lsland. The objectives of this work
are 10 demonstrate the commercial cuiture of sum-
mer flounder, the utilization of underutilized sea-
food processing space as culture sites, and the vi-
ahility of aguaculture as an alternative means of
employment for displaced fishermen and plant
workers. Trio Algarvie Seafoods, Inc. harvests
and processes groundfish in New Bedford, The
company owns & processing facility that is cur-
rently undenutilized because of government-man-
dated reduced fishing effort which has, in turm, made
itdifficutt for the company to supply local fish. Trio
has installed into its facility the first phase of a
grow-out farm utilizing raceways and a recirculat-
ing scawater system. Trio is stocking this system
starting in late 1997 with juvenile summer floun-
der.

The University of Rhode Island (URI) has
been involved with flatfish culture for many years,
most recently investigating commercial culture for
stock enhancement and grow-out. URY's fladfish
aquaculiure research has been funded in part
through S-K, Sca Grant, and NRAC awards. The
5-K research was done in collaboration with the
Universities of Massachusetts and New Hamp-
shire, the New England Fisheries Development As-
sociation (NEFDA), Northeast Organics, Inic., and
GBA. The S-K research supporied efforts for
taking the culture of summer flounder to commer-
cial scale by demonstrating the ability to repeat.
edly spawn summer flounder in captivity, to im-
prove survival rates through tarval and weaning
stages, and to further elucidate larval nutritional
requirements. Sea Grant research has investigated
causes of larval mortality, influence of thyroid hor-

mone on larval development and survival, hormonal
influences on developing embryos, optimal culture
environment conditions, marketing, cconomics, and
outreach. URI is also the lead institution in a
multi-institution effort currently funded by NRAC.
This research is investigating larval stocking den-
sities in greenwater, natural vs. hormanal induc-
tion of broodstock,, comparison of survival, growth,
health, and behavior of fish reared in recirculation
systems vs. open ocean net pens, V&G Seafarms,
in Quonset, Rhode Island, has constructed a com-
mercial scale demonstration grow-oul site as part
of the FIG program administered by NMFS. This
facility utilizes recirculating technology with mini-
mal new water addition and a shallow raceway
tank system. The tank system is stacked two lay-
ers deep. Commercial production is planned for
early {998.

The University of Connecticut is conduct-
ing research as part of the NRAC project being
coordinated by URI. The objectives of this re-
search are to identify protein and lipid levels in
grow-out diets and an optimum calorie 1o protein
ratio. ’

Mariculture Technologies, Inc. in New
York is a private commercial production farm which
is presently culturing summer flounder in open
ocean net pens. The company supports its net pen
operations from land-based nursery operations.
Juveniles in excess of 100 g are stocked in the
spring and fed through November, when they are
typically harvested. As this is the first season sum-
mer flounder have ever been stocked in these net
pens, it is unknown if the fish will be able to suc-
cessfully overwinter in this location. In an effort
to determine their thermal tolerance, some fish will
be held in the net pens throughout the winter of
1997-98. Under a NOAA/NMES FIG, Maricul-
ture is testing a number of net pen systems, includ-
ing ones manufactured by Bridgestone, Northern
Plastics, Ocean Spar Technologies, and Atlantic
Aqua Cage. Finally, as a commercial participant
on the NRAC project coordinated by URI, Man-
culture is monitoring fish growth, survival, health
and behavior. These are being compared to fish
raised in land-based systems.

Winter flounder Pleuronectes americanus
Winter fiounder supports a strong recre-



ational and commercial fishery from the Atlantic
Maritimes through the mid-Atlantic states. Like
summer flounder, commercial landings for winter
flounder are at historic lows. There is strong in-
terest in aquaculture research for purposes of both
stock enhancement and commercial culture. Re-
search in New Brunswick, Maine, New Hamp-
shire and Rhode Island, and a commercial opera-
tion in Nova Scotia, support the development of
this promising culture candidate.

In Maine, the Department of Marine Re-
sources (DMR) has devoted considerable time and
resources Lo evaluating the potential of stock en-
hancement for groundfish, particularly cod. Re-
cently, DMR has given consideration to winter
flounder for stock enhancement. DMR personnel
are rearing small numbers of winter flounder juve-
niles from captive broodstock.

In New Hampshire, researchers at the
UNH Coastal Marine Laboratory are also investi-
gating the potential of stock enhancement as well
as the commercial culture of winter flounder. They
have been successful in batch rearing juvenile
flounder to over 500 g. Graduate students are
working on methods to improve larval survival
through metamorphosis, and are comparing
hatchery-reared and wild-caught juveniles as part
of a program to determine the efficacy of stock
enhancement. The stock enhancement research
is being done in collaboration with the personnel at
the Maine DMR, the Massachusetts Division of
Marine Fisheries, and URL

Winter flounder research is also underway

in the maritime provinces of Canada.
The University of New Brunswick is working on
developing commercial culture techniques and the
optimization of feeding. In Nova Scotia, research
and development are being undertaken by Sambro
Fisheries Limited, which is a commercial proces-
sor, wholesaler, and distributer of groundfish spe-
cies. Recognizing that its supply was being limited
by a combination of overfishing and government
regulation, Sambro has begun to investigate the
commercial culture of winter flounder. It began
on a pilot scale in 1994-96, maintaining a popula-
tion of captive broodstock and rearing several
batches of juveniles. Based on this experience,
Sambryo is planning large scale production systems
starting in 1997.

Nardi

Atlantic halibut Hippeglossus hippoglossus

Atlantic halibut, the largest of our flatfish
with individuals exceeding 200 kg not unheard of
in the commercial fishery, are being commercially
cultured in Europe to between 5 and 10 kg, At
present the harvest is small, about 50 tons; how-
ever, with capacity expanding this number is surc
to increase, particularly as North America starts
to bring both academic and industrial resources into
the development of a halibut culture industry. These
fish are active swimmers and could be cultured in
both tanks and net pens. Research programs have
been developed at a number of North American
locations. At the Memorial University of New-
foundland, investigators are seeking to develop
broodstock management protocols, improve
live-feed enrichment diets, refine start-feeding pro-
tocols, and develop juvenile-formulated diets. Also
in Newfoundland, the privately owned company
Maritime Mariculture is working closely with gov-
ernment and academic researchers to develop a
commercial hatchery and grow-out farm for At-
lantic halibut. Maritime has incorporated proven
Norwegian culture technology into its rearing strat-
egy. In New Brunswick, the Canadian Depart-
ment of Fisheries and Oceans in St. Andrews is
working on broodstock management, juvenile pro-
duction, and the improvement of culture systems
for rearing halibut. Researchers at the University
of Maine are working on methods to refine spawn-
ing, fertilization, and larval rearing. They are also
working on scx determination methodology and
larval development issues. Future work at the
University will seek to optimize culture techniques,
and to improve larval and juvenile nutrition.

Yellowtail flounder Pleuronectes ferruginea

For decades, yvellowtail flounder has been
a major component of the commercial fishery land-
ings for groundfish from New Bedford, Massa-
chusetts, north through Atlantic Canada. Land-
ings have declined dramatically, and if this flatfish
can be shown to be a viable cold water cubure
candidate it will enjoy a ready market throughout
the Northeast,

Research on this specics is occurring at
the Memorial University of Newfoundland, where
investigators are looking closely at the potential of
yeflowtail as a commercial culture candidate. Their
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initial efforts are focused on broodstock manage-
ment, improving juvenile on-growing protocols,
determining an optimal culture environment, and
needs for diet formulation,

Witch flounder Glyprocephalus cynoglossus

The witch flounder is considered by many
the premier flounder in the Northwest Atlantic.
This statement is borne out in the prices paid for
this fish by commercial dealers, with boat prices
often in excess of $8/kg. Because it is such a
prized fish, there is interest in its commercial cul-
ture, but the inierest is tempered somewhat by the
fact that witch flounder appear to be a relatively
slow growing, difficult-to-rear species. The only
research being conducted on witch flounder is
through a joint project between the Memorial Unj-
versity of Newfoundland and UNH. At these two
institutions, researchers are nvestigating protocols
for broodstock development and management, as
well as larval rearing protocols. The Jarval research
seeks to determine the optimal incubation tempera-
ture for eggs and early larvae, to ascertain the ne-
cessity of greenwatcr for larval culture, and to com-
pare growth rates of first-feeding larvae fed wild,
cultured, and enriched cultured diets. They have
been successful in rearing small numbers of fish
through the juveniles stage.
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JAPANESE FLOUNDER SEED PRODUCTION FROM
QUANTITY TO QUALITY

Tadahisa Seikai
Kyoto University, Faculty of Agriculture, Fisherics Research Station
Maizuru, Kyoto 625-0086, Japan
Email:LDI04145 @niftyserve.or.ip

ABSTRACT

Japanese Rounder Paralichthys olivaceus, distributed widely from the coast of Hokkaido to Kyushu, is one
of the most imponant target species {or stock enhancement rials and aquaculture in Japan. More than 20
million juveniles were released on the coast of Japan in 1994, Suudies of seed production in this species are
divided into three phases: the challenge of seed production, the quantitative expansion, and the qualitative
improvement. The first phase, started at the end of the 19th century, involved egg collections from wild-
caught fish, artificial fertilization, and haiching experiments. During the period of the 1950s w 1960s,
suitable food organisms were found for the feeding of marine fish larvae. Then, seed praduction of Japancse
flounder became successful following the success of red sea bream Pagrus major sced production. During
this period, mawred eggs were taken from wild-caught fish in the spawning season and fertilized artificially.
Fish larvae and juveniles were fed rotifers, Arfemia, rminced meat, and then chopped sand eels as they grew.
During this phase, the quality and the quantity of fertilized eggs fluctuated, because stripping and artificial
fertilization were conducted from the wild-caught fish. Severa) years afier the first success, fertilized eggs
were taken from the spawners which grew in captivity from newly hatched larvae. We then could enter the
second phase when brood stocks kept in land-based tanks matured and continucusly spawned large aumbers
of eggs with high quality. Tank spawning expanded the quantities of the Japanese flounder seed production
very quickly, for we could transfer the basic technologies of red sea bream seed production. Moreover,
according to the maturation control, we could acquire fertilized egps almost year round. Since the larvae of
this species could accept formula feed more readily than other species, formula diets were actively introduced
to reduce costs together with the nutritional improvement in produced fish. In the third phase, we have been
trying to improve the quality of produced juveniles. We have succeeded in several aspecis: dramatic reduction
in the percentage occurrence of albinism by numitional improvement during the larval stage, behavioral
improvement by training in semi-natural conditions before releasing, and labor savings and autornization in
the seed production process. We still face many problems that include egg quality, abnormal blind side
pigmentation, vertebral abnonmality, discase control, and genetic diversity. In addition, hormonal coatrol
during larval metamnrphosis, biotechnological trials. and mechanism of sex determination should be elucidated
in relation to the seed production of this species.

INTRODUCTION

Japanese flounder, distributed from
Hokkaido to Kyusyu, is one of the most important
fish for Japanese cooking, along with red sea bream.
Annual production from aquaculture is more than
6000 tons, exceeding landings from boat fishing in
1994. Moreover, Japanese flounder is one of the
most important target species for the stock
enhancement project. Thirty-four prefectures
released more than 20 million juveniles in coastal
areas as part of governmental activities in 1994
{Furusawa 1997). This became possible based on
the mass secd production that integrates various

technologies from biology to engineering. Japanese
flounder seed production has expanded quickly
within the past 20 yr (Fig. 1). As for the quantitative
expansion of seed production, related technologies
need to develop concurrently and harmoniously. We
Japanese are now facing new situations in the
transition from the pioneer trials to the enterprise
of stock enhancement to produce higher quality
juveniles.

I present a historical review of studies in
Japanese flounder seed production, several trials
for the wansition from quantity to quality, and the
future issues and remaining problems.
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Challenge of larviculture and seed produ

In Japanese flounder, artificial fertili
and haiching trials using wild fish began at ¢
of the 19th century (Fujita 1903). Howex
trials ended at the completion of yolk abso
because of the lack of initial food organism;

From the 1950s to the first half
1960s, the feeding scheme for marine finfish
was nearly developed, and larval rearj
Japanese flounder from hatching to juvenile
successful in 1965 (Harada et al. 1966). £
time, eggs were taken from wild fish caught
spawmning season, and were fertilized artifi
Unfertilized eggs of sea urchins, copepods, A
nauplii, newly hatched fish larvae, live shrin
gobi, and chopped fish meat were fed succes
as the flounder grew (Fig. 2). Survival rat
0.7% during the first 63 days from hatchi
Juveniles a1 3.03 cm TL (Fig. 3). From that
serious cannibalism and abnormal pigmentat
the ocular side were noticed as characte
phencmena of this species.

Establishment of basic technologies
quantitative expansion

In 1969, cultured flounder raised
hatching matured in captivity, and fertilized



were taken from these fish (Harada 1980). During
the 1970s, the Japan Fisheries Agency (JFA)
supperted the basic studies for the mass production
of lJapanese flounder in several prefectural
experimental stations,

During the first half of the 1970s, the
quantity and the quality of eggs were unstable, as
eggs were stripped and fertilized artificially from
wild fish. Then, cultared fish stanted to spawn large
amounts of high quality cggs in land-based tanks.
Since the basic technologies of seed production in
red sea bream could be transferred to Japanese
flounder, spawning became readily possible and the
seed preduction expanded very rapidly (Takahashi
etal, 1980, Hiramoto ctal. 1981a). Moreover, the
conditioning of maturation by the control of
photoperiods and temperature permitted fertilized
eggs to be taken year round (Tjima et al. 1986) (Fig.
4). General procedures at the present time in Japan
are as follows: spawners are kept in captivity
throughout the year; maturation is coatrolled by
photoperiods and temperature; fertilized cggs are
taken from natural spawnings in land-based tanks;
newly hatched larvae are stocked in several 10-m?
concrete tanks at a density of 10,000-50,000/m?
they are raised in several tanks until juveniles
become 3 cm TL (Fig. 5), and fed on rotifers,
Artemia nauplii, and a formula diet as they grow
(Fig. 2). Food organisms are enriched with special
oils containing highly unsaturated fatty acids and
fat-soluble vitamins (Torii et al. 1994).

In the first phase of seed production,
minced or chopped fish meat was generally used
as juvenile feed (Hiramoto et al. 1981b} (Fig. 2).
Because these diets lose their nutrients to water and
deteriorate the water guality, they were replaced
with a formula diet. Since the larvae can feed ona
formuta diet with relative ease {Tange and
Nagahama 1986}, and the formula diet could reduce
the appearance of albinism in the juveniles, many
hatcheries are active in the use of formula feed
which reduce 1abor and cost in the seed production
(Takshashi 1990) (Fig. 2).

Serious cannibalism should be mentioned
as one of the main factors of mortality during the
seed production of this species (Harada et al. 1966),
especially when juveniles have a large size variance
of 1.5 to 2.0. Biting and cannibalism frequently
occurred in the rearing tanks (Torii et al. 1994),
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Figure 3. Comparison of growth and surviva! between the
first success and the recent results at Miyako station of
the Japan Sea-Farming Association corresponding to the
development of lechoology.

To reduce the mortality by cannibalism, it
is necessary to maintain reasonable stocking density
and feeding to reduce size divergency, and to do
size selection thoroughly during the seed production
process.

Trials for qualitative improvement
Egg quality improvement and genetic diversity
Japanese flounder spawn frequently during
a long spawning season (Hirano and Yamamoto
1992). Even in the land-based tanks, the egg quality
from natural spawning is not always high.
However, the most important factors affecting egg
quality might be spawner’s feed and the mating
environment, but these factors have not been
analyzed thoroughly in many species (Morimoto
1994). At the present time, frozen fish
supplemented with several nutrients, such as
vitamins, are used for spawners (Torii et al. 1994).
Special formula diets for spawners were examined
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Figure 4. Enhanced maturation and spawning of Japanese flounder with photoperiod contral. Photoperiod control was started
at 42 days before first spawning in experimental tank. (modified from Iijima et al., 1986)

to obtain higher quality eggs, but the feed
composition is still under investigation (Table 1).

As to the mating environment, stocking
ratios between females and males, and stecking
densities in spawning tanks are maintained at 1:1-3,
and 3 kg/m?, respectively, to improve the
fertilization rate and fecundity (Y. Hondo, Miyazu
Station, JASFA, personal communication).

A recent concem in seed production is the
genetic problem. Continuous use of limited
spawners from the hatchery-reared fish results in
the mass release of juveniles with simplified genetic
information. Therefore, it has become popular io
replace the spawners from artificially produced fish
to locally caught wild fish to keep genetic diversity
intact with local characters in produced juveniles
(Tanaka et al. 1997).

Nutritional study and development of formula diet

A large number of nutritional studies have
been conducted from the viewpoints of growth,
survival, vitality, pigmentation, and vertebral
deformation (Kanazawa 1990, Takeuchi 1997).
These studies have helped to improve the
composition and processing of formula diets and
enrichment procedures of live food organisms.

Since commercially available formula diets and
enrichment materials contain many industrial
secrets, hatcheries are choosing brands according
to their experiences. Formula diets have better and
more stable nutritional qualities than live food or
chopped meat. Therefore, formula diets can
improve the tolerance ability to stress and handling
during the seed production. For example, the
Miyako Station of JASFA began to produce mere
than 2 million juveniles (3 crm TL) at a survival
rate higher than 80% from hatching with the
effective use of formula diets (Torii et al. 1994).

Studies on abnormal pigmentation and practical
prevention

In association with the development of seed
production in this species, typical abnormal
pigmentation has been studied seriously. There are
two types of abnormal pigmentation in flatfish—
albinism (hypomelanosis on the ocular side) and
ambicoloration (hypermelanosis on the blind side)
(Scikai 1985, Seikai et al. 1987). However, both
albinism and ambicoloration appeared in
hatchery-reared flounder at extremely high
percentages, and the former phenomenon attracted
biologists from the outset of the seed production.
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Figure 5. Sequence of separation and harvest during Japanese flounder seed production at Miyako station of the Japan Sea-

Farming Association (Modified from Toni et al. 1994).

The factors were analyzed mainly from the
nutritional viewpoint during the larval stage. It
was revealed that the percentage in appearance of
albinism was highly dependent on the feed during
the larval stage (Seikai 1985, Seikai et al. 1987,
Kanazawa 1993). Inthe practical seed production,
enrichment of live food organisms with vitamin A
and docosahexaenoic acid (DHA) (Miki et al. 1988,
1989), and carly feeding of formula diets for larvae
(Kitajima et al. 1985) could reduce the percentage
in occurrences to negligible levels, However, the
percentage appearance of albinism increased
because of the outbreak of larval diseases
(Takahashi 1992) or genetic background of
spawners (Tabata 1991). There are still unresolved
factors in relation to this abnormality.

On the other hand, nearly all cultured fish
show hypermelanosis on the blind side. Stocking
density and the type of feeds during larval stage,
light irradiation during juvenile stage, effects of
ocular side pigmentation abnormality, and source
of examined fish (wild or hatchery-reared) were
suggested as the factors for this abnormality {Seikai
1991, Takahashi 1992). Recently, it was revealed
that the effect of substratum was the most important

factor for hypermelanosis (staining type) during
juvenile and young periods (Iwata and Kikuchi,
1998). Many unresolved factors remain in relation
to other types of hypermelanosis (true and spotting
types). At present, hypermelanosis is used as the
effective marker, which nearly all artificially
produced fish have without any treatments, to
distinguish released fish from wild fish (Furusawa
1997). Since heavy pigmentation on the blind side
decreases the price of recaptured flounder at the
fish market, this is becoming a problem for the cost
performance of the stock enhancement program
(Furusawa 1997).

Morphological abnormalities and prevention
Japanese flounder never show lordosis like
red sea bream because this species does not have
an air bladder. Anificially produced juvenile
flounder show a high percentage in occurrence of
vertebral abnormalities such as fusion, deformation,
and compression (Iseda et al. 1978, Seikai 1979).
Recently, the percentage of occurrence has
increased from the past. One reason for this was
suggested to be the effect of enrichment to live food
organisms with fat-soluble vitamins to reduce
albinism. It was revealed that the excessive
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Exp. lots 1 2 3
Feed Control +Lecithin 1.5% +VE 0.1%
Female

Mean BW! (no.) 1,388(40) 1,389(40) 1,391(40)
Male

Mean BW (no.) 807(80) 814(30) 813(80}
Spawning (1990)

Duration 13 Mar-8 Aug 13 Mar-2Aug 20 Mar-2Aug

Frequency 93 90 88

Total eggs (x1,000) 35,721 69,620 59,038
Egg quality

Floating rate (%) 46.7 49.8 ] 48.7

Fertilization rate (%) 54.0 48.0 380

Epgg diamcter (mm) 0.88 0.88 0.88

Hatching rate (%) 81.4 883 86.7

Deformation rate (%) 41.4 429 503

SAP 50.6 35.1 353
‘Body weight (g)

*SAI (survival activity index) =Z (N-hi)i/N (=] to k);
N = initial number of larvae, hi = accumulated mortality at day i,
k = day of no survivor
(modified from Wakui and Otaki 1991).

Table 1. Experiment of formula feed for spawners



administration of vitamin A through enriched live
food during the special period when ossification
vertebrae advances induced the high percentage of
occurrence of this abnormality {(Dedi et al. 1995,
Takeuchi et al. 1995, Dedi et al. 1997). Other
factors such as genetic effects in relation to this
abnormality are expected (Y. Hondo Miyazu
Station, JASFA, personal communication).

Labor and cost savings

Simplification of operation and labor
savings are essential factors for the expansion of
quantitics in production. In many cases,
simplification of the feeding schedule, active nse
of formula feed, intreduction of automatic feeders,
and cleaning robots could bring success to sorne
extent. Labor savings with automization sometimes
backfire to increase the running cost and the risk
which produce poor quality juveniles because of
disregard for species and developmental stage-
specific characters. There is a concept that large
rearing (anks are considered as small ecosystems,
where self-discipline of organisms in rearing tanks
is attained and reduction in daily work is possible,
called “Hottoke-Siiku” (Hotloke means ‘let’ and
Shiiku ‘grow’) {Takahashi 1990).

Quality improvement for releasing

Most of the juveniles produced in public
hatcheries are released in the coastal arcas of Japan.
The effects which arc extremely different between
areas are dependent on timing and location of
releasing, and the quality of juveniles. Different
behavioral patterns and chemical compositions in
the artificially produced juveniies from wild fish
are expected as the reasons for higher predation
mortality (Furuta 1996). It was revcaled that
released sizes larger than 8 cm TL could promise
good survival and recapture becanse flounder
Juveniles have a relatively higher hierarchy in the
nursery ground ecosystem (Yamashita et al, 1994).
As the cost for the production increases
logarithmically as fish grow larger in land-based
tanks, it is desirable to produce juveniles with
stronger potential for survival at smaller sizes than
8 cm. The concept of the guality of juveniles for
releasing is well accepted (Tsukamoto 1993), but
the standard for this concept is now under
investigation using feeding behavior, and burrowing

Sethai 1

abilities. Earlier sced production which can realize
earlier releasing to avoid predator and crush of
tnysids in the nursery ground is conducted. At the
same time, hatcheries are trying to produce juveniles
which have a competitive edge over wild fish. For
this purpose, juveniles were raised to the releasing
size w0 acclimate 10 the wild environment in the
enclosures (Furuta 1993). Under such environment,
Juvenile flounder approximate their behavior and
chemical compositions closcly to that of wild fish.

Outbreak of diseases and countermeasures (Table
2)

Diseases of larvae, juveniles, and spawners
occur during the seed production process {Muroga
1992). Bacterial diseases for juveniles include
infections with Flexibacter maritimus, Vibrio
anguillarum, and Edwandsiella tarda. The latter
two can infect the young and spawners. Protozoan
diseases are caused by infections with Ichthyobodo
sp., Cryptocaryon irritans, and Scuticociliatida
gen. sp. Bacierial diseascs of larvae and juveniles
are bacterial enteritis infected by Vibrio
ichthyoenteri. Viral diseascs are epidermal
hyperplasia and viral nervous necrosis (VNN).
These diseases during the larval stage cause
extremely high monality of over 90%. The
safeguards against discases are: (1) no introduction
of pathogens, (2) maintenance clean environments,
(3) enhancement of live food activities, (4)
sterilization of tanks and tools, and (5) utilization
of UV-treated seawater for rearing. Frequent
outbreaks of viral diseases during seed production
caused serious problems for the stock enhancement
project. As viral-infected fish (e.g., VNN) are
impossible to treat, we must destroy all juveniles if
the produced fish have had an attack of viral
disease.

Biotechnology in seed production

Japanese flounder is one of the most
advanced species in relation to biotechnological
studies (Tabata 1991, Yamamoto 1995). As
females can grow faster than males in this species,
chromosome manipulation was atiempted to
produce all females by gynogenetic diploid. During
such attempts, phenotypic expression of sex in this
species was found to be determined by genetic and
environmental factors (e.g., temperature, diet, and
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Disease Pathogen Note

Viral Epidermal hyperplasia  Flounder herpesvirus  10-25 days after hatching
(FHV) high mortality

Viral nervous necrosis  Striped jack nervous  larvae and

necrosis virus juveniles,
(SINNV) high mortality
Birnaviral disease Hirame bimavirus 1-2.4 g juveniles

Hirame rhabdoviral Hirame rhabdovirus  adult

disease (HIRRYV)
Bacterial Streptococcicosis Streptococcus iniae juveniles, adult
Vibriosis Vibrio anguillarum juveniles

Bacterial enteritis Vibrio ichthyoenteri larvae

Gliding bacterial Flexibacter maritimus  juveniles
disease

Edwardsiellosis Edwardsiella tarda juveniles, adult

Protozoan Ichthyobodosis Ichthyobodo sp. juveniles
White spot disease ~ Cryptocaryon irritans  juveniles

Scuticociliatidosis Scuticociliatida juveniles
gen. sp.

Parasitic Skin fluke disease Neobenedenia girellae  juveniles

Table 2. Diseases of Japanese flounder during seed production and culture



stocking density). Several cloned progeny which
could be produced by using these technologies have
strong possibilities to produce effective strains for
aquaculture purposes for shorter than usual
breeding procedures (Yamamoto 1997).
Biotechologically treated fish are impossible to use
for releasing; however, such strains with high
growth potential or resistance ability to diseases
are useful for aquaculture { Yamamoto 1997).

CONCLUSION AND
PROBLEMS

REMAINING

Juveniles of Japancse flounder are now
produced in mass scale at many public hatcheries.
Such rapid expansion in quantity prcsents many
related problems, and if we cannot resolve these
problems together, it will have a negative impact
on the trials of the Japanese flounder stock
enbancement project.

First of all, it is necessary to stabilize
further the mass seed production (Furusawa 1997).
If the object of production is not achieved, problem
situations could occur frequently, such as the
introduction of fertilized eggs or produced juveniles
from other areas. These bring more serious
concems to fish disease and genetic problems. The
concerns include: (1) egg quality improvement, (2)
clarification of nutritional demand, (3) development
of formula feed, (4) automization and labor savings,
(5} reconsideration of biological function including
food organisms, and (6) prevention of fish disease,
Regarding disease, the amounts of restocking to
the coastal area have already attained the levels of
natural resources in Japan, and we should establish
a better system to protect the diversity of carrier
fish to the wild environment.

The next step is to improve the quality of
Juveniles which balance with the stock enhancement
releases economically (Tsukamoto 1993). For this,
the most important is the feedback from the
ecological and fisheries resource surveys after
releasing. In addition, produced juveniles for stock
enhancement should maintain the local genetic
information and their diversity (Nishida et al. 1997),
Recent mt-DNA analyses revealed that
unexpectedly few males and females compare with
the number of stocked spawners in the spawning
tank to the mating behavior of 1-day egg batches
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(Fujii and Nishida 1996). To resolve this problem,
we should reconsider egg-taking methods, for
instance stripping and artificial fertilization of males
and females. Recently, the role of hormones in eggs
has attracted attention, and the effects of matcrnal
hormones on the survival after hatching have been
revealed in different species. The relationship
between egg qualities including maiernal hormones
and survival and development should be one of the
topics to concentrate on in future efforts (Tagawa
1997).

In the case of Japanese flounder, relatively
large amounts of biological information have been
accumulated. Recently, a well organized review
on biology and stock enhancemcnt of Japanese
flounder was published from the viewpoints of
ecological aspects (Minami 1997, Nishida ¢t al.
1997, Noichi 1997, Tanaka et al. 1997), ecology
and physiology of metamorphosis (Seikai 1997,
Tanaka 1997, Yamano 1997), and stock
enhancement (Takeuchi 1997, Yamamoto 1997,
Yamashita 1997). Recent topics on the biology of
Japanese flounder include the role of thyroid
hormones regulating metamorphosis (Yamano
1997), and sex determination mechanisms
depending on genetics and environments (Tabata
1991, Yamamoto 1995). Basic information on the
biology can solidify the foundation of the sced
production technology and stock enhancement.
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ABSTRACT

Interest in culturing flounders along the east coas! of the United States has increased greatly due to reduced
fishery landings and increased consumer demand. Three flounder species are being evaluated for aquaculture
development by rescarch teams from several states. Through region-wide meetings, these researchers have
shared information regarding progress and provided input to a regional plan containing future research needs
and priorities related to flounder culture and stock enhancement. The resulting strategy will continue 10 serve
as blueprint for an integrated approach (o research and outreach activities supported by Sea Grant in the

coming years.

INTRODUCTION

This paper presents a brief overview of
recent planning and research developments concern-
ing flounders on the Adantic coast of the United
States. The author is not directly involved in any
of the research described; rather, he is one of the
Sea Grant program administrators who has facili-
tated the interactions and collaborations that are
being developed. The following, then, is a descrip-
tion of the emergence and content of a multi-state
complex of Sea Grant-supported research into vari-
ous aspects of flounder aguaculture focusing on
three different species.

Sea Grant and the national network

Within the structure of the National Sea
Grant College Program, there are state-based pro-
gram administrative units that are usually located
atuniversities. Together, these so-called local Sea
Grant programs form the national Sea Grant net-
work, and there is a local program in each coastal
and Great Lakes state, including Hawaii and Puetto
Rico. The local Sea Grant programs provide the
focal points for developing partnerships be-
tween the local universities, state agencies and

federal gavernment, primarily through the National
Oceanic and Atmospheric Administration (NOAA)
within the U.S. Department of Commerce. Within
each local Sea Grant program are research, educa-
tion, and outreach/extension projects related to
various aspects of marine and coasta) resources,
including aquaculure, that are important to that
siate.

Of particular relevance to the topic of this
paper are the flounder aquaculture projects sup-
ported through the local Sea Grant programs in
New Hampshire, Rhode Island, Virginia, North
Carolina, and South Carolina.

The regional plan

In mid-1996, a group of flounder culture
researchers, extension leaders, industry represen-
tatives, and Sea Grant program administrators met
to discuss the status of flounder culnere activities
in the states noted above and 1o produce a docu-
ment setting forth a strategy for research and ex-
tension activities that will provide the iechnical foun-
dation upon which commercial flounder culture wil
be able to further develop and prosper along the
U.S. east coast. The resulting strategic plan for
“Sustainable Flounder Culture and Fisheries” (Wa-
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ters 1996) provides an agenda for focused, inte-
grated public and private investment in research,
facility development, and education by recommend-
ing priority actions in six key arcas:

1. Hatchery and reproduction technology
2. Production and culture systems

3. Stock enhancement

4. Economic feasibility and marketing

5. Policy and regulation

6. Education and outreach

Space does not permit going into the specific pri-
orities identified and discussed in the document,
but a copy can be obtained by writing to North
Carolina Sea Grant, Box 8605, North Carolina State
University, Raleigh, NC 27695-8605, USA.

This strategy is now serving as the basic
Justification for researchers from the states noted,
as well as prospective researchers from other Sea
Grant programs, to develop project proposals for
support within their respective states and for such
emerging projects to be linked and integrated with
other flounder culture research within the overal]
Sea Grant network. It is the intention of the Sea
Grant network to develop an inter-related sequence
of research and education projects that will lead to
commercial flounder culture.

Current flounder culture within Sea Grant

Several flounder culture studies are on-
going in the New England states, but these will only
be mentioned here because they were presented in
detail in other parts of the UINR meeting agenda.

In the meeting’s first presentation, George
Nardi described the commercial success that his
company, GreatBay Aquafarms, is having with the
production of juvenile summer flounder
Paralichthys dentatus. Much of the technology
used has been derived from New Hampshire Sea
Grant studies conducted several years ago.

Ina later session of this meeting, speakers
described recent studies at the University of New
Hampshire on the effects of stocking density on
larval and juvenile growth and survival in summer
flounder.

In addition, researchers at the University
of Rhode Island presemed production economics
resulting from their studies of summer flounder
grow-out. The same research team is also con-

ducting studics on larval survival and growth in the
winter flounder Pleuronectes americanus with the
ultimate goal of assisting efforts in wild stock en-
hancement,

Proceeding southward along the coast, the
next state which is participating in this regional
activity is Virginia. Discussion of flounder culture
activities in Virginia is presented in a later section
of this paper.

In both North Carolina and South Caro-
lina, the species of primary interest is the southern
flounder Paralichthys lethostigma. Later sessions
of the meeting included a presentation on South
Carolina studies of pond production, including con-
trolled reproduction, tank, and pond nurscry sys-
temns as well as grow-out to market size in this spe-
cies. The tri-state research team for these studies
includes collaborators from Rhode Island and North
Carolina, .

Studies in North Carolina are focusing on
southern flounder reproduction, in collaboration
with investigators from South Carolina, upon nurs-
ery yearing of larvac and fingerlings, and upon pond
production of food-sized fish. In addition, research
1s underway to determine the ecological dynamics
of stock enhancement using southern flounder
through assessment of food habits, survival rates,
release timing optirization, and habitat availabil-
ity. The next gencration of Sea Grant projects in
North Carolina will examine the possibility of cre-
ating an all female population of fingerlings, con-
trolling egg quality in broodstock, rearing condi-
tions for larvae, pond production of fingerlings, and
optimized grow-out conditions for producing food
fish. Several of the studies noted thus far are sup-
ported with funding from sources in addition to Sea
Grant, and there are non-Sea Grant flounder cul-
ture projects that are not included in this summary
because their justification for funding is not tied to
the Sea Grant strategic plan noted previously.
However, the results of all studies, regardless of
funding support, will b integrated through outreach/
extension activities to assist with the commercial-
ization of flounder culture,

Flounder culture in Virpinia

Virginia is a relatively recent entrant to the
field of flounder culture, but the reduced landings
of wild-harvest flounder, increasing market demand,



and recognition of the potential to apply recirculat-
ing culture system technology to flounder has gen-
crated considerable interest in our academic and
business communities.

In 1996, researchers at the Virginia Insti-
tute of Marine Science constructed recirculating
systems and purchased summer flounder juveniles
from GreatBay Aquafarms. Initial activity focused
on system optimization and preliminary grow-out,
feeding, survival, and water quality maintenance
in the recirculating systems. In addition, these stud-
ies encountered significant disease outbreaks that
resulted in considerable mortality among the juve-
niles in culture,

In 1997, the development of grow-out pro-
tocols for use in recirculating systems has contin-
ued; and, as a result of the 1996 work, an inter-
institutional and inter-disciplinary team has been
formed to investigate diseases that occur in cul-
tured summer flounder. This group includes ex-
pertise in parasitic and non-infectious disease pa-
tholagy, bacteriology, virology, immunology and
therapeutant application, and water quality moni-
toring. Through Sea Grant project seed money in
1997, this group is developing a fundamental un-
derstanding of the water quality needs of summer
flounder, the variety of pathogenic conditions that
affect the species in culture, and the information
needed for rapid and accurate diagnosis of disease
conditions,

Our flounder discase group is also func-
tioning as a focal point for disease issues that arise
at other flounder culture projects within the Sea
Grant network. In other words, this is emerging as
a cross-cutting project not only within Virginia's
flounder research, but it also provides the same
function in concert with other flounder research
within the Sca Grant network.

This flounder disease research and diag-
nostics activity will continue as a seed effort
through 1999 and is expected to develop into a se-
guence of fully-supported Sea Grant projects as of
2000. In the meantime, others encountering floun-
der disease problems are invited to establish col-
laboration and cooperation with the Virginia Sea
Grant research team. Names and addresses of
the tearn members are readily available through
either the Virginia Sea Grant College Program or
the National Sea Grant College Program, NOAA,
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1315 East West Highway, Silver Spring, MD 2091 (-
3282, USA (c-mail: Jim McVey @noaa.gov).
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ABSTRACT

In South Carolina, studies have been conducted to develop nursery techniques for southern flounder Paralichthys
Iethostigma which could be used for aguaculture development and for stock erhancement programs_ Wild canght
adults were tank-conditioned and spawned using hormone implants. Larvae were stocked in tanks at 6 days of
age and used in a two-part study. Three diet freatments were tested which included feeding rotifers and Artemia
nauplii with and withont a commercial larval diet supplement. The second part of the study examined the effect
of rearing larvae under two light intensities (low - 457 lux, high - 1362 lux}. At 24+C, metamorphosis began on
day 23 and was completed by day 30. Analysis of survival, size, and pigmentation data at completion of
metamorphosis indicated there were no significant differences among feed treatments or light treatments, Overall
survival was 33.8% and mean length was 11.5 mm TL . However, only 30% of the larvae were normally
pigmented,

Development of pond nursery systems was examined during 1995-1997. Three 0.1-ha ponds at the Waddell
Mariculture Center were stocked with 3 (0 5-day-old larvae. Stocking densitics ranged from tc 284.760 10
740,000 fry/a and fish were harvested after 2% to 7 months. Survival was low and ranged from 3.5 t0 6.1%
{mean 4.5%). However, approximately 99% of the fish had normal pigmentation. Results indicated that
southern flounder are tolerant of a range of environmental conditions and thar pond systems may be uscful in
seasonal production of juveniies. Two short-term salinity tolerance tests were conducted. Ina 72-h study, fish
which had recently metamorphosed (13.7 mm TL, 50 days old) exhibited low survivat a1 0 g/L salinity (16-20%)
whilc these exposed (o 5-30 2/ had ammean survival of 99.1%. A 2-wk study using older juveniles (95.2 mm TL.
220 days old) showed that they could tolerate salinities of 0-10 g/ (100% survival). Thus, salinity tolerance
increases with age. Two weaning stidies were conducted with pond-produced juveniles. Younger juveniles (47
mm TL, 77 days old) were tansferred to dry diets over a 2-wk period with over 80% survival while older
juveniles (95 mm TL., 220 days old) required 106 days to wean and exhibited a 58% survival. Results of the
various nursery trials and related studies suggest that mass production of southern flounder juveniles should be
possible with refinements to current techniques.

INTRODUCTION (Smigielski 1975, Arnold et al. 1977, Brisbal and
Bengston 1993, Daniels et al. 1956). In 1996, the

Along the east and gulf coasts of the United National Sea Grant College Program convened a

States, there is growing interest in producing ‘Task Force on Flounder Culture and Stock

flatfishes for food and for stock enhancement Enhancement.” The resulting report, which
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included inputs from Sea Grant directors, scientists,
extension specialists, and industry representatives,
summarized the research, outrcach and policy
needs for successful flounder culture and possible
stock enhancement of U.S. flounder stocks
(Waters 1996).

The South Carolina Department of Natural
Resources (SCDNR) initiated culture research on
the locally occurring southern flounder
Paralichthys lethostigma in 1994, This is a
euryhaline species well known in seafood markets
and in anglers’ crecls (Wenner et al. 1990). The
southern flounder inhabits coastal waters from
Albemarle Sound, North Carolina, through the
south Atlantic states to Corpus Christi Pass, Texas
(Ginsburg 1952). From spring through fal],
southern flounder typically inhabit coastal bays,
sounds, and river systems (Ginsburg 1952, Gutherz
1967) and are most abundant in the mid- to upper
estuarine areas with occasional movement into
freshwater (Dahlberg 1972). They prefer silt and
organic mud substrates (Powell and Schwanz
1977}. In South Carolina, southern flounder are
commonly located in shallow tidal flats, shellbanks,
and around pilings (Bearden 1961). Although some

adults may remain within the estuary all year, most
adults migrate offshore to spawn in late fall and
winter [Ginsberg 1952). Additional information
on the life history and ecology of southern flounder
throughout its range is provided by Powell and
Schwartz (1977, 1979), Stokes (1977), Music and
Pafford (1984), and Wenner et al. {1990). The
southern flounder can attain a size of 9 kg, making
it the largest bothid inhabiting inshore waters along
the south Atlantic and Gulf of Mexico. As such, it
has substantial commercial and recreational
importance. Landings data for the scuthern
flounder are difficult to obtain as this species 1s
commonly landed and reported with the sympatric
summer flounder B dentatus, and the gulf flounder
P. albigutta. 1n South Carolina, there are no
focused flounder fisheries. Instead, landings oceur
primarily associated with shrimp trawlers as
bycatch with most of the fish provided to the vessel's
crew as part of their wages. These fish are then
sold er consumed by the crew. In South Carolina,
flatfish landings are relatively low, but are almost
exclusively southem flounder (J. Moran, SCDNR
Fisheries Statistics Section, personal
communication). During 1991-1996, landings
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Figure 1. Reported landings of flounder (primarily southern flounder) in South Carolina during 1978-1996,



averaged 6,238 kg which is substantially lower than
in previous years (Fig. 1). This may be duc to
several factors including data collection difficulties,
increase in the legal minimum size (30 em TL),
and a decline in abundance.

Market prices for east coast flounders
reflcct seasonal abundance, with wholesate prices
in the range of $3.85-5.50/kg (NMFS 1995). Retail
prices in the order of $22.00/kg are received for
filleted products. Due to their benthic and
gregarious behavior, and resistance to handling
stress, flounders appear to be excellent candidates
for live sales. In fact, live east coast flounders are
regularly sold to upper-scale Japanese restaurants
in the Northeast where they command a premium
price (~$15/kg) and arc also shipped to Tokyo
where they are valued at $45-60/kg (Ackerman
1997). In addition to the wild fisheries studies,
there has been some culture research. Much of
this research has been focused on identifying
spawning techniques. Arnold et al. (1977)
successfuilly tank-spawned 3 of 6 females using
photothermal conditioning and produced 120,000
cggs with fertilization ranging from 30-50%. In
another trial using carp pituitary extract, only
25,000 eggs with 80% fentility were produced from
14 females (Lasswell et al. 1978). Ten years latar,
a similar attempt using luteinizing hormone-
releasing hormone analog (LHRHa) implants was
unsuccessful, apparently due 1o lack of male
participation (Henderson-Arzapale et al. 1988).
However, in 1995 success was obtained using
gonadotropic hormone-releasing hormone analog
(GnRHa implants to induce final maturation in 12
photothermally conditioned females with oocytes
<500 um (Berlinsky et al. £996), These fish were
manually stripped and a total of 1.6 x 10® eggs
(batch fertility 7-95%) was obtained. During 1997,
repetitive tank-spawnings were accomplished over
a 3-month period (Smith et al. unpublished). Thus,
the spawning technology for wild broodstock
appears 10 be reasonably developed and fry may
be available throughout the year using photothermal
manipulation of broodstock.

The next step in the culture process is
development of suitable nursery techniques,
Daniels et al. {1996) provided some basic
information on the effects of density, light intensity,
and salinity on larval growth and survival. However,
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overall survival was low and there was a high
percentage of larvae that did not complcte
metamorphosis. Thus. additional rescarch is
needed to develop the culture technology necessary
for mass production of juveniles. Similariy,
information is lacking on weaning technigues to
transfer juveniles to dry rations for rearing 1o market
size.

Based in pan on the above information,
the southern flounder appears to have destrable
aquaculture characteristics, Reporied growth rates
of wiid fish in South Carolina indicate that females
attain a mean size of about 0.9 kg a1 2 yr of age
{Wenner et al. 1990). However, small juveniles
recruited to coastal impoundmems containing
abundant food may substantially exceed this growth
rate. Fisheries data suggest that this species is
regularly captured in freshwater and ncarly
freshwater environments and, thus, there may be
opportunity to grow this species in inland and
coastal sites as is done with the euryhaline hybrid
striped bass {Morone saxatilis x M. chrysops)
(Smith and Jenkins 1996, Smith et al. 1996). An
overview of research is provided focused on the
development of suitable nursery systems; results
to date on tank studies and pond trials as well as
information on techniques for weaning fish 10
formulated rations. In addition, results of short-
term studies focused on elucidating the salinity
tolerances of small juveniles are included.

MATERIALS AND METHODS

General

Larvae used during the various nursery
trials were obtained from captive wild adults which
had been photothermally conditioned for at least 6
months prior to spawning. Spawning was delayed
until March by holding broodstock at a constant
temperature of 17°C, and photoperiod of 12 h light.
This allowed zooplankton blooms consisting
primarily of rotifers (~2,200/L) to be developed in
the outdoor ponds. Femnales were induced to spawn
using GnRHa implants. For each study, cggs were
obtained from a minimum of two females and
fertilized with milt from several males. Eggs were
obtained by either stripping or tank-spawning and
incubated i 30-34 /1. salinity and at a temperature
of 16-20°C. Hatching occurred in 36-40 h and the
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fry were held for 3-6 days, until the eyes were
pigmented and the mouthparts fully formed, before
stocking in the nursery trials. At this time, larvae
were a mean size of 2-3 mm TL.

As appropriate, data were statistically
analyzed using parametric (ANOVA and T-Test)
and non-parametric tests (Kruskall-Wallis One Way
Analysis of Ranks, Mann-Whitney Rank Sum Test).
Dunn's method was used to identify specific
differences among more than twe groups. Percent
data were normalized using the arcsin
transformation before analysis. Significance was
accepted at P< 0.05,

Pond Nursery

During 1995-1997, three 0.1-ha ponds at
the SCDNR's Waddelt Mariculture Center (WMC)
were stocked with fry. The ponds were lined with
30 mil high-density polyethylene and the bottoms
covered with 20 cm of native soils. Ponds were
sloped from a minimum depth of 1 m to a maximom
depth of 2 m. The ponds contained a 4.9-m-long x
1.5-m-wide sloped harvest basin to assist in
harvesting fish. Water, either saline or brackish,
was supplied at the shallow end of the pond with
an additional water valve located above the harvest
basin. During the studies, ponds were filled with
filtered (500 pm) saltwater from the adjacent
Colleton River. At harvest, water of low oxygen
content and containing a high silt load occurred in
the catch basin near the end of pond drainage. To
reduce stress and mortalities, clean and highly
oxygenated water was added to the basin during
harvesting. Fish were stocked near the end of
March during each trial and harvested 2% and 7
months later. Stocking density ranged from
284,760-740,000 larvae/ha based on volumetric
estimation. Water quality was measured regularly
during trial 1 and less frequently during the other
trials. To reduce risk of low oxygen concentrations
and temperature stratification, a 0.75-kw
paddlewheel aerator was run continuously. After
approximately 1 month, supplemental feed
consisting of sinking salmon starter {48% protein)
was added 6 days/wk during trial 1. Feed size was
gradually increased, and beginning on 5 July a 2.4-
mm pellet (38% protein) was fed (Jenkins et al,
1997). Intrials 2 and 3, no supplemental feed was
provided. Fish were first sampled using a plankton

sled and then with a seine as they grew larger. At
harvest, fish were dip-netied from the harvest basin
and placed into tanks containing clean seawater.
Survival was based on an individual count of the
fish harvested while a subsample was used to
determine fish size.

Tank Nursery

A tank nursery study was conducted during 1996
to evaluate the effect of three larval diets and two
light intensities on growth, survival, and
pigmentation (Denson and Smith 1997).
Cylindrical 70-L black fiberglass tanks containing
center standpipes and filled with 1-pum filtered water
at 23°C and 34-35 g/L salinity {(combination of
Charleston Harbor water and evaporated sea salts)
served as the experimental culture units. Tanks were
filled with 16 L of water initially, with the volume
increased to 40 L when Artemia nauplii were added
as food. The diet treatments consisted of: treatment
1 - rotifers (Brachionus plicatilis) fed at a
concentration of 10/ml during days 1-9, and
Artemia (3/ml) fed days 7 through metamorphasis;
treatment 2 - rotifers fed days 1 through
metamorphosis with Artemia added beginning day
7; reatment 3 - rotifers fed days 1-9, and Artemia
and an artificial larval feed (Larva “Z" Plus, Zeigler
Brothers Inc., Gardeners, PA) fed days 7 through
metamorphosis. Rotifers were fed a diet of algae
{Isochrysis 1ahiti) and a commercial highly
unsaturated fatty acid (HUFA) enriched feeding
product (Culture Sclco, Artemia Systems Inc.,
Baasrode, Belgium) before being placed in the
larval rearing tanks. Lighting was continuous using
overhead fluorescent lights (215 W cool white high
output bulbs). Light intensity was measured at the
surface of each tank and the lowest and highest
light readings were averaged to provide a combined
tank value. Two teatments were examined: high
light - 1362 lux, and low light - 457 lux. At
initiation of the study, each tank received 200
individuatly counted larvae, and four replicates per
treatment were utilized in the experimental design.
The study was completed on day 30 and all
post-metamorphic fish were hand-counted,
measured, and pigmentation characteristics
categorized based on a subjective key modified from
Seikai (1985a) (Denson and Smith 1997). Water
quality was monitored every two days in each tank



and adjustments made as nccessary. In-tank sponge
filters were used to provide biological and
particulate filtration.

Salinity Tolerance

Two short-term salinity tolerance studies
were conducted. The first study utilized recently
metamorphosed juveniles produced from the tank
study while the second study examined the
tolerance of larger, 6-month-old juveniles. These
larger fish were obtained from the 1995 pond
nursery trial. During both studies, fish were
inspected several times daily and dead fish were
removed when observed. Lighting was continuous
using overhead fluorescent lights. Water quality
was monitored at the beginning and end of study 1,
and daily during study 2. Dechlorinated tap water
(0 g/L salinity; mean alkalinity 45 mg/L; hardness,
66 mg/L (CaCO; equivalent); pH 7.5) was added
scveral times during the studies to adjust for
evaporative loss and to maintain salinities at
appropriate treatment levels.

In the first study, the recently
metarnorphosed juveniles (13.7 + 2.6 mm TL, 50
days old) were stocked into 1-L glass bowls filled
with 30 g/L. seawater. Each treatment was
replicated in three bowls cach containing 10-14
juveniles which were acclimated to seven different
salinity levels: 0, 5, 10, 15, 20, 25, and 30 g/L
(control}. Fish were acclimated to (reatment
salinities by diluting the Charleston Harbor
seawater with dechlorinated tap water at a rate of
S g/L/h. In the O g/L treatment, water was
completely replaced with dechlorinated tap water
after acclimation to near 0 g/L using dilutions of
seawater, Total acclimation time for the 30to 0 g/
L treatment was 6 h. Additionally, as a separate
treatment, flounder in three bowls were converted
to 0 g/L without acclimation to examine the
influence of acclimation time. Juveniles in all
treatments were fed newly hatched to 24-h-old
Artemia nauplii (400 pm) stocked at a density of
5/ml. The study was conducted for 72 h after
acclimation was completed.

Study 2 evaluated the effects of four
salinity levels on survival and feeding behavior over
a 2-wk period. Five juveniles, mean size 95.2 £
14.0 mm TL, 7.4 = 3.6 g, 220 days old, were
stocked into three replicate 70-L black cylindrical
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fiberglass tanks (45 cm diameter x 45 cm deep
with rounded bottom) fitted with center standpipes.
All three replicates of each treatment were
connected to a recirculating system which
continucusly recirculated filtered water ta the tanks.
Tanks were filled with 28 g/L. Charleston Harbor
seawater and the juveniles acclimated to onc of
four salinity treatments (0, 1, 5, and 10 g/L.} using
dechlorinated tap water. Juveniles were fed live
mosquitofish Gambusia sp. to satiation daily.

Transition Diets

Two studies were conducted to wean fish
from live feeds to commercially available dry
rations. Fish used in the trials were obtained from
the pond nursery studies. After harvesting, fish were
placed in clean water and transported to the Marine
Resources Research Institute. Fish were measured,
counted, and placed in 1.8-m-diameter x 0.8-m-
deep cylindrical tanks fitted with center drains and
equipped with screened standpipes which drew
water from throughout the water column, Water
was rectrculated through a biological filter and
supplied to the tanks at a rate of 20 tank volumes/
day. Water was aerated using four air stones spaced
around the perimeter of the tank. Based on data
collected from the salinity tolerance studies and the
desire to reduce the potential for infestation with
the dinoflagellate Amyloodinium sp., fish were
reared at 3-10 g/L salinity using a combination of
dechlorinated tap water (freshwater), low salinity
well water, and settled seawater from the Charleston
Harbor estuary.

Water temperature was recorded daily
while other water quality parameters were measured
weekly. Fish were weighed scveral times during
trial 1 (study duration 103 days) and at beginning
and end of tria! 2 (27 days duration). Fish were
fed dry feeds {salmon starter crumbles #2-#3,
Zeigler Brothers, Gardeners, PA) at 1 1/2-h
intervals 24 h/day using overhead automatic feeders
{Sweeney Enterprises Inc., Boeme, TX). Thelive
feeds and previously frozen feeds were provided 2-
3 times/day during normal working hours {083 -
1700 h). When feeding a mixture containing dry
feeds, the amount of natural feed was gradually
reduced during each feeding period, while the
amount of dry feed was increased. Once fish had
been conditioned to exclusively accept dry feeds,
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the weaning experiments were terminated.

Intrial 1 (1995), 200 fish (mean size 8.3 g
and 96 mm TL, 220 days old) were stocked in each
of two replicate tanks at a density of 77 fish/m? of
tank bottom. Fish were fed as follows: live and
dead grass shrimp Palgemonetes sp. during days
0-15; chopped mullet Mugil cephalus and spot
Leiostomus xanthurus during days 16-52; #2
salmon starter (50% protein) mixed with refined
menhiaden Brevoortia tyrannus oi) and chopped fish
during days 53-78; #3 salmon starter and refined
menhaden oil during days 79-105; and dry feed only
beginning day 106.

In trial 2 (1997), 400 fish {mean size 1.2
£,46.7 mm TL, 77 days old} were stocked in each
of the two replicate tanks at a density of 154 fish/
m’. Fish were fed as follows: ground Atlantic
mackerel Scomber scombrus, frozen blood worms
Tubifex sp., and frozen adult Artemia, days 0-8;
#1 and #2 salmon stanter and emulsified menhaden,
days 9-13; and dry feed only, day 14,

RESULTS

Pond Nursery

During harvesting of trial 1, the pond was
drained rapidly as is done with other fish species.
Unfortunately, most of the juvenile flounder became
stranded, burrowed into the soft pond bottorn, and
had to be individually harvested by hand. During
trials 2 and 3, ponds were rapidly drained to near
exposure of the pond botiom. Then, during the
night, the remaining water was very slowly drained
which allowed the small flounders to move with
the water and become concentrated in the harvest
basins. Nighttime draining eliminated bird predation
problems and water temperature increases due to
solar heating. Collection of the fish in the basin
made harvesting more efficient aithough removing
fish from the bottom of the basin was still difficult.

Water quality recorded during the trials
appeared satisfactory although temperatures on
some days in Juty and August during trial 1
exceeded 31°C (Table 1). Fish reared for 2%
months (trials 2 and 3) were about half the length
of those reared for 7 months (Table 2). Survival
was low (mean 4.5, range 3.5-6.1%) during each
trial (Table 2). Examination of pigmentation pattern
indicated that about 99% of the harvested fish were

normally pigmented.

Tank Nursery

No significant differences in water quality
were detected among tanks. Mean water quality
values were as follows: temperature 22.9°C:
salinity 35.7 g/L; dissolved oxygen 6.6 mg/L; pH
7.6; and total ammonia nitrogen 0.8 mg/L. Larvace
began actively feeding on rotifers at age 6 days
post-hatch (dph) and on Artemia naupkii at age 14
dph. On study day 17 (23 dph), mean sizc was 8.2
+ 0.6 mm TL. At that time, complete
metamorphosis and a varicty of transition stages
were observed among fish in all reatments. By
day 30, 98% of the animals had completed
metamorphosis. There were no significant
differences detected among survivat levels between
feed treatments (mean 37.5 + 15.5%) or light
treatments (mean 26.4 + 12.8%) (Denson and Smith
1997). Similarly, there were no differences in total
length (overall mean 11.5 + 1.3 mm) among fish in
any treatments (Denson and Smith 1997).

Body pigmentation was highly variable. On
day 30, no significant differences in pigmentation
were detected among the three feed treatments,
but on average only 29.7% of the population had
normal pigmentation. Rechecking pigmentation
patterns a week later indicated that there had not
been any significant change. On day 30, there
was no difference in the degree of albinism ameng
fish reared in high and low light conditions, but again
there was only a low percentage of normally
pigmented fish. Subsequent to the study, the light
intensity in the low light treatment was increased
to high light conditions on day 30. On day 37, there
was statistically more normally pigmented (34.5%
v. 13.3%) animals than on day 30. No change in
pigmentation was observed among fish in the high
light treatments which were held at high light
intensity for an additional week (24.5% on day 30
vs 23.0% on day 37) (Denson and Smith 1997).

Salinity Tolerance

In study 1, no differences were observed
in water quality between treatments. Mean
water temperature was 25.2°C, pH was 7.5, and
total ammonia nitrogen was within acceptable
limits (< 2 mg/L}. Some fish in each of the
treatments, including the non-acclimated 0 g/,
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Temp. () Onygea (mg/L) pH Salinity (g/l)
Month - Mean ngc_ Mean Range Mean Range __Mﬂn Range
TRIAL
March 1995 90 17.4202 19 1290 8.7 8.6-8.8 220 20.0-24.0
April 1995 208 158250 6.8 56-B6 B3 §.29.0 247 23.0-26.0
May 1995 248 214274 5.3 4.2-6.7 85 82488 217 26.0-30.0
Jume 1995 268 2452909 49 34612 812 8.1-83 250 24.0-26.0
July 1995 297 27.2313 4.4 34-5.8 g4 B.2-A5 250
August 1995 288 227319 4.4 3580
September 1995 25.4  30.9-282 51 6262
October 1995 247 238257 6.2 5667
TRIAL 2
March 1997 21.0 7.2 30.0
April 1997 205 184225 73 6299 87 33.0
May 1997 238 60 6.2 5771 26.0
June 1997 2L.0 7.1 280
TRIAL 3
March 1997 20.9 70 30.0
April 1997 204 182223 69 569.F B35 33.0
May 1997 19 22520 6.1 55-6.9 26.0
June 1997 1.0 7.1 28.0

Table 1. Water quality parameters monitored during pond narsery trails with southern flounder. Data without ranges indicate

oniy one observation was made.

STOCKING PRODUCTION
(dhnfy) (no./ha) (TL )} 'C)) (TLmm) (wt. g) (no.7ha) (%)
1 22/03/95 284,760 2.040 217 96.3113.5 83444 17460 6.
2 28/03/97 740,000 20401 M 55.5+8.0 1.940.9 30,00 4.0
3 28/03/97 740,000 20101 ™ 36.6+6.28 0.5140.2 25,850 3.3

Table 2. Stocking and production data for pond nursery trials with southem flounder.

treatment, were observed feeding on Artemia
immediately after they were added to the culture
containers. Within 24 h, some juvenile flounder
began to dic (25%) in the non-acclimated 0 g/l
salinity treatment. At this time, only one fish in
one replicate had died in the acclimated 0 g/L
treatment. At the conclusion of the 72-h study,
there was significantly higher mortality in the O g/
L acclimated {80%) and non-acclimated (84%)
treatments (p=0.007) than in the higher salinities

(Table 3). Mean overall survival in 5-30 g/L. salinity
treatments was 99.1% and no differences were
detected (Table 3).

In study 2, no monalities were recorded
during the 2-wk study period. No significant
differences were detected between fish total length
(mean 102.5 + 14.6 mm TL) (Table 4).

Transition Diets

Intrial 1, fish would not consume pelicted
feeds initially even though large amounts of feed
had been provided to the nursery pond for & months
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Treatment salinity Survival
@/L) (%)

o 167 A

0 20.0 A

5 97.0B

10 10308

15 1000

0 97.38

2 100.0B

30 {conrol) 100.0 B

*anmwmmmwmmwmmuﬂmmﬂu‘mm
waEr

Table 3. Mean survival of recently metamorphosed
southern flounder {13.7 X 2.6 mm TL) in a 72-h sakinity

tolerance test. Values followed by the same letter are not
significantly different,

prior to harvest. Population sampling on day 15
indicated that very littlc growth had occurred while
fish were being fed grass shrimp (Table 5). During
the next period, fish readily consumed chopped fish
and increased to a mean weight of 11.9 g by day
36. This trend continved during the period with
fish attaining a mean size of 15 g and 116 mm TL

onday 53 (Table 5). Chopped fish was completely
removed from the diet on day 79. The fish were
not weaned from the menhaden oil and salmon
starter combination until day 106 at a size of 28.6 g
and 140 mm TL. Survival during this 106-day
weaning period averaged 58.2%. As in the
previous trial, fish would not consume dry feeds
initially in trial 2. However, no live feeds were
provided in trial 2. Instead, fish were provided a
combination diet of ground mackerel, adult Artemia,
and blood worms which they readily consumed.
On day 9, this combination diet was replaced with
a mixture of pelleted feed and emulsified
menhaden, Fish ate this diet and were weaned to
the dry salmon starter diet by day 14. At sampling
on day 27, survival avcraged 80.4% with fish more
than doubling in size 10 2.6 g and 64 mm TL (Table
5).

DISCUSSION

Intensively managed tank nursery systems
are typically used to produce flatfishes in Japan
and Europe (Fukusho et al. 1985, Holmefjord et al.
1993, Minkhoff and Broadhurst 1994). Such
systems have a number of advantages including
the ability to strictly manage water quality and
feceding regimes and to produce juveniles year
around (Table 6). However, they are more costly
to construct and require more skilled labor. Also,
fish produced in such systemns may have varying

Salinity treatment Fish size (mm TL) Survival
(g/L) Initial Final (%)
0 91.1 + 12.4A 96.5 + 13.1A 100
1 96.5 + 15.8A 1034 + 17.5A 100
5 9.4 + 13.8A 104.0 + 14.7A 100
10 96.6 + 14.6A 106.1 + 12.3A 100

Table 4. Mean total dength (+ SI) of southern flounder juveniles in 14-day sakinity study. Values in columns followed by the

same letter are not significantly different.
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_ Meamsize
Day ¥ Wi TL Dict Sucviva)
() (mm) (%)
- TRIAL 1
(] g3 96 live and dead grass shrimp 100.0
16 8.7 99 choppexd mullet + spot
52 15.0 116 chopped muilet + spot +
menhaden ol + #2 salmor starter
79 20.6 133 menhbaden oil + #3 salmon srarter
106 28.6 140 #4 salmon starter 582
TRIALZ .
0 1.2 47 dead bloodworms + aduk 1000
Artemia + ground mackerel
) emulsified menhaden +
#1 and #2 salmon starter
14 #2 satmon starter
27 2.6 64 #2 saimon starer 80.4

Table 5. Data for weaning trials with juvenile southern flounder.

Tk coltare Bigh control of rearing eavironmen: Requires daily mamnesance o maonitociog
Ruphl sswesament of growh, sevival and bealth siatns~ Requires intepsive catare of food iters
Ability @ provide specific feeds of koown auwriens level  Requires more cnstly facilivies and fsber
Prodnaction independet of external smibirst comfitions

Mare predictive peoduction fevels
1Can produce all year

Pomd Cubture Lower initis] invenimem Requires coastal gires
Thilizes sowrat foods Prodaction schject t0 varations io zooplmkson
Roquirs low daily maintensmce Production subyect to ambiers conditions
Reduced skithed lbor requirements Prixhaction seasonsbly tinsted

Table 6, Characteristics of intensive tank and exteasive pond nursery systerns for production of juvenile southern flounder.

29
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degrees of pipmentation abnormalities which make
them less desirable for sale as a live product. In
contrast, pond nursery systems are commen in the
southem United States for a number of species
including channel catfish Jcralurus punctatus
(Tucker and Robinson 1990), suiped bass and its
hybrids (Harrell et al. 1990), and red drum
Sciaenops ocellatus (McCarty et al. 1986). Pond
systems allow [ess control of the rearing
environment but are cheaper to develop and
manage. However, production is seasonally limited
and fish must be converted to dry feeds after harvest
(Tablc 6).

Development of nursery systems for
southern flounder is still in the early stages but
results to date indicate that juveniles can be
produced in tank and pond systems. The tank study
showed that they can be reared on a rotifer/Arremia
diet with a survival level of about 37%. This is an
improvement over that reported by Daniels ct al.
(1996). However, a high incidence of pigmentation
abnormalities occurred in our study (~70%) as well
as among juveniles (30-40%) produced by Daniels
etal. (1996). In contrast to our tank culture results,
production of juveniles in ponds was low (mean
survival 4.5%) but so was the incidence of
pigmentation abnormalities (~1%). Albinism in
intensively reared flatfishes is a common problem.
The cause appears to be complex and may be
related to environmental and nutritional factors
(Setkai 1985 ab, Stgtrup and Attramadal 1992,
Seikai and Matsumoto 1994, Spedicato et al. 1994).

Refinements to pond and tank nursery
systems over the next several years should result
in improved production levels and production of
more normaliy pigmented fish. Pond nursery
research focused on improved management of
zooplankton populations should improve survival
levels. Better cleaning of the harvest basin priorto
harvest and incorporation of a different harvesting
technique (e.g., fish pump) may increase efficiency
of fish removal and minimize stress and injury.
Tank nursery research on identification of suitable
environmental and nutritional parameters should
result in higher production levels of normally
pigmented fish.

Results of studies on the salinity telerance
of southern flounder indicated that this species is
euryhaline. However, recently metamorphosed

Juveniles {50 days old) appear less tolerant to
freshwater conditions than older (220-day-old)
Jjuveniles which exhibited 100% survival at salinities
ranging from Oto 10 g/L.. Similarly, Daniels et al.
{1996) reponted 0% survival for larvae undergoing
metamorphosis at 0 g/L but 59% survival at 20 g/
L. Longer term studies will be required to further
define the salinity requirements of different life
stages and especially the effects on growth and
survival rates. Mortality of southern flounder due
to infestations of Amyloodinium sp. and Argulus
sp. have been noted in our laboratory in high salinity
culture tanks, Rearing of flounder in low salinity
to freshwater conditions may avoid similar problems
with these parasites. Additionally, if this species
can be successfully grown on non-coastal sites,
substantial saving in land costs will occur.

Results of our weaning studies suggest that
it may be easier to train young juveniles (77 days
old) to accept dry diets, than older juveniles (220
days old). The older fish required 106 days to
transfer to dry diets as compared to 14 days for the
young fish. Additional research should focus on
improvement of weaning techniques and
identification of practical diets suitable for
producing food-size fish and cultured broodstock.

In summary, studies to date indicate that
the southern flounder is a suitable candidate for
culture. However, additional research is needed to
identify the performance of various life stages in
different rearing systems and to identify optimal
and acceptabie environmental conditions and
satisfactory diets. Such research will need to be
coupled with marketing swdics to determine the
economic potential for southern flounder
aquaculture,
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ABSTRACT

The U.$. Department of Agricalture (USDA) regulates biclogics for fish, including vaccines, bacterins, and
diagnostic test kits, produced in, imported into, or exported from the United States. The regulatory process is
designed to ensure that biologics under USDA jurisdiction are not contaminated, worthiess, dangerous, or
harmful. The Animal and Plant Healih Inspection Service (APHIS), an agency within the USDA, licenses and
inspects biologics production facilities, and licenses and tests veterinary biological products. Veterinary biologi-
cab products should be pure, safe, potent, and efficacious. A biologics-producing firm located in the United
States may sell its products provided the firm possesscs a valid U.S. Veterinary Biologica! Product License for
each product produced for sale, as well as a valid U.S. Veterinary Biologics Establishment License. A permittee
(ie., the legal representative in the United States of a biologics-producing firm located outside the United Seates)
may import biologics into the United States provided the permittee possesses a valid U.S. Veterinary Biclogical
Product Permit. Biologics available in the United States for fish are manufactured by Alpharma NW Inc., Aqua
Health Lid., and DiagXotics. Monovalent and multi-faction bacterins (i.e., antigenic suspensions of inactivated
bacterial organisins) are available for the vaccination of fish 1o aid in the prevention of furunculosis caused by
Aeromonas salmonicida, enteric septicemia of catfish caused by Edwardsiella ictaluri, columnaris discase caused
by Flavobacterium columnare, vibriosis caused by Vibrio anguillarum and V. ordalii, cold water vibriosis cansed
by V. salmoninarum, and enteric redmouth discases caused by Yersinia ruckerii. Qualitative and quantitative test
kits to diagnuse the presence of the bacterial kidney disease antigen Renibacterium salmoninarum in fish are also
available in the United States. A hacterin recommended as an aid in the prevention of winter ulcers caused by V.
viscasus 15 produced in the United States for export only.

a3

LICENSING AND REGULATION OF VETERINARY BIOLOGICS FOR

INTRODUCTION

The U.S. Department of Agriculture
(USDA) regulates biologics for fish produced in,
imported into, transported through, or exported from
the United States. Veterinary biologics include vi-
mses, serums, toxins, and analogous products (e.g.,
vaccines, bacterins, allergens, antibodies, antitox-
ins, toxoids, immunostimulants, cvtokines, etc.)
which act through an immune mechanism to pre-
vent, diagnose, manage, or cure disease of ani-
mals.

DISCUSSION

Biologics currently avaitable for fishin the
Unites States include bacterins and diagnostic test
kits. Bacterins (i.e., an antigenic suspension of
inactivated bacterial organisms) are used for the
vaccination of fish as an aid in the prevention of
furunculosis caused by Aeromonas salmonicida,
enteric septicemia of catfish caused by
Edwardsiella ictaluri, columnanis disease caused
by Flavebacterium columnare, vibriosis caused
by Vibrio anguillarum and Vibrio ordalii, cold
water vibriosis caused by Vibrie salmoninarum,
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and enteric redmouth diseases caused by Yersinia
ruckerii. Qualitative and quantitative test kits to
diagnose the presence of the bacterial kidney dis-
ease antigen Renibacterium salmoninarum in fish
are also available in the United States. A bacterin
recommended as an aid in the prevention of win-
ter ulcers caused by Vibrio viscosus is produced
in the United States for export only. Depending on
the specific biological product being considered,
bacterins may contain a single fraction or multiple
fractions, and may be recommended for adminis-
tration to fish by immersion, by injection, or by in-
gestion.,

The regulatory process is designed 1o en-
sure that all biologics under USDA jurisdiction are
pure, safe, potent, and efficacious, and not worth-
less, contaminated, dangerous, or harmful. The
Animal and Plant Health Inspection Service
{APHIS), an agency within the USDA, licenses
and inspects biologics production facilities, and li-
censes and tests biologics produced in licensed
biologics-manufacturing facilities.

The Center for Veterinary Biologics
(CVB) is the veterinary biologics regulatory pro-
gram within APHIS and is composed of three units
with defined functions. The Licensing and Policy
Development (CVB-LPD) unit establishes licens-
ing standards and policy; reviews prelicense docu-
mentation; reviews test methods, outlines of pro-
duction and labels; and issues, suspends, or revokes
licenses and permits. The Inspection and Compli-
ance (CVB-IC) unit inspects production facilities,
methods, and records; releases serials (lots or
batches) of biologics for distribution in the market-
place; performs post-release product surveillance;
and investigates suspected Jaw violators and con-
sumer complaints. The Laboratory (CVB-L) unit
develops test methods, standards, and reapents;
performs prelicense, surveillance, and field prob-
lem testing; and trains personnel from other labo-
ratories.

The authorities and procedures for the
regulation of biologics are defined in a variety of
published documents, including the
Virus-Serum-Toxin Act of 1913 (amended in 1985),
Title 9 of the Code of Federal Reguiations, Veteri-
nary Biologics Memorandums, Veterinary Biologics
Notices, Veterinary Biologics General Licensing
Considerations, and Supplemental Assay Methods.

Further sources of information and guidance in-
clude: the sermi-annual Veterinary Biological Prod-
ucts publication listing the licensees, permittees, and
veterinary biologics produced, the CVB internet
home page, and APHIS-sponsored public meet-
ings.

Veterinary biologics eligible for distribution
and sale in the United States may be manufac-
tured in facilities located either in the United States
or abroad. In order to sell a veterinary biologic in
the United States, a biologics manufacturer Jocated
in the United States must possess two types of
Federal licenses: a U.S. Veterinary Biologics Es-
tablishment License for the production facility, and
a separate U.S. Veterinary Biological Product Li-
cense for each biological product. In order to im-
port from abroad and sell a veterinary biclogical
product in the United States, a foreign veterinary
biclogics manufacturer’s legal representative (per-
mittec} in the United States must possess a U.S.
Veterinary Biological Product Permit for the
biologic(s) to be imported. With only minor differ-
ences, the licensing process for domestically pro-
duced veterinary biologics is the same as the per-
mitting process for veterinary biologics imported
from abroad.

The applicant for an establishment license
or a product permit should submit the following
documents to the CVB:

1. Application for U.S. Veterinary Biologics Es-
tablishment License (APHIS Form 2001): a
one-page document indicating general infor-
mation regarding the domestic biologics-manu-
facturing establishment.

2. Application for U.S. Veterinary Biological
Product Permit (APHIS Form 2005): a
one-page document completed by the permit-
tee of a foreign biologics-manufacturing es-
tablishment indicating general information re-
garding the permittee, the foreign biologics pro-
ducer, and the biological product(s).

3. Articles of Incorporation: a legal document
indicating the business operating status of the
manufacturing establishment.

4, ‘Water Quality Statement: a document required
for domestic veterinary biologics manufactur-
ers only indicating the manufacturing
establishment’s status regarding applicable



U.S. effluent water quality control standards.
5. Application for U.S. Veterinary Biological

Product License (APHIS Form 2003): a

one-page document for domestically produced

veterinary biologics indicating general biologi-
cal product information,

6. Qualifications of Veterinary Biclogics Person-
nel (APHIS Form 2007): a one-page docu-
ment indicating specific information regarding
the educational and work background of em-
ployees involved in biologics production.

7. Facilities Documents: blueprints, plot ptans,
and legends describing the biologics produc-
tion facilities.

In support of the product license or permit ap-
plications, the applicant should prepare in an ac-
cepiable manner and submit to Licensing and Policy
Development the following items (some variation
may exist depending on the particular veterinary
biolegical product being considered):

1. Outline of Production and Related Special
QOutlines: documents describing the protocol
for manufacturing and testing of a particular
biclogic.

2. Master Seed Purity and Identity Test Report:
the Veterinary Biologics Production and Test
Report form (APHIS Form 2008) indicating
the test results for the organism selected and
permanently stored at a specified passage level
from which all additional passages are derived.

3. Master Cell Stock Purity, Stability, and
Non-tumorigenic Quality Test Report: the
Veterinary Biologics Production and Test Re-
port form (APHIS Form 2008) indicating the
test results for the cells within a specific pas-
sage level range used to grow seed organisms
for biclogics production.

4. Backpassage Test Report: results of rever-
sion to virulence studies for conventional modi-
fied live or live recombinant-derived vaccines
indicating the Master Seed’s genetic stability
and reversion to virulence potential following
administration to the host animal,

5. Efficacy Report: study results indicating the
effectiveness of the veterinary biological prod-
uct to perform as indicated on the product Ia-
bel. Vaccines recommended as an aid in the
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prevention of a specific fish disease are typi-
cally evaluated for efficacy by
vaccination-challenge studies. The vaccine
{produced with the lowest antigen leve! and at
the highest passage level from Master Seed
approved in the filed Outline of Production)
should be administered according to label di-
rections (e.g., injection, immersion, or oral) to
the youngest age or smallest size fish for which
the product shall be recommended. After an
appropriate post-vaccination observation pe-
riod, the vaccinated fish and other
non-vaccinated control fish are challenged
with a virulent strain of microorganism for
which protection is recommended, and all
post-challenge findings are accurately re-
corded. The precise challenge method and
the criteria for determining protection vary with
the immunizing agent. For products with two
or more fractions, data should be submitted to
evaluate any in vivo or in vitro interference of
the various fractions.

Serial Purity, Safety, and Potency Test Report:
the Veterinary Biologics Production and Test
Report form (APHIS Form 2008) indicating
all required test results for cach of at least
three consecutively produced prelicense seri-
als (batches or lots) of finished product:

a. Purity test results indicate if extranc-
ous viable bacieria and fungi are
present in the finished product. The
permittee of imported veterinary
biologics is charged a monetary fee if
APHIS conducts additional testing of
the finished biolagical product for ex-
otic vinises,

b. Laboratory safety test results indicate
if there arc any adverse reactions at-
tributable to the vaccination of suscep-
tible fish with the biological product
during the pre-challenge observation
period.

¢. Potency test resalis indicate the rela-
tive strength of the biological product.
and are designed 1o correlate with the
approved host animai
vaccination-challenge efficacy study.
Potency tests for killed viral or hilled
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bacterial products typically utilize labo-
ratory animal or host animal evalua-
tions or else quantitative in vitro meth-
ods. The potency of live virus and
bacterial vaccines is typically mea-
sured by means of bacterial counts or
virus titrations. The bacterial count
of alive bacterial vaccine must be suf-
ficiently greater than that shown to be
protective in the immunogenicity (ef-
ficacy) test to ensure that at any time
prior to the expiration date the count
will be at least twice that used in the
immunogenicity test. The virus titer
of a live viral vaccine at release should
be at least 1.2 logarithms greater than
that shown to be protective in the im-
funogenicity test to ensure that at any
time prior to the expiration date the
titer will be at least 0.7 logarithms
greater than that used in the immuno-
genicity rest.

d. Other Outline of Production finished
product test results indicate specific
required information, e.g., microorgan-
ism identity, residual-free formalde-
hyde, viricidal activity, etc.

7. Field Safety Report: study results indicating
the level of unsuspected adverse
product-related reactions that may not have
been observed during product development.
Two or more prelicense serials are tested at
three or more distinct geographic locations on
a large number of appropriately sized fish that
do not belong to the manufacturer, The manu-
facturer receives authorization to conduct field
safety studies only after submission of accept-
able efficacy data and satisfactory testing re-
sults of three consecutively produced prelicense
serials. The field study is approved only if the
test conditions are adequate to prevent the
spread of disease, and the firm has obtained
permission from the proper animal health au-
thorities for each state where the tests will take
place. Before beginning the field safety test,
the firm should submit to Licensing and Policy
Development for review a detailed protocol
indicating the proposed observation and record-
ing methods.

8. Product Stability Report: results of studies
validating product shelf life (i.e., expiration
dating).

9. Label: the insert, container label, and carton
label indicating the true product name, the name
and address of the producer (and also the im-
porter for imported products), the establish-
ment license or permittee number, the recom-
mended storage temperature, the ful instruc-
tions for use, the withdrawal time if the bio-
logic is administered o food animals, the expi-
ration date, the serial identification number, the
recoverable quantity and number of doses, the
presence of any antibiotic used as a preserva-
tive, the indication to use the entire contents of
a multi-dose container when the container is
first opened, the recommendation to burn the
container and unused contents of all live or-
ganism products, and any special restrictions.
The label may not contain any information
which is falsc or misleading. All label claims
must be supported by data submitted and filed
by Licensing and Policy Development as ac-
ceptable.

Before issuing an establishment license or
permit for general distribution and sale, APHIS will
conduct an on-site inspection of the biologics pro-
duction facilities and equipment to determine that
these are acceptable for producing, testing, and
distributing veterinary biologics using good manu-
facturing procedures and good laboratory tech-
niques. The permittee for a foreign biologics manu-
facturer is charged a monetary fee to pay for the
on-site inspection of a foreign biologics production
facility. Biologics manufacturers should use good
sanitary measures in compliance with Federal regu-
lations and the Outline of Production. At the preli-
cense inspection, APHIS reviews all aspects of
the manufacturing process, including accurate
record keeping and product sampling. Following
submission by the firm to APHIS of satisfactory
results for all required prelicense serial release
tests, APHIS will conduct confirmatory prelicense
testing of representative samples of three consecuy-
tively produced prelicense serials at the CVB-L.
APHIS will issue the appropriate establishment and
product licenses or permit only after all prelicensing
requirements have been satisfied.



There arc scveral types of U.S. Veten-
nary Biological Product Licenses and U.S. Veteri-
nary Biological Product Permits. A regularbiologics
product license authorizes the distribution of a vet-
erinary biological product manufactured in the
United States, with or without restrictions (e.g.,
for use by or under the supervision of a veterinar-
ian only, intra-state distribution limited to authorized
recipients or approved laboratories, use only on
premises having a history of the disease, for ex-
port only, etc.). A conditional product license is
issued in an expedited procedure to make a bio-
logic needed (e.g., in an emergency or limited mar-
ket situation) available following the demonstra-
tion of product purity and safety (even though prod-
uct efficacy and potency studics remain in
progress). A permit for general distribution and
salc allows for the importation into the United States
and distribution (with or without restrictions) of a
specified biologic or biologics. Permits may also
be issued to allow the importation of biologics into
the United States for research and evaluation pur-
poses or for transit shipment only.

EPILOGUE

Biological products for vaccinating fish are
currently available for sale in the United States
from two companies: Alpharma NW Inc., Bellevue,
Washington, telephone (206) 882-0448, and Aqua
Health U.S.A., Buhl, Idaho, telephone (208)
543-5369. Test kits for the diagnosis of bacterial
kidney disease antigen in fish are available from
DiagXotics, Inc., Wilton, Connecticut, telephone
(203)762-0279.

Qualified personnel at APHIS' CVB are
available to assist biologics manufacturers and per-
mittees in the application process. For further in-
formation regarding the rcgulation of veterinary
biologics, contact: U.S. Department of Agricul-
ture, Animal and Plant Health Inspection Service,
Veterinary Services, Center for Veterinary
Biologics, Licensing and Policy Development, 4700
River Road, Unit 148, Riverdale, Maryland
20737-1231; elephone: (301) 734-8245, fax (301}
743-8910. Information regarding the CVB is avail-
able from the Internet web site <http://
www.aphis.usda gov/vs/cvbs.
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ABSTRACT

The effects of light direction, intensity, and bottom substrate on the hypetinelanosis in Tapanese flounder were
examined. Hatchery-produced juvenile or young flounder were kept in aquaria with transparent tops and
bottoms to illuminate the fish with upward and downward light. When the bottorn of the aquarium was a
transparent plastic plate, hypermelanosis nccurred in all the fish tested regardless of light direction or intensity
(downward/upward illumination: 130(/1100, 1300460, and £ 50/7 lux}. However, only 14% of the fish showed
hypcrmelanosis in the aguarium with a sandy bottom and no upward light. Percentage occurrence of fish with
hypermelanosis decreased drastically when the bottom was covered with glass sand, even if the fish were
exposed 1o a high intensity of upward light (1400 lux). Similar trends were observed in the enlargement of the
blind side pigmented area. None of the fish showed visible expansion of the pigmented area in the aquarium with
sand or glass sand on the bottom; however, the pigmented area was enlarged in half of the fish in the aguarium
with a transparent plastic plate bottom. From these results, it is considered that, not light, but the presence of
sand on the aquarium bottom is the primary cause of blind side hypermelanosis in Tapanese flounder.

INTRODUCTION

The Japanese flounder Paralichthys
olivaceus is one of the most important mariculture
fish species in Japan. The wild fish of this species
generally has a white blind side, while almost all
the cultured flounder show a dark pigmented area
on their blind side (ambicoloration or hypermelanosis
on the blind side). This color anomaly is a serious
problem in flounder culture, because it usually
decreases the market price of the fish.

Norman (1934) divided hypermelanosis of
flatfishes into three types by its characteristics:
staining, spotting, and true ambicoloration. The
staining type is the most common in cultured
Japanese flounder (Yamamoto and Oda 1991).
Some factors such as illumination on the blind side,
food, and stocking density are considered to affect
this type of hypermelanosis in Japanese flounder
(Seikat 1991, Suzuki 1994, Takahashi 1994).
Among these factors, 1llumination to the blind side
seemns to be the most plausible, because there are

many studies not only on Japanese flounder (Seikai
1991) but also on other flatfish species which
showed a relationship between light and
hypermelanosis (Cunningham 1891, 1893, 1895,
Osborn 1940, 1941, Stickney and White 1975).
However, because most of the studies were
conducted in aquarium in which the bottom was
covered with sand to prevent upward light, the
sandy substrate may have affected their results.
In this study, rearing experiments were conducted
to determine if light direction and intensity or bottorn
substrate are the most important factors for
hypermelanosis in cultured Japanese flounder.

MATERIALS AND METHODS

Fish of about 1g body weight were
obtained from commercial hatcheries, and were kept
in atank with a recirculating seawater system until
the start of experiments.

Experiments were carried out in aquaria
equipped with a closed recirculating system (Fig.
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Figure 1. Experimental setup.

Light intensity (lux)

Bottom material of aquarium

Percentage of Survival rate Specific growth

Downward Upward hypermelanosis fish (%) (%)} rate (%)
Transparent plate 150 7 100 93 21
1300 60 100 80 23
1300 1100 100 93 2.2
Sand (lem thickness) 2040 0 7 80 1.8
1900 0 14 50 1.4

Table 1. Effcets of downward and upward light intensity on the blind side hypermelanosis of Japanese flounder reared with or

without sand on the bottom of the aquarium, experiment 1.

1). The aquaria with transparent acrylic bottoms
were placed on transparent acrylic plates. The
insides of aquarium walls were made of matted
black vinyl chloride plates, and the top was covered
with a transparent acrylic plate. Downward and
upward illumination was provided with fluorescent
lights installed above and below the aquaria. These
lights were tumed on for 12 h/day. Fish were fed
with a commercial pelleted diet twice a day for 5
days/wk during the experimental period.
Temperature was maintained at 23 °C.
Experiment 1 was designed to examine
the effect of light intensity and direction on the
hypermelanosis of the flounder in transparent
plastic bottom aquaria with or without sand.
Experimental conditions are shown in Table 1. The

bottoms of two aquaria were covered with a 1-cm
layer of coarse sand (particle size 0.5 - 1.0 mm).
Fifteen fish of about 6 g body weight without visible
pigmentation on the blind side were reared for 16
wk. At the end of the experiment, all surviving
fish were anesthetized, and photographs of their
blind sides were taken individually to examine the
pigmentation.

In experiments 2 and 3, three aquaria with
upward light and different bottom conditions were
prepared as follows (Tables 2 and 3): (1) a
transparent plastic plate and strong upward light,
(2) a white opaque plate and weak upward light,
(3) similar light conditions as the first, but the
bottom was covered with a 1-cm layer of
transparent glass sand (particle size 0.5 - 1.0 mm).
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Light intensity (lux) . .
Bottom material of aquarium ) Peroentage of . Sum:;ll rate Specific g‘;f'owth
Downward Upward ypermelanosis fish (%) {%%) rate (%)
Transparent plate 1800 1600 88 68 29
White opaque plate 1800 10 100 72 29
Glass sand 1900 1400 27 88 30

Table 2. Effects of upward light and the presence of sandy substrate on the bottom of the aquarium on the blind side

hypermelanosis of Japanese flounder, experiment 2.

Bottom material of aquarium gt Intenstty (19 Percentage of Survival rate  Specific growth
i Downward Upward bypermelanosis fish (%) (%) rate (%)
Transparent plate 1800 1000 £8 85 33
White opague plate 1800 10 100 60 3.4
Glass sand 1900 1400 18 85 34

Table 3. Effects of upward light and the presence of sandy substrate on the bottom of the aquarium on the blind side

hypermelanosis of Japanese flounder, experiment 3.

Twenty-five fish of about 4 g body weight were
reared for 12 wk in experiment 2 and 20 fish of
about 1 g were reared for 16 wk in experiment 3.
None of the fish used in the experiments had visible
pigmentation at the start. Fish with hypermelanosis
were described in experiment 1.

Experiment 4 was carried out to examine
the effect of bottom conditions on the enlargement
of the dark pigmented area on the blind side with
three aquaria prepared as follows: (1) bottom of
transparent plate with strong upward light, (2)
bottom covered with a 1-cm layer of transparent
glass sand and strong upward light, (3) bottom
covered with a I-cm layer of coarse sand to prevent
upward light (Table 4). Fish of about 25 g body
weight, all of which had partial dark pigmentation
on their blind side, were reared for 4 wk.
Photographs of the blind side of individual fish were
taken at the start and at the end of the experiment

and the changes in pigmented area were compared.
RESULTS AND DISCUSSION

The results of expertment 1 are shown in
Table 1. In the aquarinm without sand on the
bottom, ali fish showed hypermelanosis on the blind
side at the end of the experiment, regardless of light
intensity. However, only 7 and 14% of the fish
showed hypermelanosis in the aquaria with sand
on the bottom (Fig. 2). Specific growth rate of the
fish was lower in the aquaria with a sand bottom
than those without sand.

The resulits of experiments 2 and 3 were
stmilar to each other (Tables 2, 3). Namely, 100%
of fish had hypermelanosis in the aquarium with
the white opaque plate bottom, and 88% in the
aquarium with the transparent plate bottom. In
contrast to these, less than 30% of fish showed
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Figure 2. Photographs of the blind side of Japanese
flounder at the end of experiment 1: a - Fish showing
typical hypermelanosis, reared in an aguarium with a
transparent acrylic plate on the bottom. b - Fish without
visible pigmentation on the blind side, reared in aguarinm
with coarse sand on bottom.

dark pigmentation on the blind side with glass sand
on the bottom in spite of the strong upward light.
Specific growth rate was almost the same among
treatments in both experiments.

Sand on the bottom of the aquarium was

also effective for preventing enlargement of the

pigmented area on the blind side {Table 4). No
fish showed enlargement of their pigmented area in
the aquaria with sand or glass sand on the bottom,
while half of the fish enlarged their pigmented area
n the aquarium with a transparent plate bottom,
None of the fish died during the experimental period
under any conditions, and the specific growth rate
varied with treatment.

Prcvious papers concerning the
pigmentation on the blind side in flatfish species
suggested that light is the primary factor for such
an abnormal coloration. However, from the results
of this study, it is better to consider that, not light,
but the presence of sandy substrate on the bottom
of the culture tank has an important role in this
phenomenon. In this study, sandy substrate on the
bottom prevented the occurrence of hypermelanosis
as well as its enlargement. As there is no other
information that supports our results, more research
is needed to determine how much the occurrence of
hypemmelanosis depends on sandy substrate or light.
Furthermore, sand on the bottom of culture tanks
is not considered to be practical, because it will
easily cause deterioration of the culture
environment by producing anaerobic areas.
Therefore, alternative substrates will be required

Light intensity (lux) Percentage of fish . .
Bottom material of aquarium with hypermelanosis area Sun’;:/a; rate Spe:::: (gn;(;wth
Downward Upward enlargement (%) E ®
Transparent plate 1300 400 43 100 0.5
Glass sand 1500 300 0 100 0.1
Sand 1300 0 0 100 0.6

Table 4. Effects of bottom substrate, light intensity (lux), and direction on the entargement of blind side hypermelanosis of

Japanese flounder, experiment 4.




for practical usage.

Most of the pigimentation on the blind side
of the flounder was shown at a margin of the trunk,
caudal peduncle, and basement of pectoral fin in
this study (Fig. 2), and its location was the same as
generally seen in cultured Japanese flounder (Seikai
1991, Yamamoto and Oda 1991).
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ABSTRACT

Finfish in early larval stages of growth can suffer high monality in aquacultural facilities because of diseases
and nutritional problems. Recent studies suggest that bacteria associaled with the live feed and hatchery
environments that colonize finfish can have beneficial or detrimental effccts on fish health. A local commercial
fagility that grows summer flounder in a recirculating water system has been the subject of microbiological
studies for their first four production runs. The culture of surnmer flounder is in its infancy and the microbiology
of these fish is not well characterized. Samples of fish, tank water, and feed coilected at times of change in feeding
regime, metamorphasis and episodic high mortality and disease events were analyzed for different bacteria,
Growth media wargeting total heterotrophs, total vibrios and Vibrie anguitlarum were used to enumerate and
isolale bacteria. Isolates were identified to species and/or genus. Differences and similarities in microbial
community diversity and abundance at different life stages and feeding regimes were noted. The results provide
an initial database for determining the role of bacteria in the onset of discase and the health of earty stages of

L5

summer flounder growth.

INTRODUCTION

Aquaculture is becoming widespread and
growing rapidly in northern New England, USA,
and throughout the world. Among many uncer-
tainties, one of the biggest is the incidence of dis-
ease in the fish being cultured. Diseases can cause
significant fish mortalities, especially in early life
stages, and such events are obviously catastrophic
to any industry.

Bacterial pathogens that cause diseases in
fish often enter the host with ingested food or feces
and colonize the intestinal tract (Romalde et al.
1996). The bacterial diversity is enormous in fish
tissue and hatchery environments {Muroga et ai.
1987, Nicelas et al. 1989, Sorgeloos 1994), mak-
ing it difficult to identify pathogens or monitor far

predicting the onsct of disease. Prophylactic and
direct treatment of diseases often involves use of
antibiotics and vaccination {Cahill 1990, Joosten &t
al. 1995). There are many disadvantages to using
antibiotics, including the potential for evolution of
drug resistant strains {(Kapetanaki et al. 1995),
harmful effects on fish eggs (Munro et al. 1995),
negative cffects of seawater (Bames et al. 1995),
and complex governmental regulations. In recir-
culating aguaculture systems (RAS), the use of
antibiotics is even more limited becanse of the need
for establishing stable microbial communities on
biofilters needed for removing wastes. An alter-
native approach to disease management is the use
of probiotic bacteria. This approach employs use
of the beneficial or benign namral microflora asso-
ciated with healthy fish to establish and maintain a
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microflora that can suppress potential patho gens
and promote fish growth. Inhibition can be ac-
complished by production of toxins (Fouz et al.
1995), siderophore production (Pybus et al. 1994)
or by competitive exclusion of pathogens (Smith
and Davey 1993).

Great Bay AquaFarms (GBA) is a land-
based RAS facility tocated in Portsmouth, New
Hampshire, that is unique in North America for
the combination of system and the cultivation of
summer flounder Paralichthys denatus. Different
aspects of the culture and diseases of (wo other
biologically similar flatfish species—Japanese
flounder and turbot— have been siudied. How-
ever, little is known about the microbiology of sum-
mer flounder, especially in an RAS. An early study
identified Vibrio anguiflarum as a common patho-
gen associated with kidney tissue in dead fish, both
feral and cultured, from the coasts of New Hamp-
shire and Maine (Strout et al. 1978}. More recent
work in New Hampshire has focused largely on
the incidence and ecology of human pathogenic
Vibrio sp. in the Great Bay estuary (Jones et al.
1991, O’Neill et al. 1992, Jones et al. 1997 ), the
source of water for GBA culture tanks. The pur-
pose of this study was to determine the effects of
intestinal microflora and the culture environmen-
tal conditions on the health and survival of larval
summer flounder.

METHODS

Great Bay AquaFarms, Inc. is a commer-
cial hatchery dedicated to the culture of summer
flounder. Young larvae are grown from fertilized
¢ggs, provided by brood fish on site, in recirculat-
ing culture tanks until the juveniles reach a size of
3-10g(5-8 cm), at which time they are transferred
io on-growing operations. The focus of this study
was the fourth production run since the start of
GBA in 1996, which began on 22 March 1997.
The conditions in the rearing tanks were subjectto
many changes during the 100-day study, including
feeding regime, tank disinfection and cleaning, and
movement of fish between tanks, Larvae were fed
algae and rotifers in eight larval rearing tanks for
the first 20 days, then Artemia nauplii followed by
enriched Artemia for the next ~20 days prior to

metamorphosis. After 35-40 days, metamorphosed

fish were transferred to 12 weaning tanks and fed
artificial feed weaning diets.

Samples for microbiological analyses were
taken from different tanks on a weekly basis. The
Justification for not sampling specific tanks in a
consistent fashion was that fish reared in specific
larval tanks were mixed into different wcaning
tanks, and some weaned fish were remixed between
weaning tanks. These factors made it difficult to
conduct analyscs under controlled experimental
conditions, so sampling was eventually focused on
tanks with clearly distinguishable healthy and un-
healthy fish. Sampling for sick and healthy fish
involved paired fish samples from the same tank
on any given sample date. Tank water temperature
remained relatively constant, ranging from 16.4 to
19.9°C. Salinity ranged from 18 to 32 ppt.

Accurate estimates of fish densities in all
rearing tanks were not available, so percent sur-
vival could not be calculated. The densities in tanks
ranged from 100,000 to 200,000 fish in tanks not
affected by discase, and substantially lower in tanks
where disease had been present. Assessment of
the degree of mortality of fish was based on quan-
tifying dead fish on a daily basis in each tank. Sick
fish were identified by altered pigmentation and
feeding behavior,

Fish, feed, and water samples were col-
lected using sterile containers and transported on
ice ta the Jackson Estuarine Laboratory for analy-
sis. Samples were processed within 2 h of collec-
tion. The fish were anesthetized, measured, sur-
face sterilized, and ground with a mortar and pestle.
Tissue, water and feed samples were diluted in
sterile buffered peptone water and aliquots from a
range of dilutions were collected onto membrane
filters and placed on different agar media. Total
heterotrophs were cultured from 2216E medium,
total vibnos were cultured from thiosulfate-citrate-
bile salts-sucrose (TCBS) medivm, and V
anguillarem was cultured from VAM agar (Alsina
etal. 1994), all incubated at room temperature (18-
22°C). Focus was placed on vibrios because they
have been shown to be important in other aquacul-
tural settings both as agents of disease and as ben-
eficial ‘probiotic’ organisms, and are the dominant
bacteria in the intestines of larval and juvenile
marine fish (Muroga et al. 1987). In addition, the
source water from the Great Bay estuary is known



to have abundant vibrios (Jones et al. 1997), par-
ticularly during the time of the production run un-
der study.

Dominant and unique colonies on all plates
were identified using an identification scherne simi-
lar to Muroga et al. (1987). Colony morphology
and color plus carbohydrate utilization reactions
were noted. Isolated colonies were re-streaked onto
TSA medium and the colony morphology and color
plus pigment production were noted for re-grown
isolates. Cell morphology, motility, oxidase reac-
tion, and gram reaction were determined. Gas pro-
duction, growth, and acid production with single
carbon sources were determined along with amine
acid decarboxylase reactions. Growth at different
salinities and temperatures were also used to iden-
tify bacterial isolates.

RESULTS

Figure 1 illustrates the dynamics of mor-

1+

0.9}

°c o o
[+ E ) o
32T

Fraction of total {anks
= =
a LA

=]
L]
]

0.2 -

Jones et al. 47

wality in all of the larval-rearing and weaning tanks.
The first spike in fish mortality occurred within a
week after feeding on Artemia that began on day
21. The salinity in the tanks dropped from ~ 25 ppt
to 18 ppt between days 27 and 29, when 9.7 cm of
rain fell in 48 h, dropping the salinity of the source
estuarine water in the process. A consistent, me-
dium leve] of mortality persisted in some of the
tanks during the first 3 wk of weaning diet, fol-
lowed by a slight drop in mortality rate. The per-
sistent mortality in tanks after day 60 was nearly
all associated with delayed mortality in tanks that
had shown good survival early in the weaning pe-
riod.

Total vibrio concentrations increased dra-
matically in the rearing tanks after day 20 when
Artemia feeding began (Fig. 2). The highest con-
centration of vibrios occurred during the time when
the first heavy mortality occurred. Total het-
erotroph concentrations increased only after day
30, following the spike in vibrio numbers. A small
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| beavy (»1004ank} |
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Figure 1. Degree of fish mortality m larval (040 days) and weaning (42-98 days) tanks.
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Figure 2. Bacterial conceirations it larval and weaning tanks. cfu = colony-forming units.

3000000 - .
peak in concentrations of putative (yellow colo-
nies on VAM agar) V. anguillarum coincided with o Tomi vibcin
the total vibrio peak (data not shown). 2s000n + [ Total howroumphs

Relatively low concentrations of all bacte-
ria were apparent in the tank water from day 45 to
day 69, followed immediately by a second large
peak in total vibrio concentrations (Fig. 2}. This
second vibrio peak occurred at the beginning of
June, when estarine temperatures began to increase
above 15°C and microbial communities dramati-
cally change, typically characterized by significant
increases in the diversity and population sizes of
Vibrio sp. (O’Neill et al. 1992). The salinity in the
culture tanks also increased from the low of I8 Ppt
on day 29 to 32 ppt on day 70. The secand peak in
total vibrios also corresponded with the onset of
another incidence of elevated mortality, nearly all 500000 1
of which occurred in tanks that had relatively
healthy fish early in the weaning phase. Thus, the
microbial dynamics in the fish tanks had some re-

}5

Bacterial concenirwlion (cfu/g DW fish)

lationship to the occurrence of disease/mortality in S¥eaas v Y ;a T FE 2 8 %
the fish. Peaks in total heterotrophs, total vibrios, e
and V. anguiltarum aiso occurred on day 9C¢ post- Figure 3. Bacterial concentrations in “healthy” fish, cfu =

hatch. colony forming units; DW = dry weight.



The delay in onset of increases in total het-
crotroph populations relative to total vibrios was
not seen in the healthy fish. Simultaneous peaks in
concentrations for both total heterotrophs and to-
tal vibrios occurred on days 33, 77, and 95 (Fig.
3). a three-peak pattern similar to the microbial
dynamics in the rearing tanks. A comparison of
total vibrios in heaithy and unhealihy fish taken
from the same tanks on five sample dates from day
41 through day 83 showed unhealthy fish had higher
concentrations of total vibrios than healthy fish on
four of the five sample dates, with overall average
concentrations in unhealthy fish >10 times higher
than in unhealthy fish (Fig. 4). In contrast, total
heterotroph concentrations were higher in healthy
fish in the first four of the five samples (Fig. 5).
Concentrations of total heterotrophs in unhealthy
fish were much higher in the fifth sample and the
overall averages for unhealthy and healthy fish were
similar. The TCBS medium for recovery of total
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Figare 4. Total vibrio concentrations in “healthy” and
“sick™ fish. efu = colony forming units; W = dry
weight,
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Figure 5. Total hetrotrophic bacterial concentrations in
“healthy” and “sick™ fish. cfu = calony forming units;
DW = dry weight.

vibrios recovered higher numbers of bacteria than
the 2216E medium.

Predominant bacterial isolates from live
feed and tank water were identified to species and/
or genus {Table 1). The results are biased toward
isolation of vibrios because of the isolation media
used. The feed had a more predominant presence
of Vibrio sp. although vibrios occurred in both the
feed and the water. Numerous bacteria were
present in the rotifers and the Artemia. The tank
walter contained many species, with major changes
in composition accompanying changes in the feed
and tank environment. Moraxella sp. was the
most consistently prevalent organism. Otherwise,
there were few similarities between isolates from
the tank water and the feeds.

DISCUSSION

Bacterial numbers and species composi-
tion varied widely during the early stages of sum-
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Age: 1-20 days 21-33 days
Feed: Rotifers/algse Artemia
Live feed Moraxeila sp. Mmlb sp.
Vibrio sp. 1 Vibrio sp.}
Vibrio sp. Iil Vibrio sp. Il
V. aiginolyticus V. damsela .
Enterobacteriasceac Enterobacicriaceae
Flavobacterium sp. V. parabacmolyticus
Aeromonas sp.
Tank water Acinetobacter sp. Argobacrem{m sp.
Aeromonas sp. Entercbacieriaceac
Moraxella sp. Moraxella sp.
Psendomanas sp. IVTV Pseudomonas sp. 11
V. fluvialis Vibrio sp. |
V. anguillarum V. alginolyticus
V. parahaemolyticus

Table 1. Bacterial species in live feed and tank water for summer flounder at Great Bay Aquafarms.

mer flounder growth at GBA. Factors that could
have affected the abundance and succession of
bacterial species include the microflora of the live
feed, nutritional differences in feeds, fish growth
and changes in physiology, seasonal changes in
source water, the transfer of fish between tanks,
and environmental conditions in the culture sys-
tem. Others have reported similar microbial com-
munity dynamics and species composition in a va-
ricty of cultured finfish (Campbell and Buswell
1983, Muroga et al. 1987, Nicolas et al. 1989,
Sorgeloos 1994). The similarity in species diver-
sity and abundance of different bacteria with other
studies suggests that there are ne unique micro-
biological characteristics of summer flounder or
northern New England culture conditions.

There were peaks in both total heterotro-
phs and total vibrios that corresponded roughly with
elevated monality episodes. These peaks were
observed in both the tank water and the fish tis-
sue. Munro et al. (1993) clearly demonstrated that
V. anguillarum is a pathogen of larval turbot, and
Nicolas et al. (1989) reported a domination of the
rotifer microflora by Vibrie sp. associated with high
mortality of larval turbot. In this study, vibrios were
associated with unhealthy fish, but also with healthy
fish and their tank water, even in high numbers at
centain times during the early growth stages of the

summer flounder. However, fish considered
healthy were present in tanks that also contained
unhealthy fish, making cross contamination highly
probable. The simple presence of vibrios is appar-
ently not a clear indication of disease potential in
summer flounder. However, the general trend of
higher numbers of total vibries in unhealthy com-
pared 1o healthy fish suggests that total vibrio counts
may provide a better reflection of disease than to-
tal heterotroph counts. The earlier occurrence of
a peak in total vibrios compared to total heterotro-
phs in tank water just prior to the first episode of
high mortality suggests that monitoring total vibrie
concentrations in tank water may be useful in pre-
dicting disease.

The microflora of the feed and culture en-
vironment was dominated by Vibrio sp. The use of
traditional culture methods provides resulis that are
strongly influenced by the composition of the iso-
lation media and the isolation conditions used.
Because heterotrophs other than vibrios were also
present, the lower numbers of bacteria recovered
on 2216E medium compared to TCBS suggests that
a better medium for recovery of total heterotrophs
is needed. Others have reported that Vibrio sp. are
the dominant bacteria in the intestines of larval and
juvenile marine fish (Muroga et al. 1987). The use
of TCBS and VAM agars in this study anticipated



this, biasing the results in order to provide isolatcs
that may be useful in future studics on probietic
bacteriaand pathogens. The phylogeny of the fish
pathogens and general microflora would be better
determined using molecular methods (Amann et al.
1995), although this was clearly not the purpose of
this study.

There were a few apparent differences
between the fish and tank water microflora, as well
as in the abundance of bacteria in healthy and un-
healthy fish. These preliminary observations sug-
gest that detection of the selection of bacterial spe-
cies in fish both during colonization of the fish in-
testine from live feed and during disease episodes
may be difficult using the methods in this study.
More detailed data on abundance of bacterial spe-
cies and speciation of isolates from healthy and
unhealthy fish during the targeted production run
and other runs at GBA are currently being ana-
lyzed, and the results will hopefully provide clearer
results for a future publication. Further work and
refinement of methods are needed to more clearly
identify probiotic and pathogenic bacteria. This
smdy also suggests that further work should be done
to better understand the relationship between the
microflora of the live feed and the eventual coloni-
zation of larval and juvenile fish.
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NUTRITIONAL REQUIREMENTS IN BROODSTOCK OF
MARINE FISHES
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ABSTRACT

The present work reviews the relationship between vroodstock putrition and quality of egg and larvae in
marine fish. Nutrients in the diets have profound effects on gonadal development in fish. Egg production,
hatching rate, and larval survival are negatively affected by deficiency in nutrients such as n-3 highly unsaturated
faity acids and a few vitamins in the diet. Protein quality and quantity also have an effect on egg quality.
Effactive broodstock diet, however, cannot be developed as long as the nutritional requirements of broedstock
remain obscure. Suppiementation of compenents 1o the diet for growth may be required for further enhancement
of the nutritional quality of broodstock diets. More research effort is needed on broodsiock nutrition and
reproductive physiology for the improvement of seed production.

INTRODUCTION

Gonadal development in several species of
fish is greatly affected by broodstock nutrition.
During the last decade, increasing attention has been
paid to the role of individual nutrient components
in broodstock diets (Bromage 1995). Nutritional
studies in broodstock of marine fish have been
conducted mainly on sea breams—red sea bream
Pagrus major and gilthead sea bream Sparus
eurata. Little is known about the nutritional
requirements of broodsteck in other species such
as flounder in spite of the importance of these
species in aquaculture. It is important to review
data and current problems affecting broodsiock
nutrition for future research. The major groups of
feed components which have been previously
smdied are essential fatty acids (EFA), proteins,
and several vitamins. Table 1 shows effects of the
feed components on egg and larval quality in marine
fish. The purpose of this paper is to summarize
and discuss current information on the nutritional
requirements of breodstock and to suggest areas
for further research.

Essential fatty acids
Lipids play a major role as membrane
constituents and energy reserves in fish embryos,

and n-3 highly unsaturated fatty acids (n-3 HUFA),
in particular docosahexaenoic acid (DHA), are
essential for larval development (Watanabe 1993,
Furuita ef af. 1596a, b). When red sea bream
broodstock were fed a diet containing a high content
of corn oil (an EFA-deficient diet) before and during
spawning, the percentage of viable eggs, hatching
rate, and normal larvae were significantly lower
than those of the control (Fig. 1) (Watanabe ez al.
1984a). There was also a direct correlation between
the level of broodstock dietary n-3 HUFA and larvat
growth in gilthead sea bream (Tandler ef al. 1995).
Larvae from broodstock fed a diet in which n-3
HUFA was completely excluded had a 34% growth
retardation compared to larvae from broodstock fed
a high n-3 HUFA diet (15 mg/g diet). While there
was no significant effect of dietary n-3 HUFA levels
on 32-day survival, the swimbladder inflation ratc
was affected significantly. The fatty acid
composition of eggs is directly affected by the fatty
acid composition of the broodstock (Mourente and
Odriozola 1990). Some fatty acids affect the egg
quality of the Japanese flounder Paralichthys
olivaceus (Fig. 2) and the Atlantic halibut
Hippoglossus hippoglossus (Parmish et al. 1994).
However, it is often observed that the n-3 HUFA
content of red sea bream eggs has no relation to
egg quality (Watanabe 1985).
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High Cuttlefish Raw Com oil**
protein meal kzill*
Egg production 149.5 1216 2021 58.7
{x 10fish}
Viable eggs (%) 45.1 68.6 82,1 182
Hatching rate (%) 831 93.7 90.3 273
Nomal larvae (%) 516 822 91.2 240
Final productivity 21.1 528 68.1 12
of larvae from total ege produced
(%)

* This group had been fed a high protein diet shortly before spawning.
** This group had been fed a cuttlefish meal diet shortly before spawning.

Table 2. Effect of broodstock diet on spawning and egg quality in red sea bream.
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Figure 1. Effect of dietary EFA on egg quality of red sea
bream {drawn from data in Watanabe et al. 1984a).

In fish like the red sea bream which feed
during spawning, egg quality is affected by diets
given shortly before spawning (Watanabe et al.
1984c). The egg quality of red sea bream fed a
fish meal diet is improved by feeding thern raw krill
and the egg quality of broodstock fed a cuttlefish
meal diet was reduced by feeding an EFA-deficient
diet (Table 2). Changes in egg composition and
egg and larval quality after a change in the
broodstock diet occurred within 15 days (Fig. 3)

(Tandler et al. 1995).

In conclusion, the natritional value of lipids
in the broodstock diet has a considerable effecton
egg and larval quality. Mobilization of body stores
of EFA during spawning can probably only
compensate for minor deficiencies in the diet. For
optirmum larval growth, survival, and swimbladder
inflation rate in gilthead sea bream, the broodstock
diet must include at least 15 mg/g dietof n-3 HUFA,
with 50-60% DHA {(Tandler et al. 1995).
Fernandez-Palacios er al. (1995} also suggested that
epg quality in gilthead sea bream can be improved
by increasing the n-3 HUFA level to 1.6%. Thisis
similar to the levels reported for red sea bream by
Wartanabe and co-workers. However, a high level
of dietary n-3 HUFA is likely to have a negative
effect on larval survival of gilthead sea bream
(Fernandez-Palacios er al. 1995). Furthermore,
recent studics suggest the importance of the ratio
of n-3 series to n-6 serics HUFA in broodstock diet
and that efforts should be directed toward
establishing the optimum ratio of DHA/
eicosapentanoic acid/ arachidonic acid in the diet
{Bell et al. 1997).

Protein

The protein level and quality in diets for
brood fish affect the reproductive performance. Egg
production is reduced both in red sea bream
(Watanabhe et al. 1984a) and sea bass
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Figure 2. Fatty acid levels in eges and hatching rates of Japanese flounder,
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Figure 3, Effect of changes in dictary lipid on egg viability
of gilthead sea bream (redrawn from Tandler et at. 1995).

Dicentrarchus labrax (Cerda et al. 1994) by
lowering the protein level from 50 to 35%. An
Optitnum protein level for broodstock diet was
estimated to be around 45% for red sea bream
(Watanabe et al. 1984a). Cuttlefish meal and squid
meal are superior to fish meal as protein sources
for red sea bream (Watanabe er af. 1984b) and
gilthead sea bream (Fernandez-Palacios eral, 1997)
(Fig. 4). Watanabe et al. (19912a) showed that the
effective component of cuttlefish meal is contained
in nonfat-soluble fraction. Tandler et al. (1995)

2 109Ky femaie/spawn
8 ¥ &5 & 2

Figure 4. Spawn production of gilthead sea bream
broodstock (tedrawn from Fernandez-Palacios et al, 1997).
FM denotes fish meal; DFM = defatted fish meal; SM =
squid meal; DSM = defatted squid meal.

evaluated the importance of squid meal protein
extract for gilthead sea bream by replacing it with
equal amounts of casein or wheat gluten. The
results suggest that the positive effect of squid
protein could be attributed to its similarity in
essential amino acid (EAA) composition to the egg
protein. Based on this information, it was possible
to improve the wheat gluten diet by supplementing
it with an EAA profile which resembles that of the
egg. Such diets resulted in a doubling of survival
at 15 days compared with the wheat gluten diet
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Figure 5. Effect of dietary protein on larval survival at day
15 after hawhing. During 15 days of spawning, broodstack
were fed diets containing a full squid protein extract or a
wheat glulen-based diet or 2 wheat gluten-based diet
supplemented with essential amino  acids {EAA) which
resembled those of the gilthead sea bream egg {redrawn
from Tandler et al. 1995}

(Fig. 5). However, this was still lower than the full
squid meal diet. The effect of protein
supplementation of broodstock diets on egg quality
was not found with changes in amino acid profiles
(Tandler et al, 1995). Moreover, changes in the
amine acid composition of eggs were smaltl despite
marked changes in protein quality of the broodstock
diet (Tandler ef al. 1995). Tandler ef al. (1995)
suggested that reduction in egg quality from
broodstock fed an imbalanced EAA diet resulted
from a change of the concentration at the
vitellogenin (Vg) binding sites. For improvement
of egg and larval quality, the protein should have a
similar EAA composition to the egg protein and
broodstock diet should contain 45-50% protein.
Balanced dietary protein promotes Vg synthesis and
uptake, which lead to high fecundity and egg quality
(Tandler er al. 1995).

Vitamin C (ascorbic acid)

Ascorbic acid (AsA) is important in the
process of sexual maturation as it plays a part in
the biosynthesis process of gonadal steroid
hormones (Sandnes 1984). Since AsA is essential
for the biosynthesis of collagen in connective tissue,
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the AsA content in eggs before spawning is critical
for normal development of the newly hatched farvae
in seed production (Ikeda 1985). A diet containing
very low levels of AsA has negative effects on the
Japanese parrotfish Oplegnathus fasciatus
(Ishibashi er al. 1994) and sardine Sardinops
melanosticta (Akiyama et al. 1990). Ishibashi et
al. (1994) showed that the gonadesomatic index
(GSI) of female parrotfish was correlated to 1he
AsA level in the diet, although the AsA content in
the gonad was not correlated to the dietary AsA
level. The number of eggs spawned by sardine
broodstock fed a diet containing 8 mg/100 g AsA
was significantly lower compared to those fed a
diet containing 320 mg/100 g AsA (Akiyama et al.
1990). In the cod Gadus morhua, differences in
free amino acid profile, egg strength, and neutral
buoyancy were found between treatments of
different levels of AsA in the dict, whereas no effects
on vital parameters such as the fertilization rate
and survival rate were observed {(Mangor-Jensen
et al. 1994).

Vitamin E

Vitamin E (VE) is known to be essential for
reproduction of freshwater fishes such as ayu
Plecoglossus aitivelis, common carp Cyprinus
carpio, and rainbow trowt Oncorhyrchus mykiss
(Watanabe 1985). The viability and hatchability
of red sea bream eggs (Watanabe ef 2l. 1991b) (Fig.
6) and gilthead sea bream eggs (Femandez-Palacios
et al. 1996) was improved by raising dietary VE
levels. In Japanese flounder, rates of fertilization
and hatching were not affected by the addition of
VE to the diet aithough egg production increased
compared 10 the control (Takeuchi 1997). Tt is not
clear if this phenomenon resulted from differences
in VE requirement between flounder and sea breams
or other factors. However, VE is suggested to
play an important role in eggs and larvae of flounder
since VE content in eggs is usually high but quickly
decreases after hatching (Takenchi 1997). Further
studies are necessary to clarify the role of dietary
VE in breodstock nutrition and egg production in
the flounder and other species.

Astaxanthin
Feeding red sea bream frozen raw kril}
shortly before spawning is known to improve the
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Figure 6. Effects of dietary supplemenation with vitamin E.
phospholipid, and astaxanthin on egg and larval quality in
red sea bream (drawn from data in Watanabe ef al, 1991b).

egg quality. The effective components in krill were
found in both the polar and nonpolar lipid fractions
(Watanabe er al. 1991a, b). The krill oil contains
polar and nonpolar fractions, mainly composed of
phosphatidylcholine and triglyceride, respectively,
This led to the postulation that the attributive
components might be phosphatidylcholine in the
polar and astaxanthin in the nonpolar fractions (Fig.
6). The egg quality of red sea bream was improved
by a supplement of synthesized astaxanthin
{Watanabe and Kiron 1995).

Astaxanthin, along with other carotenoids,
vitamin E, and phospholipids are thought to act as
quenchers or scavengers of singlet oxygens or other
free radicals, i.e., they absorb the energy of these
compounds within their extensive double bond
structure, effectively preventing reactive damage
1o other molecules, particularly polyunsaturated
fatty acids (Watanabe and Kiron 1995).

Recently, Verakunpiriya er al. (1997a)
investigated whether addition of krill meal in a
pelleted diet can improve the Spawning performance
of yellowtail Seriola quinqueradiata broodstock.
Consequently, they observed that egg production
and quality decreased with an increase of krill meal
in the diets. They stated that an overdose of

. Hatching rate id Normal larvae

astaxanthin contained in krill meal may have
negatively affected spawning performance.
Verakunpiriya er al. (1997b) cxamined the
supplementation effect of astaxanthin on the
spawning performance of yellowtail by feeding drets
containing various levels of synthesized
astaxanthin. The results indicated that optimum
astaxanthin level in broodstock dict for yellowtail
is around 30 ppm.

The nutritional value of the broodstock diet
considerably affects cgg and larval quality.
However, effective broodsteck diet cannot be
developed so long as the nutritional requircments
of broodstock remain obscure. In particular, the
effect of micronutrients such as AsA, VE, and
astaxanthin on spawning performance and egg
quality is different among species. Studies on other
nutrients, such as vitamin A, are not available
despite its important role in development. When
little is known of the specific broodstock nutritional
requirements, a practical composition of broodstock
diet could be based on the general requirement of
cach species. Supplementation of components such
as vitamins may be required for further
enhancement of the nutriional quality of broodstock
diets. More research effort is required on
broodstock nutrition, o0ocyte maturation, and larval
development for the improvement of mass
production technology.
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ABSTRACT

Changes in contents of frec amino acids (FAA), lipovitellin (Lv) which is the major yalk protein in ovulated
egg, and lipids were examined in developing embryos and tarvae of barfin flounder Verasper moseri o elucidate
the sequential utilization of these nutrient siocks before first feeding. Hatching takes ptace on the J(th day
after fertilization at a water temperature of 8°C, and the hatched Iarvae almost absorb their entire yolk sacs
within 1] days after hatching. Total FAA content showed no change during the first 4 days, then decreased 1o
about 13% of the initial level by the 13th day after fertilization. During the process, non-essential amino
acids lended to decrease faster than essential amino acids. The lipovitelin content, measured by quantitative
immunodiffusion using antiserum against 170 kDa Lv of ovuiated eggs, was approximately stable during the
13 days after fertilization, then decreased rapidly until the end of yolk sac absorption. Phospholipids. which
seemed to be bound with Lv apo-proleins, decreased gradually after hatching, coinciding with the decrease of
Lv. From these results, we consider the following four periods for the sequential nutrient utilization in barfin
flounder embryos and larvae: (1) before FAA utilization period, 0-4th day; (2) FAA utilization period, 4-1(mh
day;: (3) switching period, 10-13th day; and (4) Lv and phospholipid utilization period, 13-21st day.

61

PROTEIN, AND LIPIDS BY DEVELOPING EMBRYOS AND LARVAE IN

INTRODUCTION

Yolk nutrient stocks of a teleost egg are
utilized as a source for energy metabolism and for
embryonic body construction as in other oviparous
animals. Generally in fish, carbohydrate, lipid, and
protein are consumed prior to hatching for energy
production, while lipid and protein catabolism
predominates after hatching (Heming and
Buddington 1988). Especially neutral lipids, such
as triglyceride (TG) and wax ester, are considered
to be the most important energy reserves in fish
eggs (Vetter and Hodson 1983, Heming and
Buddington 1988).

Recently, in some marine pelagic egg
spawners, free amino acids (FAA) are suggested
10 be consumed as an important fuel during the
energy metabolism of developing embryos and
larvae (for review see Rgnnestad and Fyhn, 1993).
In Atantic cod (Finn et al. 1995a) and Atlantic
halibut (Finn et al. 1995c), whose eggs have no
visible oil globules, amino acids (FAA and protein)

are considered to be the main substrate for energy
metabolism. However, it is difficult to directly
determine the protein utilization by biochemical
measurements of whole eggs and larvae, because it
determines only the net sum of a declining yolk
protein and an increasing body tissue protein
(Heming and Buddington 1988).

Matsubara and Koya (1997} demonstrated
the occurrence of yolk proteolysis during cocyte
maturation in barfin fiounder that spawn pelagic eggs
having no visible oil globule. The
maturation-associated yolk proteolysis provides FAA
and monomeric lipovitellin (Lv, molecular mass:
170kDa) in matured eggs. In the present study, we
analyzed quantitative change of FAA and Lv during
development in barfin flounder to clarify the pattern
of these nutrient stocks. Furtherrnore, we analyzed
quanutative change of phospholipids (PL) and TG,
which are suggested w0 be the major lipid classes
being catabolized by embryos and larvae in Atlantic
halibut (Rainuzzo et al. 1992) and Atlantic cod (Fraser
et al. 1988, Finn et al. 1995b).
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MATERIALS AND METHODS

The adult male and female barfin flounders
used in the present study were kept in a 40- kL
aquaria at Akkeshi Station, Japan Sca-Farming
Association (JASFA), in Hokkaido. A total of five
groups of fertilized eggs (A to E} were obtained
from different femnales during the April spawning
season m 1995 and 1996. Eggs were artificially
fertilized and incubated in a flow-through hatching
cylinder at a temperature of 8°C. Under these
conditions, hatching occurred on the 10th day after
fertilization, and the haiched farvae absorbed their
yolk sacs within 11 days after hatching, Eggs and
unfed larvae were sampled at the time just before
fertilization, and on the 2nd, 4th, 6th, 8th, 10th,
13th, 16th, and 19th day afier fertilization.
Measurement of Lv, ammeonia, and lipid contents
were carried out on all five series {A to E), while
FAA content was measured on three series (A to
C).

For the analyses of FAA and ammonia
contents, samples of 10 eggs or larvae were
homogenized in 0.25 ml of 6% trichlorcacetic acid.
After centrifugation at 10,000 rpm for 1 min, the
supemnatants were collected and mixed with 0.5 ml
of diethyl ether. The mixture was then centrifuged
again at 2500 rpm for 3 min and the lower phase
was used for FAA and ammonia analyses. Amino
acids were analyzed using a Shimadzu LC-10A
analyzing system as described by Matsubara and
Koya (1997). Ammonia concentration was
determined by the phenol-hypochlorite method
(Ammonia Test Kit, Wako).

For the measurement of Lv content,
samples of eggs and larvae were homogenized at
10 individuals/ml in 0.9% NaCl solution. After
centrifugation at 10,000 rpm for 10 min, the
Supernatants were coliected. The Lv concentrations
in egg and larvae homogenates were determined by
the method of Mancini et al, (1965) using antiserum
against 170 kDa Lv of ovulated eggs as described
by Matsubara and Koya (1997).

Lipids were extracted with 0.3 ml of
ethanol-diethy! ether (3:1) from the samples of 10
eggs or larvae. The supernatants were collected
after centrifugation at 6000 rpm for 10 min.
Phosphalipid (PL) and triglyceride (TG) in the
supernatants were quantified using enzymatic

procedures (Phospholipid B-Test Kit and
Triglyceride G-Test Kit, Wako).

Statistical analysis was carried out by
Duncan’s multiple range test. Significance was
accepied at p < 0.05.

RESULTS AND DISCUSSION

The total FAA content in an ovulated but
unfertilized egg of barfin flounder was 267 nmol/
€gg. corresponding to about 35 pglegg (Fig. 1).
The FAA in an egg is suggested 10 be provided by
degradations of yolk proteins during the final oocyte
maturation (Matsubara and Koya 1997). The
increased FAA scems to play an important role in
acquiring the buoyancy of eggs as an osmotic
effecter for oocyte hydration. The FAA content of
eggs showed no change during the first 4 days aftar
fertilization, then decreased rapidly to about 13%
of the initial level by the 13th day. The 4th-day
embryo almost completed epiboly and was at the
stage of early somite formation, and the 13th-day
larva was at the stage of appearance of pectoral
fins.

The ammonia content in an unfertilized egg
was 6.4 nmol/egg (Fig. 2). It increased rapidly
from the 4th to 8th day after fertilization and
reached a peak of 44 nmolfegg, coinciding with

FAA {(nmol/ Ind)

0 2 4 6 8 10 12 14 16 18 20
Days after fartilization

Figare 1. Changes in the total content of 16 free amino
acids (FAA) of developing eggs and larvae in barfin
flounder. Data are presented as mean of three samples
(series A-C). Hatching is represented by a vertical
shaded bar.
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Flgure 2. Ammoaia content of developing eggs and
jervae in barfin flounder. Data are presented as mean of
five samples (series A-E). Hatching is represented by a
vertical shaded bar.

the decrease of total FAA content (Fig. 2). From
these results, FAA seems 1o be utilized as
substrates in energy metabelism with the production
of ammeoenia as other pelagic eggs of marine
teleosts (see review by Rgnnestad and Fyhn 1993).
After hatching, the larval ammonia content
decreased rapidly. The decrease of ammonia
content after hatching is suggested to be due to
excretion (Regnnestad and Fyhn1993).

Figure 3 shows changes in the contents of
individual FAA of developing eggs and larvae,
Among these, leucine, alanine, lysine, and serine
were quantitatively dominant. We classified
leucine, threonine, lysine, valine, isoleucine,
arginine, histidine, methionine, phenylalanine, and
tyrosine as essential amino acids (EAA) according
to the classification of Wilson (1985). Although
the content of all FAA decreased following the
progression of development, decline of each FAA
was not equally shared between EAA and
noh-essential amino acids (NEAA). The contents
of all NEAA showed rapid decrease compared with
EAA, and decreased to less than 10% of initial level
by hatching. On the other hand, most EAA seemed
to decrease at a slower rate than NEAA | especially
in tyrosine and phenylalanine. There likely seems
to be selective utilization of FAA during the egg
stages in barfin flounder as mentioned by Rennestad
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et al. (1993), However, no selective utilization of
NEAA was observed in some marine fish such as
Atlantic cod (Rennestad and Fyhn 1993, Finn et
al. 1995a).

In the present study, we also measured Lv
contents in eggs and larvae using guantitative
immunodiffusion (Fig. 4). The Lv content of
unfertilized egg was 82 pglegg and approximately
stable during the 13 days after fertilization. The
Lv content then began to decrease significantly until
the end of yolk sac absorption. Thus, utilization of
Lv for body protein synthesis and substrates for
energy supply is suggested to occur during the laic
stage of development in barfin flounder. The
beginning of Lv utilization from the 13th day after
fentilization coincides well with the end of total FAA
decrease. Therefore, it is suggested that the source
of amino acid supply of barfin flounder larva shifts
from the FAA pool to Lv at the time of exhaustion
of the FAA pool as mentioned by Rgnnestad et al.
(1993).

Generally, TG and wax ester (neutral
lipids) are the most important energy reserves of
developing fish on a caloric basis. Inconirast, some
marine species, such as Atlantic cod and Atlantic
halibut which have PL-rich eggs and relatively low
levels of total lipid, appear to use PL as a major
lipid substrate in developing embryos and larvae
(Fraser et al. 1988, Rainuzzo et al. 1992, Finn et
al. 1995, ¢). The contents of PL and TG in an
unfertilized egg of barfin flounder were 14.9 g/
egg and 2.0 pg/egg, respectively (Fig. 5). The PL
content was approximately stablc before hatching,
then gradually decrcased until the 19th day. The
content of PL on the 19th day was significantly
lower (p<0.05) than those of egg stages. On the
other hand, no significant change occurred in TG
content during the 19 days. Thus, the barfin
flounder larvae also use PL as a major lipid
substrate, Nakagawa and Tsuchiva (1971, 1972)
describe two states of major lipid in eggs of rainbow
trout: one is free lipids accumulated in oil globules,
and the other is bound lipids binding to lipoproteins.
However, barfin flounder eggs have no oil globule,
and Lv contzains about 15% of PL and 4% of TG
{Matsubara and Sawano 1995), In addiuon, the
decrease of PL coincides well with the decrease
of Lv after hatching (Figs. 4, 5). Therefore, most
of the PL in barfin flounder egg is thought 1o bind
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Figure 3. Changes in the content of individual free amino acids (FAA) of developing eggs and larvae in barfin flounder.
Hatching is represented by vertical shaded bars. *This fraction was a mixture of threonine, asparagine, and glutamine. We

measured the content of this fraction by using threonine as standard.



Ohkubo and Matsubara &5

2 8 8

Lv (ug / ind)
F-9
[ =]

s 8

0 2 4 6 8 10 12 14 16 18 20
Days after fertilization

Figure 4. Changes in lipovitellin (Lv) conient of
develaping eggs and larvae in barfin flounder. Hatching
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Figure 5. Changes in the contents of phospholopid (PL}
and triglyceride (TG) of developing eggs and larvae in
barfin flounder. Hatching is represented by a vertical
shaded bar.

to Lv apoprotein and to become available after Lv
degradation.

From these results on the analysis of
biochemical composition of eggs and larvae in
barfin flounder, we consider the following four
periods for the sequential nutrient utilization in
barfin flounder embryos and larvae: (1) before
FAA wilization period, 0-4th day; (2) FA A utilization
petiod, 4-10th day; (3) switching peried, 10-13th
day; and (4) Lv and PL utilization period, 13-21st
day. Furthermore, many parts of these nutrient

stocks are suggested to be supplied by Lv and other
yolk proteins. These findings provide useful
informaticn for improvement in nutrition of
embryos and larvae before first feeding in
aquaculture, as well as for research in clarifying
the nutritional requirement in developing larvae.
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ABSTRACT

The addition of microalgae to larval rearing systemns (“green waler” treamnent), bas been shown 10 enhance the
growth and survival of certain marine fish species. Along with the presence or absence of microalgae, diet type
affects larval growth, and several studies have demonstrated that cultured live food organisms (e.g. rotifers and
brine shrimp) are nutridonally inferior to wild zooplankion as a first food for marine finfish larvae. Ina2x2
factorial design experiment that lasted for five weeks from first feeding, we examined the effects of green water,
clear water, wild zooplankton and cultured rotifers (Brachionus plicatilis) on the growth of winter flounder
{Pleuronectes americanus) larvae. Results from the two way analysis of variance indicated that there wis 0o
significant interaction (P=0.80) between the two faciors (presence/absence of microalgae, wild/cultured prey).
Therefore, we considered the two factors independently of each other. At any time, fish in the green water
treatmetits were significantly longer {P<(.05) than those in ¢lear waser treatments. There were no differences
(P>0.05) in larval lengths between food types within either green or clear water. The mean instantaneous growth
rates (length increases per week) were 15.4, 14.2, 12 2, and 9.6% for green water/wild zooplankton, green waler/
rotifers, clear water/rotifers, and clear water/wild zooplankton, respectively. Resuits of this study indicate that
green water enhances the growth of winter flounder larvae, and there is fittle, if any, difference between wild
zooplankton end rotifers as a first feeding diet.
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INTRODUCTION

Domestic and everseas demand for high
guality flatfish, combined with the declirang har-
vest from wild populations, has greatly increased
interest in the culture of various flounder species
(Waters 1996). Those being considered for com-
mercial aguaculture along the Atlaniic coast of the
United States include summer flounder
(Paralichthys dentatus), ycllowtail flounder
{Pleuronectes ferruginea), and southern floun-
der (Paralichthys lethostigma). In addition to
these, winter flounder (Pleuronectes americanus)
is also being considered because many of the tech-

niques for culturing this species have been devel-
oped. These include the technique for the artifi-
cial spawning of captive broodstock (Srmigielski and
Amold 1972), larval rcaring (Smigielski 1975;
Rogers 1976; Laurence 1977; Kletn-MacPhec et
al. 1982, 1993}, and the successful weaning of ju-
veniles onto formulated diets (Lee and Litvak
1996).

The problems that have i, COmmer-
cial culture of many finfish species center around
low larval survival and growth, particularly at the
time of first feeding. The use of live food in the
culturing of the early life stages of marine fish lar-
vae, including winter flounder, is currently consid-
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Algal Presence Food Type
Week Green vs. Clear Rotifers vs. Wild

p-value p-value
1 0.0047 0.7459
1 0.6006 0.7558
3 0.0071 0.9832
4 0.0034 0.9748
5 0.0064 0.6046

unpaired T-tests,

Table 1. Analysis of algal presence and food type on winter flounder growth, P-vaiues derived from

Week Cireen Clar Rotifers Wikl
mean +/-3d Toiwk mean +/-sd Gofwk mean +/-sd Fatwk mean +/-sd Gelwk
1 5.1 +-0.10 ¥ 4.5 +-0.17 5 47 +-0.45 10 4.8 +/-0.26 12
2 6.2 +-0.38 19 5.3 +-0.21 17 5.8 +-076 20 5.6 +~0.38 5
i 7.4 +-0.50 18 5.9 +/-04]) 10 6.5 +/-0.85 12 6.6 +-1.07 15
4 8.1 +-0.26 9 6.6 +/-0.45 10 7.2 +1-0.66 10 T2 4/-1.16 10
5 9.] +-0.64 11 7.0 +/~0.60 ] 7.5 +-1.07 4 8.1 4/-1.5 12
Mean nsEnanenis growth rate 15 10 11 13
Table 2. Meas lenghts (mm) and instantaneous growth rates { &/wk) for replicaies of green water, clear
water, rutifer, and wild zooplankion trearments. sd = standard deviation.
Week Green/'Wik Green/Rotifers Clear/Wid Clar/Rotifers
mean +/-sd Sfwk mean +-sd Tofwk mean +-sd Foiwk ean +-sd Feiwk
1 5.1 +-0.10 17 S22+ * 19 4.6 +-0.00 7 4.5 +/-0.30 5
2 6.0 +-0.10 16 6.6 +1- * 24 5.3 +/-0.00 14 54 +-040 18
3 7.4 +-0.70 21 T4+ * n 5.7 +-0.10 7 6.1 +/-0.60 12
4 8.2 +-0.30 10 TG+ * 7 6.3 +-0.40 10 6.9 +-0.40 12
5 9.3 +-0.80 13 87+ * 10 1.0+~ 0.9) 10 7.0 +/-0350 14
| Mean instantaneous growth rae 15 i4 10 12

deviation. * = pa =d due 10 Joss of a replicate.

Table 3. Mean lenghts (mm) and instantaneous growth rates (%/wk) for all four treatments. sd = standard




ered obligatory. The most widely used live food
organisms are cultured rotifers, such as
Brachionus plicatilis, and brine shrimp (Artemia
salina) nauplii. While the use of these two prey
species is common, they are relatively expensive
because of the labor involved in their production
(Ehrlich and Rust 1989). Le Ruyet et al. (1993),
for example, have calcuiated that live prey feeding
(mainly Artemia) represented 79% of the total pro-
duction cost of a 45 day old sea bass. A second,
and critical disadvantage of cultured live foods
(Brachionus and Artemia), is that they do not pro-
vide optimal larval nutrition, largely due to low lev-
els of essential fatty acids (Watanabe et al. 1983a,
Wittetal, 1984, Leger et al. 1986, van der Meeren
et al. 1993). For this reason, fish larvae reared on
cultured foods often exhibit abnormal development,
poor growth, and low survival (Watanabe ct al.
1980, Fujita et al. 1980, van Ballaer et al. 1985,
Izquierdo et al. 1989, Koven et al. 1890, van der
Meeren 1991¢). Methods of improving the nutri-
tional quality of cultured foods, via enrichment with
highly unsaturated fatty acids (HUFA), are avail-
able (Watanabe et al. 1983b), but they add to the
cost of live food production. Natural (wild) live
foods (primarily copepods) have been used with
greater success (Naas et al. 1987, Ellertsen et al.
1981, vander Meeren 1991b, Le Ruyetet al. 1993),
because they are generally richer in essential fatty
acids (Pedersen 1993). In Atlantic cod for ex-
ample, larvae fed diverse assernblages of wild
zooplankton in both semi-intensive (van der Meeren
199tb, Otterd 1993, van der Meeren and Naess
15993) and extensive systems (PBiestad et al. 1985,
Skjolddal et al. 1990, Blgm et al. 1991) have gen-
erally displayed good survival and growth.

In addition to the use of live larval food
organisms, whether cultured or wild, the addition
of microalgae species to larval rearing tanks (“green
water” treatment) has been widely accepted as a
technique for commercial marine finfish produc-
tion. The addition of microalgae has enhanced
larval growth and survival of a number of species,
including turbot (Howell 1979; Scott & Middleton
1979: Jones et al. 1981; Bromley & Howell 1983;
Reitan etal. 1993), halibut {(Naas et al. 1992; Bergh
et al. 1994), summer flounder (Alves et al. 1997),
cod (Pedersen et al. 1989; van der Meeren 1991 a),
and grunion (Vasquez- Yeomnans et al. 1990). While
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the mechanism(s) by which the microalgae improve
growth and survival remains unclear, and may dif-
fer among both microalgal and fish species, sev-
eral hypotheses have been proposed to explain their
positive effects at first-feeding. They may pro-
vide nutritional benefits either directly via inges-
tion and absorption (Moffatt 1981), or indirecily by
increasing the amounts of essential fatty acids in
the rotifers being fed to the fish larvae (Reitan et
al. 1993). Microalgae may also trigger digestion
processes in the larvae (Hjelmeland et al. 1988).
In addition to nutritional benefits, microalgae may
inhibit pathogenic bacteria (Austin et al. 1992), in-
fluence the establishment of intestinal microflora
(Skjermo & Vadstein 1993), and stabilize water
quality (Houde 1975, 1978). It has also been sug-
gested by Naas et al. (1992) that microalgae can
change ambient light conditions in the larval tanks,
which may, in turn, lead to an increase in the con-
sumption of zooplankton at first-feeding.

Because first-feeding dier (live food type)
and the addition of microalgae have both been
shown to influence larval growth and survival, and
because we are unaware of any published work
that has examined these variables for winter floun-
der, we set out to determinc if live food type and
the presence or absence of microalgac effected
the growth and survival of winter flounder larvae.
In this research;, the following null hypotheses were
tested: (1) the addition of microalgae to larval rear-
ing systemns has no effect on the growth of winter
flounder; and (2) there is no difference in the growih
between first feeding winter flounder larvae fed
live, laboratory cultured rotifers, and those fed a
dict of wild zooplankton.

MATERIALS AND METHODS

A 2 X 2 factorial design experiment with
two replicates per treatment was initiated in May
1996 and lasted for five weeks from first feeding
to metamorphosis. Two hundred, five day post-
hatch winter flounder larvae were stocked into each
of eight 20 liter, tapered, round, gray, plastic aquaria
measuring 32 cm high, with a 43 cm diameter top
and 35 cm diameter bottom. A green water star-
vation treatment served as the control. Treatments
were static with 50% water change (10 liters) ev-
ery third day. Replacement seawater was filtered
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10

Total Length (mm)

Figure 1. Winter flounder growth in the presence or absence of microalgae. Vertical bars represent +/- 1 standard deviation.

to remove particles greater than 5 um and treated
with UV light prior to addition to the experimental
aguaria. Aqguaria were submerged in a 13 cmdeep
flow through water table to maintain ambient sea-
water temperature.  Temperature ranged from 8
to 15°C, with a daily average of 10°C over the
course of the experiment. Salinity was maintained
at 30-32 ppt. Larvae were exposed to 24 hours
light using a 35 Watt fluorescent light suspended
76 cm above the aguaria.

Semi-continuous cultures of the microalga
Isochrysis galbana (Tzhitian strain) were main-
tained in 8Q L fiberglass cylinders, and were pro-
vided with f, media (Guillard and Ryther 1962).
Rotifers (L-type) were cultured in identical cylin-
ders on a diet of Isochrysis galbana and dry yeast
{at 1g/million rotifers/d). Cultured rotifers were fed
to respective farval fish treatments at an average
daily rate of 2600/1. Wild zooplankton were har-
vested from Portsmouth Harbor, New Hampshtre
by towing an 80 micron plankton net through the
top two meters. Collected plankton were sieved
through a 200 pm and a 48 pm screen, and counted.
Wild zooplankton, consisting of approximately 90%
copepod nanplii, were fed to respective treatments

atan average daily rate of 21004, All treatments
were visually inspected prior to feeding, and it was
determined that larvae were fed to satiation based
upon the presence of residual planktors. Three
liters of fsechrysis galbana were added to treat-
nents receiving green water every third day (with
water changes) at a density of 200,000 cells/ml.

A random sample of ten larvae from each
replicate in each treatment were measired to the
nearest 0.5 mm (total length) each week. Mortali-
ties were not replaced throughout the duration of
the experiment. Mean length per replicatc was
used as the response variable. A two-way analy-
sis of variance (ANOVA) was used to determine
if there was any interaction between the two fac-
tors (prey type, presence/ absence of microalgae).
Whete possible, unpaired t-tests were used to com-
pare lengths of larvae raised in different combina-
tions of the two factors. Instantaneous growth
rate, G (%/wk) was calculated using Ricker’s
(1979) formula: G=(In Y; ;- In Y )A(t;,,, - 1)), where
Y;is lengthat time 1;. Survival between treatments
was compared using one-way analysis of variance
(ANOVA).
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Table 2. Effects of food type on winter flounder growth. Vertical bars represent +/- 1 standard deviation.

RESULTS

Results from the two way analysis of vari-

ance indicated that there was no significant interac-

tion (P=0.80) between the two factors (presence/
absence of microalgae, wild/cultured prey). Because
of this lack of interaction, we were able to consider
the two factors independently of one another. Lar-
vae in treaiments receiving microalgae (green wa-
ter) were compared to in their absence (clear wa-
ter). In this comparison, which disregarded food
type, a highly significant difference (P<0.01) in total
length was found in each week of the experiment
(Table 1). Figure 1 shows the trends in mean length
over the five weeks for larvae rcared in the pres-
ence and absence of microalgae. Larvac in green
water treatments grew to a mean length of 9.1 +
0.64 mm at a mean instantaneous growth rate of
15%/week, while final mean length of those in clear
water was 7.0 = 0.60 mm, with a mean instanta-
neous growth rate of 10%/weck (Table 2).

No significant difference (P>0.05) in
length was found between larvac in replicates re-
ceiving cultured rotifers and those which were fed
wild zooplankton, regardless of algal presence
(Table 1). Figure 2 illustrates trends in length of

larvac that were reared on cultured rotifers and
wild zooplankton. Larvae in treatments fed roti-
fers grew to 2 mean length of 7.5 x 1.1 mmat a
mean instantaneous growth rate of 11 %/week, while
those fed wild zooplankton grew to a mean length
of 8.1 £ 1.5 mm at a mean instantaneous growth
rate of 13%/weck (Table 2).

The loss of areplicate in the green water/
rotifer treatment precluded us from making statis-
tical comparisons between this treatment and oth-
ers. We were however, able to compare final mean
lengths of larvae reared in two combinations of
food type and the presence/absence of microalgae.
Final mean length of larvae raised in the clear
water/rotifer combination (7.0 mm) was not sig-
nificantly different (P>0.05} from that of larvae
raised in the clear water/wild prey combination (7.0
mm) (Table 3). The final mean length of larvae
raised in the green water/wild prey combination
(9.3 mm) was significantly longer (P<0.05) than
that of larvae in the clear water/wild prey combi-
nation (7.0 mm) (Table 3).

There was no significant difference (P>0.05)
between final mean survival values which ranged
from 13.5 to 22.0% (Figure 3). All larvae in the con-
trol {green watcr with no food) died hy week two,
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Table 3. The cffects of food type and algal presence on winter flounder survival after five weeks. Vertical bars represent +/- 1
standard deviation,
DISCUSSION 1979; Scott & Middleton 1979; Jones et al. 1981;

Growth of winter flounder larvae has been
studied extensively, and has been found to vary
with both temperature (Laurence 1975) and prey
density (Laurence 1977). In general, growth in
length of both laboratory-reared and wild-caught
larvae is curvilinear (Pearcy 1962a; Bertram et al.
1996; Jerald et al. 1993), with growth being quick-
est during the first weeks after hatching, and then
stowing as the fish approach metamorphosis, Al-
though the weekly mean sizes we found in this
study varied between treatments, all of our larvae
grew at rates generally comparable to those re-
ported for winter flounder larvae in nature (Pearcy
1962a), in the laboratory (Laurence 1975, 1977;
Chambers and Leggett 1987; Jerald et al. 1993;
Bertram et al. 1996), and in in-situ mesocosms
{Laurence et al. 1979).

Results from this study demonstrated that
the presence of microalgae significantly improved
the growth of larval winter flounders. Similar re-
sults have been found for the larvae of other spe-
cies, including turbot (Scophrhalmus maximus),
halibut (Hippoglossus hippoglossus), summer
flounder (Paralichthys dentatus), cod (Gadus
morhua), and grunion (Leurestes tenuis) (Howell

Bromley & Howell 1983; Pedersen et al. 1989;
Vasquez-Yeomans et al. 1990; van der Meeren
1991a; Naas et al. 1992; Reitan et al. 1993; Bergh
etal. 1994; Alves et al. 1997). As seen in Table 1
and Figure 1, larvae reared in green water were
significantly longer than those in clear water in each
week of the experiment. Differences in instanta-
neous growth rates were most pronounced at the
end of the first week of the experiment (17% vs.
5% for green water and clear water treatments,
respectively). This suggests that the presence of
microalgae enhanced larval growth within the first
week of exogenous feeding. Although not quanti-
fied in this experiment, we noted that larvae re-
ceiving microalgae initiated feeding sooner than
larvae in clear water. A similar observation was
muade for halibut larvae reared in green water (Naas
et al. 1992), where enhanced first-feeding was
ascribed to the microalgac effecting ambient Light
levels in the culture tank, which in turn improved
larval feeding efficiency. It has also been sug-
gested that microalgae may stimulate enzymatic
activity of the larva’s gut during first feeding
(Hjelmeland et al. 1988), or supply exogenous en-
zymes that assist the larvae in their digestion of
zooplankton (Bromage and Roberts 1995). If, as



we cxpect, our winter flounder larvae in green
water initiated feeding earfier than those in clear
water, and if the microalgac triggered the diges-
tion processes, it could account for the significant
difference in length (and growth rate) we observed
at the end of week 1.

The benefits of microalgae may also have
resulted from direct ingestion of the algae, which
has been observed in a number of marine fish lar-
vae, including northern anchovy (Moffatt 1981),
turbot (Howeli 1979; Last 1979), halibut (Reitan et
al. 1993) cod (van der Meeren 1991a) and wild-
caught winter flounder (Pearcy 1962b). Both the
mcchanism of micoalgal ingestion, which may in-
volve cither drinking or filter-feeding, and the nu-
tritive value of the ingested microalgae are open to
speculation (Van der Meeren 1991a). Studies with
larval cod (van der Meeren 1991a), turbot (Howell
1979) and halibut (Reitan et al. 1993) suggest that
assimilation of the microalgae by the larval gut is
low. Despite this, Tytler et al. (1997) found that
turbok larvae had chiorophyl! containing apical vacu-
oles in the gut enterocytes 3 days after hatching,
and they suggested that although assimilation effi-
ciency was low, the larvae may obtain small
amounts of essential fatty acids, amino acids, and
carotenoids from the microalgal cell pigments.
Microalgae may also enter the larval gut indirectly
through ingesting microalgae-fed rotifers (Reitan
et al. 1993). It has also been suggested that the
addition of microalgae leads to the establishment
of an early larval imtestinal microfiora {Skjermo and
Vadstein 1993; Bergh et al. 1994). This in tum,
may enzble the digestion of algal cells (Rimmer
and Wiebe 1987), may provide amino acids, fatty
acids and vitamins (Kashiwada and Teshima 1966;
Fong and Mann 1980; Ringg etal. 1992), and may
inhibit bacterial pathogens (Olsson et al. 1992).

Apart from stimulating first feeding and/
or providing either direct or indirect nutrition ,
microalgae may also act to control bacterial growth
in tanks by releasing natural bacteriostatic agents.
Austin et al. (1992) for example, found that the
exudates from one species of algae (Tetraselmis
suecica) inhibited certain bacterial fish pathogens,
The microalgae may also stabilize water quality by
absorbing waste products and producing oxygen
(Houde 1975, 1978). Because both bhacterjiostatic
agents and water quality would effect survival, it
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is possible that the microalgae was responsiblc for
the tendency (not statistically significant) for sur-
vival to be higher in grcen water treatments than
in clear water wreatments (Figure 3). Survival es-
timates from this study ranged from about 13.5-
22% at the end of 5 weeks which are lower than
the approximate 34% reported by Laurence (1977
for winter flounder larvac raised at 8°C and pto-
vided with 3000 wild zooplankiers/l. Qur lower
observed percentages may have resulted from our
fluctuating, and slightly wammer, incubation tem-
peratures,

We found no significant difference
{p>0.05} in the fina! mean lengths of larvac, or in
percent survival, between the two live prey treat-
ments. Among the components of any larval fish
diet, it is well documented that fatty acids, particu-
larly n-3 highly unsaturated fatty acids (HUFA),
ar¢ important to the nutrition of marine fish larvae
(Watanabe et al. 1983b; Van Ballaer et al. 1985:
Koven et al. 1990), including winter flounder (Klein-
MacPhee et al. 1980). Because wild zooplankton
are typically rich in these essential fatty acids com-
pared to cuttured live food organisms (Watanahe
et al. 1980, 1983a; van Ballaer et al. 1985; Leger
et al. 1986; Naess et al. 1995), experiments in
which marine fish larvae have been fed cultured
prey and wild zooplankton have generally shown
that growth and survival are higher in those fed
wild zooplankton (Skjolddal et al. 1990). It has
also been shown that some larvae (e.g. turbot)
select wild zooplankton over the rotifer Brachionies
plicatilis if given a choice (van der Meeren 1991¢).
Qur finding that there was no significant differ-
ence in lengths or survival between larvae fed cul-
tured rotifers and those fed wild zooplankton sug-
gests that the two food types were similar in their
nutritional value. Reitan et al. (1993) have shown
that rotifers fed I/sochrysis galbana (T. Iso) have
relatively high levels of lipids and 22:6 n-3 highty
unsaurated fatty acid (HUFA) compared to those
in clear water, and that turbot larvae fed these
microalgae-enriched rotifers have higher growth
and survival than those fed rotifers grown in clear
water. Presumably this was due to the microalgae
providing a source of micronutrients and HUFA to
the larvae, both of which are esscntial for growth
and survival (Fukusho et al. 1984; Brown et al.
1997). Moreover, Reitan et al. (1993) found that
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total lipids and fatty acids remaincd relatively high
in uncaten rotifers living in green water systems
because they were consuming the microalgae.
Thus culture tanks receiving microalgae promoted
a continuous supply of highly nutritious rotifers for
the fish larvae. Because Isochrysis galbana is
known to have relatively high levels of essential
fatty acids (Brown et al. 1997), and because a
number of authors have shown that the levels of
n-3 HUFA can be increased in cultured food or-
ganisms, including rotifers, by feeding them uni-
cellular manine algae rich in n-3 HUFA (Kitajima
et al. 1979; Scott and Middlcton 1979; Koven et
al. 1990; Reitan et al. 1993), we believe our roti-
fers were enriched to levels comparable to the wild
zooplankton we used, thereby accounting for simi-
lar performance of the larvae fed these two diets.
Comparisons of larval lengths from the experiment
support this theory of microalgal enrichment (Table
3). We found, for example, that larvac fed both
cultured rotifers and wild zooplankton in the pres-
ence of microalgae were larger than those fed
cultured rotifers and wild zooplankion in the ab-
sence of microalgae, at every weekly time inter-
val. While the microalgae may have been having
a number of effects (see above), it is possible that
it may have been improving the nutritional value of
both the rotifers and wild zooplankton such that
they were nutritionally equivalent. We also found
that there was no significant difference in the mean
lengths of larvae fed rotifers and wild zooplankton
n the absence of microalgae. This result also sug-
gests that the two diets were nutritionally equiva-
lent. In this case, however, the equivalence was
probably due to the rotifers having been fed
microalgae as they were being cultured.

In this five week experiment, we found
that larvae in the green water treatments grew to
larger mean lengths than larvae in the clear water
treatments, regardless of food type. We also found
that there was a tendency, although not statisti-
cally significant, for survival to be higher in green
water treatments than in clear water reatments.
These resulis indicate that microalgae should be
used when culturing winter flounder larvae. This
may be particularly important during the first week
following yolk-sac absorption, as indicated by the
Ereatest disparity in the instantancous instanta-
Beous growth rate of larvac in green water treat-

ments {17%/wk)} compared to those in clear water
treatments (5%/wk) for this early period. Results
of the study also suggest that there is little differ-
ence between wild zooplankton and cultured roti-
fers as a first feeding diet for winter flounder lar-
vac. We note, however, that our rotifers were al-
most certainly enriched, particularly in essential
fatty acids, by the microalgae with which they were
cultured, and that their tendency, although not sta-
tistically significant, for survival to be higher in
green waler treatments than in clear water treat-
ments. These results indicate that microalgae
should be used when culturing winter flounder lar-
vae. This may be particularly important during the
first week following yolk-sac absorption, as indi-
cated by the greatest disparity in the instantaneous
growth rate of larvae in green water treatments
(17%/wk) compared to those in clear water treat-
ments (5%/wk) for this carly period. Results of
the study also suggest that there is little difference
between wild zooplankton and cutured rotifers as
a first feeding diet for winter flounder larvae, We
note, however, that our rotifers were almost cer-
tainly enriched, particularly in essential fatty acids,
by the microalgae with which they were cultured,
and that this presumed nutritional guality was prob-
ably maintained over time by the addition of
microalgae to the larval fish cultures. It is likely
that rotifers grown in the absence of microalgae
would not promote comparable growth.
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ABSTRACT

To elucidate the developmental process of the digestive function of the pancreas and the intestine during the
larval stage of lapanese flounder, distribution of aminopeptidase and trypsinogen was traced by immunohis-
tochemical methods. Aminopeptidase was detected from the brush border of the posterior intestine at hatching.
At 2 days post hatching (dph), the rectum had differentiated morphoiogically, and both the brush border of the
intestine and rectum showing a strong reaction o anti-aminopeptidase antibody {(anti-rAmp}, but the reaction to
the antibody in the rectum was reduced at 3 dph. Thus, the intestinal epithelial cells of flounder larvie had
already started to synthesize digestive enzymes onto the brush border at hatching, and the Fanctional differentia-
tion of the recrum from the intestine occurs at the first feeding at 3 dph. Trypsinogen was detected in the
pancreas beginning at 2 dph. The trypsinogen secretion inte the pancreatic duct was found at 3 dph. Thus, the
pancreas of floumder larva acquires exocrine function by the time of the first feeding at 3 dph. The pancreas was
a small compact organ at 3 dph, and it started to elongate along the veins of the intestine at 20 dph. Thus, the
pancreas of the flounder completes the formation from the compact-type organ of larva to the diffuse-type organ
of the adult at metamorphosis, at the time of development of the gastric glands in the stomach wall. Therefore,
the digestive organs of the Japanese fiounder, other than the stomach (pancreas, intestine and rectum}, have
acquired the digestive ability by the time of first feeding and their digestive system becornes fully developed after

T

metamorphosis.

INTRODUCTION

Japanese flounder Paralichthys olivaceus
is an important species in both aquaculture and
comunercial fisheries in Japan. The recent increase
in the intensive production of juveniles for seeding
has necessitated a more detailed understanding of
the early development of flounder larvae.

Since the gastric glands of Japanese floun-
der have not fully developed until metamorphosis
(Miwa et al. 1992), the pancreas is the sole exo-
crine organ responsible for secreting digestive en-
zymes during the larval stage. In summer flounder
Paralichthys dentatus larvae, the epithelial cells
of the intestine and the rectum absorb lipid and
protein, respectively (Bisbal and Bengtson 1995).
This absorption of protein by rectal cells indicates
intercellular digestion via pinocytosis (Watanabe
1981, Watanabe 1982, Georgopoulou et al. 1986,
Govoni et al. 1986). In turbot Scophthalmus maxi-

mus larvae, aminopeptidase activity was found on
the intestinal brush border (Cousin et al. 1987). In
the larval stage of flounder, therefore, ingested food
is passed directly into the intestine, where it is di-
gested by the pancreatic enzymes and the enzymes
of the intestinal brush border and undigested pro-
teins are ahsorbed by rectal cells.

Because marine fish larvae cannot prop-
erly utilize artificial diets due to their undeveloped
digestive organs (Graff and Sorenson 1970, Braid
and Shell 1981, Baragi and Lovell 1986, Beccaria
et al. 1991}, rotifers and brine-shrimp nauplii are
essential for rearing larvae. In order to establish
an efficient rearing systemn for flounder larvae in-
cluding the development of complete artificial di-
ets for early larvae, it is important to understand
their digestive ability at the larval stage. In this
study, to elucidate the developmental process of the
digestive function of the intestine, rectum, and pan-
creas during the larval stage of Japanese flounder,
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distribution of aminopeptidase and trypsinogen and
absorption of rotifer proteins derived from rotifers
were traced by immunohistochemical methods. In
addition, the formation process of diffusc pancreas
was followed.

MATERIALS AND METHODS

Larvae

Larvae of the Japanese flounder
Paralichthys olivaceus were kept in a tank sup-
plied with running seawater (17+£1°C). The larvac
were fed on rotifers Brachionus plicatilis from 3

to 30 dph, on brine-shrimp nauplii Artemia sp. from
15to 45 dph, and on an artificiai diet (Kyowa A-250,
Japan) from 20 dph.

Immunohistochemistry

Larvae (n=10) were fixed with 10% for-
malin in [0 mM Tris-buffered saline (TBS) pH 7.5
for24 hat(, 1, 2, 3, 10, 20, 30, and 45 dph. Fixed
samples were dehydrated through a graded ethanol
series, embedded in paraffin, and cut into serial
sections 6 um thick.

Secctions were stained immunohistochemi-
cally using anti-ecl trypsinogen antibody (anti-cTrg),

i
e

Figure 1. Distribution of aminopeptidase in the digestive tract and absorption of protcins by rectal cells of early Japanese
fiounder larvae. Sections were immunostained with anti-rAmp (A-C) and anti-Rot (D). A; posterior instestine at hatching. B;
anterior intestine at 3 dph. C,D; rectum at 3 dph. in = intestine; no = notochord; re = rectum. Scale bars indicate 25 gm.



anti-red sea bream aminopeptidase (anti-rAmp),
and antibody against whole soluble proteins of ro-
tifers (anti-Rot), and were developed by Histofine
SAB-PO kit (Nichirei, Japan).

RESULTS AND DISCUSSION

Development of the digestive function of gut
The intestine of newly hatched Japanese
flounder larvae was a narrow duct consisting of a
smaooth single-layered epithelium with no mucosal
folds. The brush border of the intestinal epithelial
cells was still indistinct, but slight immunochemi-
cal staining for aminopeptidase was
detected in the brush border of the posterior intes-
tinc (Fig.1A). At 1 dph, the brush border of the
anterior intestine also exhibited weak
immunoreaction to anti-rAmp. The rectum had
differentiated morphologically from the intestine at
2 dph, and the brush border of the intestine and the
rectum gave strong signals to anti-rAmp. The in-
testinal epithelia bad formed mucosal folds at 3 dph.
The brush border of the intestine showed strong
signals to anti-tAmp, but the signals in the rectum
had been reduced (Fig. 1B and C).

After the first feeding of rotifers a1 3 dph,
strong immunohistochemical staining for proteins
derived from rotifers was detected from the epithe-
lial cells of the larval rectum (Fig.1D). This indi-
cates that rectal cells of Japanese flounder larvae
have acquired the ability to absorb dietary proteins
via pinocytosis at 3 dph.

Accordingly, the intestinal epithelial cells
have already started to synthesize digestive enzymes
onto the brush border at hatching, and the func-
tional differentiation of the rectam from the intes-
tine occurs by the time of first feeding at 3 dph in
Japanese flounder.

In summer flounder Paralichthys dentatus
larvae, mucosal folds were formed in the intestine
at 4 dph and active pinocytotic features were ob-
served in the rectal ceils at this stage (Bisbal and
Bengtson 1995). Thus, the differentiation of the
gut appears to be synchronized with the onset of
exogenous feeding in flounder.

Development of exocrine pancreas
At hatching, the larval gut of Japanese
flounder was a simple tube without accessory or-

Kurokawa and Suzuki Bl

gans. The primordia of the pancreas and the liver
had differentiated from the gut at 1 dph (Fig. 2A).
Slight immunochemical staining from trypsinogen
was detected in the pancreas beginning at 2 dph
{Fig. 2B). The immunoreaction to anti-eTrg in-
creased from 2 to 3 dph. Trypsinogen secretion
into the pancreatic duct was found at 3 dph (Fig.
2C). Thus, the pancreas of flounder larvae acquires
exocrine function by the time of first feeding at 3
dph.

Beccaria et al. (1991) classified the devel-
opmental process of pancreatic primordia in fish
as four types that were based on morphological
observations. The pancreas of Japanese flounder
shows a similar developmental type to sea bass
Dicentrarchus labrax.

The pancreas of Japanese flounder was a
compact organ localized around the gallbladder at
3 dph {Fig. 2D). The intestine had coiled and the
pancreas slightly eiongated posteriorly at 10 dph.
The coiling of the intestine was more pronounced
at 20 dph. The pancreas was mainly localized
arcund the gallbladder but the posterior part of the
pancreas had begun to elongate along the vein on
the intestine at this time (Fig. 2E).

At 30 dph, the pyloric appendages had dif-
ferentiated from the anterior part of the intestine
and the bile duct had elongated. The pancreas was
distributed from the vicinity of the galibladder to
the proximal part of the pyloric appendages. In
addition, the posterior part of the pancreas had elon-
gated further along the vein on the intestine.

At 45 dph (completion of metamorphosis),
the gastric glands had developed in the stornach
wall. The pancreas was localized around the proxi-
mal part of the pyloric appendages, along the hile
duct and along the veins running to the porta hepatis
from the stomach, pyloric appendages, spleen, and
intestine {Fig. 2F). At this stage, the pancreas be-
comes similar in structure to the diffuse pancreas
of the adult flounder (Kurokawa and Suzuki 1995).
Thus, the Japanese flounder pancreas completes
the transition from the compact-type organ of larva
to the diffuse-type organ of adult at metamorpho-
sis.

The formation process of  the
diffuse-pancreas of sea bass D. labrax was ob-
served using scanning electron microscopy (Diaz
et al. 1989). The pancreas of sea bass also be-
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Figure 2. Distribution of trysinogen in the pancreas of carly Fapanese flounder larvae and formation of diffuse pancreas.
Sections were immunostained with anti-eTrg (A-C). The morphology of the pancreas was reconstructed from serial
sections and is represented schematically (D-F}. Shaded arcas indicate pancreatic tissue. A; | dph. B; 2 dph. C, D; 3 dph.
E, 30 dph. F; 45 dph (completion of metamorphosis). bd = bile duct; es = esophagus; gb = galibladder; hd = hepalic duct; in

= intestine; li = liver; pa = pancreas; pd = pancreatic duct; py = pyloric appendages; re = rectum; st = stomach. Scale bars

indicate 25 pm.
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Days after hatching

012 3 5 10 15 20
Stomach :
: Pancreatic digestive
Pancreas | enzymes (trypsin etc.) ,
Instestine : Brush border membrane enzymes _
; (amingpeptidase eic.) 1 .
Rectum ' Pinocytosis of proteins by '
. epithelial cells |

Start feeding

Metamorphosis

Figure 3. Schematc illusration showing the development of digestive funcuons during larval and juvenile stages in Japanese

flounder.

comes 2 diffuse organ by the juvenile stage. Tt
appears, therefore, that the pancreas of teleosts
which possess a diffuse pancreas commonly com-
plclf:s development into a diffuse organ by the ju-
venile stage. However, the biological significance
of the transformation from compact to diffuse pan-
creas is unclear.

’ The developmental process of the diges-
tive functions during the larval stage of Japanese
flounder counld be summarized as shown in Figure
3. The intestine of the J apanese flounder have ex-
pressed digestive enzymes on the brush border
rper_nbrane athatching, and the functional differen-
tiation of rectum from intestine occurs at 3 dph.
The pancreatic cells begin synthesis of digestive
enzymes at 2 dph and secre
mtestine at 3 dph. Thus,
flounder larvae,

tion of enzymes into the
the digestive organs of
other than stomach (intestine, rec-

tum, and pancreas), have acquired digestive func-
tions by the onset of exogenous feeding at 3 dph.
Therefore, we concluded that the acquisition of
digestive functions in the intestine, rectum, and pan-
creas are

presurmably a requirement for larvae to start feed-
ng.

The pancreas compietes the wansformation
from a compact-type organ of larva to a diffuse-type
organ at metamorphosis. Itis known that the gas-
tric glands differentiate and begin synthesis of pep-
sinogen at metamorphosis in Japanese flounder
(Miwa et al. 1992). Therefore, the digestive sys-
tem of Japanese flounder becomes fully developed
in the early juvcnile stage flounder following meta-
morphosis. This may be one reason why artificial
diets can be wtilized by juveniles but not by larvae.
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ABSTRACT

Dicuiry essential amino acid requirements have been determined in several fishes. Recently, some researchers
have applied a new method based on the idea that there should be a correlation between whole bedy armino acid
composition and the dietary amino acid requirement. For instance, only one amino acid requircment can be
determined by growth data and the other nine can be estimated as being propornional to the whiole body amino
acid composition. The authors think that this new method is problematic, because the essential amine acid
requircment profiles based on fish growth assay appear 1o be different among fish species than those of body
amine acid compositions. In order to evaluate the dissimilarity of essemial amino acid requirements among fish
species, we used the “A/E ratio”” defined as (ollows: A/E ratio equals to { [Each essential amino acid (by weight)!
divided by [ Al] essential amino acids (hy weight)1}. By using this index, fish growth stages and water wmperatures
do not affect the evaluation compared with the absolute values of the amino acid requirernents. From the diagram
obtained based on the A/E ratio profiles through the Fitch-Margoliash method, close similarities of essenual
amino acid requirements were found between carp and catla belenging 10 the family Cyprinidae, and among
chineok salmon, churn salmon, and coho salmon in the family Salmonidae. This suggesls the occurrence of
specificity in amina acid requirements among each fish family, and we suggest thal growth experiments concerning
essential amino acid requirements should be condueied on at least one fish species per family.

INTRODUCTION

From the viewpoint of practical fish
culture, protein is the most important constitucnt
in fish feed, not only as the material for structural
elements of animals, but also as the main energy
source. The subject of dietary protein must be
dcalt with in regard to both quality and quantity.
Fish body protein is composed of approximatcly
20 distinct amino acids. The amino acids which
are not synthesized entirely or sufficiently for fish
needs must be supplied through fish feed. These
are called the essential amino acids.

The dietary essential of 10 amino acids
such as arginine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine.
tryptophan, and valine has been estimated for fishes
such as salmonids (Halver et al. 1957, Halver and
Shanks 1960, Shanks et al. 1962, Akiyama et al.
1985), European ccl Anguilla anguilla and
Japanese eel Anguilla japonica (Arai et al. 1972),
common carp Cvprinus carpio {Nose et al, 1974),
red sea bream Pagrus major {Yone 1976}, and
tilapia Tilapia zillii (Mazid et al. 1978), bascd on
growth response. In addition, the tracer
experiments using '*C have shown that plaice
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Pleuronectes platessa, sole Soleu solea (Cowey
et al, 1970), and sea bass Dicentrarchus labrax
(Wilson 1989} require the same 10 amino acids. It
is considered at present that these 10 amino acids
are essential for all fish species.

One of the important factors in
determining the efficiency of protein utilization for
fish is the composition of essential amino acids in
diet. 1t is very important to clarify whether the
patterns of amino acid requirement are identical or
the specificity exists among species. The present
study was carried out focusing on the prescnce of
specificity in requirement of the essential amine
acids using already published data.

Since the studies on gualitative and
quantitative amino acid requirements in fish
commenced in the United States in the 1950s, data
for various fishes have been accumulated using
different methods. The quantitative requircment
was determined based on growth responses to
dietary graded levels of a considered amino acid
especially early in the studies.

Recently, however, some researchers have
applied a new method based on the idea that there
should be a correlation between whole body amino
acid pattern and amino acid requirement. In amino
acid nutrition for swine, the concept of an ideal
protein balance is proposed, which is based on the
idea that there should be a correlation between the
body amino acid composition and the dietary amino
acid requirement (Agricultural Research Council
1981).  Based on this theory, Wilson and Poe
(1985) and Wilson (1993} introduced a new method
for estimating the amino acid requirement into fish
nutrition: i.e., only the lysine requirement is
determined from growth assays in feeding
experiments and the other nine essential amino acid
requirements are estimated as being proportional
to the whole body amino acid composition pattern
including tysine which is normally the first limiting
amino acid in most feedstuffs. This method was
also recently applied to red drum (Moon and Gatlin
1991) and juvenile Japancse flounder (Forster and
Ogata, pers. commun. ).

Considering that body amino acid patterns
are nearly identical among fish species, as shown
below by a graphical method, there would be little
difference in the patterns of requirement if they
were estimated by this new method. The authors

doubt if the new method using the body amino acid
composition is scientifically reliable, and aim to
evaliate in detail the dissimilarity of essential amino
acid requirement profiles among different finfish
species.

MATERIALS AND METHODS

(a) Data for essential amino acid requirements

The complete quantitative requirement for
10 essential amino acids has already been
determined for chinook salmon Oncorhynchus
Ishawytscha (Halver et al. 1958, 19359, Delong and
Halver 1962, Chance et al. 1964, Halver 1965,
Klein and Halver 19703, coho salmon ©. kisutch
(Arai and Ogata 1993), chum salmon O. keta
{(Akiyama and Arai 1993), channel catfish fcialurus
punctatus (Wilson and Poe 1985), common carp
(Akiyama et al. 1997), catla Catla catla (Ravi and
Devaraj 1991), Nile tilapia Oreochromis niloticus
(Santiago and Lovell 1988), milkfish Chanos
chanos (Borlongan and Coloso 1993), and Japanese
eel (Akiyama et al. 1997). As these studies have
been conducted by the same laboratory or research
groups for each fish species, under aimost identical
experimental conditions for the determination of
all 10 essential amino acids, i.e., similar basal diets,
feeding levels, and environmental conditions (water
quality and temperature used), test fish ages, sizes,
etc., they give the most appropriate data for
comparing the difference of requirements among
fish species.

In traditional methods based on growth
assays, fish must be fed graded levels of specified
armunoe acid in test diets containing either only
crystalline amino acids or a mixture of casein,
gelatin, crystalline amino acids, and other nitrogen
sources. The rearing experiments are repeated at
least 10 times for 10 essential amino acids to
complete a series of study in the one species, and
the requirement values are estimated based on the
conventional growth response curve. It is labor
intensive and expensive. But we should note that
only the data obtained from well-defined
experimental conditions can be utilized for precise
comparison of the profiles of essential amino acid
requirements among different finfish species.

(b) A/E ratio, as a tool for comparing the mode



of essential amino acid requirements

The sum of essential amino acids in dietary
crude protein varies widely from 24% for coho
salmon to 39% for catla and Japanese ccl, and the
average value among nine species is approximately
34%. These values are much lower than those of
feedstuffs commonly used in fish feeds, which are
around 50% in fish meal, soybean meal, and com
gluten meal.

Therefore, 1t is quitec questionable 1o
directly compare each absolute value of ¢ssential
amino acid requirement among fish species due to
the differences of protein tevel in test diet and the
sum of essential amino acids in dietary crude protein
by fish species. To overcome this difficulty, Arai
(1981} has introduced a concept of the A/E ratio
into the field of fish nutrition study as a uscful tool
for evaluating amine acid balance in dietary protein
from the results of feeding experiments using
juvenile coho salmon. The efficacy of this index
has been reconfirmed by the feeding experiments
of cherry salmon Oncorhynchus masou masou, and
amago salmon @. masou ishikawae (Ogata et al.
1983). The A/E ratio is defined as [(cach essential
amino acid content/total essential amine acid
content including cystine and tyrosine)x tO00]. This
index is not regarded as an absoclute value of
quantitative requirement but gives attention to the
relative balance among the 10 essential amino acids.
Accordingly, the A/E ratios of 10 amino acid
requirernents were calculated for the nine fish
species, to allow a standardized comparison.

(c¢) Calculating the dissimilarity indices from the
A/E ratio profiles

For each pair of fish among nine species
for which 10 A/E ratios of essential amine acid
requirements are known, the dissimilarity or
distance index was calculated as follows,

& R, =r, !
Biia,b)= f__rm_ m

e
D,(a,b)z\’f 'gl .[flz:k_“l_ e}

where “a” and “b” represented the two fish species
being compared, and R, indicates the A/E ratio of
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the requircment of i-th essential amino acid for the
fish species a."

The D, defined inequation (1) is & distance
index introduced by Prevosti et al. (1975} and is
cssentially the same measure as the Manhattan
distance (Sncath and Sokal 1973} except for the
standardization factor of 1/2. The D, defined in
equation (2) is a distance index introduced by
Rogers in1972 (Nci 1987), and is essentially the
same measure as the Enclidean distance {Sncath
and Sokal 1973)except for the standardizing factor
of 172. Both of the distances are quite frequently
used for evaluating the degree of dissimilarity
between two sets of continuous characters. For
the species “a” and “b" with identical A/E ratios
for all the 10 essential amino acids, both D, (a.b)
and D, (a,b) are equal 10 zero, The valucs of D,
and D- increase with increasing dissimilarity
between the two A/E ratio profiles and the
maximum value possible is 1 for both D, and D..

The respective D, and D, values for the
AJE ratios of amino acid rcquitement were
assembled into a species-by-species dissimilarity
matrix of 8 x 8 dimensions. Essentially the same
procedure was used to analyze the A/E ratio profiles
of the wholc body amino acid compositions for the
12 fish species.

(d) Visualization of the dissimilarities among A/
E ratio profiles

To visualize the dissimilarity relation of
A/E ratio profiles among the fish species,
dissimilarity diagrams were drawn based on the
dissimilarity matrices. The PHYLIP 3.5¢ computer
package (Feisenstein 1993) was used for this
purpose. Both the Fitch-Margoliash method (Fitch
and Margoliash 1967) and the neighbor-joining
method (Saitou and Nei 1987) were applied to each
matrix.

RESULTS AND DISCUSSION

As for the AJE ratio of the essential ammo
acid requirements (Table 1), Cyprinidae, Nile
tilapia, and Japanese eel show rather lower values
in arginine requirement. Isoleucine and leucine
are highly required by Japanese ee] and milkfish.
Threonine requirements in salmonidae and of
channel catfish are low, and tryptophan
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SALMONIDAE AMEIIRIDAE CYPRINIDAE CICHLIDAE CHANIDAE ANGUILLIDAE

Amino Chims Chinook Coho Charmel Common Catla  Nile Milk- Japanese
acids | salmon saleon salmon catfish carp tilapia fish sel
Arginine 183 177 131 143 126 125 124 140 115
Histidine 46 53 37 51 59 64 51 53 53
Isoleucine 67 65 49 86 70 €1 92 107 102
Leucine 108 115 139 nu7z 92 96 100 136 135
Lysine 140 147 156 171 159 162 151 107 135
Met+ys B6 118 11 7B 87 87 95 87 a1
Phe+Tyr 177 150 184 168 152 161 164 139 148
Threonine B6 65 82 4 109 128 111 120 102
Tryptophan 21 15 20 17 22 25 30 16 28
Yaline 86 94 77 98 101 92 83 95 102
Total 1000 999 995 1001 1001 1001 1001 1000 1001

Table 1. A/E ratios of dietary amino acids requirements for ninc fish species.

Amine Chum Chinook Coho Cherry Rainbow Atlantic Channel Common Nile Yellow— Milk— Jap.

acids | salwmon salwon salwon selmon  trout salmon catfish carp tilapia tail fish eel

Arginine 115 119 115 11% 123 126 132 124 137 126 124 133
Histidime 67 44 58 46 57 57 43 45 85 57 50 76
Isalaucine 77 3 71 76 83 84 85 75 79 78 B? 82
Leucine 140 155 144 145 146 147 146 136 143 142 158 145
Lysine 167 165 166 170 163 176 168 171 170 161 156 163
Met+Cys 80 82 92 86 71 53 (5] 5 75 86 68 7
Phe~Tyx 147 148 146 158 149 1489 147 187 136 150 147 137
Threonine 90 86 a8 89 92 94 87 104 88 88 93 i
Tryptophan 29 10 27 16 18 18 15 20 i6 23 21 13
Valine 88 112 83 93 98 87 102 4 103 91 96 96
Total 1000 1600 1000 998 1000 1001 1000 1001 1000 999 1000 999

Table 2. A/E ratios of the essentaial amino acid composition in the whole body tissue of 12 fish species.
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requircments of Nile tilapta and Japanese ¢c] are
high when compared with those of the other fishes.
These findings suggest a certain degree of
consistency of requirement within family or
dissimilarity among familics from a viewpoint of
refative balance. On the other hand, the A/E ratios
of essential amino acid compositions in the whole
body tissue of fish species (Table 2) do not seem o
display any rermnarkable variability in contrast to the
A/E ratios of requirements. This point is
guantitatively examined below.

Table 3 shows two dissimilarity matrices
obtaincd from the A/E ratio profiles of the essential
amino acid requirements: above the diagonal, the
D, indices; and below the diagonal, D, indices.
Table 4 shows twao dissimilarity matrices obtained
from AJE ratio profiles of whole body armino acid
composition. The D, values are in the range from
0.0390 to 0.1320 in Table 3, whereas in the range
of 0.0195 10 0.0615 in Table 4. This indicates that
the dissimilarity indices are larger for the dictary
essential amino acid requirements than for the body
amino acid compositions. The same tendency is
also observed in the D, indices.

To visualize the dissimilarities of A/E ratio
profiles among the fish species, dissimilarity
diagrams were drawn based on the four dissimilarity

mitk
(a)
(1.1}
filopia
channel
carp
catlg

coho

chinook

oo tHapia chinook

cherry

Atlantic J
milk chum coho

Figure 1. Two dissimilarity diagrams, drawn to visualize
the dissimilarity relation of A/E ratio profiles among the
fish species. based on the dissimiliarity matrices of D! in
Tables 3 and 4. (a), for the essential amino acid require-
ments; and (b), for the whole body amino acid compasi-
tioms. The two diagrams were drawn with the use of the
Fitch-Margoliash (1967) algonithm.

Species Chum Chincok Coho Chanpel Common Catla Nile Wilk- Japanese
salmon salwon salwon catfish  carp tilapia fish el
Chun saimcn 0.0615 0.0860 0.0755 0.0795 0.0925 0.0835 £.1150 0. (075
Chinock salaon  0.0352 G.0855 ©0.0770 0.1120 0.109% 01050 ©.1185 O0.tid0
salwon 0.0505 0. 0505 0.08t5 0.0915 0.1035 0.0945 0.1320 0.1145
Channel catfish 0.0419 00455 0.0466 0.0760 O0.0R40 0.0730 0.0875 0. 0820
Common carp 0.0527 0.0631 0.0508 O.0401 0.0390 0.0520 0.1125 0.0820
0.0567 0.0655 ©.0560 0.0488 0.022% 0.0510 0. 1045 0.0930
Nile tilapia 0.0514 ©0,059¢ 0.0513 0.0396 0.027T1 ©.0295 0.0%5  D. 0660
Wilkfish D,0635 0.D681 0.0724 0.0626 0.0651 O.D621 0.0491 D. 0555
Japanese eel 0.0636 0.0661 0.0554 0.044) 0.G489 0©0.0507 0.0358 0.0322

Table 3. Dissimitiarity matrices of the A/F ratio profiles of dietary essential amino acid requirements (above the diagonat. D indices;

below the diagonal, D5 indices).
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matrices in Tables 3 and 4. A typical pair of such
diagrams is shown in Figure 1(a) and (b), for the
requirements and the compositions, respectively,
which were drawn with the Fitch-Margeliash
{1967} algorithm, from dissimilarity matrices of D,.
In this type of diagram, the sum of the length of
branches along the path connecting each pair of
species corresponds to the estimate of the
dissimilarity index best suited to the ornginal
dissimilarity matrix data.

It is obvious that the size of diagram (a) is
about twice the size of diagram (b}, indicating
higher variability of A/E ratio profiles of dietary
amino acid requirements than body amino acid
compositions. Some researchers may argue that
this difference in diagram size between {a) and (b)
is the reflection of larger experimental error in the
process of determining the dietary requirements than
in determining the body amino acid compositions.
It should be noted, however, that the species are
not randomly distributed in Figure 1(a). Although
the distances along the path connecting species do
not seem to perfectly correspond to the genetic
distances inferred from the phylogenctic relations
suggested by Greenwood et al. (1966), there are
clusters of species corresponding to phylogenetic
classifications. Carp is neighbonng with catia,
both of which belong to the same family Cyprinidae.
Further, chum salmon, chinook salmon, and coho
salmon in the famity Salmonidae are located close
to one another. This cluster of salmonid species
refiects the higher similarity of A/E ratios of
requirements, in spite of the slight differences in
experimental factors such as the main nitrogen
sources and the amino acid composition of basal
diets, and rearing temperatures, Whereas, in
diagram (b) from the A/E ratios of whole body
tissue composition, the fish species are randomly
located irrespective of classification into families
or phylogenetic categorics and the distance among
fishes is much shorter, 1t indicates that the essential
amino acid compositions of whole body have
smaller variations than the dietary requiremnents
among fish species, as already reported by Wilson
and Cowey (1985). Exactly the same topologies
were obtained in the dissimilarity diagrams drawn
using the neighbor-joining method (Saitou and Nei
1987) instead of the Fitch-Margoliash {1967)
method.

Oohars ct &l L] ]

It may be true that the use of amino acnd
composition profile for the whole body of fish.
especially where dietary requirement data are not
available, can be a usefui tool in feed management,
and it is certainly expected to be less time
consuming and less expensive than the traditional
method with repeated feeding experniments. The
determined levels of essential amino acid
requirement based on the concept of an “ideal”
protein, however, would be similar among all fish
species, because there are Jittle differences in the
body amino acid composition among specics. Our
findings deduced from growth data indicatc that
specificities of amino acid requirements among
species or families exist as a concemn in the balance
(A/E ratio) of dietary amino acids. We therefore
cannot deny the necessity for traditional methods
in determining essential amino acid requirements
by feeding experiments. We suggest that growth
experiments concerning essential amino acid
requirements should be conducted on at least ane
fish species in a family. Further, accurate studies
are needed to ascertain specificity of essential aminoe
acid requirements among different finfish specics.
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DEVELOPING A STOCK ENHANCEMENT PROGRAM BASED ON
ARTIFICIAL SEEDLINGS: ACTIVITIES OF THE JAPAN SEA-FARM-
ING ASSOCIATION (JASFA) IN THE LAST DECADE
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ABSTRACT

The Japan Sea-Farming Association (JASFA) was established in 1963 as the Seto Inland Sea Farming Associa-
tion and reorganized in 1979 as JASFA. JASFA has been engaged in the task of developing techniques relating to
the farming fishery process. The term of faemning fishery, in Japanese Saibai-Gyogyou, means the ideal fishery
system which is composed of stock enhancement and fishery management. Farming fishery is based on the
artificial seedlings technique which was constructed on some components. i.¢.. broodstock management. induced
spawning, incubation of fertilized eggs. and rearing of fry and juveniles. Stock enhancement of the farming
fishery was consiructed on the intermediate rearing in nursery grounds to acclimatize artificial Juveniles to the
naturdl environment in teleasing areas, seed release, managemen for released artificial seed in pre-recrait periods.

and fishery managerent.

INTRODUCTION

Oshima (1984} reviewed the historical
development of the Japan Sea-Farming Association
as follows. In 1961, the Japan Fishcries Agency
(JFA) established a plan to promote coastal
fisheries by developing stock enhancement
technelogy wtilizing potential and untapped
productivity of the sea. The plan was put into action
in 1962, and the Seto Inland Sea was selected as a
model Littoral zone of stack enhancement for the
ranching of juveniles. The Seto Inland Sea Culwre
Fishery Center was established as the base of
operation for the intended technological
development. Furthermore, the Seto Sea Fish
Farming Association was established in 1963, which
operated the center by commission from the
government. This name was derived from the
abbreviation of “Fish Farming Promotion
Actualization Center.” This is the first time that
“fish farming” was vsed. Recently, the term
“farming fisheries” and “sea farming™ have been
used to express fish farming. In this paper, farming
fisheries consists of stock enhancement based on
artificial seedlings. In 1978, the Seto Inland Sea
Fish Farming Association was reorganized and
renamed the Japan Sea-Farming Association

(JASFA) to develop the needed technology and 1o
overcome the transitional period of financial
difficulties. JASFA is mandated by JFA to develop
stock enhancement techniques based on artificial
secd production. The system and administrative
rolcs of farming fisheries are summarized in Figure
1. The national government has been engaged in
the technological development of highly migratory
and migratory spccies. The prefectural
govemnments are playing important roles in the
development and commercialization of migratory
and nearshore species. Public corporations and
fishery cooperatives are organizations in charge
of operating farming fisheries for coastal specics,
except for the technological development of some
species such as the Japanese spiny lobster. The
national government takes responsibility for the
technological development of nearshore species
such as the Japanese lobster becausc of the
difficultics and high risks involved which are
beyend the capabilities of prefectural governments
(Matuoka 1996).

Figure 2 shows the locations of 16 national
sea-farming centers operated by JASFA . National
centers are jocated over a wide area ranging from
the Akkesi Station, Hokkaido, in the subarctic zone
(close to latitude 43°N), to the Yaeyama Station,



96 UJNR Technical Repert No. 26

-

——

—

Higity miyralery sgncias \\
(tunas, yel lowtal I 0 -

Migratnry sp$
LHAA Dreams, \‘qundars-->
Nonprot | £ toandalian
\ and
Fianary cooparat|va

Frafagture
1

Honprofit

faundatian

Leasial walar specias
isRrymp. crabe

Hation
UJAEFAY

1 shery
vommparalive
16,

Hatven
[JASER}
and
Frefocture

\ Firhary roaparative

Hatllon, Fishory ., Nwarshors spacies
LFASER \ cooperativen |{zea urchins, atalones -

Protécturs

Hanic tech. ilppllw tach,

Project ‘ Opaeration

Techra |l ogQIcal duvae op.

Figure 1. Schematic explanation of roles in farmning
fisheries in Japan {after Japan Fisheries Agency).
JASFA denoies Japan Sea-Farming Association,

Okinawa, in the subtropical zone (close to 24°N).
Thirty-nine prefectural governments have been
constructed and are operating 53 prefectural sea-
farming centers ( Fig. 3). Public corporations and
fishery cooperatives have constructed sea-farming
centers.

Process of technological development in farming
fisheries

The process of technological development
in farming fisheries is schematically described in
Figure 4, which shows the case of Atlantic bluefin
tuna (Fushimi et al., in press.). This figure focuses
on artificial seed production. The technique of
artificial seed production is composed of four parts,
i.e., broodstock management, induced maturation
and spawning, larval rearing, and live feed culture.
Artificial seed produced in sea-farming centers are
transported to release areas, and then are reared
in nursery grounds to acclimatize to the natural
environment, or released immediately if the size of
juveniles is adequate for survival in the natural
environment. Fishery management methodology
has to apply to artificial seed in pre-recruit and
post-recruit periods in order to maintain optimal
yield from them.

Progress of artificial seed production, release,
and catch

The technology of artificial seed production
is making steady progress. In 1995, seed for stock
enhancement was produced by 284 facilities for
80 spectes. The total production number was 3640
million individuals and the total release number was
11 billion individuals including natural seed (Morita
1997}. The numbers of artificial sced production
and release in 1995 were 3600 million for 80 species
and 3000 million for 69 species, respectively. The
role of JASFA, as shown in Figure 1, is the
technological development for highly migratory
species, migratory species, and coastal water

\»m/’ L';:/ ‘F."?

Japan Sua Region)

Subt ropical Region

Figure 2. Locations of the JASFA Stations.

1. Akkesi Stn, 2, Miyako Stn. 3. Notojima Stn. 4.
Obama Stn. 5. Miyazu Stn. 6. Minami-lzu Stn. 7.
Tamano Stn, 8. Yashima Stn. 9. Hakatajima Stn. 10.
Momoshima Stn. 11, Komame Stn. 12. Kamiura Stn. 13,
Shibushi Stn. 14, Goto Stn. 15, Yaeyama Stn, |6,
Amami Stn.



Figure 3. Locations of prefectural sea-farming centers,

species.  Target species number and number of
seed production of JASFA in 1995 were 36 species
and 120 million individuals, respectively, excluding
Mollusca and Echinodermata (JASFA 1997a).
Public corporations and fishery cooperatives
engaged in intermediate rearing and releasing
operations numbered 1387,

Over 1 million seed each are produced for
33 species, and over 10 million seed each for 11
species. They are three species of Pisces:
Japanese flounder Paralichthys olivaceus, red sea
bream Pagrus major, and black sea bream
Acanthopagrus schlegeli; three species of
Crustacea: kuruma prawn Penaeus japonicus,
swimming crab Portunus trituberculatus, and
speckled shrimp Metapenaeus ensis; four species
of Mollusca: scallop Patinopecten yesoensis,
short-neck clam Tapes philippinarum, Yeso
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abalone Nordotis discus hannai, and disk abalone
Nordotis discus discus; and one species of
Echinodermata: northern green sca urchin
Strongylocentrotus intermedius.  Annual
fluctuations of the number of seed production,
release, and catch in some species are described
as follows:

Japanese flounder Paralichthys olivaceus

Figure 5 shows annual fluctuations of the
number of seed production, release, and catch of
Japanese flounder. The numbers of seed production
and release are increasing steadily, and quantity of
seed production and releases have surpassed that
of red sea bream in 1995. Quantity of seed
production in 1995 was 31 million individuals and
release was 23 million individuals, respectively.
Mean annual seed production and release numbers
are 19 million and 13 million individuals, respectively.
Mean annual catch is 6800 tons, which fluctuated
between 5100 (1990) to 8200 (1986) tons, and
catch has been increasing since 1991,

Red sea bream Pagrus major

The technological development of farming
fisheries in Pisces is represented by red sea bream,
and good results in the technological development
of this fish have been leading new trials for another
species. The numbers of seed production, release,
and catch of red sea bream are shown in Figure 6.
Mean annual seed production and release numbers
are 26 million and 19 million individuals, respectively.
Mean annual catch is 14,000 tons, and
annual catch fluctuated between 13,000 tons (1988)
to 16,000 tons (1984). Recently, it has become
apparent that sport fisheries land stmilar quantities;
thus, regulation and symbiosis with sport fishing
are new problems to solve ( Imai 1994, Imai et al.

1994, Imai 1996, and Shinoda 1997).

Black sea bream Acanthopagrus schlegeli
The numbers of seed production, release,
and catch of black sea bream arc shown in Figure
7. Mean annual seed production and release
numbers are 9 million and 6 million individuals,
respectively.
Mean annual catch is 3900 tons, and
annual catch fluctuated between 3600 tons (1994)
to 4,300 tons (1984). This fish encounters the same
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problems as red sea hream, i.c., regulation and
symbiosis with sport fishing.

Kuruma prawn Penaeus japonicus

The technological development in farming
fisheries of kuruma prawn has attained the role of
pioneer in this ficld accompanied by rcd sea bream.
The first guidebook publication of the kuruma prawn
farming fishery was issued by JASFA in 1986
(Kurata et al. 1986).

st and catch of red sea bream Pagrus major

The numbers of seed production, release.
and catch of the kurumna prawn are shown in Figure
8. Mean annual sced production and release
numbers are 510 million and 305 million individuals.
respectively.

Mcan annual catch s 3000 1ons. and
annual catch fluctuated between 2300 1ons (1993}
to 3400 tons (1984). i seems that abundance of
the kuruma prawn has been recovering by farming
fisheries. because the mean annual catch had
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Figure 8. Annual fluctuation of seed production, release and catch of kuruma prawn Penaeus japonicus.

declined 1o 1000 tons in the late 1960s. The case
of Hamana Lake, a brackish lake in Shizuoka
prefecture, is well known (Fushimi 1983,

Swimming crab Portunus trituberculatus
The technelogical development of
farming fisheries in the swimming crab has

played an important role in this field, too. A
monograph and manual of seed production was
published by JASFA recently (Hamasaki 1996
JASFA 1997b).

The numbers of seed production, release,
and catch of the swimming crab are shown in Figure
B. Mean annual seed production and releasc

'



Fushimj 101

Swimming crab

.. 85,000 y

1

I

1 1

59, 030

E3 Production [ Release

—— Latch

54, 000

3
£
2

45, GCC

&
2

Hunber of Proquction and Release 500 000 (s

1967

1338

1966

1330
Near

Figure 9. Anpual thuictuation of seed production, release and cawch of swimming crab Portunps rritubercuduius

numbers arc 52 mullion and 28 million individuals.
respectively.

Mean annual catch is 3900 tens, and
annual catch has fluctuated between 3000 tons
(1993) to 5300 tons ( 1986). Mcan annual caich in
the late 1960s declined 10 nearly 1000 tons, thus
abundance of the swimming crab has recovered
by farming fisheries, too.

New frontier of farming fisheries

Expleitation of the field of farming fisheries
has been continuing within JASFA, using the
accumulated experiences and knowledge of over
30 yr. TFechnological developments in various
JASFA activities are making steady progress, some
of which arc briefty described below.
Development of biocontrol for seed
production of the swimming crab

Results of seed production of the
swimming crab is influenced by the flora of
microorganisms, Bactenal strain PM-4, isolated
from a crustacean cultuning pond, improved the
growth of swimming crab larvae and repressed
growth of Vibrio anguillarum in seawater.
Methodology to apply this finding has been
developed, and production of swimming crab larvae
was greatly increased by adding the bacterial strain

PM-4 10 their culture water (Nogami and Maeda
1992, Nogami et al., in press). It is expected that
thus will be used in crustacean seed produciion.

Development of rearing larvae of Japanese
spiny lobster Panulirus japonicus

Since 1899, many Japancse marinc
biologists have tried 1o rear phyllosoma of £
Japonicus; the first success to 3 instar was
attained in 1958 (Nonaka et al. 1958). Afier that,
the rearing period was gradually improved, and last
stage phyllosoma was attained in 1981 (Inou¢
1981). The first successful rearing of juvenucs
was realized in 1989 (Yamakawa et al. 1939-
Kittaka and Kimura 1989). Success in reanng
larvae of P japonicus was not reproduced due 10
difficulties in rearing. JASFA established the
Minami-Izu Station in 1988, to engage in‘ the
development of rearing larvae of P japoricis.
Subseguently, the JASFA Minami-Tzu Station has
attained the complete rearing of phyllosoima of the
lobster. It seems that development in hardware of
the rearing system for phyllosuma is the main reason
for this success { JASFA 1993;. The J;',‘_SP":
Minami-1zu Station had produced 134 pucruln .'1114
4% juveniles in 1994, and 284 puerulii and 11
juveniles were preduced during 1990 1996,



192 UJNR Techuica] Report No. 26

Development of broodstock management and
rearing larvae of Pacific bluefin tuna Thunnus
thynnus

InJASFA, the development of broodstock
management of Pacific bleefin tuna (PBT) had
started in 1985 at the Yaeyama Station in Okinawa,
established in 1985. Broodstock of PBT was
reared in net cages, and we observed very rapid
growth rate, but very low survival rate, due to high
water lemperature in the subtropical area. The
JASFA Amami Stiation further north was
established in 1995, and has been engaged in the
development of broodstock management of PRT,

The first spawning success of PBT
broodstock of JASFA was attained in 1997, The
first successful spawning was observed for the 9-
10 age group reared in 40-m round-shaped net
cages 10 m deep on 13 May 1997, and 1,500,000
fertilized eggs were collected from this broodstock.
Spawning of 7 age groups had been induced by
rising water temperatyre in carly July 1997, and
5,600,000 fentilized €ggs were collected in just 2
days. Subsequently, egg quality of these fertilized
€ggs was examined. Experimental rearin gof PBT
larvae was begun at the Amami Station in 1997
(Yamazaki 1997).

Development of farming fisheries of Pacific
herring (resident type) Clupeia pallasi
Pacific herring Clupeia pallasi has shown
drastic stock abundance fluctuation, especially in
the Hokkaido-Sakhalin stock. Local stock of
Pacific herring (resident type, RT herring) has been
inhabiting off eastern Hokkaido: their spawning
ground is distributed in the Zastera zone of brackish
lakes, i.e., Notsuke Bay, Furen-ko, Akkesi Bay,
and Yudo-numa, and their migrating area is limited
to the coastal area of eastern Hokkaido. The
JASFA Akkesi Station, established in 1981, has
been engaged in the technical development of
farming fisheries for RT herting since 1983 at
Notsuke-ko. Population parameters of released
RT herring were estimated recently, and the stock
abundance of RT herring is recovering since
artificial seed release was begun, with an estimated
recovery rate at 6%. It is a successful example of
the technological development carried out by the
JASFA Akkesi Station on seed production,
intermedijate rearing, large scale marking

techniques for otholith using Alizarin-complexone
{ALC), application of statistical survey technigues
for the fisheries market, and foundation of a
cooperative system for stock enhancement trials
by fishery cooperatives, administration, and
research,

Development of seed production and release
of coonstripe shrimp Pandaius hypsinotus

Coonstripe shrimp Pandalus hypsinotus
is one of the important target specics for the decp
sea pot fisheries, and the JASFA Obama Station,
established in 1983, has been engaged in the
technical development of this shrimp. The JASFA
Obama Station has developed techniques for
artificial sced production and subsequent release
in 200 to 300m water depths. Survival rate of seed
production and density of post-larvae have been
consistently attained at 70% and 7000 individuals/
m’, respectively. Experimental artificial seed
relcase has been carried out at Toyama Bay in
200 to 300m depths, and results of this experiment
point to the success of stock abundance tecovery
by artificial seed release.

Many species of the Pandidies group are
important commercial fisherics, and technological
developments by the JASFA Obama Station have
attracted the attention of people concemed with
the the deep sea pot fishery. The technique of
seed production for sandfish Arctocopous
Japonicus developed by the JASFA Notojima
Station is unique. Larvae have been reared by using
natural plankton, composed mainly of Copepodite,
collected by nightlighting. Trials of stock
enhancement based on seed release have been
continued in Akita Prefecture, because of the
drastic decline in abundance,

According to this brief overview of
activities in farming fisheries, it is evident that the
presence of farming fisheries is essential for
exploiting and maintaining marine resources by the
Japanese coastal fisheries, This review focuses
on an overview of the main activities and some
new frontiers. We have faced many problems to
solve in order to establish the needed technology
of farming fisheries, and continuing efforts are
required.
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EFFECTS OF COVERING A TIDAL FLAT WITH SAND FOR STOCK
ENHANCEMENT OF TONGUEFISH: A FEASIBILITY STUDY AT

ARIAKE SOUND IN KYUSHU, JAPAN
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49 Kokubu-machi, Nagasaki-shi, Nagasaki 850-0951, Japan
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ABSTRACT

Ariake Sound is characterized by a high tidal range of abeut 6 m at the innermost part, and is known to have
high productivity of commercially imporant species. However, the production of certain species has shown
decreasing trends due to overfishing and deterioration in environmentat conditions. Tonguefish are important
species for gill net and trawt fisheries in this sound becanse of their high commercial values, but the annual catch
of Cynnglossus abbreviatus has been decreasing markedly during the iast decade. We assumed thar covering the
muddy tidal flat with sand as a means of habitat restoration would enhance the stock of these fish. In order 1o
study the effects of sand covering on growth and survival of tonguefish €. abbreviatus and C. Joyneri juveniles,
we carried out periodic samplings by small beam rawl at the inneemost part of the sound. A sand-covered area
made in 1991, at about the Jowest low water level, to increase the production of shori-neck clams was selected
as the survey area. The gear was towed along the lines set on the sand-covered areaand a nearby muddy area as
acontrol. The periodic samplings revealed that occurrence of C. abbreviatus in the sand-covered area increased
with growth, bui was not the case for C. joyneri. Since the larger juveniles of C, abbreviarus changed their prey
animals from copepods to gammarids and mysids which were known to be abundant in the sandy area, it was
suggested that covering the mud with sand provided beneficial effects at least for the growth and survival of this

species.

INTRODUCTION

Ariake Sound in Kyushu is characterized
by a wide tidal range of 6 m at the innermost part,
and a large (263 km?® ) tidal flat that accounts for
40% of the Japancse tidal flats (Sugano 1981).
High productivity of this sound due to these
topographic features supports various kinds of
fisheries including laver culture whose annual output
is about 40 billion yen (ca. $330 million).

Fauna in the sound is unique and many
species exist only here in Japan. Some of these
species are regarded as continental relics, including
the tonguefish Cynoglossus abbreviatus. The
fishing of tonguefish is conducted only in the sound
and a part of the Seto Inland Sea (Ohsaka and
Koshiishi 1997). Another tonguefish, C. joyneri,
inhabits the coast in the southem part of Japan, but
some taxonormic studies are still ongoing since some
morphological differences were found between the
fish in the sound and in other waters. These two

specics, together with C. robustus, are impartant
specics for gill net and traw] fisheries in the sound
because of their high commercial value, but the
annual catch of these fishes has been decreasing
during the last decade.

The decreasing trends in catches of
tonguefish and other commercially important
specics can be attributed to overfishing and
deterioration in environmental conditions. The
reduction of sandy tidal flats is thought to be one
of the serious environmental changes. An attcmpt
to cover a muddy tidal flat with sand to restore the
production of the shori-neck clam has been carned
out, and some positive achievernents have been
demonstrated (Ueda and Yamasita 1997). The sand
covering of the muddy flat is predicted to make
conspicuous changes in terms of the burrowing
condition and food organism distribution for
tongucfish juveniles that inhabit the tidal flat as their
nursery ground. This research is to study the effect
of this manipulation on the enhancement of these
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fish. We hypothesized that covering the muddy
flat with sand produces positive effects on the
growth and survival of tonguefish by means of
beneficial change in feeding conditions.

MATERIALS AND METHODS

A sand-covered area made from 1991
through 1995 in an attempt to increase the
production of short-ncck clams was selected as
the survey area. The muddy area of 300 m by 900
m at about the lowest low water level was covered
with a sand layer 40 cm thick (Fig. 1). Sampling
was carried out on the days of the spring tide of
May, June, and Augustin 1994 and 1995. A beam
trawl net with a 2-m-mouth width and 2.1-mm-
mesh aperture was used as the sampling gear. The
net was towed by a boat along the two 200-m lines,
one sct on the sand-covered area made in 1991
and the other set on a nearby muddy area as a

Figure 1. Map of Ariake Sound. Screened area off Yanagawa
City indicates the sand-covered area. The lines for beam
traw! are indicated within the circle where S denotes the
line int the sand-covered area, and M denotes the line in the
muddy control area,

control (Fig. 1). Samplings by the beam traw! net
along each line were performed five times serially,
two times at flood tide, one time at high tide, and
two times at ebb tide when the water depths were
about 2, 3.5, and 5 m, respectively. Since towing a
beam trawl net by beat could not be performed
properly when the water depth decreased below 2
m, & small set net with a 10-m wing was also used
to catch fishes.

Some sedirment samples were collected to
analyze the particle size by wet sieving and the
distribution of possible prey for tonguefish. The
digestive tract contents of tongucfish collected in the
previous survey were examined to study prey animals.

RESULTS AND DISCUSSIONS

Occurrence, distribution, and growth of
tonguefish at the northeastern part of the
sound

Our previous survey on the distribution of
tonguefish from 1990 thorough 1993 revealed that
four species of Cynoglossidae juveniles, i.e.,
Cynoglossus robustus, C. abbreviatus, C.
Jjoyneri, and C. interruptus, occurred in water
shallower than 25 m at the northeastern part of the
sound. Within the intertidal zone, C. abbreviatus
and C. joyneri were numerically dominant, so we
focused our study on these two species. From the
occurrence of juveniles less than 15 mm, we
predicted that the periods for settlement of C.
abbreviatus and C. joyneri were from March to
May and from July to October, respectively. Older
O-group (0-yr-old) C. abbreviatius seemed to
migrate offshore or into decper parts of the sound,
because the density of the juveniles in the shallow
arca decreased to nearly zero in winter (Fig. 2a).
This seasonal migration was confirmed by the
information obtained through a guestionnaire on
tonguefish occurrence sent out to fishermen
(Ohsaka and Koshiishi 1995). Contrary to this,
seasonal change in the density of C. joyneri was
rather low in general. Though there was a certain
depth migration, O-group C. joyneri inhabited the
arca shallower than 10 m during their first year
(Fig. 2b). Mean body length of 1-vr-old C.
abbreviatus collected in the early settling season
was about 150 mm and that of C. joyneri was 130
mm (Koshiishi et al. 1994).
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Figure 2. Seasonal change in main distribution area of O-group tonguefish in northeastern part of Ariake Sound. a: Cynogiossus
abbreviatus; b; Cynoglossus joyneri. The dotted line indicates 5-m isodepth. Five sampling surveys were carried out from May
1981 through April 1992. Since the number of 0-group C. abbrevigtus collected in February was few, no illustration was

presented.

Distribution of tonguefish in the sand-covered
area

The ground levels of the sand-covered
arca and the control (muddy) area were about 50
c¢m and 10 cm above the lowest low water level,
respectively. More than half of the sediment on
the sand-covered area comnsisted of medium and
coarse sand, and about 70% of that in the control
area consisted of particles less than 63 mm (Fig.
3). About 25 thousand fish of ca. 50 species were
collected in our survey in 1994 and 1995 (Table 1).
The fact that more than 90% of these fish were
juveniles confirmed the importance of the tidal flat
as a nursery habitat for fish, as pointed out
previously by Uchida and Tsukahara (1955).
Among these species, several gobiidae species
were numerically dominant. Cynoglossidae species
were also collected in relatively large numbers.

Though the lines on the sand-covered area
and the muddy control area were set closely, only
50 m apart, the majority of each demersal fish

Control
muddy

area

T 2000 02000 1000 O1000- 500 0 500 250
B8 250- 1258 ___Eiil. AT e

covered
area

Figure 3. Particle size compesition of the sand-covered
area and nearby muddy control area in 1994.
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Table 1. Fish species collected by small beam rawl net and
set net in the sand-covered area and muddy control area in
1994 and 1995,

Clupeidae Sardinella zunasi

Konosirus punctatus

HNisha elongata

Engravlididae  Engraulis japonicus
Corlia nasus

Congridae Conger myriaster
Salangidae Salanx ariakensis
Plotosidac Plotosus lineatus
Synodontidac  sp.
Belonidae sp.

Hemiramphidaz  sp.
Syngnathidae  sp.

Mugilidac sp.

Atherinidae Hypoathering valenciennei
Leiognathidae  sp.

Sciasnidae Nibea albiflora

Argyrosomus argentatus
Trichiunidae Trichiurus lepturus
Centrolophidae  Psenopsis anomala
Stromateidae sp.
GobiidaeAcentrogobius pflaumii
Favonigobius gymnaucken
Sithouettea dotui
Tridentiger barbarus
Tridentiger nudicervicus
Tridentiger bifasciatus
Glossogobius olivaceus
Chaenogobius uchidai
Acanthogobius flabimanus
Acanthogobius hastg
Ambivchaeturichihvs hexanema
Apocryprodon punciatus
Crenotrypauchen microcephalus
Taenioides cirratus
Taenioides rubicundus
Platycephalidae Cociella crocodila
Plarveephalus indicus
Callionymidas Repomucenus richardsonii
Repomucenus valenciennei
Paralichthyidae  Paralichthys olivaceus
Pseudorhombus arsius
Pleuronectidae Pleuronichthys cornutis
Pleuranichthys sp.
Kareius bicoloratus
Soleidae Zebrias zebra
sp.
Cynoglossidae ¢ vhoglossus lighti
Cynoglossus abbreviatis
Tetraodontidac ~ Takifugu xanthoprerus
Takifugu rubripes

species way collected, throughout the survey
period, in cither the sand-covered area or control
area (Fig. 4), indicating the strong effect of sediment
condition on their distribution. As for Gobiidac
species, almost all Favonigobius gymnauchen
were collected in the sand-covered area while
Acentrogobius pflaumii were collected in the
control area. The tendency of one-sided caich in
these species was recognized regardless of their
size, or age. On the other hand, density ratios
between the sand and contro] areas for juveniles
of Acanthogobius hasta drastically increased with
growth (Table 2). The juveniles collected in the
sand-covered area were about 10% of those in
the control area when less than 20 mm in body
length, but became nearly 100% when they
exceeded 60 mm.

As for Plcuronectiformes, almost all
Japanese flounder Paralichthys olivaceus and
stone flounder Kareisws bicoloratus were collected
in the sand-covered area (Fig. 4). Contrary to this,
only a few C. joyneri juveniles were collected in
the sand-covered area (Fig. 3). Though a few
small juveniles were collected in the sand-covered
area in August, the older O-group fish were collected
in the control area without exception. The juveniles
of C. abbreviatus showed a stmilar distribution
patiern to A. hasta. The percentage of juveniles
collected in the sand-covered arca increased with
growth (Fig. 5, Table 2).

Figure 6 shows the body length fequency
of two tonguefish species caught by the two
sampling gears in 1994 and 1995, In June, the
average body length of C. abbreviarus collected
by beam traw! net in the sand-covered area was
larger than that in the control area, and the
differences were significant in both years. This is
very interesting because no such results were
obtained for C. joyneri. In August, the number of
C. abbreviatus collected by beam trawl net
decreased markedly, and the number collected by
set net increased in turn. It is noteworthy that
more than half of the C. abbreviatus collection by
5€t net occurred when the water depth decreased
to less than 1 m of ebb tide. These results
suggested that C. abbreviatus juveniles expand
their habitat from the muddy tidal flat to the sandy
flat with growth. The increase in rumber of fish
collected by set net in August may indicate that
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Table 2. Mean density (N/100n) of O-group fish caught by beam trawl on the

1994 1995
MAY  JUN  AUG  MAY  JUN  AUG

Acanthogobius hasta

Sand-covered area (S} 1.6 12 03 1002 138 1.1
Control {muddy) area (¥} 15 2 58 0.3 157 2 267 1.4
S/N (%) 10 21 106 7 L) 17
Mean body length (mm} 1.5 45.4 69.2 13.7 32.5 64.5
Cynoglossus abbreviatus
Sand-covered area (S) 0.3 0.1 a1 02 0.8 0.2
Control (muddy) area M) 8.9 43 0.3 2.0 17 0.6
S/N (%) 4 P4 15 8 45 36
Mean body length (mm} 226 450 113.4 157 3.8 110.7
Favonigobius gympauchen Acentrogobars pllatms Trgertger bifasciatus
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migration synchronized with the tidal cycle was
nut clear in May or June when the juveniles were
stll small. Compared with abbrebiatus, the
reverse pattern was true for C. jowneri. Few
0-group fish exceeding 100 mm in body length
were caught in the sand-covered area, and the
juveniles collected by set net were the smaller ones.

Our laborutory experiment showed that the
C. abbreviatus juveniles of about 40 mm in body
length could burrow in fine sand, but could not
when the bottom was coarse sand (Ohsaka ct al.
1997). This experiment also showed that the range

of particle size in which U-group C. abbreviatus
could burrow widened with growth. The juveniles
of 70 mm were found to show high burrowing rates
tn coarse sand as wcll as in fine sand. Figure 7
shows the relative ratios of the densities of 0-group
tonguefish in sandy and muddy arcas which was
calculated from the number of fish caught by beam
trawl net in our previous survey in 1991 and 1992.
Sediment was classified into two catepories, i.c.,
sand and mud, along the lines of towing. The ratio
of 0-group fish caught in sandy sediment tended to
increase with growth in both C. abbreviatus and
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Figure 7. Relative ratio of the densities of -group longuefish caught by beam traw| nel in our previous surveys in 1991 and 1992,
Data frem 25-35 samplings along lines distributed in northeastern part of Ariake Sound 1n each month were nsed.

C. jovneri. However the tendency was much
clearer in C. abbreviatus than joyneri. These
results corncided with the pattem of distribution of
tonguefish juvenifes in the sand-covered arca.

Prey animals of the two tonguefish and their
distribution

Prey animals of both C, abbreviarus and
C. joyneri consisted of small crustaceans such as
copepods, gammarids, and polychaetes {(Fig. 8).
Both species preyed mainly on copepods when their
body lengths were smaller than 50 mm. C.
abbreviaius preyed primarily on harpacticoid
copepods compared to C. joyneri whose prey
primarily consisted of calanoid copepods. The
importance of copepods as prev had decreased in
both species when their body lengths exceeded 50
mm. Gammarids and mysids became the main
prey of C. abbreviatus. Contrary o C.

abbreviatus, C. jovneri of over 50 mm preyed
primartly on polychaetes.

We tried to compare thc amount of food
organisms distnibuted in the sand-covered area and
control area. Using several samplers such as the
core sampler, grab, and sled net. four scries of
sampling were carried out from May through July
in 1995 and 1996. Ucfortunately, no clear
distribution pattern was found in gammarids,
mysids, and cumaceas. However, a larger number
of harpacticoid copepods was always found in the
sand-covered area, and the reverse results were
found for polychaetes.

Effects of sand-covering manipulation for
tonguefish growth and survival

Our sampling survey revealed that C.
abbreviatus inhabited the sand-covered area, and
they passed by in tidal migration when their body
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length exceeded 40 mm. In order to prove some
heneficial effects of a sand-covering manipulation
for the growth and survival of 0-group C.
abbreviatus, the next two points must be
clucidated: (1) the density of available prey in the
sand-covered area is higher than the ncarby muddy
flat arca; and (2) the O-group fish in the
sand-covered arca actually preyed on food
organisms inhabiting the area.

As for gammarid and mysid density, our
data showed no consistent differcnce in densities
between the sand-covered area and the control
area. But this may be partly because the sampling
s1ze was not large cnough and the particie size of
the sand used tor the short-neck clam project was
too Jarge for these crustaceans. Generally speaking,

small benthic crustacean densities are higher in
sandy sediments than muddy sediments (Horikoshi
and Kikuchi 1976, Kikuchi 1985). We helieve that
the first point will be clarified if more samples are
analyzed.

To illustrate the second point, C.
abbreviarus juveniles collected by a 24-h senal
sampling in June were analyzed for digestive tract
contents (Table 3). All juveniles canght in the
daytime and at night were analyzed together. since
there was no clear diurnal change in the whele
contents, Time interval of thc sampling was
changed from ! ip 4 h according to tidal periodicity.
There was ne difference in the digestive tract
fullness index between the fish collected in the
sand-covered arca and the control area when fish
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Table3 . Fullness index of digestive tract (dry content weight / dry body weight, %) of
C.abbreviatus caught in the sand-covered area and the contro! area in June,
1995. The prey found as intact appearance was classified as ungigested.

Body length

Sand-covered area

Control (muddy) area

(mm) No.

Whole Undigested No. Whole Undigested

14.0~40.0 54 2. 93
40.1~78.6 12 2.9

26 224 0.68
13 2.28 0.02

smaller than 40 mm were compared. However,
for the larger juveniles, the amount of undigested
contents of juveniles collected in the sand-covered
area was clearly larger than that collected in the
control area as shown in the fullness index of %
dry weight of undigested content/dry body weight.
Because the time interval was relatively short, we
supposed that the amount of undigested prey in
the digestive tract closely represented that of the
prey ingested in the area where the juveniles were
collected. Thus, the second point is partially
explained.

Though our data is limited, we consider
that covering the muddy flat with sand provided
beneficial effects for the growth and survival of
C. abbreviatus,
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ABSTRACT

According to fisheries statistics, there has been no significant increase in commercial catch of the Japanese
flounder Paralichthys ofivaceus during the past 40 yr even though releases of hatchery -reased juvenilcs started in
1977 and the numbers of juveniles released increased linearly w 22.6 million in total by 1993, The exiensive
studies conducted in many institutions to improve performance of the stock enhancemnent program indicate that:
(1) the adaptability of reared juveniles to the natural environment is poor, (2) their mortality rate just after being
released is extremely high due to cannibalism and predation from various animals, and (3) their growth depends
on the availability of food organisms at the release site which may be limited and fluctuates annually. Recently,
however, positive achievements have been obtained in some areas where larger-sized juveniles are released and
strict managemcnt of the mixed stocks of released and wild is observed. On the other hand. mass releases of the
hatchery-reared fishes are alleged to cause a variety of problems including: (1) spread of pathogens, (2) limited
numbers of broodfish decrease genetic diversity, (3) genetic constitution and fitness of wild stocks are changed or
diminished, and (4) impacts of mass releascs on ecosysiems are not well understeod. In order 1o make stock
enhancement not only econumically but also scientifically sound, conservation of the biodiversity cannot be
ignored. As a countermeasure 1o these issues, the Japanese government has initiated a new project to clanfy
genetic effects of stock enhancement on natural populatiens and interactions between the released and native
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populations

INTRODUCTION

Faced with declining marine fish populations
worldwide and an expanding world population, marine
fish enhancernent has been attracting global attention
(Blankenship and Leber 1995). In Japan, stock
enhancement programs were initiated by the
government of Japan as a national project in the carly
1960s in order to restore the stocks of commercially
important marine species whose populations were
declining due to overfishing, pollution, habitat
degradation, or human influences. Technology
developex in these projects has enabled us to produce
large numbers of marine fish and shellfish larvae
beyond vulnerable juvenile stages.

Mass relcases of the hatchery-reared
juveniles of Japancse flounder Paralichthys
olivaceus widely distributed in coastal waters of
Japan from Hokkaido to Kyushu began in 1977.
Since then, numbers of juveniles released in all
arcas increased lincarly to 22.6 million in tatal by

1995 as shown in Figure 1 (Fisheries Agency of
Japan 1997). However, fisheries catch statistics
(Ministry of Agriculture, Forestry and Fisheries
1997) show no significant change in commercial
catch of this species during the past 40 yr.

In the case of stock enhancement of chum
salmon Oncorhynchus keta, more than half a
century of hatchery releases in Hokkaido produccd
no evidence of an increased yield until the 1960s.
But as the annual number of releases increased
from 0.5 billion in the 1970s to 1 billion in 1982, the
1otal numbers of catch started to increase gradually
and reached up to 440% over the historic record
of the pre-hatchery release period with the retum
rate of about 3% in 1990 (Kaeriyama 1994). Based
on this achicvement, some people believe the
numbers of flounder released are not sufficient o
expect a substantial increase in commercial catch.

In order to improve the perforrnance of
stock enhancement of flounder, extensive studies
have been conducted in many national and
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Figure 1. Annual catch oof Japanese Nounder and nuimber of juveniles released in Tapan.

prefectural institutions, and universities. In ths
review papcr, we examined the progress to date
to clarify why stock enhancement of flounder has
not shown clear-cut evidence for increased yields
nationwide. Also, the future direction of this
program is discussed including whether or not a
large increase in numbers (up to tallions) of
juveniles released is feasible or has potential o
obtain results similar to chum salmon.

PROGRESS TO DATE

As mentioned carlier, releases of over 20
million juveniles in waters along the entire Japan
coast have shown no posiuve effect on commercial
landings of this species. However, if the
relationship between annual catch and number of
juveniles released is examined by region {regions
1-8, Fig. 2), we can see a somewhat different
picture. Annual catches show increasing trends
in region 4, Southern Pacific Ocean, and region 8,
Seto Inland Sea, as the numbers of juveniles
released have increased (Figs. 3, 4). A common
fearure in these two regions is that the level of
annual catches before the start of mass-releases
was rather low compared with the remaining
regions. To understand differences in results of
juvenile flounder refeases in regions 4 and 8 and

other regions throughout Japan, it is instructive to
examine progress made in the studics on biology
and ecology of this specics, and on fisheries
management practices.

QUALITY AND FITNESS TO THE
NATURAL ENVIRONMENT

Mass production of fry or juveniles is made
possible by providing sufficient foods under
intensive condition and by isolating them from
predators.  As a consequence, physically weak
individuals which cannat survive in the wild and
those having deformity and abnormal coloration of
the body, etc. are produced. The most commonly
observed problems in the production of flounder
juveniles used to be albinism and ambicoloration
(Scikai {997). Also, it has been found that the
juveniles reared with a formulated feed contain
much higher levels of free non-essential amina acids
in the muscle. Since free amino acids, especially
non-essentials, stimulate the olfactory and gustatory
senscs of crustaceans, it is presumed that they are
more vulnerable to predators. However, the
composition of free amino acids can be changed
within a week by feeding mysids instead of g
formulated feed (Yoshinaga 1996). Likewise,
quality of reared fish is improving due 10 Progress
in rearing techniques and improvements in foeds,
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Figure 2. Coastal waters around Japan divided in 8 regions.

The life history of Japanese flounder has
been well elucidated by exhaustive field and
experimental studics (Minami 1997, Noichi 1997,
Tanaka 1997). Generally speaking, the juveniles
less than 70 mm in to1al length (TL) prey mainly
on mysids and then become piscivorous depending
on the availability of food organisms (Noichi 1997).
According io changes in feeding behavior, they
disperse from nursery grounds in coastal waters
to offshore (Koshiishi et al. 1951). In addition,
physiological and behavioral studics indicate that
the released fish show poor swimming ability,
peculiar feeding behavior, and lack of predator
avoidance, which result in poor survival after
release (Furuta 1996). Although the ccological
mechanisms are not completely understood, it is
reported that rearing fish under less intensive

conditions or simulated natural conditions for a short
period before release improves their fitness to the
natural environment { Yamashita 1997),

ENVIRONMENTAL CONDITION OF
RELEASE SITE

Growth of the released juveniles depends
on the availability of food organisms such as
mysids on the nursery ground, although mortality
by starvation may be insignificant (Yamashita et
al. 1994). Koshiishi et al. (unpublished data) have
shown that abundance of mysids substantially varies
annually and seasonally as shown in Figure 5. Also,
it has been reported by Koshiishi et al. (1988) that
density of mysids at the release site is drastically
decreased within a day after mass releases of
juveniles. Thus, it is apparent that the carrying
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capacity of the nursery ground is limited and
fluctuates annually. The availability of food
organisms is a crucial factor 1o sustain good growth
of juvenile flounder since they stay in panticular
nursery grounds until becoming piscivorous. This
carly marine-life behavior of Japanese flounder is
different from chum salmon.

A major cause of the high monality after
the release of flounder is known 10 be predation by
crustaceans and fishes including wild flounder
(Yamashita et al. 1993), so that the presence of
sandy ground providing a hiding place is also a
critical clement. To minimize predation problems,
various measures are being practiced such as
releasing small-sized juveniles (30-50 mm in TL)
before wild flounder appear on the nursery ground,
ot raising juveniles to larger sizes (up to 100 mmi in
TL) which are less vulnerable to predation
{ Yamashita et al. 1993).

FISHERY MANAGEMENT

High survival and growth can be expected
if large-sized juveniles are released according to
the carrying capacity of atarget nursery area having
suitable habitat at a time when food organisms are
abundant. Even though these factors are taken

Year
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Figure 6, Annual catch of Japanese flounder and number of juveniles reieased in Aomori Prefecture.
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employed in releasing juveniles, the results differ
among regions. One of the reasons for the lack of
SUCCCSS IN many regions seems 10 be the bycatch
of less valuable small-sized fish in commercial
fishing,

As mentioned carlier, positive results for
releasing juvenile flounder have been ohtained in
certain regions like the Seto Inland Sea,
Additionally, positive relationships between the
snnual catches and numbers of animals being
relcased in the other species such as red sca bream
and crustaccans have heep achicved in this region
Ogawu 1995). The Seto Inland Sea is a relatively
closed area which limiy migration of released
animals ow of this region. Also, self-imposed
regulations by fishermen are well abided to not
harvest animals lesy than certain sizes and to re-
release them if captured,

So far, the most successful achievement
has been auained in Aomori Prefecture. The
annual caich of Japanese flounder jn Aemori
Prefecture used to be the highest ip Japan (about
15% of the 10tal carch in Japan)and it is desjgnated
as the prefecture's fish, However, the annual carch
of over 1500 tons jn 1976 dropped to0 224 tons in
1989 (Fig_6). In respounse to the drasiic decline,

the prefectural government implemented a guideline
for fisheries management of this species with &
consensus of the fishermen after laborious
dialogues through the Fisheries Cooperative
Associations. The guideline contains various
regulations to protect the broodstock and juveniles
of both native and reteased flounder, and
designation of the important nursery grounds as a
sanctuary. In accordance with implementation of
this guideline, 2-4 million Jjuveniles about 50 mm in
TL have been produced using funds contributed
by the fishermen (4% of income from flounder
fishing) and have been released annually since
1990. The minimum sizc to be harvested was raised
gradually from 25 ¢m in 1990 0 35 cm in 1995,
As a result of these efforts, the annual catch of
flounder has been linearly increasing and it
surpassed the 1000-ton leve| (almost 5-fold increase
in 7 yr} in 1996 (Aomoti Prefecture 19973,
These results indicate that fisheries
Tanagement is a key factor for successfu] stock
enhancement activity. Also, the fact that positive
results have been obtained in Tegions 4 and 8,
where the annual caiches before the start of
stocking were relatively small or in Aomori
Prefecture where the Stock was depleted, indicate



e ——

the importance of the initial stock size for a
successful stocking program, which in wrn may
indicate that the carrying capacity for juvenile
flounder is limited and varies from Tegion to region.
Thus, unlike the chum salmon project, large
increases in numbers of juvenile flounder for
release in many regions may not be feasible.
However, a substannal increase in size may be
effective in certain areas if the production of larger

Juveniles becomes cost effective,

FUTURE DIRECTION

In Fukushima Prefecture, aboumt 0.2-0.4
million juveriles having 70-100 mm in TL have
been released annually since 1987 but so far have
produced no cvidence of an increased yield (Fig.
7). However, the detailed market survey along with
field study indicate that the recapture rate of
released flounder by year class was in a range of
16-31 % with averape value of 24% for 4 yr (1987
through 1990) which is almost 8-fold higher than
the return rate of chum salmon. The reasons for
attaining a high recapture rate in Fukushima
Prefecture are reported to be that the survival of
released juveniles is high due to use of large-sized
fish; mysids are abundant arcund the release sites;
fishing effort for flounder is intensive; and the
fishermen refrain from harvesting flounder less
than 30 cm in TL. (Fujita et al. 1993). They also
made a cost-benefit analysis for the entire operation
in Fukushima Prefecture, and found that the
flounder stocking resulted in annual profits of $410-
670 thousand assuming wholesale prices of
flounder for 1-yr-old fish and for 2-yr-old fish were
$21 and $33/kg, respectively, and the benefit was
2-3 times higher than the entire costs of juvenile
production and rclease. This result agrecs very well
with that of a market survey conducted by the Japan
Sea Farming Association which indicates that stock
enhancement of flounder can pay off if the recapture
rate exceeds 20% (Furusawa 1994), Fujita et al.
(1993) suggested that much higher profits can be
obtained if harvest restrictions of 0-yr-old ﬂound_er
are more strictly observed by fishermen because its
whalesale price is only about $4/kg. _

These results suggest that in ceriain cascs,
stock enhancement can be economically feasible
even if it does not result in increased yield. 5“
economically beneficial effect may be found in
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other areas as well if a cost-benefit analysis is
conducted. Thus, encouraging prospects do exist
in a stock enhancement program for Japancse
flounder, although fish stocking may not be a
panacca to the problem of declining populations.

As fisherics resources management has
developed and expanded, the use of and need for
cultured fishes have increased (Schramm and Piper
1995). However, mass releases of cultured fish
have been alleged to cause a variety of problems
such as: spread of pathegens; limited numbers of
the broodfish decreases genetic diversity; genetic
constitution and fitness of wild stock are changed
or diminished; and so forth (Edward and Nickum
1993). Also, conservation of the species and
ecological diversities became an international issue
after the Convention on Biological Diversity came
into effect. Under these circumstances, many
symposia or workshops related to these issues have
been held worldwide,

For instance, the US-Japan Natural
Resources (UINR) Aquaculture Panel held the
Symposium on Interaction between Cultured
Species and Naturally Occurring Spectes in the
Environment in Alaska in 1993, and the International
Symposivm and Workshop on the Uses and Effects
of Cultured Fishes in Aquatic Ecosysterns were
held in New Mexico in 1994. In order to make a
stock enhancement program not only econormcally
but also scientifically sound, more academic
information on the impact of mass releases of
hatchery-reared fish is needed. The Agriculture,
Forestry and Fisheries Research Council of Japan
has just initiated a new preject “Effcct of Fish Stock
Enhancement on Biodiversity.” In this project, we
plan to conduct studies on the genetic constitution
and ecological effects of stock enhancement on
the native populations of Japanese flounder, and to
develop technology for stock enhancement
minimizing adverse effects on biodiversity. Also,
a joint project on flounder between Japan and the
USA is now ongoing and significant scientific
contributions from these projects are expected.

A put and take fishery which is supposed
1o have less impact on the genetic diversities of
natural populations can be one of the future
directions for stock enhancement programs.
However, this practice will permanently depend
on a stocking program like the chum salmon project.



122 UJNR Technical Report No. 26
CONCLUSIONS

+  Unlike the chum salmon project, large
increases in numbers of juvenile flounder for
relcase may not be feasible because of the
limitcd carrying capacity.

» If the stock enhancement program is carried
out where the initial stock size is refatively smail
or the stock s depleted, clear-cut evidence for
increased yield can be obtained cven at the
present level of releases.

*  As far as a high valued fish like flounder is
concemed, if the recapture rate exceeds 20%,
mass-release 15 economically feasible even
though no increase in the catch 15 abtained.

* Ineither case, stock management by fishermen
is & must, especially in the restriction of
harvesting undervalued small fish,

+ In order to make stock enhancement a
sustainable program, impacts of mass relcases
on the ecosystem must be scientifically
clucidated.
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ABSTRACT

The giant freshwater prawn Macrobrac hium rosenbergii, cullured extensively throughout South Asia, and the
kuruma prawn Peraews japoricus. targeted principally in Japan and Taiwan, are species of commercial impor-
tance which have been widely studied in terms of basic physiological function. In lapan, £ japonicus is
addinonally a significant target of artificial seed production operations for restocking of coastal areas. In order to
ensure z sustainable means of antificial seed production for significant crustacean species, it is important to
effectively control female molting and reproduction under artificial conditions. 1n decapod Crustacea, the
physiological processes of molting and reproduction are linked and are under hormwonal control. The role of
ecdysteroids which serve as molting hormones are well-established, but the physiological significance of juvenile
hormone-telated substances is just beginning to become clear. Endocrinoiogical research in M. rosenbergii and £
Japonicis can he potentially apphied 10 aquaculiare operations in the future, including anificial seed production

programs for P, japomicus.

INTRODUCTION

The establishment of sustainable prawn
culture depends on many factors and requires the
integration of various fields of expertise. A1
present, inducing reproduction in captivity and
controlling disease remain obstacles to successful
culture, and solving these technological problems
will depend greatly on basic research relating to
the biology and physiology of the animals being
targeted. The giant freshwater prawn
Macrobrachium rosenbergii, cultured extensively
throughout South Asia (Chavez Jusio 1991), and
the kuruma prawn Penaeus japonicus, targeted
principally in Japan and Taiwan (Liac and Chen
1994), are species of commercial importance which
have been widely studied in terms of basic
physiological function. While widespread viral
infection has become a problem of increasing
magnitude in the culture of saltwater Penaeus
species, disease outhreak has not been of significant
concern in freshwater species such as M.

rosenbergii. However, in all prawn species, 11 is
important to be able to cffectively control molting
and reproduction under artificial conditions in order
to produce larval seed for further aquacultural
growout. In Japan, P japonicus is additionally a
significant target of artificial seed production
operations for restocking of coastal areas.

This paper addresses the current state of
endocrinological research in M. rosenbergii and
P japonicus, focusing on the roles of ecdysteroids
and juvenoids in molting and reproduction, and
discusses how basic research in this arca can be
potentially applied to aquaculture operations in the
future. The status of artificial seed production
programs for P. japonicus and current aguaculture
in Japan in this context are also discussed.

REPRODUCTIVE ENDOCRINOLOGY IN
M. ROSENBERGII AND F. JAPONICUS
Background

In decapod Crustacea including prawns,
shrimps, lobsters and crabs, the physioiogical
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processes of molting and reproduction are
inextricably linked and under hormenal control,
Ecdysteroids such as 20-hydroxyecdysone serve
as “molting hormones™ in Crustacea and are
excreted from a tissuc known as the Y-organ. On
the other hand, peptide substances such as molt-
inhibiting hormone (MIH) and vitellogenesis-
inhibiting hormone (VIH) originating in the sinus
gland complex of the eyestalks excrt negative
influence on moking and ovarian development.
There is evidence for the existence of positive
stimulatory factors, including a putative
vitellegenesis-stimulating hormone (VSH),
vitellogenis-stimulating ovarian hormone (VSOH),
and mwolt-stimulating hormone (MSH) which may
possibly be secreted at the brain and thoracic
ganglion (Takayanagi et al. 1986, Meusy and Payen
1988); however, such factors have not been
sufficiently isolated and identified. A general
scheme for the control of molting and reproduction
in Crustacea is shown in Figure 1, Structures of
representative ecdysteroids in M. resenbergii are
shown in Figure 2.

In insects, juvenile hormone (JH), a larval
developmental hormone, also appears in the adult
female to stimulate yolk protein production and
uptake. To date, JH itself has not been identificd
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Fignre 1. General scheme for the endocrinological control of
molting and reproduction in Crustacea. Abbreviations are
indicated in the figure for malt-inhibiting hormene {MIH),
viteliogenesis-inhibiting hormone (VIH), ecdysteroid
(ECD), vitellogenesis-stimulating hormone (VIH), methyl
farnesoate (MF), and vitellogenesis-stimulang ovarian hor-
maone (VSOH).

in any crustacean species. Methy] farnesoate
(MF), the un-epoxidated precursor of JH. has been
found in a limited number of crustacean species
such as the American lobster Homarus
americanus (Tsukimura and Borst 1992) and the
spider crab Libinia emerginata (Laufer et al.
1987). In previous studies of this author and co-
workers, MF was detected in M. rosenbergii
(Wilder ct al. 1995) but was not found in P.
japonicus. MEF has been shown to be secreted
from the mandibular organs (Sagi et al. 1991).
While MF is considered to be the crustacean
equivalent of JH, its role in crustacean reproduction
remains unclear. MF may possibly function as a
VSH to stimulatc yolk protein production and uptake
as suggested in Figure 1. The structure of MF is
shown in Figure 3

Ecdysteroids and juvenoids in M. rosenbergii
and F. japoricus

In both M. rosenbergii and P, japonicus,
an ecdysteroid surge occurs in the hemolymph in
the late pre-molt stage and the predominant
ccdysteroid species is observed to be 20-
hydroxyecdysone with lesser amounts of highly
polar ecdysteroids (high polarity products (HPP)).
In M. rosenbergii, peak titers are about 40 ng/ml
(Okumura et al. [992), and in P, japonicus, these
levels reach nearly 200 ng/ml (Okumura et al.
1989). 20-hydroxyecdysone is generally
considered to be the active form of the hormone in
most crustacean specics, and it regulates the molting
cycle.

In addition to involvement in molting,
ecdysteroids are found in newly laid eggs and
mature ovaries of numerous insect and crustacean
species. In general, eggs ecdysteroids during the
early embryonic stages arc ovarian in origin and
serve as a stock for purposcs of early development
until embryonic prothoracic glands or Y-organs
differentiate and produce ecdysteroids de nove
(Spindler et al. 1987). In M. rosenbergii,
ecdysteroids are present in mature ovaries (25 ng/
£) and newly spawned eggs (16.9 ng/g) (Wilderet
al. 1990). These ecdysteroids are accumulated in
ovarics during the reproductive molt cycle (molt
cycle accompanied by maturation of the ovaries)
to levels of 50 ng per ovary. In contrast, during the
common molt cycle {molt cycle in which ovaries
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remain immature), ecdysteroid conient is 1.5 ng
per ovary (Wilder etal. 1991) (Fig. 4). Thisovanian
ecdysteroid accumulation which occurs in
synchronization with molting may signify a role for
these ecdysteroids in inducing germinal vesicle
breakdown (GVBD) and subsequent ovulation,
This author has examined M. rosenbergii
and P. japonicus for the presence in the
hemolymph of juvenoid substances including
juvenite hormone IIT and methyi farmesoate (MF).
MF was present in females during both the
reproductive and common molt cycles and in males
in M. rosenbergii (Wilder et al. 1993), but was not
detectable in P japonicus (Wilder and Aida 1995).
In M. rosenbergii, MF fluctuated during the molt
cycle without corinection to ovarian development,
being highest in the early pre-molt stages (Wilder
et al. 1995). These results suggest that MF may
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Figore 4. Ovarian ecdysteroid accumulation in ovaries dur-
ing the reproductive molt cycle and ecdysieroid conlent
during the common moit cycle in M. rosenberpif on hasis
of a 25-g individual. Ecdysteroids are abbreviated as ECD.
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be involved in the molting process. In Artemia,
MF has been found to elevate Na/K-ATPase
activity in larval homogenates, additienally
suggesting a rolc in osmoregulation (Ahl and Brown
1991).

In a separate investigation, this author and
co-workers tested the effects of MF injection on
vitellogenin production in eyestalk-ablated juvenile
M. rosenbergii (Wilder et al. 1994). Although
vitellogenesis in M. rosenbergii will not be
discussed in detail here, there were no observed
increases in vitetlogenin production in response ©
MF trcatment. These results indicate that MF
alone could not promote increased vitellogenin
production, but do not rule out a role for MF in
crustacean reproduction. Whether MF plays arole
in inducing patency of the ovarian follicles, thereby
allowing the uptake of vitellogenin in developing
oocytes, as JH does in insects (Davey and Huebner
1974, Davey ct al. 1993), needs to be further
addressed.

Current perspectives in endocrinological
research

At present, it is well-established that 20-
hydroxyecdysone and other ecdysteroids function
as molting hormones in Crustacea, but it is still
unclear what role ecdysiercids play in conjunction
with juveneid substances in stimlating reproductive
processes. Much progress has been achieved
recently in the isolation and identfication of eyestatk
hormones, particularly of MIH. A Japanese group
has succeeded in isolating a putative MIH in P,
Japanicus (Yang et al. 1996) and has demonstrated
it to have molt-inhibiting activity by assessing
ecdysteroid synthetic activity under Y-organ
culture. The nature of VIH in both M. rosenbergii
and F. japonicus and MIH in M. rosenbergii
remains unclarified. More information conceming
the structures of these hormones and how titers
fluctuate during the molt cycle should greatly
improve knowledge of endocrinological
mechanisms controlling molting and reproduction,
It is also of importance to further elucidate the
physiological roles of MF, and to determine whether
putative brain and ovarian factors are involved in
hormonal processes. Finally, an understanding of
how such mechanisms operate in context of
environmental factors is expected to contribute

significantly to the development of techniques for
controlling maturation and reproduction in captivity.

The remainder of this paper will introduce
the current status of P japonicus culture in Japan,
and artificial seed production programs for this
species and related apphied research being carried
out by the Japan Sea-Farming Association
(JASFA). The author is cngaged in a combined
farming systems project in the Mekong Delta region
of Vietnam, focusing on M. rosenbergii seed
production and aquaculture, but this will not be
discussed in detail.

PENAEUS JAPONICUS CULTURE IN
JAPAN

The following information is based on a
1995 Fiscal Year Report of the Norinchukin Bank,
Fisheries Division (sce Fujiwara 1995). In 1995,
total marine culiure production in Japan was
approximately 1.284 million tons with a market
value of ¥575.6 billion. Major species of interest
in Japan include vellowtail, sca bream, flounder,
and the kuruma prawn P, japonicus. Of this total
praduction, P japonicus culture accounted for
approximately 2000 tons valued at ¥13.514 hillion.
During 1991-1994, production of P. japonicus
decreased from ncarly 2500 to 1500 tons due to
severe viral outbreaks in western Japan, but
evidence of recovery is beginning to be seen as
causes of viral outbreak have come to be
clucidated. The number of operators in total has
remained fairly constant during this period, around
150-160 enterprises natienwide. Table I
summarizes changes in enterprise number,
production volume, and market volume from 1991
to 1995,

F. japonicus culture began as early as
1962 with the development of artificial propagation
techniques, and production levels peaked in 1988
at about 3020 wons. Typically, culture eperations
are begun in the spring, berween March and May,
and prawns are reared to market size of about 30-
50 g by the end of the year or following spring.
Culture is thus carried out on the basis of vearly
cycles. Common feeds include minced sardine,
squid or clam, and artificial pellets. Culture is
focused predominantly in western Japan, Kyushu,
and Okinawa. In 1994, of atotal of 151 operators,
52 were based in Kumamoto Prefecture, 25 in
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Year
. 1991 1992 1593 1994 1995
Nao. enterprises 156 163 151 _
Production volume (tons) 2,491 2, 187 1,112 1,519 %2, 600
Market volume (billions of ven} 17.178 L7, 144 15. 93 12.978 13,514

wogtimated

Table 1. Changes in enterprise aumber, production volume and market volunwe for kurunia prawn culture in Japan during

19911995
Prefecture No. enterprises Total area (m') Average area (m’)
Kumamoto 52 1, 549, 000 30, 000
Kagoshima 25 G997, 600 40, 000
Okinawa 20 715, 000 36, 000
Ehime 15 642, 000 49, 000
Yamaguchi 13 581, 000 39, 000

Table 2. Number of enterprises engaging in kuruma prawn culture, and total and average arcas under operation.

Kagoshima, 20 in Okinawa, 15 in Ehime, and 13in
Yamaguchi. Table 2 summarizes these figures
along with total and average area per enlerprise
under culture. Three forms of culture are typically
practiced: artificial pond culture, net culture, and
tank culture. Artificial pond culture and tank culture
are most predominant with only a minority of
aperators engaged in net culture.

In 1992, widespread viral outbreak
occurred as a result of the introduction of infected
seed imported from China. Causes of viral outbreak
have since been elucidated, and control measures,
such as the disinfecting of culture ponds, have
helped bring the situation under control. Operators
have had to rely increasingly more on domestic
sources of seed. In Okinawa, parent prawns
obtained from Miyazaki, Oita, and Nagasaki
Prefectures are used to secure sced. While there
is some technical assistance and cooperation
carried out between governmental agencies and
private operators, the former is not permitted to
produce and sell seed to the private sector;
therefore, culturists need to rely on other privatc
sources for abtaining seed. Government-sponsored
projects relating to artificial seed production are
implemented explicitly for purposes of coastal re-

stocking or on an experimental basis. These
programs will be introduced in the next section.

ARTIFICIAL SEED PRODUCTION
PROGRAMS FOR P. JAPONICUS IN
JAPAN

Current status

Artificial seed production programs for F.
japonicus are implemented by the Japan Sea-
Farming Association (JASFA), an auxiliary
organization of the Japan Fisheries Agency.
Programs relating to kurumna prawn production are
mainly carricd out at JASFA's Momoshima Suation
in Hiroshima Prefecture, and Shibushi Station in
Kagoshima Prefecture. Actual operations are
principally carried out at Shibushi while work
relating to the cultivation of female spawners is
being done at Momojima.

Figure 5 shows statistics for antificial seed
production and release during the ycars 1977-1995.
Production levels have generally ranged between
400 and 600 million seeds/yr, with figures for actual
release fluctnating around 300 million seeds/yr
(JASFA statistics, personal communication, M.
Kobayashi, Japan Sea-Farming Association, Kanda,
Tokyo). At present, JASFA relies entirely on the
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Figure 5. Statistics for artificial seed production and release of P. japoricus in Japan from 1977 to 1995 (courtesy of the Japan Sea-

Farming Association).

usc of natural spawners for obtaining seeds which
are generally raised to a size of 12-18 mm before
refease, although “large-size” seeds from 20-40 mm
are occasionally produced. Seed production
operations are conducted principally from April to
September, when walter temperature is warm
(about 26°C) and parent spawners arc readily
available. In general, prawns with developed
ovaries are purchased from commercial fishermen,
and are brought to JASFA premises while chilled
slightly or kept on sawdust, and are then put into
stocking tanks. With temperature in the stocking
tanks raised back to higher temperatures, spawning
usually occurs in the evening or by the following

day. At Shibushi in 1995, purchasing operations
were carried out 20 times between 25 April and 7
September, during which time 6283 parent prawns
were obtained (Miyajima 1995), and actual seed
production opcrations were implemented on a total
of 15 occasions. Of total prawns purchased, 6120
individuals survived transportation to Shibushi
Station, and 20035 individuals actually spawned at
an average spawning rate of 39.4%. This yielded
an initial total of 236 million seeds with a final
harvest figure of 92 million seeds. Table 3 shows
actual figures for each spawning occasion, with
size of tank used, date, number of seeds obtained,
and density for initial stocking and harvest.
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Prod. Tank Initial Production Finel Harvest
Mo __size tad) Pate  Seed po. Density (OYmY Date Seed no  Depsity (%M  Bodv length (ma) Survieal B _
1 2,500 28-27 apr. 34, 000, 050 3.4 19 Mey 5, 850, 000 0.5 g1 17.2
2 400 75 Way £, 070, 000 3.8 12 June §, 380, 000 L6 14. 4 19.2
3 400 13 May 3,020, 000 1.5 12 May - - - -
% 400 13-21 May 7,300, 060 27 6 June 2, 680, 000 0.7 17,4 7.4
5 2,500 25-26 May 11, 489, 000 L1 30 Ny - - - -
§ 2,500 8 June 66, 920, 000 §.7 12 July 11, 420, 000 1.8 14.5 46. 9
7 400 30 June 18, 640, 000 1.2 4 Aug 10, 210, 000 2.6 14,5 54,7
8 400 30 June 18, 410, 000 1 T Aug 9, 200, 900 23 4.8 50.0
9 2,500 29 July 32, 090, 000 3.2 M Aug. 16, 340, 000 0.9 127 51.0
10 400 11-12 Aug. 4,230, 000 L7 - - - - -
11 400 11-12 Aug. 4,430, 000 1.8 - - - - -
12 400 19-20 Aug. 3,210, 000 1.2 - - - - -
13 400 18-20 Aug. 3, 150, 000 1.2 - - - - -
14 400 7 Sept. 11. 000, 000 14 21 Sept, 6, 170, 000 L5 6.9 58. 1
15 400 T Sept .0, 680, 000 4.3 2l Sent. 4,010,900 LA 4.9 305
total 236, 630, 000 tota) 92,250,000 avg 12.2 467

Table 3. Artificial seed production at JASFA Shibushi Station in 1993: initial production, density, body length and final harvest

values.

Operations were similar in the previous two years
of 1993-1994 (Sato 1993, Sato and Yoseta 1994).

Transport of artificial seeds is usually done
by truck, and seeds are supplied to various
prefectural users. Some trips take up to 17-18 h.
Shipping density ranges from 5.6 - 55.7 million
individuals/m? and is adjusted according to length
of the trip and size of the seed. Temperature is
kept between 19.0-22.5°C in order to suppress
metabolism. Mortality during shipping is virtually
nil and seeds are observed to be in good condition
upon arrival.

At present, it is not difficult to secure
parent females during mid-spring to early autumn;
however, the availability of spawners obtained from
natural sources makes it difficult to conduct
operations earlier than April. In addition, while
seed production is generally successful based on
placing these females in holding tanks prior to
spawning and collecting the seed, it is difficult to
control spawning time or to synchronize the
spawning of many individuals which would make
operations more efficient. It is still therefore
necessary 10 improve technology in order to provide
a stable supply of seed for coastal restocking.
JASFA is engaging in basic and applied research
in order to address these problems. It also remains
difficult to assess the effectiveness of seed release
programs. At present, JASFA is investigating
means of marking seed destined for release in order
to determine the proportions of artificially-produced
prawns in the natural habitat. This manuscript will

not discuss thesc areas in detail, but one potential
means of marking is uropod-cutting, whereby the
regenerated uropod differs in color and pattern from
uncut ones, making individuals of artificial origin
distinguishable (Mivajima et al. 1996).

RESEARCH RELATING TO SEED
PRODUCTION IN £ JAPONICUS
Background

The Momoshima Station of JASFA has
developed a biopsy method for determining the state
of ovarian development in P, japonicus (Miyajima
and Matsumoto 1996). 1t was previously necessary
to rely on assessing prawns for maturity by
observing the visible development of the ovaries,
and classifying themn into A, B, C, and D ranks
based on relative size and visual appearance of
the ovaries. The A and B ranks in which ovaries
are enlarged were considered mature and the C
and D stages in which ovaries were still elongated
were considered immature (Miyajima and
Matsumoto 1996). However, with these methods,
it was difficult to observe fine differences in
ovarian matrity which would serve as an index
for spawning potential. The biopsy methods permit
detailed observations of developing cocytes. In
this method, a syringe is inserted into the ovaries
via the soft area between the first abdominal
segment and the carapace. Qocytes arc then
collected and positioned onto a glass slide and
observed under light microscepy at a magnification
of 100-200X. Oocytes can be differentiated into
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three stages which correlate with histological
examination. In the third yolk globule stage, cortical
alveoli cannot be seen, but other features are similar
to those of the carly maturation stage. In this stage,
the cortical alveoti become apparent. Finally, in
the maturation stage, the cortical alveoli become
elliptical.

These methods are a uscful tool in selecting
spawners for seed production operations and in
implementing cxperiments relating 1o induction of
maturation. In JASFA during 1995 (Miyajima
1995), a series of experiments carried out at the
Momoshima Station relating to artificial maturation
in context of selection of prawns, transport
conditions, and rearing conditions are highlighted.
These studies, implemented in order to develop
technology for the control of maturation and
spawning, are briefly described below,

Development of technology for the control of
maturation and spawning
Stimulation of spawning

In part (1) of this study, the relationship
between maturation stage of the ovary and
spawning rate and the effects of eyestalk ablation
on inducing maturation were examined (below, see
Miyajima 1995). One-yr-old females showing A
rank ovartes were selected and biopsied in ovder
to classify prawus into one of the three maturation
stages (third yolk globule, early maturation, and
mature) as described above, Prawns were put
into individual aquariums maintained at 25°C.
Spawning rates, number of eggs per batch, and
hatching rates were observed for each group. In
yolk globule prawns, 7.1% of the individuals
spawned while in the jatter two groups, this was
100% and 75%, respectively. Egg batches ranged
between 200,000 and 300,000 eggs per prawn for
those individuals which spawned, and hatchout
rates were 32,2%, 57.1%, and 78.9%, respectively,
for the three maturation stages given above. These
results are shown in Table 4. Fiftcen additional

individuals in the third yolk globule stage were
unilaterally eyestalk ablated (right-side). In these
individuals, there was a 40% spawning rate with
about 200,000 eggs per batch and 73.7% hatching.
In individuals not ablated, spawning was 7.1% with
no differences between the ablated group regarding
batch-size and halching ratc. These results
demonstrated that biopsy can be used to reliably
sclect prawns which will spawn, and that unilateral
ablation is effective in increasing spawning rates
in individuals prior to reaching the maturation
stages.

In part (2) of this study, the use of
environmental factors to induce spawning in the third
yolk globule stage females was examined. Fifteen
1-yr-old females with A rank ovaries in this stage
were selected and used experimentally for a periad
of 4-7 days. Three groups with differing light
conditions, 24 h lights-on, 14 h lights-on, and Oh Lights-
on were maintained between 18.6-24.2°C. Asa
result, one individual in the 14 h lights-on group only
spawned during the experimental period (6.7%). In
all groups, clear development of the cortical alveoli
was not seen, but in contrast, there was degencration
of the oocytes in 10%, 33.3%, and 80.0% of the
individuals in the 24, 14, and 0 h lights-on groups,
respectively. These results indicated that shortening
day length has adverse effects on ovarian maturation,
and suggested that light teatment can be used to
contre] maturation processes.

Induction of maturation

In order to secure seed at specific, desired
times, it is considered essential to elucidate the
environmental factors that are involved in
controlling female maturation. Inthis experiment,
the cffects of light and temperature on ovarian
maturation were examined (below, see Miyajima
1995). The study was conducted during the scasen
in which female prawns are not normatly observed
to mature. Three groups—20°C lights-on 14 h,
25°C lights-on 14 h, and 20°C natural day length—

Ovarian stage No. prawns No. spawners Spawning rate  No days  Egg batch size Hatching rate
3rd yolk globule 14 1 7.1% t 261, 000 2. 2%
Early maturation 22 22 100, % b 214, 000+ 101, 000 B7.1%36. 2%
Maturatjon 4 a 75. 0% I 296,000+R4 000  78.8210.0%

Table 4. Spawning rates, number of eggs per batch and hatching rates for spawning stimulation experiment in kuruma prawn

al JASFA,



were employed. Prawns were reared for a period
of about 2 months and then examined for ovarian
maturation and evidence of mating {deposition of
sperm case). Mating rates were 50.0%, 83.7%,
and 93.8% in groups 1, 2, and 3, respectively.
Maturation rates were 6.0%, 26.5%, and 0.0%.
Thus, treatment 2 was most effective. Prawns
with mature ovaries were further examined by
biapsy for the presence of the cortical alveoli, but
no individuals exhibited this. Actual spawning rates
were 0.0% and 42.9% in groups 1 and 2, Thus,
only group 2 individuals spawned with hatchout
rates of 86.4%. This is the first time, however,
that females were induced to mature and spawn
outside of their normal spawning season without
using eyestalk ablation, by manipulating
environmental parameters.

PERSPECTIVES ON ARTIFICIAL SEED
PRODUCTION AND CONCLUSIONS

The above studies carried out by JASFA
have demonstrated that it is possible to control
maturation and spawning in P. japonicus by
understanding the effects of the environment on
these processcs. At present, JASFA is cooperating
with universities and other research organizations
to increase knowledge of mechanisms of
miaturation and to improve existing technology. In
fish, knowledge of the imteraction of the
environment and endocrinology of significant
specics has formed a basis for the development of
useful technology. ln many species, it is known
that following ovarian matration, the secretion of
steroid hormones which serve as maturation-
inducing substance {MIS) is triggered by
environmental cues. Other basic knowledge has
allowed the development of hormonal treatments
to stimulate final maturation and spawning, such
as in the use of human chorionic gonadotropin. In
Crustacea, while much progress has been achieved
in elucidating hormonal mechanisms, much remains
to be elucidated on how cnvirosmental factors
influence the secretion of hormones which control
molting and reproductive processes. Similar to fish,
whether an MIS exists is still unclear. In the future,
it will be important to link basic studies to explain
observations and results of fieldwork and practical
cxperiments. Cooperation between persons
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working in these respective areas should be actively
pursued.
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ABSTRACT

Mazny kinds of aquatic organisms are found inhabiting the surf zone around exposed sandy shores and, in
particular, plankton feeders such as the sandy beach clam is an important species contributing to fishery
resources. This fact shows that the biomass of phytoplankton in these areas is abundant, which comes from
primary production. Thus, it may be possible to eslablish no-feed aguacuiture and nursery cubiure of bivalves
by using abundant, natural phytoplankton as fecd in such areas. However, because sandy shores are ofien
utilized for various human zctivities, the beach shape is sometimes artificially modified.. Jis thesefore necessary
to clarify the mechanisms which support primary production in exposed sandy shores in order to maintain and
improve biolegical production in harmony with a variety of coastal wses. In this coniext. we have investigaled
primary production and characteristics of nuttients in the sutf and outer turbulent zones of an exposed sandy
shore Incated in Tbaraks Prefechure, Japan. In general, it has been siown that the primary production rate in the
ocean strongly depends on light intensity and water temperature. Hawever, the results of the present investigation
on exposed sandy shores suggest that the most imponant factor regulating primary production is nutrient
concentration. Therefore, understanding the dynamics and mechanisms of nutrient supply is considered an
important step in evaluating primary production. Moreover, it has been shown that productivity is high in the
surf zone as well as offshore. It is thought that the physical characteristics of the surf zone. i.e., turbulence of
waler caused by waves, run-up of seawater, infiltration of run-up water in sand. and exudation of underground
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water, are related to high primary production.

INTRODUCTION

It is thought that biota are poor in the surf
zone on exposed sandy shores because the
turbulence of seawater is violent, and there are no
steady adhesion bases. However, many kinds of
aquatic organisms inhabit such arcas, and the sandy
beach clams are important fishery resources on
sandy shores, The fact that there is an abundance
of organisms of low trophic levels, such as plankton
feeders, are inhabited shows that the phyioplankion
biomass is enough to support these organisms.

However, primary production research
around the surf zone on exposed sandy shores has
been rare (Brown and McLlachlan, 1990).

Moreover, the supply mechanism of nutrients which
is an important factor to measure the primary
production is not well known. The main
characteristics of exposed sandy shores are as
follows. First, seawater and sedimenis are always
turbulent because of waves breaking against the
beach. Second, scawater infiltrates the sand
through run-up on the beach. Therefore, it is
thought that the substance exchange between three
sphercs (land, hydrosphere, and atmosphere) is
active. Jtis very interesting to know how nutrients
arc supplied in such environmental conditions.
Sandy shores are utilized for various
human activities. From the fishery point of view,
sandy shores may be utilized as fishing grounds.
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no-feed aquaculture grounds and as hivalve
nursery cuiture grounds which take adavantage of
abundant phytoplankton as feed. Moreover, in
reference to land development and coastal
protection, beach shape is modified artificially. It
is therefore necessary to clarify the mechanisms
of substance c¢ycling which supports primary
production on cxposed sandy shores in order to
maintain and improve biological production in
harmony with a variety of coastal uses.

We have been studying these mechanisms
since 1992. The temporal and spatial variation of
both phytoplankton biomass and nutrient
concentration in the surf zone were rescarched
from 1992 10 1994. Primary production has been
measured in the surf zone and offshore area cvery
season since 1995. Moreover, research conceming
the behavior of the underground water around the
beach began in 1996. Here, the research results
of the variation of phytoplankton biomass, nutrients,
and primary production in the surf zone and offshore
arca are introduced.

METHODS

The research area is Kashima-nada,
located in the southern part of Ibaraki Prefecture,
Japan, on the Pacific Ocean as shown in Figure 1,
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Kashima-nada is an exposed and shallow sandy
shore, and its total length along the shoreline from
the Oharai beach at the northern end to the Hasak]
beach in the southern end is about 80 k. It is one
of the majer sandy beaches in Japan. The beach
is divided into two parts, the north and the south
sides, with the Kashima Port in the middle, The
beach is flat and wide, but recently the coastal
erosion has occured in places, especially in the
centeral part.

Ficld research concerning variation of
chlorophyll @ and nutrients around the surf zong
was carmied out at the research pier near the Hasaki
Oceanographical Research Station (HORS), Port
and Harbor Research Institute, Minisiry of
Transport, as shown in Figure 2. The sandy beach
there is very flat and wide. The nearshore also
has a gentic bottom slope and wide surf zone.
Shoreline water and both sea surface and bottom
water at the offshore end of the pier, 380 m offshore
from the shoreline, 5§ m in depth, was sampled in
order to determine chlorophyll @ concentration and
size distribution of phytoplankton. Because we
wanted to obtain detailed knowledge about the
temporal variation of phytoplankton concentration
in this research, the seawater was sampled
approximately 500 times in 3 yr from 1992 to 1994,
Nutrient concentration was determined from 1993

Ibaraki
\J- PrEf

4

Oharai beach

Kashima—nada

Hasaki Oceancgraphical
Research Station

Hasaki beach

2\
\}}\% Kashima Port
Y

Figure 1. Location of Kashima-nada and the Hasaki Oceanographical Research Station.



Figure 2. Photograph of the the Hasaki Oceanographical
Research Station.

on. The size disttibution of phytoplankton was
measured once a week from 1993 to 1994,

Chlorophyll a distribution was examined
aiong the beach from Oharai beach 10 Hasaki beach
to characterize phytoplankton biomass in the surf
zone on Kashima-nada. This rescarch was carried
out eight times from 1992 1o 1994,

Primary production was measured by the
site method (pseudosite method in stormy weather)
at Sta.3 (1.7 miles offshore from HORS, in 10-m
depths) and Sta. 6 (7.7 miles offshore from HORS,
in 40)-m depths) as shown in Figure 3. First, vertical
distribution of light quantum in the sea was
measured. Next, sea surface water and seawater
of each depth of quantum number at 50, 25, 10,
and 1% in comparison with the surface water were
sampled, and these water samples were divided
into 1-L transparent polycarbonaic bottles. These
botiles were hung at original depths after carbon-
13 (C) reagent was added and phytoplankton in
the botties was cultured for 3 or 4 h. Finally, the
photosynthetic rate was estimated by measuring
the quantity of *C uptake by phytoplankton while
culturing. Additionally, water temperanure, salinity,
and the concentration of both chlorophyll a and
nutrients were measured at many points in this area
including the research position.

On the pier of HORS, the photosynthetic
rate of the surface water at the shoreline part (1 m
in depth) and both surface water and bottom watcr
at the offshore cnd of the pier (5 m in depth) were
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similarly measured by the site method. The water
temperature, salinity, and concentration of both
chlorophyll a and nutrients were also measured.

In the offshore area, primary production
was measured eight times around noonon aday in
July, August, and November 1995; February, May,
July, and November 1996; and May 1997. In the
surf zone, the research was carried out five times
on the same day or one of the same days as
offshore research,

Chlorophyll a was analyzed as follows.
After water samples were filtered through a 1-pm
glass fiber filter and the pigments in the particle
which had been caught on the filter were extracted
with acetone, concentration of the pigment was
determined by the spectrum method (Lorenzen
1567)

Five kinds of nutrients (nitrate, nitrite,
ammonium, phosphate, and silicate) were
determined with an autoanalyzer (TRAACS-800,
Bran+Ruebbe Co.) by absorption photometry.
Stahle isotope Y*C was determined with *C
analyzer (Nippon-Bunkho Co.) located at the
National Research Institute of Fisherics Science.
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Figare 3. Location of the field research on offshore area.
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Temporal and spatial variation of
phytoplankton biemass and nutrient
concentration in the surf zone

Figure 4 shows the temporal variation of
chicrophyll @ at the shoreline of HORS from 1992
to 1994, Monthly mean values of the water
temperature, salinity, chlorophyll @, and nutrient
concentration at the shoreline of HORS are shown
in the upper part of Figure 5; total rainfall at Choshi
and mean value of discharge from the River Tone
{Ministry of Construction 1994) observed a1 76
km above the nver mouth are in the lower part of
Figure 5.

Chiorophyll a varied from about 1 to 20
pg/l. The annual mean value of chlorophyll a at

the shoreline from 1992 to 1994 was 9.5, 4.6, and
4.8 ug/L, respectively, and the biornass from 1993
to 1994 was low compared with that in 1992.
Bivalve juveniles such as the Japanese surf clam
Pseudocardium sachalinensis appeared
abundantly in this arca in 1993 where it has grown
well. There is a possibility that the chlorophyll 2
decrease after 1993 was caused by ingestion
pressure by these clams.

Chtorophyll a concentration showed a
tendency to be high at the shoreline compared with
the offshore end of the pier. Chlorophyll a
concentration was very high during one month from
the end of April to the end of May, and it was
thought that this phenomenon was due to a spring



142 UJNR Technical Report No, 26

2o

Shoreline
20+

15}

10

chl.a(ug/L)

]
wn

F I eibun

[Ja~taun

et e
. 190 wm<

of the pier

— ]
(4] L]
T

chl.a{uag/l)

1993 Month

Bottom at offshore end

1994
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phytoplankton bloom. Chlorophyll  concentration
changed drastically over a short term. Such a
change occurred because of a sudden change in
weather or oceanographic phenomena such as
wave, current, wind, or discharge from the River
Tone,

Though floating diatoms were dominant in
the suspended matter, many fecal pellets and
detritus were seen.

The variation of the nutrient concentration
at the shoreline is described as follows. Usually,
concentration of nitrate, silicate, and phosphate was
less than 10, 20 and 0.4 UM, respectively.

However, a very high value was often seen in
diurnal variation, and it was thought that this
depended on sudden changes in weather as well
as the chlorophyll a variation. The nutricnt
concentration decreased during the spring bloom
because of uptake by phytoplankton. That was
exhausted in the summer and recovered gradually
in the autumn. At HORS, nutrient concentration
at the shoreline was a little higher than at the
offshore ¢nd of the pier.

It is believed that the main supply sources
of nutrients are the offshore bottom water, the
inland waters such as the river water, and the beach
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Figure 7. The variation of temperature, salinity, chiorophyll &, nitrate and silicate at somc shoreline points along the Kashima-nada.

underground water, in addition to the regenerated
nutrients in the ecosystem. A comelation was seen
between salinity and both the concentration of
nitrate and silicate; therefore, it was thought that
the influence of the inland water was a strong supply
source of nutrients for the surf zone.

Figure 6 shows the annua! variation of
chlorophyll @ concentration that is classified
according to phytoplankton size at both the
shoreline and the bottom at the offshore end of
the pier. Phytoplankton size was large during
the winter and spring months, especially the
spring bloom, and dominant size was 20-60 pm.
It was shown that the size was smaller in
summer. At the offshore end of the picr, the
mean size of phytoplankton was larger than at
the shoreline and it was thought that large
suspended particles were disposed to sink
although turbulence of the water was violent.

Figure 7 shows the chlorophyll a distribution
of the shoreline water along Kashima-nada,
Chlorophyll a concentration was high in both the
north and south, but low in the central part. The
beach at both ends is flat and wide where sand is

fine, while the beach in the center part has a steep
incline where sand is coarse. The River Naka
flows into the north end of the Kashima-nada and
the River Tone flows into its south end. There isa
tendency for river water to go southward after
flowing into the sea. Therefore, in the southern
part with few influences of the river water, salinity
was high and nutrient concentration was low.
However, the level of chlorophyll a was high at
HORS. This suggests that primary production is
being influenced by the shape of the sand, m
addition to the influence of river water.

Estimates of primary production

Figure 8 shows the optical quantm vertical
distribution at the observation points (Sta. 3 and
Sta. 6) in the offshore area of Kashima-nada. Light
transmittance short in winter and spring and long
in summer and autumn. During the entire research
period, light reached the seabed and the vaiue was
from 2.5 to 12% compared with the surface at
Sta. 3. Therefore, it can be said that all lavers
were productive, euphotic zones. At Sta. 6, the
compensation depth, depths at 1% of light intensity
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Figure 8. The vertical distribution of the optical quanium number at Sta. 3 and Sta. 6.

at the sea surface, varied from 15 to 35 m,
Chlorophyll o, measured when primary
production was measured, showed the same
tendency as the previous rescarch on the surf zone,
In summary, concentration was high from early
spring to around May and low, around 1 pg/L, from
the end of the rainy season, June and July, to August
in both the surf zone and the offshore. A high
concentration layer, from 10 to 40 pg/L, existed

widely from 0 to 10 m in depth, and the seawater
was brown, in May 1997,

Figure 9 shows an example of the vertical
distribution of the nutrient concentration at Sta. 3
and Sta. 6. The nutrient concentration in the offshore
was vertically the same in autumnn and winter. On
the other hand, it was exhausted during July and
August in the upper part of the pycnocline because
the supply of nutrients was cut off with stratification
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Figure 9. The vertical distribution of the nutrients at Sta. 3 and Sta. 6 in August 1995 and November 1996.

after large nutrient consumption during the spring
bloom,

Figure 10 shows an example of vertical
distribution of the primary production rate. At Sta.
6, the production rate per day was high at the
surface with a tendency to rapidly decrease in the
depth of stratification and to gradually decrease in
the depth of vertical mixing. Sta. 3 showed roughly
the same verticality. Moreover, the production
maximum layer was seen where the chlorophyll a
maximum layer existed in the spring. In order to
make a clear temporal and spatial difference in
primary production, the values on each surface of
the observation station are shown in Figure 11. In
the summer, the primary production rates were very
small in the offshore surface, ranging from 7 to 12
pg-C/L/day. In the other season, the values ranged
from 15 to 100 pg-C/L/day. Values from 11 to 245
pg-C/L/day were obtained at the shoreline. This

result can be called equal or a higher value
compared with the value of the offshore station.
However, there is no winter measurcment yet.

Assimilation number (ug-C/ig-chl.a/h)
was compared as an index of the photosynthetic
activity. Assimilation number ranged from 0.4 to
5.0 in the offshore surface, and from 0.7 to 3.1 in
the surf zone. Because vertical distribution of
chlorophyll a was roughly the same except in May,
vertical distribution of the assimilation number
showed the same tendency as vertical distribution
of production. A clear correlation was not obtained
between assimilation number and water
temperature.

In estimating primary production vertically
for the whole water column, though the production
per unit area at Sta. 6 was naturally large compared
with the onshore area where the depth was
shallower than the compensation depth, there was
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no marked difference as the depih changed. It
was supposed that the reason for this was the
tendency for a large chlorophyll a concentration in
the surf zone compared to the offshore arca,
Results from Sta. 6 were about the same as
reported as the mean value in the whole area of
the Seto Inland Sea of Japan (0.38g-C/m?*/day)
(Coastal Oceanography Research Committee
1985).

Primary production on the sandy shore in
Kashima-nada was roughly the same as that on
serni-sheltered areas obscrved in other research.
Moreover, it was shown to be very high in very
shallow areas such as near the surf zone. But
chlorophyll g decreases in summer and so follows
primary production. In general, the assimilation
number in the ocean strongly depends on water
temperature and light intensity under water
(Harrison and Platt 1980). Howe ver, our research
results on exposed sandy shores showed that the
assimilation number was not so high in the summer
although conditions of both light and temperature
were idcal. This suggests that nutrient
concentration is also an important factor in primary
production.

Abundant bivalves inhabit the surf zone.
Because bivalve ingestion rises with water
lemperature, estimates of primary production may
be low in summer because phytoplankton is being
consumed. We believe that nutrients supplied are
larger than the quantity estimated, and are used
promptly. Itis important to understand the behavior
and supply mechanism of nutrients in order to
evaluate the hiological productivity on exposed
sandy shores more closely.
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ABSTRACT

The ecological functions of sandy beaches are maintaining biological productivity and purifving coastal water
guality. Quantitative estimation of these functions is necessary for conservation of sandy beaches and maintenance
of biological productivity. We studied the function of maintaining biotogical productivity. Generaily, groundwater
which flows through sandy beaches ko coastal waters is considered to be the source of nutrients that suppoits the
biological productivity of coastal waters. Samples of groundwater were collected in an exposed sandy beach at
Hasaki, Ibaraki Prefecture, Japan, and the concentrations of nitrare, nitrite, ammonium, phosphate, silicate. and
salinity contaiped in the groundwater were analyzed. Eight sample pipes at different locations and at various
depths from the shoreline to the backbeach were set. The sampling period was from July 1996 to January 1997.
The quantity of nuirients into coastal water was estimaied, considering the moving volume of water caused by
the change of groundwaler level following tidal change. From this experiment, it was found that the nutrients of
freshwater in the backbeach flowed into coastal water mixing with seawater and decreasing the concentration.

INTRODUCTION

In Japan, there used to be 10,000 km of
sandy beaches out of 30,000 km of coastline.
Presently, natural sandy beaches have been
reduced to only 4000 km tong due to various
constructions for disaster prevention, ports, and
amenity facilities. On the other hand, many
researchers have rcported the importance of the
ecological functions of sandy beaches (Brown and
McLachlan 1990, Morimoto 1993, Adachi et al.
1994). The ecological functions of sandy beaches
are maintaining biological productivity and purifying
coastal water quality. Quantitative estimation of
these functions is necessary for conservation of
sandy beaches and maintenance of biological

productivity of coastal waters. Generally, biological
productivity of the nearshore ocean is very high.
This high productivity is supported by the high
conceniration of nutrients in coastal waters, The
main source of nutrients is considered to be
freshwater from rivers, upwelled waters from the
decp sca, and groundwater through sandy beaches.
Now, aquaculture without artificial feeding has been
proposed to relieve the organic load to offshore,
and the knowledge on the dynamics of nutrients in
groundwater through sandy beaches wili help
develop the technology of aquaculture without
artificial feedings.

In this papcr, we investigated the function
of maintaining biclogical productivity. We measured
the nutrient concentrations in groundwater through
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Hasaki
Oceanographical
Research Station

. /g (HORSs)

Ibaraki Prefecture

Figure 1. Sampling site.

sandy beaches to understand the role of nutrients
in groundwater.

MATERIALS AND METHODS

SAMPLING SITE

We performed sampling in the sandy beach
around the research pier at the Hasaki
Oceanographical Research Station {HORS) of the
Port and Harbor Research Institute, Ministry of
Transport, Japan (Fig. 1). The length of the
research pier is 427 m 1o offshore. This coastal
area is an exposed sandy beach facing the Pacific
Ocean. The mouth of Tone-gawa (gawa means
river in Japan) which has the largest river basin in
Japan is located 16 km south, The fish and the
clams which live in this nearshore ocean are very
valuable resources for fisheries.

SAMPLING DESIGN
' We sank eight sample pipes at different
locations and at various depths from the shoreline
1o the backbeach Sampling locations were 0 m
(P1), 25 m (P2), and 65 m (P3) from the base of
the Pier to the backbeach (Fig. 2). Considering
the influence of the drain to the ocean which is
200 m north of the pier, we ¢stablished P4 at the
north side of P (Fig. 2). At each point, we sank
two or three Pipes at various depths (Fig. 3).
;l:ﬂf:rmcl)'rc. we collected seawater samples from
dcpl.h 2;‘3 2"“3 and surface area at 200 m (water
From the & M} and 380 m (water depth of 5 m)
aS¢ of the pier (200-0, 380-0) to the

o P3

® P2 ep
& P1
Orain
Pacific Ocean
Pler

Figure 2. Hasaki Oceanographic Research Station {HORS).

offshore, and from the bottom layer at 380 m
(380-B). Groundwater samples were collected
through each pipe using a pump from July 1996 to
January 1997. From 31 July to | August 1996, we
sampled continually every 2or 3 h.

Water samples were collected in 300-ml
bottles. Subsamples for determining concentration
of dissolved nutrients were filtered through
0.45-mm membyrane filters to rermove suspended
solids and were kept frozen until analysis to avoid
biological change of the nutrients. We used an
autoanalyzer for analysis of nutrients. The
remaining water samples were used to determinc
salinity with an inductively coupled salinometer. At
HORS, the basic characteristics data of the coastal
environment has been collected periodically. We
used this data for analysis.
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Groundwater level

Figure 3. Sampling pipes. The term D.L denotes datum kevel.
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7/31/96 9:00

12/25/96 16:00

P1-1 245 21.8

P1-2 21.1 31.7

P2-1 6.3 26.1

P2-2 4.3 25.8

P2.3 3.7 234

P3-1 1.1 0.5

P3-2 06 0.8

P3-3 0.5 0.5

P4-1 2.6 6.5 B

P4-2 1.9 5.8 o

P4-3 1.2 6
shoreline 3.1 342

200-0 33.1 34.3

380-0 33.2 34.3

380-B 33.2 34.3

Table 1. Salinity concentration (pp1).

RESULTS AND DISCUSSIONS

The groundwater level at P2 varied with
the influence of tide but at P3 it was uniform without
any tidal influence. The salinity at P3 was usually
less than 1 ppt, and is considered to be nearly
freshwater. In the summer season, salinity at P2
was 2-5 and at P1 was 20-30 ppt, respectivety. In
the winter scason, due to the increase of scawater
surges inshore following decrease of ground
elevation, salinity increased to approximately 25
ppt. We found that the salinity at shallow points
was higher than at deep points (Table 1). Nutrient
concentrations of coastal seawater except
phosphate were low in summer and high in winter.
However, this lendency was not distinctly
recognized in the case of groundwater. Nitrate
concentration of groundwater varied between 150
and 250 uM, and silicate concentration varied
between 80 and 159 BM, which is very high
compared with the nutrients of seawater (Figs. 4,
5). Inmost cases, the concentration of ammonium
in groundwater was less than 2 uM, and the
concentration of nitrite was Jess than 1 pM.
However, the concentration a1 P3 and P4 increased
occasionally. This phenomenon is thought to occur
by the inflow of freshwater from the backbeach

and from the drain.

At P4, nitrate concentration varied
between 100 and 120 uM; silicate varied between
130 and 170 uM; and phosphate varied between
0.5 and 2 uM. Usually, the nutrient concentrations
at the location of the upland side were higher than
that of the sea sidc. This suggests that the nutrients
were supplied by freshwater in the backbeach and
flowed into coastal water mixing with seawater.
There was no distinct feature for vertical
distribution of nuirients.

The nutrient concentrations at shoreline
became high when the discharge of groundwater
increased, noticcable by observing tide and
groundwater level fluctuations (Fig. 6). The
groundwater level was consistently higher than
seawater level, This suggests the contribution of
groundwater to the nutrients of coastal water.
However, this phenomenon was observed only in
the summer season.

Mixing of groundwater with seawater
creates gradients of nutrients and salinity. When
salinity is considered as a conservative tracer of
mixing, then it is possible to yuantify the uptake
and release of biclogically and chemically-reactive
compounds within the mixing zone. If the
correlation between salinity and the nutrient
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40

concentyation is linear, nutrients may be considered
conservative. Therefore, we used the relation
between salinity and nutrients (Fig. 7). This figure
is called the ‘mixing diagram.” Nitrate and nitrite
concentrations became very high in the case of
some concentrations of salinity. The nitrate
concentration became especiatly high when the
salinity was 3-5 ppt which mainly occurred at P2,
and the nitrite concentration became high when
the salinity was approximaiely 20 ppt which
occurred mainly at P1. This phenomenon is
considered to be nitrification by nitrifying bacteria.
Reportedly, the activity of bacteria which oxidizes
nitrite is maximum when the salinity concentration
is 3-5 ppt (Kurihara 1988). Ourresults correspond
to that report. Furthermore, from our results we
can infer the presence of dissolved oxygen in the
groundwater. From Figure 7(c), there was a linear
relation between salinity and silicate. Therefore,
silicate seemed to be supplied by freshwater in the
backbeach and flowed into the coastal water mixing
with seawater.

The fluctuation of the concentranon of
nitratc at P2 seemed to coreelate with nitritc at P1.
ammontum at P2, and nitnte at P2 (Fig. §). We
consider that it was the facilitation of nitrification
due to the increase of ammenium.
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Nutrient Quantity (mol.)
Ammonium (NH,) 4.3
Nitrite (NO_) 10
Nitrate (NOs) 26
Phosphate (PO,) 1
Silicate {Si0;) 260

Table 2. Estimation of quantity of nutrients (for 1 km coastaline for a tidal cycle).

The concentrations of freshwater nutrients
which were diluted by seawater were calculated
by estimating the rate of mixing of freshwater and
seawater. By these calculated values, we can
estimate the quantity of nutrients which were
biologically or chemically reteased or uptaken. The
mixing rate was calculated from salinity
concentration which was considered to be not
reactive biologically or chemically. The measured
concentration of nitrate was higher than the
calculated concentration at P2 and the measured
concentration of nitrite was higher than the
calculated one at P1 (Figs. 9, 10). This indicates
that nitrification occurred in the sandy beach. In

the case of phosphate and silicate, the measured
concentration corresponds to the calculated one,
but there were a few cases which did not
correspond (Figs. 11, 12). Noncorrespondence
was considered to be the release following the
decomposition of organic compounds by
microorganisms or adsorption to sand particles or
suspended solids (Sewell 1982, Johannes and Hearn
1985).

We estimated the quantity of nutrients
which flow into the coastal sca. We calculated
the discharge of groundwater into the coastal sca
by the Sakamoto method (Sakamoto 1991).
Sakamoto proposed that the discharge of
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Figure 13. Moving volume of groundwater.

groundwater into the coastal sea was equivalent
to the shift porosity of the intertidal zonc (Fig. 13).
We estimated the shift porosity from the median
diameter of sand. Katoh et al. (1990) reported
that the median diameter of sand around HORS
was 0.18 mm. We used the data obtained from 31
July to 1 August 1996. The shift porosity was
cstimated to be about 0.16. The discharge of
groundwater into the coastal sea in summer was
estimated to be approximately 4000 m*/km of
coastiine.

We used the valuc at P] as the
concentration of nutrients in groundwater which
flow into the coastal water. The result appears in
Table 2. These values were calculated only
considering the moving volume of water caused
by the change of groundwater level following tidal
change, and not the influence of waves and inflow
of freshwater from the backbeach. A more
accurate value of the quantity of nutrients which
flow into the coastal sea will be needed, That will
be obtained by measuring the velocity of the moving
groundwater. Furthermore, we need to understand
the biological change of nutrients in sandy soil in
detail.
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ABSTRACT

A series of cxperiments were carried out to characieri
taurine formation from sulfur amino acids. Rambow trout

ze sulfur amino acid metabolism in fish, in particular
was used as the experimental fish. Resulis of both

feeding and a tracer expeniment indicated that cysieine is the main starting subsiance for taurine biosynthesis, and
this is metabolized through cysteinesulfinate as an intermediate to hypotaurine, taurine, and sulfate in rainbow
rout. Cysteine dioxygenase (CDO) which catalyzes the oxygenation of cysteine to form cysteincsulfinate was
cansidered 10 piay a regulative role of 1he cysieine metabolism in rainbow trout. On the other hand. a large dose
of cysteine showed a serjous toxicity 10 rainbow trout. Considering the rapid rise of the hepatic CDO activity
after the cysieine intake, this enzyme presumably plays a role in detoxication by converting Cysieine Into non-

toxic cysteinesulfinate.

INTRODUCTION

Because of the limited plobal supply of
fishmeal and its high price, many fish nutritionists
have searched for suitable alternative sources of
protein for fish feed (Watanabe 1994). Soybean
meal may be utilized first, which affords a relatively
large supply of cheaper protein. However, soybean
protein is low in sulfur amine acids, especially
methionine, which is known as one of the cssential
amino acids for fish (Nose and Murai 1990). Many
studies, thercfore, have been performed on sulfur
amino acid requirements for several species of
cultured fish (Ketola 1982, Moon and Gatlin 1991).
In previous investigations on sulfur amino acid
requirements for fish, little attention has been paid
to sulfur amino acid metabolism including its
regulatory mechanism.

There are numerous reports of analysis of
free amino acids and amino acid-reiated substances
in fish and shellfish, some of which are known as
amino acid metabolites in mammals {Sakaguchi
1994). It has been frequently mentioned that some
of these amino acids and amino acid-related
substances vary greatly in content with species,
organ, age of fish, seasons, and physiological
condition of fish. In particular, taurine is present at
aconsiderably high concentration in fish. Taurine

was first discovered in bovine bile, and it is a
generally accepted idca that taunne is one of the
final metabolites of sulfur amino acids im mammals
(Griffith 1987). This sulfur-containing substance
is considered to have such physiological functions
in mammals as membrane protection,
detoxification, and antioxidation (Wrightetal. 1 986).
Taurine also has attracted many fisheries
biochemists with regard to its physiological function,
particularly its participation in the osmotic regulation
and its origin, because of its high concentration in
fish tissues (Sakaguchi and Murata 1988).
However, there has been little study on the
metabolism of sulfur amino acid in fish, especially
on that of cysteine; only a few studics suggested
that taurine in fish body originated from dietary
sulfur amino acids (Walton ¢t al. 1982, Cowey ct
al. 1992). The metabolic pathway of sulfur amino
acids in fish is still far from being understood.
Investigation on sulfur amino acid metabolism in
fish, of course, must be important in the
improvement of the fish feed.

In this paper, the author describes the
results of some experiments that were carried out
to elucidate sulfur amino acid metabolism.
especially cysteine metabolism, in fish from the pomt
of view of sulfur amino acid nutrition and that of
taurine formation as well. Rainbow out was used
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Table 1 Composition of experimental diets (%) (Yokoyama and Nakazoe 1992).

Diet No.
1 2 3 4 s
dient

mgmc,gein 50 50 50 50 50
L-Methionine - 1 - - -
L.Cystinc - 1 3 -
Taurine - - - - 1
«-starch 15 15 15 15 15
Dextrin 13 12 12 10 1
Lipid* 10 10 10 10 10
Cellulose 5 5 5 5 5
Mineral mixture 5 5 5 5 5
Vitamin mixture 2 2 2 2 2

Suifur amino acid content(% )t
Methionine 12 2.2 1.2 1.2 1.2
Cystine 0.2 0.2 1.2 32 0.2
Taurine - - - - 1.0

*Soybean oil: Pollock liver oil=3 ;2

1 The values were calculated from amino acid composition of casein and supplemented amine acids.

as the experimental fish. All of the rearing
experiments were conducted at 15°C.

METABOLIC FATE OF CYSTEINE

To confirm the metabolic fate of cysicine
in rainbow trout, both tracer and feeding
experiments focusing on the metabolic pathway
from cysteine 10 taurine in rainbow trout werc
conducted.

Accumulation and excretion of taurine in fish
fed diets supplemented with methionine,
cystine, and taurine

The effects of the amount of sulfur amino
acids administered on the tissue levels of the
comesponding amino acids and their metabolites, and
on the amount of taurine excreted were examined as
2 preliminary study to look into the pathway from
respective sulfur amine acids to taurine. Rainbow
trout weighing about 10 g were fed with casein-based
diets supplemented with methionine, cystine, and
t2urine for 15 days. The composition of experimental
diets is given in Table 1.

. In fish fed the methionine-supplemented
diet (diet 2), methionine and cystathionine contents
1 the liver were obscrved 1o be about 25 and 2
times higher, respectively, than those in the liver of
the fish in the other four dietary groups (Table 2).

i
=

—
7]

It
=

%
g

%
%

NN

Taurine (umol/g)

0 A 7z Z Z
Diet I Diet 2 Diet3 Dietd Diet5

Figure 1. Taurine content of whole body of rainbow trout
fed {ive different dicis (Yokoyama and Nakazoe 1992).
See Table 1 for the composition of five diets given in
the figure.

However, the levels of cysteine and cystine showed
only a slight change in all dietary groups. The taurine
content in the liver increased to some extent in all
dietary groups. In the whole fish body, there was
little difference in taurine content between the
control group (dict 1) and the 1% methionine group
(diet 2) (Fig. 1). On the other hand, the taurine
level in the fish fed either the 1 % cystine diet (diet
3) or the 3% cystine diet (diet 4) was significantly
higher than that of the control fish. Consequently,
the fish fed cystine- or taurine-supplemented diets
accumulated taurine at a high level in their bodies.
Administration of sulfur amino acids and taurine



Table 2 The free amino acid and glutathione levels in the liver {imol/g tissue} of rainbow trout fed diets

differing in sulfur amino acid contents (Yokoyama and Nakazoe 1992}

Driet No.

Amino acid 1 2 3 4 5
Methionine 0.05+0.01  1.2140.836 005001 0052001 0.05+0.01
Cystathionine 0.15£0.07 043006 0212011 0172005 0.17x0.05
Cysteine 0.21+0.03  0.22+0.03 026+0.03 040002 026+0.04
Cystine r. fr. fr. 0.01£0.00 tr.
Taurine 23.4042.52 2684487 2931x8.359 25402234 31.45+3.04
Glutathione 3.09£0.36 3.01£0.34 2963048  281£040 2.62+0.51
Aspartic acid 1.10+0.30  0.59:0.04 0.80x0.55  0.65+0.18  0.86+0.24
Threonine 0.48+012  0.33£0.10 045£0.10 0.55+048 0.33+0.07
Serine 0.38+0.11 0.07£0.05 0.32:0.07 039013  038+0.10
Glutamic acid 378114 2732042 390+£2.52 377189 3.07+0.42
Glutamine 0.63£0.54 0432032  0.56£0.54  0.71:0.53  0.58+0.17
Proline 2.51£1.00 1.62+0.67 3.21x1.57 1.94£0.55 2.49+085
Glyeine L.60+0.15 109016  1.63x0.34  1.7040.17  1.70:0.30
Alanine 5.72+0.83  4.78+0.65 5386+1.15 53534101  5.55=0.87
Valine 1174023 1.03£0.16 1312038 134036 1.18x0.15
Isoleucine 0.50+0.13 0.43x0.06 0.570.16 0.53x0.09 0.52+0.05
Leucine 0.9620.25 0.78+0.11 1.0780.30 0.99:£0.12 0.97+0.10
Tyrosine 0.18+005 0132001  0.16+£0.02 0.14+0.04  0.12+0.02
Phenylalanine 0.16:0.02 040+0.04 0.16+£0.01 0.16+0.03  0.14£0.01
Tryptophan 0.05:0.00 0.05£0.01 0.05£0.01 0.04:0.01 0.04£0.02
Lysine 0.260.07  0.18+£0.04  0.36+0.25 0.532047  0.19+0.04
Histidine 1.37+0.14 1374008 1.46:0.12 1.2520.20 1.34+0.09
Arginine 0.0240.02 0.01:0.00 0.02:0.02 0.06:0.10 0.01:0.00
Ammonia 315039 274017 2812040 3.07£0.62 3.01x0.43

The values are means of five individual measurements + standard deviation.

tr: trace amount.

showed no apparent effects on the levels of the
non-sulfur amine acids in the liver and muscle
except that of serine.

According to Finkelstein and Martin
(1986), the methionine level in the rat liver was as
low as (.08 umol/g, even when the rat was fed a
diet containing 3% methionine for 7 days. In the
present study, however, the methionine content in
the liver of fish fed the 1% methionine diet was
estimated to be as high as 1.2 pmol/g. Similar high
methionine levels in the serum (Nose 1974) and
the liver (Walton et al. 1982) of rainbow trout were
reported for the fish fed a diet supplemented with
excess methionine. The relatively high content of
cystathionine in the liver observed in this study
suggests that this amino acid was synthesized from
the excess methionine via homocysteine. Since
serine 1s one of the raw materials for cystathionine
biosynthesis (Finkelstein and Martin 1986), the
decrease in free serine content of the liver might
be attributable to the consumption of free serine

for the cystathionine biosynthesis, although no
analysis was made in this study for homocysteine,
which is another substitute for cystathionine
formation. These facts also imply that cystathionine
biosynthesis proceeds relatively rapidly, while
cysteine biosynthesis from cystathionine proceeds
very slowly. Therefore, both cystathionine and its
precursor methionine might be accumulated in the
tissues of rainbow trout when the fish is fed excess
dietary methionine. In any event, it is evident that
the excess methionine ingested was not used
efficiently for cysteine biosynthesis in the liver, and
did not lead to apparent accumulation of cysteine
and taurine.

Hosokawa et al. (1988) observed for rats
that taurine excretion into urine increased
remarkably when a high level protein diet was
administered. As can be seen in Table 3, the
amount of ordinary amino acids excreted from the
rainbow trout for 24 h after final feeding did not
differ greatly between the control fish (diet 1) and
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Table 3 Amino acid excretion of the rainbow trout fed diets supplemented with sulfur amino acids (Lmol/g body

weight/day) (Y okoyama and Nakazoe 1992).

Diet No.,

Amino acid 1 2 3 4 5
Taurine 0.23 0.35 1.7 1.31 2.37
Aspartic acid 0.08 0.09 0.10 0.07 .11
Thrponinc 0.22 0.20 0.21 0.15 0.35
Serine 0.42 0.42 .33 0.20 0.54
Glutamic acid 0.38 040 0.43 0.4} 0.51
Glycine 0.25 0.20 0.43 0.27 0.42
Alanine 0.45 047 0.53 0.38 .63
Vali:_)e 0.49 0.46 .53 038 0.63
Cystine ND ND 0.04 0.18 001
Methionine 0.25 0.76 0.18 0.12 0.31
!so]c1_.|.cinc 0.38 0.39 026 0.25 0.53
Leucine t.12 1.33 0.74 0.54 1.15
Tyrosine 0.69 0.85 0.32 0.20 0.56
Phenylatanine 0.52 0.7 0.6 0.15 0.44
Lysine 0.95 097 0.48 0.35 093
Histidine 017 .16 0.10 0.08 023
Argmme 0.56 0.63 0.32 0.22 0.50
Ammonia 26.50 27.10 22.70 21.80 24.00
ND: not detecied.

the fish administered methionine (diet 2), cystine
{dict 3 and 4) or taurine (diet 5), with the exception
of slightly increased methionine excretion from the
methionine-administered fish. Fish fed the 1%
methionine diet excreted almost the same levels of
taurine as fish fed the control diet, whereas, fish
fed the cystine- and taurine-supplemented diets
cxcreted a large amount of taurine. Taurine
excretion of the fish fed cystine-supplemented diets
was four times higher than that of the fish fed
methionine-supplemented diets. Clearly, the higher
the taurine content of the whole body, the larger
the excretion. This suggests that the taurine
e¢xcretion becomes active when the net
accumulation of taurine in the fish body exceeds a
certain level.

Although Tateishi et al. (1977) reported
for the rat that hepatic glutathione plays arole as a
cysteine reservoir, there was no obvious change in
the glutathione content of cither liver or muscle in
any experimental group. This agrees well with the
results reported by Walton et al. (1382). At least
for rainbow trout, glutathione does not seem to serve
as a cysteine reservoir when fish arc fed cxcess
amounts of sulfur amine acids such as methionine
or cystine.

Metabolites derived from L-{**S]cysteine
injected into the peritoneal cavity

When cystine was given to the fish, the
content of tanrine markedly increased; when
methionine was given, no such increment was
observed. This means that cysteine is the main
starting material for the taurine biosynthesis in
rainbow trout. Therefore, the fate of cysteine was
traced by injecting radiochemically-ltabeled cysteine
into the peritoneal cavity of rainbow trout.
Metabolites derived from the radioactive cysteine
were examined from whele fish body and the
excrcta. Each of the fish weighing about 10 g was
kept inan Erlenmeyer flask containing 1 L of water
for an of appropriate amount of L-[¥S]cysteine.
The whole body of the frozen fish sample was cut
into small pieces and homogenized with 4 volumes
of distilied water. The homogenate was separated
into a protein fraction and a soluble fraction. The
soluble fraction was further fractionated into
several metabolite fractions by the method of
Yamaguchi and Ueda (1976) with minor
modification. The water in which rainbow trout
was rcared was fractionated in a similar manner
as above.

In vivoe composition of radicactive
substances derived from L-[*§]cysteinc injection
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Table 4 Distribution of S substances in the whole body of rainbow trout which were injected with two
different dose levels of L-[*S)cysteine (Yokoyama et al. 1997)

Dose of % Substances (umol/g body weight)

L{**S)cysteine

(Lmol/g body weight) Total Taurine  Hypotaurine  Sulfate Protein Cthers
1.5¢ 4.450 0.108 0.041 0.068 0.157 0.076
0.15 0.067 0.011 0.004 0.008 0.035 0.009

Table § Excretion of **S substances into the waier where the rainbow trout was kept for 24 h after the L-

[PS]cysteine injection {Yokoyama et al. 1997).

Dose of g Substances (umol/g body weight/day)
L *Sleysteine
(umol/g body weight) Total Taurine Hypotaurine Sulfate Others
1.50 0.996 0.107 0.251 0.2i2 0426
0.15 0.079 0.014 0.020 0.022 0.023

and that in the rearing water were tabulated in
Tables 4 and 5, respectively. When the fish was
injected with 1.5 pmol L-[*S]cysteine/g fish body
weight, one-third of the total radioactivity was
retained, whereas one-half remained in the fish
injected with 0.15 pmel/g. In both cases, the
remainder of radioactivity was recovered from the
rearing water. From the data in Table 4, taurine,
hypotaurine, and sulfate can be said to be the major
metabolites present in the soluble fraction of fish
body regardless of the dose size, though a relatively
large arnount of radicactivity had been incorperated
into the protein fraction. Even though it is not clear
that the radioactive cysteine is incorporated into
the protein molecule either as a disulfide linkage or
as a constituent part, this fact indicates that the
incorporation of cysteine into the protein molecule
occurred very rapidly. .

A considerably large amount of the

metabalites such as taurine, hypotaurine, and sulfate
was found to be excreted into the rearing water
within the 24-h experimental rearing. Howcever,
in the case of 1.5 pmol/g body weight injection, the
amount of radioactive substances corresponding
to about one-third of the total activity could not be
identified (Table 5). A part of the injected
L-[*S]cysteine is likeiy excreted directly into the
water, because the proportion of the unidentified
activity was much greater in the large dose than i
the small dose. From the results given in Tables 4
and 3, the rotal amounts of taurine, hypotaurine,
and sulfate fonmed from injected L.-cysteine were
calculated as 14, 19, and 19% of a dose of 1.5
pmol/g body, respectively. Regardiess of the dose
size, more than 50% of L-cysteine was metabolized
within 24 h after injection. Evidently, a larpe portion
of the cysteine administered was metabelized
rapidly 1o taurine via hypotaurine, and the pathway
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is accompamed by sulfate formation, although the
details of pathway had not necessarily been clarified
by this experiment.

Oxidation of cysteine to cysteinesulfinate
is believed to be the major step of cysteine
catabolism in mammals, particularly when cysteine
availability is high (Wheldrake and Pasternak 1967,
Yamaguchi ¢t al. 1973, Stipanuk 1979).
f-sulfinylpyruvate, a product of cysteinesulfinate
transamination reaction, decompuoses spontaneously
into pyruvate and sulfite; sulfite is further oxidized
by sulfite oxidase to sulfate (Griffith 1987). The
formation of taurine, hypotaurine, and sulfate from
L-cysteine suggests that rainbow trout has the
L-cysteine-metabolic pathway similar to that of
marnmals where cysteinesulfinate plays a key role
as the intermediate.

The mechanism of conversion of
hypotaurine to taurine has not been elucidated yet.
Both enzymatic (O)a and Kontro 1981, Kontro and
Oja 1985) and non-enzymatic (Fellman and Roth
1985) reactions, however, have been considered
to be involved in the taurine formation. On the
other hand, as for rainbow trout, much of the
hypotaurine was observed to be excreted into the
rearing water, i.¢., a considerable amount of
hypotaurine is excreted without being converted
into taurine.

Changes in tissue level of the major cysteine
metabolites by the continuation of oral
administration of excess cystine

An attempt was made to ascertain that
taurine is originated from dietary cysteine by
examining the effect of the oral administration of
cystine on the tissue contents of the major
metabolites. A feeding experiment was conducted
using the 50% casein diet supplemented with 1%
cystine. Contents of hypotaurine, taurine, and
cystcinesulfinate in the tissues of rainbow trout
were periodically measured throughout the 8-day
feeding. The change in hypotaurine content in four
different tissues is given in Figure 2. The hepatic
hypotaurine level at the start of the experiment was
about ] umol/g tissue, Excess dietary administration
of cystine brought about the bypotaurine
accurmulation both in the liver and the kidney within
the first 2 days. The accumulation in these tissues
reached a maximum level (about 4 pmol/g) after 2

8 @ : Liver
O : Kidney

6| = : Muscle
0O : Plasma

[1-9

ha

Hypotaurine (¢mol/g)

4
Days

Figure 2. Changes in hypotaurine contents in several tissues
of rainbow rout during feeding on cystine-supplementcd
diet {Yokoyama and Nakazoe 1998). Results are ex-
pressed as the mean t standard deviation of five indi-
viduals.

10 4 days. The hypotaurine content in the muscle
tissue was almost zero at the very beginning,
increasing gradually during feeding. The maximum
level in the muscle, however, was only one-eighth
of that in the liver.

Changes in tagrine and cysteinesulfinate
contents in several tissues are shown in Figures 3
and 4, respectively. A large amount of taurine
existed in the kidney and the liver at a level of
about 25 umol/g tissue; the content was very low
in the muscle and plasma. The taurine content
appeared to be constant throughout the feeding
period. The levels of cysteinesulfinate tended to
increase in the liver and kidney by the cystine
administration. However, these values were
extremcely low compared with those of taurine and
hypotaurine; even at the maximum on the 4th day,
cysteinesulfinate was only 0.015 pmol/g. In the
muscle tissue and plasma, there was no change in
the cysteinesulfinate content.

The cysteinesulfinate content remained
low throughout the experimental period, although
it was considered to be affected by the excess
cystine administration. This fact suggests that in
rainbow trout the cysteine metabolismis controlled
mainly at the cysteine oxidation step rather than at
the step of cysteinesulfinate breakdown.
Therefore, the cysteine oxidation enzyme must
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Figure 3. Changes in taurine conients in several tissues of
rainbow trout during feeding on cystine-suppiemented diet
{Yokoyama and Nakazoe 1998). Resulls are expressed as
the mean + standard deviation of five individuals.
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Figure 4, Changes in cysieinesulfinate contents in several
tissues of rainbow trout during feeding on cystine-supple-
mented diet (Yokovama and Nakazoe 1998). Results are
cxpressed as the mean = standard deviation of five indi-
viduals.
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have fundamental significance in cysteine
metabolism in the fish,

Hypotaurine is regarded as an antioxidant
by scavenging highly reactive hydroxyl radicals,
and to play an important role in preventing the
attack by oxidants in vive (Aruoma et al. 1988).
Since taurine is the oxidative product of hypotaunne,
the oxidation of hypotaurine o taurine in fish should
praove to be interesting regarding physiological
protection against the atlack of radicals. The
physiological role of hypotaurine should be
investigated in the future in conjunction with the
biological function of taurine.

CYSTEINE DIOXYGENASE (CDO)
ACTIVITY AS A DOMINANT FACTOR IN
CYSTEINE METABOLISM

Cysteinesulfinate is a key intermediate
both in the catabolic pathway to pyruvate and
sulfate, and in the metabolic pathway to taurine in
mammals (Griffith 1987). CDO{EC 1.13.11.20]
catalyzing the oxygenation of L-cysteine to L-
cysteinesulfinate plays an important role in
mammalian cysicine metabolism (Yamaguchi and
Hosokawa 1987, Kohashi etal. 1978).

It has become apparent that cysteine was
metabolized into cysteinesulfinate as the very first
step in rainbow trout, as in the casc of mamirnals.
Most probably, this enzyme participates in cysteine
metabolism in rainbow trout as well. Since no
information about CDO in fish has yet been
avatlable, response of CDO activity in the iver to
the level of sulfur amino acid adrninistrated was
investigated to confirm the participation of the
enzyme in this oxidation reaction.

Enhancement of CDO activity by dietary
supplementation of sulfur amino acids

Since CDO was considered to function in
the initial step of cysteine metabolism, the tissue
distribution of CDO activity and the effects of a
large excess of sulfur amino acids in the diet on
CDQ activity in the tissue were examined. The
fish were fed 1% sulfur amino acid-supplemented
40% casein diets for 10 days.

The activities in the liver of both the fish
fed either methionine- or cysteine-supplemented
diets were significantly higher than those of the
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contro) group. This enhancement in the liver
suggests that a high sulfur amino acid intake induced
the hepatic CDO. On the other hand, no such
remarkable rise in CDQ activity was observed in
other tissucs (Fig. 5). This finding implics that a
cysteine catabolic pathway to taurine vie
cysteinesultfinate exists in the liver, and the system
works in concert with dietary sulfur amino acid
levels as ascertained in mammals (Kohashi et al.
1978).

Enhancement of hepatic CDO activity by
intraperitoneal injection of sulfur amino acids

It was observed that CDO occurs in the
liver of rainbow trout, and its activity was enhanced
by dietary supplementation of an excess amount
of both methionine and cystine. These findings
suggest that the sulfur amino acid metabolism is
controlled by this enzyme in rainbow trout. In order
1o ascertain if the CDO activity is controlled by
the sulfur amino acid level in the fish, and the
enzyme is specific to cysteine, the effect of the
dose size of cysteine and some different kinds of
sulfur-containing compounds on hepatic CDO
activily was examined by intraperitoneal injection.

D Control

% Methionine supplemented
m Cystine supplemented
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Figare 5. Cysieine dioxygenase activity in the tissue of rain-
bow trout fed experimental diets having different sulfur
amine acid contents {Yokoyama and Nakazoe 1989). The
activity of liver is expressed as mean + 5D of seven fish.
Others are the measurements of the pooled sample of seven
fish. Ope unit (U) of enzyme activity was defined as the
armount of enzyme producing one gmole of cysteinesulfinate
in 1 b at 37°C.

As a preliminary test, L-cysteine was
injected intraperitoneally to rainbow trout in doses
of 2.5, 5.0, and 16.0 umol/g of fish body weight,
Eighteen hours after injection, the hepatic CDO
activity was measured. The hepatic CDO activity
of the fish given by injection ina dose of 2.5 pmol/
g of body weight rose as much as two times that
of the control fish injected only with saline solution
(resuits not shown). However, the fish given doses
above 5.0 pmol/g of body weight died with heavy
hemorrhage within 30 min after injection.
Considering the toxicity of excess dosage of L-
cysteine for rainbow trout, 2.5 umol/g of body
weight was employed as the dose level for the
subsequent experiments on the response time. As
shown in Figure 6, the activity of hepatic CDO of
rainbow trout increased rapidly withinthe first4 h
after the injection. The activity reached a
maximum level at 4 h, and the activity was about
2.5 times that at the beginning. It increased rapidly,
passed through the maximum, and fell off gradually
within the subsequent 18 h. Next, the experimental
condition was re-designed to examine the dose-
response. The activity was measured 4 h after
injection of different doses. The results are shown
in Figure 7. The activity of hepatic CDQ increased
in proportion to the increasing dose in the very
limited dose range, i.c., below 1.5 umol/g of body
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Fig:_lre 6. Effects of L-cysteine injection on hepatic cysteine
dioxygenase activity in rainbow trout {Yokoyama and
Nakazoe 1996). Curve was fitted to represent the mean
values + SD for the six sammpie fish.
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Figure 7. Effects of L-cysteine dose level on the hepatic
cysteine dioxygenase activity in rainbow trout { Yokoyama
and Nakazoe 1996}, Values are means of measurements
made on six fish per treatment.

weight, and there was no additional increase in the
activity above a dose of 1.5 pmol/g of body weight.

To elucidate how the hepatic CDO is
induced and how its activity is controlled by sulfur
amino acids per se, different forms of sulfur amino
acids were injected into the peritoneal cavity of
rainbow trout. The specificity for the induction of
hepatic CDO was examined. Based on the above
mentioned results of the dose-response
experiments, the dose and the induction period were
fixed as 1.5 pmol/g of body weight and 4 h,
respectively. L-cysteine and its analogues which
have a similar chemical structure to L-cysteine
were selected as the substances. The relationship
between inductive activity and molecular structure
was determined. Results are shown in Figure 8.
Among these substances, L-cysteine and S-methyl-
L-cysteine showed the strongest induction of the
enzyme activity, and other cysteine analogues such
as D-cysteine, S-carboxymethyl-L-cysteine,
cysteamine, N-acetyl-L-cysteine, and L-cysteic
acid did not induce the activity. Further studies
with other intermediates of sulfur amino acid
metabolism and related compounds were
performed. Results are shown in Figure 9. L-
methionine did not affect the activity at all, and
neither L-cysteinesulfinic acid produced from L-
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Figure 8. Effects of injection of L-cysteine and its deriva-
tives on bhepatic cysteine dioxygenase activity in rainbow
trout (Yokoyama and Nakazoe 1996), Mean values not
sharing a common letter are significantly different (p<0.05).

cysteine by CDO, nor taurine, the final substance
of sulfur amino acid metabolic pathway, induced
the activity. L-homocysteine which has the
structure similar to that of L-cysteine and is an
intermediate involved in methionine metabolism to
cysteine (transsulfuration pathway) also showed
negative effects.

The activity of hepatic CDO increased
linearly with the increasing dose of L-cysteing, and
the response was rapid and significantly specific
to L-cysteine. These facts strongly indicate that
the hepatic CDO activity, i.e., cysteine metabolism,
might be controlled by the tissue concentration of
sulfur amino acid, precisely of L-cysteine, in
rainbow trout as in the case of rats (Kohashi et al.
1978). Excess intake of cysteine upon both oral
administration and intraperitoneal injection brought
about the induction of hepatic CDO activity, and
cysteine might be metabolized to cysteinesulfinate
as the intermediate product. This also suggests
that the cysteine level might be kept at a low level
in rainbow trout body. Therefore, there must be a
regulative mechanism in the cysteine metabolism
of rainbow trout similar to that of mammals.
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Figure 9, Effects of injection of sulfur amino acids involved
in sulfur amino acid metabolism on hepatic cysteine
dioxygenase activity in rainbow trout (Yokoyama and
Nakazoe 1996). Mean values not sharing a common letter
are significantly different (P<0.05).

Influence of dietary protein levels on hepatic
CDO activity

A feeding experiment of rainbow trout was
conducted by use of either the diets containing
some different levels of egg white albumin, or casein
as a sole dietary protein source, because these
proteins differ in amino acid composition. The
relation between the hepatic CDO activity in
rainbow trout and the dietary protein level was
determined. Either egg white albumin denatured
with hot ethanol under reflux for 6 h, or vitamin-
free casein was employed as a sole dietary protein
source.

Rainbow trout weighing about 17 g were
divided into 12 experimental groups of 18
individuals. Body weight gain of rainbow trout fed
the experimental diets for 10 days is shown in
Figure 10. The maximum growth rate obtained by
feeding casein diets was somewhat lower than the
maximum growth rate observed in fish fed the
albumin diets.

As shown in Figure 11, the activity of CDO
in the liver of rainbow trout fed egg white albumin
diets increased exponentially from 0.2 U/mg protein
to 0.9 U/mg protein as dietary protein level
increased up to 51%. The unit U denotes one unit
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Figure 10. Effcct of dietary protein levels on percent weight
gain of rainbow trout { Yokoyama et al. 1994) e:egg white
atbumin diets, 0: casein diets.
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Figure 11. Effect of dietary protein levels on hepatic cys-
teine dioxygenase activity of rainbow trout {Yokoyama et
al. 1994). Values are means £ SD of five fish. @: egg white
albumin diets, 0: casein diets.

of enzyme activity defined as the amount of enzyme
producing one umole of cysteinesulfinate in 1 h at
37°C. Also, the CDO activity in the dietary groups
of casein increased with the increase of the dietary
protein level up to 26%, while further increase in
the casein level failed in enhancing the activity.
Hosokawa et al. {1988) observed that the
hepatic CDOQ activity in rats, which were fed a
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Figure 12. Optical microscopic images of the gill tissue of rainbow trout administrated with and without L-cysteine by injection
{Yokoyama and Sakaguchi 1996). A, Fish injected with 10.0 gmol L-cysteine/g body weight; B, Control fish which were injected
with only 0.9% saline solution. Bars indicate 100 gm. (Reproduction permitted from the Japanese Society of Fisheries Sciences).

casein diet or soybean protein diet, was boosted
by supplementing methionine which is the first
limiting amino acid of those proteins, but the activity
was lowered by supplementing lysine, the first
limiting amino acid to wheat gluten diet. In this
experiment, the activity of CDO in the liver
increased along with the increasing level of egg
white albumin. However, the activity in the fish
fed the casein diets remained low. Total sulfur
amino acid content in egg albumin was almost twice
as high as that in casein. The marked increase in
activity of hepatic CDO observed in rainbow trout
fed the egg albumin diets probably reflects the rise
in dietary levels of sulfur amino acids, and the rise
might depend on the cyst(e)ine level rather than
the protein level per se. That is to say, the hepatic
CDO may be involved in the regulation of sulfur
amino acid metabolism, reflecting the sulfur amino
acid balance in dietary protein in fish. Therefore,
there is a possibility that the hepatic CDO activity
is a useful index for evaluating the appropriate
sulfur amine acid content in feed for rainbow trout.

THE FUNCTIONAL SIGNIFICANCE OF
THE CATABOLIC PATHWAY OF
CYSTEINE WITH RESPECT TO
DETOXICATION OF CYSTEINE: Acute

toxicity of cysteine injected into peritoneal cavity

As mentioned before, cysteine
administration by injection caused heavy toxicity
to rainbow trout, although this amino acid is one of
the physiologically important amino acids. There
have been some papers that pointed out the toxicity
of cysteine to animals (Anderson and Meister 1987,
Griftith 1987, QOlney et al. 1990); however, scarce
information is available on the toxicity of cysteine
for fish. The functional significance of the pathway
of cysteine catabolism in rainbow trout is
investigated in connection with its toxicity.

A dose of L-cysteine (2.5 to 10.0 pmol/g
body weight) was injected to ten individuals each
to estimate LDs, by probit analysis. A large dose
of cysteine led to mortality of rainbow trout with
serious hemorrhage. LDy, values within 2, 3, and
4 h were 7.5, 4.8, and 4.5 pmol/g body weight,
respectively. A histological obscrvation was made
with several tissues of rainbow trout which died of
an injection. No appreciable histological change was
observed in the tissues examined except for the
gill tissues. Figure 12-A is the photograph of the
most typical change observed in the gill tissue
(Figure 12-B is the photograph of the gill of control
fish). The epithelia of secondary lamellae of the
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Table 6 Effect of the injection of sulfur amino acids on th

¢ degree. of bleeding in the gills (Yokoyama and

Sakaguchi, 1996).
Amino acid Doset OD,,,¥x10
L-Cysicine 15 0.1+0.0
50 0.810.2
7.1 0.7£0.3
10.0 22+0.5
D-Cysteine 5.0 0.640.2
10.0 1.940.6
N-Acetyl-L-cysteine 10.0 0.040.0
S-Methyl-L-cysteine 10.0 0.310.1
L-Cystieinesulfinic acid 10,0 0.0+£0.0
L-Cysteic acid 10.0 0.020.0
Hypotaurine 100 0.0+0.0
Taurine 100 0.0:0.0
Glutathione 4.0 0.24+0.0
L-Methionine 40 0.010.0

T umol dose per kg body weight.

3 The degree was expressed as the optical density of rearing water ar 413 nm.
Values are means of eight individual measurements + standard error.

gills swelled markedly. Bloodstains were also
observed all over the gill. The control fish showed
nasign of such histological change. This anomalous
heavy hemorrhage might be accounted for by a
functional disorder of cell membrane: the declined
osmoregulation function of the epithelial membrane
brings about the swelling of the cell, resulting in
the destruction of the capillary vessel,

Next, the acute toxicity of several cysteine
analogues was examined. For the sake of
convenience, the toxicity was determined by the
extent of bleeding, because this method is simpler
and more reproducible than the method using mortality.
The fish injected were kept in 1 L of water with
acraton. Thirty minutes after the injection, the
degree of bleeding was measured as the optical
density of the water at 413 nm where hemoglobin
shows its absorption maxima. The readings were
corrected for the body weight of 30 g. Results are
shown in Table 6. The degree of bleeding (OD at
413 nm) was almost proportional to the L.-cysteine
dose in the range of 3.5 to 10.0 pmol/g of body
weight. Bleeding was observed in the gills within
30 mun after injection even though the dose was
only 3.5 umol. This dosage is less than LD, for 4-
h lethal time. D-cysteine showed similar toxic effect
1o that of L-cysteine. N-acetyl-L-cysteine showed
hemorrhagic effect but S-methyl-L-cysteine did

not. Other sulfur amino acids, L-cysteinesulfinic
acid, hypotaurine, and taurine involved in the
cysteine catabolic route also showed no
hemorrhagic effect. Large doses of L-methionine
and glutathione which is a tripeptide having a free
SH group could not be administered to fish due to
their poor solubility in water. However, glutathione
showed a slight toxic effect even in a small dose.
Neither L.-methionine nor L-cysteic acid showed
any cffect. These findings indicate that the
sulfhydryl group in the molecule might be involved
in toxicity to rainbow trout.

CONCLUSION

Results of both feeding experiments and a
tracer experiment indicated that cysteine seemed
to be the actual starting substance for taurine
biosynthesis in rainbow trout. Cysteine was
metabolized through cysteinesulfinate as an
intermediate to hypotaurine, taurine and sulfate.
Cysteine dioxygenase which catalyzes the
oxygenation of cysteine to form cysteinesulfinate
was considered to play aregulative rolc in cysteine
metabolism. Thus, it was suggested that the
enzyme activity i the liver can be used for
evaluation of sulfur amino acid availability in diets
for the fish. On the other hand, cysteine had serious



toxicity for rainbow trout. Considering hoth the
rapid responsc of hepatic cysteine dioxygenase
activity to cysteine and low toxicity of
cysteinesuifinate, this enzyme presumably plays a
role in detoxication by converting cysteing into non-
1oxic cysteinesulfinate.
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ABSTRACT

The cffect of stocking density on the growth ol two size classes of juvenile summer flounder was stedied in
experiments which lasted for 40 and 38 days. In each experiment, density teatments of 100, 150, and 200% fish
caverage of tank battom surface area were tested. Fish were fed to satiation and randomly sampied for length,
weight, and vemtral surface area. Results from this study indicated that small (approx. 1 g, approx. 50 mm)
juvenile summer flounder were unaffected by stocking density of at least 2009 over 40 days. Larger (approx. 10
g, approx. 100 mm) juvenile surnmer flounder were affecied by the nominal stocking densities, with fish initialiy
stocked at 100%: coverage growing to sliphtly larger sizes during the 58-day experiment.

INTRODUCTION

With an increasing demand for hagh quality
flatfish in domestic and overseas scafood markets,
the summer flounder Paralichthys dentatus has
become a new and promising candidate for
worldwide fish farming. Its potential has been
studied in the United States for several years, and
commercial cultivation has becn injtiated in several
locations along the east coast. Early rescarch has
focused on larval development and production
(Bisbal and Bengtson 1991a,b, Malloy and Targett
1991, Bisbal and Bengtson 1993, Keefe and Able
1993, Bisbal and Bengtson 1995a,b.c), but less
rescarch has been directed towards issues
associated with juvenile grow-out. The ability to
raise the fingerlings at a relatively high density, thus
maximizing water usage and fish production, is of
particular importance fo commercial operation.
However, parameters which affcct growth and
survival, such as feeding efficiency, disease, and
water quality, should be considered when
determining an optimal stocking density for a
particular system. Studies examining high rearing
densities of several salmonid specics attribute
growth inhibition to reduced feed consumption, poor

feed conversion, aggressive behavior, and oxygen
depietion (Refstie and Kittelsen 1976, Refstie 1977,
Vijayan and Leathcrland 1988, Holm et al. 1990,
Kindschi and Koby 1994). Similarly, for flatfish
species like Japanese flounder Paralichthys
olivaceous, turthot Scophrhalmus maximus, and
Atlantic halibut Hippoglossus hippoglossus. there
appear 1o be some effects of higher stocking
densities on growth rate and feed efficiency
(Martinez-Tapia and Fernandez-Pato 1991, Jeon
et al. 1993, Bjornsson 1994, Chang et al. 1995).
To date, few smdies have demonstrated optimal
stocking density for juvenile flatfish under 50 gin
weight, and none have examined juvenile summer
flounder stocking density. This research was
undertaken to estimate the optimal stocking density
of early juvenile summer flounder in an
cxperimental recirculating system. Two size
groups, with initial weights of 0.7 and 7.8 g, were
examined in two separate experiments.

METHODS
The recirculating system

The experimental recirculating system
consisted of 14 round, 190-L, fiberglass tanks
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associated with a 26-L biological filter. Water
flowed (gravity) from the biological filter, which
conained “Bio-Fill” media and nitrifying bacteria,
through an ultraviolet light sterilizing unit to a
distribution manifold above the tanks. Overflow
from the tanks went into a central collection channel
that was filled with a coarse polyester fiber mat
for the removal of large particulate waste. This
partially clarified water fell into a sump tank, and
was then pumped through two cartridge filters (15
pm) back 1o the biofilter. Water flow to the tank
was regulated using valves, and each tank was
gently aerated. The system was inoculated with
nitrifying bacteria and run for 6 wecks prior to the
introduction of any fish. After the system was
established, salinity, temperature, ammonia, and
nitrite were measured daily. while dissolved oxygen
and alkalmity were measured periodically.

Relating total length to ventral surface area
Fish density was measured as percent
coverage of the tank bottom. Fish ventral surface
area was estimated by tracing live, ancsthetized
specimens from several different size classes onto
al cmx 1 cm paper grid, and counting the number
of cm’ grids within cach outline. Total length was
also measured for each specimen. The curvilinear
relationship between fish length and ventral surface
area was determined using regression analysis.

Bcecause the relationship had a high coefficient of
determination (R* = (.957), it was possible to use
cach fish’s total length (mm) to estimate its ventral
surface arca (cm?).

Experiment 1 - group 1 juveniles

Newly weaned juveniies were stocked
into white, plastic, 20-L aquaria, each with a bottom
surface area of 506 cm® Each aquaria was set
into the larger tanks of the recirculating system
and supplied with seawater (18°C). Mean fish
length, weight, and surface area was 43 mm, 0.7
g.and 6.35 cm?, respectively (Table 1). The three
density treatments of 100% (1.1 kg/m?), 150% (1.7
kg/m®), and 200% (2.2 kg/m®) coverage of tank
bottom were established by stocking 80, 120, and
160 individuats into each of the three replicates
per treatment, respectively (Table 1). As mortality
oceurmed through the course of the experiment, fish
were replaced to maintain nominal stocking
densities. All fish were fed 1o satiation twice a
day using Moore-Clark® formulated feed. The
experiment was terminated after 40 days, and 25
individuals from each replicate were weighed and
measured. Final stocking density (percent cover)
was determined for each replicate by multiplying
the number of fish by the mean ventral surface
area of the fish. This total fish surface area value
was then expressed as a percentage of the surface

Day 0
Nominal % cover 100 150 204
Mean length (mm) 43 43 43
Mean weight (g) 0.7 07 0.7

Mean surfacc arca (cm2) 635 6.35 635

Ohserved mean % cover 100 150 200

Mean kg/m? 11 1.7 2.2

Day 40

100 150 200
B4(+/-16.7) B4{+/-159) B2(+-19.4)

6.2(+-3.45) 63{+/-343) 6.3(+-4.38)

15.38 1538 14.94
243 361 466
98 147 i9.8

Table 1. Summary of data for experiment 1 (+/-) is standard deviation.
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Day { Day 27 Day 58
Normal % cover K 150 an 10 150 a0 10} 150 Xn
Meanlength (mm) % ¥ 9 128(4257) 122(4-153) 124(+-115) 155153 139404 148(+.358)
Memnweight(g) 78 18 78 W 11D 2040671 21+ 142) 465(+H-156) 35.1(+H-165) 11phd0n
Meanaurfacearafo) 212 212 212 86 Ml 355 L) B 687
Meanpercent aurvival 100 106 100 100 96i+-40)  T8(+-B4) 100 Y6(+-75) TH{«88)
Obsorvedmean%oover 100 150 200 180 m 258 355 £ 493
Meankg/m2 37 55 13 12 13.1 153 218 B1 25

Table 2, Summary of data for experiment 2 {+/-) is standard deviation.

arca of the bottom of the experimental aquaria.
Biomass per unit area (kg/m?®) was determined for
each replicate by multiplying the mean fish weight
by the number of fish. Mean total biomass per
treatmment was expressed as a proportion of the
surface area (m?) of the bottom of the experimental
aquaria. Data were analyzed using one-way
analysis of variance (ANOVA).

Experiment 2 - group 2 juveniles

Juveniles were stocked into gray, plastic,
20-L aquaria, each with a bottom surface area of
962 cm®. Each aguaria was set into the larger
tanks of the recirculating system and supplied with
seawater (18°C). Initial mean fish length, weight,
and surface area were 89 mm, 7.8 g, and 21.2
cm’, respectively (Table 2). The three density
weatments of 100% (3.7 kg/m?), 150% (5.5 kg/
m?), and 200% (7.3 kg/m’) coverage of tank bottom
were established by stocking 45, 68, and 90
individuals into each of the three replicates per
treatment, respectiveiy (Tablc 2). Mortalities
(probably due to handling and transfer stress) were

replaced only during the first week of the
experiment. The flounder were fed Moore-Clark®
formulated feed twice daily to satiation. Random
samples of fish were measured and weighed on
day 27 and at the conclusion of the experiment on
day 58. Swocking densities (percent cover) at days
27 and 58 were determined for each replicate by
multiplying the number of fish by the mean ventral
surface area of the fish, This total fish surface
area value was then expressed as a percentage
of the surface area of the bottom of the
cxperimental aquaria. Biomass per unit area (kg/
m®) was determined for each replicate by
multiplying the mean fish weight by the number of
fish. Total reatment biomass was expressed as 2
proportion of the surface area (o) of the bottem
of the experimental aquaria. Data were analyzed
using ANOVA, followed by Tukey's multiple
comparison tests when significant differences were
found.



CJNR Techpical Report No. 26

176

1205

1

100"‘ Surface Area (cm?) = 2.720%10 9.009 (Total Length tmm)) A

a0

60 -

|

40 -

Surface Area (cm2)

20

0 25 50 75

100 125 130 175 200

Total Length (mm)

Figure 1. Relationship between total length and venteal surface area in juvenile summer flounder. Regression equation is based on

59 individuals. (The term * denotes muitiply by.)
RESULTS

Relationship between fish length and surface
area

Curvilinear regression analysis was used
to relate total fish length to the ventra] surface area
of the {ish (Fig. 1). The equation which describes
this relationship, for summer flounder ranging from
approximately 50-200 mm total length, is;

Surface area (cm?) = 2,720 x 100909 tonal icogh (men

Experiment 1 - group 1 juveniles

A total of 19 fish were replaced among
replicates of the 100% treatment, and 17 fish
among replicates in each of the 150 and 200%
treatments. Additionally, a replicate was lost in
the 200% coverage treatment due to accidental
stoppage of water and subsequent deplction of
Oxygen. Mean lengths, weights, surface areas, and
densities are teported in Table 1. Mean lengths
and weights increased by approximately 40 mm
and 5.5 g in each meatment. Fish density increased
by about 140% i each treatment as juveniles grew
both 0 length and weight over the 40-day
€Xpenmental period. Final coverage of the tank

bottom was 243, 361, and 466%. Estimates of
biomass per unit area at the end of the experiment
were 9.8, 14.7, and 19.8 kg/m? for stocking densities
of 100, 150, and 200%, respectively. These
represent 7 to 8 fold increases over the course of
the experiment. Even at these high final densities,
no significant differences (P>0.05) in total length
or wet weight were found between juveniles in
any of the three treatments.

Experiment 2 - group 2 juveniles

Mean lengths, weights, surface areas, and
densities are reported in Table 2. Following
mortality replacemnent in the first week, final mean
survivals were 100, 96, and 78% for treatments of
100, 150, and 200% coverage, respectively. At
the end of this 58-day experiment, mean fish
densities had reached 358, 399, and 493% bottom
coverage. Final estimates of biomass per unit area
were 21.8, 23.7, and 29.5 kg/m? for the 100, 150,
and 200% treatments, respectively. At day 27,
fish initially stocked at 100% covcrage were
significantly (P<0.05) larger, both in length and
weight, than those initially stocked at 150 and 200%
coverage (Table 3). There was no significant
difference (P>0.05) in cither length or weight
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Day 27 Day 58
Length Weight Length Weight
100 vs. 150% * * * *
100 vs. 200% bd * ns ns
150 vs 200% ns ns ns ns

Table 3. Results from one way analysis of variance (ANOVA) comparing mean lengths and weights from
reatrnents in experiment 2. ;s = not significant (P>0.05);* = (P<0.05),

between the 150 and 200% treatments at this time
(Table 3). At the end of the experiment (day 58),
fish initially stocked at 100% coverage were still
significantly longer and heavier than those in the
150% coverage treatment (P<0.05), but not longer
or heavier than those in the 200% coverage
treatment {(P>0.05). At day 58, there was no
difference in the lengths and weights of fish in the
150 and 200% coverage treatments (P>0.05)
(Table 3).

DISCUSSION

Results from experiment 1 in this study
indicate that small, rccently weaned summer
flounders (initial size of about 1 g and 40 mm) can
be stocked at densities of at least 2009, and raised
for at least 40 days without negatively affecting
growth. Infact, we recorded densities greater than
400% coverage at the end of this experiment (Table
1) and saw no indication that growth was being
impaired. Results from this experiment prevent us
from suggesting an upper limit on stocking densitics
for fish of this size, but it is certainly greater than
200% coverage. We are unawarc of any other
density studies that have been done with flatfish of
this size.

Results from experiment 2, however,

which began with larger fish (initial size of about 8
g and 90 mm)} and ran for a longer tirne, indicate
that stocking density does affect the growth of these
larger individuals. In this instance, fish stocked at
the lowest density (100% coverage) grew faster
than those in both of the other treatments from the
start of the experiment until day 27. During this
time, the mean length of fish in this treatment
increased by about 44%, which was slightly higher
than increases seen in the 150% (37% increasc)
and 200% (39% increase) treatments. Similarly,
mean weight of fish in the 100% density treatment
increased by about 208%, which was dramatically
higher than the increases seen in the 150% (156%
increase) and 200% (168% increase) treatments.
It has been suggested that high stocking densities
can lead to poor water quality (high ammonia, low
oxygen) which in turn can lead to reduced growth
performance (Brett 1979, Pickering and Pottinger
1987, Kebus et al. 1992, Kindschi and Koby 1994,
Wagner et al. 1995). It is exwemely uniikely that
poor water quality was a factor in this study. First,
because all ireatments were associated with the
same recirculating water and biclogical filter, watcr
quality was probably identical in all treatments.
Second, we found that nonicnized amrnonia never
exceeded 0.05 ppm and dissolved oxygen never
fell below saturation. Lastly, we observed no10ss
of appetite in any of the treatments that could
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indicate poor water quality and/or stress. Thus,
our recirculating system and biological filter were
capablc of maintaining ammonia below, and
dissolved ox ygen above. normally stressful levels.
In effect, the system in which we conducted the
cxperiment climinated two of the variables (high
ammonia, [ow oxygen) that arc often associated
with high stocking densities. Aside from water
quality issues, food consumption and feeding
behavior may atso be affected by stocking density
(Holm ct al. 1990, Martinez-Tapia and Fernandez-
Pato 1991). in such instances, “crowding™ (high
number of fish per unit area) can cause an incrcase
in agonistic feeding behavior, which in turn
increases stress and decreases growth. It is
possible that these factors contributed to the results
we found. Summer flounder arc known to be
aggressive feeders (Bigelow and Schroeder 1953),
and we occasionally observed apgressive feeding
behavior (e.g. chasing, tail biting) in this experiment.
If such behavior increased with numerical density,
itis possible that fish in thc lowest stocking density
(100%), which contained only 45 fish in each
replicate, benefited from low numerical abundance.,
The fact that we saw no density effect in experiment
1, which was done with smaller fish, suggests that
this mechanism, if applicable, may not operate until
the fish are somewhat older and larger. Density-
dependent behavioral changes are well documented
(Fenderson and Carpenter 1971, Refstie and
Kittelsen 1976), and Wagner et al. (1996) found
that agonistic behavior in rainbow trout fry
increased with age. Thesc studies support our
contention that behavioral mechanisms, which may
change with fish size, were responsible for the
differences we observed. Atthe end of experiment
2 {day 58), fish in the 100% density treatment were
still larger than fish in the 150% treatment, but not
the fish in the 200% treatment. The parity of fish
in the 100 and 200% density treatments at the end
of the experiment, but not at day 27, is an indication
that a size convergence occurred between days
27 and 58. Thus, it appears that fish stocked at
densities of 100 and 200% grow at different rates
for a period of time {the first half of this
experiment), but fish held at the higher density
(200%) were able to “catch up” (compensatory
growth) as time went on (the second half of this
experiment). If, as speculated above, agonistic

behavior increascs with numerical density, which
in turn increases stress and reduces growth rate, it
is passible that a reduction in agonism over time
explains the compensatory growth we observed.
In the 200% density treatment, the mean number
of fish per replicate decreased from 90 to 69, thus
possibly reducing aggressive, agonistic interactions.
Alternatively, the fish at the higher density (200%)
simply could have become more “accustomed” to
this density as time progressed, thercby reducing
stress and resulting in compensatory growth. A
third possible explanation is that summer flounder
respond differently to stocking density as they
increase in size. If, for example, larger fish are
more wlerant of high density at larger sizes, then it
would explain why fish at the higher density (200%)
exhibited compensatory growth during the second
part of this experiment.

Fish held at the intermediate density
(150%) were significantly smaller than those at
100% on days 27 and 58, but not different from
those at the 200% density on either day. These
results partially support our hypothesis that
numerical abundance and associated agonistic
feeding behavior may be affecting the growth of
juvenile summer flounders. Because of monalities
in replicates of the 200% treatment, mean
numerical abundance in the 150% reatment {n=63)
was nedtly identical to that of the 200% treatment
{n=69). These similarities would explain why
growth was nearly identical in the 150 and 200%
treatments, and why fish in both of thesc higher
density trcatments were smaller than those in the
100% density trcatment which had a lower mean
numerical abundance (n=45). The fact that fish in
the 200% treatment demonstrated compensatory
growth, while those in the 150% treatment did not,
is difficult to explain. It is possibie that the loss of
fish in the 200% treatment triggered the
ctompensatory growth we observed, and that this
did not occur in the 150% treatment because
numerical abundance was relatively stable
throughout the experiment. This is Very
speculative, and additional research would be
needed to address this issue.

Qur results are similar to those of the few
stocking density studies which have been done with
other flatfish species. Jeon et al. (1993), who
worked with young Japanese flounder



Paralichthys olivaceous, evaluated stocking
densities of 33, 50, 100, 200, and 300% bottom
coverage, and found that the highest feeding rate
and growth occurred at 200% coverage. Similarly,
Chang ct al. (1995), who worked with larger (50-
75 mm) Japanese flounder, in a semi-closed,
recirculating seawater system, reported final
densities as high as 260% (36.3 kg/m?). Although
our experimental fish were not grown to harvest
size at our nominal stocking densities, results with
both turbot Scophthalmus maximus and Atlantic
halibut Hippoglossus hippoglossus sugpest that
larger sized flatfish can be grown at relatively high
densities. Martinez-Tapia and Fernandez-Pato
(1991) found no 11l effects at a stocking density of
68 kg/m? for turbot, and suggested that specific
growth and food conversion were greater at higher
densities. Bjornsson (1994} conducted rescarch
with relatively large halibut (initial size 1.8-3.2 kg)
at stocking densities of 50, 100 and 160% coverage.
Although he observed a maximum coverage of
215% (95 kg/m?), he indicated that growth rate
was reduced in the highest coverage (160%)
treatment, and that optimal stocking density was
somewhere between one and two layers of fish on
the tank bottorn.

This study, as well asx those with halibut,
Japanese flounder, and turbot indicate that fiatfish
species are able to grow effectively at siocking
densities of 100-200% (one to two layers thick on
the tank bottom). Indeed, in this smdy we observed
that fish, when not feeding, would crowd and
overlap one another even when empty space was
available, and that this occurred at all stocking
densities. Similar “laycring” behavior has been
observed in halibut (Bjornsson 1994). Further,
biomass densities can be relatively high, In this
study, with relatively small fish, biomass densities
reached only 29.5 kg/m?, but work with Japanese
flounder (Chang ct al. 1995), turbot (Martinez-Tapia
and Fernandez-Pato 1991}, and halibut { Bjornsson
1994) suggest that biomass densities of 36.3, 68.0,
and 95 kg/m2, respectively, were possible. The
combination of layering, and tolerance of high
biomass densities, suggest that flounders can be
raised a1 high densities. This could be an enormous
advantage to the grow-out farmer, provided that
the recirculating system is capable of supporting
these high biomasses, Results of this study sugpest
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that recently weaned summer {lounder can be
stocked at densities of at least 200%, but that
stocking density should be reduced to 100% for
larger juveniles, at least for several weeks, and
that densities couid then be allowed to increase as
the fish grow in size. Further observations and
research, which develop with the commercial
summer flounder industry, will undoubted!y refine
our understanding of optimum swocking density.
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IMPORTANCE OF DIETARY LIPIDS IN FLATFISH
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ABSTRACT

Considerable auention has been focused on the -3 pulyunsaturated fatty acid (PUFA} requirements of
marine fish larvae. To clanfy the physiological role of dietary eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in the body of fish larvae, accumuiaton of dietary EPA and DHA in the eye
including retina, brain, and liver of Japanese flounder was analyzed. Dietary DHA was rapidly incorporated
into phospholipids of retina, brain, and liver suggesting that DHA may play an important role for fish
larvae. On the albinism in the ocular side of flatfish, which results from the deficiency of pigments, and
widely occurs during the process of seed production, [ found that albinism results when 10-day-old larvae
were fed with putritionally deficient experimental microparticulate diets. 1 suggest thal the rhodopsin
formation of the eye retina was hindered when fat-soluble viltamin (vitamin A) and n-3 highly unsaturated
fatty acid (DHA) were deficient in foods, resulting in the interruption of black pigment {melanin) formation.
On the effect of dietary phospholipids on the stress tolerance of Japanese flounder investigated using
feeding trials, I studied the tolerance of Japanese flounder to various stress factors such as changes in water
temperature and salinity, and exposure to low dissolved oxygen, and noted that dietary soybean lecithin and
krilt phospholipid were effective in increasing the tolerance of flatfish to the various siress conditions.
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INTRODUCTION

Dietary lipids are important sources of
energy and essential fatty acids for all animals.
The n-3 fatty acid such as eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid
(DHA, 22:6n-3) are highly unsaturated fatty
acids (HUFA) that are commonly found in
marine organisms. The useful roles and
beneficial effects of these fatty acids have been
recognized for marine animals and human health.
It has been demonstrated that EPA is
biosynthesized by phytoplankton and it then is
assimilated by zooplankton of which a part of
EPA is bioconverted into DHA. Both n-3 HUFA
are deposited and accumulated in marine fish.
Accumulation of dictary EPA and DHA in brain
and retina of Japanese flounder, nutritional
mechanisms involved in the occurrence of
abnormal pigmentation in hatchery-reared
Japanese flounder, and effect of phosholipids on
stress tolerance of Japanese flounder were
studied to illustrate the importance of dietary
lipids in flatfish.

ACCUMULATION OF DIETARY EPA
AND DHA IN BRAIN AND RETINA OF
JAPANESE FLOUNDER LARVAE

Introduction

Considerable auention has been focused
on the n-3 HUFA requirements of marine fish larvac
(Kanazawa 1985). Studies un species such as
Scopthalmus maximus (Witt ct al. 1984), Sparus
aurata (Koven ¢1al. 1989), Corvphaena hippurus
(Ostrowski and Divakaran 1990), and Oplegnathus
Sfasciatus (Kanazawa 1993a) larvae have shown
that DHA is strongly retained and is essential for
these marine fish. When turbot Scopthalmus
maximus larvae were fed on a pcllcted diet
containing 13-fold more DHA than Artemia, DHA
is rapidiy incorporated into the brain phospholiptd,
particularly in the phosphatidylcholine {Mourente
and Tocher 1992).

Materials and Methods

To clarify the physiological role of dietary
EPA and DHA in the body of fish larvac,
accumulation of dietary EPA and DHA in the brain,
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eye including retina, and liver of Japanesc flounder
Paralichthys olivaceus was analyzed. A feeding
experiment was carried out using semi-purified
microparticulate diets containing 2% of either EPA
or DHA. The protein sources in the diet were
cascin, white fish meal and squid meal, and gluten
was used as the binder. The diet was a dry pellet
type and the basal diet composition is given in Table
1. The ingredients were added in the following order
and mixed well in every addition; (1) protein
sources, water-soluble vitamins, minerals, activated
gluten, etc.; (2) fat-soluble vitamins, soybean
lecithin, EPA or DHA, oleic acid; (3) water at 30
ml/100 g dict. The well-mixed dough was pelletized
three times by a meat mincer with 2.5 mm die. The
pellets were then oven-dried at 40°C for § h,
stearned for 90 sec, broken down into 1.9-mm
particle sizes, and stored at -20°C. Pellets were
cooled to room temperature before feeding. Twenty
P, olivaceus larvae, 30 days after hatching (1otat
length 35.32 + 2.18 mun; weight 0.35 + 0.05 g),
were stocked in a 100-L tank, Seawater was
allowed to flow at 2.4 L/min with temperature
ranging from 15 t0 18°C. Fish were fed three times
aday.

Results

After 30 days, EPA and DHA contents in
brain, retina, and liver of flounder larvae fed with
EPA or DHA diets were comparcd with those fed
a HUFA-free diet. The brain and liver accumulated
more EPA and DHA in the polar lipid than in the
neutral lipid (Figs. 1, 2). In the retina, EPA was
accumulated in both neutral and polar lipids;
however, DHA was higher in polar than in neotral
lipid fraction (Fig. 3). Dictary DHA was rapidly
incorporated into phaspholipids of brain, retina, and
liver suggesting that DHA may play an important
role for the larvac of this species.

NUTRITIONAL MECHANISMS
INVOLYED IN THE OCCURRENCE OF

ABNORMAL PIGMENTATION 1IN
HATCHERY-REARED JAPANESE
FLOUNDER
Introduction

The depigmentation (albinism) in the ocular
side of flatfish, which resulted from the deficiency
of pigments, has widely occurred during the process
of seed production. Although many researchers

2/100 g diet
Ingredient Free DHA 2% EPA 2%
DHA! 0.0 23 0.0
EPA' 0.0 .0 23
Oleic acid' 7.0 4.7 47
Soybean lecithin 6.0 6.0 60
Basal ingredients® 97.0 97.0 97.0

'Ethyl esters: purity 87%

"Basal ingredients (/100 g diet): casein, 20.0; white fish meal, 18.0; squid mea), 20.0;
dextrin, 6.3; vitamin mixture,* 5.3; mineral mixtare,** 5.0: activated gluten, 8.0; lysine HC,
2.2; tryptophan, 0.7; atiractants,*** 1.5.

*Vitamin mixture (mg/10¢ g diet): p-amino benzoic acid 144.48, biotin 2,18, inosito!
1450.69, nicotinic acid 290.11, Ca-pantothenate 101 57, pyridoxine HC1 17.28, riboflavin
72.51, thiamin HC1 21.76, menadione 17.28, vitamin A paimitate 71.00, a-tocopherot 145.09,
cyanocobalamine 0.03. calciferol 3.65, APM 25.31. folic acid 544, choline chioride 2965.3 1.
**Mineral mixture (mg/100 g diet): U.S.P. X1 No. 2: NaCl 183.8, MgS0, 71, 685.0,
NaH PO -2H,0 436.0, KH,PO, 1199.0, Ca(H,PO,),-H.O 679.0, Fe citratc 148.5, Cz lactate
1635.0; trace elements (LE. Halver): AlCL-6H,0 09, ZnS0 “TH,O 17.9, CuCi 0.5,
MnS0,-4H,0 4.G, KC1 0.8, CaCl 5.0.

***Attractants (g/100 g diet): alaninc 0.3, glycine 0.3, taurine 0.3, proline 0.3, betaine 0.3.

Table 1. Composition of test diet containing eicosapentaeroic acid (EPAY or docesahexacnoic acid {DHA) for Japancse flounder.
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Figure 1. Eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) conkents (Lg/mg) in polar (PL} and neutral
lipids {NL) in the brain of Japanese flounder fed on EPA
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Figure 2. EPA and DHA contents {(ug/mg} in polar (PL) and
neutral lipids (NL.) in the liver of Japanese flounder fed on
EPA or DHA diet for 30 days. Data arc the mean of three

or DHA diet for 30 days. Data are the mean of three replicales.
replicates.
Fish used Japanese flounder
Age 4 days after hatching
Total length 4.2 mm
Number of fish £00/tank
Rearing and feeding methods
Feeding period 65 days
Tank 100 L
Water temperature 15.0-20.0°C
Flow rate 0.2-1.0 L/min
Feeding frequency 10 times/day
Type of diet Microparticulate diet

Table 2. Fish used and rearing methods for the abnormal pigmentation study
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have investigated the mechanisms of
depigmentation, little is known in this field. The

x é author found that depigmentation resulted when
HUEA tree diet 4 ML 10-day-old larvae were fed with nutritionally
| P deficient experimental microparticulate diets. It
2% DHA diet 1 was suggested that the rhodopsin formation of eye
‘ retina was hindered when vitamin A, DHA. and
Vi ! , phospholipid were deficient in foods, resulting in
2% EPA diet ‘ ' the interruption of black pigment {melanin) forration
0 100 200 300 400 (ug) (Kanazawa 1993b).

EPA content in retina

Materials and Methods

Newly hatched Japanese flounder P.
olivaceus larvae were fed with rotifers for 4 days.
Thereafter, 800 fish were divided into experimental
groups, and fed with microparticulate diets reared
under conditions listed in Table 2. The
microparticulate diets were mainly composed of
vitamin-free casein, dextrin, lipids, mineral mixture,
. and vitamin mixture. As the binder, k-Carrageenan
o 100 200 300 400 (ug) was used. The experimental treatments were: diet
1, complete diet; diet 2. n-3 HUFA- deficient diet;
diet 3, fat-soluble vitamin deficient diet; diet 4, live
food (rotifer and Artemia). The appearance of
albinism in the ocular side of P. ofivaceus was
determined 65 days after feeding with the various
test diets.

B KL
| PL

HUF A free dist

2% DHA diet

4
2% EPA diet

DHA content In retina

Figure 3. EPA ang IDHA contents {1g/mg) in polar {(PL.) and
newtral lipids (NL) in the retina of Japanese flounder fed an

Results and Discussion
EPA or DHA diet for 30 days. Data are the mean of three Albini 1 1 b i
replicates. binism (completely abnormal and

partially abnormal) in flatfish was 23.1% in the
group fed with the complete diet, but 83.4% in the

Diet Abnormal +
partial abnormal (%)
Complete 23"
n-3 HUF A-deficient 83.4°
Fat-soluble vitamin deficient 43 2%
Live food (rotifer and Artemia) 533

* Values with the same superscripts are significantly different at 5% level (p<0.05).
Each reatmeni was conducted in triplicate groups.

Tabke 3, Depigmentation of Japanese flounder fed with nutritiomally deficient diets



n-3 HUFA-deficient diet and 43.2% in the fat-
soluble vitamin deficient diets {Table 3). It has
been suggested that DHA in the n-3 HUFA and
vilamin A in the fat-soluble vitamins were esscntial
in the reduction of albinism in hatchery-reared
Japanese flounder (Kanazawa 1995). Rhodopsin
in the rod cells conducting vision in the dark is
composed of opsin (protein), retinal (vitamin A
aldehyde), and phosphotipid (phosphatidylcholine)
including DHA.

Fizh used Japanese flounder
Toual length 35.134 0. 36 mm
Body weight 0422012¢g
Number of fish 20 fishiank
Rearing and feeding methads
Feeding periods 40 days
Tank 100 L
Flow rate 500-600 ml/min
Water temperature 165+03°C
Feeding frequency 4 times/day
Feeding level 5% ot body weight
Type of diet Dy peliet
Size of diet Diameter 1.6 mm

Table 4. Fish used and rearing methods for the siress study
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The author assumed that in flatfish, the
rhodopsin formation of the retina is interrupted when
vitamin A, DHA, and phospholipid are deficient in
initial foods after hatching of the eggs. For this
reason, visual transmission from the retina is not
transferred to the central nervous system, sa that
the melanophore-stirnulating hormone from the
endocrine organ docs not secrcte, resulting in the
interruption of the black pigment formation.
Therefore, when microparticulate diets or rotifers
enriched with vitamin A. DHA. and phospholipid
(soybean lecithin) are fed on flatfish 10 days after
hatching, the preveation of albinism is possible.

EFFECT OF PHOSPHOLIPIDS ON STRESS
TOLERANCE OF JAPANESE FLOUNDER
Introduction

Marine fish larvae were found to have a
requirement for phospholipids on growth and
survival (Kanazawa ct al. 1985, Kanazawa 1993c,
Kanazawa 1997). The present research was
conducted to determine the effect of phospholipids
on stress tolerance such as the changes in water
temperature and salinity, and exposure 1o low
dissolved oxygen (DO).

Phospholipid Phospholipid Pbospholipid 1%
0% 1% {as krill
(as soybean phospholipid)
lecithin)
Survival (%) at tetnperatare
Rise from 16.5 to 22.0°C 100 100 100
and kept at 22.0°C for 30
min
Rise from 22.0 10 27.0°C
and kept at 27.0°C for 30 100 100 100
min
Rise from 27.0 w0 33.0°C
and kept at 33.0°C for 30 20 60 60
min
Rise from 33.010 34.0°C
and kept at 34.0°C for 30 0 0 1]
min
Low salinity (35 to 0 ppt)
Time (miny when 50% of fish £319 2783 111.6
group laid down
Low dissolved oxygen (to 0.80 ml/L)
Time (min) when 50% of fish group 7.7 15.6 12,1

laid down

Values arc the mean of three replicates.

Fable 5. Tolerance of Japanese flounder to stress due 10 increased temperature, reduced salinity, and dissolved oxygen
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Materials and Methods

Japanesc flounder P. alivaceus were fed
on diets containing soybcan lecithin (1% as
phosphatidylcholine) and krili phospholipid (1% as
phosphatidylcholine) under the conditions listed in
Table 4. The diet was mainly composed of vitamin-
free casein, defatted squid meal and white fish
meal, dextrin, lipids, mineral mixture, and vitamin
mixture. Activated gluten was used as the binder
(see Table 1).

Results

After the feeding experiment, Japanese
flounder were tested as 1o their response to stress
due to low dissolved oxygen, low salinity, and
increased water temperature (Table 5). Japanesc
flounder in increased water temperature (at
33.0°C) showed that those fed with the soybean
lecithin and kril] phospholipid diet had higher
tolerance than the phospholipid-free diet. When
Japanese flounder were exposed to low dissolved
oxygen and low salinity, dietary soybean lecithin
and krill phospholipid were effective in increasing
the tolerance of fish. Phospholipids were not only
indispensable nutrients for the growth of fish, but
were effective in increasing their tolerance to the
various stressful conditions.
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ABSTRACT

The Southern flounder | Parafichthys lethostipma) is a euryhaline flatfish with a natural range that extends from

North Carolina to Mexico. Since adult flounder are commonly found in freshwaler sounds and rivers, it appears
that there is potential for culture in fresh water. A series of studies was conducted to determine the effects of low
salinity on growth and survival of flounder from metamorphosis through the advanced juvenile stage. Survival of
larval flounder was significactly lower (P<0.05) when exposed to salinities below 20 ppt during metamorphosis.
but postmetamorphic flounder were not adversely affecied by salinities as low as 0 ppt. Two separate studies
were conducted to determine the growth rate and survival of Southern flounder stocked in low salinity water and
fed pelleted feed. In the first study, juveniie flounder with an average weight of approximately 7.0 g were grown
in salinities of 0, 5, and Y0 ppt water for 84 days. In the second study, advanced juvenile {lounder with an average
weight of approximately 32.0g were grown in salinities of 0. 3, 10, and 20 ppt for 58 days. The specific growth
rate {SGR) of juvenile flounder ranged from 1.0 0 1.09%/day and was not significantly different among treatmenis.
SGR of advanced juvenile flounder ranged from 1.6 1o 1.71%/day and was not significantly different between
reatmenis (P>0.05). Protein efficiency ratio, feed conversion efficiency (FCE) and datly feed consumpuon
(DFC) values were not significantly different (P>0.05) between treatments. These results indicate that Southern
flounder can be grown in salinities as low as 0 ppt within days after completing metamorphosis withoud affecting

growth or survival.

INTRODUCTION

The salinity of culture water is a critical
parameter that directly affects fish growth. Fish
that expend energy in osmoregulation to compensate
for extremely high or low saline conditions have
less energy available for growth (Grau et al. 1594).
Defining the salinity range needed for optimum
growth is important for achieving maximum
performance of cultured fish.

The Southern flounder {Paralichthys
lethostigma) 1s a euryhaline flatfish with a natural
range that extends from North Carolina to northern
Mexico, There is considerable interest in the
potential culture of Southern flounder because of

its high market value and apparent tolerance of
low salinities. Postmetarnorphic Southern flounder
are commonly caught in freshwater sounds and
rivers (Reagan and Wingo 1985). Premetamorphic
Southern flounder have been found in salinities as
low as 17 ppt (Burke et al. 1991), and juvenile
Southern flounder appear to spend most of their
time in water at less than 20 ppt salinity (Stokes
1977). Flounder only migrate out to the ocean to
spawn once they reach sexual maturity. Culuring
flounder in low salinity water offers several
advantages for US mariculture; 1) the facilihes for
flounder cuiture can be located away from high-
cost coastal land, 2) compeution fer limited coastal
space and water resources 15 reduced thereby
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lessening multi-user conflicts, and 3) disease
causing parasites such as Amylodinum sp. and
toxic algae such as Pfisteria piscicida can be
avoided in water with less than 3 ppt salinity.
However, little information is available on the
growth performance of Southern flounder in low
salinity water. This information would be usefy)
for evaluating the potential for raising flounder in
inland arcas.

MATERIALS AND METHODS

Four studies were conducted on different
life stages of Southem flounder to determine the
effects of low salinity on growth and survival,

Hatchery-reared larvae were obtained from
strip-spawned broodstock (Berlinsky et al. 1996)
and cultured according to methods described by
Daniels etal. (1996). Larvae (day 25) werc stocked
into 20-L glass aquaria with water containing 30
ppt salinity at a density of ! fish/L.. The salinity of
the water was gradually reduced overa S-day period
with fresh water from a well (200 mg/L total
hardness and 350 mg/L total alkalinity) until target
salinity levels of 0, 10, and 20 ppt were reached.
Three replicates were used pertreatment. Fish were
harvested, measured to the nearest 0.5 mm and
counted on day 60 posthatch,

Recently metamorphosed flounder {day 60
posthatch) were siocked at a density of I/L into
20-L aquaria containing water with 30 ppt saliniry.
The salinity levels were abruptly reduced within a
six hour period to0 0 ppt by replacing saline water
with fresh water. Aquaria were harvested after 5
days and fish were counted to determine survival.

Southern flounder juveniles weighing
dpproximately 5 g were caught by trawl in the
Pamlico Sound and weaned onto pelleted feed over
a three-week period. Fish were then stocked into
nine, 10-L, plastic tanks at a density of eight fish
per tank containing water with 30 ppt salinity,
Salinities were gradually lowered to 0, 5,and 10
PPt over a two-week period by replacing saline
water with fresh water, Three replicates were used
per treatment. Tanks at each salinity were in a
separate closed recircuiating system. Temperature
Was maintained at 20 C. Fish were fed a
commercial extruded pelleted feed (42% protein;
Southern Stares, Farmville, North Carolina, USA)

twice daily at a total of 4% body weight, Fish
were weighed weekly to the nearest 0.1 g then
harvested after 84 days.

Advanced juvenile flounder weighing
approximately 30 g cach were stocked into nine
10-L plastic tanks containing water with 30 ppt
salinity at a density of three fish per tank. Salinities
were reduced to 0, 5, 10, and 20 ppt over a 1-week
period by replacing seawater with fresh water. Each
treatment had three replicates in separate closed
recircelating systems. Water temperature was
maintained at 25 C with heat pumps (Aquanetics
model AHP-D), Fish were fed twice daily with a
commercial pelleted feed (55% protein; Corey Feed
Mill, New Brunswick, Canada) at a daily feed rate
of 3% of body weight, One hour after each feeding
uneaten pellets were counted and removed to
estimate feed consumption. Fish were weighed
weekly 1o the nearest 0.1 g and harvested after 58
days,

RESULTS AND DISCUSSION

Tolerance to low salinity increased as soon
as fish completed metamorphosis. Fish exposed o
salinities of 0 to 10 ppt during metamorphosis had
significantly lower survival than those in the 20
and 30 ppt treatments (Table 1). All the fish in the
0 ppt treatment died within 24 h of reaching this
salinity. But postmetamorpic flounder at day 60
posthatch were able to withstand an abrupt drop in

Salmxy (ppt) Survival (%) km)
0 Oa ---
10 29h 12.5a
20 59¢ 11.1a
30 52¢ 11.2a

Means followed by different letters between groups or
treatements are significantly differemt (P<D.05).

Table 1. Mean percent survival and final length of southern
flounder Paralichthys lethostigma exposed to different
salinities during metamorphosis.
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Initial Salingy (ppt} Survival (%)
10 96
20 100
30 80

Table 2. Mean percent survival of postmetamorphic sauthern
flounder Paralichthys lethostigma exposed to O ppt salinity
after a 6-h acclimation period.

salinity from 30 ppt to O ppt within a six-hour period
without a significant (P>0.05) reduction in survival
when compared to fish in the other treatments
(Table 2). Fishin all treatments showed few signs
of stress after the rapid acclimation; most fish were
feeding and swimming actively within a few hours
of rcaching O ppt salinity. Burke et al. (1991)
reported that premetamorphic Southern flounder
were found in North Carolina sounds and cstuancs

in salinities as low as 17 ppt, hence the survival of
some fish at 10 ppt is to be expected. Lasswell et
al. (1977) reported survival rates of 100% for
postmetamorphuc flounder exposed to O ppt salinity
after only a three hour acclimation period, so the
high survival rates observed in this study are not
surprising.

The results of the two growth trials at low
salinities showed similar trends (Tables 3 and 4).
Growth and feed conversien efficiency were not
significantly different (P>0.05) between any of the
salinities although total weight gain for juvenile and
advanced juveniles was slightly higher in the 10
ppt treatment.  Survival was not affected by the
long-term exposure to low salinities in either of the
studies. The mortality of advanced juvenile fish in
the 5 ppt weatment was caused by a mechanical
failure that resuited in a loss of water circulation
to some of the test containers, With the exception
of the loss of this onc container of fish, there were
no mortalities during either of these studies.

These results indicate that salinities as low as
0 ppt are as effective as higher salinities on growth
and suervival of postmetamorphic Southern

Salmity (ppt)
Variable 0 5 10
Initial wt (g) 7.7 6.8 15
Final wt {g) 17.0 17.0 20.0
Gain (g) 10.0 10.2 12.5
Survival {%) 96 b6 104
Specific growth rate (%/day) 1.1 11 1.2
Protein efficiency ratio! 16 22 20
Feed conversion effciency (%) 67 91 83
bD:gaf:fd consumption (% 1.3 11 1.4

! Protein efficiency ration (weight gain/dietary protein intake)
! Feed conversion efficiency (weight gainvieed intake x 100)

Table 3. Production variable for juvenile southern flounder Paralichthys lethostigma grown at different salinities during an $4-day

period.
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Salnity (ppt)
Variable 0 5 10 20
Initial wt (g) 33.4 322 32.8 30.6
Final wt (g) 71.6 704 785 67.2
Gain (g) 38.2 382 457 366
Survival (%) 16 16 1.7 1.6

Specific growth rate (%/day)
Protein efficiency ratio!
Feed conversion efficiency (%)

Datly feed consumption (% bw/day)

100 66 89 100

1.3 1.2 1.

L)
—_
.

W

61 58 70 63

20 22 1.9 20

' Protein efficiency ration (weight gainvdietary proten ntake)
* Feed conversion efficiency (weight gainffeed intake x 100)

Table 4, Production variable for advanced juvenile southern flounder Faralichthys lethostigma grown at different salinities during a

58-day period.

flounder. We found considerable differences in
growth of fish within each treatment which may
reflect genetic variability inherent to wild
populations. Further research is needed using a
greater number of fish per treatment to determine
if the slight differences in feed consumption and
conversion cfficiency at 0 ppt can be detected.
Comparison of the growth/salinity relationship
among wild-caught and domesticated fish should
also be explored. Taken together, these
investigations clearly indicate that Southern
flounder larvac must be cultured in seawater but
postmetamorphic flounder can be maintained in
fresh water without hindering their rate of growth
or feed conversion efficiency.
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ABSTRACT

Mecthods were develeped to determine dietary preferences (acceptability) by first-feeding iarval fish during a
single feeding cvenl. These methods involved: (1) delermining the feeding incidence and (2) measuring the
cross-sectional optical area of the bolus using image analysis. Both methods followed a short, defined feeding
period. Both methods were used to detarming spray-dried feedsiuff preferences for larval zebrafish Brachydanie
rerio and microparticulate diel formulation preferences for Jarval goldfish Carassiws auratus. Feeding incidence
was 100% for all diets with both species; however, diets differed significantly (p<0.05} in mean bolus size,
indicating that tarvae of these two species vary feeding rates with diet type even when diets are similar in

formulation and manufacturing process.

INTRODUCTION

A key impediment to intensive rearing of
many altricial larvae of marine and freshwater fish
15 the lack of high quality microparticulate diets
that are acceptable, digestible, and which meet the
nutritional needs of the larvac. As aguaculture
and fishery enhancement efforts grow, this
impediment will become more acute, especially in
the marine fish ¢ulture industry.

There are a variety of feeding strategies
currently used for first-feeding larval and juvenile
fish. These strategies include use of live diets,
formulated diets, or a combination of live and
formulated diets. Intensive systems often rely on
cultured or wild caught live feeds for rearing fish
larvae in tanks. Available live foods for intensive
culture are limited to those which can be easily

reared or captured from the wild. The most
common live feed cultured for larval fishes is the
brine shrimp Artemia (Lavens et al. 1986),
Although Artemia is adequate for some fishes
(Lavens et al. 1986), it is nutriticnally deficient for
many other species (Dendrinos and Thorpe 1987),
Cutture of zooplankton for feeding fish larvac is
labor intensive, expensive, and prone to sudden
“crashes.” The uncertainty and expense of live
diets provide motivation to develop formulated diets
that are nutritionally complete, highly digestible,
palatable, inexpensive, and casy to feed.
Microparticulate diets that are uniform both
in sizc and nuiritional quality can dramatically increase
the rearing success of species such as take whitefish,
Coregonous clupeaformis (Zizow and Miliard
1988}, carp, Cyprinus carpio (Lubzens ct al. 1984),
smallmouth bass, Micropterus dolomiewi (Ehrlich
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ct al. 1989), and muskellunge, Essox masquinongy
(Zitzow 1986). Survival in production hatcheries of
larval walleye Stizostedion vitreum fed only
microparticulate diets averaged approximately 60%
after 30days (Barrows and Ellis 1996), Striped bass,
Monone saxatilis, has not been successfully reared
on any formulated diet. In spite of success with some
species fed exclusively microparticulaie diets, survival
during the early larval period generally has not been
as good as when larvae are fed on live diets.

Our understanding of larval fish feeding is
limited. Currently available techniques that have
been used with larger fish to determine feeding
responses are not appropriate for use with larvae.
Elucidation of the developmental sequence of
feeding response and the development of methods
to assess the nutritional necds of Jarval fish are
important to the scientific community, feed
companies, hatcheries, fishery managers, and
aquacuiturists. The differences in success among
species fed solely microparticulate diets, and
between live and microparticulated diets for a given
spectes, may be related to differences in diet
acceplability, digestibility, or composition. Before
microparticulate diet digestibility or nutrient
composition studies can proceed, the diet must first
be ingested by a high perceniage of the larvae in
the tank. There is a need for a method to distinguish
among dietary treatments that is quick and not
compromised by cannibalist and low survival rates
common to farval feeding trials.

Effective microparticulate diets need to:
(1) efficiently retain small, soluble nutrients after
the panticles are suspended in water; (2) possess
physical and chemical characteristics that result in
their ingestion by fish larvae; (3) be readily digested
and assimilated by larvae; and (4) consist of an
optimal nutrient composition for maximum larval
survival, development, and growth. Before nutrient
digestion can occur, microcapsules must first be
ingested by the larval fish.

This research describes a method to
differentiate among microparticulate dicts based
upon the amount of diet ingested (degree of fullness)
by larval fish over a short time frame. This method
will help to develop microparticulate diets that
satisfy the second aspect of an effective
microparticulate diet listed above. Although the
method was developed with zebrafish

Brachvdanio rerie and goldfish Carassius
anratus, methods are applicable to other species
with transparent farvae. The method is illustrated
with two experiments: the first to determine
feedstuff preferences for larval zebrafish, and the
second to define the optimal krill meal: fish meal
ratio for larval goldfish.

MATERIALS AND METHODS

Near first-feeding, 6-day post-hatch (3.5
mm) zebrafish or 9-day post-hatch (9.0 mm)
goldfish larvae, both produced in our laboratory,
were selected at random from holding tanks and
stocked five larvae/tank into clear plastic tanks
containing 100 ml of 5 um filtered culture water.
All tanks were then placed in a water bath held at
28°C. Larvac which had been feeding were left
without food overnight to allow any residual feed
to pass through the gut prior to the start of each
trial.

Three tanks were randomly assigned to
each dietary treatment. The zebrafish trial vsed a
commercial dict (FFKB-250, Kyowa Hakko Kogyo
Co., Ltd, Tokyo, Japan) known to produce good
growth and survival as a positive control; unfed
larvac served as a negative control. For the goldfish
trial, live Artemia were used as the positive control
and unfed larvae served as the negative control.
Zebrafish test diets were spray-dried
{approximately 100 paverage size) chicken meat,
egp, or liver (American Dechydrated Foods, Inc.,
Springfield, MO). The experimental dicts for
poldfish varied in the krill meal and fish meal content
(Table 1). Kril} meal varied in 10% increments
from 14% to 54%, while herring meal varied from
6% to 46% of the diet.

The diets fed to the goldfish were produced
using the micro-extrusion/marumerization (MEM)
mcthod (Barrows et al. 1993). Marumerization is
a process of shaping and smoothing an extrudate
achieved by using a cylindrical machine in which
the bottom of the cylinder rotates at very high
speeds. The rotational forces within the machine
result in a smoothing and densification of the
surface of the extrudate. This process involves
two pieces of equipment for the production of
particles. An LCI, Inc. system (Charlotte, NC)
included a radial discharge (EXDC(F)S-60)



extruder and 2 QJ-400 marumerizer. All ingredients
were combined and mixed ina Marion ribbon mixer
prior to addition of the fish oil. Thiny-two percent
water was added to the mix before extrusion
through a 300-pum screen. The mash was extruded
at an auger speed of 19 rpm to form wet noodles.
These noodles were then placed in the marumerizer
which consists of a cylindrical chamber with a
rotating plate on the bottom. The plate was grooved
to impart energy from the marumerizer to the feed.
This cnergy breaks the neodles, reshapes, and
densifies the particles, The marumerizer is
equipped with a variable speed motor to allow for
arange from 300 to 1210 rpm. The noodles of all
diets were first processed at 1060 rpm for 10 sec
followed by about 90 sec at 500 rpm. The shaped
particles were then placed in an ambient
temperature (about 17°C) forced-air dryer until
moisture levels were less than 10%. Moisture was
determined using a 30-minute cycle of 125°C on
an Chaus MB 200 moisture analyzer. The feed
was then sifted to the proper sizes and stored in
nitrogen-flushed, vacuum-packed plastic bags and
stored at room temperature until used.

Each tank was then fed 0.1 g of the
appropriate feed. After 1.5 h, the larvac were
anesthetized with MS-222 (Massee et al. 1995)
and videotaped using a dissecting microscope with
a video recording system. Larvae were oriented
on their sides so that the bolus was visible through
the transparent larvae as a cross-section, A slage
micrometer was positioned so that a readable section
of the micrometer was visible in each image.

Each image on the tape was then printed
and the cross-sectional area ef the bolus, and
pre-flexien (standard) length was measured.
Cross-sectional area of the bolus provides an index
of the amount of feed ingested by cach larva.
Cross-sectional optical areas were determined
using a planimeter. The appropriate conversion
factor for each measurement was determined by
measuring the image of a 1-mm® area on the
micrometer coverslip which was in view in cach
of the printed images. Data was reported as the
cross-sectional optical area of material in the gut
(mm?). Suatistical significance was determined
using analysis of variance and means separated
using Fisher's Protected Least Difference
Significant (PLSD) method (Zar 1984).

Rust and Rarrows 195

Feeding incidence was determined for
each dietary treatment by counting the number of
fish in each image with and without feed visible in
the gut and expressing the ratio as a percentage
feeding. No further analysis of feeding incidence
data was undertaken as all iarvae fed diets had
visible feed in their guts after 1.5 b of feeding.

RESULTS

For both species, feeding incidence was
100% for all weatments receiving diets, while feed
consumption differed significantly among diets. In
the zebrafish tria! (Fig. 1), spray-dried egg (0.141
= (.016 mm®, mean =+ standard error) and chicken
(0,138 = 0.014 mm?) were consumed at
significantly higher rates (p<0.05) than the liver
(0.104 £ 0.012 mm?) or positive control diets (0.098
+ 0.007 oun? ). Significant differences (p<0.028)
wete found between all groups and the negative
control group (0.002 + 0.007 mm?),

In the goldfish trial (Fig. 2), acceptability
of live Artemia (0.81 £ 0.01 mm®) was significantly
greater (p<0.03) than all other diets. The diets
containing 46% fish meal (0.59 1 0.05 mm?) were
stgnificantly more acceptable than diets containing
less than 269% fish meal. The diet containmng 36%
fish meal (0.4% + 0.04 mun?) was not significantly
different than any other fish meal-containing diet.

DISCUSSION

Zebrafish larvae consumed ali three
spray-dried products at levels equal to or greater
than the commercial diet, indicating potential for
spray-dried products as feedstuffs for larval fish
diets. Further trials using other specics and other
feedstuffs are necded to determene if these materials
arc widely acceptable. By testing the same diets
with other species, it will be possible 10 determine
if zebrafish are a suitable surrogate for other
hard-to-obtain species. Once highly palatable
feedstuffs are dentified, then it will be easier 10
formulate diets that are highly acceptable.

Goldfish larvae preferred diets high i fish
meal and low tn krill meal. These results appearto
be in contrast to survival data obtained using the
same diet formulations with larval walleye
(Barrows 1994). Larval walleye fed diets
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Figure 1. Mecan cross-sectional area of the bolus in larval
2ebrafish fed spray-dried microparticulate diets over 1.5
h. Data arc mcans + standard ertor (n=3). Treatments
with different subscripts are significantly different {p<0.03,
Fisher PLSD method).
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Figure 2. Meun cross-sectional area of the bolus in larval
goldfish fed micro-extruded dieis {see Table 1 for formu-
lations) with varying levels of fish meal replacing krill
meal fed over 1.5 h. Diet formulations {A.B,C,D.E} are
given in Table 1 with diet A containing the most krill
meal and diet E the least. Data are means = standard
crror {n=3). Treagnents with different subscripts are sig-
nificantly different (p<0.05, Fisher PLSD method).

Table 1. Ingredient composition of expetimental starter diets fed to goldfish.

Ingredient A B C D E
Krilt meal* 54,0 440 340 240 140
Herring meal’ 6.0 16.0 260 36.0 46.0
Egg solid® 24.4 244 244 24.4 24.4
Yeast extrace 20 2. 20 20 2.0
Cod liver oil* 20 20 20 10 2.0
Binder. TIC 515¢ 0 30 30 3.0 30
Vitamin Premix 9430¢ 2.0 20 20 20 20
Lecithin® 20 20 20 2. 20
Liver extract 2.0 20 2.0 20 20
Betaine® 1.0 1.0 1.0 10 1.0
Ascorbic acid® 10 1.0 1.0 10 1.0
Trace Mineral premix’ 0.5 0.5 0.3 05 05
Inositol 0.1 0.1 0.1 0.1 G.1
Total 100.0 100.0 100.0 100.0 100.0

*International Proteins Corporation, New York, NY
*International Ingredient Comporation, St Louis, MO
*Amersham Life Sciences Arlin tun’ 1

. Heights, IL
*TIC Gums Inc., Belcamp, MD ¥ e

;Coozlu-fbl;‘:@ per kg ofc_iiel: VIL A, 1000 TU: vit D3, 720 1U; vit E, 530 1U; vit B12, 30 pg; calcium pantothenae, 160 mg; riboflavin,
mg: thiamin mononirate, 5¢ mg; pyridoxine hydrochloride, 45 mg; folacin, 13 mg; menzdione sodium bisulfate, 25 mg; biotn,

1 mg: niacin. 330 mg.

‘Contributed per mg/kg of diet- zine, 100; manganese, 70; iron, 3; copper, 2; iodine, 1.



containing krill meal levels as low as 24% had
survival rates cquivalent to fish fed diets containing
54% krill. Reducing the krill content of the diet to
14%, with 46% herring resulted in a decrease in
survival. Survival was greater for the fish fed the
four high krill meal diets than fish fed a commercial
larval diet. Barrows (1994) suggested a beneficial
cffect of including at least 24% krill in larval
walleye diets. 1 could not be determined in that
30-day feeding study if the effect was nutritional
or due to the acceptability of the diet. Combining
feeding incidence and bolus measurement data with
the survival data would have been beneficial and
may have been able to pinpoint the reason for the
differential survivai.

Differences among dietary treatments
could not be determined with feeding incidence data
for either species (all except the unfed treatments
were 100%). While the feeding incidence method
provides a coarse evaluation of diet acceptability,
it does not work when feeding incidence is uniformly
high, such as was the case with zebrafish and
goldfish. Measurement of the bolus provided an
index which was more sensitive to smaller
differences in diet acceptability, Conversely, under
conditions where feeding incidence is low or
variable, measurement of the bolus may not provide
meaningful data. This is because samples consist
only of feeding larvac and arc pot a good
representation of all the larvae being fed.

Both methods are useful to determine diet
acceptability over a very short time. Studies that
determine differences over a short time are not
compromised by high monality rales common to
larval feeding trials. Since diet composition and
nutrient bioavailability are clirninated as potential
causes for mortality or poor growth, acceptability
trials using feeding incidence and/or bolus sizc as
indices can yield meaningful data with species that
cannot currently be cultured intensively.

The method for determining bolus size
lends itself to computer-aided image analysis. We
have successfully measured the bolus
cross-sectional area in larvae using a Macintosh
8100AV (Apple Computers, Cuperting, CA)
computer with NIH-image software. NTH-image
is a frec software packapge developed by the
National Institutes of Health and is available at their
web site ( http://rsb.info.nih.gov/nih-image/). Other
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programs and computer systems can also be used.

An additional benefit of using a
camputer-aided measurement system is that the
cross-sectional area can be rotated in space to
produce an estimate of volume. For a more accurate
cstimate of volume, a standard curve can be
produced by intubating a known volume of colored
liguid into the larval gut (Rust et al.1993a, b) and
determining the cross-scctional area of the liguid
droplet contained within the gut. The resulting
regression will describe the relationsthup between
cross-sectional area and bolus volume for a given
species at a given developmental stage. This
information may be useful for determining
consumption and developing bioenergetic models.

No guantitative requirement for any
nutrient has yet been determined for the larval stage
of any species of fish. Diets are formulated based
upon the composition of the fish larvae or the
composition of zooplankion. Unfortunately, this
approach assumes that the bioavailability of dietary
nutrients are equal, an assumption that docs not
hold for altricial larvae (Rust et al. 1993¢, Rust
1995). Quantitative and qualitative nutrient
requirements for larval fish will be difficult o
determine until a microparticulate test diet that is
highly acceptable to larvai fish is developed. The
first step toward determining requircments may be
to develop such a test diet using the mcthods
outlined here.

Vision and chemoreception are the two
most important sensory systems used by
first-feeding larvae to locate and ingest food
(Blaxter 1988, Noakes and Godin 1988). In order
for microparticulate diets to be ingested, they must
be attractive and visible to the larvae and must be
presented under the proper environmental
conditions. Fish larvae are primarily visual feeders,
though taste buds and olfaction are ofien also
functional at this time in most species (Noakes and
Godin 1988). The microparticulate dict
acceptability methods developed provide means to
determmine optimal environmental {light) and
chemical (taste, olfaction) properties for successful
larval feeding.

Once optimal feeding conditions are
defined and a highly acceptable microparticulate
test diet is available for the larvae of a species,
then work can proceed more quickly on
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determination of requirements. It is necessary to
first (1) ensure that the feeds we are developing
are being eaten by the larvae, and (2) understand
the digestibitity of those diets, before drawing
conclusions as to larvai nutrient requirements.
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ABSTRACT

Fish cage respunse to waves was investigated ustng a physical mode) in the University of New Hampshire
wave lank. The tank was built with below-waterline windows placed for convenicnt observation of moored cage
models. Cage motion was measured using an optical system comprised of a high resolution video camera, a frame
grabber, and a computer with expanded random aceess memory (RAM). Targets on the cage, consisting of two
black painted dots on a white background, were tracked using image processing software. The system was,
therefore, noninvasive to the fluid environment and did not alier the cage inerrial characteristics. Specific
experiments were done in support of a computer modeling effort which has resulted in a finite elemeal program
for fish cage dynamics. Experimental data was oblamed using a physical model reduced in cornplexity in order
to focus on basic parameters. Comparison of tank data with computer predictions indicated that the computer
simulation reproduced the fundamental features of the observed cage moton.

INTRODUCTION

Physical and computer models are essential
tools for the design of offshore net pen systems.
To avoid failure, net pens and their moorings must
be engineered to withstand both severe storm events
and the cumulative effects of long-term wave and
current loading. We developed methods for testing
physical models in the new University of New
Hampshire (UNH) wave tank. The experimental
methodology was then used to generate data for
comparison with recently developed finite element
computer models of fish cage response to waves
and current,

The new UNH wave tank was designed
and built with offshore aquaculture appiications in
mind. The tank itself and the building housing this
and other facilities were constructed in 1994, while

the wavemaking systemn was added in 1996 as
described by Washburm (1996). The next siep was
10 incorporate a measurement system for physical
model motion response. Ins the study described here,
this need was realized using an optical system. This
strategy was chosen because it offered precision
measurements without altering the fish cage
dynamics.

The physical modcling approach
complemented the UNH finite element computer
programming effort which resulted in a net pen
dynamics program. As demonstrated by Gosz el
al. (1996}, the program can be used to predict cage
movement and structural loads for user-specified
wave and cumrent environments. To increase
confidence in its predictions, however, 1t was
determined that an experimental program should
be set up to generate specialized, empirical cage
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motion data for comparison with the finite element
model predictions. The objectives of this work may,
therefore, be summarized as:

s Development of test tank methods for
fish cage experiments in the UNH
wave tank;

» Implementation of an optical system
for cage motion measurement;

¢ Obtaining specialized data in support
of net pen computer maodeling;

s Comparison with predictions from the
existing UNH finite element program.

These objectives were addressed making

use of unique features of the tank. The optical
measurement system was positioned apposite built-
in observation windows located halfway along the
length of the tank. Fish cage physical models were
then conveniently moored for clear viewing., For
the softwarc development application, the cage
physical model was simplified to focus on major
components and basic dynamic processes. The
computer program was applied directly to the
physical cage model at its actual size, with no
potentially error-producing changes in scale. The
evaluation was done by comparing displacement

as a function of time for key points on the cage.
UNH WAVE TANK

The wave tank is 36.6 m long, 3.66 m wide,
and 3.05 mdeep. tis usually filled with 2.44 m of
water. A tow carriage is supported and cable-
driven along a single main rail on one side (Darnel],
1996). A lightweight, protected outrigger supports
the carriage on the opposite side which is reserved
for obscrvers. A hydraulically driven, computer
controlled, flap-type wavemaker is at one end
(Washbumn, 1996). Software allows the user to
run a regular wavc of specified height and
frequency or a random sea of specified spectrum.
Waves are dissipated at the opposite end using a
vertical “beach™ consisting of vertical layers of
geotechnical cloth suspended from an angled
fiberglass frame.

Midway down the observer side, a pit
allows access to two side windows in the wall—
one covering the waterline and upper water column
and the second placed just above the floor of the
tank. A mid-width floor window can also be used
from a tunnel beneath the tank which is entered

Test Object

Camera

Computer

Figure 1. Schematic of optical measurement sysiem.



Swift et el 201

e — £
I

Camera captures image.

Image is transferred

to computer and stored.

N —

Position information generated.

Software processes images.

Figure 2. Information flow in the optical measurement system.

from the basc of the pit. These windows are very
convenient for viewing the net pen system
experiments and allow optical monitering of motion
variables,

Optical measurement system
An optical measurement systemn for
determining test object motions was developed to
take advantage of the observation window
opportunities. By using a noninvasive optical
system, no dynamic altering sensors are attached
to the test object. Figure 1 shows how images of
the test object are captured by a camera and fed
into a computer for analysis. The essential
components of the present UNH system (sec
Michelin and Stott, 1996) include:
s A high resolution, black and white
Pulnix video camera which can operate
at 30 frames/second;
¢ A frame grabber to transfer the images
10 a compulcr,
s A personal computer with expanded
random access memory (RAM);
s Software to analyze the stored
sequence of images.
The steps involved it motion measurement
begin, as indicated in Figure 2, with establishing a
target on the test object. Two small black dots on

a white background are painted on the test object,
Horizontal, vertical, and angular changes {planar
motion) can be inferred from the movement of the
spots. The UNH system has been successful in
resotving the gray-scale contrast between black dot
and light background, so the use of potentially error-
producing light sources on the test object is
unnecessary. The camera captures a sequence of
images and transfers each frame, via the frame
grabber, to the computer for temporary storage.
Later, specially written software 1s used to search
each frame for the gray-scale difference indicating
the presence of the target dots. Dot position as a
fanction of frame number (converted to time) is
then used to calculate test object linear and angular
displacernent components as a function of time.

Model testing

While the optical position measurcment
system is adaptable to any fish cage model, the
present study made use of a special mode] to obtain
data for comparison with finite element computer
predictions. This skeleton model consisted only of
a rectangular parallel-piped structural frame, a
bridle, and a single meoring line (see Fig. 3). Thus,
the comparison between empirical data and
computer predictions represented a focused
evaluation of basic fluid mechanic processes
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R

Figure 3. Skeleton fish cage physical model.

involving the main net pen components. Upon
satisfactory validation, further complexities in the
form of netting and small appendages will be added
in future work,

Before wave tank testing, preliminary
experiments on the physical mode] were carried out
in the UNH recirculating flume, This 12.19m long,
1.22 m wide, and 1.22 m high facility provided a
steady current environment enabling the static drag
characteristics of the modcl to be measured. After
applying the finite element modet to this case and
obtaining a satisfactory comparison, the physical
model was deployed for dynarnic testing in the wave
tank.

The model was moored, using the setup
shown in Figure 4, so that the fully submerged cage
was directly in froni of the upper sidewal] window.
The high resolution camera wag positioned to view
the cage through the window over its full range of
motion,

The modet was allowed to come to vertical
equilibrium and was thep cxcited by regular,

STILL WATER LEVEL2494m WAVE TAWK wINDDW

Q494n

. 3
{ lo2a7n l:liltln

4@ _lgm 2|l
. L BLACK BUT, £.3%en DA,

0.4351 Tp@aim i CENTERED ON DOWEL

| J CAOTH SIDES)
1065 :| 0093 LODP CF Nyt ON

TIED BY BOWLIWE ®MIT
NILDH 1S APEROY .78mm= Dl

R

MOBRING LINE
LEMGTH OF MODRING

1642 LINE ACTED ON BY
WAVE FDRCES IS 1486~

HOORING BLOCK

l—- ! FLOOR OF wavE m«;

Figure 4. Experimental setup oppasite upper window.

sinusoidal waves. Frequencies used ranged from
0.5 t0 1.2 Hentz, and wave slopes were on the order
of 1/15. After the leading edge of the wave train
passed the model and the model appeared 10 be
oscillating with the waves, position measurements
were recorded over three wave cycles. The optical
system software was then used to calculate time
series of horizontal and vertical position of the two
larget points shown in Figure 4. Using relative
height difference and the distance between target
points, time serics for the cage pitch angle werc
also calculated.

The finite element computer program was
run for identical conditions. The finite element cage
model, shown in Figure 5, used the exact
dimensions and weights as the skeleton physical
model. The excitation consisted of the same cases
of regular wave forcing. It should be noted that
the computer program input corresponded directly
to the actual model dimensions. Thus, there was
no need for either Froude or Reynolds number
scale-up of results.
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Figure 5. Finite element cage model.

RESULTS

The wave ank, physical model response
to regular waves is summarized in Table 1. For
cach separate test, wave period T, wave height H,
and avcrage amplitudes for pitch angle and
hornizontal (X) and vertical (Y) displacement of the
two target points (see Fig. 4) are provided. Average
amplitude is one-half the peak to trough difference
averaged over the three waves measured.

Representative time series of horizonial
and vertical displacernent of the target points are
plotted in Figures 6 and 7. The regular wave
response is generally sinusoidal with the horizontal
motion of the target points nearly equal and greater
than the vertical motion. A dnift can be seen which
is due to a persistent transient initiated when the
regular wave train encountered the upright cage/
mooring system. Close examination of the time
series reveals that the angular mation 18 opposite
to that of an inverted pendulum, At the extremes
of the honzontal displacement, the side of the cage

Wave Average Amplitude

T{s) H{m) Angle(®; X1{cm) ¥Yllem} X2(cm) Y2 (cm}

2 0.4 2.508 9.38B6 2.805 9,710 3,742
1.87 C.28 2.668 7.717 1.925 T.742 3.073
1.43 G.21 2.412 4,808 0.508 4.742 2.004
1.2% .16 Z.3686 2.931 0.267 2.840 1.22%
1.11 0.13 L.081 1.7490 0.348 1.694 0.721

1 0.1 D.681 0.780 0.241 0.757 0.401
0.91 0.084 0.483 0.343 0.241 0.323 d.241
0.83 0.07 0.397 0.114 0.160 0.114 0.21¢€
T = wave period; H = wave height; angle = pitch angle with

respect to the horizontal; X°

0

X2 and Y1, Y2 are

horizontal and vertical displacement components of the two

target points 1, 2 shown in Figure 4,

Table 1. Measured cage response 1o regular waves.
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Figure 6. Measured cage response t¢ a regular wave. Period = 1,67 scconds and wave height = (.28 meters.
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towards the mooring dips down. This is apparently
due to wave action on the mooring/bridle system
(having negligible incrtia) kicking out the cage
bottom,

Finite element model predictions
corresponding to the Figures 6 and 7 experiment
are shown in Figures 8 and 9, respectively. The
same type of horizontal and vertical sinusoidal
motion is seen and transient behavior is evident.
The same bottom kick- out type angular motion is
also evident, though vertical motion is more
symmetric in the computer model output. Overall,
the finite element model is seen to replicate the basic
processes and motion response recorded in the
empirical data. Direct comparison of the
quantitative results, however, shows that the finite
element model somewhat underpredicts the motion
amplitudes,

It should be noted that coefficients in the
Morison equation fluid forcing model were
calculated using accepted theory (sec Gosz et al.,
1996} and were not tuned for this physical model
application. Symmetry seen in the predicted vertical
motion but not as evident in the physical model
Tresponse may be duc to using a linear wave theory
in the program. The wave loading and ather coding
issues are currently under review in the ongoing
maodel improvement effort,

CONCLUSIONS

The UNH wave tank is ideally configured
for testing offshore fish cage physical models.
Conveniently placed observation windows aliow
precise, noninvasive measurement of cage motion
Uusing a passive optical technique,

The skeleton model approach reduces
complexity allowing evaluation of how well
computer programs simulate basic Pprocesses
goveming fish cage dynamics in waves. The Gosz
etal. (1996) finite element program was found to
replicate the fundamenta] characteristics of the
physical mode] motion, but work is ongoing to
obtain more exact humerical agreement.
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ABSTRACT

In Japan, cage culture has expanded mainly in calm water areas such as the Seto Inland Sea. The present culture
condition can be described as overly intensive, and this has caused the deterioration of water guality, hindering the
expansion of fish culture. In order to expand fish culture, it 35 necessary to enhance offshore culture. An
impornant task is 10 develop 4 nursery systermn which can withstand the rough wave conditions of the ocean
around Japan. Here, we introduce some offshore types of floating breakwater now in use and a floaling hreakwaler
cquipped with aquaculture net cages which is under development, in erder to realize offshore culture.

INTRODUCTION

The coastal fisheries production is on a
stable level, Coastal fisherics resources have been
enlarged by the coastal fishing ground development,
such as construction of artificial reefs and fishery
nursery grounds for propagation. Only aquaculture
has shown an upward tendency in area and
production quantity.

Aquaculture was developed in the injand
seas and calm bays because the wave conditions
in the open sea were severe, thus detrimental to
aquaculture facilities. The floating breakwater was
developed in order to enlarge the aquaculture
grounds, and at many locations in Japan has been
constnucted to create more suitable grounds for
aquaculture.

it is necessary to maintain calm seas at
the aquaculture grounds for safety and workability,
and for an optimal environment for breeding fish,
Therefore, the floating breakwater has been used
to create aquaculture grounds becanse it has the

following characteristics:
(1) Transmitted waves can
be controlled by the scale

and wave abserption
principle of the floating
breakwater;

(2) The floating breakwater
does not obstruct the

seawater exchange,
mixing, and diffusion, so
water  quality  is
maintained;

(3} In the deep sea (>20m),

the floating breakwater is
more gconomical than the
gravity type;

{4) The floating breakwater

is convenient for planning
and maintenance.

Reliability for safety of the floating
breakwater has been established with actual resuits.
In addition, aguaculture grounds have expanded
from the bay and inland sea areas to the open sea
because of environmental change and
overcrowding. However, 1t 1s clear that the normal
type of floating breakwater costs too much in order
to achieve the required performance, and in the
case of aquaculture grounds in the open sea, is
very difficult to construct. A new type of floating
breakwater which can absorb big and long waves
cffectively is warranted, Morcover, in the case of
aquaculture grounds in the open sea far from the
fishing port or fishing village, the floating
breakwater must have additional functions, such
as the cuitivation of broodstock and nursery culture.

I would like to introduce two examples of
the floating breakwater constructed in the open
sea, and to describe the direction of ifs research in
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Figure 1. Project site and layout plan.

the future.

Floating breakwater constructed in Takahama
District, Fukui Prefecture

This floating breakwater was planned as
part of the creation of new aguaculture grounds in
Takahama District, Fukui Prefecture, located in the
middle part of Japan along the Sea of Japan. This
was the first one constructed along the Sea of
Japan, which protects the aquaculture ground (13
ha) from big waves. Figures | and 2 show jts
layout and the aquaculture ground, and Figure 3
shows its structure.

Devign Condition

(1) Natural condition
Average waler depth : 28 m

Tidal range lm

Tidal current S5 misee

Wind velocity © 8.0 misec

Sediment : 5i mixed with fine sand

(2Y Wave condition

Design wave Design wave for

function structural stahility
Stgnificant wave height 13 m J.4 m 3% m
Significant wave period 7.5 sec 6.0 sec 117 sec
Wave length 878 m 562 m 1714 m
Wave direction NNW N N
Transmission coefficient 0.6 0.5 -

The principle of floating breakwater

The floating breakwater shown in F igure
3 absorbs waves by interaction between the air
flow and the internal water movement. It has
chambers on both sides and air ducts connected to
cach chamber. Its scale is as follows: 1 unit length
68.0 m; width 14.5 m; height 8.7 m; total length
228 m (3 units).

Characteristics of floating breakwater

Wave function design requires a relatively
leng period, so this floating breakwater is
categorized as the open sca type. It is moored by
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Figure 2. An airplane view of the floating breakwater.

Adr ducts

Buoyancy tanks {——— Chain

Figure 3, Structure of the floating breakwater.

six cross lines connected with anchors because
wave direction is not normal to it. Moreover, a
construction craft cannot be used because there is
not one large enough in this region, and to move it
from another place to the project site would be
very expensive. The anchor is divided into three
parts.

Figure 4 shows the three-part anchor. This

-anchor was used for the first time, and is applied

to the open sea becausce of its size. In this case, its
applicability to the oblique waves and problems in
constructing in the open sea were made clear. The
floating breakwater has performed very well 3 yr
after installation, though high waves are frequent
in the winter.

Fishing ground constructed in Aba District,
Nagasaki Prefecture

This fishing ground was planned as part
of the creation for a multipurpose calm area, which
enhances developing coastal fishing grounds. The
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Figure 4. Parts of the new type of anchor

plan included the gravity-type breakwater and the
new floating type that applies the results of the
Takahama case described earlier. The project site
is located in the northern part of Kyushu island
along the east China Sea. Figure 5 shows the
project site and the layout of facilities, and Figure
6 shows the new type of floating breakwater.

Design Condition
{1) Natural condition

Water depth 1 17-28 m
Tidal range 38 m
Tidal current . 0.761 mfsec
Wind velocity : 40.0 m/sec
Sediment : clay

(2)  Wave condition
Design wave
function

Sipgnificant wave height 2.0 m
Significant wave peried 6.7 sec
Wave length 700 m
Wave direction S5w

Transmission coefficient 0.5

The principle of floating breakwater

Figure 5 shows the cross section of the new typ
of floating breakwater. The shape of its absorbing
chambers is asymmetrical because three absorption
principles are considered to work effectively: first i

Design wave for
structural stability

39 m
133 sec
276.0 m
SSW
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Figure 6. The floating breakwater

absorption by scattering waves due to the motion
of the floating body; second is by interaction
between the air motion and the internal water
surface motion in the chambers; and third is by
dissipation due to the water currents in the
chambers. The floating body could be made smaller
than the normal type by changing the length of the
internal current in the chambers to achicve the
required performance. Because its performance
was also estimated by numerical simulation and
the hydraulic model test, this floating breakwater
was applied to the Aba aquaculture ground for the
first time in Japan. Its scale is as follows: 1 unit
length 57.0 m; width 11.0 m; height 8.3 m; total
length 200 m (3 units).

Characteristics of floating breakwater

The boettom at the project site is very soft
and large waves are often generated, so it is
difficult to moor the floating breakwater. This
floating breakwater was very unique, which
worked effectively in the open sca with its mooring
system designed for ground stability. Tts
construction began in 1993 and was completed in
1995, Itnow works effectively although typhoons
often attack this area. Its performance was also
checked by the field survey.

Development of new type of floating
breakwater

Up to now, various types of floating
breakwater have been proposed and applied in the
creation of aquaculture grounds. Moreover, a new
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Figure 7. Cross section of the floating breakwater for the open sea and its performance.

Orifice

&1 Incident wave

Figure 8. Cross section of the floating breakwater attached
with culture capes.

type, one applicable to the open sea, was developed
and constructed. Recently, for utilizing the floating
breakwater in multiples, the one with culture cages
has been proposed. By constructing this new type
which has culture cages and the facilities for
management, offshore aquaculture will become
safer and more efficient.

Current state of development

Figure 8 shows the cross section of the
multipurpose breakwater. The front part absorbs
waves by controlling air and water currents through
orifices attached to the ceiling of each chamber.
The back part is a culture cage. The main problem
is reducing the wave motion which damages fish
in the cage. The width and height of the absorption
part must be considered for the safety of
aquaculture and stability of the cage. Its
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Figure 9. A new type of multipurpose breakwater.

performance and the water environment in the cage
based on the image shown in Figure 9 are now
being studied.

EPILOGUE AND ACKNOWLEDGMENTS
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grounds and the offshore fisheries base. So we
continue to study steadily. Finally, I express special
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ABSTRACT

An efficient mathematical modeling package called Aquacuiture Waste Transport Simulator (AWATS)
provides first-order estimates of the physical dispersion of finfish aquaculmre wastes for regulatory purposes.
The modeling strategy entails the utilizaction of a vertically averaged, iwo-dimensional flow model (o produce
flow-field information; this informnation is input to a particle racking waste ransport model to simulate the
resulting transport of wastes. Since earlier sludies have shown that the transport modeling results are sensi-
tive to the threshold shear stress at which settied fish-pen wastes are resuspended, fieldwork was conducted 1o
improve the parameterization of exodibility in the transport model. Application of AWATS to several aquac-
ulture sites in coastal Maine (selected by the Maine Departmeat of Environmental Protection} shows that it is

a convenient (@0l 1n the regulatory process.

INTRODUCTION

Due to high stocking densities and feed
rates, net-pen aquacuiture operations are regarded
as potential polluters of the marine environment,
Net-pen wasles, consisting primarily of fish feed
and fecal peltets, can adversely impact the coastal
environment through increased concentrations of
ammonia, decreased dissolved oxygen, and the
formation of bacterial mats at particularly
problematic sites. While rates of deposition and
accumulation of these wastes in the vicinity of
net-pen operations depends on many factors
(including stocking density, feeding rates and the
amount of excess feed waste, settling rates of
waste material, fish metabolism, grazing, bacterial
decomposition, etc.), the degree of environmental
deterioration depends ultimately on the

hydrodynamic environment.

A considerable effort is put forth by
regulators to monitor hydrodynamic, water
quality, and benthic conditions and to evaluate
environmental impacts of net-pen aquacaiture
operations. The efficiency of this work may be
significantly enhanced through the use of
mathematical models that give more complete
information regarding the physical conditions in
the domain. For example, Panchang etal. {(1997)
have shown that the use of blanket puidelines for
minimum current speed and water depth do not
automatically ensure favorable hydrodynamic
conditions for a net-pen operation. The flow-fieids
seen in coastal Maine are complex and it is often
difficult to discern prevailing currem direction and
overall flow-fields from discrete, site-specific
measurements over limited time periods. Such



216  LJNR Techaical Report No. 26

data fail to ascertain the spatial and temporal
vartations of the hydrodynamic environment (such
as vorticity, wind, seasonal effects, ctc.) within
lease sites or the cumulative effects of several
operations within a coastal embayment. The
complex and restrictive regulatory environment
is viewed as a limiting factor in the growth of the
aquaculture industry in the United States
{Schneider and Fridley 1993),

To resolve some of the above limitations,
Panchang et al. (1997) developed a comprehensive
modeling strategy involving an investigation of
tidal and storm-induced currents, wave effects,
and net-pen waste transport mechanisms such as
settling, resuspension, and decay. This approach
was shown to be successful in assessing the impact
of aquaculture operations in Cobscook Bay and
Toothacher Bay. First, a vertically averaged, two-
dimensional flow model is constructed using
appropriate field measurements, to simulate the
currents induced by the tides and by storm winds.
The resulting flow-fields were used as input to a
particle tracking waste transport model. The
results showed that at some sites, inferences drawn
regarding the waste distribution using a
combination of modeling methods and field data
could be quite different from those drawn using
isolated field measurements. The potential of the
modeling methods for site selection and in
deciding a priori which sites needed a greater level
of monitoring was also demonstrated.

Before the modeling techniques can be
adopted in regulatory practice, however, the work
of Panchang et al. (1997) suggests that two
problems need further attention, First, a more
reliable description of the resuspension of settled
wastes is needed. Since resuspension involves
complex mechanisms that are not well.
understood, it was modeled using a parameter
Uci, describing a threshold or crtical current
velocity at which setiled waste material would be
resuspended. Panchang et al. (1997) found that
the waste dispersion and accumulation results
WEre very sensitive to the threshold of shear stress
at which settled fish-pen wastes are Tesuspended,
thus limiting the usefulness of the models for site
selection. Secondly, Panchang et al. (1997) were
motivated more by a research perspective and did

not offer tools readily available 1o regulators.

We describe efforts to improve estimates
for the critical resuspension velocity of net-pen
wastes, and to creatc a modeling package that
could be routinely used to aid regulators with site
evaluation and decision-making. Specifically,
ficld measurements were made to estimate in situ
crodibility of net-pen waste materials. A
submarine annular flume called the Sea Carousel
was used; this device was designed by the
Geological Survey of Canada to study seabed
instabilities and the mechanisms involved {Amos
et al. 1992a). The Sca Carousel and the field
measurement programs are described in section
L. In the interest of packaging the modeling
technology for regulators, two reasonably well-
known flow models were evaluated for accuracy
and ease of use: a finite element model called
RMA2 and a finite-difference model called
DUCHESS. RMA2?, developed through funding
from the US Army Corps of Engineers and
coupled with a sophisticated graphical interface,
is a public-domain, two-dimensional
hydrodynamic model. DUCHESS, which was
developed at Delft University, Netherlands, is
widely used for two-dimensional tidal and storm
surge cornputations (e.g., Booij 1989, Jin and
Kranenberg 1993). The transport model developed
by Panchang et al. (1997) was enhanced and
packaged with an interface used to extract flow
solutions and graphically display flow and
transport results. This work led to a package called
AWATS (Aquaculture Waste Transport
Simulator), described in section 2. It was applied
to three sites selected by the Maine Department
of Environmental Protection for testing and
demonstration purposes as part of technology
transfer efforts. Application of AWATS to
modeling an aquaculture site in Maine is presented
in section 3.

1. Fieldwork to estimate erodibility

In the initjal development of the waste
transport model, Panchang et al. (1997) found that
the transport of net-pen aquaculture waste was
sensitive to the ability of the currents to resuspend
material once it had settled on the bottom. With
settling rates of 4-10 cm/sec and typical depths



beneath pens of 15-25 m, net-pen wastes will settle
in the vicinity of the pens in 2 matter of minutes.
In constant low-velocity environments such as
fjords, local settling can have adverse
environmental impacts; in high-velocity
environments the material may be resuspended
and more effectively dispersed. Lacking
applicable information regarding the complex
process of rtesuspension in aquaculture
environments, Panchang et al. (1997) used casual
diver observations which suggested that net-pen
wastes were eroded when the flow velocity
exceeded approximately 30 cm/sec, In view of
the uncertainty, however, Panchang et al. (1997)
modeled muitiple transport scenarios by varying
the values of U, over a range and found that the
resulting waste dispersion was very sensitive to
U.x. Forexample, waste removal from the domain
uscd to examine a commercial lease site in Deep
Cove, Cobscook Bay, varied between 83% and
0% when U, was varied between 10 cmysec and
40 crn/sec. The area affected by the wastes also
varied substantially.

Erosion of sediments is a function of
bottom stress which is often expressed as shear
velocity. In this sense, U, is intended to be a
measure of the threshold stress at which net-pen
wastes would be eroded and resuspended. To
obtain more reliable information regarding this
mechanism, measurements were made under the
direction of Dr. Carl Amos of the Bedford Institute
of Oceanography (BIO) at the Connors Brothers
Inc. commercial lease site at Deep Cove in
Cobscook Bay near Eastport, Maine {Fig. 1).
Figure 2 shows the locations of erodibility
experiments in relation to the Deep Cove net-pen
systems. A device called the Sea Carousel shown
in Figure 3 was used to conduct the erosion
experiments. The Sea Carousel is an annular
flume designed by the Geological Survey of
Canada to measure seabed erosion. Upon
lowering it to the benthos from the side of a boat,
a current was generated inside the flume and
slowly increased in magnitude in a stepwise
fashion. At each step over the course of the
erosion program, a video of the erosion process
was obtained in conjunction with water samples
and turbidity measurements. The resulting
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turbidity measurements can be cormrelated with
shear velocity to provide values of critical
resuspension velocity (e.g., Amos et al. 1992b).
The Deep Cove site contains three pen
systerns (Fig. 2) consisting of net-covered cages
arranged in rows of 10 cages, with two rows
forming an independent floating pen system, each
holding about 5,000 fish. At this site, we
attempted to determine the erosion threshold and
its variation in time and space. 1t was estimated
that the greatest amount of sedimentation would
be near the center of the three pen systems and
would decrease outwards. Since it was possible
that the erosion threshold varied with the amount
of matenal already accumulated, the Sea Carousel
was deployed at nine locations: three near the
center of the site, four locations at different points
on the sedimentation gradient, and two coentrol
locations closer w land deemed to be unaffected
by the net-pen operation. Data were collected at
two different times, one in April 1996 and one in

Figure 1. Northeastern Cobscook Bay illusirating the loca-
tion of the Deep Cove field site. Bathymeiry in meters.
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Deep Cave * Pier
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Figure 2. Deep Cove showing the locations of April and September 1996 Sea Carousel and
current meter deployments in relation to Connors Brothers Inc, net-pen systems 5400,
360X, and $700. Sea Caroused deployments are numbered 1-9

September 1996, since there is likely (o be
seasonal variation in the amounts of net-pen
wastes present (due to higher feeding rates in the
summer, and more frequent storm-induced
erosional events in the winter),

During the fieldwork, locations of the net-
pen sites, current gauges, and Sea Carousel
deployments were determined via the Globail
Pasitioning System (GPS). The Sea Carousel
work provided videos of the seabed erosion,
samples of suspended sediments for each velocity
step (Fig. 4), sediment core samples, water
velocities, and turbidity data, The erodhbility data
from the Deep Cove aquaculture site were
analyzed by Drs. Terri Suthertand and Car] Amos

Phere 3. The Sea Carousel about o be fowered 1o the benthos ?mo' Asu U ::the results is given in Table
Al the Connors Brothers I, aquaculture site i Decp - terms of Uyigoy, the current velocity at 100 om
Covencuﬁgsm Maine. from the bottem. The U(lw;c.-n valueg wWerc

determined from plots of suspended particylate



matter (SPM) against U, where SPM was
observed to be significantly higher than the
preceding ambient SPM concentrations (Fig. 5).
The Unaner: value was taken as the mean of the
Uuoo speed settings at that transition point.
Table | shows that, in general, the erosional
velocity increases along a transect in the direction
of the net-pen. Simitarly, the values are higher in
the summer than in the winter. This suggests that
Ui is indeed affected by the amount of material
present. The modeling strategy described later
only allows for a constant U,,. Average values
of 0.40 m/sec for the winter/spring and 0.50 m/
sec for the summer/fall are used. These numbers
are close to anecdotal evidence provided by divers
(Dr. R. Findlay, Department of Microbiology,
Miami University, personal communication) that
material seems to be resuspended when the flow
speeds arc greater than about 0.30 mfsec. It is
important to note that the U_, values in Table 1
include values for ail sediment types encountered
in the field sessions from fine gel mud to coarse
material and includes erosion of native material;
research is curtrently being performed by Drs.
Sutherland and Amos to estimate the erosion
thresholds for strictly fish feed pellets.

2. Mathematical models

Modeling the physical transport of finfish
aguaculture waste requires detailed knowledge of
the spatial and temporal variations in tide and
wind-induced currents in the particular region of
interest. Hydrodynamic models, driven and
validated with field data, simulate these currents
and provide the necessary input information for
transport models to compute the resulting waste
dispersion. Previous modeling work conducted
for Cobscook Bay indicated that a two-
dimensional flow model based on the shallow
water equations that yields depth-averaged
velocity components is adequate for this task. This
is fortunate, since three-dimensional schemes
require intensive computer resources, particularly
when large areas such as the coastal domains of
Maine are to be modeled. In addition, data
collected near aquaculiture sites in Cobscook Bay
indicate that the large tidal forcing leads to little
vertical variation in the horizonial velocities in

Dudiey et al. 219

those areas (e.g., Panchang et al. 1993).

In the interest of assembling a uscr-
friendly modeling softwarc package to be used
by regulators, we evaluated the ease of operation
and accuracy of 1wo-dimensional flow models.
Both finite-element and finite-difference models
were investigated. Finite elemcnts usually afford
greater flexibility in describing complex coastal
boundaries and domains where aquaculiure

operations arc carried out. As an example, we
chose the model RMAZ2. This is a public domain

model which is a part of the popular “Shallow
Water Modeling System” developed by the U. S,
Army Corps of Engineers and is hence readily
available along with a sophisticated user interface.
The finite-difference modcl DUCHESS was

Figure 4. Water samples for suspended particulate maner
analysis collected during a Sea Carousel erosion pro-
gram conducted a1 the Coonors Brothers Inc. aguacul-
ture site in Deep Cove. From left 10 right. gach bode
cofresponds ¢ a waker sample 1aken 2 min afier the on-
set of each step-wise velocity magnitude increment gen-
erated inside the annular flume.



UINR Tecbnical Report No. 26

s ]
700 ¢ e S —
A _
E 600 A ;
00 A :
iaoo
1 E 300 A
A
200 A
A
100 'y
D"..“ ]
o 0.5 1 15
Ueroe) (mv's)

Flgure 8. Estimate of the crosion threshold for an April 1996
Sea Carouse] deployment at suation 4 in Deep Cove, Maine.
Ambient concentrations of suspended particulale matter con-
centration (SPM) wre designated by round symbols, while
the eroded cancentrations of SPM are designated by triangu-
lay symbols. Based on the significant change in $PM illys-
truted above, Usioow for this particular experiment is esti-
mated o be 0.33 misec.

chosen since the performance of DUCHESS had
already been well established via prior modeling
efforts (Panchang ct al. 1997).

“April

a. Hydrodynamic models

The graphical user interface for RMA2
consists of a software package called Surface-
water Modeling System (SMS) developed at the
Brigham Young University Engineering
Computer Graphics Laboratory (ECGL) in
cooperation with the Army Corps of Engincers
{Jones and Richards 1992, ECGL 1995). This
enables users to graphically construct finite
element meshes required as input to RMA2 and
to display hydrodynamic solutions frarm RMA?2.
The SMS software provides the user with various
tools and pull-down menus to facilitate digitizing
scanned topography maps, constructing
computational meshes, and displaying and
animating solution data sets with color contouring
and vectors.

A significant amount of modeling was
pursued using RMAZ2 to assess its suitability for
coastal modeling associated with aquaculture
management. The evaluation of RMA2 included
modeling of simplc test cases as well as a
sysiematic investigation of mesh construction and
refinement, boundary conditions, time step size,
and flooding and drying mechanisms for the
coastal region of Cobscook Bay, Maine. The 15.5
x 13.7 km Cobscook Bay domain (Fig. 6) had been

3

.‘M
: September
Location. Value Mean | Std. Dev, Value Mean | Std. Dev.
1 047 0.47 0.0 0.62 0.66 0.05
2 0.47 0.69
3 047 0.40 014 047 0351 .06
4 0.33 0.55
5 0.33 0.33 0.0 0.47 044 0.05
6 0.33 0.40
7 0.33 044 0.16 0.47 0.44 0.05
8 0.5% 0.40
9 047 0.55 ’
all stations | 0.42 0.09 all stations | 0.51 0.10

Table 1, Summary of mean Unooe: values from
ber 1996 at Connors Brothers Inc. agquaculture

Sea Carousel data; deployments April ard Septem-

farm, Deep Cove, Maine.
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already rigorously modeled and validated using
DUCHESS. Initial RMA2 flow model runs using
a 225-m resolution mesh of the Cobscook Bay
domain resutted in problems with flooding and
drying. If any node comprising an element met
the drying criteria, the entire ¢lement to which it
belonged became “dry” and was removed from
computation. As a consequence, entire reaches
of the bay would be shut off due to drying in
shallow, narrow areas, resulting in a discontinuous
domain and model failure,

Subsequent efforts, which invoived
refining the computational mesh and adjustments
to various model parameters such as time step,
eddy viscosity, and bottom friction, met with only
moderate success. Due largely to the size and
computational demands of the Cobscook Bay
domain, the most successful model run using a
relatively coarse mesh and 12-min time steps ran
in near-real time on our 200 MHz PC. The mesh,
at its finest, had a resolution of 75 m, the majority
of which was much coarser, with a maximum of
225 m (see Fig. 6). The resulting simulations were

not as satisfactory as those described by Panchang
et al. (1997) using the finite-difference model
DUCHESS. Morcover, DUCHESS could resolve
two tidal cycles for the same domain with a
constant 75-m nesolution and a 40-sec time step,
in about 40 min on the same PC.

In summary, though RMA2 has been used
in other applications, its implementation was
extremely time-consuming and probiematic for this
particular application. It also presented added
complexity for regulators due to its sensitivity to grid
sizes, requiring greater efforts in the construction and
refinement of finite element meshes. Mesh
construction and refinement is a complex problem
requiring evaluation of domain geometry and
bathymetry. While all modeling involves a certain
level of trial-and-ermror before successful sunulations
are obtained, it was felt that working with finite
element models wokild be too cumbersome from the
point of view of routine management.

Most finite difference madels, in
comparison, require only a single resolution
throughout, and entail a straightforward
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Figore 6. Summary iltustration for the TRANS aquaculture net-pen waste transport simulator algorithm

developed at the University of Maine.
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relationship between the time step and the grid
size. Although the flexibility of enhancing the
resolution in specific parts of the domain is
compromised, DUCHESS does allow options for
subsequent simulations in “nested” domains.
Flow modeling groundwork for computing
aguaculture waste transport was performed by
Panchang et al. (1997) for Cobscook Bay and
Toothacher Bay using DUCHESS. The mode has
&lso been successfully applied to other fisheries-
related problems (Newell 1991) and has been
found to be generally robust.

One limitation of DUCHESS is that,
unlike RMA2, it lacks a convenient graphical user
interface to expedite the modeling process by
aiding the user in mode] construction and viewing
and interpreting model output. For this reason,
we made efforts to interface DUCHESS with SMS
to avail users of the graphical advantages of SMS.
We developed a utility program called
DUCHSMS which indirectly links the two
programs. The program facilitates construction
of the model domain using SMS, and graphical
viewing of the flow model output. Tt enables
bathymetry digitized with SMS to be exported in
a form required by DUCHESS as input and also
transforms DUCHESS output into a form readable
by SMS. This allows easy graphical display and
animation of flow solutions obtained from
DUCHESS in SMS.

b. Transpert model

A transport model called TRANS was
developed at the University of Maine to simulate
the advection and dispersion of finfish aquaculture
wastes; it is included in the AWATS package, and
models the mechanisms of settling, advection, and
resuspension to describe the physical ransport of
fish-pen waste materials. To accomplish this,
TRANS requires spatial and temporal flow-field
information, bottom topography data, and
properties describing the net-pen wastes such as
resuspension threshold (U_,). settling rates, and
the location and the frequency of the introduction
of wastes into the water. Parameters describing
the aquaculture farm are input by the user
providing coordinates of each net-pen in the
domain coordinate system, as well as the size of
each pen, its stocking density, and daily feed

guantity. Other user-specified parameters in the
model include: the simulation duration, begin and
end times for food and fecal matter introduction
each day, the uneaten food ratio as a percent of
the daily food mass introduced, the daily fecal
pellet production in g/kg of fish, percentage of
organic carbon contained in the waste depending
on the fecd used, and first-order decay coefficient
estimates for food and fecal matter.

The transport model computations
involve breaking the daily feed and fecal
introductions down into particles and tracking
their dispersion throughout the model domain as
they are advected by the currents computed by
the hydrodynamic mode! (Fig. 7). Each particle
represents a user-specified amount of mass
representing a part of the total mass introduced
over the course of the simulation. Each particle
1s tracked until it leaves the transport domain at
which point it is considered to have been flushed
away, and is not allowed to return. As the particles
sink, they are advected by the flow-field unti] they
rcach the bottom. For modeling purposes, we
chose sinking rates of 4 cm/sec for fecal particles
and 10 cm/sec for feed particles (variable upon
feed type) (Panchang et al. 1993). Once on the
bottom, a check is made at each time step against
the specified U, to determine whether or not the
particle is eroded from the bottom and
resuspended in the water column to be further
transported. Particles can decrease in mass over
the course of a model run to first-order exponential
decay. Values used for the decay coefficient
depend upon the environment and oxygen
availability. Values in fjords have been found to
vary between 0.1 yr' to 0.5 yr' (Aure and
Stigebrandt 1990, Hansen et al. 1991).

At the end of the simulation, TRANS
outputs waste distribution snapshots at a user-
specified time interval and a simulation summary.
Particles remaining inside the model domain ar
the end of the simulation conaibute to organic
carbon loading to the benthos. The loading
concentration, in g/m?, is computed by dividing
the total mass in each transport model grid by the
area of the grid. TRANS will interpolate for
transport model grid and time step sizes that are
smaller than those of the flow model. A typical
transport scenario is run for 15 days to approach



a steady-state leading pattern. The cutput
snapshots represent the estimated concentralion
of net-pen wastes as a measure of organic carbon
as it is distributed over time throughout the
domain. These snapshots are output in a form
readable by SMS for easy graphical dispiay and
animation. TRANS reports all model parameters

as well as the amount of material flushed out of

the domain, the residence time for material
introduced on the first day of the simulation. and
the maximum load rate and its location in the
model domain in the summary filc.

¢. The AWATS modeling package
We have constructed a package called
AWATS that may be sunable for regulatory use.

Aqjuacuiiure Net-P en
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This package conveniently applies the
hydrodynamic and transport models aleng with
associated information regarding the net-pens and
1o obtain appropriate graphical displays. AWATS
tncludes the waste transport program TRANS, the
graphical interface SMS, and the flow model
DUCHESS. {In the event the user does nor have
DUCHESS, ouiput from another flow model may
be used.y It also includes the utility program
DUCHSMS which will extract tflow and
hathymetry data for the subdomain of interest {i.c..
the gencral vicinity of the net-pen, specificd by
the user in the form of a rectangle) from the output
files of the flow model (DUCHESS or alternative)
and use this information to run TRANS.

It is helpful to describe the AWATS
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modeling package in terms of its data file
components: ) ‘
1) DOMAIN.DOM, the overall domain deﬁcnptpr
file containing the size of the averall domain, grid
spacing, number of time steps, and time step size
in the flow solution file; o
2) DOMAIN.TOP, the topography filc, containing
the depths at different grid points of the overall
domain far which the flow mode! is run;
3) DOMAIN.FLW, the flow solution file,
containing the x-directed and y-directed velocity
ficlds at each time step;
4) DOMAIN.OZ, a one-zero file used by
DUCHESS and AWATS to differentiate between
“dry” (0} iand points and “wet" (1) computational
points in the overall domain;
5) SUBDOMAIN.BTH, containing depths of a
subdomain in the vicinity of the net-pen (the
subdomain in which waste transport simulations
are to be made);
6} SUBDOMAIN.XYZ, a bathymetry file
readable by SMS for use in constructing the
domain geometry to graphically view flow and
transport solutions;
7) SUBDOMAIN.UV, the flow solution file
corresponding to the subdomain to be used by
TRANS:;
8) SUBDOMAIN.DAT, a second flow solution
file readable by SMS that can be used to display/
animate the flow solution over the domain
gcomelry;
9) SUBDOMAIN.FRM, contain ing user-defined
net-pen parameters: coordinates of the center of
cach net-pen, and the volume, stocking density,
and daily feed quantity of each individual pen;
10) TRANSIN.DAT, which contains the transport
model grid spacing and time step, simulation
duration, daily start and end times and frequency
of food/fecal marter introduction, output requests,
pen localion coordinate adjustments, critical
resuspension velocity (U,,), settling velocities for
food/ fecal material, the fraction of the introduced
food and fecal matier that js organic carbon, the
fraction of the daily feed quantity that s wasted,
mass of fecal pellet production per unit mass of
fish, and first-order cxponential decay coefficients
for food and fecal matter.

The first step in the modeling procedure
(Fig. 8) consists of obtaining tidal and/or wind-

SUBDOMANBTH
SUBDOMANDY

SUBDOMAN XYY
SUBDOMAMOAT.

TRAMSM DAY
SUBDOMANFRM

Figure 8. Operational chart for the AWATS package.

induced velocities using a flow model solution,
This involves the DOMAIN.* files. Since the
overall model is ofien larger than the area of
interest near the net-pen, a subdomain defined by
the four comer points may be selected for further
modeling. DUCHSMS uses the DOMAIN. * files
as input to provide the necessary SUBDOMAIN.
BTH and SUBDOMAIN. UV files, which are used
along with the additional data contained in the
SUBDOMAIN. FRM and TRANSIN.DAT files
required to construct a transport simulation. The
creation of the following output files using
DUCHSMS functions requires the input of the
DOMAIN.DOM file to coordinate the use of the
other input files (*.TOP, *FLW, *.02):
SUBDOMAIN.BTH, the bathymetry file to be
used as part of the farm description file;
SUBDOMAIN.XYZ, a second bathymetry file
readable by SMS for use in constructing the
domain geometry 1o graphically view flow and



transport solutions; SUBDOMAIN. UV, the flow
solution file comresponding to the subdomain to
be used by TRANS; and SUBDOMAIN.DAT, a
sccond flow solution file readable by SMS that
can be used to display/animate the flow solution
over the domain geometry.

Executing TRANS produces two forms
of output. First, the TRANSPORT.SUM file is a
simulation summary describing all user-defined
parameters and alsoe reports flushing efficiency of
introduced particles from the domain, residence
time, and the sedimentation rate and location of
the point with greatest accumulation in the
subdomain. The other file TRANSPORT.PLT is
a data file that contains snapshots of the dispersion
of net-pen wastes over the simulation, suitable for
plotting in SMS for viewing/animation.

3. Simulation of net-pen waste distribution in
Machias Bay, Maine

The AWATS modeling package was
applied to six aquaculture sites in Maine: threein
Cobscook Bay, and one each in Blue Hill Bay,
Machias Bay, and Cutler Harbor. Here, space
perrmits the description of our simulations in
Machias Bay, which is lecated in Washington
County (Fig. 9) in the Gulf of Maine. The typical
tidal range for Machias Bay is about 4 m. The
aguaculture site of interest for this domain is
operated by Atlantic Salmon of Maine, Inc.
(ASMI) lecated in Northwest Harbor off Cross
Island. The island is situated in the mouth of
Machias Bay close 1o the mainland where it forms
the Cross Island Narrows to its northeast (Fig. 10).

Figure 10 shows the 13 x 14 km domain
geometry representing the entire Machias Bay
area. The domain coastline and bathymetry were
digitized to 75 m resolution in SMS using a
computer-scanned image of nautical chart 13326
of the National Oceanic and Atmospheric
Administration (NOAA). These bathymetry data
are stored in the topography file MACHIAS.TOP.
The flow model DUCHESS was used with this
bathymetry to simulate tidal currents. The model
was forced with specified tidal amplitudes at the
Gulf of Maine/Machias Bay boundary and the
Cross Island Narrows boundary. Initial efforts in
tuning the model yiclded reasonable simulations
which matched current data provided by the Maine
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Figure 9. Location of Machias Bay in Washington County,
Maine. The aguaculture operation at Cross 1sland in
the mouth of Machias Bay is one of six sites modeled
with the AWATS modeling package.

Department of Marine Resources (DMR) in the
vicinity of the aguaculture lease area; however,
the flow patiemns in other areas of the model did
not appear 10 be entirely realistic. For example,
while the model produced high currents in the
Cross Island Narrows (as relaied by ancedotal
evidence) and varied over time, the direction of
the current never reversed over the course of an
entire tida! cycle. Additional corrent data were
therefore collected in the Cross Island Narrows
using an 54 current meter on 15 August 1997,
These data allowed the adjustment of tidal
amplitudes and phases at each open boundary,
yielding greatly improved results not only near
the Cross Island Namrows, but for the overall
domain by providing a more complete picture of
the tidal forcing at the boundarics of the model.
A snapshot of current velocities just after high tide
near Cross Island, taken from the mode! results



226 LJNK Lechnical Report No. 26

Mad"hias EBay, Maine

] MLchiu‘ﬁRivet
| _
i

055,

| : and
1 : 1 1

Figure 10. Machias Bay domain, bathymetry shown in gray scale. Location of the ASMI aquaculture site is denoted by an
asterisk near Croys Island. The subdemain chosen for ransport modeling is enclosed by a box. Grid squares are 1 km?;

depths are given in meters,

stored iIn MACHIAS FLW, is shown in Figure 11.

For modeling net-pen waste transport at
the ASMI aquaculture site, the subdomain outlined
by the box in Figure 1} was chosen; it is defined
by specifying the coordinates of the corners.
DUCHSMS was used to extract the hydrodynamic
solution and depths for this arca of interest from
the overall domain information contained in
MACHIAS FLW and MACHIAS.TOP. The
resulting subdomain information is contained in
ASMIBTH and ASMI.UV. Another file called
ASMIXYZ is also obtained from DUCHSMS,
which is read into SMS in order to construct the
domain geometry for plotting and animating flow-
field solutions and transport model output.

In addition 10 the hydrodynamic solution
file, TRANS requires a farm description file
defining the locations, velumes, stocking
densitics, and daily feed quantities for each pen.
Eighty-six ASMI net-pens of various sizes and

configurations were located with the aid of aerial
photos from March 1996 provided by T. Riggens
of the Maine DMR. Exact stocking and husbandry
information for this site is confidential and so, for
modecling purposes, general aquaculture
husbandry data obtained for the previous modeling
study in Cobscook Bay (courtesy of Connors
Brothers Limited, Aquaculture Division) were
used in conjunction with literature data (Laird and
Needham 1988) to estimate pen stocking density,
daily feed guantitics per pen, and fecal production
per unit mass of fish for the ASMI site, It is
important to note that this nominal aquaculwre
husbandry information was used to simulate the
dispersion and rates of sedimentation of waste
effluent from this site in order to illustratc the
appflication of AWATS.

Running a 15-day transport scenario for
the Cross Island site produced the summary file
ASMITRANS.SUM and the organic carbon
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Figure 11. Tidal flow-field solution a! the ASM] Cross 1s-
land aquacuiture lease site immediately after high tide.
Vectors denole magnitude and direction of current ve-
locity, Gray-scale contours also represent velority mag-
nitude. The circle indicates the approximate location
of the Jeas¢ arga.

concentrations file ASMITRANS.PLT which 1s
read into SMS and plotted. Figure 12 shows a
snapshot illustrating the Yoading pattern of finfish
aquaculture waste deposition as g/m® organic
carbon at the Cross 1siand aquaculture lease site
al the end of the 15- day model run. For this
simulation, the U, value was set at 40 cmysec.
Since no waste material introduced on day ! of
the simulation was transported beyond the Cross
Island domain bounds, average residence time was
not compuied for the summary. The eastern and
southeastern portions of the lease area received
the highest loading with one point recciving a
maximum organic carbon loading rate (averaged
over 15 days) of 38.9 g/m*/per day. The mean and
maximum velocities computed by the mode! for
this particular area were 6.3 crm/sec and 10.0 cm/
sec, respectively. Though not high enough to
exceed the U, criterion for resuspension, the
currents in this area could supply sufficient oxygen
to the benthos for adequate rates of decay of the
effluent as well as high rates of water exchange
in the embayment to prevent adverse impacts on
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Figure 12. Contour plot of }3-day simulated nel-penaguac-
ulture waste deposition at the Cross Island aquuculure
site in Northwest Harhor. Comtour intervals are 100 g/
m’ organic carbon.

the macrobenthos (Drake and Arias 1997). Findlay
and Watling (1994) estimated that a constant 6
emfsec current can deliver enough dissolved
oxygen to sediments to support the theoretical
maximum aerobic oxidation of nearly 50 g/m*/
day of organic carbon. The results demonstrate
how AWATS can provide not only a picture of
waste distribution, but information regarding
spatial and temporal variations in current velocity
that can be used in conjunction with benthic
oxygen demand data to determine if OTganic
enrichment in high-load regions has the potential
to exceed the assimilative capacity of the
environment.

CONCLUSION

In situ measurements near the Deep Cove
aquaculture site suggested that botiom sediments
near net-pen aquaculire sites are eroded at Ui
velocitics greater than about 4{ cm/scc in the
winter and ahout 50 cm/sec in the summer. These
values are used in the development of the
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modeling package AWATS which can be used for
estimating the dispersal of net-pen wastes in a
coastal environment with varying currents.
Although not described here, the package may be
used for storm-driven currents and wave-induced
velocities as well. Application to the aquaculture
site in Machias Bay and others in Maine suggest
that AWATS is a convenient tool that can be used
to aid with site evaluation and direction of field
monitoring programs for areas of coastal Maine.
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ABSTRACT

Commercial production of abalone and sea urchins has been markedly reduced by low availability of algal
food they consume. There are two mech anisms responsible for the limited food: overgrazing by sca urchins,
and a great loss of drift algae produced as they become dissipated by water movement. The wave-induced
water motion may inhibit sea urchin grazing, and as such the importance of the wave action to protect kelp
abundance from the destructive grazing leads us 10 an engineering possibility of developing kelp beds by
increasing water velocity. 1n addition, a new device was developed to rap drift algae. The device is abox cage
with a pendulum-like door and stoppers. The door is designed ta be opened inwards by wave-induced oscilla-
tory flow but the stoppers prevent its outward opening. Laboratory scale-model cxperiments on the rapping
raechanism, effectiveness, and engineering design were carried out. Further fieid experiments demonstrated
that the device could trap drift kelp and never lose them until they were consumed by aggregated sea urchins.

INTRODUCTION

The commercial production of abalone
and sea urchins is frequently limited by the
availability of food. Two mechanisms are
responsible for limited food in the habitats. Furst,
kelp, Laminarian algae, are primary food resources
necessary for growth of the animals but are
frequently overgrazed, especially by sea urchins.
In addition, most of the kelp production may be
swept out of the shallow habitats as drift algae by
coastal water motion. These benthic herbivores
are of great importance to the nearshore fisheries
in Japan. Artificial structures built to establish
kelp beds and to trap drift algae have been
incorporated in a long-term government subsidy
program. The program was the Coastal Fishing
Ground Improvement and Development Project,
called the Ensei Project, initiated in 1976 to
promote the enhancement of artificial habitats in
Japanese coastal waters {Stone et al. 1991).

It is well known that ncw substrata may
lead to an increased abundance of algae. This
empirical knowicdge has encouraged the

operations of constructing artificial substrata,
mainly with concrete blocks and quarry rocks to
create kelp beds. However, the operations
frequently failed to establish kelp forests as
expected. Many of such failures seemed
attributable to sea urchin grazing. Thus, a number
of attempts were made to protect kelp plants from
animal grazing with physical barriers, such as grid
fences, plastic nettings and plastic-seaweed frills,
as well as with chemical repellents (Kawamaia
1994). Nevertheless, no technique is available for
the artificial devclopment project in sea urchin-
dominated barren grounds. A recent study showed
that wave-induced disturbance may restrict sea
urchin feeding, thereby maintaining kelp forests
adjacent to sea urchin-dominated areas (Kawamata
in press). This view would be of great value 0
engineering practices.

On the other hand, the necessity of
preserving drift algae in nearshore rocky habitats
has been recognized by field researchers and
fishermen involved in abalone and sea urchin
aquacutiure, but Little has been known about their
physical behavior in the field. A series of
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engineering studies revealed the effectiveness of
various types of structures of water motion in the
laboratory and in the field (Kawamata 1987, 1988,
1991, Kawamata et al. 1993). The results were
reflected in the publication of a guide book issued
by the Japan Coastal Fisheries Promotion
Association (1993) for design of artificial
structures under the Ensei Project. The previous
structures were “stable,” or consisted of fixed
materials. It is predicted from the guide that any
of the stable structures could hardly trap and
preserve drift algae in many of the shallow rocky
habitats for a long enough period. To cope with
the difficulty, recent studics (e.g., Kawamata and
Suzuki 1995) developed a new trap with a
pendulum-like door that is moved by wave-
induced oscillatory flow.

This paper describes the importance of the
wave-induced water motion to ecological balance
between plants and herbivores, thereby showing
the potential for establishment of kelp beds in
engineering modifications. State-of-the-art
technology of trapping drifi algae is also described.

ARTIFICIAL DEVELOPMENT OF KELP
BEDS

It is well known that feeding by sea
urchins may cause devastating effects on benthic
marine plants (Lawrence 1975, Lubchenco and
Gaines 1981). Unlike other benthic herbivores
such as abalone, sea urchins have hard teeth and
thereby easily feed on the stiff stipe and hoidfast
of macroalgae. Sea urchins may aggregate and
denude the substratum of foliose algae, forming
barren grounds that are covered solely by
encrusting coralline algae. Sea urchin-dominated
barren grounds are widely observed along the
coasts of the Japanese archipelago. Such
community types show long-term persistence
because sea urchins can survive and reproduce in
food-limited environments. However, preferred
foliose algac are frequently abundant in shallow
waters next to the sea urchin-dominated barren
zones. The wave-induced benthic oscillating flow
increases with decreasing depth (more precisely,
up to a wave breaking point), so that the water
motion in the shallow depth constantly prevents
sea urchins from feeding on algae, even during
calm sea periods. There is much evidence

supporting the hypothesis that the absence of algal
plants from deeper or sheltered sites results from
herbivorous grazing but not from the shortage of
light intensity or nutrients. First, experimental
removal of sca urchins led to re-establishment of
macroalgae (Iwate Prefectural Fisheries
Experimental Station 1988, Agatsuma et al. 1997),
In addition, it is frequently found that underwater
floating objects such as mooring ropes, which
benthic herbivores can scarcely climb, are
overgrown by kelp, even immediately above
barren beds.

EFFECT OF WATER MOTION ON SEA
URCHIN GRAZING

A previous study (Kawamata in press)
evaluated the restrictive effect of the wave-induced
oscillating flow on feeding by the sea urchin
Strongylocentrotus nudus. The sea urchin is
commercially important but is frequently a causal
agent in clearance of macroalgae along the coast
of northern Japan, from Hokkaido to central
Honshu, The method of the study was briefly as
follows. A kelp (Laminaria spp.) food with given
dimensions was anchored to the bottom in an
oscillating flow tank, where starved sea urchins
were contained. A feeding experiment was then
conducted for one or two days to examine the
feeding rate under a periodic oscillating flow. The
experiments showed that the restrictive effect of
the oscillating flow on feeding rates somewhat
varied with the animal size and food morphology,
but indicated a mechanical constraint that strictly
inhibited urchin feeding at a moderate water
velocity, approximating 30-40 cm/sec. The sea
urchin’s mouth is at the center of its attachment
base, so that it must mount a thallus by detaching
more than half the number of tbe fect used to
cling to the substratumn. Sea urchins were
dislodged when they would try to eat at such
moderately high velocities. These findings led to
a conclusion that the urchin feeding on foliose
algae is nearly impossible beyond 40 cm/sec.

Other sea urchins seem to show similar
velocity limits for feeding. Kawamata
(unpublished data) examined feeding rates of sea
urchin Hemicentrotus pulcherrimus in the
oscillating flow in the same method as described
above. The sea urchins of 45-mm test diameter



(approximating the maximum size) showed higher
feeding rates at the higher temperature over the
peak velocity. However, the feeding rate under
both temperatures begarn to cease at approximately
40 cm/sec.

The finding that sea urchins cannot feed
on kelp at the peak velocity higher than 40 cm/sec
might give quantitative estimates for
understanding the spatial distributions of sea
urchins and kelp. In shallow subtidal areas where
waves are constantly broken, kelp are usually
abundant. The wave-induced peak velocity fmn
is estimated from the equation {Denny 1988):

uan=0.3[g(h + D], (1

where g is the gravitational acceleration (= .8 m/
§%), h the water depth, and H the local wave height.
When the bottom of the area is horizontal, the wave
height is solely related to the depth, approximating
Denny (1988)

H=078h 2)

The wave height within the surf zone somewhat
increases as the bottom slope is steeper. Hence
the wave-induced benthic peak velocity in the surf
zone is

Umes > 0.4(gh)'2 3)

Eq. 3 indicates that the velocity almost everywhere
in the surf zone exceeds the limit for sea urchin
feeding. Two other typical examples might be
explained by the spatial variation in wave-induced
water velocity. First, the lower limit of kelp beds
tends to be deeper with increasing degree of wave
exposure. Second, kelp occur solely on the
uppermost part of rock outcrops and artificial
structures, where absence of kelp from the lower
part is unlikely to be attributable to light intensity
or drift sand (Terawaki et al. 1995).

In general, the peak velocity on the
substratum produced by surface waves is estimated
from wave data through numerical computation
(e.g., Kawamata in press). Several problems
remain in accurately predicting kelp abundance
in the field, including engineering problems on
predicting local water flow in the vicinity of
microhabitat and biological ones on algal growth
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in nature. However, recent studies (Kuwahara et
al. 1997, Kawamata in press) indicated that the
velocity limit for feeding may give a reasonable
estimate for the area with kelp plants exposed to
intensive animal grazing.

ENGINEERING TECHNIQUES FOR
ARTIFICIAL KELP BEDS

Several observations indicate an
engineering possibility of establishing kelp beds
by increasing the water velocity: kelp overgrow
the uppermost parts of concrete blocks
immediately below low water level while kelp are
absent from the lower parts (Terawaki et al. 1995);
kelp are abundant on the onshore side of permeable
breakwaters but absent from the onshere side of
less permeable ones.

Although it is easy to increase the water
velocity with conventional engineering structures,
attention should be paid to other aspects of the
wave effect on algal populations, such as breakage
and dislodgment by waves. When an object is
placed under waves, the water velocity is higher
on the top of the object. The increased water
velocity may lead to the higher maximum water
velocity at severe waves, thereby increasing the
risk of kelp breakage and dislodgment. No
guantitative information is available for estimating
the breakage and dislodgmem of kelp. In addition
to this biological problem, no practical method is
available for estimating the local water velocity
on the surface of structures under waves. Despite
these problems, the velocity limit for sea urchin
feeding will be undoubtedly an important criterion
for deciding how to design or allocate artificial
structures for kelp.

DEVELOPMENT OF DRIFYT-ALGAL TRAP
BACKGROUND

Aimed at increasing food availability by
trapping drift algac, various types of artificial
structures have been constructed in nearshore
rocky fishing grounds of Japan. In general, these
structures may be divided into two types: biock
or grid. The block type settles drift algae on the
upstream and downstream sides by controlling the
surrounding fluid motion while the grid type
obstructs drift algae by nettings with little variation
of the flow. In practice, however, previous studies
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suggested that the past attempts were too optimistic
and that any of the conventional fixed structures
can hardly control drift algae in wave-exposed
shallow areas for along enough period. Drift algae
are considerably lightweight in seawater. For
example, the ratio of weight in seawater to that in
air approximates 0.025-0.04 for Laminaria Spp.
and 0.04-0.1 for Eiseria bicyclis (Kawamata
1991). In addition, the fal) velocity, which is a
measure of the difficulty in being raised or moved
by turbulent water flow is approximately 2 to 4
cm/sec for Laminaria and 8 cm/sec for £, bicyelis
(Kawamata et al. 1993). Therefore, drift algae are
easily transported and raised up from the bottom
by turbulent water flow. Occurrence of turbulent
eddies is associated not only with rugged bottom
and wave breaking but also with blockage effect
of traps themselves. For exarnple, let us consider
that a very long impermeable concrete block with
a height of 2 m is deployed paralle] to the shore
on a flat bottom at 6 m depth. Itis predicted from
Kawamata et al. ( 1993) that drift Laminaria may
be raised up and spread out of it by wave-induced
eddies at wave heights of only 0.4 m for a wave
period of 10 sec. Further, a field study on 1.5-m
hollow concrete cubes fitted with 10-cm mesh
grids, specifically designed to irap drift algae, has
demonstrated that E. bicyciis plants were raised
out of the cubes by wave-induced mrbulence, even
at the peak bottom velocity of as large as 20 cny/
sec (Kawamata et al. 1993). In addition, coastal
water flow may transport drift algae in all
directions. Consequently, drift algae may soon
be driven away from a barrier which does not
enclose trapped drift algae (Kawamata et al. 1993).

INTRODUCTION

The newly developed drift-algal trap
Consists of a rectangular cage with a door and
Stopper (Fig. 1). The door is a plate as a whole, or
a flow-shield and grating at the lower and upper
Parts respectively, which is suspended by hinges
attached to the cage. The stopper consists of elastic
bodies such as rubber and springs instailed to stop
the door from swinging outwards and lessening
the shock of collision. By placing the trap on the
Seabed as the door confronts prevailing waves, the
door is opened inwards by drag force exerted

primarily on the flow-shield when the wave-
induced water flow crosses the door inwards.
Otherwise, the door is closed by the drag and
gravitational forces.

As readily imagined, when drift algae are
transported straight to the door by oscillatory flow,
they may enter the trap with incoming water when
the door is opened, and then are confined in the
cage because the door is closed when the direction
of flow is reversed.  Furthermore, the trap may
also capture drift algae passing by the trap. This
process is slightly complicated and will be
described later.

MODEL FOR ESTIMATING THE
IMPULSIVE FORCE

Because the door and the fluid near both
sides of the flow-shield move freely and stop
suddenly at the stopper, the consequent impulsive
force may be considerably larger than the drag on
the trap. The impulsive force F,,, is estimated
from the equation (Kawamata and Suzuki 1995 )

Rl 87 N7
Fm=k1{1+1fpb’k‘(h,2-3nfg+4 r—hf2 “)

where k is the modulus of the stopper, { the moment
of inertia of the door, C the coefficient, p the
density of the fluid, & the width of the flow-shield,

Figure 1. Drift-algal trap with a moveabls door.



7 the height of the door, A, the height of the flow-
shield, and u. the instantaneous water velocity at
collision. The coefficient C is empirically
determined as 1 (Kawamata and Suzuki 1995).

TRAPPING MECHANISMS

A laboratory scale-model experiment
(Kawamata and Suzuki 1995) clarified the trapping
mechanisms and efficiencies. Under progressive
waves, drift algae are transported in the wave
direction with oscillatory motion. When a trap is
placed and oriented with the door facing the wave-
coming direction, drift algae are trapped in three
ways. First, drift algae straightly approaching the
door arc trapped as described earlier. Second, drift
algae moving in the course outside of the trap are
gradually drawn toward the side of the door, and
then are moved back to the froat of the door and
enter the trap. Third, drift algae approaching the
door from the fromt are once transported to the
side of the door, and then are trapped in the same
way as in the second process. The fact that drift
algae are carried obliquely to the door and that
drift algae once pass by the door and then are
drawn back to the front of the door are explained
by the crosswise flow produced as follows. When
the direction of oscillatory flow turns from
outwards to inwards of the door, the door turns
back to the upright position and stops at the
stopper. However, the water inimediately outside
of the flow-shield is entrained by the fluid passing
over the flow-shield and then moves outwards,
followed by the fluid from its sides. The crosswise
flow carries drift algae from the sides immediately
ahead of the door so that they are readily
transported into the trap with the subsequent
inward flow. When the moment of the
hydrodynamic force on the door is large compared
with that of the gravitational force on the door (i.¢.,
the door readily follows the flow), drift algae
coming from the front of the door are mostly
trapped in the first process. Otherwise, they are
trapped in the third process, because the slowly
moving door produces a high pressure region {(or
a separated flow region) in front of the flow-shield
when the water begins to move inwards of the door.

TRAPPING EFFICIENCIES
Let us consider that drift algae are
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transported with progressive waves near the trap
from the front to the back of the door, and denote
the crosswise distance between the course of
oncoming drift algae and the axis of the trap as y.
A laboratory scale snodcl experiment (Kawamata
and Suzuki 1995) showed that a trap with the door
properly designed has the following ability to trap
drift algae. The probability that drift algae coming
in the course of y will be trapped can be high (more
than approximately 90%) when the course 1s
within the door (i.e., y < b/2) and then decreases
as the course is more distant from the door. The
approaching course at which the trapping
probability begins to be zerc may reach the door
width away from the side of the door (i1.e., v =
1.56). The relationship between the trapping
probability and the ratio ¥/b scemed independent
of the absolute value of the door width. Hence,
the trapping efficiency defined as the integration
of the trapping probability over y divided by » may
reach almost 2. This suggests that the trap may
have the equivalent of completely capturing drift
algae passing through twice the width of the door.
The trapping efficiency may remain at such a high
level when the height of the flow-shield is greater
than a himit, which is never lower than 0.25 m in
full scale. The higher the door (or the flow-shield),
the greater the impulsive force on the stopper.
Thus, the optimal height of the flow-shield is the
lirnit, probably approximating 0.4 to 0.5 m.

FIELD TESTS

To verify the effectiveness of the trap,
field experiments were conducted with a simple
test device from August to December 1994
(Kawamata and Suzuki 1995) and werc redone
with a revised test model frorm August 1995. The
devices were placed at 9-m depths on a relatively
flat boulder area on the northeastern Pacific coast
of Honshu, Japan (38°22'N,141°26'W). The site
was immediately offshore of a steeply sloping bed
that reached the shore. The shore was partly
protected but constantly washed by waves. Kelp
E. bicyclis were abundant immediately below low
water level while the deeper area was barren with
a high density of sea urchin Strongylocentrotus
nudus. Abalone Haliotis discus hannai occurred
mostly in the kelp bed but with lower density.
Wave action seemed to prevent sca urchins from
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Figure 2, The first iest device placed on the experimental
site

invading the shallow kelp bed, as described by
Kawarnata (in press).

The first device was a stainless steel cage
(2.4 x 2 x 0.6 m) with a door of 53 cm height,
whose lower portion was covered with a 5-mm-
thick fiber reinforced plastic board to create a 286-
mm-high flow-shield. The mass and the moment
of inertia of the door were 11.1 kg and 1.54 kg/
m?, respectively. The wap was firmly anchored to
the bottom using underwater drilling equipment
and oriented with the door facing the shore and
perpendicular to the direction of oscillatory flow
(Fig. 2). Three iron springs with 300-kg capacity
mounted on iron plates (45 x 30 x 1.5 cm) were
separately embedded in front of the door as the
stopper. The device successfully trapped drift
Eisenia nearly to the full. In addition,
investigations suggested that the trap could hold
drift algae unl they were consumed by aggregated
sea urchins. Despite such high effectiveness,
engineering problems for practical application
surfaced during the first test. First, stainless steel
may be commreded in seawater, so that making a
door of stainless steel might result in a heavy doer
with a lower wapping efficiency. Thus, it might
be better to use more corrosion-resistant metal with
a smaller specific mass density. Sccond, to
facilitate the installation of traps, the stopper
should be combined with the main cage and the
trap should be stmply fixed by weights in a general

tlanic cage with & < 10 2m o re wetghts (1000 ke

mesh nettings

Figure 3. The titanium drifi-algal trap test device.

way. Finally, drift kelp caught in the cage
accurnulated from the inncrmost part of it but did
not pile up approximately 0.4 m above the bottom,
suggesting that the height of the cage could be
lower without decreasing the effective capacity for
drift algae.

Improved in these respects, the second
device was made as a more practical model. The
device was a 2.5 m long x 2.0 m wide x 43 cm -
high titanium cage incorporated with a titanium
door and rubber stoppers (Fig. 3). The door wasa
196 cm wide x 40 c¢cm -high titanium plate
reinforced with thicker plates at the margin. The
mass and the moment of inertia of the door was
6.37 kg and 0.361 kg/m’, respectively. Iron weight
amounting to 1920 kg was placed in the innermost
part of the cage. The weight necessary to stabilize
the trap was estimated from Eq. 4 with a design
waler velocity of 1.2 m/sec, which was determined
from the velocity measurement conducted in 1994,
The improved device also succeeded in trapping
drift kelp up to the full (approximately 80 kg wet
weight} (Fig. 4), and in holding drift algae until
they are consumed by aggregated sea urchins (Fig.
5). Drift algae were almost absent around the
device throughout the year except in early autumn,
whereas drift algae frequently remained in the trap
with intensive grazing by sea urchins. The door
was amended because of slight damage due to its
insufficient stiffness. With this amendment, the
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Fignre 4. The improved test device trapping drift kelp to
the full.

device has been functioning over 2 yr, showing
promising results.

DISCUSSION

Qbservations supported the hypothesis
that most drift algae were swept out of shallow
habitats before being consumed by animals under
natural conditions. Abalone and sea urchins
occasionally captured small pieces of drifting kelp,
but never fed on entire detached kelp plants. It
was observed that large amounts of drift kelp were
accumulated in a crevice near the trap in early
autumn. However, the drift kelp soon disappeared
without aggregating animals. The drift kelp in the
crevice occasionally oscillated in a “huge” body,
with the result that small animals hardly grasped
them. In contrast, the test devices frequently
caught drift algae and maintained them until they
were consumecd by congregated sea urchins.

The observed variation in trapped drift
algae suggested that drift algae sporadically occur
at storms, especially during the first storm after
surnmer, in which kelp biomass reaches maximum.
Considering such sporadic occurrence of drift
algac, an effective drift-algal trap is a device which
can catch a large amount of drift algae occurring
at rough seas and can reserve them under
subsequently repeated severe waves. Althoughthe
capacity of the test devices was too small

Figure 5. Sea urchins aggregaled at the trapped drift kelp.

compared with a great consumptive capacity of
aggregated sea urchins, it could be expected from
the high trapping effectiveness that the device
might be an effective technique for ncarshore
rocky aquaculwre.

Only one or two abalone were found in
the device, probably because of a low population
density. However, observation made in late
August 1997 recorded nine adult shells in the
device.

Since the densities of drift algae and their
herbivores also vary with the location, the trap
should be placed at the path on a nearshore, deeper
barren ground, through which plants detached from
kelp beds may frequently pass. Like this field test,
a small embayment with a relatively flat and
depressed bottom near the opening is a potential
appropriate site for application.

With high trapping efficiencies, the trap
may also be used as an “automatic feeding system”
for underwater cage culture, e.g., by stocking
starving adult sea urchins or lean aduit abalone in
a cage with adequately small mesh grids piaced
closely behind the trap.

Finally, the durability required to resist
the repeated collision should be examined by ficid
tests, The present experiment will be continued
to validate its practical applicability.
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CONCLUSION

In nearshore racky fishing grounds with
a high density of sea urchins, kelp beds may be
confined to areas where the wave-induced
oscillatory flow constanily prevents sea urchin
grazing. The velocity limit for feeding by sea
urchins is approximately 40 cmv/sec. There is a
possibility of developing artificial kelp beds in sea
urchin-dominated areas by increasing the wave-
induced water velocity at calm sea periods. In
such arcas, drift plants may be the primary food
of sea urchins and abalone, but most of them may
be swept out of the shallow habitats by water
movement. The previous stable structures could
not trap drift algae in most shallow habitats
because of the high mobility of drift algae in water
flow. The device developed by Kawamata in 1994
could catch drift algae effectively and hold them
until consumed by animals.
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ABSTRACT

A unigue opportunity exists to develop a multi-benefit, commercial ocean enierprise off the coast of New

England, with potential sites reaching from Nantucket, Massachusetis, to Eastpart, Maine. This enterprise could
generate eleciric power, provide a base for installation of open ocean aquaculture facitities, help revitalize
depleted fisheries, recycle discarded materials, and enhance economic developrent in several coastal industries,
including shipbuilding and tourism. The concept is centered on the Ocean Swell Powered Renewable Energy
(OSPREY) technology device developed by Applied Research & Technology {ART) of Inverness, Scotland. The
OSPREY is a hybrid wind/wave energy generation system wherein wave energy is haroessed by means of an
oscitlating water column withid a collector chamber anchored to the ocean floor by large, permanently instalted
baliast tanks. The QSPREY forms the central element in a mukti-use ocean structure. Successful establishment
of aquaculture facilities in the high energy environment off the New England coast will require solutions to 2
number of engineering challenges including structural integrity, security, operability, maintainability, and affordable
design. The concept of design integration of aquaculture net pens into the OSPREY provides the opportunity to
meet a number of these challenges in a cost-cffective manner. Concepts For integration of submersible and floating
net pen structures and their operation into the OSPREY 1wechnology must be advanced, poiential sites must be
studied, and benefits 1o the aquaculture industry determined.

INTRODUCTION

The purpese for this paper is o present
and discuss ideas for an existing technology which
may provide a viable technical and commercial
partner for offshore aquaculture facilities in the
future. It is clear, from research conducted by the
present authors and many others, that the
establishment of a viable offshore aquaculture
industry in the Northeast United States will require
meeting numerous technical and economic
challenges.

An offshore lecation for aquaculture
facilities will require structural design for
survivability in the severe weather, which is

prevalent during the fall and winter seasons in these
areas. Large, wind-driven waves and strong
currents are common in these latitudes, even
relatively close to the coastline. Permanently
moored net pen structures must be designed to
maintain structural integrity and net integrity in
conditions approaching sea state seven (perhaps
higher sea state during hurricane season), and
currents up to 3 to 4 knots.

The offshore aquaculture facilities must
be designed to provide for logistic support from
shoreside facilities through the use of service
vessels. The service vessels must be able to come
alongside, dock, and offload personnel, supplies,
and equipment. Furthermore, products will be
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Figure 1. Modular floating net pen,

harvested and delivered to shoreside facilities for
processing by the same service vessels. The
aquaculture facility must provide for effective
harvesting and net handling.

One of the major concems voiced by the
Operator community has been associated with
security of such offshore facilitics. These
Structures will represent potentially Jarge capital
investment in net pen structures and finfish stock.
Access to these facilities will be limited and/or
impossible during extended periods of bad weather.
This is in contrast to the existing operating
cordlitions inshore, where dail y access and visual
inspection are possible during all weather
conditions. Potential security concemns include
accidental collisions by commercial shipping and
offshore fishing vessels, intrusion by marine
mammals, human intrusion, and detection of
structural degradation.

The economic chalienges associated with
establishment of a viable offshore aquaculture
industry are substantial. The market conditions
for finfish products in the United States are
€xtremely competitive today. As finfish
aquaculture expands in developing countries,

market competitiveness is expected to increase.
The cost for purchase, maintenance, and operation
of offshore facilities will be higher than such costs
for today’s inshore facilities. These trends are
clearly in conflict. Future offshore aquaculture
operators will be required to explore new and novel
technigues for reducing cost and increasing
productivity in order to remain competitive.
Several net pen architectures are currently
in use or are under consideration for offshore
facilities. Figures 1 through 4 illustrate floating,
modular net pens, two types of individual floating
net pens, and a submersible net pen concept
advanced by the Ocean Engineering Department
at the University of New Hampshire. Each of
these architectures provides relative advantages
and disadvantages. Each meeis the projected
requirements with varying degrees of success.

Notional Technical Requirements

In order to visualize the potential
advantages to integration of aquaculture net pens
with OSPREY™ technology, it is useful to review
specific notional engineering technical requirements
for offshore aquaculture. It is expected that these
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facilities must meet the following operational and
technical requirements:

The facility must have the capability for
independent operation without human
intervention for extended periods. These
periods would be primarily due to weather
conditions. This operational need is distinct
from today’s practice of daily human
intervention which is, in most cases, continuous
during daylight hours.

The structure must retain integrity during
periods of severe weather. As described
earlier, these periods would be primarily during
the fall and winter seasons. However, brief
periods of severe weather may occur during
spring and summer seasons as well.

The facility must provide a stable platform for
personnel to perform operation and
maintenance tasks during periods of
occupation. Walkways and enclosures are
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needed. Personnel safety must be ensured.
Also, stability of the platform may be an issue
for certain species of finfish envisioned for
offshore culture.

Provision for alongside operations by service
vessels is required. This consists of features
for tic-up, fending, loading and unloading of
cargo and personnel, and conduct of net
handling operations. Successful performance
of these evolutions in open water will require
careful engineering design and careful planning
at time of execution.

The facility must include sheltered storage
space for feed, tools, spare parts, lines, nets,
and other miscellaneous equipment.

The facility should provide habitability space
for short overnight visits by personnel during
periods of settled weather and high activity

aboard.

«  The facility must provide sheltered spaces with
suitable environment for electrical and
electronic equipment. Such equipment may
include sensors and monitoring equipment for
intrusion detection and alarming, net
containment breach, structural failure, weather
conditions, automated feeding cquipment,
navigational aids, telemetry electronics,
actuators for surfacing and submerging of
submersible net pens, materials handling
equipment such as cranes and hoists, electricity
generation, and others.

» The facility must provide security monitoring
and alarming. Security includes human
intruston, predation, structural integrity, and net
containment integrity.

*  The facility must provide an on-board electrical
power source for sensors, monitoring
equipment, processors, navigational aids,
telemetry electronics, materials handling,
automated feeding, and actuators.

Through consideration of the operation and
maintenance of a future offshore aquaculture
facility, it becomes clear that the design of such a
facility must be very carcfully considered, with
participation by experienced operators along with
mechanical, electrical, ocean engineers, and marine
biologists. A successful design will require an
interdisciplinary approach by a dedicated design
team.

In considering a relatively mature
technology for electrical power generation using
wave energy, known commercially as Ocean Swell
Powered Renewable EnergY (OSPREY™), it
became clear to the authors that an opportunity
for strong synergy between renewable power
generation and aquaculture off the New England
coast exists. Design of an aquaculture facility for
integration with an OSPREY™ array offers the
potential to satisfy many if not ali of the engineering
technical requirements for aquaculture described
above. In addition, business arrangements may be
feasible between the aquaculture operator and the
power generation commercial entity (such as lease)
which greatly reduce the cost of operation and
maintenance of the aquaculture facility. In the next
section, we provide a brief overview of the
OSPREY™ system and notional concepts for



integration of nct pen designs. The reader is
encouraged to consider the potential advantages
for structural integrity, protection from wave action,
housing, storage, and electrical power which may
accrue from such intcgrated design,

OSPREY™ system description and concepts
for integration with aquaculture net pen
designs

The concept of utilizing ocean wave action
as an oscillating water column for energy
generation is an accepted technology and is utilized
in numerous applications around the globe. Most
of these installations are based upon coastal
geology and therefore offer poor replicability on a
general scale. The ability to fabricate such a device
into a deployable configuration would have far-
reaching impact on renewable ocean energy
utilization and sustainable-yield aguaculture
development. This proven technelogy was realized
through the development of OSPREY by Applied
Research & Technology of Invemess, Scotland. The
OSPREY unit is fabricated of a closed rear
bulkhead catamaran design. Each unit would
consist of 800 tons of steel or concrete and is
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estimated to cost $5 millien US to build, including
an NEG Micon 1-Mw wind generator. Figures 5
through 7 depict OSPREY units in various settings.

Each unit will be constructed in a local
shipyard and launched, towed or thrusted to the
deployment site where it is scuttled and ballasted
to the bottom, then interconnected to the grid via
submarine cable. Each unit will be designed for
local wave resource optimization. When deployed,
each unit will displace in cxcess of 8000 tons. This
formidable structure, when deployed in arrays of
five to ten units, will be able to enhance the wave
capture resource and the aguaculture resource
yield can be increased substantially,

LIMPET (Locally Installed Marine-Powered
Energy Transformer) coastal harbor
deployment unit

Where practicable, structures could be
deployed along coastal harbors, improving harbor
defense against ocean wave action while
generating clean renewable energy. We have
identified our oceans as an important new frontier;
we will need a platform to develop our coastal
marine technologies and OSPREY is ideal.  An

Figure 5. Dimensional 3-D drawing of OSPREY.
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Figure 6. Rocky coastal harbor unit,

FrEt

Figure 7. Ocean energy unit in storm conditions.




array of ten OSPREY could provide offshore
research oppartunities for a better understanding
of our coastal ocean resources. The structure
could provide sheltered facilities for the support of
ocean Tanching as suggested in the open ocean
cage culture section of this paper. The structure
waould perform well as a structure for meteorological
arrays, remotely operated vehicle (ROV)
deployment, aquaculture, and cage culture as well
as offshore laboratory deployment.

Each site will determine structure design

The variability of the ocean wave resource
makes the specific design of the wave capture
chamber and ancillary design criteria such as those
outlined previously very site-specific. Itis therefore
necessary to understand the resource from a
regional coastal perspective with energetic resource
sites given a priority development focus. Coastal
resources, demand characteristics, and
demographics will determine the final economic
potential of each deployment opportunity.

The authors believe that the overall
economic resource represented in the development
of regional QSPREY centers will be substantial.
The aguaculture community is in general agreement
that offshore cage culure will become an irmportant
component of the future for sustainable-yield
aquaculture development. The OSPREY unit
presents the opportunity for a myriad of marine
technology applications as well. A detailed ocean
energy resource assessment should be conducted.
This study will determine the wave resource
potential and unit design criteria for a pre-designated
area, ideally, from Florida, USA, through
Newfoundland, Canada.

Recommendations for future work

Future offshore aquacuire facilities must
be designed to meet challenging engineering and
technical requirements. Potential for meeting these
requirements may be substantially improved
through integration of these facilities into the design
of OSPREY™ offshore power generation
structures, The OSPREY™ rechnology is
relatively mature and commercially available.
Potential exists for attractive commercial
arrangements between the aquaculture operators
and the power generation business entity which
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may increase the cost competitiveness of finfish
culture, Furthermore, the integration of aguaculture
structures into the OSPREY™ design could
probably be accomplished with minimal impact 1o
the OSPREY™ mission.

The first step must be to fully evaluate the
potential market demand for commercial power
generation with the OSPREY™ systemn off the
Northeast coast of the United States. 1t must be
shown that OSPREY™ can generate power at
significant levels at a competitive cost with fossil
or auclear sources. It shouid be noted that with
the on-going deregulation of the power generation
industry in the Northeast, several states are
considering mandatory use of renewable energy
sources at a percentage of the total energy usage.
It must be shown that OSPREY™ can compete
with wind and hydropower sources.

A systems engineering study is required
1o integrate net pen concepts with the OSPREY™
structure, Concepts for aquaculture mechanical
and electrical systems, aguacullure primary
structure for alternative architectures, and concepts
for operation of both the OSPREY™ system and
the associated aguaculture facility must be
developed and evaluated. An important element
of this systems engineering effort must be cost
esti mates for acquisition, construction, and operation
of the integrated facility.

A final element of this early work must be
the examination of the range of commercial
arrangements which may be possible between the
aquaculture operators and energy generation
operator. The objective of this systems engineering
effart will be to establish the technical and
commercial feasibility of the integration of
agquaculture with OSPREY™ power generation for
sites off the Northeast coast of the United States.
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ABSTRACT

The basis for setting up water quality critenia (WQL) for the proteciion of aguatic living resowrces set by the
Japan Fisheries Resource Conservation Association {JFRCA) is that good water qualily is needed to provide for
the healthy growth of fish and shellfish and to maintain their high ecopomic values. Eleven parameters are
established 10 maintain optimal conditions. The parameters are dissolved oxygen (DO), chemical oxygen demand
(COD), pH, suspended particulate matter (SPM), total phosphorus (TP), total nitrogen (TN), amount of
coliform bacteria, Escherichia coli, peralenm hydrocarbons, temperature, toxic chemicals, and sediments.

INTRODUCTION

In the 1960s, water pollution was an
epidemic in Japan and many fears concerning
contamination of fish and shellfish were
widesprcad. In response to those public concerns,
in 1965, the Japan Fisheries Resource Conservation
Association (JFRCA) had established Water
Quality Criteria (WQC) for the Protection of
Agquatic Living Resources. The WQC have been
revised several times, and a major revision was
made in 1995 (JFRCA 1995) reflecting the renewal
of the Environmental Quality Standards for Water
Pollution (EQSWP) set by the Environment
Agency of Japan (EAJ). These WQC in the marine
environment are presented and the strategy for
determining WQC values is discussed in this report.

Basis for Water Quality Criteria

The ideal sitnation in a good marine
environment for fish and shellfish often is one
without any anthropogenic perturbation. But, that
is almost impossible and it is not practical to set
WQUC based on no human impact. Therefore, we
need to seck a way to reconcile hurnan activities
with preservation of a good marine environment.
Under these circumstances, good water quality is
the water condition which produces normal and
safe-to-eat fish. Harvested fish also need to be

economically high in value so that fishermen can
eam enough money for a living. These basic ideas
should also be applicable to aquaculture. Human
impacts are actually larger in aquaculture as it is
normally operated in semi-enclosed waters where
water quality tends to get worsc even without
anthropogenic perturbation.

Items Related to Living Environment

Eleven items are listed in Table 1. These
were made by reviewing existing data and also
considering the environmental quality legislation
(Environmental Quality Standards and its related
legislation) issued by EAJ. Each item is discussed
below.

Dissolved oxygen (DO)

Normal environmental water contains
oxygen close 1o its saturation depending on
temperature and salinity. But the concentration
rmay fluctuate significantly in a short period of time
and it is difficult to maintain at a steady level. Only
a few studies have been reported for DO
requirements for saltwater fish. An excellent
review by Davis (1973) indicates that an oxygen
saturation level less than 60% may inducc
physiological changes in some marine species such
as pile perch, dogfish, and dragonet. Saunders
(1963) even reported that any reduction in ambient



248 UJINR Technical Report No. 26

Tabile 1. Water Quality Criteria for the protection of aquatic
living resources; items related to living environment {by
JFRCAJ.

Itens Concentration
“Dissolved Oxygen | 6 mg/L.
COD, Open waters 1 mg/LL
Coastal waters 2mg/l.
pH 78-84
SPM 2
TP, Open waters 0.03 mg/L
Coastal waters 0.05 mg/LL
Nearshore waters 0.09
TN, Open waters 0.3 mg/L
Coastal waters 0.6 mg/L
Nearshore waters 1.0 mg/L
Escherichia coli 1000
(MPN/100 mL)
n-Hexane extracts <DL
n-Hexane extracts 0.1% (dry)
_in sediment ]
sediment COD 20 me/g (dry)
Sediment sulfide 0.2 mg/g (dry)

oxygen level produces a risc in ventilatory water
flow in Atlantic cod.

For common Japanese commercial fish
such as jack mackerel, sandfish, yellowtail, black
seabream, red seabream, stingfish and puffer, the
incipient lethaj level of DO ranges from 0.2t0 1.5
m/L JFRCA 1989). Chiba (1983) reported, based
on his laboratory studies, that the 60% oxygen
saturation Jeve] js necessary for the healthy growth
of silver bream, Field surveys of benthic organisims
1 the Seta Inland Sea by Imabayashi (1983) show

2 decrease in DO causes a decrease in the
species diversity. Moreover, the number of benthic
Organisms €xponentially decreases with decreasing
Do and below the DO concentration 2 mi/L their
Survival becomes very low. Similar studies in
Omura Bay by Mori et al. (1973) indicate that

benthic organisms such as goby, shrimp, and crab
Can apparently swim away from low oxygen waters
(<3mll). By considering all these facts, JFRCA
Judged the critical concentration level to induce a
physiological change in saltwater fish to be 3.0 ml/
L (= 43 mg/L). Considered as & safe factor,
JFRCA recommends 6 mg/L as WQC.

Chemical oxygen demand (COD)

The COD is an amount of oxygen
molecules equivalent to organic matter consumed
by oxidizing chemical reagents. There are several
methods for the determination of COD. ] apanese
Industrial Standards (JIS) has listed three methods
(Japanese Industrial Standard 1993). Among them,
the dichromate reflex method is most widely used
for COD (COD,,,). But, this method is interfered
by chloride ion and suffers reproducibility. Since
the chloride ion is the major component of seawater,
this method is not suited for scawater analysis, The
recommended procedure is alkaline oxidation using
potassium permanganate (CODqy).

The COD is considered an indicator of
eutrophication. A high load of nutrients and organic
matter from land disrupts the material cyclings in
coastal environments and produces nutrient-rich
conditions and eutrophication (Fig. 1). The target
value of CODgyy is not an anthropogenic
perturbation level. In the marine environment,
reported values of COD during a pre-highly
industrialized period in Japan between 1931 and
1940 are less than ] mg/L.. However, some coastal
species such as mullet, sea bass, and sardine are
known to be caught in higher COD waters (Satomi
1985). Therefore, JFRCA recommends ] mg/L
as WQC for open waters and 2 mg/L for coastal
waters,

pH

An event of acid rain leads the public to
an increasing awareness of a pH change in aquatic
environments, especially in the freshwater system.
A suitable pH range for organisms is 6.5 - 8.5. A
pH change may induce a physiological disturbance.
It may also promote a higher toxic effect of
chemicals dissolved in water to aquatic organisms.
However, in the marine environment, the effect
of acid rain is minimal due to the buffering capacity
of seawater. JFRCA recommends natura] levels
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Figure 1. Material cycling in coastal environments (modified after JFRCA).

of pH, 7.8-8.4 for seawater, as WQC.

Suspended particulate matter (SPM)

In general, aquatic organisms, especially
bottom-dwelling fish, can adapt to high
concentrations of chemically non-reactive SPM.
However, pelagic fish may show an escape
movement from muddy waters. Furthermore, 5
mg/L. of SPM can be fatal to juvenile striped
knifejaw (Oplegnathus fasciatus). Natural
population of phytoplankton can also be considered
as SPM since SPM is defined as any substances
trapped on a filter. Therefore, JFRCA
recommends the man-induced $PM (such as from
sewage and industrial effluents) of 2 mg/L for
seawater as WQC.

Total phosphorus (TP} and total nitrogen (TN)
These arc also used as indicators for
eutrophication. However, it is difficult to determine

the baseline conccntration and to set a WQC,
especially in coastal waters. Coastal waters are
always influenced by land runoff and offshore
currents. Nutrients are continuously supplied by
lands and diluted with open-ocean seawater.
Furthermore, natural causes such as upwelling can
bring nutrient-rich waters to the surface.

The TP and TN are closely related to COD
in seawater, and they are a sum of inorganic and
organic forms of phosphorus and nitrogen,
respectively. Living organisms such as
phytoplankton are included in these fractions. By
definition, these living organisms are also part of
COD. Therefore, TN, TP, and COD are necessary
for good environmental conditions for fishenes.
There needs to be adequate levels of TP and TN
to support good fisheries. After all, phosphorus
and nitrogen are the nutnents for primary producers
(Fig. 2).

Since the input of these nutrients and CODs
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from lands is tightly regulated by the water poliution
control legislation, TN, TP, and COD in scawater
arc mainly the results of organic production by
primary producers, especially in nonpolluted areas.
However, in a semi-enclosed water body where
water circulation is restricted, TP and TN may be
accumulated in the water column and they may
trigger undesirable plankton bloom (red tide). An
eventual collapse of the bloom can lead to the
consumption of DO and higher COD values.
Therefore, we need to seek desirable TP and TN
levels to sustain primary producers, but not too
much to producc high COD values (such as a

production of red tide).

Satomi and Takayanagi (1987) reviewed
the existing data of TN, TP, and COD in unpolluted
coastal waters in Japan and recommended that
0.022 mg/L for TP and 0.32 mg/L for TN to meet
the EQSWP COD value. Satomi (1983) also
reported that highcr populations of many
commercially available marine specics are found
in the water having TP < 0.03 mg/L and TN < 0.3
mg/L. On the other hand, high populations of
coastal fish such as mullet, sca bass, and sardine
arc found in the water having TP > 0.1 mg/L. and
TN > 1.0 mg/L (Satomi 1985).

Figure 2. Nutrient levels and fisheries.
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Sadimentatlon .

.

Figure 3. Cycling of toxic substances in coastal environments {modified after JFRCA).

By considering these reviews, JFRCA
divides water bodies into three categories, and
recommends TP values of 0.03, 0.05, and 0.09 mg/
L and TN values of 0.3, 0.6, and 1.0 mg/L for
open waters, coastal waters and nearshore waters,
respectively.

Coliform bacteria, Escherichia coli

The main concem is for oyster aquaculture.
The WQC needs to be determined based on the
safe cating of uncooked oysters. The value of 70/
100 ml is set by the food hygiene legislation for
oyster aquaculture. Therefore, JFRCA adapted
this value for oyster aquaculture, and recommends
1000/100 ml.

n-Hexane extracts

Remnants of oil spills and tar balls are
included as n-Hexane extracts. Toxic etfects of
n-Hexane extracts may not be clear, but fish can
accumulate odor-producing substances (Motohiro
1973). Bad smell certainiy reduces the economic
value. Recommended concentration is less than
{.001 mg/L, which is currently the detection limit.

Sediment parameters

Biogeochemical processes occurring in the
sediments can affect the water quality. Sediment
may act as a secondary source of contamination
and may worsen all the water quality parameters
described above. Therefore, WQC is also
considered for sediments. Sulfide, COD, and n-
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Table 2. Water quality criteria for metals ip seawater by JFRCA and EA),

Concentration
Metal

JFRCA* EAJ**
Al O.1ppm

0.01 ppm 0.01 ppm
B 4.5 ppm
Br 1.0 ppm
Cd 0.0001 ppm 0.01 ppm
Cl (as free chlorine) 0.02 ppm

CN (as cyanide compounds)

<D.L. (0.001 ppm)

Cr(as Cr+ 6) 0.01 ppm 0.05 ppm
Cu 0.005 ppm

F (as flouride compounds) 1.4 ppm

Fe 1.0 ppm

Fe 2 ppm

Hg 0.0001 ppm 0.0005 ppm
Alkyl Hg <D.1. (0.5 ppb) <D.L. (0.5 ppb)
Mn 0.6 ppm

Mo 0.07 ppm

Ni 0.01 ppm

Pb 0.003 ppm 0.01 ppm
Sb 0.002 ppm

Se 0.01 ppm 0.01 ppm
Sn (as tributyl Sn compounds) 0.002 ppb

Zn 0.01 ppm

* Japan Fisheries Resources Conservation Association

** Enviromnent Agency of Japan
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Table 3. Water Quality Critcria for synthetic organic substances in seawater by JFRCA and EAJ.
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Concentration

Synthetic Organic Substances

JFRCA* EA J**
1,1,1-Trichloroethanc 1 mg/l 1 mg/L.
1.1.2-Trichloroethane 0.006 mg/L. 0.006 mg/L.
1,1-Dichloroethylene 0.02 mg/L. Q.02 mg/L.
1.2-Dichloroethane 0.004 mg/l 0.004 mg/L
1,2-Dichloropropane 0.06 mg/L.
1,3-Dichloripropene 0.002 mg/L. 0.002 mg/l.
Benzene 0.01 mg/l. 0.01 mg/L
Carbon TFetrachloride 0.002 mg/LL 0.002 mg/L
Chloroform 0.01 mg/L.
cis-1,2-Dichloroethylenc 0.04 mg/L. 0.04 mg/l.
CN (as cyankle compounds) <DL (0.00] ppm) <D.L. (0.001 ppm)
Diaznon 0.04 gl
Dichloromethane 0.02 mgfl. 0.02 mg/L.
Dichlorepropanc 0.06 mg/L
Linear Alkybenzenesulfonate 0.002 mg/L
p-dichlorobenzene 0.1 mg/L
PCB <D.L. (0.5 ppb)
?;jgnhlr:m-étﬁ-ms(emylanﬂno)-1,3,5-Triazim) 0.003 me/L. 0.003 mg/L.
Tetrachbroethylenc 0.01 mg/L 0.01 mg/L
Thiodicarb 0.02 mg/L. 0.02 mgA.
Thiram 0.006 mg/L 0.006 mg/L.
Toleens 0.4 mg/llL
Trichloroethylene 0.03 mg/L. 0.03 mg/L
Xylene 0.4 mg/L.

*Japan Fisheries Resources Conservation Association
**Environment Agency of Japan
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Hexane extracts have been chosen as the
paramelers. By reviewing the existing data,
JFRC A recommends 0.2 mg/g, 20 mg/g, and 0.1%
for sulfide, COD, and n-Hexane extracts as WQC,

respectively.

Toxic chemicals

Cycling of toxic chemicals entering the
marine environment is shown in Figure 3. Since
there are two passages of these chemicals to
marine organisms, through water and through food,
roxic effects by both waterborne and food
contasninants need to be considered. The WQC
for heavy metals and selected organic chemicals
are listed in Tables 2 and 3, respectively. These
WQC values are based on the no-effect
concentration level. By comparing the reported
toxicity values from chronic toxicity test, early-life
stage toxicity test, and acute toxicity test, the lowest
value was taken as WQC. Environmental Quality
Standards for Water Pollution for health iterns are
also listed in Tables 2 and 3 for comparison.
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ABSTRACT

Interactions between marine mammals and fishing gear have changed as fishing technology and activity have
evalved. The interactions are wide ranging, and have included large seines for tuna with dolphins in the eastern wopical
Pacific, cod traps and humpbacks in Newfoundland, harbor porpeise and gillnets all around the northern hemisphere,
and seals and salmon aquaculture pens. Many of the mitigation stratcgies have been active acoustic devices argeted
at a single marine mamma) species. Moving aquaculmre offshore w the open ocean presents a situation where a
variety of interactions could occur due to the many marine mammal species present. Resolving the interactions will
require new approaches to the multiple species situation. Further, because offshore aquaculture may be moving into
significant marine mamrnal areas, special precautions must be taken to ensure that any conflict mitigation does not lead
1o excluding a species from habilal critical for its survival,

INTRODUCTION

To meet the demand for future grow-
out space for finfish, aquaculture activitics will
have to move offshore, especially in New
England. As offshore aquaculture activity
begins, there is a need to consider all the potential
situations that can develop with regard to marine
mammals, and to address them from the
beginning. This new level of aquaculture activity
will require placing large, fixed net-pen
structures at offshore sites. It is essential that
these structures be designed to resist the
weather and seas, to accommodate the fish
adequately, and to avoid negative interactions
with marine mammals. This new initiative in
aquaculture should not be the victim of

shortsighted design that results in conflicts with
marine mammals, and hence a difficalt start.

HISTORICAL OVERVIEW

As the demand for fish increased, the
fishing industry expanded to meet this demand.
This required more gear in the water.
Technology evolved to optimize the ability of a
single boat to haul more nets. For example, net
twinc which was traditionally a hemp or cotton-
based material became monofilament nylon.
This enhanced the fishing operation, but created
problems for marine mammals. Nylon
monofilament is virtnally acoustically transparent
(Vicedomine 1991), and its use led to marine
mammal entanglements, damaging fishing gear
and killing marine mammals.
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In Newfoundland, Canada, this scenario
existed in the inshore cod fish traps. Collisions
with humpbacks always occurred according to
the older fishermen. The collisions resulted in
gear damage to the cotton and hemp lines. With
the advent of stronger lines, more collisions
happened with more whale eatanglements. Over
the period from 1979-1990, Lien (1994) reported
that 30% of the marine mammals entangled in
fishing gear in Newfoundland were dead. The
response 1o this situation was to begin a program
focused on developing an acoustic alarm to wamn
marine mammals about the presence of the
fishing gear. A 4-kHz acoustic alarm resulted
and was effective in reducing the marine
mammal-fishing gear conflict,

A similar scenario exists with the gilinet
fishery in the northern hemisphere with the
entanglement of harbor porpoise. The old twine
nets had minimal problems with entanglements,
but the nets when soaked were difficult to haul
due to the weight. The movement to synthetic
monofilament nets improved the hauling
efficiency, but rendered the nets virtually
acoustically transparent. Entanglements of
harbor porpoise became relatively
commonplace. The mitigation strategy was to
use an acoustic pinger to warn the harbor
porpotse about the existence of the gillnets. This
acoustic pinger has & fundamental frequency of
10kHz with harmonics up to the 100-kHz range
with a source level of approximately 135 dB re
! yPa. The initial testing of this pinger, in
experiments with a valid statistical design,
indicates that it is very effective at deterring
harbor porpoises from gillnets (Kraus et al..
1997).

Presently, the primary conflict between
marine mammals and aquaculture gear is with
the salmon net pens. Seals are predators to
the fish in the net pens and the industry has
developed the practice of using acoustic
harassment devices (AHD) to scare the seals
away from the pens. A commonly used AHD
broadcasts a 10-kHz signal at 210.dB re | uPa
with a 10% duty cycle every 4 sec. Thisis an
cffective deterrent for the seals, but the sound
Propagates a long distance, and there is some

——

evidence that harbor porpoise in British
Columbia, Canada, have been displaced due
to the sound (Olesiuk et al. 1995).

In the examples stated above, there
were a variety of interactions with marine
mammals and fishing gear. The mitigation
strategies have all been acoustic, and have been
a reactive fix to the problem. The mitigation
strategy for one species interaction can
potentially lead to displacement or habitat
exclusion of another species. To effectively
address the potential for marine mammal
interactions and acoustic deterrents in open
ocean aquaculture, it is necessary to formulate
a basic model of the acoustic propagation and
how marine mammals fit into this environment
and interact acoustically. This acoustic
interaction scenario will provide a basis for
understanding mitigation strategies.

ACQUSTIC PROPAGATION MOQDEL

The objective to developing a
propagation model is to have an understanding
of how a sound that is generated at a source
travels a path and is received. Models can be
simple and qualitative in which case they identify
the salient fcatures such as source, path,
receiver. Or they can be a very quantitative
sonar model with all the complexities one
desires. The goal here is to present a simple
model that explains qualitatively the propagation
environment for marine mammals and fishing
gear.

The basic propagation model has a
source, path, and a receiver. This generic
scenario is depicted in Figure 1. The source in
the aquaculture case could be the sound from a
deterrent device or sounds associated with the
aquaculture activity. The former is meant to
keep marine mammals away, but the Jatter conld
be a curiosity enhancer.

The path is the ocean between the source
and receiver. This path is most likely short when
considering the size of the oceans, but still it
can be complicated due to local propagation
effects. Topography, temperature profiles, and
ambient noise are three factors that can readily
effect the path. Figure 2 is a plot of the various
components of ambient noisc. The spectral
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SOURCE: PATH: RECEIVER:
GENERATES —»  PROPAGATION |—» DETECTION,
SOUND EFFECTS HEARING

Figure 1. Source - Path — Receiver model for defining basic acoustic parameters,
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Figure 2. Ambient noise spectrum (Richardson et al, 1989)

content is presented as sound pressure level or
sound pressure spectrum level. The latter
presentation is more readily accepted in practice
as the units (pP)szz infer frequency
dependence. The basic trends show that there
is a higher level of ambient noise at lower
frequencies with a steady decrease in level as
frequency increases. Shipping and industrial
activity typically have a frequency range from
10 Hz to 10 kHz. Biological sounds cover a
wider range of the spectrum.

This basic model can provide insight into
how a sound is propagated and its sound pressure
level, how loud it is, at range from the source.
There are two basic concepts to understand here:
there is a zone of audibility and a zone of
influence (Richardson et al. 1989).

The zone of audibility is determined by
the ambient noise level. As sound propagates
out from a source, its level is diminished due to
spreading losses (geometric) and attenuation
(true energy loss). These two loss mechanisms
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ZONE OF AUDIBILITY are defined as transmission loss in sonar

modeling. On a plot of sound pressure level vs.

:: range, and a constant ambient noise level vs.
* range, the intersection of these two lines defines
g the zonc of potential audibility. When the
g received sound pressure level is greater than
ES w the constant ambient noise level, then the sound
2 70 can be heard. This occurs at shorter ranges.
% ‘z"’m%*'w}* At longer ranges, the ambient noise is greater
= %0 S S S than the received sound pressure level; the sound
Distance fram Industrlal Slie {km) is effectively inaudible. This concept is shown
in Figure 3A.
ZONE OF INFLUENCE The zone of influence is a modification

to the above as it incorporates a response
threshold. The response threshold is a sound
pressure level above the ambient noise that is
= Rtsou vt required for a marine mammal to determine that
twan  Hh0u6 w2048 a specific sound is present. The effect of this

: .
2 Amblew Noise response threshold is to reduce the range at

30

0l ——F — -

Zore of :

Recelved Nolse Level (48 re {oPa)

70 { £, | which the two plots intersect. Hence, the zone
[l - - . .
{'5'.”"5':.5 of potential influence is a shorter range from
0 p S p 3 the source than the zonc of potential audibility.
Distenca from Indusirio) Slta fkm} This is shown in Figure 3B.

This basic model is useful in defining the

Figure 3. Graphical definitions of Zone of Audibility (A)
and Zone of Influence {B) (Richardson et al. 1980)
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Figure 4. Underwater audiograms of several odontocetes: (A) white whale (White et al. 1978; Awbry et al. 1988); killer whale {Hall
and Johnsen 1972); harbor porpoise (anderson 1970a); (B) bottlenose dolphin (Johnson 1968a; Ljunblad et al. 1982¢); Amozon
river dolphin or boutu {Jacobs and Hall 1972); false killer whale (Thomas et al. 1978). (Richardson et al. 1989)
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above concepts. The limitation is the usc of a characteristics. Upon close examination of
single number, constant level, for the ambient marine mammal acoustics, it is apparent that
noise and the response threshold. As shown they too have spectral characteristics to their
earlier, ambient noise has definite spectral acoustic behavior.
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Figure 5. Underwater audiograms of several odontocetes: (A)white whale (White et al. 1978; Awbrey et al. 1988); kiiler whale (Hall
and Johnson 1972); harbor porpoise (Andersen 1970a); (B) bottlenose dolphin (Johnson 1968a; Ljungblad et al. 1982c); Amazen
river dolphin or boutu {Jacobs and Hall 1972); false killer whale {Thomas et al. 1978). (Richardon et al. 1989)
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MARINE MAMMAL ACOUSTICS

Marine mammals are the receiver in the
previous model. They have spectral
characteristics associated with their receiving
mechantsms, and also they have spectral content
associated with various vocalization used for
communication, navigating, and foraging. The
effect of ambient noise and noise gencrated from
aquaculture activities can potentially affect the
intent of the marine mammal vocalizations.

Audiograms are the method of defining
the spectral characteristics of hearing. Most
audiograms have a band of frequencies over
which the hearing is most sensitive. This band
varies for different marine mammals, as well as
the threshold or hecaring sensitivity. The
audiograms in Figures 4, 5, and 6 show typical
results for a variety of marine mammals, both
odontocetes and pinnipeds. There is a difference
in the basic structure of these audiograms. The

odontocctes are typically more sensitive between
10 and 108 kHz, while pinnipeds are more
sensitive between 5 and 40 kHz. Also, the actual
threshold for the odontocetes is in the 40-60 db
area whilc the threshold for the pinnipeds is in
the 60-80 db area.

The other aspect of marine mammal
acoustics is their vocalizations. This activity has
both spectral and source level characteristics.
From Table 1, it is scen that a variety of type of
sounds are produced. These sounds have
different dominant frequencies, bandwidths, and
source levels. The functions of the sounds are
shert and long distancc communication,
echolocation, and reproductive displays.

Introducing other sounds into the water
column, on a continual basis, that can interfere
with these behaviors can have adverse effects
on the species. These “introduced sounds” can
impact the ability of an animal to hear the

Dominaat Source Lavel
Typa of of Yocalisationa Frequencies {03 re | ula
Specine Yocalisation ¢ ] (xnz) st w laferences
Waite vhals whistles 0.2~ 5.9 - Sjare and Smich 19964,b
paleed Cones 0612 -8 - Sjere and Smith 1985a.b
woivy wocalizations 0,514 4.1-8.3 - Sjure and Smich 1986a,b
echolocation sticke W-iX variable 60— A at al. 1943, 1997
Elllex whale whintles 1518 11 - Stelmer ot al. 1979; Tand 2od Fisher 1983;
pulsed cesmas 0515 1-6 160 Mwhrey et o), 1982; Ford and Piaher 1983;
Scherill and Wetkios 1966
achelocation clicks 0.1=3% 12-25 180 SWood end Evans 1980
Partherw right- eticks JmkOd et 180 Pish emd Turl 1976
vhale dclphin whistles T=lr - - Lentherwood and Walker 1979
rones I-% 1.8, 23 - Leatherwood gnd Walker 1979
Pacific vhite— vhistles 120+ 12 - Evana 1973; Calduell snd Calduyll 197]
tided dolphin etolocation clicks 0.2-1% 0-80 1% Trans 1973
Ball's porpoise clicka 0.04=12, 125-13% - 120-168 Evana 1971; Evens swd Mwbrey 1984
Rarber porpolms clicke 100-140 130 132=149 Kdh] wod Andersys 1973
) ¢clicks H - 10g Busne] aod Duiedsic 1966a; Schavill et «l. 1969
elicks 16100+ - - Worris and Evana 1947
dolphin wnistles - 4=7 - Sursel and Driedzic 1946%
Short-fianed wvhistles 0.5+ =14 180 Fish and Twrl 1976; Caldwell asd Calduel! 1963
pllet vhala acholocation clicke 0.1-100 - 180 Evans 1973
Spern vhale clicks 0.1=30 =5, 10=14 150-180 Bachus asd Schevill 1966; Levenson 1974; Wackime [900a
Seshad Waxle whiigtlea »lé - Wi ot 8], (9702
clicks 0. 32 Wi et al. 19708

Table 1.

Characteristics of underwater sounds produced by Alaskan odontocetes whales. (Richardson et al., 1989)



behavioral sounds, thus potentially driving a
species from a site. This is obviously the goal
of acoustic deterrent devices. The key to
cffective design of these devices is to target a
single species that is problematic to the
aquaculture operation and minimize the effect
on other spectes.

DISCUSSION AND SUMMARY

Historically, most fishing interactions
have been single species and a reactive fix has
been found. The key to an effective acoustic
fix is to assume that the initialization of on¢
species interaction is not exclusive for another.
Alternatively, what deters one spceies could
easily be the dinner-bell for another. A deterrent
for one species could effectively impact the
vocalization responses for another. Long term
studies on marine mammal exclusion due to
deterrent sounds have not been donc yet. When
considering an acoustic deterrent for aquaculture
sites, specific local information about the ambient
noise, propagation path and marine mammals
needs to be assimilated for an objective, focused
approach for solving the problem.

To facilitate objective approaches to
marine mammal-aquaculture acoustic
interactions, the following points need
consideration. The database for auditory
response of marine mammals needs to be
enhanced. Threshold levels where sounds
produce detrimental effecis need to be clearly
defined. Developing a better understanding
between species vocalizations, environmental
noise, and deterrent sounds is critical to
effeciive use of sound as a warning/deterrent.
These efforts will lead to a rational context for
designing species specific acoustic alarms for
nse in offshore aquaculture.
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NORTH AMERICAN LOBSTER CULTURE (HOMARUS AMERICANUS),
HATCHERY METHODS, AND TECHNIQUES:
A TOOL FOR MARINE STOCK ENHANCEMENT?

Jason S. Goldstein
New England Aquarium
Edgerton Research Laboratory
1 Central Wharf, Boston, MA 02110
e-mail: jsgold@neaq.org

ABSTRACT

The North American lobster (Homarus americanus Milne-Edwards) is fished intensively throughout 11s 11,000-
kam range resulting in only 2 fraction of these animals surviving loog enough to reproduce. Suceess in marine stock
enhancement programs suggest that enhancement may be possible for lobsters as well. Personnel at the lobster
rearing facility of the New England Aquarium are studying the methodologies used in the culture of larval and
juvenile iobsters, as well as explore the major considerations involved for initiating and carrying out a productive

and effective lobster stock enhancement program.

INTRODUCTION

The American lobster is found naturaily
along the cast coast of North America, from North
Carolina to Labrador, being most abundant from
Nova Scotia to New York (Herrick 1895). The
major population centers, and therefare inshore
fisheries, are located within the Gulf of Maine and
in the New Brunswick and Nova Scotian coastal
waters, where over 9% of the inshore landings
arc made (Cobb and Phallips 1980). During the
last decade, areal expansion of the lobster fishery
and the continued intense inshore fishery have
focused attention on the relationship between
animals in inshore and offshore areas. If consistent
recruitment in coastal arcas depends on egg
production from offshore, heavy exploitation of
offshore populations could impact all fisheries. The
New England Fishery Management Council
(NEFMC) currently considers the American
lobster resource overexploited. There is currently
no commercial culture for the North American
lobster; however, these animals have long been
reared in pilot scale projects, and have reccived a
considerable amount of attention from
aquaculturists. The reason for the antention is clear:
lobster is a very popular seafood with a high market

value. Lobster stock enhancement is not a new
concept. Efforts to rear and culture lobsters have
existed since the early 1880s (Addison and
Bannister 1994). Lobster haicheries originated in
France and Norway over 130 yr ago, hatching and
raising the European lobster Homarus gammarus
(Herrick 1909). The first successful attermnpt at
hatching H. americanus larvae was in 1885 at the
newly established laboratory of the U.S. Fish
Commission in Woods Hole, Massachusetts
(Rathbun 1886). The world’s first lobster culture
facility was completed at St. Andrews, New
Brunswick, Canada, in 1974, The work done at
St. Andrews closed the lobster cycle from egg to
broodstock. Because the private sector was not
prepared for the direct transfer of this technology,
potential governmental and academic research
programs stalled. The popular perception of lobster
aquaculture is that it is analogous to farming, m
which lobsters produce eggs that are hatched,
reared, and then sent to market. The other potential
application however, is in marine stock or resource
enhancement, whereby young of year lobsters are
cultured and released to enhance natural stocks.
To be able to move forward in this area of research
however, it is important to disseminate the details
of culturing such animals for these types of studies,
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and relate what others have done to contribute to
lobster stock enhancement.

MATERIALS AND METHODS

A year-round culturing facility for the
American lobster is located in the Harold E.
Edgerton Research Laboratory of the New England
Aquarium. The culturing facility incorporates two
scparate systems: a cold seawater system (8-
10°C) for holding gravid female lobsters, and a
warm seawater system (18°C) for the production
and growout of larvae and juvenile lobsters.

Broodstock system:

Femalc lobsters obtained through the
Marine Research Station (Vincyard Haven,
Massachusetts), New England Aquarium staff
divers, or other similar sources are put through a
strict quarantine process before they are integrated
into the primary lobster recirculating system. When
obtained, wild-caught females are first given a
physical checkup in which they are visually
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inspected for lesions, infections, abnormalities, or
anything elsc which looks or appears suspicious.
In most cases, this procedure is often done off-site
prior to bringing animals into the facility so as not
to introduce diseased or abnormal animals.
Animals then undergo a series of dips, swabs, and
brushes. They are spraycd lightly with distilled
water and large portions of the shell and joint arcas
are swabbed and/or brushed with a 10% solution
of betadine. A small sample of eggs are removed
and inspected microscopically for any severc cases
of fungal or bacterial growth and are also analyzed
for their current embryonic developmental stage
by applying the Perkins eye index formula (Perkins
1972). In some cases, new lobsters are weighed,
measured, and tagged as well. These lobsters
remain in quarantine for up to 3 wk at which point
they can be integrated into the rest of the system.

Larval system:

The larval rearing system consists of eight
circular tanks or “kreisels” with cross-section
conical bases (Figs. 1 and 2) each of 40-L capacity.
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Figure 1. The kreisel or circulating rearing tank. (Modified from Schuur et al., 1976, With permission.)
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Figure 2. Planktonic kreisel. These 40-L tanks are ideal for
larval culture. Cannibalism can be avoided by keeping the
water moving and inlensively feeding.

Water is pumped into the hase of the tanks through
a manifold with a series of offset holes producing
a cyclonic upwelling water circulation. This is
necessary to keep larvae dispersed and hence
reduce losses by cannibalism. Kreisels are typically
stocked with 2000 larvae each. larvae are fed
frozen brine shrimp Artemia salina , frozen mysids,
and live amphipods. Larvae are typically held for
4 wk at 18-20°C during which they molt three times.
Survival to the post-larval stage is variable, with
10%-15% typically surviving.

Juvenile system:

Once larvae have molted to the post-larval
stage (stage IV), when they normally would be
ready to assume a benthic existence in the wild,
they are removed from the larval system and placed
in individual holding trays or “condo trays” (Fig.
3). These shallow scawater trays, perforated with
holes, allow them to be flushed of uneaten food
and wastes and also allow for identification and
cataloguing of lobsters. Water exchange in the
cubicles is achieved by continuous circulation of
water along the trays. These animals are then
weaned off of the brine shrimp diet and introduced
to a gelatin-bound diet called “Supergel” (Figs, 4
and 5).

Figure 3. Juvenile holding tank tray. Probably one of the
mast unique attributes to Jobster lub culture is the use of
individual rearing compartments. Elevated and seated in
shallow recirculating seawater trays, to flush out organics
and keep waier circulating, cornpartmentalizing animals
allows for careful identification and cataloging of lobsters,
as well a5 a tool for easy sorting and grading.

Life Support: The Key to a Successful
Hatchery

To efficiently culture and produce animals
for potential resource enhancement, a sound and
well-designed system should be used.
Recirculating aguaculture systems (RAS) offer
complete control over environmental growing
conditions such as temperature, salinity, and water
quality, while eliminating conventional concerns
about weather and climatic conditions. Additionally,
stock management and inventory control are greatly
simplified. A properly designed RAS can be placed
almost anywhere and used to produce a wide
variety of aquatic animals. The following three
components are excellent additions to any lobster
hatchery setup.

Chiller units:

Continuous seed (larval) supply requires
manipulation of either or both the spawning or
hatching cycles (Waddy and Aiken 1992).
Temperature is the dominant regulator for the
continnance of year-round larval lobsters. To assist
in this challenge, having one or more chiller units
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Figure 4. Aside from temperature, nutrition is the most
important parameter governing the survival and growth
of cultured lobsters. Adult brine shrimp is the staple food
used here as well as enriched brine shrimp nauplii.
Juvenile lobsters receive a gelatin-bound diet of brine
shrimp, krill, kelp, spirulina, soy lecithin, bene meal, and
crabmeal all picured hete.

allows incubation periods which result in staggered
hatch-out periods. This application of temperature
greatly increases the chances to regulatc and
sustain a year-round population of larval lobsters.

Ultroviolet disinfection:

Ultraviolet radiation in the 200-300 nm
range is extremely effective in killing most
microorganisms.

Protein skimmer (foam fractionator):

Foam fractionation is a cost-effective and
efficient means of removing fine suspended solids
(<30 pm in size) and dissolved organic matter,
Foam fractionation is accomplished by bubbling air
through water to trap fine solids and organics which
then generates a foam (Weeks et al. 1991).

DISCUSSION

A lobster does not achieve its benthic
existence until some point in the fourth stage of
development (Botero and Atema, 1987, Govind and
Pearce 1989). Releasing these animals during

Figure 5. This 1-month-old, 9-mm H americanus is ready
for transfer into the seawater condo tray system,

fourth stage still exposes them to heavy predation.
One management practice used in Europe is to
rear juvenile lobsters for up to 1 yr or more before
stocking them in appropriatc benthic substrates
which offer the proper habitat release component.

One excellent case study on lobster stock
enhancement involves a comprehensive 6-yr study
in Cardigan Bay in the Northwestern Wales district,
UK (Cook 1995). The stock enhancement
experiment carried out at Aberystwyth has
demounstrated that releases of hatchery-reared
juveniles onto carefully selected substrate can result
in a good rate of recapture by the commercial
fishery, with peak returns occurring between 4-6
yr after release. Diffcrences are apparent between
the inshore and offshore release sites, The
Aberystwyth experiment failed to establish the
optimum release size for juvenile lobsters.
Carapace lengths as low as 14 mm produced very
good returns, but the recapture rate of small lobsters
(9 mm carapace length) was extremely poor (Cook
1995). This is an important aspect of lobster
restocking because post-larval lobsters would be
very inexpensive to produce in large numbers by
mass rearing. It still seems inevitable that to rear
juveniles through several molts with acceptably low
mortality, individual compartments will be
necessary to avoid cannibalism. The consequent
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increase in space required, and particularly in
husbandry and heating costs, means that the unit
prroduction cost of lobsters rises steeply the longer
they are kept. Advantages to later release means
a greatly increased survival; the disadvantage is at
a much greater cost. The long pertod of intensive
cultivation prior to release raises the potential stock
enhancement cost considerably (Factor 1995).
Aany future lobster stock enhancement program
s hould consider the following factors: (1) more
cdetailed and extensive surveys of potential areas
«>f suitable substrate within the particular test site
o1 area, (2) an assessment of the natural
recruitment patterns and population structure of
1obsters within these areas with a view to asscssing
their suitability for enhancement, (3) a mote
rigorous investigation of the optimum release size
forlobsters, (4) development of improved hatchery
techniques in order to reduce the unit cost of the
Jjwvenile lobsters, and (5) a detailed appraisal of the
economics of lobster stock enhancement.
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BLUE MUSSELS IN THE DIET OF JUVENILE JAPANESE FLOUNDER

Kotaro Kikachi
Central Research Institute of Electric Power Industry
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Abiko, Chiba 270-1194, Iapan
e-mail:kikuchi @ criepi.denken.ot,jp

ABSTRACT

Bluc mussels Mytilus galloprovincialis were used in the diet of juvenile Japanese flounder. The contro diet
mainly consisted of white fish meal, potato starch, and pollack liver oil, and part of the control diet was
exchanged with freeze -dried meat, fresh meat, or fresh whole blue mossel in experimental diets. Fish of gbout §
g in initial body weight were fed each diet to satiation, twice daily, 6 days\wk for & wic at 20°C . The final body
weight and weight gain of fish fed diets containing freeze-dricd and fresh blue mussel meat were higher than those
fed the control diet (p <0.05). These pararmeters in the whaole blue mussel diet were comparable to the control.
Addition of freeze-dried and fresh blue mussel meat o the diet did not affect the feed efficiency, while the feed
efficiency of fish fed the whole blue mussel diet was lower than that of fish in the other treatments. Protein
efficiency ratio was in the same range among al} dsetary groups tested. There were smail differences in body
composition, or hematological and bematochemical parameters of the cultured fish.

INTRODUCTION

Blue mussels are a nuisance organism for
electric power plants located along the coast of
Japan. Excessive mussel growth along water
intake pipes constricts and impedes the inflow of
cooling watcr. Generally, they are coilected once
or twice a year and buried in the landfill of the
plant after incineration of organic matter. The
removal and disposal require considerable cost;
mereover, landfill space rapidly filis.

Several studies on the utilization of
collected mussels have been conducted to work
out the disposal problems; however, no effectuve
ways but as a source of fertilizer have been
developed. We previously reported that the freeze-
dried meat of bluc mussels Myrilus
galloprovincialis, predominant in power plants of
Yapan, can effectively replace fish meal as 2 main
ingredient in the diet of juvenile Japanese flounder
Paralichthys olivaceus. In addition, blue musse)
meat appears to stimulate the feeding behavior of
the flounder (Kikuchi and Sakaguchi 1997). In
this study, freeze-dried blue mussel meat, fresh
mussel meat, and fresh whole mussel were used,
and effects on the growth of juvenile flounder were

examined to develop techniques for practical use
of the biue musse] in the diet of fish.

MATERIALS AND METHODS

EXPERIMENTAL DIET

The formulation and composition of the
experimental diets are shown in Table 1. The
control diet basically consisied of 81.7% white fish
meal, 10.8% potato starch, 3.0% mineral mixture,
and 4.5% vitamin mixture. The basic ingredients
of the control diet were replaced with fresh blue
musse] meat at a rate of 17 and 33% (weight/
weight) indies 2 and 3, respectively. Five percent
of the basic ingredients in the control diet were
replaced by freeze-dried mussel meat in diet 4, and
20 and 30% with fresh whole mussel in diets 5 and
6, respectively. Live blue mussels obtained from a
fish market were used. In diets 2, 3, 5, and 6,
fresh blue mussel meat and whole blue mussels
were minced and ground into a liquid (mostly
water), and used as an ingredient in the diet.
Freeze-dried mussel meat was prepared as
described previously (Kikuchi and Sakaguchi 1997).
Blue mussels indiets 2 through 6 replaced fish meal
such that the ratio of white fish meal protein to
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blue mussel protein was 98.7:1.3, 97.5:2.5,97.5:2.5,
99.3:0.7, and 98.5:1.5, respectively. All feedstuffs,
except the pollack liver oil, were ground, minced,
and formed into spheres of about 2 and 4 mm in
diameter using a twin extruder with additions of
tap water. The formulated diets were dried in an
air dryer at 20°C, and an equal amount of pollack
liver oil was added to each diet. Diets were dried
apgain and stored at -35°C until used.

As shown in Table 1, the crude lipid
contents of all diets were similar to each other;
however, the crude protein of diet 6 was lower
than that of the others.

EXPERIMENTAL PROCEDURE

In July 1996, juvenile flounder of about |
£ in body weight were transported from the Chiba
Prefectural Fisheries Experimental Station to our
laboratory in Chiba Prefecture. Fish were reared
in 2000-L tanks at 20°C with a commercial diet
used for Japanese flounder (Higashimaru Foods
Inc.}, until the start of the feeding experiment. The
feeding experiments were conducted for 8 wk
beginning in August 1996 in two 2000-L tanks
equipped with a closed recirculating seawater
system. The tanks were placed in a room under
natural light conditions and the water temperature
wis kept at 20 + 1°C. At the start of the feeding

experiment, the fish were transferred into floating
netcages (25 x 35 x 25 cm - W x L x H) within the
aquariumn, 20 fish/cage, with three replications per
dietary treatment. Fish were fed 1o sanation twice
daily for 6 days/wk with each experimental diet.
The body weight of each fish was measured at the
beginning and at the end of the study after the fish
were starved for 36 h. At the end of experiment,
analyses of proximate composition of the whole
body and of hematological and hematochemical
parameters were conducted by the methods
described previously {Kikuchi et al. 19944, b).
Differences in proximate composition of
the whole body, and the hematologicat and
hematochemical parameters among treatments
were tested for significance using the Mann-
Whimey test (Campbell 1983). Data on final body
weight, weight gain, feed efficiency, and protein
efficiency ratio were analyzed for significance by
Duncan’s multiple range test (Duncan 1955).

RESULTS

The growth and feed performance data
are shown in Table 2. Al fish soon accepted the
experimental diets and fed actively for the duration
of the experiment. Survival rates were high in all
dietary groups and most of the mortality was from

Diet Average body weight(g) Weight gain FE*? pER "3 pFc™ Survival

Initial Final {¥) {%)
1 4.6 2g,2°""* 513° 144° 3.2% 2.1 100
2 4.6 29, 7% 525° 149" 3.3 2.0 97
3 4.5 30,8 5697 147 3.2 2.1 97
4 4.6 31.3 573% 148* 3.3 2.1 98
5 4.5 27. 49 498" 137 3.0° 2.2 98
6 1.6 28.6™ 52¢° 133° 3.1> 2.3 98

=1
2
)

! Daily feed conmmption (% hody weight).

Average value of triplicate for each dietary group.
Femd efficiency (%, weighe gain/feed intake).
Protein efficiency ratic (weight gain/dietary protein intake).

Values in the same column having same superscript are not significantly different {(P>0.05

Table 2. Growth data of Japasese flounder fed six experimental diets for Bwk™*'
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Table 3. Hematological characteristics and contents
experimental diets for & wk*

fish that jumped out of the net cages. Final body
weight and weight gain of fish fed diets 3 and 4
were significantly higher than those in the contyol
(p <0.05). These parameters in the other
experimental groups were cotnparable to the
control. Feed efficiency was similar for diets 1 1o
4. and significantly higher than that of diets 5 and6
(p <0.05). Some differences were observed in
protein efficiency ratio; however, a significantly
lower value vs. the control was obtained only in
diet 5 (p <0.05). Final body weights and weight
gain of fish increased as blue mussel in the diet
increased (diets | to 3).
The hematological characteristics and the
Plasma constituents are shown in Table 3. All
dietary groups were identical in terms of red blood
cell counts, Although there were some flucruations
in hemoglobin and hematocrit values, no
€Xperimental dietary groups were significantly
different from those of the control. Plasma protein
in diets 3 ang 4, and triglyceride in dict 4 werce
Signiﬁcantly lower than those in the control:
however, there were not any differences in the
other parameters.
The whole body composition of the
cultured fish is shown in Table 4. No significant
fferences were observed among dietary groups
onthe basis of crude protein, crude lipid, and crude
a.?h contents. The moisture content of fish fed
diet 6 was significantly higher than that of fish fed
diets 1 apg 3 (p <0.05).

DISCUSSION

Similar trends as shown in the previous
report (Kikuchi and Sakaguchi 1997)—superior
growth, comparable feed efficiency, and protein
efficiency ratio to the control—were observed in
dietary groups which contained blue mussel meat
{diets 2 to 4) in this study. Therefore, it is clear
that the inclusion of blue mussel meat in the diet
promotes feeding and growth of the flounder, even
if it is a very small amount (5% on a dry basis).
Furthermore, the positive effect on growth was
not different whether the mussel was fresh or
freeze-dried according to the results of this study
(diets 3 and 4, Table 2).

Many studies have been conducted on
stimulating the feeding behavior of fish with various
kinds of organisms. Some amino acids such as
glycine, alanine, and valine showed activity to fish,
especially when two or three of them form
complexes (e.g., The Japanese Society of Fisheries
Science 1981). Ina and Higashi (1978) and Ina
(1986) reported that amino acid fractions of blue
mussels Mysilus edulis stmulated feeding activity
of red sea bream Chrysophrys major. There is
no useful information on feeding attractants for
Japanese flounder; however, it is considered that
amino acids in the mussel may contribute to the
promotion of feeding activity of the flounder.

The final body weight and weight gain
of fish fed diets containing whole biue musse] were
similar to those in the control, although the feed
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Diet Molsture

Crude protein Crude lipid Crude ash
1 74.420.2% 17.411.4° 4.2:0.6" 3.440,2°
2 74.520.9" 16.2:1.9" 4.310.5" 3.540.1°
3 74.440.5 17.3t2.6° 4.8£0.6" 3.50.1"
4 74.30.8% 16.5¢1.1° 4.7¢0.3" 3.430.1"
5 75.1£1.1% 17.2#1.5° 4.610.3° 3.410.1°
6 75.2%0.4" 17.7¢2.1" 4.50.7" 3.3x0.1°

* See the footnote of Table 3,

Table 4, Proximate composition of the whole body of Japanese flounder fed six experimental diets for 8 wk (R)*.

efficiency was lower due to higher crude ash
content in the diet. This means that even whole
mussel can be used as an ingredient in the diet for
the flounder if the inclusion level is low (up to 30%
as fresh whole blue mussel), because fish feed
actively and compensate for the high ash content
of the diet as shown in increasing daily feed
consurnption (Table 2). Whole blue mussels M.
edulis were used by Berge and Austreng (1989)
as substitute for fish (argentine Argentinus silus)
in a moist pellet for rainbow trout Salmo gairdneri.
They showed that there was a tendency toward
poorer growth and feed efficiency with increasing
level of the blue mussel in the diet; however,
statistical differences were not observed among
dietary groups as shown in this study. They also
stated that the mussel meat may be a good protein
source and has a favorable fatty acid composition.

On the other hand, Grave et al. (1979)
reported that rainbow trout fed frozen blue mussel
M. edulis meat showed much higher growth, feed
efficiency, and protein efficiency than those fed
commercial trout pellets, when the daily ration
levels were in the same range. Kitamura et al.
(1981) reported that the growth of red sea bream
Pagrus major fed moist pellets containing a
powder of freeze-dried blue mussel M.
galloprovincialis meat as a main ingredient was
almost equal to that of fish fed commercial pelleted
diets when the moist pellets were supplemented
with Vitamin BI.

These studies and our previous work

show that blue mussel meat can be considered as
a replacement for fish meal in the diet for many
kinds of fish. However, considering the high market
price of blue mussels, it is hard to say that mussels
can be used as an economically attractive ingredient
for fish meal in the diet. Moreover, because many
of the mussels obtained from power plants are shell
and sometimes contain sludges and other
contaminants, acquiting a large amount of meat is
not considered to be cost effective.  Therefore,
from a practical point of view, it would be betterto
utilize its effect on feeding stimulation as an additive
in the diet than as a main ingredient, at least for
juvenile Japanese flounder.
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SUMMARY OF THE PANEL DISCUSSION ON CULTURE HELD AT THE
CONCLUSION OF THE UJNR AQUACULTURE PANEL’S SCIENTIFIC
SYMPOSIUM IN DURHAM, NEW HAMPSHIRE, USA,

18 SEPTEMBER 1997

David A, Bengtson
University of Rhode Island, Rapporteur

The conveners of the 1997 UINR Aquacuiture Scientific Symposium included in the final dav’s program an
afternoon session during which Japanese and U.S. scientists could discuss their most important research
needs and try to identify areas and strategies for collaboration. The discussion on culture was facilitated by
Drs. D. Bengtson, K. Fukusho, and M. Wilder and about 30 scientists participated (other pancls on stock
enhancement and offshore aquaculture were held concurrently in separate rooms).

The primary research needs are presenied here in outline form:

I A definition of “egg quality.” We all talk about the importance of quality of gametes to the
growth and survival of offspring and we are interested in the parental contribution to gamete
quality, but we do not have a standard definition of “quality.”

II. Natural spawning. The need here is for information transfer from Japanese scientists to U.S.
scientists.

M. Broodstock nutrition. Collaborative research would aid the understanding of the contribution of
nutrition of the parents to the quality of their gametes, however we define that quality.

IV. Cryopreservation of eggs. This is something that industry wants, but the panel identified it as
high-risk research because of lack of previous success in this area.

V. Selective breeding. Especially in the arcas of disease resistance and reducing problems of
inbreeding.

V1. Larval rearing. The main areas of focus should be understanding the microbial ecology of
rearing tanks and the replacement of live foods with formulated diets.
VI. Disease.

A. Investigation of the potential for spread of discases from aquacnlture faciliies 1o
natural populations.

B. Work is specifically needed on diseases of cultured abalone and flounder and on
mechanisms for better import controls on foreign seed.

0N

Research and development of new diagnostic technology.

=]

Research and development of new vaccine technology.

m

Research on disease prevention and treatment.
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VINI. Recirculation systems,

A
B.
C.

D.

Engineering of more efficient systems.
Biology and physiology of the organisms in the systems.

Nutrition of the organisms in the system, especially to reduce the ammonia and
solid waste outputs,

Economics related to A-C above.

[X.  Nutritional requirements of “new” species. We still lack detailed knowledge of the nutritional
requirements of many species that are in commercial culture,

X. Development of culture technigues for new species, especially fry production technology. The
list identified by the panel included: grouper, Seriola, tuna, true cod (Pacific), Sebastes, tautog,
sea bass, haddock, and northern species of flarfish (sole, Pacific halibut, Atlantic halibut),

While the idemtification of research needs was relatively easy for this group, the identification of strategies

and funding for collaboration was not. The UINR meetings are an excelient way for scientists from the two
countries to meet each other, but there should be more funding available on both sides for attendance at UJNR
meetings. This panel discussion was a good way for the scientists to think about, and agree on, rescarch needs

and it would make sense for the UINR Panel on Aquaculture 1o continue as a focal point for exchanges.

Flounder research is a good example of a joint research project. Interested scientists can use existing
programs for exchange (e.g., STA and ISPS post-doctoral fellowships, NSF and USDA programs, and
Fulbright exchanges), but the group felt that the existing programs were insufficient for the kind of long-term
collaboration that would be necessary to solve many of the problems identified above. New ideas and
programs, probably involving additional government funding, will be required if significant collaborative
efforts are to take place in addressing the above research priorities.
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