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Marine Aquaculture Regulation in the United States:
Environmental Policy and Management Issues

M. Richard DeVoe
South Carolina Sea Grant Consortium

287 Meeting Street
Charleston, SC 29401

Ph: (803)727-2078;  FAX (803)727-2080;  devoemr@musc.edu

ABSTRACT
The U.S. marine aquaculture industry is extremely young. While catfish and trout cul-

ture have existed for many decades, the cultivation of species in marine and coastal envi-
ronments has only emerged within the last 30 yr. Only 15% of total domestic aquaculture
production in 1991 consisted of marine species, with oysters representing 80% of marine
aquaculture production. The  U.S. marine aquaculture industry has not kept pace with the
growth of the world industry. One major reason for this slow growth is the absence of a
unified federal and state policy and regulatory framework for U.S. marine aquaculture.
According to a 1983 study commission by the Joint Subcommittee on Aquaculture,  as many
as 11 federal agencies are directly involved in regulating aquaculture,  and another 10 are
indirectly involved. However, only a limited number of direct permitting and licensing
requirements are imposed by federal agencies. Thirty-two state regulatory programs were
examined and it was discovered that over 1,200 state laws were found to have some signifi-
cant bearing on aquaculture operations. The majority of laws and regulations that specifi-
cally authorize, permit or con~ol  aquaculture are usually found at the state level. A review
of the current literature suggests that neither the federal nor state regulatory situation has
improved since 1983. An examination of South Carolina policy and regulatory actions was
undertaken to assess the regulatory and institutional status  of marine aquaculture. The state
has adopted a strategic plan for aquaculture  development, published an interim guidebook
to aquaculture permitting, established a state aquaculture  permit, and amended and passed
legislation on specific industry needs. While South Carolina is viewed by many as having
made significant strides in minimiz’mg regulatory and institutional constraints, the growth
of marine aquaculture in the state remains slow, and reflects the situation across the country.
A number of strategies to remove the barriers marine aquaculture  faces have been offered;
however, without the development of an overall policy framework at the federal and state
level, the potential of marine aquaculture  to fWill the counhy’s  seafood needs will remain
unrealized.

INTRODUCTION
Aquaculture in the United States has the potential to

become a major growth industry in the 21st century. Glo-
bal seafood demand is projected to increase 70% by the
year 2025 (Joint Subcommittee on Aquaculture, JSA 1993).
With harvests from captive fisheries stable or in decline,
aquaculture would have to increase production by 700%
to a total of 77 million metric tonnes annually to meet the
projected demand (JSA 1993). If there is the same type of
growth in aquaculture production over the next seven yr
as there has been in the last seven, by the end of the 20th
century aquaculture could be supplying upwards of 25%
of all the seafood consumed in the United States (Harvey
1994).

The United States currently imports more than 60% of
its fish and shellfish, representing a total of $9 billion an-
nually (JSA 1993). Seafood products are the nation’s larg-

est agricultural import, second overall to petroleum (JSA
1993). Each year, Americans consume more tRan $800
million of foreign-grown aquaculture products. Obviously,
domestic aquaculture production has not grown at a rate
necessary to offset the consumer demand for seafood.

Nevertheless, the development of the U.S. aquaculture
industry is felt to be vital to the future of the nation he-
cause it promises to produce: (1) high quality seafood to
replace that supplied through the harvests of wild stock in
decline or at maximum sustainable yields; (2) products
for export to help reduce the country’s  foreign trade defi-
cit; (3) stock enhancement of important commercial and
recreational fisheries species; (4) economic development
opportunities for rural and suburban communities; and (5)
new employment opportunites for skilled workers Wa-
tiond Research Council, NRC 1992).

During 1990-1991,  the U.S. aquaculture  industry and
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its supporting services accounted for 300,000 full-time jobs
with a direct and indirect economic impact of $8 billion
(JSA 1993). For every additional 5 million kg of domestic
aquaculture  production, 1,300 additional jobs could be
created on the farms and in related industries WC 1992).

MARINE AQUAcuLTuRE  IN THE KINITED STATES
The U.S. marine aquaculture industry is extremely

young. While catfish and trout culture have existed for
many decades, the cultivation of marine species has
emerged only over the last 30 yr. In 1991, total domestic
aquaculture production was 398 x lo6 kg with a value of
$727 million; only 15% (= 47 x lo6 kg at $119 million)
was produced by the marine aquaculture industry (Sandifer
1994). Eighty percent of the nation’s marine aquaculture
yield was represented by oyster production and 12% by
salmon production. Forty-eight species made up the re-
maining 8% (NRC 1992). The U.S. marine aquaculture
industry is relatively small, but it remains vital since most
of the huge seafood deficit in fishery products comes from
the importation of marine, not freshwater, seafood
(Sandifer 1994). Marine aquaculture is now practiced in
more than 80% of the states and territories of the United
States. Nevertheless, cultivation of all marine species, ex-
cept oysters, is in the early stages of commercial develop-
ment in the United States, and most operations have yet to
achieve economic stability (NBC 1992). It goes without
saying that the U.S. matine aquaculture industry has not
kept pace with the growth of the world industry during the
East 25 yr (NBC 1992).

The future for marine aquacultum in the United States
is much less certain than that of its freshwater counter-
part. One serious problem is that most marine aquaculture
is conducted in shallow coastal and estuarine waters, which
are affected by increasing population pressures and indus-
trial and residential pollution and development. By the year
2010.70% of the total population of the United States will
live within 120 km of the coast (Cull&on et al. 1990). In
addition, whereas the transition from fishing to aquacul-
ture in freshwater systems is analogous to that of hunting
to farming, marine aquaculturists face an additional hurdle:
the fact that they have no property interest in the “lands”
they need (Nixon 1994). Because the ocean has tmdition-
ally been viewed as a common property resource, there
are also conflicts with other commercial and recreational
users which may slow or prevent the development of ma-
rine aquaculture (Harvey 1994).

Growth of the domestic marine aquaculture industry is
@pendent upon the attainment of five basic requirements
;(DeVoe and Mount 1989):
(1) High Water Quality Locations: The availability and

maintenance of a high water quaI@ environment is a
primary need for aquaculture. The industry must be
assured that current and future uses of the surrounding

aquatic environment will not reduce the quality of the
waters where the species are being cultured.

(2) Access to the Aquacultnre Site: In choosing sites, the
industry must consider an array of environmental and
operational factors. Marine aquaculture typically requires
both an aquatic environment and an adjacent on-land
base of operation. In choosing sites, the industry may
have to obtain permission, rent, lease or purchase out-
right the adjacent land to assure access to the site.

(3) Assertion of Exclusive Fishing and Culturing Bights:
Laws in most states provide the public with the right
to use state waters for navigation, recreation and fish-
ing. However, various methods of aquaculture used
now and proposed for the future may require exclu-
sive use of coastal or ocean waters. Such exclusive
use could consequently deny to some degree the use
of the area by traditional users.

(4) Financial Investment: Establishment of aquaculture
operations may require a significant financial commit-
ment; however, aquaculture as an industry is viewed
by investors as a high risk activity for many reasons.
The availability of funding through venture capital,
public and private sector loans, or other sources will
depend to a large extent on the anticipated stability of
and the level of property rights to be vested with the
proposed operation.

(5) Government Commitment: In the case of marine aquac-
ulture, this requirement may be the most critical. Gov-
ernment must demonstrate its support by clearly de-
fining the term aquaculture, providing supporting
policy statements, offering incentives (which do not
necessarily have to be solely financial) to underscore
its commitment, and defining and streamlining its regu-
latory and legal requirements.

Furtber complicating the future of marine aquaculture
is the complexity that stems from unique factors that dis-
tinguish it from other forms of agricultural activity, in-
cluding: (1) the interaction of marine aquaculture with other
marine and coastal activities and interests-interactions
that are often characterized by conflict; (2) the fact that
although marine aquaculture is ocean-based, it depends
on the use of land and freshwater resources as well; and
(3) the numerous environmental and regulatory consider-
ations involved in the development and use of coastal zone
land and water resources, usually held in the public trust
(NRC 1992).

The purpose of this paper is to review the key institu-
tional and regulatory issues related to marine aquaculture
development in the United States, critically examine these
issues in more detail through a case study analysis of the
situation in the state of South Carolina, and to explore
possible remedies that may alleviate constraints on and
provide for a more orderly development of the marine
aquaculture industry.
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REGULATION OF THE MARINE
AQUACULTURE INDUSTRY

CHARACTERISTICS OF THE INDUSTRY
To understand the problems that confront U.S. marine

aquaculture, the basic nature of the industry must first be
reviewed. Marine aquaculture represents a relatively new
use of the nation’s coastal resources, and it must compete
for access to those resources (Nixon 1994). Newcomers
to the industry, as well as local authorities, suffer from a
lack of experience, in- appropriate advice on site selec-
tion, inadequate evaluation of market opportunities and
product diversification, and a lack of understanding of
marine aquaculture development in relation to other forms
of competition (Chamberlain and Rosenthal 1995). Much
of this confusion stems from its uniqueness and complex-
ity.

Marine aquaculture requires a site of operation, includ-
ing upland and water-based locations. Issues of land use
and zoning, exclusive use of public lands and waters, and
navigation and use conflicts must be addressed. Species
cultured in a marine environment continue to raise con-
cerns regarding the protection of native wild stocks, im-
portation and use of non-indigenous species, aquatic ani-
mal health, use of drugs and chemicals, and ownership of
the cultured organisms. Additionally, the effects marine
aquaculture may have on the aquatic environment must
also be addressed.

Much has been published over the last 10 yr on the
environmental impacts of marine aquaculture (see, e.g.,
Ackefors and Sodergren 1985, Weston 1986, Rosenthal et
al. 1988, DeVoe 1992). However, ecological concerns had
been raised by a number of authors a decade earlier (see
Odum 1974, Ackefors and Rosen 1979). For instance, three
major impacts were identified by Odum (1974): aquacul-
ture as a pollution source, the introduction of exotics and
physical alteration of the environment. The latter has not
emerged as a critical issue, although these alterations could
involve changes in circulation patterns within estuaries,
increased sedimentation from poorly designed dredging
and filling, interference with freshwater input to the estu-
ary, destruction of productive land peripheral to the estu-
ary, and permanent removal of productive estuarine areas
(Odum 1974). One of the challenges to the marine aquac-
ulture industry in the United States will be the success (or
failure) of addressing environmental sustainability issues
(Chamberlain and Rosenthal 1995).

COASTAL ZONE CONFLICTS
While cultmists, scientists and resource managers face

the task of resolving these issues through research studies,
monitoring programs and technical assistance support, the
marine aquaculture industry continues to deal with its
“growing pains.” ln a recent survey of state aquaculture

coordinators, industry representatives and extension spe-
cialists, Sandifer (1994) found that only nine out of the
country’s 24 coastal states and five territories reported
moderate growth of marine aquaculture, while 12 reported
very slow growth and eight no growth. Asked to identify
the major factors responsible for this situation, the respon-
dents indicated that of 12 limiting factors, the top three
were use conflicts (92%), permitting (92%) and the regu-
latory environment (88%) (Sandifer 1994).

Regulations and permitting have often been identified
as the principal impediment to the growth of marine aquac-
ulture (McCoy 1989, JLSA 1989, Zieman ef al. 1990,
Hopkins 1991, NRC 1992). But it is the underlying issues
that underscore the problem. The NRC (1992) identified
eight issues that have contributed to the current situation:
(1) difficulties and costs of using coastal and ocean space;
(2) public concerns about environmental effects of wastes
on water quality; (3) conflicts with other users of the coastal
zone; (4) increasing population with concomitant increases
in pressures on coastal areas; (5) limited number of sites
with suitable water quality; (6) objections from coastal
property owners to marine aquaculture installations on
aesthetic grounds; (7) broad ecological issues, including
concerns about genetic dilution of wild stocks and trans-
fer of diseases through the transport and escape of cul-
tured animals; and (8) limited understanding of the bio-
logical criteria needed for the design of viable systems.

Use conflicts represent one of the primary issues ma-
rine aquaculturists in the United States must face and are
likely to become more pronounced and frequent in the fu-
ture (Chamberlain and Rosenthal 1995). DeVoe et al.
(1992) found through a survey of the marine aquaculture
industry and state regulatory agencies that the competing
use of the coastal zone by recreational users, commercial
fishermen and developers was frequently encountered. The
escalating costs of acquiring access to coastal lands and
waters in the country exacerbate the problem. While Ja-
pan continues to focus use of its coastal and marine re-
sources on food production, the United States has not made
this commitment. As a result, marine aquaculture’s place
among the many uses of the coastal zone in this countty is
as yet undefined.

THE LEGAL AND REGULATORY STRUCTURE
The current regulatory environment for marine aquac-

ulture in the United States is a major constraint to its de-
velopment (NRC 1978,1992;  JSA 1993). No formal fed-
eral framework exists to govern the leasing and develop-
ment of private commercial aquaculture activities in pub-
lic waters (NRC 1992). For instance, because commercial
aquaculture is in the early stages of development, regula-
tors have tended to classify fish farming as an industrial
activity requiring water treatment different from other

3
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forms  of agriculture (Ewart  et al. 1995). These factors,
along with a general unfamilarity with aquaculture pro-
duction technologies, waste characteristics and their im-
pact on different categories of receiving waters have pre-
cluded the development of uniform standards and policies
based on technical data and environmental risk assessment
@wart et al. 1995).

In a 1981 study  commissioned by the U.S. JSA of the
Federal Coordinating Council on Science Engineering and
Technology, the Aspen Corporation examined the federal
and state regulatory framework for aquaculrure (Aspen
Corp. 1981). As many as 11 federal agencies are directly
involved in regulating aquaculture and another 10 are in-
directly involved. However, only a limited number of per-
mitting and licensing requirements are directly imposed
by federal agencies. More characteristic are federal agency
programs  that indirectly regulate fish farmers (e.g., restric-
tions on drug use, federal laws administered by states, etc.).

Some 50 federal statutes (with accompanying regula-
tions) were found to have a direct impact on the aquacul-
tune industry, although the actual number of statutes that
affect an individual operation will vary depending on its
size, site location, the species being cultured and other fac-
tors. In total, over 120 statntory  programs of the federal
government were found to significantly affect aquaculture
development. Slightly one-half require a direct compli-
ance response from the fish farmer.

The majority of laws and regulations that specifically
authorize, permit or control aquaculture are usually found
at the state level. The study examined 32 state regulatory
pn>grams and discovered that over 1,200 state laws have
Some significant bearing on aquaculture operations. Poli-
oies and regulations were found to affect aquaculture  in
eight major areas: aquaculture species use; water quality;
WaPer  use; land use; facility and hatchery management;
processing; financial assistance; and occupational safety
and health.

The complexity that results from the involvement of
many federal, state and local agencies responsible for all
“spects  (including advocacy, promotion, conduct and regu-
lation) of marine aquaculture leads to an array of planning
acts, policies and regulations (NRC 1992). Federal laws
am applied differently in various geographic regions of
the country (NRC 1978),  and the industry remains con-
cerned about the lack of coordination among agencies regu-
lgting aquaculture  (JSA 1993). Unfortunately, the federal
~~~~~~~t has yet to make any significant headway in
mcing regulatory constraints (McCoy 1989).

Major aquaculture  problems that arise from state laws
and regulations are caused by the lack of uniformity of
laws among the states, the shear number of permits, li-
censes and certifications that must be obtained, and the
difficulty in obtaining them (NRC 1978,1992).  Each state
has its own unique legal, political and economic climate
for aquaculture, and culturists must navigate the regula-
tory environment differently in each. Only a few states
have developed the information management capability
to present the applicant with a comprehensive list of all
the legal requirements that must be met. State regulatory
programs can be and are usually more restrictive than fed-
eral guidelines and regulations dictate. The result is that
state agencies vary greatly as to what standards they apply
to aquaculture (McCoy 1989),  and some still apply laws
designed for other applications such as those for public
fisheries management (NRC 1978,1992).

Another limitation to the current regulatory regime for
marine aquaculture in the United States is the lack of long-
range and whole system planning (deFur and Radar 1995).
Aquaculture policy appears to be made by granting per-
mits on a case-by-case basis (Rubino and Wilson 1993),
and the requirements are often determined using regula-
tions and technical standards not originally developed or
intended for aquaculture (Ewart  et al, 1995). Each permit
is considered individually by the issuing agency, usually
with no provision for examining cumulative impacts (deFur
and Radar 1995).

A final regulatory issue limiting marine aquaculture’s
growth is the time and cost involved in obtaining permits
and licenses. According to McCoy (1989),  it may take some
four yr or more to obtain the necessary permits for startup.
A prospective aquaculture operation could be required to
spend over $100,000 in legal and consultant fees to obtain
permits (McCoy 1989). For instance, the first applicant
for an NPDES (National Pollutant Discharge Elimination
System) permit spent $150,000 for environmental assess-
ments and legal fees relating to the processing of his per-
mit (Zieman et al. 1990).

Federal agencies which establish the “ground rules” that
moat  state agencies must follow have adopted vague, con- SOUTH CAROLINA: A CASE STUDY MARINE
fusing and poorly conceived regulations, or none at all AQUACULTURE  IN SOUTH CAROLINA
(pulccl’oy 1989).  This transla.tes into inconsistencies in the
development and application of laws and regulations at

South Carolina is well suited for aquaculture develop-

t;fie  state level @Fur and Radar 1995). Few states have a
ment. Along the coast, the state’s 80,000 ha of estuarine

4

comprehensive regulatory plan which satisfactorily bal-
ances economic development and environmental protec-
tion. As a result, regulations governing aquaculture are
scattered throughout state statutes and do not necessarily
fit aquaculture (Breaux 1992). Complicating matters is the
fact that existing permit programs do not have provisions
for determining the capacity of the coastal and estuarine
system for aquaculture, land-based or in situ (deFur and
Radar 1995).
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Table 1. Aquaculture production (in kg) and ex-pond value (in $U.S.) of selected  species by South Carolina
commercial producers from 1989 to 1994.

Pounds of: 1989 1990 1991 1992 1993 1994

Catfish 15,331 101,650 132,857 54,567 136,078 183,433
Crawfish 21,545 18,144 18,144 19,278 13,608 11,340
Hybrid striped bass N/A 259 5,080 22,680 4,672 11,340
Marine shrimp 12,424 33,371 26,281 38,038 49,895 45,359
Hard clams * * * * DNA DNA
Value of:
Catfish 236,000 2,569,OQO 1,788,OOO 796,000 2,100,000 3,154,oOO
Crawfish 589,000 400,000 600,000 595,000 645,000 525,000
Hybrid striped bass N/A 18,810 336,000 1,125,OOO 252,400 662,000
Marine shrimp 753,600 1,839,300 1,419,500 1,928,800 2,300,OOO 3,000,000
Hard clams * * * * DNA 900,000
DNA = data not available

area, 30,000 ha of wetland impoundments and over 4000 1ars, on the state’s economy by the year 2000._~
km of tidal creeks are potentially available as production
sites (JLSA 1989). Its coastal waters are of high quality;
79% are designated as suitable for shellfish harvesting
(Knowles 1988). The mild climate makes the culture of
warm-water species feasible.

The true emergence of aquaculture as a viable industry
in South Carolina occurred in the early 1980s with com-
mercial production of cultured species of penaeid shrimp
(Penaeus spp.), catfish (Zctalurus  punctutus)  and crawfish
(Procambarus spp.). Since that time, hard clam
(Mercenaria  mercenaria) and striped bass (Morone
saxatilus)  hybrid aquaculture have developed The state’s
Joint Legislative Subcommittee on Aquaculture (JSLA)
(1989) identified spotted seatrout (Cynuscion  nebulosus),
redfish (or channel bass, Sciaenaps  ocellata),  sturgeon
(Acipenser spp.). blue crab (Callinectus  sapidas),  bay scal-
lops (Argopecten  irradians) and the American oyster
(Crassosrrea virginica)  as prime marine aquaculture can-
didates.

Table 1 illustrates annual production (in kg) and ex-
pond value (in $U.S.) of selected species produced by
South Carolina’s private commercial aquaculture indus-
try since 1989. Production is dominated by freshwater spe-
cies, although marine shrimp has become a major compo-
nent by value of the industry. Hard clam aquaculture pro-
duction has been minimal until 1993, the year that Atlan-
tic LittleNeck ClamFarms  (ALC) produced its fust com-
mercial harvest. The ALC expects to culture and market
some 25 to 30 million clams in 1995 (J.J. Manzi, per
commun.). According to Rhodes (1993),  South Carolina
aquaculture could have a $17 million impact, in 1992 dol-

South Carolina has demonstrated its commitment to
aquaculture development in a number of ways. The S.C.
General Assembly stated in 1985 that “aquaculture has the
potential for augmenting existing commercial and recre-
ational fisheries and for producing other renewable re-
sources, thereby assisting the state of South Carolina in
meeting its food needs and contributing to the reduction
of foreign seafood imports into South Carolina and the
United States. It is, therefore, in the state’s interest, and it
is the state’s policy, to encourage the development of aquac-
ulture in South Carolina” (Title 2, Chapter 22, Amend-
ments, S.C. Code of Laws).

In addition, a major financial contribution was made
by the state to fund the construction and operation of the
$4 million James M. Waddell, Jr. Mariculture  Research
and Development Center. The Center, which includes a
929 m2 research building, a 242 m2 maturation building, a
2,323 m2 outdoor tank pad and 25 experimental ponds
ranging in size from 0.13 ha to 2.5 ha serves as a major
focal point for mariculture research and technology trans-
fer programs  in the state and region.

In the 10 yr since the state formalized its position in
support of aquaculture, a number of efforts have been un-
dertaken to enhance the growth of the industry, Neverthe-
less, aquaculture development, particularly in the marine
and coastal regions of the state, continues to be limited by
the complex regulatory structure, user conflicts and the
frequent emergence of unanticipated issues. The regula-
tory structure and permitting process for marine aquacul-
ture in South Carolina are briefly reviewed below to illus-
trate these issues.
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;~&e ~uas~lntre represents a fairly new use of the
coa!%al rces in South Carolina. Its success is predi-
SaXed o use of a variety of natural resources. Local.
s md federal regulatory agencies seek to allocate these
natural  resource needs through a pemxitting system. In
&wry, by ~~co~~ing  both agency and public comment
in thrt: ~~~~~~ process, the interests of the aquacultur-
ist, other resource usa and the general public can be con-
sider& in d~ision-rn~n~ (JLSA 1989).

LC.KAf,  LEVEL
As p~vi~u~ly meution~,  many of the regulations that

re are found at the state level. This is not
rn~~ci~ and federal laws and policies

ai&xnt, however. Towns, cities and cotmties have
s~bi~~ti~s  to their cititizens to provide orderly devel-

gamest anid plice power ~~~tio~~ However, most do
mx

a~~~u&t  time ~i~~ where it falls within
r plans and zoning ~~u~~on~. Indeed, some

meats consider quaculture  an agricultural
whik: others  may classify it as a commercipl  or
~~~ ~~~~se, Even after attempts to educate

of the spectrum,  seven federal agen-
adds that directly affect the ma-
stry: the U.S. Army Corps of Engi-

neers, the U.S. ~nvi~nmen~ Protection Agency, the U.S,
Fish ynd Wildlife Service, the U.S. Food and Drug Ad-
~~is~ti~~,  the U.S. Department ofAgriculture,  the U.S.
~~~n~ Marine Fisheries Service, and the U.S. Coast
Guard (Tabk 2). Federal oversight of the marine aquacul-
tMt% industry is fragmented; there is no overall federal
f~~wo~ to address aquaculture development in the
coastal zone. Further, while recent evaluations of marine
~~~1~~ suggest that offshore locations may represent
a viable alternative (NRC 1992). no formal policies have
been devela to manage aquaculture development in the
U.S. Exclueive Ecoaomic Zone. As a result, existing fed-
EmI policies vary from one agency to another (and may
everk differ among &VisiOns within the same agency) and
the PTmitting process car! be time-consuming and quite
c~~~~g.

STAm LEVEL
The complexity of the permitting process in South Care-

iina for marine aquaculture lies in the diversity of agen-
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ties involved and their general lack of knowledge of the
industry. Twelve agencies and divisions of state govem-
ment are involved in the regulation of marine iIqUaCUitUre,
concerned  with the use of state lands and navigable wa-
ters, protection of water quality and quantity, use of aquatic
organisms, including exotic species, and other issues (Table
3). Prior  to state government restructuring in 1993, the
S.C. coastal Council and the SC. Water Resources Com-
mission were responsible for managing all state lands and
waters in the public trust, and regulating the nature and
location of water-dependent structures. The S.C. Depart-
ment of Health and Environmental Control (SCDHEC)
implements the provisions of the National Pollutant Dis-
charge Elimination System and the Section 401  Water
Quality Certification Program, as established by the U.S.
Environmental Protection Agency under the Clean Water
Act of 1977 and its amendments, and is also responsible
for maintaining shellfish sanitation standards. The SC.
Wildlife and Maxine Resources Department (now the S.C.
Department of Natural Resources; see below) regulates
the use of the state’s tidal mud flats and bottoms for the
placement of aquaculture structures, and is responsible for
all finfish and shellfish permits (for red drum, spotted
seatrout, flounder, marine shrimp, hard clams and oysters),
boat and equipment permits, and dealer/processor licenses.
Ckher state agencies are involved as well (see Table 3).

Another factor that has added to the complexity of the
state’s aquacultnre regulatory process is the division of
agency responsibilities over permitted activities in public
waters. The state is divided into three permitting zones:
Zone A represents the inland portion of the state exclud-
ing the eight coastal counties; Zone B represents areas
within the eight coastal counties excluding the “critical
area;” and Zone C represents the “critical area” (Fig. 1).
The “critical area” is defined by the SC. Coastal Manage-
ment Act of 1977 to include all coastal waters, tidelands,
beaches and primary oceanfront sand dunes seaward of a
boundary line as determined by the state’s coastal zone
management agency (Section 48-39-10 et seq., S.C. Code).
Prior to 1994, the SC. Water Resources Commission had
sole responsibility for permitting in Zone A and the S.C.
Coastal Council was solely responsible in Zone C. Pro-
posed activities in Zone B required an applicant to obtain
a permit from the S.C. Water Resources Commission and
a certification from the S.C. Coastal Council that the ac-
tivities were consistent with the policies of the state’s
Coastal Zone Management Plan. If certification was de-
nied, the permit could not be issued. Therefore, the loca-
tion where an aquaculture operation was proposed dictated
the regulatory process to be followed and the agencies to
be involved.

In addition to the confusion concerning South Carolina’s
permitting process, the costs in money and time to obtain
requisite permits, licenses and certificates has constrained
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Table 2. Federal (U.S.) agencies with regulatory programs that impact the marine aquaculture industry
(adapted from Breaux 1992).

Agency

U.S. Army Corps of Engineers (COE):

U.S. Environmental Protection Agency (EPA):

U.S. Fish & Wildlife Service (FWS):

U.S. Food & Drug Administration (FDA):

U.S. Department of Agriculture (USDA):

U.S. National Marine Fisheries Service (NMFS):

U.S. Coast Guard (USCG): *Protection of Navigation - including the marking of any
structure located in navigable waters of the United States.

Regulatory Responsibility

*Section 10 Permit - required for any structure and work in
or affecting navigable waters (Rivers and Harbors Act of
1899,33  U.S.C.403)

*Section 404 Permit - required for the discharge of dredge
or fill material into U.S. waters including wetlands (Clean
Water Act, 33 U.S.C. 1344, Section 301). Before this per-
mit can be issued, a certification from the responsible state
agency is required stating taht the proposed activity would
not cause a violation of the state’s water quality standards.

*National Pollutant Discharge Elimination System (NPDES)
- prohibits the discharge of any pollutant from any “point
source” into the waters of the U.S. without a permit from
the state agency administering the Elimination Act within
the state (S.C. Department of Health and Environmental
Control, SCDHEC).

*Use and Application of Pesticides - through the registra-
tion and establishment of tolerance levels. Approvals and
possibly permits may be required from EPA and SCDHEC.

*Commenting agency on COE permit applications.

*Fish and Wildlife Import and Export License - required
for anyone who imports or exports animals or fish for the
purposes of propagation or sale with a value of more than
$25,000 a year.

*Commenting agency on COE permit applications.

*Drug reglations - affect the use of chemicals as additives
to feed as well as chemicals used for the treatment of dis-
ease and parasite infections. Separate approval for drug or
chemical use for each species cultured is required.

*Vaccine regulations I approval of all vaccines uied in an
aquaculture operation must be obtained Very few vaccines
are registered for use in this manner, due to the time-con-
suming and costly process. Again, each vaccine must be
separately certified for each species.

*Fisheries regulations - can affect the potential of marine
aquaculture in the nation’s exclusive economic zone.

*Commenting agency on COE permit applications.

7
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Table 3. South CanSna natural resources agencies involved in regulating aquaculture development (prior
to agency reorganization in 1994).

Function Agencies

State lands and navigable waters: 1. S.C. coastal Council
- “Critical Area” Permit (Zone C)
- Coastal Zone Certification (Zone B)

2. S.C. Water Resources Commission
- Navigable Water Permit (Zone A)

3. SC. Land Resources Conservation Commision
- Stormwater Management Permit

Protection of water resources: 1. S.C. Dept. of Health & Environmental Control (Water Pollution Control)
- Construction Permit

Use of aquatic organisms:

other:

- National Pollution Discharge Elimination System Permit
- Section 401 Water Quality Certification

2. S.C. Water Resources Commision
- Groundwater Use Permit

1. S.C. Wildlife & Marine Resources Dept. (Marine Resources)
- Shellfish/Mariculture  Permit
- Mariculture Finfish Permits
- Mariculture Shellfish Permits
- Shellfish Harvesting Permit
- Harvesting Equipment Permits
- Dealer/Processor Licenses

2. S.C. Wildlife & Marine Resources Dept. (Freshwater Fisheries & Wild-
life)
- Gamefish Breeder’s License

3. S.C. Wildlife & Marine Resources Dept. (Executive Gftice)
- Importation of Exotic Species Permit
- Hybrid Striped Bass Aquaculture Certificate and Permits

4. S.C. Dept. of Health UC Environmental Control (Water Pollution Control)
- Shellfish Sanitation Certificates and Permits

1. S.C. Department of Archives and History
- Protection of Archeological Sites and Artifacts

2,State  Attorney General’s G&X
- Determination of Clear Title to “Private” Submerged Lands (e.g., coastal
wetland impoundments

3. S.C. Dept. of Agriculture
- Inspections of Processing Facilities to Ensure Compliance with Good
Manufacting Practices

the industry as well. An applicant can spend over $2,800
in one-time application fees and $5,300 in additional fees
and rents annually. If water quality monitoring, legal as-
sistance and consultants are necessary, these costs can be
10 to 20 times more expensive (Table 4). Just as consum-
ing is the time it can take for permit applications to be
processed and agency decisions to be made.

The NPDES permitting process in South Carolina is a
case in point Administered by the SCDHEC, an NPDES
permit is required from any “person discharging or pro-
posing to discharge wastes into the waters of the state...”

under the state’s Pollution Control Act (Act No. 1157,
Chapter 1, Title 48, S.C. Code). The normal processing
time for an NPDES permit is stated to be approximately
two months; however, if a public hearing is necessary or
the permit is adjudicated, the processing time could be
extended (Fig. 2). Nevertheless, NPDES permitting for
aquaculture facilities in South Carolina continues to be a
source of contention between the SCDHEC and the aquac-
ulture industry (DeVoe 1994). The S.C. Farm Bureau con-
tinues to identify it as one of its top policy concerns [and
has each year since 1986 (DeVoe 1994, J. Whetstone, pers.

8
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Table 4. Terms and costs of permits for aquaculture in South Carolina.

Permit Term Fee Notes

Local permits

Federal permits

State permits
Navigable waters permit
Critical area permit (in CZ)
Section 401 certification
NPDES permit (discharge)
Stormwater management permit
Shellfish/mariculture  permit

Hybrid striped bass permit

Shellfish harvesting license
Boat license

Equipment license
Wholesale seafood dealer license
Land and sell license

Other costs:
Water quality monitoring

NPDES
Legal fees
Consultants

One time/annual

One time

One time
One time
One time
Annual
One time
One time
Annual
Annual

Annual
AllIlUd

AMUd
AIlUUd
AIlI-Uld

Annual

One time
One time

$200-500

$100

$500
$200
$500
$400-2400
1$1ooo
$25
$Yac
$100
$25
$25.50
$20
$25
$10
$50
$25

$varies

$varies
$varies

Fees, licenses

Application fee

Application fee
Application fee

Application fee
Up to 500 acres
First year plus
annually thereafter

Boats cl8 ft
Boats >18 feet
Each piece

Required under

Hourly fee
Hourly fee

commun.)] due to two primary issues: (1) the time it has
actually taken SCDHEC to review and render decisions
on NPDES permits for aquaculture has averaged four
months or more; and (2) the annual fees for an NPDES
permit have increased from a range of $200 to $800 in
1992 (depending on the discharge volume and number of
“pipes”), to $400 to $1,600 or higher in 1995.

STATE RESPONSE TO ADDRESS MARINE
AQUACULTURE REGULATORY ISSUES

Prior to 1985, when marine aquaculture was beginning
to emerge, there were no state policies or programs in place
to ease the burdens facing the industry. Since that time,
several policy actions have been initiated by the General
Assembly and state agencies to address the regulatory com-
plexity, and limiting nature of the administrative and bu-
reaucratic structure of the state. As noted above, the S.C.
General Assembly did pass legislation in 1985 which for
the first time acknowledged the existence and potential of
the fledging aquaculture industry (Chapter 22, Title 2, S.C.
Code). A Joint Legislative Committee on Aquaculture was
formed to foster needed legislation through the SC. Gen-
eral Assembly and an Interagency Advisory Staff Group

was established to offer advice and information to the Joint
Committee. Also called for was the development of a state-
wide aquaculture plan. Thus  the process by which the state
began to respond to the needs of the aquaculture industry
was underway; the critical analysis presented below of
these actions and their impact on the industry suggests to
this author that the state of South Carolina, while being
acknowledged as having made “significant progress in
streamlining the regulatory and permitting constraints af-
fecting aquaculture” (Breaux  1992), still has much to ac-
complish.

DEVELOPMENT OF AN AQUACULTURE PER-
MITTING GUIDEBOOK

The regulatory and permitting maze that faced prospec-
tive aquaculturists in South Carolina during the early 1980s
was overbearing for three reasons. First, no regulatory
framework existed for the aquaculture industry. Second,
the permitting agencies did not underskmd the industry or
the regulatory requirements necessary to balance the needs
of the industry with other users. Third, there was no single,
consoIidated source of information available on the regu-
latory process. As a result, the industry had no guidance in

9



Area taA1t - Permits issued by S. C.
Budget E Control Board
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6 Control Board, but must be certified by
S. C. Coastal Council

Area V1 - Permits issued by S. C. Coastal
Council
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navigating the regulatory seas, and the agencies had no
basis upon which to guide the industry through the pro-
cess.

In 1983, an ad hoc Committee on Aquaculture Permit-
ting, consisting of state agency officials, extension spe-
cialists and industry representatives, was convened to ad-
dress these issues. It took the committee almost two yr to
unravel the permitting process for aquaculture and, in late
1984, an Interim Guide to Aquaculturt  Permitting in South
Curolina  ws published (DeVoe  and Whetstone 1984). The
purpose of the guide, which has been updated twice, is to
provide prospective applicants assistance in meeting regu-
latory requirements. More than 300 copies of the guide
have been distributed upon request and has served as a
model for guidebooks developed by several other states.

However, there are several limitations to the utility of
such a publication. In South Carolina’s case, the guide was
published for use by the aquaculture community only un-
til a formal state permitting mechanism was established;
this has yet to occur. Another problem relates to the regu-
latory and permitting environment itself-it is in a dynamic
state of evolution. Laws and regulations continue to be
passed and amended. As a result, the guide is in continu-
ous need of revision. This can be a costly process, and a
decision as to who pays must also be made.

DESIGNATION OF AQUACULTURE AS AGRI-
CULTURE

The SC. General Assembly passed legislation in 1986
which declared that the terms “agriculture, agricultural
purposes, agricultural uses, farm crops, cultivated crops
or words of similar impact shall include...aquaculture”
(Sec. 46-140, 1976 Code). The aquaculture industry in
South Carolina, as well as throughout the United States,
strongly supports this designation as it gives state depart-
ments of agriculture more of a role over private aquacul-
tural activities. Since 1986, aquaculturists  have benefitted
from a number of USDA and state agriculture department
programs, including numerous sales tax exemptions, ac-
cess to farm loan programs and additional technical assis-
tance provided through the Agricultural Stabilization and
Conservation Service and other USDA agencies.

However, it appears that many in the aquaculture in-
dustry are looking to the federal and state departments of
agriculture as “shields” from excessive environmental
regulation. As long as aquacultural practices involve the
use of public resources (tidelands, waters, wetlands, etc.),
the industry will most likely continue to be subject to the
laws and regulations of federal and state agencies that seek
to protect these public resources.

CREATION OF AN AQUACULTURE PERMIT
ASSISTANCE OFFICE

The S.C. General Assembly emphasized the importance

of providing permitting assistance to the aquaculture in-
dustry through the creation, in 1988,  of the Aquaculture
Permit Assistance Office (Title 46, Chapter 51, SC. Code).
This legislation established the position of Permit Facili-
tator within the S.C. Department of Agriculture to assist
cultmists  in: (1) obtaining permits; (2) obtaining techni-
cal assistance from state, private, and academic institu-
tions; (3) understanding new changes in state or federal
regulations that may affect the outcome of a permit appli-
cation; and (4) obtaining application forms.

In addition, the legislation required that the executive
directors of all state agencies involved in regulating aquac-
ulture convene to develop a single application form which
“must be used by all the permitting agencies” (Title 46,
Chapter 51, SC. Code). It requires the agencies to refer
any individual seeking permits for aquaculture to the
Aquaculture Permit Assistance Office to complete an ap-
plication and provide all information required by the per-
mitting agencies to process the application and render a
decision.

The creation of the Aquaculture Permit Assistance Of-
fice has greatly enhanced the ability of small-scale
culturists to traverse the regulatory process. The permit
facilitator has essentially eliminated the time it had taken
for culturists to identify the process to be followed and the
agencies with jurisdiction. While the application process
has been streamlined. the fact remains that a myriad of
permits, certifications and licenses are still required. Im-
proving the “front end” of the process has not affected the
time, cost and complexity of the regulatory structure for
aquaculture. In addition, the permit facilitator has no di-
rect permitting authority, so while (s)he can assist the
cultmist administratively, (s)he cannot affect  permitting
decisions. Finally, the time savings that accrue to prospec-
tive culturists are solely front-end; once the application is
received by the permit facilitator and sent for processing.
it follows the normal permitting timetable regularly used
by the agencies.

PLANNING FOR AQUACULTURE DEVELOP-
MENT

The SC. General Assembly, in creating the Joint Leg-
islative Committee on Aquaculture, required its staff to
prepare and periodically update a state aquaculture devel-
opment plan to include an assessment of resources, op-
portunities and constraints to foster interagency and insti-
tutional cooperation in the development of aquaculture
(Title 2, Chapter 22. SC. Code). The Sfrutegic  Plan for
Aquaculture Development in South Carolina (1989) was
prepared to: (1) identify existing private and public sector
aquaculture activities in South Carolina; (2) outline a de-
velopment program for commercial aquaculture and its
required public sector assistance; and (3) identify factors
limiting aquaculture development in South Carolina and
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Table 5. South Carolina state government reorganization of the natural resources agencies.

Major department Offices and departments

1. SC. Dept. of Natural Resources
b”.
C.
d.

;:
g*

2. S.C. Dept. of Health & Environmental
Control

b”.
C.

e.
NR = non-regulatory; R = regulatory

SC. Wildlife & Marine Resources Dept.
S.C. Land Resources Conservation Commission (NR)
SC. Water Resources Commission (NR)
Migratory Waterfowl Commission
Geological Mapping (from Budget & Control Board)
State Geologist
Natural Resources Police (law enforcement)

S.C. Dept. of Health & Environmental Control
S.C. Land Resources Conservation Commission (R)
S.C. Water Resources Commission @
S.C. Coastal Council (coastal zone management)
S.C. Mining Council

formulate a plan to remove constraints and stimulate com-
mercial development.

The strategic plan identified five major factors that re-
quire attention (regulatory constraints, environmental con-
cerns, financial needs, marketing restrictions, and knowl-
edge and information) and offered 41 recommendations
to enhance aquaculture’s development. It represented the
first major comprehensive evaluation of the aquaculture
industry performed in the state. The plan also identified
specific action steps needed to address the recommenda-
tions and assigned responsibilities for carrying them out.

As with any plan, implementation is the key. While
specific action items and strategies for implementation
were included in the plan, no incentives (or disincentives)
were offered to ensure the recommendations were ad-
dressed. The Joint Legislative Committee on Aquaculture
and its Interagency Advisory Staff rarely called for up
dates on the status of implementation, and the joint com-
mittee itself was dissolved as part of state government re-
organization in 1993. So while the aquaculture industry
continues to call for plan implementation, it is having more
difficulty effecting necessarychanges in law and regula-
tions. As a result, only 17 of the 41 recommendations have
been addressed in the six yr since the plan was adopted by
the S.C. General Assembly.

SOUTH CAROLINA STATE GOVERNMENT
REORGANIZATION

Throughout its history, South Carolina has had a strong
legislative form of government. Each of the state’s 127
agencies reported directly to their respective standing com-
mittees in the Senate and House of Representatives, which
controlled their progmmmatic activities and budgets, while

12

the role of the Governor’s office had essentially been ad-
visory in nature. By the early 199Os,  however, this system
was challenged as one that represented ‘Yun-away” gov-
ernment, with no centralized authority being held account-
able for agency actions and spending.

In 1993, the S.C. General Assembly passed sweeping
state government restructuring and reform legislation. Sev-
enty-five of the state’s 127 agencies were consolidated into
17, 12 of which were made part of the newly created
Governor’s Cabinet. The nine natural resources-related
agencies in existence prior to 1993  were combined into
two: The SC. Department of Natural Resources and the
SCDHEC (Table 5).

One intention of the General Assembly was to ease the
burden of the regulatory process on permit applicants by
reducing the number of agencies with which they had to
deal. Further, the state was seeking to achieve “one-stop”
permitting; state government reorganization has provided
a regulatory setting where this goal may soon be realized.
But as the move toward centralization continues, several
issues remain. While “one-stop” permitting may be desir-
able, it essentially internalizes the permitting process. All
permits required prior to government reorganization must
still be obtained by the culturist; however, agency deci-
sions on each are now made internally. Opportunities to
negotiate permit terms and stipulations are minimized as
a result.

Another issue is emerging as well. While the SCDHEC
is now the state’s primary natural resource regulatory
agency, the S.C. Department of Natural Resources has re-
tained all regulatory responsibilities over the state’s wild-
life and fisheries and, in the case of aquaculture, the state’s
public tidelands and coastal waters. There appears to be
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m ~~~~~~  fGcban  ber~tm  the two agencies over their try, albeit at a fairly slow pace. The potential of marine
mles ~g~~~ aquaculture development in the aquaculture  remains high as research information and tech-

slated re~~~ibilities of the SC. Depart- nologies continue to be generated for cultivating a diver-
Itme’s Aquaculture Permit Assistance of- sity of marine species, ameliorating the environmental ef-

6 into question as well. fects of the  industry and developing cost-effective sustain-

?C”GES  IN STAflE  LEGISLATION AND
able culture techniques. Realization of that potential is
being severely limited by the institutional and legal con-
straints presented above.

?&h of the marine aquaculture activity occuning in These  issues are not new to the industry. Note the key
$QU&  ~~~li~ would not now exist if the S.C. General conclusions of the NRC panels that, in 1978 and 1992,
As.~m~lY  bad not passed new or amended existing laws. met to review the potential and growth of the U.S. aquac-
~~~11,  the state has tesponded when necessary to facili- ulture industry. In 1978, an NRC panel concluded that
tam the ~vel~me~t of marine aquaculture operations. For constraints on the development of the U.S. aquaculture

ce, the SC. General Assembly: (1) provided exemp- industry “tend to be political and administrative, rather
m sea%& and ~~imurn size regulations to the than scientific and technological” (NRC 1978). Fourteen

aquaculture indusvy (1986 and 1989); (2) le- years later, the NRC stated that “solutions to the environ-
e cuhure of hybrid striped baas in 1988, after mental problems constraining marine aquaculture will in-

tace over a four Yr valve approaches that combine technological ‘fixes’ with
sh, crustaceans and improved regulatory and management structures, as well
operations remain as public education...” (NRC 1992). It is certainly unfor-

nulst  until sold or traded tunate that while these issues were fully explored in the
(~~~~~~  (4) cavil for si~ni~~~t penalties (including late 1970% many still remained in 1992 and do so today.
fines a& ~rn~~~~~nt)  for anyane convicted of causing A number of proposals have been offered over the last

to ~~~~lt~~ facilities or bang cultured fish four yr to remove these constraints and move the industry
) developed an importation  Policy foward. The NRC (1992) suggested that, among other

per&d shrimp species in cul- things, the U.S. Congress should: (1) designate marine
(6) is ~o~sid~ng GXQ+~~  zone aq~ac~lt~re  as a recognized use of the coastal zone; (2)

r the use oftbe St&s waters and create a legal framework to address constraints; (3) modify
~~~lt~ neaf ~~1~0~ centers (pro- federal regulations that now limit development of marine

aquaculture; (4) create a congressional committee on
state’s ~~~~ industry and agen-
develop a ~~-tai Permit  for qualified shore and offshore apdme.

atp~ult~re; and (5) explore opportunities offered by on-

ens under the National  Pot&ant  Dis- At the state level, Rubino and Wilson (1993) recom-
an System program and, together with the mended that: (1) aquaculture be defined as agriculture in

~~~~i~ea” are ~~in~n~ to develop the criteria neces- law; (2) a lead agency be identified in each state to coordi-
oary to prepare best m~agement practices (BMPs) for nate regulatory programs; (3) the permitting process be
certain forms of marine aquaculture.

South Circa has obviously demonstrated a willing-
StreamlifE&  (4) conflict resolution measures be adopted;
(5) aquaculture be included in government planning; (6)

ness to deal With  CNlStfaiUtS  t0 JK#UXUkUR development regulations be formulated in consultation with the indus_
~~$h l~~sl~ve and regulatory reform but it has done try; (7) adoption of best management plans be encouraged;
$0 in 8 reactive, crisis-management mode. This becomes and (8) research, education and extension efforts be sup-

xamhkg the State Code Of hWS- pfld md expm&d.
ng aqua~ulture are spread through- The key, however, to the future of marine aquaculture
s a resuh* there is no Overall State in the United States is the creation of technologic~ and

Work for aquaculture in South Carolina. political  systems that will provide for sustainable marine

WE FUTURE FOR MARINE AQUACULTURE IN
aquaculture. Sustainable aquaculture will only be achieved

TT#E  UNITED STATES
if all facets of the industry-production and technology,
economics and marketing, business and financing, natural

South CarObna  is Gewed by many as having made sig- resource needs and protections, and admunsuative and
licit strides in mmmnzing  regulatory and institutional legal i&t&ons__are de& witi simultaneously. ~~~ is a
~~~~~ ta marine aquacuiture. Nevertheless, the situa- lofty goal, as the difficulty lies in the details of how ex-
don in South CalQhlla  is representive of the complexity of xtly to at&in  it, as those details differ with different modes
the issues tha,r face -Ycoastal  states throughout the of ~ua~ulture  (Ban&h 1995).  Nevertheless, education
United states- Progress is occurring throughout the coun- and communication will be the primary tools  required to
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move toward a viable and sustainable marine aquaculture
industry in the United States.
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Effects of Fish Farming on Macroinvertebrates:
Comparison of Three Localities Suffering from Hypoxia
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Nansei, Mie 516-01,  Japan

ABSTRACT
TO clarify the effects of fish farming on macrofauna, quantitative samples of the

macrofauna and sediments were obtained from Gokasho Bay in the spring and summer, and
were compared with samples from Osaka Bay and Omura Bay. These three localities suffer
from environmental hypoxia as a result of fish farming (Gokasho Bay), sewage and indus-
trial effluent (Osaka Bay), and enclosed topography (Omura Bay). In these localities, den-
sity and biomass increases correspond to oxygen recovery in autumn. In Gokasho and Osaka
bays, near-azoic conditions were observed in the summer when anaerobic conditions pre-
vailed, but in the winter and spring high population densities (14,700-16,000  ind/m”2) were
encountered. These high densities are primarily due to the occurrence of an overwhelm-
ingly dominant species, i.e., the spionid polychaete Pseudopolydora paucibranchiata in
Gokasho Bay (62.7% of the total number) and the capitellid polychaete Capitelia sp. in
Osaka Bay (73.7%). The large populations in these localities may be the result of the rich
food source derived from gross organic enrichment, but in Omura Bay low organic input
seems to restrain the abundance (1,920 ind/mS2) even when oxygen levels recover. The
dominance of P. pnucibranchiata, which is a suspension- and selective-surface &posit feeder
in Gokasho Bay, suggests a large amount of food at the water-sediment interface. This food
material originates from the leftovers or feces of cultured fish. However, the dominance of
the nonselective subsurface deposit feeder, Capitellu sp., in Osaka Bay may reflect the
accumulation of organic debris within the substratum. Thus, the two distinct dominant spe-
cies indicate the different state of the bottom environments in Gokasho Bay and in Osaka
Bay.

INTRODUCTION
As fish farming has developed since the beginning of

the 1960s in Japanese coastal waters, there has been a
steady rise in levels of water deoxygenation and the oc-
currence of noxious red tides, which often have caused
mortalities of maricultured organisms. It is estimated that
80% of the feed discharges outside of the culture cages, in
the form of leftovers (20%) and excretions of fish, i.e.,
feces (10%) and urine (50%) (Itoh 1994). These organic
wastes induce qualitative and quantitative changes in the
surrounding macrofauna (Brown et al. 1987, Ritz et al.
1989, Tsutsumi et al. 1991).

In Gokasho Bay, which has aria style coastline with an
area of 22.2 km* and a mean depth of 12.7 m (Fig. l), fish
farming has been carried out since the introduction of yel-
lowtail culture in 1962. Thereafter, the culture of red sea
bream was incorporated, and since then fish production
has progressively increased. In this bay, fish farms are
concentrated in a small inlet, where fish cages cover an
area of 2.4 ha. In 1993 in this area, 7,800 mt of feed were
used for culture and 1,360 mt of fish were produced. This
active farming has also unfortunately caused serious prob-
lems, such as oxygen deficiencies in the water (Abo and

Toda, in press) and blooms of noxious dinoflagellates
(Honjo et al. 1991, Toda  et al. 1994).

In order to clarify the effects of fish farming on the
bottom environment, this study has examined the
macrofauna from three localities with hypoxic waters:
Gokasho Bay, where there is an abundance of fish farms;
Osaka Bay, characterized by heavy sewage pollution; and
Omura Bay, where the topography is that of an enclosed
bay with restricted water exchange.

MATEXIALS  AND METHODS
A survey of the macrobenthos was conducted in

Gokasho Bay (34*19’N, 13@4O’E),  the innermost part of
Osaka Bay (34*39’N, 136027’E),  and Omura Bay
(32*58’N,  129*53’E) (Fig. 1). In each locality, samples
were collected on two occasions, i.e., in the deoxygenated
season (August-September) and in the oxygen-recovery
season (February-April) (Table 1). Sampling procedures
were similar throughout the investigations. Two replicate
samples were taken at each station with a 0.04-m*  Ekman-
Birge grab and a 1 -mm mesh sieve. The collected animals
were identified, the number of individuals of each species
counted, and their wet weights determined after blotting
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Fig. I. Omura Bay (A), the inner part of Osaka Bay (B), and Gokasho Bay (C, C’), showing sampling stations (filled circles), areas suffering from hypoxia churched  area), and3sh
farms in an inlet of Gokasho Bay (C’, stippled area).
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/
Table 1. Surveys of the macrdenthos in three localities in Japan.

/
Gokasho Bay Osaka Bay Omura Bay

! Sampling date 20-2 1 Apr 1993 27-29 Aug 1984 20 Aug - 10 Sep 1992
1 I-12Aug 1993 25-27 Feb 1985 2 2 mar - 1 Apr 1993

1 No. of stations a 2 4 16
Reference Yokoyama er al. 1996 Yokoyama 1986 Yokoyama 1995a,  b

Yokoyama 1994
Yokoyama et al. 1985

“The number of stations under the influence of hypoxic waters.
i

Table 2. Community parameters of the macrobenthos in three localities in Japan.

Density (ind/mq2)

Biomass (gm/mV2)

Diversity indicies

H’(bit)

H’max

J’

aIncomputable

FebIApr
AuglSep
FeblApr
AuglSep

FeblApr
AugiSep
FebiApr
Augf  Sep
FeblApr
Aug/Sep

Gokasho Bay Osaka Bay Omura Bay

14700 16000 1920
69 3 439
57.7 90.5 8.9

0.1 co.01 2.3

2.5 1.4 3.1
0.7 -a 2.1
5.7 3.9 4.3
0.8 -a 2.6
0.45 0.36 0.72

-a -a 0.78

with filter paper. Along with the biological sampling, sedi-
ment samples were obtained for analysis of particle size,
ignition loss (IL,), chemical oxygen demand (COD), and
total sulfide content. Dissolved oxygen (DO) of the bot-
tom water (OS- 1 .O m above the bed) was measured using
a DO meter (YSI model 58) and the Winkler  method.

To present the species diversity, the Shannon-Weaver
function H’, the species richness index H’max, and the
evenness index J’ (Pielou 1969) were adopted. Species
diversity has components of species richness and even-
ness; this relation is expressed as H’= H’max X J’.

CHARACTERISTICS OF MACROFAIJNA IN THE
THREE LOCALITIES

Gokasho Bay is divided into five ecological areas on
the basis of species composition. Among them, the inlet
area around the fish farms (see Fig. lc’) has distinct fea-
tures in its species composition, community structure, and

seasonal fluctuations (Yokoyama 1996). The characteris-
tics of the community parameters (Table 2) and the domi-
nant species (Table 3) in this area are compared with those
from the other two localities suffering from environmen-
tal hypoxia.

The area around the fish farms in Gokasho Bay is char-
acterized by large concentrations of the spionid polycha-
ete Pseudopolydom paucibranchiara which comprised
62.7% of the total number of individuals in April 1993.
This species also ranked first in biomass, but the ratio of
occupancy was relatively low (21.1%) because of its small
size. The dense population of R paucibranchiata and the
occurrence of many other species (a total of 67 species),
including the polychaetes  Lumbrineris longifolia and
Prionospio pulchra, the amphipod Protomima imitatrix,
and the bivalve Theora fragilis, enhanced the density
(14,700 ind/me2)  and the species richness (H’max, 5.7)*
showing the highest level in the three localities. In August
1993, however, the fauna was limited to a few individuals
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Species In&n’2 Percent8 Species gm/m -2 Percenta

Pseudopolydora 0210 62.7 Pseudopolydora 12.2 21.1
paucibranchiata paucibranchiata

Lumbrineris 950 6.5 Paraprionospio sp. 8.5 14.7
longifalia

Prionospio pulchra 619 4.2 Theora fragilis 7.4 12.7

Brionospio pulchra
Nebalia bipes
Prionospio pulchra
Sigambra sp.
Ophidromus  sp.

1110
733

1’55
145

7.0
38.2

8.1
7.6

Neanthes succinea 5.2 5.7
Polydora sp. 4.3 4.7
Nectoneanthes latipoda 2.3 25.8
Theoru fragilia 1.6 19.0
Paraprionospio sp. 1.1 12.4

Tabie 4. Environmental factors in three localities in Japan.

Gokaso Bay

Bottom water
Dissoved oxygen

(m&-l)
Sediment
Median diameter (0)
Silt-clay fraction (%)_

Range MeaIl

4.6-S. 1 4.98Peb/Apr
Aug/Sep 0.8-1.7 1.3

2.6-7.1 4.9
23.3-87.6 158.3

Osaka Bay Omura Bay

R a n g e  M e a n Range M e a n

3.3-6.1 4.8 8.1-9.4 9.0
10.4-0.7 0.6 o-4.7 2.4

5.1-6.2 5.4 5.9-8.3 7.5
66-70 73 70.6-99.1 93.7

Ignition loss (%) 8.3-18.2 13.3 12.1-16.3 14.2 9.9-15.5
COD (mg/gm-1  dry)

13.2
5.0-31.9 16.3 25.1-38.6 33.1 11.0-33.0 18.8

Totdl sulfide (mg/gm-l dry) 0.15-0.96 0.58 2.8-12.2 7.1 0.04-0.33 0.17 1
Omura Bay, which is a vast, enclosed basin character-

ized by stagnant water and fine sediments, lacks an over-
whelming species dominance, as is the case in the other
two localities (Yokoyama 1995a, b). p1 pzdchra ranked first
throughout the sampling period, but it had relatively low
abundance percentages, i.e., 38.2% in spring and 30.9%
in summer, This is the reason why there are high evenness
values (J’, 0.72-0.78; Table 2). In Omura Bay, azoic con-
ditions are rarely found in summer, although the values in
density and in biomass during the oxygen-recovery sea-
son were low (1,920 ind/me2, 8.9 gm/ms2) compared to the
other two localities.

of only four species (the polychaetes L. longifoha, P
pulchra, Paraprionospio sp., and Monticellina sp.),  and the
dasity had decreased drastically to 69 indfm-2.

In the innermost part of Osaka Bay (delta mouth of the
%dO  River), where a large amount of sewage and indus-
trial effluent flows into the water from the densely popu-
lated Kyoto-Osaka  area, near-azoic conditions prevail from
early Summer through autumn (Yokoyama et al. 1985.
yokoYama 1994). However, intense recruitment of the
capit&id poiychaete Capiteha  sp. during a short period in
the winter causes high values in density and in biomass.
fn Febr’Wq 1985, CapiteZla  sp- domitmted the density
(73-7’&  of the total number) and the biomass (8 1.1%)
c*skoo YWa 1986). Other species chamcteristic for this atea
inc1u& the polychaete I? pulchra and the crustacean

i i Ne&dk  bipes, but their ratios of occupancy in the total
dor@Y or biomass are low, usually less than 8% (Table
31.
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ENVIRONMENTAL FACTORS AFFECTING
MACROFAUNA

Physical and chemical factors in the three localities are
sununarized in Table 4. A characteristic common to these
localities is the deoxygenation of the bottom water in the



summer period. However, it is impossible to determine
the differences in the degree of deoxygenation  between
these localities from the present data. AnOxic  con&iOns
have frequently been observed in Gokasho Bay (Abo and
Toda, in press), Osaka Bay (Tsuruho et al. 1980),  and
Omura Bay (Akagi and Hirayama 1991). Such deoxygen-
ation must be a dominant factor in the declining density
and biomass levels during the summer.

High values of COD (33.1 mg/g-i) and total sulfide
content (7.1 mg/g-‘)  in the sediment in Osaka Bay indi-
cate the extreme deterioration of the bottom environment.
In Gokasho Bay, in spite of a large amount of organic
wastes from the fish farms, values of IL loss and COD
were not as high as in Osaka Bay. This is probably be-
cause of the moderate water movements, which are indi-
cated by the relatively small value of the silt-clay fraction
(58.3%). The enclosed topography of Omura Bay induces
the deposition of fine particles in the main basin (median
diameter, 7.5; silt-clay fraction, 93.7%). Such stagnant
conditions cause oxygen deficiency in the overlying wa-
ter, although eutrophication is not as advanced as it is in
the other two localities.

In Omura Bay, oxygen was at saturation levels during
the spring. In Gokasho and Osaka bays, however, low oxy-
gen conditions remained after the summer, as shown by
the low values of oxygen saturation: 6 1% in Gokasho Bay
during the spring, 50.5% in Osaka Bay during the winter.
The protracted occurrence of oxygen deficiency in
Gokasho and Osaka bays suggests the continuous input of
large quantities of organic matter.

Organic enrichment in Gokasho and Osaka bays may
be favorable in providing a rich food source for
macroinvertebrates, but it also deoxygenates the water and
subsequently eliminates the benthos in the summer.
Macroinvertebrates which have a physiological ability to
withstand low oxygen tensions and high sulfide concen-
trations increase their populations rapidly by utilizing the
accumulated organic resources even when oxygen levels
do not recover sufficiently. Under these conditions, preda-
tors and competitors will be excluded by their low resis-
tance to oxygen deficiency. P. paucibranchiata and Capi-
teEa sp. are good examples of organisms which can ex-
ploit nutrient sources in a harsh environment. Tamaki
(1985) reported an extreme increase of a F!
paucibranchiata population within a caged plot, esmb-
lished experimentally on a tidal flat. The environmental
conditions around the fish farms in Gokasho Bay may re-
semble those of the caged plot in preventing predators and/
or competitive organisms.

Finer particles of sediment contain a larger amount Of
organic matter. However, in general, this organic matter is
accumulated over a long period and is highly decomposed,
and it probably serves a limited role as a nutrient for
macroinvertebrates. Although fine, enriched sediments are

deposited on the bottom of Omura Bay, where large val-
ues of IL and COD were observed (Table 4), the poor food
source seems to restrain the biomass even when oxygen
levels recover.

COMPARISON OF THE DOMINANT SPECIES
Distinct dominant species exist in two localities, i.e., I?

paucibranchiata in Gokasho Bay and Capitella sp. in
Osaka Bay (Table 3), although the two localities have simi-
lar trends in their community structure and seasonal fluc-
tuations. It is widely held that many pollution indicators
have opportunistic life history characteristics such as small
size, short generation times, large reproductive rates, and
high mortality levels (Grassle and Grassle 1974, McCall
1977, Pearson and Rosenberg 1978). Such characteristics
allow these species to quickly colonize denuded areas at
any time of the year when the habitat is improving.

Table 5 summarizes the life history traits of the two
dominant species. The Capitella species complex, which
is known worldwide as an indicator of heavy pollution, is
regarded as a typical opportunist because of its prolonged
breeding season, high growth rate, brief maturation pe-
riod, and high mortality levels after periods of high repro-
duction (Grassle and Grassle 1976). As for the Japanese
species of Capitella, a similar pattern of life history has
been reported (Tsutsumi and K.&u&i  1984, Tsutsumi 1987,
tikuchi 1991). A timetable for the development of I?
paucibrunchiuta,  which was described by Myohara (1980).
indicates that this species is also an opportunist; it has a
small adult size (5-10 mm in length) and reproduction be-
gins about one month after oviposition. Blake and
Woodwick (1975) suggested that t! paucibranchiata in
California reproduces throughout the year, It is, therefore,
possible that these two species are dominant in the un-
stable environment by virtue of their ability to reproduce
rapidly at any time of the year.

The two dominant species exhibit dissimilar traits in
development (Table 5). A mature female of P.
paucibranchiata reproduces every week (iteroparous), and
produces small eggs; larvae hatch from the egg capsule 3-
4 days after oviposition at the 3-segment stage, then lar-
vae spend a relatively long planktotrophic  pelagic period
(2-4 wk). Capitella sp. in Japan reproduces once during
their lifetime (semelparous), and produces a smaller num-
ber of larger eggs and lecithotrophic (not feeding) larvae
which have a brief pelagic period (<24 h) (Table 5). Such
differences in development were discussed by Levin
(1984). She suggested that P: puucibranchiata  has an ad-
vantage over Capitetla  spp. in CaIifomia  in colonizing new
habitats by enhanced dispersal mechanisms. She also sug-
gested that Capitella spp. has an advantage in its ability to
reduce its mortality levels during the short pelagic period
and in its ability to exploit nutrient-rich habitats during
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of the life cycle. In Gokasho Bay, the azoic
by oxygen deficiency is readily repopulated

y E ~~i&~~~ through dense settlement of avail-
ble Imae!, which latd from the surmundin@; habitats.

ther ~~~~n~ between the two species is their dis-
cfable !I), f? pa&branch&a  makes
into the water, and feeds selectively

and suspended organic par-
n&face by using a pair of
1981, Tam&i 198s). Capi-

1lkx spp. burrow into the substratum, and feed
~~~v~iy on subsurface sediments containing decayed
‘panic paxticles and associated microbes (Tenore 1975,

~~ch~~d Jumars 1979,  Tsutsumi  et al. 1990). Such a
~ff~~n~ in feeding mode seems to indicate the different
state of the bottom environments between Gokasho Bay
and Gsaka Bay. Active fish farming has been carried out
in an inlet of Gokasho Bay, where the input of fish feed is
as high as 325 kg/m-Uyr-I  over an area of 2.4 ha. Itoh
(1994) es~ma~ mat 80% of the food input is loaded into
the envimnment and 30% discharges directly as organic
Particles in the form of leftovers and fish feces. It seems
likely that suspended organic wastes are sent to the bot-
tom layer and that these particles drift on or above the
seabed depending on the degree of water movement. The
dense apron of P. paucibranchiata must be sustained
by these  organic wastes that serve as a possibie  food source
at the water-sediment interface. At the innermost part of

Bay, where the bottom currents are weak, a large
armxmt of organic debris seals in the sediment. That or-

Table 5, Life history traits of two dominant species in Japan.

Pseudopolydora paucibranchiata Capitella sp.

Adult size 5-10 mm 15-20 mm

Bme to first reproduction 1 month l-2 months

Frequency of reproduction Iteroparous Semelparous
Gocyte size 95-100 m 280-300 m
Bmod size 250-500 50-500
Erood protection Capsule in the tube Inside the tube wall
~paw~i~~ period Most of the year Most of the year
Pelagic period 2-4 wk c24 h

Lecithotropic (<3-segment stage) Lecithotrophic
Planktotrophic (>3-segment stage)

F~~~~ mode of adult Suspension feeding and surface
deposit feeding

Subsurface deposit feeding

~~h~~ cn Blake and Woodwick  (1975),  Weinberg (1979),  Myohara (1980),  Levin (1981, 1984),  and Tamaki
1985  for R ~~i~~~~~~~ and Tsutsumi and K&u&i (2984). Tsutsumi (1987),  Tsutsumi  et al. (1990),  and

chi ( 199 1) for Cupitella  sp.

ganic matter apparently nourishes a large population of
Capitelia species. Such a difference in the form of organic
matter may lead to the success of distinct dominant spe-
cies in these two localities.

SUMMARY AND CONCLUSIONS
Community structure and seasonal fluctuations of the

macrobenthos around the 8sh farms in Gokasho Bay are
similar in some respects to those in Osaka Bay, which is
polluted by sewage wastes, but are different from those in
Gmura Bay, which is characterized by an enclosed topog-
raphy. High organic input from the fish farms in Gokasho
Bay eliminates the macrofauna during the summer, but
induces an overwhelming dominance by the suspension
and surface deposit feeder i? paucibranchiara in the oxy-
gen-recovery season. Environmental deterioration around
the fish farms is obvious, but is not usually as severe as it
is in Osaka Bay, where Capitella sp. dominates. Thus, we
can monitor the bottom environments around the fish farms
by examining the community structure, seasonal fluctua-
tions, and species composition of the macrobenthos.
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ABSTRACT
The objectives of the present study are to determine the cycle and budget of nitrogen in

larviculture ponds of the swimming crab Portunus rrituberculatus and to evaluate their
impact on water quality and survival rate. Field surveys were carried out at the Hiroshima
Prefecture Fish Farming Center from 1990 to 1993. Among nitrogenous compounds. con-
centrations of NH -N and particulate organic nitrogen (PON) showed peaks just before the
mass exchange ofpond water, when the main component of sedimentary material changed
from phytoplanktonic  organic matter to nonphytoplanktonic organic matter. As a result of
N budget analysis, it was made clear that the main factors enhancing N concentration in the
pond are the input of phytoplankton culture medium and feed in Phase I, while only feed
contributed in Phase II. High survival rate is supported both by low input and low concen-
tration of N, especially of NH -N, when high conversion rate of feed-N to crab larvae-N
was attained. Then, variation !n the individual nitrogenous compound per unit time per
pond (gNd-’ pond -‘) revealed that feed, sedimentation and water discharge are the main
factors affecting the variation of NH -N. Input of concomitant NH -N in “green water”
(culture of green algae) also signifka&ly contributed to the increasesf NH -N concentra-
tion in the pond. As practical measures for improving the culture system, reduction of phy-
toplankton load and feeding load to the level which causes NH -N concentration below 34
pg at 1-l are proposed. These measures will improve not only tffe survival rate and the cost
of crab seed production but also the water quality of pond water. Thus. the environmental
impact of effluent water will be significantly minimized.

INTRODUCTION
Larviculture of the swimming crab Portunus

trituberculutus has been extensively carried out in Japan
in order to improve the natural resources of the crab in the
coastal area. However, the survival rate during the
larviculture for seed production is unstable and sometimes
extremely low because of high mortality due to unknown
reasons but which are supposedly due to water quality
management. Among many parameters used to character-
ize the water quality, N is one of the most important indi-
cators of water quality because N is not only a major chemi-
cal component of the organism but also a major compo-
nent of the feed supplied and excrement of the crab lar-
vae. Although acute toxicity of ammonia and nitrite on
crustaceans has been studied, the chronic effect of nitrog-
enous compounds on larvae of the swimming crab is not
clear (Chen and Chin 1988, Chen et al. 1990). From the
viewpoint of seed production, quantitative evaluation of
water quality management through nitrogen budget analy-
sis is very important to improve the survival rate. Hence,
the objectives of the present study are to make clear the
cycle and budget of nitrogen through field observation in

larviculture ponds of the swimming crab and to evaluate
their impact on water quality and survival rate.

MATERIALS AND METHODS
Field surveys were carried out at the Hiroshima Pre-

fecture Fish Farming Center in Takehara, Japan, every year
from 1990 to 1993 on the substantial crab seed produc-
tion. During this time, crab larvae were metamorphosed
from the stage of zoea 1 followed by zoeae 2, 3, 4 and
megalopa into crab 1. According to the stage of crab lar-
vae, methods of the culture management changed (Table
1). During the stage of zoea 1 to early zoea 3, water ex-
change rate was very small but mass exchange of water
was carried out after the latter stage of zoea 3. When the
zoea attained stage 4, sediment accumulated on the con-
crete pond floor was removed in order to prevent the un-
favorable effect of sediment on the water quality.

From the viewpoint of water quality management, we
divided the culture period into Phase I (before sediment
removal ) and Phase II (after sediment removal) in the
present study. During Phase I, phytoplankton culture was
supplied as empirical measures to maintain water quality.
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Table 1. Water management of crab (Portunus  bituberculatus) larvae rearing pond and  feed supplied in tbe
present study

Phase
Larval stage

Water volume
(m3 pond-‘)

Water exchange
(m3 d-l pond-‘)

Feed
B. plicatilis

(108 ind. pond-‘)

A. salina nauplii
(108 ind. pond-‘)

Minced shrimp
@g pond-‘)

Formula feed
(gm pond-‘)

Zoeal

40-65

O-10

4-10

100

I
Zoea2
65-85

o-51

6-20

0.2-  1 .o

Zoea3 Zoea4
85 85

30-100 70-500

7-35 8-55

0.2-2.5 0.4-4.5

100-400 100-600

II
Megalopa  crab1

85 85

70-500 70-500

0.5-6.0

0.25-4.5

200-800

Depending upon the phytoplankton culture, the pond wa-
ter was classilied as G: green water (green algae), B: brown
water (diatom) and Bffi: mixture of green and brown
waters. Nitrogen source of the cultured phytoplankton was
ammonium sulfate [(NH&SO,] and potassium nitrate
(KNO,)  for green water and brown water, respectively.
Feed also changed according to larval stage (Table 1).
During the stage of zoea 1 to zoea 4, rotifer, brineshrimp
larvae and artificial feed were supplied, while, during the
stage from megalopa to crab 1, brineshrimp larvae, minced
mysis and artificial feed were supplied. Initial number of
larvae (zoea 1) introduced into the ponds ranged from
1,230,OOO  to 2,36O,OOO/pond,  while final yield of seed
production ranged from 43,000 to 622,000 (crab 1 larvae)/
pond depending on survival rate.

Analyses of ammonium nitrogen (NH,-N). nitrite-N
(NO,-N)  and nitrate-N (NO,-N)  were made according to
the manual of the Oceanographical Society of Japan (1990).
Particulate organic nitrogen  (PON) was measured by a
CHN analyzer (Yanaco MT-3, Yanagimoto Co.). Deter-
mination of chlorophyll a (Chl a) in pond water was made
by the method of Strickland and Parsons (1972). PON and
Chl a of sediment were similarly analyzed as those in pond
water. Nitrogen content of feed, phytoplankton culture and
crab larvae were also determined by the CHN analyzer in
order to calculate the N budget.

RESULTS AND DISCUSSION

VARIATION  OF NITROGEN COMPOUNDS IN
POND WATER DURING LARVICULTURE

Among nitrogenous compounds, NH,-N  showed a peak

26

just before the mass exchange of pond water, especially il
the green water pond (Fig. 1). NH,-N concentration wa:
generall y high in the green water pond, ranging from 2. :
to 237 pg at 1-l. compared with the brown water pond in
which the values ranged from 0.1 to 30 pg at l- 1. Not onl!
NH,-N but also NO,-N showed higher concentration il
the green waterpond compared with the brow n water pond
and their concentrations ranged from 0.0 to 9.0 pg at 1-l
Variation of NO,-N concentration, however, was  affecta
by fertilization, showing th emaximum of 46 ~18  at 1-l. ‘I%(
24-h median lethal concentrations of NH,-N, NO,-N ant
NO,-N for each larval stage of the swimming crab are re
ported to be 4,800-7,600,  14,000-26,500  and 160,000
280,000 pg at 1-l. respectively, and are lower for molt@
larvae from zoea 1 to zoea 2 (Mawatari and I-Iirayami
1975). From these observations,  it is suggested that acut
toxicity of observed N compounds is not significant.

!
1

e

In order to estimate the contribution of phytoplanktoni
N in the PON, PON:Chl a ratio was examined. PON:Ch
a ratios were below 70 both in suspended matter and il
sediment in Phase I, while in Phase II these ratios wen
significantly higher than Phase I (Fig. 2). Assuming  that
PON:Chl  (I ratio of phytoplankton is less than 16 (Parson
et al. 1984). it is suggested that the main component of
suspended matter and sediment was phytoplanktonic ox
ganic matter in Phase I, while in Phase II it changed to
nonphytoplanktonic organic matter.

C
11
n
e

S

‘-

ESTIMATION OF NITROGEN BUDGET DURING
LARVICULTURE

eIn order to determine the N budget in Phase I and Phas
II, each component of N input into the pond, such as ini
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Fig. 1. Variation in ammonium-N concenrration  in three differ-
ent kins ofpond waterfrom I990  to 1993.

tial introduction of larvae, feed supply, phytoplankton sup
ply and seawater inflow as well as each component of N
output, such as crab larvae, sediment and outflow of sea-
water, were estimated (Table 2). In Table 2, percent com-
position of input and output N is also presented. As a re-
sult of these N budget analyses, it was made clear that the
main factors contributing to the high level of N in the pond
were the input of phytoplankton culture medium and feed
in Phase I, and only feed in Phase II.

Transformation or transportation rate of nitrogenous
compound per unit time per pond (gNd-’ pond-‘) on the
individual pathway of N cycle in the larviculture was esti-
mated. These results revealed that sedimentation, phy-
toplankton  supply and water discharge were the main fac-
tors affecting the variation of N in the green water pond,
while feeding, sedimentation and water discharge were the
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Fig. 2. Average PON:Chl  a ratio in waters and  sediments of three
dilferent  kinds of ponds. (A) phase I, and (B) phase II. Two pona$
green water and brown water where the sediments were nor  re-
moved during the rearing period in 1992, were also included.

main controlling factors of N in the brown water pond
(Fig. 3).

CLASSIFICATION OF NITROGEN LEVEL
As factors indicated the N level of the larviculture sys-

tem, NH,-N concentration in the pond water in Phase I
and Phase II of larviculture were classified into low (L),
medium (M)  and high Q-I) levels. In this classifkation,  L
indicates the values lower than l/3 of the maximum val-
ues, M indicates the values between l/3 and 2/3 of the
maximum, and H indicates the values higher than 2/3 of
the maximum. For NH,-N concentration, the borders of L
and M and M and H were 17 and 34 pg at 1-l for Phases I
and VII and 14 pg at 1-l for Phase If.

Since NH,-N was contained in the culture media of
phytoplankton especially in the media used for green wa-
ter, carryover of media MI,-N to the pond was calculated.
As a result, a small proportion of NH4-N was estimated to
originate from culture media used in the green water pond.

RELATIONSFIIP BETWEEN NITROGEN LEVEL,
SURVIVAL RATE AND LARVAL PRODUCTION

Since survival rate is closely related to final seed pro-
duction (Fig. 4), for practical use we can evaluate the final
performance of larviculture by the level of survival rate.
The survival rate (SR) was classified into four ranks, from
rank A to rank D, based on the survival rate observed in
the present study: rank A of SR Z30%, rank I3 of 20% I
SR<30%,rankCoflO%iSR<20%andrankDofSR
< 10%.

Relationships between Nff,-N level and rank of larval
production indicated by survival rate are presented in Table
3. Rank A of larval production was established  only when
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Larvae+R
Green

1990
1991

Brown
1990
I991
1993

99 (4)
108 (8)

25 (1)
25 (2)

64 (17)

60 (5)
81 (IO)

‘Larvae and residues in water.

outpat  &$q

imenf w. OufflQW

492 (39)
650 (67)

1460  (loo)
967 (tO0)

175 (33)
73 (17)

169 (IS)

324 (62)
371 (79)
831 (78)

524 (mo)
469 (NO)

1060(100)

364 (25) 471 (32) 626 (43) 1450 (100)
1060 (77) li9(9) 191(14) I370 (100)

60 (41
81 (6)

209 (14)
216 (18)

1190  (82)
1070 (78)

Feed Phytipiankton W. Mow Total

1560 (65) 481 (20) 270(11) 2410 (100)
952 (69) 0 (0) 322 (23) 1380 (100)

Crab Sediment w. outflow Total

19 (1)
7 (1)

1420 (59)
841 (61)

968 (40)
534 (39)

2410 (100)
1380 (100)

1580 (SO) 86 (4) 272 (14) 1960 (100)
652 (42) 16 (1) 863 (56) 1560 (100)
244 (66) 0 (0) 60 (16) 367 (100)

56 (3)
71 (5)
17 (5)

906 (46)
237 (15)
74 (20)

998 (51)
1250 (80)
277 (75)

1960 (100)
1560(100)
367 (100)

844 (66) 28 (21 345 (27) 1280 (100)
405 (49) 29 (4) 306 (37) 821 (100)

60 (5)
3 (cl)

262 (21)
158 (19)

954 (75)
660 (SO)

1280 (100)
821 (100)



Mars* Ybllg and  lbrKmwt0

4 0

0

3 30-
a-.-
a,
E 20-

7.-
?z
3 -lo-ul

0 I I ,
0 0.2 0.4 0.6 0.8
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NH,-N level was low in Phases I and II. Rank B of larval
production was always associated with lower medium
NH4-N level, while rank C or D was sometimes associ-
ated with high NH,-N level. From these results, it is con-
cluded that high larval production or high survival rate is
supported by low NH,-N  concentration. Since no acute
toxicity by observed NH4-N concentration is suggested,
the present result means that NH4-N concentration may
be an indicator of water quality representative of the indi-
vidual larviculture management. For more detail, we can
indicate the recommended NH,-N  concentration by the
method designating the NH4-N concentration which en-
abled the production of ranks A and B. By the same method,
we can realize the favorable N input and output levels in
Phases I and II. From the result of Phase I. it can be esti-
mated that the case of maximum input is three times higher
than recommended input and also excess feeding was sug-
gested from the percent composition of input N (Table 2)
in some cases (Fig. 5a). On the other hand, in the case of

Production (IO4 ind. m-3)
Fig. 4. Relationship between production and survival of swim-
ming crab larvae in different kindr  of ponds from 1990 to 1993.

Table 3. Relationship between N&N level and
production of swimming crab larvae.
Number shows the case observed.

N&N Level Rank  of Production

Phase I
H
M
L

Phase II
H
M
L

A B C D

1 2
1

1 1

1
2

1 2 1

Phase II, although no excess feeding was observed, low
survival rate was observed in some cases (Fig. Sb).

ORIGIN OF SEDIMENT NITROGEN
The origin of sediment N was estimated by the content

of Chl u under the assumption that phytoplankton N:Ch.l a
ratio was constant at 16 (Fig. 6). From these ratios, the
main component of sediment N in the green water pond in
Phase I was suggested to be sedimented green algae. On
the other hand, nonphytoplanktonic N was suggested to
be the main component of sediment after the mass ex-
change of water during which no phytoplankton culture
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was supplied. The sediment in Phase II is supposed to be
feces, unconsumed feed and dead bodies of organisms.

RELATION BETWEEN CONVERSION RATE OR
SURVIVAL RATE AND WATER QUALITY

We calculated the conversion rate of feeding N sup-
plied to crab larvae-N harvested (Fig. 7). From these re-
sults, it can be concluded that the high survival rate which
generally means high production is associated with the high
conversion rate. When the conversion rate was low, nitro-
gen that was not converted to crab N might have deterio-
rated the water quality, while the high conversion rate might
have contributed not only to the improvement of water
quality but also to the cost performance of seed produc-
tion.

CONCLUSION
High NH4-N concentration in the culture pond gener-

ally indicated low survival rate of crab larvae. Less than
34 pg-at  1-l of NH,-N  concentration is recommended for
improving larviculture. In order to reduce NH4-N concen-
tration, reduction of N input, especially reduction of phy-
toplankton load and feeding load is recommended. As to
the N source of the phytoplankton culture media, NO3-N
is preferable compared to NH,-N. These measures will
improve not only the survival rate and the cost of crab
seed production but also the environmental impact of ef-
fluent water.
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ABSTRACT

Samocha atki Lawrence

Impact

Texas has a 2280 km (1,425 mile) coastline and vast amount of coastal land which is not
suitable for traditional agriculture crops. This land can be used for the development of a
shrimp farming industry with an estimated value of $100 million or greater within the next
10 yr. However, this industry will face restrictions from regulatory agencies that will limit
future growth and may even reduce the present production level of shrimp in Texas. The
concern of the agencies lies with the emission of effluent water generated by shrimp farms.
In an effort to reduce the potential negative impact on coastal waters, current regulation by
the Texas Natural Resources Conservation Commission (TNRCC) requires effluent water
from shrimp farms to meet standards set for municipal and industrial wastewaters. Preiimi-
nary effluent characterization of three farms in south Texas suggests that in two farms, the
total suspended solids (TSS) and ammonia (NH4-N) levels were higher than the standards
set by TNRCC. The TSS and five-day carbonaceous biochemical oxygen demand (CBOD,)
for the third farm were higher than the required standards. Coagulation methods, ahhough
effective in decreasing inorganic effluent TSS level, were cost-prohibitive and not adequate
for ammonia and algal removal. A research team from Texas Agricultural Experiment Sta-
tion, Texas Agricultural Extension Service, Texas A&M University-Kingsville (TAMU-
Kingsville), Texas A&M University-Corpus Christi  and The University of Texas-San Anto-
nio is currently working with the shrimp producers to evaluate potential methods to im-
prove effluent water quality. Studies were initiated to develop alternative feeding and pond
management practices including reduction in pond water exchange rates. Development of a
low protein, low pollution diet with higher nitrogen and phosphorus digestibility is another
promising option to decrease effluent nutrient loads. Circulating effluent waters via settling
basins, bivalves and seaweed t&s, and constructed wetlands are another potential alterna-
tive to give the shrimp farmers cost-effective effluent treatment methods. Due to the recent
Taura virus disease outbreak in south Texas, only initial evaluation of the above effluent
treatment strategies was carried out during the 1995  season.

INTRODUCTION
Aquaculture, the farming of aquatic organisms, includ-

ing fish, molluscs, crustaceans and aquatic plants, is in-
creasing worldwide. Since 1984 there has been a consis-
tent growth in aquaculture production and the distribution
of its products. Aquaculture production in 1990 consti-
tuted approximately 15.3% of the world’s fishery produc-
tion (FAO 1992) as compared to 14% in 1989 (New 1991).
From 1984 to 1992 there was an 89% increase in shrimp
production. The reported annual production for 1994 was
20.8 million metric tons (Mmt). Based upon population
growth, in the yr 2000 there will be 6.3 billion people with
per capita consumption of 19 kg of whole fish. This statis-
tic wiI1 necessitate a production quota of 120 Mmt. The
contribution from fisheries for 1990  was about 84.6 Mmt.
Assuming contribution from this source will stay at the
same level, the aquaculture industry will have a produc-

tion need of 35 Mmt by the year 2000 (Gallagher and
Gallagher 1995). This same trend is forecasted for the
shrimp farming industry. Over a decade and a half ago,
this industry provided only 5% of the total shrimp placed
on the world market compared to the 25% being produced
in 1994 (Rosenberry 1994).

Aquaculture by definition uses resources from and in-
teracts with the environment. Barg (1992) claimed that the
majority of aquaculture practices have had little adverse
effect on ecosystems. Generally, the expansion of aquac-
ulture results in the provision of food, increased income,
employment and foreign exchange earnings (Schmidt
1982, Fullin 1989, Pillay 1992). Furthermore, stocking and
release of hatchery-reared organisms into inland and
coastal waters can also help alleviate depletion of wild
fisheries stocks. Culture of molluscs and seaweeds may in
some cases reduce nutrient and organic enrichment in
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e~~o~hi~ Waft. on the other hand, productivity of olig-
atrophic waters may be enhanced due to the nutrient and

ic wastes released from aquaculture  fax-m PA0
* Nevertheless, some cases of environmental degra-

d&on in coastal areas have been documented due to in-
tensive aquacuhure  operations in Europe and shrimp farm-
ing a&v&y in Southeast Asia and Latin America (PhiIhPs
rtf al. 1993). Many aquaculture operations release meta-
bolic waste  products  such as feces, ammonia and uneaten
food into the receiving waters. In most cases, the organic
~~~ulat~ waste will accumulate on the seabed in the
imme~~ vicinity of the farm, while the soluble waste
will ~v~n~~ly end up in the receiving waters. Organic
~~~~hrnent  of the bent& ecosystem may result in an in-
cm&, oxygen consumption by sediment communities and
the fade of anoxic conditions. There is evidence of
very localized effects of reduced concentrations of dis-
solved oxygen in bottom and surface waters close to aquac-
ulture sites, The reductions are due to the considerable
bi~he~~~ oxygen demand of &eased organic wastes
and the respi ands of the cukured stock. In ex-
tmme cases, of carbon dioxide, methane and

sul&le, followed by reduction in macrofauna
and qccies  campositicm,  may also

lost extensive mangrove
ion of the land to fish
993). The clearing op-

y spoon and acidi-
fi&on of saiE-9:  and aquifers. These areas are important

g and nursery grounds for many commercially ex-
tish and s~ll~sh species. Although large areas of
ve swamps  have been cleared for shrimp pond con-

struction @in 1995).  it is important not to underscore the
fact that mgrove ecosystems have also been utilized for
other purposes. including forestry, agriculture and
~~hf~~ing  (Neal 1984, FAO 1985, Andriawan and
Jhamtmi  1989, Soemodihardjo and Soerianegara 1989).
It is clear that uncontrolled development of the aquacul..
ture industry can have devastating effects on coastal eco-
systems These include (1) destruction or degradation of
wetland and mangrove habitats; (2) eutrophication of re-
ceiving waters; (3) pollution of receiving waters from
~~~~~ and amendments added to pond water; (4) ex-
eCSsive otgaaic loading of substratum and alteration of
be communities;  (5) overuse of limited water re-
soumes;  (6) s&ration  of soils and coastal aquifers; (7)
~~~~g of wiId stocks to provide seed and brood stock;
(8) ca#ne and desEnrction of estuarine biota,  (9) intro-
du&m of non-native species and pathogens; (IO) inter-
breeding between cdured and wild populations; and (1 I)

displacement  of traditional COa.Qd  CotllIIlUdes.
When deding  with environmental hIpaCt  of aquacul-

ture, it is useful to distinguish between extensive, semi-
intensive and intensive farming systems. Under extensive
management  systems, cultured organisms are kept at low
densities and may occasionally receive additional nutri-
tion through fertilization. In semi-intensive aquaculture,
cultured organisms are kept at higher densities than in ex-
tensive systems. The culture media are often fertilized and
supplementary feed may be provided. On the other hand,
in intensive production systems, cultured organisms are
kept at high densities and prepared feed is provided regu-
larly.

In semi-intensive and intensive pond systems, it is not
uncommon to have up to a 30-40%  pond water volume
exchange a day to supply oxygen and to improve water
quality. In Taiwan, shrimp farms’ water requirements are
reported to vary between 11,000 and 2 1,430 m3 for every
ton of shrimp produced in semi-intensive culture systems
and between 29,000 and 43,000 m3/t  for intensive culture
operations (Chien et al. 1989). Hopkins and VillaIon ( 1992)
found only small correlation between estimated water us-
age per unit weight of product and shrimp production rates.
Often on large farms, water exchange is based on a set
schedule, withoccasionaI  emergency flushes (Macia 1983),
rather than as an ongoing response to changing pond con-
ditions. Water exchange rates are seldom based on well-
conceived nutrient and algal population monitoring.
Hopkins et al, (1995a)  reported undocumented cases where
water exchange had been used to flush phytoplankton
blooms in response to increased ammonia levels or low
dissolved oxygen which was found to be counter-produc-
tive. Often, pond flushing removes phytoplankton and ni-
trifying bacteria that could have otherwise improved pond
water quality. Furthermore, flushing does not usually af-
fect metabolic processes on the pond bottom, a site where
ammonia being produced and oxygen is being consumed.
In a well balanced pond system, plankton and bacteria
populations can have a positive long-term stabilizing ef-
fect on pond water quality. Hopkins et al. (1993) studied
the effect of water exchange rates on production, water
quality, effluent characteristics and nitrogen budgets of
intensive shrimp ponds. They reported that reducing typi-
cal water exchange rates in intensive ponds is feasible
without negatively affecting shrimp survival or growth,
thereby decreasing economic costs and the potential envi-
ronmental impact of effluents. Hopkins and co-workers
(1995b)  mentioned that high shrimp production can be
achieved without water exchange (7,000 kg/ha/crop). TO

avoid nutrient release into receiving waters during har-
vest, they suggest storing it for reuse with subsequent crops.
While the idea of water recycling systems is ecologically
sound, the efficiency of the system is still far from being
perfected.
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Table 1. Effluent characteristics and monitoring requirements based on water discharge permit issued by
Texas Natural Resource Conservation Commission (TNRCC) for Taiwan Shrimp Wlage  Associa-
tion farm in south Texas.

Parameter Daily Daily Daily Single
average min. max. grab

Discharge (m,/day)
WGD) 378,540 N/A 681,372 N/A

100  . 180
PH N/A 6.0 9.0 N/A
DO (mgn) 6.0 3.0 N/A N/A
NH4-N (mgn) 1.0 N/A 2.0 3.0
CBOD,a  (kg/day)

(lb/day) 1.513 N/A 2,268 N/A
3,336 5,OOO

CBOD, (ma) 4.0 N/A 6.0 8.0
TSSb (mg/L) 30 N/A Report N/A
TSS (mg&) 15 N/A 30 50
a Five-day carbonaceous biochemical oxygen demand
b Total suspended solids
c Net increase over intake level based on Water Discharge Permit for Southern Star Inc.

Frequency and
sample type

1 /day,
continuous

I/day
3lday, av.
3/wk, composite

3/wk, composite

3/wk. composite
3/wk, composite
3/wk, composite

Feed is the major source of nutrient and particulate loads out negatively affecting growth and survival. Villalon
in aquaculture effluent (Avnimelich and Lather 1979,
Krom and Neori 1989). Nitrogen and phosphorus pollu-
tion from feeds in effluent water were identified as a ma-
jor concern to the receiving waters (Kaushik and Cowey
1991, Lin 1995). In Japan, Canada and some Scandina-
vian countries, the concern for pollution by aquaculture
feeds has resulted in regulations governing major feed
components. These regulations sometimes result in lim-
ited animal growth (Jensen 1991). Since shrimp are bot-
tom feeders, their feed consumption is difficult to estimate,
and overfeeding, the main cause for organic loading and
pond bottom deterioration, often follows. Use of feeding
trays is an important to01 to evaluate shrimp feed consump
tion and to adjust feeding rates accordingly. Moya (1993)
reported the results of growout trials conducted with
Penaeus  vannamei  in Peru and Honduras using feed trays
in 23 ponds. A significant reduction in feed conversion
ratios (FCR) was obtained (between 0.9 and 1.3) for 57%
of the ponds tested. This reduction in FCRs can also be
obtained by including highly digestible protein sources and
well balanced amino acids in the diet. Cho and co-work-
ers (1994) developed low pollution diets using nutrient-
dense formulations to achieve very low FCRs  (= 1: 1). De-
creasing protein level in the diet is another promising so-
lution to reduce nutrient load in shrimp farms’ effluent
waters. Aranyakananda and Lawrence (1993) found that
by increasing feeding frequency, the protein level of f?
vannawtei can be greatly reduced (from 35 to lS%), with-

(1991) suggests that increasing the feeding frequency
should have an immediate benefit, including reduced nu-
trient leaching and feed loss, increased growth, and feed
use efficiency. Promising results were recently achieved
through the use of 20% protein fee& vs. 40% protein di-
ets with no water exchange in a trial in South Carolina
(Chemberlain  and Hopkins 1994, Hopkins ef al, 1995b).
It has been speculated that under these conditions, bacte-
rial use of waste feed is stimulated since the lower protein
levels offer more optimal carbon to nitrogen ratio
(Avnimelech et al. 1992, Kochba et al. 1994). Initial re-
sults with this approach in a small-scale experiment show
a 50% reduction of feed cost for both shrimp and tilapia.
Environmental impact is simultaneously reduced through
decreased water exchange. Research is currently being
devoted to improving the long-term viability of marine
shrimp farming. Several areas have been emphasized in-
cluding proper site selection, prevention of escapement,
control of disease, captive breeding of healthy genetically
improved stocks, and better system designs and manage-
ment protocols.

Shrimp production  fmm Texas farms was less than $2
million in 1990,  with shrimp becoming the most valuable
aquaculture cmp in Texas in 1992 (Jensen 1993). With the
2,280 km (1,425 mile) coastline and the availability of
coastal land that is not adequate for traditional agricul-
tural ctops, shrimp farming in Texas could have a v&e of
more than $100  million within 10 yr, The effluent waters



T&e 2 &“fsrragea  In water quality parameters aver a 24-h period in selected sampling stations on and near
So&hern Star Inc. (SSI) and Tafwan Shrimp Viiage Association (TSVA) farms.

Date Time    Parameter (mgfl) TVta TV2b  TV3c MDCd CDCe SSlf ss2g

g-30-94 1a:oo TSSb 23 22 104
9/30 2200 14 48 72
lo/l 2:00 11 32 26
10/t 7%) 27 44 26
10/l 1l:oO 18 30 56
10/l 14:oo 13 94 82

9-30-94 22:oO CBOD5 2 2.4 2.5
10/l 2:00 N/A N/A N/A
lo/l 7:Oo 1.6 0.9 2.6
10/I i&O0 2.7 2.2 2.2

g-30-94 I&O0 Tp” 0.2 0.45 0.6
9130 2200 0.2 0.43 0.38
lOI1 2:OO 0.21 0.36 0.37
1011 7:oO 0.24 0.35 0.35
100 ll:OO 0.21 0.32 0.27
tOI 14:oO 0.22 0.42 0.35

9-30-94 18:QQ Rpj 0.18 0.35 0.44
B/30 22:OO 0.15 0.33 0.3
IO/l 2:W 0.13 0.3 0.27
to/t 7:08 0.19 0.33 0.27
Wl tt:OO 0.18 0.31 0.25
IO/l 14:QQ 0.1 0.2 0.15

9-3~94 l&o0 -N 0.54 1.04 1.4
9130 22: 0*6 1.52 1.28
Wl 2:Qg 0.68 1.72 1.28
WI 7100 0.68 1.52 1
tOI ii:00 0.36 1.32 0.84
IO/1 14:OO 0.29 1.44 1.12

%3Q-94 IWO N03-N 0.3 0.6 0.5
9i30 22:oQ 0.3 0.7 0.4
IOf1 2:Oo 0.3 0.6 0.4
10/I 7:00 0.3 0.6 0.4
10/l 11:OO 0.4 0.6 0.3
lo/l 14:oO 0.4 0.8 0.4

9-30-94 18:OO N$-N 0 0.35 0.26
9130 22:00 0.08 0.37 0.16
IO/1 2:00 0.07 0.37 0.16
lo/I 7:oo 0.05 0.36 0.14
IO/l Ii:00 0.07 0.39 0.13
10/l 14:Oo 0.09 0.4 0.14

k TWA intak e station

134 22 10 112
N/A 42 32 68
28 148 21 52
138 114 24 20
32 80 9 88
136 246 21 112
1.8 2.6 N/A N/A
N/A N/A 2.7 1.8
1.4 8.8 2.6 2.2
2.7 5.6 4 1.4
0.46 0.11 0.27 0.29
0.37 0.13 0.26 0.22
0.38 0.16 0.22 0.18
0.34 0.16 0.3 0.23
0.38 0.53 0.23 0.19
0.44 0.36 0.23 0.28
0.33 0.03 0.16 0.22
0.31 0.02 0.19 0.13
0.28  0.03 0.15 0.14
0.3 0.03 0‘19 0.2
0.33 0.46 0.18 0.19
0.25 0.33 0.15 0.09
1.93 0.01 0.46 0.3
1.32 0.05 0.72 0.33
I.28 0.03 0.53 0.48
1.32 0.01 1.04 1.04
1.24 2.2 0.84 0.44
1.48 1.32 0.28 0.6
0.5 0.2 0.3 0.2
0.5 0.3 0.3 0.3
0.5 0.2 0.3 0.4
0.5 0.3 0.5 0.3
0.6 0.4 0.5 0.3
0.6 0.4 0.5 0.3
0.3 0.04 0.07 0.08
0.27 0.07 0.07 0.09
0.32 0.03 0.12 0.17
0.28 0.03 0.07 0.08
0.32 0.23 0.1 0.12
0.36 0.14 0.09 0.12

b. TWA outlet  cokting effluent water from ponds #26 through #66
:

d
TSV A wtie t collecting  efbent  water from ponds #l through #25
M&n &&age canal  station with effluent contribution from SSI, TSVA, and county drainage canal  (CDC)

I Total phosphorus
j Reactive phosphorus
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Table 3. Changes in total suspended solids (TSS) levels in different stations along the Anvyo Colorado
during the 1994 preharvest season.

TSS*  (mg/L)
Date 400 m upstream Discharges 400 m downstream

0.3a 0.9 2 0.3 0.9 1.5 0.3 0.9 1.5
7/19/94 42 42 83 172 68 38 19 23 45
7126194 11 15 17 23 9 15 9 6 22
8/ 16194 42 N/A 79 220 N/A 82 12 N/A 22

800 m downstream 1200 m downstream 1600 m downstream
0.3b 0.9 2 0.3 0.9 1.5 0.3 0.9 1.5

1709194 20 20 47 48 13 34 29 15 28
7126194 6 21 16 15 16 14 8 9 10
8116194 12 N/A 24 18 N/A 10 10 N/A 14
qss
bWater depth (in meters) from which samples were taken

generated by the shrimp farms currently create a serious
growth limiting factor for the emerging Texas shrimp farm-
ing industry. It is particularly true for Texas coastal areas,
in which the discharge is going into bays and estuaries
behind barrier islands that have limited water exchange
with the Gulf of Mexico. Small warm-water aquaculture
facilities that discharge less than 30 days/yr  and with har-
vest of 45,000 kg/yr (100,000 lb) or less are generally ex-
empt from having a Water Discharge Permit. The Texas
Natural Resource Conservation Commission (TNRCC)
requires that any large aquaculture facility that discharges
large volumes of water will have a Water Discharge Per-
mit. Currently, there are only two shrimp farms in the state
that carry this permit, the Southern Star Inc. (%I) and
Taiwan Shrimp Village Association (TSVA). The SSI is
the only farm currently required to monitor continuously
the flow and effluent volume being discharged into the
river. Compliance of the other farm with daily averages
and maximum water discharge limits is based on daily flow
measurements. In addition, the farms are required to moni-
tor total suspended solids (TSS), dissolved oxygen (DO),
pH, ammonia (NH4-N), and five-day carbonaceous bio-
chemical oxygen demand (CBOD,).  Table 1 provides a
summary of the monitoring requirements for these two
farms. The table lists only the parameters for which the
TNRCC has set limits. Other parameters such as fecal
coliform bacteria, nitrite-nitrogen (NO+), nitrate-nitro-
gen (NO,-N),  total phosphorus, salinity, volatile  suspended
solids (VSS) and chlorophyll a are required to be moni-
tored for reporting purposes only. Meeting effluent  water
quality standards is a vital factor for the survival of the
shrimp farming industry in Texas. To ensure continuous
growth of this industry, the Texas Agricultural Experiment
Station (TABS) initiated a study to characterize and de-
velop cost-effective management and treatment strategies

for effluent waters of shrimp farms. The specific objec-
tives of this study were as follows: (1) characterize the
effluent water of the three farms; (2) monitor the impact
of effluent TSS from two farms on the receiving waters;
(3) determine whether soil erosion of earthen drainage
canals contributes significantly to the high TSS levels ob-
served in shrimp farms’ effluent water; and (4) suggest a
cost-effective treatment strategy to improve effluent wa-
ter quality of the farms. In an effort to meet these goals,
selected water quality parameters of the farms’ intake and
effluent waters were monitored for four months to cover
the harvest season. Samples f&m receiving water of SSI
and TSVA farms were also analyzed to evaiuate the effect
on the environment. Water samples were analyzed either
at the water quality laboratory on the farms’ site (VWTL)
or at Texas A&M University-Kingsville, using EPA and
standard methods procedures (API-LA et al. 1992).

SAMPLING OF RECEIVING WATERS OF TWO
AQUACULTURE FACILITIES ON THE ARROYO

COLORADO
Several short-term intensive sampling studies were con-

ducted during the preharvest and the harvest seasons of two
farms. These studies wen: designed  to understand the diur-
nal variations of selected water quality parameter  in the
Arroyo Colorado and in selected sampling stations on the
farms’ sites. Table 2 provides a summary of the data fmm a
study conducted during the preharvest  season Analyses of
the grab samples collected over a 20 h period showed a large
diurnal fluctuation  for each sampling station with Espcct to
TSS, ~INIIO~,  nitrite, nitrate, tcitd  phosphorus, reactive
phosphate and CBOD,  levels. This high variability suggests
that flow-weighted cxmposik  sampies   essential for evalu-
atingtheenvironmentalimpa&oftheshrimpfarrns’eflIllent
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m ~~~ ~ ww, skce relatively high TSS levels were limited  effluent discharge by the farms. On October 31,
found b the f-3 effluent  water, river water samples we= 1994, there was no water discharged from TWA into the
collcctcd fmm different  locations along the river to smdy ever since all ponds were empty. Discharge from SSI on
& effect af t&s effluent water on the river. Samples were that date was less than 15,000 M3 (4 million gallons) a
dm fr0nr  400 m (0.25 mile) upswam from the farms’ day. The low levels of TSS (7-13 mgL) recorded in all of
discharge point, from the point of discharge and from sev- the river sampling stations suggest that the effect of the
ed S&O~S  downs&tan  from the farms’ discharge point. low discharge rate from the farm could not be detected in
Sa&a  W&E dlecwf  during the preharvest, harvest and the river. On the other hand, heavy rain on November 1,
~st~~est  seasons. 1994, resulted in a large storm water discharge into the

THE ~~~~~ST  SEASON
river. It was estimated that during that 24 h period, be-
tween 190,000 and 380,000 m3 (50 and 100 million gal-

Samples were collected at the mid-river point from Ions) of storm water were discharged into the river through
W?AR% .3 m, 0.9 m and 1.5 m, The data collected the county drainage ditch. Consequently, elevated levels
&xEsu n Table 3. The TSS levels in the upstream of TSS (as high as 790 mg/L) were recorded at the dis-
station  varied between I I and 83 mgL TSS levels in the charge station. This level was almost six times higher than
1.5 m samples were always higher than in the samples the TSS level found during the farms’ normal operation
fmm 0.3  m a& 0.9 m water depths. The TSS levels in the period. Elevated TSS levels were also found in the up
river at the fames’ discharge station were generally higher stream sampling station (13 vs. 38 mg/L). Although high

e upswam station.  TSS levels of the TSS levels were found at the discharge station, TSS levels
the fms’ discharge station were at the 400 m (0.25 mile) downstream station dropped back

in samples  from the 0.9 m to the normal level. This sharp decrease in TSS suggests
CiMt 13 m wamr depths. The discharge surface water TSS that the increase in the river’s TSS level was noticed only

mn 23 and 220  mg/I,,. The daul collected in the area near the discharge station. Data from samples
lain the high fluctuation in TSS for the collected on October 2 and 3, 1994, suggest that within

and the discharge one day of the heavy rain event, the river’s TSS levels
went back to normal. Water samples were also analyzed

ns show a for nitrite, nitrate, total phosphorus, reactive phosphorus
station. The and pH. This monitoring was done to provide better un-

derstanding of the changes in these parameter concentfa-
tions before,  during and after heavy storm water release.
Table 6 summarizes the data collected on October  3 1,1994,

TSS IeM at the fart%%’ discharge point uz&cd in a TSS during the postharvest season when there was no discharge
itchy m%r the ~~~~ station, with no apparent ef- of storm water into the river. The data suggest that during
feet Lyon the 400 m (0.Z mile) downstream boundary. the low shrimp farms’ effluent discharge, the river nitrite
THE HARVEST SEASON level varied between 0.07 and 0.15 mg/I.,, These nitrite

The harvest season sampIes were taken from 1.5 m, 3
kveis were in most cases higher than the October daily
average value for the SSI and TSVA incoming water (0.08

m and 4.5  m. Consequently, only samples collected from
the I.5 m water depth could be compared with the corre-

mgLL). A similar trend was noticed for the river r&ate
levels. The levels of total phosphorus, reactive phospho-

spanding values from the preharvest season. TSS levels in
two out of three sampies taken from the 1.5 m water depth th .

NS and  pH were similar to the October daily averages in

1 the;  discharge station were higher than the correspond-
e mcoming water for both farms (Tables 14 and 18). The

data collected from the river during heavy storm water
hg wht% from the preharvest season (Table 4). On the

d in two out of three samples taken from the
release and low farms’ effluent discharge are summarized
in Table 7. Elevated levels of nitrite and total phosphorus

station, the TSS level was lower than the corre-
from the preharvest season. This find-

were found at the discharge station (up to 0.2 and 0.65

the river’s TSS levels at the upstream
mgL for NO, and R respectively), compared with the

ted by the farms’ effluent discharges
previous day’s levels. On the other hand, the changes in

ihe karve?%t  season.
nitrate and reactive phosphorus levels for the same period
were small.

T SEASON Tables 8 and 9 summarize the data from samples taken
“&bl@ 5 safe the TSS levels in the river during in the first and second day after the rain event, respec-

be ‘asked  SeasOiL  meti data  provide background tively. On the first day, the levels of total phosphorus in
apron re@rdhig  the river’s water condition during the UpStRXIII , the discharge and the 400 m (0.25 mile)

downstream stations were higher than normal. These lev-
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Table 4. Changes in total suspended solids (TSS) levels in different stations along the Arroyo Colorado
during the 1994 harvest season.

TSS* (mg/L,)
1 Date 400 m upstream Discharge 800 m downstream 16OOm

o.3a 3.0 4.5 0.3 3.0 4.5 03 3.0 4.5 0.3 3.0 4.5
9/ 15194 13 15 11 58 67 49 29 52 16 23 47 16
9/25/94 21 27 19 61’ 71 54 33 57 18 29 51 19
1012194 15 21 19 72 83 47 37 64 29 33 57 27
aTSS
bWater depth (in meters) from which samples were taken

Table 5. Total suspended solids (TSS)  levels in different  stations along the Arroyo Colorado during low farms’
effluent discharges and different levels of storm water &eases  at the 1994 postharvest season.

TSSB  (mg&)
Date 400 mupstream Discharge 400 m downstream

03a 1.5 3.0 0.3 1.5 3.0 0 3 1.5 3.0
10/31 13 13 12 13 13 7 N/A N/A N/A
11/l 34 3 8  N/A 610 790 405 18 19 N/A
11/2 7 8  N/A N/A 11 11 N/A 48 74
1 l/3 N/A 7 2 N/A 9 12 10 13 N/A

800 m downstream 1200 m downstream 1600 m downstream
0.3a 1.5 3.0 0 3 1.5 3.0 0 3 1.5  3.0

10/31 15 12 12 N/A N/A N/A 12 12 14
1 l/l 20 17 23 20 21 10 19 19 15
1 l/2 N/A 47 69 N/A 24 21 N/A 22 19
11/3 13 9  N/A 14 12 N/A N/A N/A N/A

2400 m downstream 3200 m downstream 4fMOm 64O@m  8OOOm
downstream downstreamdownstmam

0.3b 1.5 3.0  0.3 1.5 3.0 03 1.5 3.0
10131 9 10 12 10 10 9 N/A N/A N/A
1 l/l N/A N/A N/A N/A 20 N/A 20 20 20
1 l/2 N/A N/A N/A N/A 10 N/A 23 8 25
11/3 N/A N/A N/A N/A 8 N/A 20 14 15
aTSS
bWater  depth (in meters) from which samples were taken

els returned to normal only on the second day after the
heavy tin event. On the other hand, the heavy rain did
not result in a significant change in reactive phosphorus
levels in most of the sampling stations on the river. Nitrite
at the discharge station was still higher than normal on the

first day after the heavy rain. On the second day after the
rain event, the nitrite levels in the upstream and discharge
stations dropped to the level found before the rain. A steady
decrease was noticed in the nitrate levels in most stations
during the two days following the heavy rain. These data
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Table  8. Congo in sehteci water quality parameters along the Army0 Colorado, one day after heavy rair
during farms’ low effluent discharges and no storm water releases.

Sampling station NO,-N (m&) N%N (ma) Tpa (m&) Rpb (mg/L)
400 m upstream 0.3 mc 0.12 0.7 0.31 0.24
400 m upstream 1.5 m 0.12 0.7 0.4 0.24
Discharge 0.3 m 0.13 0.7 0.34 0.22
Discharge 1.5 m 0.14 0.6 0.36 0.25
Discharge 3.0 m 0.19 0.4 0.27 0.25
400 m downstream 0.3 m 0.24 0.8 N/A N/A
400 m downstream 1.5 m 0.25 0.9 0.4 1 0.19
400 m downstream 3.0 m 0.23 0.8 0.42 0.22
800 m downstream 0.3 m 0.18 0.8 0.29 0.27
800 m downstream 1.5 m 0.12 0.4 0.36 0.24
800 m downstream 3.0 m 0.18 0.6 0.23 0.18
1200 m downstream 0.3 m 0.17 0.7 0.32 0.24
1200 m downstream 1.5 m 0.14 0.7 0.26 0.24
1200 m downstream 3.0 m 0.03 0.3 0.21 0.14
1600 m downstream 0.3 m 0.07 0.6 0.31 0.24
1600m downstream 1.5 m 0.08 0.5 0.32 0.24
1600 m downstream 3.0 m 0.04 0.5 0.25 0.14
3200 m downstream 1.5 m 0.11 0.6 0.32 0.22
4800 m downstream 1.5 m 0.06 0.5 0.36 0.16
6400 m downstream 1.5 m 0.07 0.8 0.27 0.16
8000 m downstream 1.5 m 0.09 1 0.29 0.2
a Total phosphorus
b Reactive phosphorus
c Water depth (in meters) from which sampies  were taken

Table 9. Changes in selected water quality parameters al&g the Arroyo Coiorado, two days after hemy
rain during low farms’ effluent discharges and no storm water re3eases.

Sampling station NO+ (mSn) NO,-N (mg/L) TRVM-) Rpb (mglL)
400 m upstream 0.3 mc 0.08 0.5 0.29 0.18
4OOmupstream 1.5m 0.08 0.5 0.29 0.21
400 m upstream 3.0 m 0.08 0.4 0.29 0.21
Discharge 0.3 m 0.09 0.5 0.32 0.21
Discharge 1.5 m 0.09 0.5 0.31 0.21
Discharge 3.0 m 0.06 0.3 0.33 0.15
400 m downstream 0.3 m 0.09 0.5 0.29 0.22
4OOmdownstream  l.Sm 0.1 0.5 0.32 0.21
800 m downstream 0.3 m 0.1 0.6 0.28 0.23
800 m downstream 1.5 m 0.1 0.6 0.26 0.21
1200 m downstream 0.3 m 0.1 0.5 0.29 0.22
1200 m downstream 1.5 m 0.1 0.5 0.3 0.23
3200 m downstream 1.5 m 0.11 0.5 0.29 0.19
4800 m downstream 1.5 m 0.1 0.5 0.27 0.17
64OOmdownstream  1.5m 0.1 0.5 0.23 0.17
8000mdownstream 1.5m 0.1 0.5 0.27 0.2
7200 m surface 0.11 0.5 0.28 0.2
7200m; 1.5 m 0.11 0.5 0.28 0.2

a Total phosphorus
b Reactive phosphorus
c Water depth (in meters) from which samples were taken



st that during heavy storm water release, a signifi-
t anon in totai  phosphorus, nitrite and nitrate can be

by the discharge station. The effect was mostly
significant effect on the river’s water at

m (0.25 mile) below the discharge point.
Futther studies are needed to explain the decrease in ni-
trate levels in the river water in the two days following the
heavy storm water release.

r~~~~~T AND EiWLUENT  CHARACTERIZA-
TKBN  OF THREE AQUACULTURE  FACILITIES
M SOUTH TEXAS

The following is a summary of the study conducted at
two ~~mm~rci~  shrimp farms, Taiwan Shrimp Village
A~s~i~~o~  (TSVA) and Harlingen Shrimp Farm (HSF),
Ed one eel farm, Southern Star Inc. (SSI).  These three
famu+  are located in south Texas along the Gulf of Mexico.
WQ of the farms, TSVA and SSI, pump their water from a
small river, the ~rroyo Colorado, which also receives tithe
f~s’e~ue~t. The other farm, HSF, pumps its water from

a sbahow hypersaline lagoon which
also receives the &‘a effluent water. All three farms dis-

Ming  county drainage
agricultural runoff and

4 production season, only 79
stocked with postlame
m&i.ng  density of the

yield af about 4,6QO
with 10 to 12 two-horse-
e farm’s average daily

wa?p  10%. with im average FCR value of
tnore  t&n 2. The SSI farm has 95 2 ha growout  ponds and
28 nursery  pands  that varied  in size between 200 and 500
m2.  Ruring the 1994 production season, only 15.6 of the
farm’s 193 ha were stocked with American eels (Anguillu
RWDB&).  Only one 2 ha pond on the farm was stocked
with shrimp (E vanwmk)  at low density (19 PVm2).  The
farm’s annual production was 33,000 kg of eels and about
5,200 kg of shrimp. The HSF has a total of 34 growout
ponds that varied in size between 0.023 and 2.02 ha Only
t50 out of the I83 ha available an the farm were stocked
with i? VUM%URZ&  ( 15 PLJm’) during the 1994 season. The
farm’s average yield was 1,800 kg/ha, with 7% daily wa-
ter exchange and an FCR value of 2.7.

The level of TSS in the incoming water Of this farm
varied between 0 and 3.5 mg/L (Table lo), with a daily
average of 13.4 mg/L,  for the whole sampling period. The
daily averages by month suggest that TSS values of the
incoming water stayed relatively steady throughout the
growing season. This finding may suggest that the com-
bined discharges from TSVA, SSI and CDC did not affect
the TSS level of the Arroyo Colorado at the intake station
of TSVA farm. From July through September, the daily
average levels of TSS in the effluent water from stations
TV2 and TV3 varied between 80.4 and 124.0 mg/L.  As
the number of ponds in production during October de-
creased due to harvest, so did the monthly average of TSS
levels of these outlets (45.2 and 74.6 mg/L for TV2 and
TV3, respectively). The TSS monthly average for August
and October in TV3 was higher than the corresponding
levels from TV2. The reason for this higher TSS level is
not clear; further studies are needed to explain these dif-
ferences. The seasonal daily average of TSS levels for the
main discharge canal (MIX) was similar to the values re-
corded for TV2 and TV3. Except for the high TSS monthly
average in September (306 mg/L) in the CDC, the monthly
averages for the other months were mostly in the 50 mg/L
range. Quantification of CDC contribution is needed to
fully assess the effect of this source on the river. The ef-
fluent TSS level in this farm was much lower than the
daily average (183 mg/L)  reported by Hopkins and co-
workers (1993) for effluent from South Carolina shrimp
ponds that were stocked at 44 PUm2.

To better understand the changes in TSS and VSS lev-
els during harvest, effluent samples were collected from
the outlets of three ponds on the farm. Table 11 provides a
summary of the data collected from one of the ponds. As a
reference point, readings were also taken from the TV1
(farm’s intake), TV2 (combined drain outlet for ponds #26
through #68), TV3 (combined dram outlet for ponds #l
through #25)  and MDC (combined outlet for CDC, TSVA
and SSI farms). During the three day period, the TSS level
at the outlet of pond #24 varied between 41 and 945 mg/
L, with the highest reading found in the last sample. The
VSS levels for this period varied between 15 and 786 mg/
L, with the highest value observed again in the last sample.
These findings suggest that as the water level in the pond
decreased, a larger amount of organic matter began to ap-
pear. For the same sampling period, TSS levels in TV3

C CTERUATION OF INTAKE AND EFFLU-
EHT ~A~~  OF TAIWAN SHRIMP VILLAGE
AS~~~TI~N  (TWA) FARM

water analyses were made on samples taken from two
* ~~~~~g~s:  o&et TV3 which drained water from

#1 ti@~gh  pad #25 ad outlet TV2 which received
e~ue~t Latex from pond W.26  through pond ##68.  Ponds

t#jf, ~~ #85 were drained directly into the county varied between 59 and 68 mgL. The data suggest that the
,dmi canal (cw>. Since this ditch was fed also by KS  portions  of the TSS at the TV3 station were often

effluent from the SSI farm and by agricultural runoff anti
or storm waters, the effluent water from these ponds was
not monitored. Table 10 summarizes the changes in se-
lected water quality parameters in five sampling stations
on and near the farm.
Total Suspended Solids (TSS)



Table 10. Changes in total suspended solids, total phosphorus, and reactive phosphorus in different sam.
Pliug stations  on Taiwan Shrimp Village Association (TSVA) farm during the 1994 production
season.

Period value TSSB (mg/L,) Total Pg (mg!L)
TVlb TV2’ TV3d MDCeCDCr TV1 TV2 TV3 MDC CDC

Reactive Ph (mg/L)
TV1 TV2 TV3 MDC

Jul. Av.’ 13 107 103 124 50 NA NA NA NA NA 0.09 0.22 0.18 0.22
Aug. Av. 16 80 108 92 50 0.29 0.55 0.47 0.53 0.32 NA NA NA NA
Sep. Av. 13 124 104 108 306 0.27 0.51 0.43 0.52 0.22 0.14 0.38 0.27 0.31
Oct. Av. 10 45 75 7 6 50 0.31 0.47 0.46 0.46 0.18 0.20 0.33 0.29 0.33
Jul.- Av. 13 93 99 101 79 0.29 0.51 0.45 0.50 0.28

STDi
0.12 0.27 0.22 0.28

Oct. 7 47 37 3 6 87 0.05 0.08 0.07 0.08 0.10 0.06 0.10 0.08 0.07
Max 3 5 220 235 203 306 0.38 0.65 0.56 0.66 0.45 0.21 0.45 0.32 0.37
Min 0 12 3 8 58 30 0.21 0.38 0.32 0.39 0.18 0.04 0.11
nk

0.04 0.15
3 5 3 5 3 5 19 10 14 14 14 13 6 10 10 10 7

a Total suspended solids
b Sampling station at the water intake of TWA farm
c Sampling station at the discharge gate for pond #26  through pond #68  of TSVA farm
* Sampling station at the discharge gate for pond #l through pond #25  of TSVA farm
e Sampling station at the discharge outlet for county discharge canal (WC),  TSVA, and Southern Star Inc. farms
f Sampling station at the CDC
s Total phosphorus
h Reactive phosphorus
i Average
j Standard deviation
k Number of observations

Table 11. TSS and VSS levels in one pond outlet and in selected sampling stations on TSVA farm during
harvest.

Date Time

9116194 I:00 pm
9116194 7:00 pm
9/17/94 1:Oo am
9/17/94 7:Oo  am
9/l 7194 I:00 pm
9117194 7:OO pm
9118194 1:ooam
911 g/94 7:OO  am
9/l 8f94 1:OO pm
9118194 7:OO pm

Pond #24 TVIC TV3d Ibllx?
TSSa VSSb TSS TSS v s s TSS v s s

(mgn) (a) @v&I (m&I (%I (mg/L)  (W
41 37 21 61 23 57 33
69 32 60 20 58 40
91 23 59 10 58 21

121 16 59 10 59 19
159 26 61 25 61 20
251 45 64 39 62 34
315 49 65 38 63 46
394 28 64 48 63 38
560 38 66 33 65 54
652 49 66 36 66 47

a Total suspended solids
b Volatile suspended solids
’ Sampling station at the water intake of Taiwan Shrimp Village Association (TWA)  farm
d Sampling station at the discharge gate for pond #l through pond #25 of TSVA farm
e Sampling station at the discharge outlet for county discharge c a n a l  WC),  TWA, anti  Southern  Star I.w.

farms



i
TPI 12, ~em~~~ of TSS levels in ponds’effluent  water from TSVA farm and Harlingen Shrimp farm

dndng the 11994  pruduction season.

Pond 60 Taiwan Shrimp Village Association Farm

Date 8/l 1 8118 8125 9/01 9108 9/l 5 9122 9129

Av,L
TSSb OnpJL) 74 79 93 50 138 13 7 182

79.5
Pond G9 Harlingen Shrimp Farm

I3ate 7-20 7-27 8-03 8- 10 8-17 8-24 9-07 9-14
AQ.

111 30 42 42 109 89 54 38
64.4
s Av~~~~
b Total safe solids

lower the ~~~ndi~g values for samples taken at
pond #24’s  outlet; The TSS levels at the MX outlet were
silly to the levels recorded at the TV3 outlet. However,
a alar VSS pm on was found in the M.lX  samples,
Since MIX?. recei water from different sources, it is

to single om the primary  sotmx for the higher
Flexor, the TSS  Ievels at TV3 suggest
the potid effluent water had high levels of

TZJS  @p to ?43 ). this level was reduti  by 93% at
the TV3 outlet. if we m to @non?-  the particle load
~~~~~on~ from rite other 24 ponds dmining  into TV3
outlet it is obvious that the drainage canal  served as a

basin for the pond’s effluent water. In terms of
data nugget  that by the time the water from this

pond reached the TV3 outlet, only 46% of the TSS was in
the form of VSS compared to 83% at the pond‘s outlet
site. Table I2 provides a summary of the TSS values found
in samples taken from pond #60 outlet in TSVA farm and
pond G9 outlet in HSF during the 1994 production sea-
son. The levels of TSS for the TWA pond varied between
7 and 182  mg& with a daily average of 79.5 mgiL. The
TSS  values for the HSF pond G9 varied between 30 and
11 I m& with a daily seasonal average of 64.4 mg/L,.
~~~ density in pond #60 was SO PUm2,  while in the
@h@r pond it was only 13 PL/m’. The data suggest that
IOWW  %o&bg density does not necessarily result in lower
levels of TSS in the effluent water.
Tot&I Pl=@a era)

The achy average level of TP in the incoming water
WI on) varied between 0.21 and 0.38 mg/L, with

j early growing to the harvest season
: TP for the whole season was

$L. The seB&sal averme level of TP in outlets0.29 ny

44

TV2 and TV3 varied between 0.32 and 0.65 mg/L, with a
daily average of 0.48 mg/L. Higher seasonal TP average
value (0.51 vs. 0.45 mg/L) was observed for TV2 station
as this outlet drained twice as many ponds as the other.
The monthly averages of TP in the farm’s effluent waters
did not show an increase over time. A stight  decrease in
the monthly average TP was noticed in samples from TV2
from the early season to harvest. The TP seasonal average
for MDC was just a little higher than the combined aver-
age for TV2 and TV3 stations (0.5 vs. 0.48 mg/L). Ai-
though this outlet received water from other sources (e.g.,
SSI farm and CDC), the TP level in this station was not
greatly  affected. Assuming a daily usage of 379,000 M3
(100 million gallons) at peak pumping requirement with a
net increase of 0.18 mg/L TP over the inffluent water, then
the TP releases by the farm could be about 72 kg/day or
165 kg (363 lb) of PzO,/day.  This quantity of P205 is about
half the regular phosphorus application for 1 ha cropland
( 180 kg/ha) applied at Ieast twice in each cycle.
Reactive Phosphorus (RP)

The monthly average level of RP in the incoming wa-
ter varied between 0.09 and 0.20 mgL, with a seasonal
daily average of 0.12 mg/L (0.04 to 0.20 mg/L. range). A
slight increase in RP was noticed from July to October
(Table 10). The seasonal averages of RP for TV2 and TV3
stations were 0.27 and 0.22 mg/L,  respectively, with a 0.04
to 0.45 mg/L range. The combined seasonal daily average
for the two stations was over hvice the level recorded for
the intake (0.12 vs. 0.25 mg5). The seasonal average of
RP for the MDC station was a little higher than the corre-
sponding average of TV2 and TV3 (0.28 vs. 0.25 mg/L).
Here again, a slight increase in RP from the early season
to harvest was noticed.
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Table 1% Changes in PH, dissolved oxygen, and five-day carbonaceous oxygen demand in different sam-

Pliug  stations ou Taiwan Shrimp Village Association (TSVA) farm during  the 1994 production
season.

Period value PH DO’ (mg/L)
TVle TV2b  TV3=MDCd TV1 TV2 TV3 M D C

CBOD,g  (mg/L)
TV1 TV2 TV3 MDC CDCe

Jul. Av.~ 8.5 7.9 7.9 7.8 7.2 5.6 5.5 6.0 4.1 3.7 3.7 3.5 5.1
Aug. Av. 8.4 7.7 7.8 7.7 6.8 4.8 5.7 5.7 3.8 3.4 3.8 3.2 3.4
Sep. Av. 8.4 7.6 7.8 7.7 6.6 4.2 5.1 5.0 4.5 2.4 2.8 2.6 15.0
Oct. Av. 8.3 7.9 7.8 7.9 5.7 4.7 3.4 4.6 2.4 2.5 4.1 3.0 NA
Jul.-. Av. 8.4 7.8 7.8 7.8 6.8 4.7 5.3 5.5 3.8 2.9

STD’
3.6 3.1 5.5

Ott 0.2 0.2 0.1 0.1 0.9 0.9 1.0 1.0 1.8 1.0 1.5 1.0 4.5
Max 8.7 8.2 8.1 8.0 10.2 6.8 7.2 8.8 11 4.8 8.4 5.0 15.0
Min 8.0 7.5 7.7 7.6 4.8 2.8 2.6 1.0 1.3 1.4 1.1 1.7

ni
1.6

31 31 31 18 84 68 68 79 32 31 32 19 7
? Sampling station at the water intake of TSVA farm
b Sampling station at the discharge gate for pond #26 through pond #68 of TWA farm
c Sampling station at the discharge gate for pond #l through pond ##25  of TSVA farm
d Sampling station at the discharge outlet for county discharge canal (CDC), TSVA, and Southern Star Inc.

farms
e Sampling station at the CDC
f Dissoived oxygen
s Five-day carbonaceous biochemical oxygen demand
h Average
i Standard deviation
j Number of observations

PH
The seasonal average pH level in the incoming water

was 8.4, with an 8.0 to 8.7 range (Table 13). The seasonal
averages of pH levels in stations TV2 and TV3 were lower
than the pH of the incoming water (7.8 vs. 8.4). These
values were well within the daily average range (6.0 to
9.0) set by the TNRCC.
Dissolved Oxygen (DO)

The seasonal average of DO in the farm’s incoming
water was 6.8, with a 4.8 and 10.2 mg/L range (Table 13).
A slight decrease in DO level in the river’s water was ob-
served from the early season to the harvest. The seasonal
average of the DO level for TV3 station was a little higher
than the corresponding value for TV2 (5.3 vs. 4.7, with a
2.6 to 7.2 mg/L range). The seasonal average of DO con-
centration for station MDC was a little higher than the
combined value for the ‘I’V2  and TV3 stations (5.6 vs. 5.0
mgk). The monthly and seasonal averages of DO con-
centration for both the TV2 and TV3 stations were lower
than the 6.0 mg/L daily average required by the permit.
An increase in effluent DO concentration will be needed
to meet regulatory requirements.

Five-day Carbonaceous Biochemical Oxygen De-
mand (CBOD,)

The seasonal daily average of CBOD, in the incoming
water was 3.8 mgk, with a 1.3 and 10.9 mg/L range (Table
13). The seasonal averages of CBOD, in samples from
TV2 and TV3 were 2.9 and 3.6 mg/L,  respectively, with a
1.1 and 8.4 mg/L range. The seasonal average for the two
outlets was 3.3 mg/L.  The data collected so far do not ex-
plain why a higher level of CBOD, was found in TV3
compared with TV2. The seasonal average value for the
MDC station was a little lower than the combined value
for TV2 and TV3 (3.1 vs. 3.3 mg/L). The seasonal aver-
age of CBODS value for the CDC station was the highest
among all stations (5.5 mg/L).  The higher CBOD, level in
the incoming water, compared with the reading from TV2,
TV3 and MDC outlets, suggests that circulating the river
water in the farm’s ponds reduces the level of CBOD,.
Furthermore, the data suggest that the river’s CBOD, was
controlled by factors other than the farm’s effluent water.
Since the seasonal daily average of CBOD5  level of the
farm’s effluent water was lower than the corresponding
values for the incoming water, meeting the standard will
not create any problem. All of the CBOD, levels found in
this faxm  were lower than  the 8.5 mg/L BOD level reported
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Table 1% Changes in PH, dissolved oxygen, and five-day carbonaceous oxygen demand in different sam-

Pliug  stations ou Taiwan Shrimp Village Association (TSVA) farm during  the 1994 production
season.

Period value PH DO’ (mg/L)
TVle TV2b  TV3=MDCd TV1 TV2 TV3 M D C

CBOD,g  (mg/L)
TV1 TV2 TV3 MDC CDCe

Jul. Av.~ 8.5 7.9 7.9 7.8 7.2 5.6 5.5 6.0 4.1 3.7 3.7 3.5 5.1
Aug. Av. 8.4 7.7 7.8 7.7 6.8 4.8 5.7 5.7 3.8 3.4 3.8 3.2 3.4
Sep. Av. 8.4 7.6 7.8 7.7 6.6 4.2 5.1 5.0 4.5 2.4 2.8 2.6 15.0
Oct. Av. 8.3 7.9 7.8 7.9 5.7 4.7 3.4 4.6 2.4 2.5 4.1 3.0 NA
Jul.-. Av. 8.4 7.8 7.8 7.8 6.8 4.7 5.3 5.5 3.8 2.9

STD’
3.6 3.1 5.5

Ott 0.2 0.2 0.1 0.1 0.9 0.9 1.0 1.0 1.8 1.0 1.5 1.0 4.5
Max 8.7 8.2 8.1 8.0 10.2 6.8 7.2 8.8 11 4.8 8.4 5.0 15.0
Min 8.0 7.5 7.7 7.6 4.8 2.8 2.6 1.0 1.3 1.4 1.1 1.7

ni
1.6

31 31 31 18 84 68 68 79 32 31 32 19 7
? Sampling station at the water intake of TSVA farm
b Sampling station at the discharge gate for pond #26 through pond #68 of TWA farm
c Sampling station at the discharge gate for pond #l through pond ##25  of TSVA farm
d Sampling station at the discharge outlet for county discharge canal (CDC), TSVA, and Southern Star Inc.

farms
e Sampling station at the CDC
f Dissoived oxygen
s Five-day carbonaceous biochemical oxygen demand
h Average
i Standard deviation
j Number of observations

PH
The seasonal average pH level in the incoming water

was 8.4, with an 8.0 to 8.7 range (Table 13). The seasonal
averages of pH levels in stations TV2 and TV3 were lower
than the pH of the incoming water (7.8 vs. 8.4). These
values were well within the daily average range (6.0 to
9.0) set by the TNRCC.
Dissolved Oxygen (DO)

The seasonal average of DO in the farm’s incoming
water was 6.8, with a4.8 and 10.2 mg/L range (Table 13).
A slight decrease in DO level in the river’s water was ob-
served from the early season to the harvest. The seasonal
average of the DO level for TV3 station was a little higher
than the corresponding value for TV2 (5.3 vs. 4.7, with a
2.6 to 7.2 mg/L range). The seasonal average of DO con-
centration for station MDC was a little higher than the
combined value for the ‘I’V2  and TV3 stations (5.6 vs. 5.0
mgk). The monthly and seasonal averages of DO con-
centration for both the TV2 and TV3 stations were lower
than the 6.0 mg/L daily average required by the permit.
An increase in effluent DO concentration will be needed
to meet regulatory requirements.

Five-day Carbonaceous Biochemical Oxygen De-
mand (CBOD,)

The seasonal daily average of CBOD, in the incoming
water was 3.8 mgk, with a 1.3 and 10.9 mg/L range (Table
13). The seasonal averages of CBOD, in samples from
TV2 and TV3 were 2.9 and 3.6 mg/L,  respectively, with a
1.1 and 8.4 mg/L range. The seasonal average for the two
outlets was 3.3 mg/L.  The data collected so far do not ex-
plain why a higher level of CBOD, was found in TV3
compared with TV2. The seasonal average value for the
MDC station was a little lower than the combined value
for TV2 and TV3 (3.1 vs. 3.3 mg/L). The seasonal aver-
age of CBODS value for the CDC station was the highest
among all stations (5.5 mg/L).  The higher CBOD, level in
the incoming water, compared with the reading from TV2,
TV3 and MDC outlets, suggests that circulating the river
water in the farm’s ponds reduces the level of CBOD,.
Furthermore, the data suggest that the river’s CBOD, was
controlled by factors other than the farm’s effluent water.
Since the seasonal daily average of CBOD5  level of the
farm’s effluent water was lower than the corresponding
values for the incoming water, meeting the standard will
not create any problem. All of the CBOD, levels found in
this faxm  were lower than  the 8.5 mg/L BOD level reported



T&fe 14. t-bngw on ammonk, nit&e, and n&rate in different sampling stations at Taiwan Shrimp vii-

Period value NE&-N  bg/L) NO2-N (m&J NO,-N (m&J
TVl“TVZbTV3%lDCd  CDCI TV1 TV2 TV3 MDCCDC TV1 TV2 TV3 MDCCDC

Jul. Av.’ 0.07 1.22 1.10 1.2 0.0 0.35 0.28 0.28 0.21 0.12 NA NA NA NA NA
1.7 0.4

0.30 1.82 1.72 0.06 0.47 0.29 0.41 0.34 0.26 0.58 0.46 0.64 0.40
4 7

1.2 0.0
0.27 1.44 0.89 0.06 0.51 0.20 0.43 0.05 0.35 0.80 0.45 0.83 0.80

Sep. Av. 1 7
0.7 0.0

0.26 1.00 0.75 0.10 0.33 0.15 0.29 0.01 0.53 0.63 0.43 0.53 0.50
Oct. Av. 6 3

1.3 0.2
Jul*- 0.23 1.40 1.14 0.13 0.41 0.23 0.35 0.21 0.36 0.67 0.45 0.68 0.48
Ott, Av. 5 8

0.4 0.4
Q*14 0.48 0.47 0.22 0.13 0.08 0.14 0.26 0.21 0.14 0.09 0.15 0.28

STW 7 0
2.1 1.2

0.49 2.36 2.08 0.90 0.59 0.39 0.52 0.81 0.80 0.90 0.60 0.90 0.80
Max 7 5

0.6 0.0
0.01 O,f& 0.43 0.03 0.21 0.14 0.00 0.01 0.10 0.50 0.30 0.50 0.10

MuI 0 0
nk 33 33 33 20 9 15 15 15 15 8 12 12 12 11 5

’ ~~~~i~n~  stath at the water intake.  of TSVA farm
’ S~~~~~~  station  at the discharge gate for pond $26  thmugh  pond  #68  of TWA fautt
’ ~~~~~n~ starion at the discharge  gate for pand Cl through pond #25  of TWA farm
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by Hopkins and co-workers (1993) for pond effluent in affect the level found in the farm’s intake station. The sea-
South Carolina. sonal ammonia average for TV2 (1.40, with a 0.16 to 2.36

(NH@) mgK range) was higher than the level at TV3 (1.14, with

The farm’s seasonal average of ammonia level in the a 0.43 to 2.08 mg/L range). A decreasing trend in the
~~~~g water (TV1 station) was 0.23 mg5, with a 0.01 ammonia monthly average was evident from August to
to 0.49 mgfL  mrtge  Vable  14). July’s average (0.07 mg/L) October. This decrease is probably a result of lower dis-

lower than the averages for the fol- charge volume since some ponds had been harvested The

Ammonia level in the intake station seasonal average concentration of ammonia for station

ow m spite of the fact that the average for MIX was 1.35, with a 0.6 to 2.17 mg/L range. Monthly
this nrtlnth at the MDC  station was 1.29 mgiL. Further- averages for this station were usually lower than the cor-

average for the MDC station responding values from TV2. Except for one month (Oc-

was significantly different (1.21 tober), the farm’s effluent monthly averages for ammonia
. ami  0.76 m@L. ~s~vel~~,  the monthly average at TV I- were higher than the 1 mgIL limit set by the regulatory

.~ about  the same. Mom in-depth study agency. These values were much higher than the 0.08 mg/
hether &mmollia  loads at MDC can L daily average reported by Hopkins and co-workers (1993)

for shrimp ponds stocked at 44 PL/m* with a 25% daily
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water exchange. lt is possible that the low level reported
from South Carolina’s effluent water was a result  of am-
monia uptake by the algae. This conclusion is supported
by the low seasonal average of ammonia level (0.03 mg/
L) found in HSF effluent water, where algal concentration
was extremely high. Effluent ammonia levels found on
this farm were much lower than the 6.5 mg/L values re-
ported by Chen and co-workers (1986, 1989) for intensive
shrimp ponds in Taiwan. The farm’s effluent ammonia lev-
els were a little higher than the “safe level” of 1. I- I .4 mg/
L reported in the literature for larvae and juvenile shrimp
(Wickins  1976, Chen and Chin 1988, Chin andChen  1988,
Wajsbrot et al. 1990). The farm’s values were often lower
than the 96 h LC values (0.4-3.1 mg/L range) reported
for fish (Ball 1924, Colt and Tchobanoglous 1976) and
the 3.3-6.4 mg/L range reported for marine mollusc
(Epifanio and Srna 1975). These values were higher than
the 0.050-0.2 mg/L range and found to have a “significant
growth reduction on most aquatic animals” (Colt and
Amstrong 198 1).
Nitrite (NO2-N)

and Tchobanoglous (1976) reported a 96h LC value of
l,OOO-2,000  mg/L for fish. Epifanio and Sma5b975)  re-
ported that the 96h value for Crussostrea  virginica  varied
between 2,600 and 3,800 mg/L. Only high levels of ni-
trate (>90 mg/L> were reported to affect growth of aquatic
animals (Wickins 1976).

TSS  CONTRIBUTION BY AN EARTHEN
DRAINAGE  CANAL AT THE TAIWAN SHRIMP
VILLAGE ASSOCIATION FARM

The nitrite monthly averages of the incoming water
varied between 0.06 and 0.35 I@.., with a seasonal aver-
age of 0.13 mg/L (Table 14). The monthly nitrite averages
at the MDC station were lower than the corresponding
value from TV2 and TV3. The seasonal average level of
nitrite in TV2 was higher than the level at the TV3 station
(0.41 mg/L vs. 0.23). The seasonal averages of nitrite for
TV2 and TV3 stations were higher than the levels found
in the farm’s incoming water. However, these nitrite lev-
els were lower than the 0.5 mg/L value reported by Hopkins
and co-workers (1993) for effluent water from ponds
stocked at 44 PUm2.  The farm’s effluent nitrite levels were
much lower than the 96h LC values (8.5-15.4 mg/L)  re-
ported for shrimp (Armstron~e# al. 1976, Wickins  1976)
or the 96h LC values (532 and 756 mg/L)  reported for
two species of?$?hellfish  (Epifanio and Sma 1975).
Nitrate (NO,-N)

The study was conducted on a section of a drainage
Canal  on TWA  farm controlled by outlet TV3. This gate
received effluent waters from ponds #l through #25.
Samples were collected from a section where there was
no direct effluent discharge from any ponds. A total of 20
sampling stations (M 1 -M20)  were set at 15.2 m (50’) apart
in a section with an “L” shape. Station M20 was placed
about 61 m (200’) from the drain pipe of pond #l (the first
pond that discharged water into this drainage ditch) while
station Ml5 was positioned following the drainage canal
curve. Station Ml was about 15.2 m (50’) from the TV3
outlet. Table 15 summarizes the TSS data collected from
these sampling stations. For comparison, data are also pro-
vided for other key sampling locations. Samples were taken
from the farm’s intake station (TVl),  the farm’s discharge
point into the river (MDC)  and the TV3 station.

The TSS levels in Ml7 and Ml5 were higher or similar
to readings from M20. It is most likely that the increase in
TSS was due to erosion of the drainage canal soil, with
some amplification at the canal’s turning point near MU.
In a few cases, TSS levels in Ml were reduced nearly 40%
compared with Ml5 readings. This reduction in TSS sug-
gests that the drainage canal acted as a primary settling
basin for the effluent water.

The nitrate monthly averages of the incoming water
varied between 0.26 and 0.53 mg/L (Table 14),  with a sea-
sonal daily average of 0.36 mg/L (0.1-0.8 mg/L range).
The seasonal average nitrate level for TV2 and TV3 sta-
tions was 0.67 and 0.45 mg/L, respectively. The monthly
averages from these stations were higher than the corre-
sponding values from the intake station. The nitrate
monthly averages for August and September at the MMJ
station were a little higher than the corresponding values
from TV2. Nitrate levels at CDC were almost as high as
the values from TV2.  The nitrate level reported by Hopkins
and co-workers (1993) for effluent water from shrimp
ponds stocked at 44 PL/m2 was about 10 times higher than
the seasonal average for TV2.  Wickins  (1976) reported a
48h LC

Table 16 provides some information regarding the VSS
portion in the TSS readings from selected sampling sta-
tions. The VSS level in these samples varied between 27
and 82%,  with no clear correlation in distance of the sam-
pling station from M20. An adequate characterization of
VSS is essential for the design of any aquaculture effluent
treatment facility. For example, effluent water rich with
unicellular algae will require a different treatment strat-
egy to reduce its TSS level than water loaded with shrimp
feces and unconsumed feed. A series of jar tests were run
by an engineering company (NRS Consulting Engineers.
Harhngen, Tex.) to determine settling characteristics of
the water discharged from the ponds. Based on this infor-
mation, it was determined that without adding flocculat-
ing agents, the settling time was too long to be practical
(Norris 19%). Significant reduction in TSS was obtained
when flocculating agents were used. Cost andYSiS Of this
tfeament practice suggests that it may not be cost-e&z-
tive. Based on data collected in this study and the infor-

50
value of 3,400 mg/L for juvenile shrimp. Colt mation from other studies on the farm’s sites (e.g., TSS

A7





Sanwcha and Lawrence

contribution from soil erosion, TSS load during harvest,
etc.), the consultant recommended the following modifi-

farm’s incoming water varied between 12.1 and 16.7 mgl

cations: (1) deepening and widening the farm’s drainage
L, with a seasonal average of 14.4 mg/L. No increase trend

canals to achieve greater reduction in effluent of TSS lev-
in the TSS monthly averages was found from early season

els; (2) reducing the drainage canal’s soil erosion, and (3)
to harvest in the intake station. The season’s average was

pumping the pond harvest water into empty ponds to de-
about 1 mg/L higher than the corresponding value from

crease TSS loads prior to final discharge.
the TSVA farm. TSS monthly averages for September and
October for the farm’s intake were higher than the corre-

CHARACTERIZATION OF INTAKE ANI) EFFLU-
ENT WATERS OF SOUTHERN STAR INC. (SSI)
FARM

At the time that this study was conducted, SSI was the
only  farm with a discharge permit. The effluent water gen-
erated by this farm came mostly from eel ponds since only
one growout  pond was stocked with shrimp. In addition to
routine monitoring of the farm’s incoming and effluent
waters, samples were analyzed from the intake and the
discharge of one of the eel ponds. This monitoring was
designed to provide better understanding of the differences
in effluent water quality between a pond stocked with eels
and a pond stocked with shrimp. The data collected from
the eel pond is summarized in Table 17. The seasonal av-
erage of TSS in the intake water for this pond was much
lower than the corresponding value from the farm’s intake
(5.9 vs. 14.4 mg/L). The seasonal average TSS level in the
effluent water from this pond was 2.1 mg/L. This TSS level
was over 30 times lower than the corresponding values
from the individual ponds monitored on the TSVA and HSF
facilities (Tables 14). The CBOD level in the incoming
water of this pond was higher tha?t the level found in the
pond effluent. Nevertheless, this level was still a little lower
than the farm’s seasonal average. This finding suggests a
decrease in CBOD from the farm’s pumping station to
the pond intake. Thg  average CBOD reading in the efflu-
ent water from this pond was simild to the level found in
the farm’s effluent water. The levels of ammonia, nitrite,
nitrate and TP in the pond effluent water were higher than
the concentrations in the pond’s incoming water. The sea-
sonal average ammonia level in the pond intake was much
higher than the farm’s intake level (0.28 vs. 0.10 mg/L).
This increase in ammonia at the pond’s inlet suggests that
an organic decomposition process took place in the farm’s
intake canal. The average nitrite and TP levels in the in-
coming and effluent water of this pond were similar to the
corresponding levels for the whole farm. The nitrate level
in the pond intake was much lower than the level found in
the farm’s incoming water (0.25 vs. 0.42 mg/L). The level
in the effluent water for the whole farm and for the pond
was similar.
Total Suspended Solids (TSS)

Table 18 summarizes the TSS data collected from the
intake and discharge stations of the SSI farm during the
1994 production season. The TSS monthly average in the

spending values from TSVA farm. As the intake station
for the SSI farm was located upstream of the other farm, it
is clear that these higher TSS levels were not a direct re-
sult of the effluent discharge from the two farms. The farm’s
effluent TSS level during July varied between 25 and 260
mg/L, with a daily average of 109 mg/L. Low water dis-
charge rate coupled with high water turbidity from soil
stirring activity by fish in front of the sampling station
have resulted in artificially high effluent TSS values. This
artifact was corrected in early August by increasing the
water depth in the drainage canal. As a result, the average
TSS in the effluent for August was about half the level
monitored earlier (54.1 mg/L). The seasonal average of
the TSS level, excluding the biased values from July, was
only 50.9 mg/L.  This level was far below the correspond-
ing values from the other two fatms.
Ammonia (NEI,-N)

The seasonal daily average of ammonia level in the
farm’s incoming water (SSl station) was 0.10 mg/L, with
a 0.00  to 0.52 mgL range. A steady increase in ammonia
monthly averages was observed from July to October
(Table 18). The seasonal average ammonia for the TSVA
farm intake was more than twice the level of SSl (0.23
mg/L). An increase in the ammonia monthly average was
noticed for the TSVA farm from July to August, with no
significant change from August to harvest (Table 14). The
data collected so far are not sufficient to decide whether
the increase in the monthly ammonia concentration is a
direct result of the two farms’ effluent discharge into the
river. The seasonal average of ammonia concentration for
the farm’s effluent water was 0.36 mg/L, with a 0.01 to
1 .l7 rngk range. This average was much higher than the
corresponding concentration from HSF effluent waters that
were algal-rich. Nevertheless, the seasonal average was
about four times lower than the corresponding values of
the effluent water from TSVA farm (1.4 and 1.14 mg/L for
TV2 and TV3, respectively; Table 14). Ammonia level was
also far below the level found in the MDC station (1.35
mg/L) which received effluent water from the CDC and
the two farms. No deerease in the monthly averages of
ammoniaeffluentwas  observedforthisfarmfk0mtheearIy
season to harvest, as was the case for the TSVA farm. The
monthly averages of ammonia in the farm’s effluent water
were below the maximum level allowed by the permit.

Nitrite (NOzN)
The monthly average of nitrite level in the incoming
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Table 18. Changes in total suspended solids, total phosphorus, and reactive phosphorus in the intake and
the effluent discharge station of Southern Star Inc. (SSI) farm during the 1994 production sea-
son.

Period Value TSS’(mg/L) N$-Nd (mg/L)   NO2-N (mg/L)
SSlb  ss2=

NO3-N (mg/L) Total Pe (mg/L)
SSl SS2 SSl

Jul. Av.~ 14.7 108.7 0.05 0.25 0.08
Aug. Av. 12.1 54.1 0.10 0.45 0.04
Sep. Av. 16.6 39.3 0.19 0.31 0.05
Oct. Av. 16.7 59.3 0.21 0.71 0.08
Jul.-. Av. 14.4 70.2 0.10 0.36 0.06
C&t ST-W 6.0 60.4 0.10 0.26 0.03

Max 31.0 260.0 0.52 1.17 0.11
Min 3.0 16.0 0.00 0.01 0.01

nh 47 47 46 46 17
a Total suspended solids
b Sampling station at the Water intake of SSI farm from Arroyo Colorado
c Sampling station at the water discharge station of SSI farm
d Total ammonia nitrogen
= Total phosphorus
f Average
a Standard deviation
h Number of observations

SS2 SS1 SS2 SSl SS2

0.05 NA NA NA NA
0.14 0.26 0.34 0.21 0.35
0.07 0.43 0.28 0.27 0.27
0.20 0.63 0.40 0.32 0.38
0.12 0.42 0.34 0.27 0.34
0.08 0.20 0.10 0.09 0.07
0.25 0.70 0.50 0.42 0.42
0.02 0.20 0.20 0.01 0.22

17 13 13 14 14

Table 19. Gauges in pH, dIssoIved oxygen, and five-day carbonaceous biochemical oxygen demand in the
intake aud the efIIuent dischaqe station of Southern Star Inc. (SSI) farm during the 1994 pro-
duction season.

PWkJd Value PH
ss1a SS2b

Jul. Av.= 8.6 8.2
Aug. Av. 8.5 8.1
Sep. Av. 8.5 8.1
Oct. Av. 8.2 7.8
Jul.- Av. 8.4 8.0
Oct. STDf 0.2 0.2

M&x 8.8 8.6
Min 7.8 7.3

ng 95 95
a Smpiing  station at the intake of SSI farm
b Sampling station at the SSI effluent discharge gate
’ ~ssolved oxygen
d Five-day carbonaceous  biochemical demand
’ Average
f Standard deviation
* Number  of observations

W(W)
SSl

CBODsd  (mg/L)
ss2 SSl SS2

8.7 7.0 4.5 5.8
8.7 5.9 4.5 4.7
9.4 5.3 4.5 3.5
6.7 5.7 2.5 1.7
8.3 5.7 4.0 1.7
3.1 1.1 1.6 0.4

20.1 8.3 7.7 2.7
2.3 2.7 1.2 1.3

296 295 42 42
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water varied between 0.04 and 0.08 mg/L (Table 18). No
increasing trend was observed in the monthly average of
nitrite levels from early season to harvest. The seasonal
daily average was 0.06 mg/L. This average was consider-
ably lower than the corresponding value from the TSVA
farm (0.13 mg/L;  Table 14). The data collected so far do
not support nor reject the hypothesis that the effluent wa-
ter discharge from SSI and TSVA affected the nitrite lev-
els in the incoming water of the two farms. The seasonal
average of nitrite level for the farm’s effluent was 0.12
mg/L. No increase was observed in the monthly averages
of the nitrite in the farm’s effluent water from the early
season to harvest. Although the farm’s seasonal average
was twice the nitrite level in the incoming water, it was
much below the levels found in TV3 and TV2 stations on
the TWA farm (0.23 and 0.41 mg/L,  respectively; Table
14). The farm’s seasonal average was almost three times
lower than the level measured at MIX. This average was
also about four times lower than the nitrite level reported
by Hopkins and co-workers (1993) for effIuent water from
ponds stocked at 44 PL/mz (0.5 mg/L). The low nitrite
levels observed throughout the growing season were much
lower than the 96h LC,, values (8.5-15.4 mg/L) reported
for shrimp (Armstrong et al. 1976, Wickins  1976) or the
96h LC,, values (532 and 756 mg/L) reported for two spe-
cies of shellfish (Epifanio  and Sma 1975).
Nitrate (NO@)

The farm’s monthly average level of nitrate in the in-
coming water varied between 0.26 and 0.63 mg& with a
seasonal daily average of 0.42 mg/L  (Table 18). These lev-
els were similar to the corresponding values from the other
two farms (Tables 14 and 18). As was the case for TSVA
farm, the monthly average of nitrate levels in the incom-
ing water increased from the early season to harvest. The
seasonal average for the farm effluent water was 0.34 mgl
L. This level was lower than the level in the incoming
water. No increase in monthly averages was noticed in the
SSI effluent water as was found for the other two farms.
The farm’s seasonal average nitrate level was much lower
than the corresponding value from the MIX station (Table
14).
Total Phosphorus (TP)

The monthly average level of TP in the incoming water
varied between 0.21 and 0.32 m&L, with an increasing
trend from the early growing to the harvest season (Table
18). The farm’s seasonal TP average of the incoming wa-
ter was 0.27 mg&. These values were similar to 1eveIs
measured in the incoming water of the TWA  farm but far
below the corresponding levels from HSF. The high TP
levels in the incoming water for both farms may reflect
the heavy TP load into the Arroyo Colorado water from
wastewater treatment plants and other sources in the area.
The seasonal TP average for SSI effluent water (0.34 mgl

L) was lower than the corresponding values for the MDC
station and the TV2 and TV3 outlets on TSVA farm (Table
14).

PH
The farm’s seasonal average of pH for the incoming

water was 8.4 (Table 19); this value was similar to the
level recorded for the TSVA farm. The farm’s seasonal
average of pH for the effluent water was 8.0 (7.4 to 8.6
range). These pH levels were within the range required by
the farm’s discharge permit.
Dissolved Oxygen (DO)

The farm’s seasonal average of DO in the incoming
water was 8.3 mg/L (2.3 to 20.1 mg/L). This average DO
level was much higher than the 6.8 mg/L value of the TSVA
farm (Table 13). The farm’s DO monthly average in the
incoming water varied between 6.7 and 9.4 mg!L (Table
19). The monthly minimum DO level varied between 2.3
and 4.1 mg/L. These low DO readings suggest that on a
few occasions, the minimum DO level in the incoming
water was below the standard set by the regulatory agency
for the farm’s effluent water (3.0 mg/L). The farm’s sea-
sonal average of DO in the effluent water was 5.7 mg/L,
with a 2.7 to 8.3 mg/L  range. The TNRCC permit requires
the effluent water to have a 6.0 mg/L daily average of DO,
with a minimum daily average of 3.0 mg/L.  Although the
monthly averages of DO levels in the effluent water from
this farm were higher than the corresponding values from
the other two farms, these levels were below the discharge
permit requirements. These findings suggest that an in-
crease in effluent DO level is needed to meet regulatory
requirements.
Five-Day Carbonaceous Biochemical Oxygen
Demand (CBODJ

The farm’s seasonal average CBOD, in the incoming
water was 4.0 mg!L. The CBOD, monthly average for
October was much lower than the averages for the other
three months. The CBOD, levels of the incoming water
for this farm were similar to the corresponding values in
the incoming water of the TSVA farm (Table 13). There
was no increase in CBOD, of the incoming water from
the early season to harvest. These data suggest that the
river’s CBOD, levels were controlled by factors other than
the effluent discharge from the two farms. The seasonal
daily average of CBOD, of the farm’s effluent water was
1.7 mg/L, with a 1.3 to 2.7 mg/L  range. This average was
much lower than the corresponding value for the MDC
station. The CBOD,  values for SSI and the other farm were
lower than the 8.5 mg/L BOD level reported by Hopkins
and co-workers (1993) for shrimp pond effluent water in
South Carolina. The seasonal and the monthly averages of
CBOD, level for the farm’s effluent water were below the
4 mg/L limit set by the permit.
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CIIARACTERIZATION OF INTAKE AND EFFLU-
ENT WATERS OF HARLJNGEN  SHRIMP FARMS
(HSF)

Water samples were collected from the farm’s intake
station (Hl) and the discharge canal prior to the final dis-
charge into the receiving water (H2). Table 20 summa-
rizes the changes in TSS, total phosphorus, reactive phos-
phorus, and pH in these stations.
Total Suspended Solids (TSS)

The TSS monthly averages in the farm’s incoming wa-
ter varied between 11.6 and 24.8 mg/L, with a seasonal
daily average of 18.6 mg/L (I-H station; Table 20). The
seasonal average was a little higher than the correspond-
ing value from the TSVA farm intake station. High TSS
monthly averages coincided with the “brown tide” algae
bloom near the farm’s intake station. The July monthly
TSS average in the discharge station was much higher than
the other month’s averages. The main reason for this high
value is the salt interference in the analysis method. Since
HSF’s water salinity was much higher than the Arroyo
Colorado, adjustment to analytical procedures was needed
to ensure accurate measurements. Excluding the July av-
erage, the monthly TSS averages of the farm’s effluent
water varied between 73.5 and 105.2 mg/L. Although lower
stocking densities were employed in this farm (12.519
PUm2), the efiluent’s  TSS monthly average for August
through October was only slightly lower than the corre-
sponding values for TSVA farm, where stocking density
of 50 PUm2 was employed. This finding suggests that dif-
ferences in stocking densities cannot explain the relatively
high TSS level in the effluent water from this farm. The
farm’s monthly average TSS level was over five times
higher than the standard set for the SSI farm. The quantity
and characteristic of the VSS in the effluent water will
have to be studied further to develop art adequate TSS re-
duction treatment method.
Total  Phosphorus (TP)

The TP seasonal average in the incoming water was
0.05 mg/L,  with a 0.01 to 0.11 mg& range (Table 20).
Very little TP increase was noticed from the early season
to harvest (from 0.04 to 0.08 mg/L).  This level was much
lower than the seasonal average for the intake of the TSVA
farm (0.29 mg/L;  Table 10). The seasonal average of TP
of 0.15 mg/L for the farm’s effluent water was over three
times lower than the corresponding levels in the effluent
water of the TSVA farm.
Reactsve  Phosphorus (HP)

The RP seasonal average in the farm’s incoming water
(Table 20) was very low compared with the readings from
the Other two farms (cO.00  vs. 0.12 mg/L).  The main rea-
son for these differences is the fact that HSF receives its
water from the Laguna Madre, while the other two farms

pump water from a river that receives effluent water from
municipal and industrial wastewater treatment facilities.
Only a small increase in Rl? in the farm’s effluent water
was found. The seasonal daily average of RP in this water
was only 0.05 mg/L.

PH
The pH seasonal average for the farm’s incoming wa-

ter was 8.4, with an 8.1 and 8.6 range (Table 20). Although
the farm’s water salinity was higher than for the TSVA
farm, pH level was similar. The seasonal average pH level
in the farm’s effluent was 8.6 mg/L,  with a 8.2 to 8.7 range.
This pH was much higher than the corresponding values
from TV2 and TV3 stations on TSVA farm (Table 13).
The high “brown tide” algal concentration in the farm’s
effluent water was probably the main reason for these
higher pH values. The pH data collected suggest that the
effluent water from this farm will meet the pH limit set for
the other two farms.
Five-Day Carbonaceous Biochemical Oxygen
Demand (CBOD,)

The CBOD, seasonal average level in the farm’s in-
coming water was 3.7 mg/L, with a 0.4 to 10.8 mg/L range
(Table 21). This level was similar to the corresponding
value from the intake water of the TSVA farm. The high-
est monthly average value was found in September (7.3
mg& with a 3.1 to 10.8 mg/L range). The farm’s seasonal
average of CBOD, in the effluent water was 9.2 mg/L,
with a 5.6 to 14.4 mg& range. This level was over two
times higher than the corresponding values in the effluent
water ftom the TSVA farm. The farm’s seasonal average
value was close to the 8.5 mg/L BOD level reported by
Hopkins and co-workers (1993) for shrimp pond effluent
water in South Carolina. The relatively high CBOD, lev-
els in the farm’s effluent water suggest that this water was
rich with dissolved organic matter and bacterial popula-
tion. It is possible that the observed high level is associ-
ated with the high concentration of the “brown tide” algae
in this water. Nevertheless, further studies are needed to
identify the source for the relatively high CBOD, levels
in the farm’s et&rent water. Based on the current TNRCC’s
water permit requirements for SSI, effective September 1,
1995, the daily average of CBOD, levels in the effluent
water should not exceed 4 mg/L nor 1,513 kg (3,336 lb) a
day. The farm’s seasonal average of CBOD, level in the
effluent water was higher than the standard set by the regu
latory agency. An adequate effluent treatment facility will
be needed to meet TNRCC standards.
Dissolved Oxygen (DO)

The DO levels were not recorded for the farm’s incom-
ing water during the 1994 season. For this reason, it is
unclear whether the “brown tide” algal bloom affected the
DO level in the incoming Water. The seasonal average of
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Table 20. Changes in total suspended solids, total phosphorus, reactive phosphorus, and pH in the h&&e
and effluent water of Harlingen Shrimp Farm (HSF) during the 1994 production -on.

Period Value TSSa  (mg/L)
Hlb E-W

Total pd (mgL) Reactive Pe (m&J PH
Hl H2

Jul. Av.~ 22.0 207.2 NA NA
Aug. Av. 11.6 105.2 0.04 0.15
Sep. Av. 24.8 73.5 0.06 0.13
Oct. Av. 15.0 93.5 0.08 0.21
Jul.- Av. 18.6 127.7 0.05 0.15
Oct. !XD.g 9.9 78.6 0.03 0.05

Max 40.0 309.0 0.11 0.25
h4in 3.0 36.0 0.01 0.04

nh 16 16 11 11
a Total suspended solids
b Sampling station at the water intake station of HSF
c Sampling station at the water discharge outlet of HSF
d Total phosphorus
e Reactive phosphorus
f Average
g Standard deviation
h Number of observations

Hl H2 Hl H2
0.00 0.08 8.5 8.7
NA NA 8.3 8.5

0.00 0.01 8.5 8.6
0.00 0.08 8.3 8.2
0.00 0.05 8.4 8.5
0.00 0.10 0.1 0.2
0.01 0.30 8.6 8.7
0.00 0.00 8.1 8.2

8 8 17 17

Table 21. Changes in dissolved oxygen, five-day carbonaceous oxygen demand, ammonia, and nitrate
levels in the intake and effluent water of Hariingen Shrimp Farm (H!3F) during the 1994
production season.

Period Value DO (m&) CBOD: (mg/L)
Hla JII~~ Hl H2

July Av.~ NA 4.0 1.2 11.4
Aug. Av. NA 4.4 2.1 9.4
Sept. Av. NA 4.6 7.3 10.5
Oct. Av. NA 3.2 5.2 5.7
Jul.- Av. NA 4.1 3.7 9.2
Ott STDe NA 0.9 3.2 2.9

Max MA 6.2 10.8 14.4
Min NA 0.4 0.4 5.6

nf NA 12 12 12
a Sampling station at the water intake station of HSF
b Sampling station at the water discharge outlet of HSF
c Five-day carbonaceous biochemical demand
d Average
e Standard deviation
f Number of observations

NHJ-N(m@U NO,-N (mgllL)
Hl H2 Hl H2

0.02 0.01 NA NA
0.02 0.02 0.38 0.66
0.03 0.02 0.53 0.68
0.02 0.10 0.40 0.50
0.02 0.03 0.44 0.65
0.02 0.06 0.15 0.07
0.05 0.23 0.70 0.70
0.00 0.01 0.30 0.50

15 5 10 10
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~0 level for the farm discharge station (H2) was 4.1 mg/
L (Table 21).  This level was a little  lower than the cone-
spnding values from discharge stations TV2 and TV3 on
the TSVA farm (Table 13). The DO monthly averages for
the farm were lower than the limits set for the other two
farms. Increased DO levels in the effluent will be needed
to meet regulatory requirements.
Ammonia (N&N)

The ammonia seasonal average in the farm’s incoming
water (HI station) was 0.02 mg/L (Table 21). There was
no increase in ammonia level in the incoming water from
the early season to harvest. The seasonal average for H2
was 0.03. with 0.01 to 0.23 mg/L range. The farm’s am-
monia levels for the intake and the effluent water were
much lower than the corresponding values  from the TSVA
farm. The main reason for these differences was the high
aIgaI bloom (“brown tide”) in the incoming and effluent
water of the farm. Research conducted with this algae un-
der a controlled environment concluded that this algal spe-
cies strives on ammonia @eYoe and Suttle 1994). The
effluent ammonia levels at this farm were much lower than
the 6.5 mg/L values reported by Chen and co-workers
(1986, 1989) for intensive shrimp ponds in Taiwan. Am-
monia levels were also much lower than the “safe level”
forIarvaeandjuveniIeshrimp(1.l-1.4mg/L)reportedby
several researchers (WQ&ins 1976, Chen and Chin 1988,
Chin and Chen 1988, Wajsbrot et al. 1990). The farm’s
ammonia levels were lower than the 96h LCsovalue range
(&4-3.1  mg/L)  reported for fish (Ball 1967, Colt and
Tchobanoglous 1976) and the 3.3-6.4 mgiL value range
reported for marine moIIusc (Fpifanio and Sma 1975). Colt
and Amstrong  (198 1) stated that “significant growth re-
duction will occur in most aquatic animals at an ammonia
level of 0.050-0.2 mg./L.” The low ammonia level recorded
for this farm is in agreement with Hopkins and co-work-
ers (1993) which reported a daily average ammonia level
of 0.08 mg/L in effluent water from ponds stocked at 44
PI-./m2 with 25% daily water exchange. It is possible that
the low ammonia levels observed for both locations were
a result of high aIgaI blooms which removed any free
ammonia from the effluent water. The ammonia level in
the farm’s effluent water was extremely low and well be-
Iow the standard set by the regulatory agency for the other
two farms. However, it is expected to have higher effluent
ammonia levels should the farm operate under no “brown
tide” a&ae prevaIence.
Nitrate (No,-N)

The nitrate monthIy averages in the farm’s incoming
wa& varied between 0.38 and 0.53 mg/L,  with a seasonal
average of 0.44 rnfi (Table 21). Although the farm’s
monthIY averages were similar to the values found in the
&coming water for the TSVA farm, the seasonal average
was a little higher (0.44 vs. 0.36 mgiL). Monthly average
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nitrate levels in the farm’s effluent varied between 0.5 and
0.68 mg/L, with a seasonal average of 0.65 mg/L. This
concentration was similar to the seasonal averages of out-
lets TV2 and MDC on the TSVA farm’s site. A relatively
high level of nitrate was found in the farm’s effluent al-
though this water had a high concentration of “brown tide”
algae. Possible explanation for these relatively high ni-
trate concentrations can be provided by recent research
findings. DeYoe and Suttle (1994) found that unlike ni-
trite (NO,) and ionized ammonia (NHec),  this algal spe-
cies cannot utilize nitrate (NO,).  The nitrate level reported
by Hopkins and co-workers ( 1993) for effluent water from
shrimp ponds stocked at 44 PL/m2 was about 10 times
higher than the farm levels. Only high levels of nitrate
(>90 mg/L) were reported to affect growth of aquatic ani-
maIs (Wickins  1976). This same author reported a48h LC,,
value of 3,400 mg/L for juvenile shrimp. Colt and
Tchobanoglous (1976) reported a 96h LC,, value between
1,000 and 2,000 mg& for fish. Epifanio and Sma (1975)
reported a 96h LC,, value between 2,600 to 3,800 mg/L
for Crassostrea virgin&.

SUMMARY AND RECOMMENDATIONS
The paper provides a brief review of the published in-

formation on the impact of shrimp farm effluent waters on
receiving waters. Potential benefits and adverse effects on
the environment and co&I communities are highlighted.
A large volume discharge of nutrient-rich waters from
shrimp farms can result in a major negative environmen-
tal impact  Nevertheless, there is a general lack of field
dam regarding the nutrient load and the quality of effluent
from shrimp farms. The same is true for well-documented
studies related to the ecologicaI effects of these effluent
waters. Data from literature suggest that better monitor-
ing of selected water quality parameters in the growout
ponds can reduce the farms’ discharge volume. Further-
more, preliminary observations from a small-scale study
conducted in South Carolina suggest that by increasing
the ponds’ aeration rates, water exchange can be completely
eliminated. Improved aquaculture practices in terms of
adequate site SeIeetion,  farms’ operation efficiency, feed-
ing, feed utilization and diet formulation are only a few of
the potential tools to reduce nutrient loads in shrimp farms’
effluent waters, Integrated polyculture practices to reduce
wasteloadings is another concept used by shrimp farmers
in Southeast Asia. Under these practices, water is circu-
lated between shrimp, fish, bivalves and macroalgae ponds
to minimize effluent water discharge.

Except for a recent viral disease outbreak, effluent dis-
charge is the major obstacle for vigorous growth of the
shrimp farming industry in Texas. For the last 2 yr, the
Texas Agricultural Experiment Station (TAES) has been
involved in an extensive research program aimed toward
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helping this industry. Intake and effluent waters of three
aquaculture facilities in south Texas were monitored for
about four months to cover the period between the early
growout  and the harvest season. Effluent characterization
was provided for a high density shrimp farm (TSVA) and
a low density shrimp farm QISF),  as well as an eel farm
(!%I). Limited monitoring was also conducted to describe
the effect of the effluent water from the high density shrimp
farm and the eel farm on receiving waters. At the time that
this report was prepared, only two of the farms (TSVA
and SSI) were required to monitor and control six key ef-
fluent water quality parameters. These parameters were:
daily discharge volume; DO: pH; TSS; ammonia (NI-Is-
N); and five-day carbonaceous biochemical oxygen de-
mand (CBOD,).  Monitoring of other parameters (e.g., ni-
trite, nitrate, TP and RP) was needed for reporting only.
For all three farms, the effluent pH levels were the only
parameters within the limit (6-9) set by the state regula-
tory agency (TRNCC). The daily average effluent DO lev-
els for all three farms were below the 6 mg/L limit. Daily
average effluent ammonia levels for the low density shrimp
farm were much lower than the 1 mg!L limit set for the
other two farms. Daily average effluent ammonia levels
in the high density shrimp farm and the eel farm were gen-
erally higher than the limit set by TNRCC. The daily aver-
age effluent CBOD, levels in these two farms were lower
than the 4 mg/L upper limit set by the regulatory agency.
Effluent daily average CBOD, levels for the low density
shrimp farm were higher than the daily average level al-
lowed by the TNRCC. Daily average effluent TSS levels
for all three farms were above the 30 mg/L limit. A very
high TSS load (over 900 ma) can be expected in efflu-
ent waters during shrimp harvest. Extensive monitoring
of the changes in TSS and VSS along a section of a drain-
age ditch at the high density shrimp farm suggests the fol-
lowing: (1) drainage ditch soil erosion is one of the rea-
sons for the high TSS levels in the farm’s effluent waters;
and (2) the farm’s drainage ditch served as a primary set-
tling basin and helped to reduce effluent TSS levels.

The levels of the other nutrients in the effluent waters
from the three farms were generally higher than the levels
in the farms’ intake waters. The limited monitoring of the
receiving waters suggests that the farms’ effluent water
had a measurable impact only close to the farms’ discharge
point. No increase in nutrient and TSS levels could be de-
tected at a distance greater than 400 m (0.25 mile) from
the discharge point. Based on the data obtained from this
study, a few modifications were implemented in the three
farms to improve the effluent water quality. To reduce the
level of TSS being released into receiving waters, the fol-
lowing correction steps were taken: (1) sections of the
drainage ditches with high soil erosion were lined with
geotextile membrane; (2) primary drainage ditches on the
farm sites were deepened and widened to enhance TSS

settling; (3) TSS-rich  harvest waters are pumped into empty
ponds  where thy are kept for a few days to enhance set-
tling of particulate matter before final release into receiv-
ing waters;  ami (4)  preliminary studies were initiated to
evaluate bivalve capability to reduce TSS level in the farm
effluent waters. Several studies are planned to evaluate
potential methods to reduce the levels of nutrient being
released  into receiving waters. These studies will have three
objectives: (1) determine whether increased pond aeration
rates can result in lower water volume usage by the farms;
(2) determine whether shrimp farms’ effluent nutrient load
can be reduced by altering diet formulations with no ad-
verse effect on shrimp production; and (3) determine
whether effluent ammonia and TSS levels can be reduced
by adding bacterial supplement products into the growout
ponds.
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ABSTRACT
We investigated ammonium N (NH -N) and phosphate P (PO -P) uptake by unicellular

algae as a method for removing exceisive  nitrogen (N) and ph%sphorus  (p)  from larval
shrimp rearing water and evaluated the feasibility of using algae to manage the water qual-
ity. Tetraselmis tetrad&e, Nannochloropsis oculata, Isochrysis sp. and Chaetoceros  graci-
lis were considered to be suitable algae to keep the N and P content of the rearing water low.
N and P uptake of these algae from culture media and their food value to shrimp Metapenaeus
ensis  larvae were examined by

uni-algal culture or feeding experiments. Furthermore, NH -N and PO -P uptake by N.
oculata from the larval rearing water was measured to determ&e  the effe&s of algal feed-
ing. Most of the NH -N and PO -P contained in the culture media were utilized by these
algae by 16 to 27 day: after inocilations.  Their nutritional value, in decreasing order, was
estimated to be: C. gracilis, Z tetrathele, Isochrysis sp.; and N. oculata seemed to be very
low. However, a mixed feeding of N. oculata and an artificial diet provided better growth
and higher survival rate of larvae than did each of them separately. Moreover, NH -N and
PO -P content of the larval rearing water was kept lower in the mixture feeding thr&  in the
feeding  of the artificial diet only. Therefore, even if the alga had low nutritional value for
the larvae, adding it to the rearing water was useful in keeping the N and P content low aad
improving the s&ival rate of &imp larvae.

INTRODUCTiON
Since artificial diets for shrimp larvae have been de-

veloped and their nutritive values are estimated to be as
high as live food (Kanazawa et al. 1982).  they are used in
many shrimp hatcheries in Japan. However, overfeeding
of artificial diets often pollutes the larval rearing water,
and nitrogen (N) and phosphorus (P) content in the water
increases remarkably after a short time. Excessive N and
P negatively affect larval survival and growth, so we must
consider methods of coping with such pollution.

Some species of unicellular algae which are fed to
shrimp larvae at protozoea (Z) and mysis (M) stages seem
to be useful not only as live food, but also as water purifi-
cation organisms. Unicellular algae are usually cultured
in larval rearing ponds to provide good water quality for
fish in many freshwater tinfish hatcheries in Japan. In the
current study, we investigated ammonium N (NH -N) and
phosphate P (PO -P) uptake by several species okalgae to
evaluate the fea.&bility  of using them to keep the water
quality suitable for shrimp larvae.

MATERIALS AND METHODS

DESIGN OF EXPERIMENTS~
Three experiments were carried out. The unicellulsr

algae which were provided to the larval rearing water are

expected to increase constantly in large-scale outdoor tanks
and to utilize N and P from the water effectively.
Tetraselmis tefrafhde,  Zsochrysis sp. (Tahiti strain) and
Nannochloropsis oculafa are known to exhibit constant
growth in outdoor tanks (Maruyama et al. 1986, Boussiba
et al. 1988, Okauchi 1988). and Chaetocems  gracilis is
generally used as a nutritive live food (Simon 1978).
Therefore, we selected these algae as appropriate species
for this study.

NH,-N, NO,-N and PO,-P uptake of these algae from
their culture media were examined in Experiment 1. Their
food value for the shrimp, Mefapenueus  ensis, larvae at Z
and M stages was estimated in Experiment 2. Then, in
Experiment 3, NH4-N and P04-P  uptake from the larval
rearing water by N. oculata in mixed feeding of the alga
with  artificial diets was measured, and the effects of the
algal feeding were evaluated by shrimp growth and sur-
vival.

EXPERIMENT1
Batch style culture was adopted for use in this experi-

ment. The clonal urn-algal  culture  strains of I: fetrafhde,
N. oculata, Isochrysis sp. and C. graciiis  were grown re-
spectively in four 1,000 ml flat-bottom flasks containing
800 ml autoclaved medium. The medium was G&lard  F
(Guillard and Ryther 1%2)  modified to contain an adequate
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‘&bie 1. Concentrations  of additives in em-ichd
eawater  media (modified Guillard W
used in experiment 1

Seawater
No,+? (as NW,)
NM-N (as (NH.@?+
pQ,-P(as  l+qQ,)
NaSiO,~9~0
Fe-EDTA
MnCL,4H20
CU§O,~SI$O
ZnSo,‘7lfiO
CaC&~6&0
~~aO~2~~
Viramln B,,
Biotin
Thiamin WC1

Trial I
1OOml
2.6 mg
-

1.6 mg
3.0 mg
l.0mg
36.0 pg
1.96 erg
4.4 pg
2.0 pg
1.26 w
0.1 pg
0.1 pg
20.0 pg

Trial 2
1OOml

2.66 mg
1.6 mg
3.0 mg
1.0 mg
36.0 1.18
1.96 pg
4.4 pg
2.0 /.lg
1.26 IJ%
0.1 pg
0.1 pg
20.0 ct&

WMIW of NO,-N, NH44  and PO,-P (Table 1). Illumina-
tion was provided continucmsiy  by cool-white fluorescent
lamps t an ibid level of about 80 pEm-%-I.  The

re was kept at about  2ooC.  These cultures were
s. Sub~~ptings  from each

&teinterv&(oaixortwiwice
t. All samples were first

ters and the weight of cells
on thy fllttx w@  m~ured.  Then, NO,-N, NH,@ and
PC),-P content in tech fi&rate  ww  determined using meth-
ods dads by Strichland and Parsons (Parsons et al.
1984).

Befcxe  Experiment 3, the food values of I: refrufhele,
N. oculara and Imchrysis  sp. to the shrimp larvae were
estimated, comparing them with that of C. grucilis which
is known as a nutritious algal food for shrimp larvae (Chu
1989). Vigorous nauplii which were hatched from eggs
obtained fmm several females were randomly divided into
Ii5 groups of 1 ,WO  larvae each. Each group was held in a
12-L ~iyc~ua~ tank containing 10 L of filtered sea-
water. For each of four algal test species, four groups (I-
Ito4,N-lto4,I-lto4andC-Ito4)werefedI:tezrazhele,
M W&W, Imhry&  sp. and C. gracilis,  respectively.

These algae were cuiW  in modified Guillard F me-
dium cuing wene harve&ed during the growth phase
and fed to the larvae+ We took into account the difference
in cEtl& and sag the addition of different dgd
f+pecics  by givitrg aearIy t%pl ttxnowts by cell volume.
Thus, feeding densities were set at S-IOxW  cells/ml for

(Trial -1) (Trial - 2

/lo*Ih

1

I- POo-P r PoeP

0 10 20 30 0 10 20 30
Days

Fig. 1. Changes of NO3-N,  NH4-N  and PQ4-P concentrations
in media with the growth  of Tetraselmis tetrathele  (O-O),
Nannochlompsis  oculata (0-C)). Isochrysis sp. ..(   ----    ),  and
Chaetocems  grads  (O---O) in experiment 1.

T. zerrufhele,  10-12~1~  cells/ml for IsochTysis  sp., 15-
20x104 cells/ml forN. uculata and 10-14x1@  cells/ml for
C. grucilis.  These densities were maintained either by low-
ering the water level in a tank and adding filtered seawa-
ter or by adding cultured algae. About 10 to 20% of the
total volume of the tearing water was changed daily.

The experiment was continued for eight days. During
the experiment, air was supplied to all culture tanks; the
rearing water temperature was kept at 22 to 2YC; and il-
lumination was provided by fluorescent lamps on 12: 12 
LD cycle. At the end of the experiment, all living larvae
in each tank were counted and survival rates were calcu-
lated Furthermore, 100 larvae were randomly collected
from each tank and their metamorphic stages were identi-
fled by a photomicroscope, following the morphological
classification of Fudinaga (1942).

EXPERIMENT 3
From the results of Experiment 2, we selected N. ~ulata

as a suitable alga for this experiment. Merapenaeus  ends
nauplii used in this experiment were hatched from eggs
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Table 2. The suwival rates and metamorphic stages of Metapenaeus  ensis larvae fed on Tetnzselmk  tebrrttrele,
lsochrysis  sp., Nannochloropsis sp., and Chaetoceros grads  at the end of experiment 2

Tank

T-l
T-2
T-3
T_4
I-l
1-2
I-3
I_4
N-l
N-2
N-3
N_4
C-l
C-2
C-3
c_4

Cell density ofd Number oP Number OF
feeding algae nauplii larvae

( x l@ ceils/ml1 (N/l0 L) (N/10  L)
5- 10 1,000 762
5 - 10 1,000 701
5 - 10 1,000 883
5-10 1,ooo 752

lo- 12 1,000 691
lo- 12 1,000 712
lo- 12 1,000 818
1 2lo- 1.ooo 564
15-20 1,000 65
I5 - 20 1,000 180
15 - 20 1,000 128
15 - 20 L!J@ 80
lo- 14 1,000 712
IO- 14 1,000 910
lo- 14 l,ooO 871
1 4lo- 1.ooo 760

Mean of
survival rate

I%)+ s a
Metamorphic stage of larvaed
zJM1WM3
0

77.5k6.7 0
0
4
0

69.6ti.O 0

11
60

11.3zh4.5 70
52
gP

0
81.3+&O 0

0
I!

0 10 90
0 35 65
0 14 86

B
70

0 22 78

5 0 0
30 0 0
48 0 0
0   0   0
0 6 94
0 12 88
0
0

a Feeding densities of I: Tetrathele  (Ltank T-l, T-2, T-3, T-4), Zsochrysis  sp. (Tank I-1, I-2, I-3. E-4),  N. oculata (tank N- 1,
N-2, N-3, N-4) and C. gracilis (tank C-l, C-2, C-3, C-4). The densities were maintained during the experiment.
b The number of M. ensis nauplii acocnnnodated  in a tank at the beginning of the experiment.
C The number of living larvae in a tamk until the end of the experiment.
d The metamorphic states of 100 larvae collected from each tank at the end of the experiment (23:  protoaoel  stage 3, Ml:
mysis 1, M2: mysis 2, M3: mysis 3).

obtained from several females. Healthy nauplii which had
been reared about 6 h after hatching were collected and
then randomly divided into three groups of 5,000 nauplii
each. Each group was held in a 30-L polycarbonate tank
(tanks AN- 1, C-l, A- 1) containing 25 L of filtered seawa-
ter provided with adequate aeration. Artificial diets and
N. oculata were provided in tank AN-l, C. gracilis only
was provided in tank C- 1 and artificial diet only was pro-
vided in tank A- 1. The larvae were reared from Zl to M 3
stages for seven days. The experiment was repeated using
eggs obtained from other females (tanks AN-2, C-2, A-2).

Nannochloropsis oculata and C. gracilis, cultured in
modified Guillard F medium Cultures, were harvested
during their growth phases and added to each tank. Dur-
ing the experiment, algal cell densities in tanks AN and C
were measured twice daily with a Coulter counter and ad-
justed to 15-20x1@ cells/ml for N. oculata and 10-14x104
cells/ml for C. gracilis by lowering the water level and
adding filtered seawater or by adding algae. About 10 to
20% of the rearing water in each tank was exchanged daily
to remove metabolites and uneaten artificial diet. NH  $J
and PO4-P were measured every day by the same method
used in Experiment 1. Larval density in each tank was
estimated by counting larvae in five 500 ml samples. Sur-

vival rates of larvae were calculated at the end of the ex-
periment. Larval growth was measured in terms of the
metamorphic stage, and recorded daily by taking two
samples of 10 larvae from each tank The water tempera-
ture was kept at 25°C.

RESULTS AND DISCUSSIONS

NAND P UPTAKE  OF ALGAE
The results of Experiment 1 are shown in Fig. 1. All

algae increased well during this experiment. On the other
hand, NO3-N, NH,-N and PO,-P  in each medium decreased
with the growth of algae in trials 1 and 2. NO,-N was
completely utilized by I: tetrathefe 21 days after the algal
inoculation, and by N. oculara and Isochrysis  sp. after 27
days. The NO3-N uptake rate of C, gracilis was low com-
pared with that of the other algae used, and about 8 mg/L
of NO3-N remained at the end of the culture period. NH,-
N was completely utilized by I: tetrathele and N. ocukzta
after 16 days. In Isochrysis sp. and C. gmcilis cultures,
the uptake rate of NHaN was high-almost equal to that
of other algae-but the rate went down after the 16th to
18th day, so that 2-4 mg/L  of NH,-N remained at the end
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D a y s
F&,  2, &x@ changt?s of&n&&  (()L---l)) and metamorphic stages of living M. ensis larvae, and daily changes of ammonium-N
QM and ~~s~~e-~  (6-a)  concentmtions  in the larval rearing water in experiment  3. Artificial  diet and N. ocuiata were
P &to  th@ maring water in tank  &I(-1 and -2). On the other hami,  C. gracilis  was provided into tank C (-I and -2), artificial
diet  wos ~#~~~ ftttt~ tank A (-I and -ii!). Zl S~GWS  pmtozoed stage 1, 22:  protozoeal stage 2, ZT: pmtozoeal  state 3, MI: mysis
stag&?  f, M& nlysis stage 2, M3: nysls srage 3,

‘IBUS, NH++-N  seemed to be more
trogen soume by these algae than

N8,-N, TMR ~~~0~~~0~  was especially  clear in C. gm-
c& cuhun. However, concentrations of NH4-N and NO3-
N in larval rearing water under normal conditions seemed
to be lawer than those of the medium used in this experi-
ment. Therefore, even if C. grucilis  were added to the
larva rearing water, NH4-N and NC&-N  were utilized ef-
fectively and their concentrations were kept at low levels.
Pusthermom,  PO,-P was almost completely utilized 16
days after beginning the culture regardless of algal spe-
cies. Therefore, the algae can be effective in removing
excessive N and P from the shrimp rearing water.

D VALUES OF ALGAE

cell wall, so that larvae are unable to digest it.
On the other hand, the survival and development rates

of larvae fed on I: tetrutheie or Isochrysis  sp. were slightly
lower and slower than those of larvae fed on C. grucilis.
T. tetrathele is bigger than N. oculata  and has a relatively
thin cell wall, while Isochrysis sp. does not have a cell
wall, so that larvae seem to digest them easily. However,
these algae have been found to contain little
eicosapentaenoic and docosahexaenoic acid in compari-
son with C. gmcilis (Helm and Laing 1987, Okauchi 1988,
Su et al. 1988). These fatty acids were shown to be essen-
tial for Penaeus  japonicus larvae (Kanazawa et al. 1978).
Therefore, the nutritive values of T. tetrathele and
fsochrysis sp. seem to be inferior to that of C. gracilis.

The survival rates and metamorphic stages of M. ensis
larvae at the end of Experiment 2 are shown in Table 2.

val and development rates of larvae fed on N.
were obviously inferior to those of larvae fed on

5, Most larvae in tank N (-1 to -4) died
es, and the few surviving larvae were 23
the end of the experiment. Therefore, N.

be h&eqate 85 a food organism for
The principal reason for this result  seems

to~~~~~~~is~s~~chew~dh~ah~
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EFFECTS OF MIXFD FEEDING OF ALGAE
WITH ARTIFICIAL FEED

We chose N. oculutu as the alga to be added to the lar-
val rearing water in Experiment 3 so as to minimize the
food effect and make the effect of N and P reduction clear.
Daily changes in densities and metamorphic stages of lar-
vae in each tank are shown in Fig. 2. Other results of
Experiment 3 are presented in Table 3. Larval densities
gradually decreased during this experiment, and there was
no significant difference in terms of changes in larval den-
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sities between each tank. Mean survival rates of tanks
AN, C and A in two trials were 71.3%,  57.5%,  and
63.8%,  respectively. On the other hand, the develop-
ment of larvae in tank A was obviously slower than
that of the other tanks. Although all larvae in tanks
AN and C had already metamorphosed into mysis
stage 3 at the end of the experiment, more than 50%
of the larvae in tank A were still in mysis stage 1.
NH4-N and PO4-P concentrations in tanks AN and C
decreased from the beginning of the experiment, and
they remained at low levels. Conversely, these con-
centrations in tank A gradually increased, and were
about three to eight times for NH4-N and about two to
six times for PO4-P in comparison with concentra-
tions in other tanks at the end of this experiment.

As confirmed in Experiment 2, the nutritional value
of N. oculata was low and that of C. gracilis was high.
However, the survival rate of larvae in tank AN was
highest of all, and the development rate was almost
equal to that of larvae fed on C. gracilis. One reason
for such results could be that the artificial diet used in
this experiment seemed to be nutritious enough for
larvae, but it polluted the water and seemed to create
an unsuitable environment for the larvae. On the other
hand, N. oculata effectively utilized NH -N and PO -
P from the water, so that the water quaky remain&
appropriate for larvae in spite of the addition of artifi-
cial diet. Therefore, suitable conditions in regard to
both nutrition and water quality were maintained by
mixed feeding of N. oculara  and artificial diet.

EFFICIENT LARVAL REARING TECH-
NIQUES USING ARTIFICIAL DIETS AND
UNICELLULAR ALGAE

The use of artificial diets should increase in popu-
larity and those of high quality which are nutritious
and almost insoluble in the rearing water will undoubt-
edly be developed in the near future. However, shrimp
larvae, especially from protozoeal to mysis stages, are
very sensitive to water pollution and nutrient defi-
ciency. Furthermore, adequate change of the rearing
water is difficult without damage to larvae in large
outdoor ponds. Therefore, water pollution by shrimp
metabolites and uneaten artificial food will remain a
serious problem.

We found that N. oculata was useful in removing
excessive NH4-N and PO,-P  from the larval rearing
water. Other algae which were used in this study uti-
lized NH4-N and PO4-P as effectively as IV. OCUkm.
Nutritional values of the other species, in descending
order, were: C. grads,  ‘I: tetrathele  and Isochrysis
sP*

Judging from these results, if we added these al-
gae instead of N. oculata to artificial diet, the larvae

6



could eat and digest both algae and artificial diet in a suit-
able environment. Therefore, maintaining unicellular al-
gae at a suitable density in larval rearing ponds is a useful
culture technique. Unicellular algae have been studied
mainly as food organisms since the development of large-
scale production of i? japonicus  by Fudinaga and Kittaka
(1966, 1967).

Further studies are needed on the role of unicellular
algae in water purification and a suitable system of water
quality management using algae should be developed.

LlTFiRATURE  CITED
Boussiba, S., E. Sandbank, G. Shelef. Z. Cohen, A.

Van&&, A, Ben-Amotz, S&ad,  and A. Richmond.
19&$.  Outdoor cultivation of the marine microalga
~~~~~~~s  galbana in open reactors. Aquaculture  72 :
247-253.

Chu, KH, 1989. Chaerocems gmcilis as the exclusive
feed for the larvae and postlarvae of the shrimp
~~~~~~~~ t&s.  Aquaculture 83 : 28 l-287.

Guillard, R+R,L. and J.H. Ryther, 1962. Studies of ma-
rine planktonic diatoms. I. Cydotelia  nana Hustedt
and &ton& convewaceu (Cleve) Gran. Can. J.
Micmbiol.  8 : 229-239,

M. 1942.  Reproduction, development and rear-
PeMEKc  japonicus  Bate. Jpn. J. Zool. 10 : 305

3P3,
. md J. Kitulka 1966.  Studies on food and

of a prawn, PeMecrs  jcyronicus,
with ~f~~~ to the application to practical mass cul-
turn II& Bull, Pianktol. Jpn, 13 : 83-94. [In Japa-
m?s#z].

~~~~~~ M, and J. Kittaka. 1967.  The large scale pto-
ductiou  of the young kuruma prawn, Pewus jqonicus
Bate. Inf, Bull. Planktol. Jpn. Commemoration No.
Dr. Y. Matsue : 3546.

Helm, M.H. and I. Laing. 1987. Freliminary  observa-
tions on the nutritional value of ‘Tahiti 1~~!rrysis’ to
bivalve larvae. Aquaculture 62 : 281-288.

Kanazawa, A., S. Teshima, M, Endo, and M. Kayama.
1978. Effects of eicosapentaenoic acid on growth and
fatty acid composition of the prawn, Penaeus
japo?&%  Mxn. Fat. Fish., Kagoshima Univ. 27( 1) I
35-40.

Kanazawa A., S. Teshima, H. Sasada, and S.A. Rahman.
1982. Culture of the prawn larvae with micro-particu-
late diets. Bull, Jpn. Sot. Sci. Fish. 48(2) : 195 199.

BUYS I., ‘I‘. Nakamra, T. Matsubayashi,  Y. Ando,
md ‘I’. Mti 1986, Id&ntification  of the alga known
as ‘%‘karine Chfore&z” as a member of the
B~~~~y~. Jpn. J. Phycol. 34 : 3 19325.

~k~~~+ M. 19118.  Studies on the mass culture of
briefs reads (West, G.S.)  Butcher as a food

64

organism. Bull. Natl. Res. Inst. Aquacult. 14 : l-123,
[In Japanese].

parsons, T.R., Y. M&a,  and C.M. LalIi. 1984. A manual
of chemical  and biological methods for seawater analy_
sis. Fergamon Press, Great Britain 173 p.

Simon, CM. 1978. The culture of the diatom Chaefoceros
grucilis  and its use as a food for penaeid protozoeal
larvae. Aquaculture 14 : 105-113.

Su, H., C. Lei, and I. Liao. 1988. The effect of environ.
mental factors on the fatty acid composition of
Skeletonema costatum, Chaetoceros gracilis  and
Tetruselmis  chuii. J. Fish. SOC. Taiwan 15(l)  : 21-34.



H&am,  Aakchi and Kuwahata

Environmental Factors Influencing Clam Culture
on Sandy Shores

Junya Higano’, Kumiko Ada&i’ and Hisami Kuwahara2
‘National Research Institute of Fisheries Engineen’ng

Ebidai, Husaki,  Kashima, Ibaraki 314-04,  JAPAN
2Hokkaido  Central Fisheries Experimental Station

238, Hamanaka,  Yoichi, Hokkaido 046, JAPAN

ABSTRACT
Artificial seed productions of the Japanese surf clam Pseudocardium  sachalinensis and

the poker-chip venus  Meretrix lamarckii are carried out at several prefecturaJ  hatcheries,
where a couple of million juveniles 3 mm in shell length am produced at each hatchery.
Usually, the bulk of the juveniles are released directly at sandy shores, but this has not been
successful. Two approaches are being used for future success in clam mariculture on sandy
shores. One is nursery culture in natural conditions. It is necessary to grow clams to a larger
size because 3 mm juveniles are moved by wave action. The experimental field nursery
culture of the Japanese surf clam f! sachalinensis is performed in an artificial pond fenced
in by iron plates. The pond will protect the juveniles from waves and help them grow larger.
Water exchange and food supply in the pond will be sufficient for the growth of clams.
Another is the prediction of movement of the clam seed. Dispersion and migration are very
significant factors in the release of clam juveniles. On sandy shores, movement by waves is
most important for clams. Numerical models for the on-offshore movement in a transection
of beach are developed on the basis of hydrodynamics. The availability of the models is
recognized in comparison with the field survey and the flume experiment.

INTRODUCTION
In Japan, the technology of clam mariculture, especially

in growout  and nursery culture, on sandy shores is not
advanced in comparison with seed production. On sandy
shores, it is very difficult to carry on intensive culture un-
der completely artificial control because the wave action
may wash and disperse the clam seeds. For exposed, high
energy sandy beaches which have abundant primary pro-
ductivity (Brown and McLachlan 1990, Adachi et al.
1994),  extensive culture to utilize the shallow nutritious
water is suitable. In this regard the supplement of artificial
seed for natural resources seems to be effective for stabiliz-
ing the harvest. Actually, the artificial seed productions of
the Japanese surf clam Pseudocarrlium  sachulinensis are
carried out at several prefectural hatcheries on the northern
Pacific coast of Japan. Most of the hatcheries can produce a
couple of million juvenile clams 3mm in shell length. Con-
sidering the cost and the time, this size is maximum as far as
feeding live algae in land-based tanks. Usually, the bulk of
the hatchery-reared juveniles is released in the natural envi-
ronment directly, but that has not been successful. The. size
of the seed is too small to stay at the released point. Thus, it
is necessary to grow them to a larger size in the nursery SYS-
tern. In this article, we introduce studies for the future sue-
cess in clam mariculture on sandy shores. One is nursery
culture in natural conditions. Another is the prediction of
movement of the clam seed.

PRODUCTION OF CLAMS
The abundant clam resource is the result of a dominant

year-class in the variance of the natural population. Since
1987, landing of the poker-chip Venus Mererti 1amaEkii
at Kashima-nada in Ibaraki Prefecture, Japan, is ea.300
kg/boat/day. It is worth approximately 200 to 300 thou-
sand yen (equivalent to US $2000-3000).

The location of Kashima-nada in Ibaraki Pref~ture  and
the study sites of both the experimental nursery culture
and the field survey of the distribution of clams are shown
in Fig. 1. Fig. 2 shows the annual landings of both the
Japanese surf clam Z? sachulinensis and the poker-chip
Venus M. lamarckii  in Ibaraki Prefecture on the Pacific
Ocean (Maoka 1993). The landings apparently fluctuated
from year to year, and the standing stocks of these clams
also similarly change. At the lower level of the smaller
year-class population, the landing was less than 1% of the
highest level.

The environmental factors affecting the survival, move-
ment and dispersion of the early stage of clams in their
natural condition are amount of food, water quality and
clam movement by water current and wave action. The
movement by waves and currents is the most severe pmb-
lem for the early stage of clams on sandy shores.

POND NURSERY CULTURE
Whenever clam seeds are planted in the natural envi-
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FQ. I. bcation of rhe Hiraiso fishing port and the Hasaki
Ocranographical Research Station along the coast of
KaMw-& in ibaraki  Pnfecture.

moment, some protective device from waves, predators
and other factors is needed. In commercial clam species
of the world, various manners of nursery systems have

n adopted, such as net pen, suspended bucket as in sea-
based systems and raceway tanks, and upflow and

sys~~ as in laud-based systems (Manzi and
1989).

In our study, experimental field nursery culture of the
Japanese  surf clam !? suchalintnsis  was performed in an
artificial pond fenced in by steal  plates. Fig. 3 shows the
pBnd  ~0~~~~ inside of the Hiraiso fishing port in

EZach  part of the plate was conntifxi
and ~~e~~~ by angle steel, The
was  2.8 m, and the height of the wall

~~rnO”l mto~.5md~e~~~~&level~
shaws 8 rough sketch of the pond and the dis-

position of wave gauges, thermometers inside and outside
dam recorder. The wave gauge utilized
type pressure gauge connected airtightly

la000
1

v.

to the PVC pipe. Seawater was exchanged through the
openings of the walls. Nylon screens of 3.6mm mesh were
attached to the openings in order to prevent the juvenile
clan-is  from passing through. Plastic filtration materials l&e
sponge gourds were installed on the top of the pond to
protect clam seeds from the turbulence of waves. Initially,
478 thousand juveniles which had been produced at the
IJXU-&~  Seafarming Association were planted in the pond
On 4 July 1995. Average shell length was 2.8 mm at the
start. At the same time, juveniles were aho cultured in
buckets with sand, suspended at the center of the port. ‘Ibis
work was carried out cooperatively with the Ibaraki Pre-
fectural Fisheries Experimental Station.

The tide levels and water temperature on the inside and
outside of the pond from July 25 to August 30, 1995,  are
demonstrated in Figure 5. Higher temperatures more than
28’C  were observed at ebbs in the spring tide. Duration of
high temperature, over 26-C,  continued no more than 12 h
even on hot sunny days, because the wave absorber also
played the ioie of a sunshade. As the Japanese surf clam
survived and grew at 28-C,  this temperature was not fatal
to the clam throughout the experiment.

The change of water level measured by the wave gauges
indicated that the exchange rate of seawater by waves was
much greater than that by tides. Furthermore, a cumula-
tive exchange of seawater in a day corresponded to about
50 m in height of the water column in the pond. In other
words, daily exchange of water reached 30-40 times the
volume of the pond. The water flow of the pond was ana-
lyzed from the measurement of the currents. Inward cur-
rents of the upper openings were about 50 cm/set, and,
even on the bottom, current velocity of 1 or 2 cm/set was
observed in calm conditions. These facts show that the
structure of the pond was enough to transport phytoplank-
ton and provide food to the clam seed.

Figure 6 shows the survival and the growth of the juve-

Pseudacardium sac&uYnensis

,  Meretrix Iamarckii

YEAR
f% 2 .-hwd f@d@  of the hpwwe  surf dam Pseudocardium sachalinensis and the poker-chip Venus Meretrix lamarckii
Ibarakf  Prz$&@reg J&p&?&
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nile Japanese  surf clam. Approximately 107 thousand
clams were yielded 77 days later, and the average shell
length reached 10.4 mm. This showed rapid growth com-
parable to that of the natural population and the suspended
culture. On the other hand, apparently low survival of the
clams was attributed to the extremely high density of the
planted clams and predation by paperbubbles Philine
argentata. In the former, initial density of the seed clam
was about 100,000 individuals/m2. In an extremely dense
state, clams are not able to feed and keep their niche. The
survival rate will increase in appropriate density. On the
other hand, the invasion of predators, especially carnivo-
rous mollusks such as the paperbubble (Philinidae), the
moonsnail (Naticidae), and the starfish, is the most severe
problem in field nursery systems. Fig. 3. Photograph of the nursery pond at the Hiraiso  fishing

port.
PREDICTION OF CLAM MOVEMENT

On sandy shores, the passive movement by waves is
most significant for clams. In fact, onshore-offshore move-
ment of clams with rapid change of profile (Higano et al.
1993) and long distance transportation of released clams
were reported by Shimura and Honma (1971). The pur-
pose of this study is the development of a numerical model
by computer simulation for the prediction of clam move-
ment in the wave field. The numerical models (Kuwahara
and Higano 1994a, b) for on-offshore movement in a
transection of beach were constructed as a result of the
hydrodynamics and the mechanics of the clam. The model
consisted of three main calculation steps based on physi-
cal processes. The validity of the model was examined in
comparison with the real distribution of the field survey
and the flume experiment.

The first calculation steo was the wave field in the on-
offshore direction including the surf zone at an optional
beach profile, with the time-dependent mild slope equa-
tions (Watanabe and Maruyama 1984). The second was
the clam movement by one wave. The moving distance
during a period of the wave is calculated using the equa-
tion of motion. And then, the moving distance by a wave
train was calculated by superposing of the distance by one
wave.

Fig. 4. Sk-etch of the nursery pond and the  disposition of wave
gauges, termometers,  dota  recorder and wave absorbers.

Figure 7 shows the components of forces acting upon a
clam, such as gravity, frictional resistance, mass force and
other factors. In the model, the shape of the clam was as-
sumed to be a sphere. The equation of motion can be ex-
pressed as follows:

Mdujd&u,/dt Gmd(u,,-u,)/dt +1/2CoAp,lu,-Us  l(u,,-us)
- (M-m)gsinB - &&VI-m)cosDu/lu,l

where M denotes mass of clam ( 1/6n&Da, ps; specific grav-
ity of clam, D: shell length of clam); m: mass of water
corresponds to the volume of the clam ( 1/6xp,D3,  P,: spe-
cific gravity of water); t+,: water velocity at the bottom by
waves; u,: velocity of clam movement due to water veloc-

Jul. 25 Aug.1 11 21 30
DATE

Fig. 5. Change of water temperature and tide level insiak  and
outside of the pond.
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Fig. 6. Growth of the Japanese surf clam Pseudocardium
~~~ns~s planted in the pond and the suspended buckets at
the htjralsa  jishing port.

~~~~rn~s~~: t!~ compot~nt  of gravity pamlkl  to the seabed
SUrface

-~~~~rn~oS~~~~:  thej+ictional  nsistance force caused by
sliding of the bivalve on the seabed

ity; ub, C,, Cn: coefficient of apparent mass force and
bag force, respectively; A: area of the clam  that projects;
and & the frictional resistance coefficient.

In the field survey, sampling WaS Carried Out at inter-
vals of 10 m along the research pier of the Hasaki  Oceano.
graphical  Research Station (Fig. 8), Fort  and Harbor Re-
search Institute, Ministry of Transport, on June23, 1987,
just after a storm. Figs. 9(a) and 9(b)  show the distribution
of bivalves and the beach profile, respectively. It clearly
shows hat equilateral Venus  Gomphina melanaegis was
accumulated at the bottom of the trough, 200 m offshore
from the shoreline.

In the calculation of the model, the values of variables
are given in Table 1. It is assumed that the wave condition
was moderate and the physical characteristics of the clam
corresponded to young G. melunaegis.  Figure 9(c) shows
the result of the numerical simulation. The vertical lines
indicate the periodic movement of clams in the calcula-
tion. It was assumed that the clams were placed on the
seabed at intervals of 10 m, and the beach profile was the
same as Figure 9(b). The clams gradually accumulated at
the bottom of the trough. Figures 9(d) and 9(e) show the
calculated distributions of the model clams 10,000 set af-
ter the start of the calculation, for different shell length
and specific gravity.

Another means to examine the validity of the model is
the comparison between the laboratory experiment and the
calculation. The experiment was carried out in the flume
tank with a plunger-type wave generator at the National
Research Institute of Fisheries Engineering. The tank and
set of the experiment are shown in Figure 10. Initially,
juveniles of the Japanese surf clam f? suchalitt.ensis were
placed on the sand bed at intervals of 40 cm from the shore-
line to the offshore end of the bed along the beach profile
which already had wave action for 2 h. After generating
waves for 15 min. the juveniles were collected from the
sand bed with a siphon at intervals of 10 cm.

Figure 11 shows the distances of clam movement in
the flume experiment and the calculation, respectively. The
juveniles were accumulated approximately 1 m and 5.5 m
from the shoreline. The values of variables in the calcula-
tion are given in Table 2. In the calculation, the clams were
accumulated 1.1 m and 6.5 m from the shoreline. Both the
experiment and the model showed the divided areas in
which the clams moved onshore and offshore. The calcu-
lated results also coincide with the flume experiment for
the Japanese surf clam f? suchalinensis.

In the numerical model, it is difficult to consider the
biological aspects such as burrowing behavior, shell shape
and other factors. In our model, the coefficients CD, C,,
prs and j+d express their characteristics inclusively, and
we adopted C, and C, as 0.5 for both G. melanaegis and
I! sachalinensis.  From the oscillational flow tank experi-
ment, Yamashita  et al. (1995) showed that the Cn and C,
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Table 1. Values of the physical characteristics of
waves and clams adopted in the simula-
tion for the field survey

Wave height
Period
Shell length
Specific gravity of shell
Coefficient

of mass force
of drag force

Frictional resistance coefficient
static
dynamic

Ho = 1.5m
T = 7.0sec

D=2Omm
pS= 1.8

CM = 0.5
CD = 0.5

lufs = 1.0
j$ = 0.5

of F! suchulinensis were 0.5 and 0.1, respectively. Each
clam species has different characteristics, thus correspond-
ing to proper values of the variables. It is necessary to
determine appropriate values for target species.

CONCLUSIONS

From the results of the field experiments of the nursery
pond, it is evident that the pond has a possibility to work
well as an intermediate growth area. Therefore, we will
propose the larger scale pond near the shoreline as one of
the methods of clam culture on exposed sandy beaches. It
has the advantage of the utilization of abundant phytoplank-
ton in the surf zone and water intake utilized by wave en-
ergy. The problems pointed out are seeping fresh land
water, storm damage, accumulation of sand and invasion
of predators. The numerical model can predict the move-
ment of released clams and also natural populations. As a
further step, however, the model must be applied to a su-
perficial field. Further studies are necessary for commer-
cial culture on sandy shores.
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tion for the flume experiment
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ABSTRACT
Estuaries are coastal watercourses that  are subject to both marine and riverine  influ-

ences. Their principal hydrographic controls are morphology, tides, freshwater inflows,
meteorology, and density currents.  The propagation of tides and the distribution Of salinity
are important indicators of circulation in an estuary. Circulation in particular imposes a
limit on the ability of an estuary to assimilate wastes without degrading its water quality.
This is an important constraint on concentrated aquaculture operations that circulate water,
since these produce a large volume of wastewater and also require a supply of uncontami-
nated water. A general procedure is outlined for determining the “carrying capacity” of the
estuary. This requires (1) specification of the water quality parameter(s) that form the basis
of water quality evaluation, (2) determining the parameter value(s) of acceptable water
quality, (3) development of a water quality model appropriate for the estuary, and (4) estab-
lishing the conditions that are critical for water quality.

The water quality model is central to the procedure: it is a combined hydrodynamic and
mass balance calculation, designed to reflect the space-time scales controlling the water
management problem. Its development requires an extensive base of field data. The model
is applied to predicting the water quality regime that would result under a hypothetical
distribution and volume of wasteloads. The largest volume of wasteloads  that results in
water quality equal to the level judged acceptable under critical conditions is the a~simila-
tive capacity. It is important to note that assimilative capacity is a function of position in the
estuary, and depends upon both local  and larger scale hydrography. Single values of “carry-
ing capacity” or “flushing time” applied to an entire estuary are of little US A case study is
presented of shrimp aquaculture  in Golfo de Fonseca,  Central America. A preliminary analysis
of the Operations around Ester0  Pedregal is performed using a one-dimensional model, to
illustrate the kinds Of analyses that can be carried out and the types Of results that Can be
obtained. These results indicate that shrimp aquaculture in this area iS tidy approaching
a level of being self-limited.

THE ESTUARY SETTING
Estuaries are watercourses that occur on the fringe of

the sea. An estuary is therefore influenced by both terres-
trial and oceanic processes, and is transitional  between a
purely riverine system and a purely marine system. An
estuary is generally considered to have the following prop
erties:
l coastal waterbody
l semi-enclosed
* free connection to open sea
. influx of seawater
. influx of freshwater

The biochemical functioning of an estuary, including
its ability to assimilate wasteloads, is governed largely by

circulation processes which determine the capacity for di:: ‘,
lution and the intensity of mixing. Circulation in estuarie%~:’
is generally determined by the following hydrographi$“’
features: )_ )

Morphology-the physical dimensions and shape of th;.
system. The trajectories of flow are strongly controlle&~
by the distribution of deeps, barriers and shoals, by,:‘
the configuration of the shoreline, and by bathymebry:

Tides-the movement of water in the oceans in responst3
to differential gravitational accelerations by celestial
objects, viz. the moon and sun. Tide propagates into
an estuary through the mouth or main inlets, being at-:,
tenuated and lagged by friction, but amplified by r&‘. ,
fkction from the convergence of the shoreline, ‘,

Freshwater inflow-the supply of freshwater into the bay. L
Dilution of seawater by inflow is responsible for es- ’
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Mbshng  a salinity gradient across the estuary.
M~mlogkal  forcing-the effects of winds and pressure

systems on the estuary, These include generation of
short-crested  windwaves, development of large-scale
internal circulations within the bay and wind tides, in-
cluding storm surges.

Density  currents-the net movement of water forced by
the honrontal gradient in water density (itseif a COn-
sequence of the salinity  gradient). These currents are
largely responsible for the high dispersion in an estu-
at-y, and are particularly sensitive to water depth.

Turbulent  diffusion-the combined effect of small- and
large-scale water movement that results in mixing out
gradients  of concentration. Turbulence is especially
im~~t  in determining the rate of dilution of pollut-
ants, and dispersion of drainage plumes from aquacul-
ture operations.

The hy~~p~c charactetistics of an estuary, or a seg-
ment al an esniarine system, can be judged by determin-

the t&tive importance of these factors, which will
vary with external conditions, with season and with posi-
tion in the estuary. There is usually a clear xonation  in
rnQ~hol~~y  and water quality with distance from the sea,
fkom deep, saline, well-aerated watetwurses  near the main
inlet to the s%, to shallow, brackish, poorly  flushed sys-
tems in the upper reaches. Indeed, one of the important

features of esties is the range of habitats cre-
in morphology and water quality.
of estuaries involves being able to

t on estuary circulation, on concentra-
tions of ~s~~n~ in pistil or suspenshm, or on ele-
mew of the estuary dependent upon these (such as bio-

cd ~mrnn~~~), that results from a specific event or
aI control. This general statement includes a wide
of caxlses  and effects,  both natural and manmade:

e of wasteloads, spills of haxardous  or toxic sub-
stances, floods, reductions of freshwater inflow, construc-
tion of reservoirs, shoreline development, channehtion,
ins~l~~n  of hurricane barriers, alterations in land use in
the watershed, and so on. Aquaculture  operations that
employ  estuarine  water are dependent upon the quality of
that water. Moreover, these same operations are capable
of irn~~~ the quality of the estuary, directly by the dis-
charge of efRuent  and indirectly by modifying circulation
bases.  While these aspects of an aqtia~ulture opera-
titm in? i~vidu~y similar M other human a&+&s in
~~~~, ir combination creates a novel management
pmblem- The large areai  scale  of aquaculture operations,
the great WiuWS  of flow involved, and the variety of bio-
chick ~n$ti~en~  of importance mean that aqua&-
tune has the ~~n~~ for widespread, deleterious impacts
On 3% ~s~e ~v~~~n~ A central  question in aquac-
t&&e d~veiopment is bow extensive an operation can be
hBtalkd in an estuary without driving &e estuary qualiry
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below some minimum level. This is referred to as assim&
la&e capacity, or carrying capacity, Of the estuary.

EVALUATION OF ESTUARY ASSIMILATIVE
CAPACITY

The problem of aquaculture development requires a
quantitative evaluation of water quality in the area of the
proposed aquaculture operation, as measured by the con-
centrations of waterborne constituents. This requires quan-
titative cause-and-effect relationships between the alter-
ations to the environment associated with aquaculture, and
the resulting constituent concentrations. The general causal
controls on estuary water quality are shown in Fig. 1. The
fundamental feature of the estuarine environment, in con-
trast to lakes or rivers, is the central role of hydrodynamic
processes in determining constituent concentrations.

While the determination of cause-and-effect can be
based entirely upon data collection and analysis, this re-
quires an extensive and costly data collection program.
Moreover, many management situations necessitate that a
human activity be evaluated before it is implemented. In
the present context, the potential impact of aquaculture
must be evaluated in advance, to support planning and
management. The standard methodology is to apply a pre-
dictive model. Today, these models are numerical solu-
tions to the equations of momentum and mass conserva-
tion, performed on a digital computer.

There are two aspects to the problem: (1) the effect of
aquaculture on water quality in the area, especially result-
ing from waste discharges from the operation, and (2) if
the estuary is to be used as a water supply, the suitability
of the quality of that water, especially how that water qual-
ity is influenced by the anticipated wasteloads from the
aquaculture operation itself and from other wastewater
discharges in the region. Therefore, a model is needed of
space-time distribution of concentration of controlling
parameters in the estuary (Fig. 1). The concentration of a
constituent is governed by transport processes (including
mixing) and kinetic processes, so the model must include
a determination of hydrodynamic transports as well as a
mass balance of the water quality constituents. This is true
whether the watercourse is a river. lake, aquifer, or esN-
ary. For an estuary, however, the complex geometry and
complicated hydrodynamics make model formulation es-
pecially difficult. For this reason, the special topic of esN-
ary modeling has  long received concentrated attention, and
there is extensive literature on the subject (Ward and
Montague 1596).  Also, this is why the hydrography of an
estuary must be understood in order to evaluate its water
quality.

Fig- 1 represents reality, which the model seeks to simu-
late. Detailed discussion of modeling strategy hes beyond
the scope of this brief paper, though several observations
am in Order. The question in model selection and develop-
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ment is: for the specific estuary problem of concern, how
can the model simplify this complex reality and still de-
pict the constituent concentrations to an adiWate amu-

my? MO&I  formulation must be based upon a careful
analysis  of&e management problem, identifying the space-
time scales of importance, and the factors controlling the
estuary response at those scales. Because any model is a
simplification of nature based upon various  assumptions,
it is necessary to check that the model achieves its intended
Purpose by comparing its “predictions” with actual mea-
sured dam This is the process of model verification (e.g..
Thornarm  and Bamwell  1980).

In the Present context of aquaculture development, we
address a specific management problem-the determina-
tion of the estuary carrying capacity for aquaculture. This
is not a new Problem in itself. Estuaries that receive high
toads of wastes are frequently subjected to an analysis of
~si~i~ve caPacity* In the United States, this has been
carried one step further---to form the basis for so-called
wastetoad  allocatians (Southerland et al. 1984), in which
sPecific ~~~~0~ limits are imposed on individual dis-

maintain a lower bound on water quality
the receiving watercourse. The general proce-
milative capacity &termination is given in Fig.

2. The Process starts with determinations of:
* critical  co~~tio~, i.e., that combination of external

controls that rn~~~~ impacts of the wasteload on
xample,  law river flow and high

eve1 that determines acceptable
shold of impact” in Fig. 2).

~~~~e mathematical model is used to determine the
conc~n~o~  that results from a given level of wasteload.
This model is indicated by the shaded boxes of Fig. 2,
ern~~i~~g that for an estuary there is both a hydrody-
namic and a mass balance aspect of the modeling. The
WaStelOad magnitudes are then adjusted until the predicted
~0~~~~0n is equal to the threshold of impact. This
wasteload  value is the greatest that can be discharged with-
out exceeding the specified threshold, and is, therefore,
the ~~i~~~ve  capacity for the system.

Procedure needed to determine the
an estuary for aquacukure. The spe-
the WaStdOsd  from the operation, in

directly. It may
operation, such
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t@ d&f&n m.f release of Pond Fig. 2 waters, or physical
cation to the estuary to accommodate aquaculture,

%@dback mop” of Fig. 2 leads back to
Pm of the computation, rather titan the

*, of CXXtme, 2111 of these  may be involved.
For simplex ti’@ cat@ng capacity analysis  procedure

is Presented as thou@l it would be applied to the estuary jn
r@r@-  ki f%% the assimilative capacity detetmination is a

strong function of position in the estuary. There will be
areas in almost any estuary that will generally have a high
degree of assimilative capacity, and are well-circulated and
subject  to regular water mass replacement. There will also
be areas that are poorly circulated with frequent stagna-
tion (dead zones), which will have a low assimilative ca-
pacity. The location of the aquacuhure OperatiOn  relative
to we&circulated or poorly circulated zones, and relative
to existing wasteloads, is important to the ability of the
estuary to assimilate its wasteload or respond to its circu-
lation modifications.

These considerations of wasteload position and regional
circulation characteristics in the estuary also determine the
appropriate time and space scales of analysis. The unit of
measure is the tidal excursion. Ifthe zone of degraded water
quality is located within a tidal excursion of the point of
operation (a wasteload), then the model time resolution
must be intratidal, and capable of detailed spatial resolu-
tion, at least in the vicinity of the operation. On the other
hand, if the zone of degraded water quality is distant from
the region of the operation by several or many tidal excur-
sions, then an intertidal, or long-term average analysis will
probably be sufficient, with only large-scale spatial depic-
tion.

Such a carrying capacity analysis requires a consider-
able amount of preparatory work before the procedure of
Fig. 2 can actually be carried out, The following nontrivial
tasks must have been performed: (1) specification of which
water quality parameter(s) will form the basis of water
quality evaluation; (2) definition of the parameter value(s)
corresponding to acceptable water quality; (3) develop-
ment and verification of a model for the specified
parameter(s) that is appropriate for the estuary of concern;
and (4) determination of the combination of external con-
ditions that are critical for water quality.

The definition of “acceptable water quality” in (2) may
be based upon maintenance of certain biological commu-
nities in the area-for example, a minimum level of dis-
solved oxygen for the estuarine fishery. In some situations,
the aquaculture operation may itself require a minimum
standard of quality in the estuarine waters for influent  pur-
Poses. If this standard is controlling for the carrying-ca-
pacity analysis (that is, is most stringent of all of the ap-
plicable water quality standards), and the aquaculture op-
eration itself affects the constituent concentration involved,
then there is the possibility that aquaculture can be self-
limiting in that estuary. Development beyond the carrying
capacity level can render aquaculture nonviable in the sys-
tem.

Frequent reference is made to the “flushing time” of an
estuary, especially in the aquaculture community. This is
defined as T = V/Q where T is the flushing time, V is the
volume of the estuary and Q the long-term average river
inflow (e.g., Zimmerman 1971, OfEcer 1976). This is a
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Fig. 3. Gorfo  de Fonseca: general moqhAogy  mrd  bathymetry.

cxx3cept that has been imported into the estuary from lakes
and rivers, Also referred to as “renewal time” and “replace-
mat time,” this is the time required for the freshwater
Mbw to replace the volume of water in the estuary. It is
dbztly related to the degree of dilution with “new, un-
cokWmirtan# water. In au estuary, the parameter is nearly
unless, for two reasons. First, dilution varies strongly as
a function of position in the estuary. A single number at-
tempting to characterize the entire system is useful only
for gross, relative comparisons between estuaries, not for
my absolute characterization of the estuary’s ability to
~similate wasteloads. Second, there am other mechanisms
of diilution and water replacement operating in an estuary
iu addition to river inflow. More importantly, there are tides,
meteorological flushing and the influx of seawater driven
by density currents.

a large estuary on the Pacific Coast, volume about 1.7 x
1010 m3, that comprises the common boundary of El Sal-
vador, Honduras and Nicaragua. The dominant species are
the Pacific white (Penueus vannamei) and the Pacific blue
(Penaeus  stylimstris),  both of which are native to the area.
The critical element in the development of the commer-
cial industry was the discovery that sufficient wild
postlarvae could be harvested from the tidal flats to sup
port seeding of the ponds.

The morphology and bathymetry of Golfo de Fonseca
are shown in Fig. 3. This estuary as a whole is a tectonobay,
but its inland reaches exhibit features of a drowned-river-
valley-type estuary, with extensive mud shoals, and del-
taic-like shoal areas, especially its eastern arms. Its coastal
physiography consists of tidal flats, tidally-flushed man-
grove swamps fringing largely unvegetated tidal flats, and
low-relief “sweetland” punctuated by steep igneous for-
mations.-SE STUDY:  SHRIMPAQUACULTURE  IN

@amURAs
Skimp farming has been conducted for 25 yr in Hon-

atJroS, starting with the experimental farm of Sea Farms in
1970, but has been commercially viable only for the last

. Shrimp is now the third largest export of Hondu-
ras* ‘Wer bananas and coffee. The shrimp farming indus-
~~Hondurasisconcenrratedan>undtheGulfofFonseca,
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The tide is semidiurnal. dominated by the phase of the
moon (i.e., the spring neap cycle) and ranges 1 m (neap
equatorial) to 4 m (spring tropical) in the open bay. Sev-
eral deep, tidally-scoured channels are evident in the
bathymetry. The coastal pilot directions include numer-
ous warnings about strong currents. An example of the
interior tide is shown in Fig. 4, from a temporary water-
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level installation at the Granjas Marinas intake on Ester0
et Pedregal on the eastern shore (D. Teichert-Coddington,
Department of Fisheries and Aquaculture, Auburn Uni-
versity, Auburn, AL, pets. commun. 1995).

Several rivers flow into Fonseca, the most important of
which is the Rio Choluteca, which drains most of Hondu-
ras west of the continental divide. Precipitation in this area
of Central America is driven by intense local thunderstorms
embedded in tropical depressions. Numerous dendritic
drainageways flow into the side bays from peripheral run-
off. The seasonal behavior of flow in the Rio Choluteca is
shown in Fig. 5, which displays the 1979-90 average for
each day, further smoothed by a seven-day running mean
to filter out the hydrographic peaks (based upon daily
measurements of the Puente Choluteca gauge provided by
the Departmento de Servicios Hidrologicos y
Ctimatologicos). Runoff is clearly bimodal, with two high-
flow seasons, spring and fall, separated by the dry seasons
of winter and summer. The winter dry season typically
extends from November through May, during which sea-
son the region becomes quite arid, exacerbated by high
evaporation rates due to high temperatures, high winds
and reduced humidities. The river flow regime during the
dry season becomes five months of virtually steady flow
an the order of S- 10 m% The “little dry season” of sum-
mer, which typically occurs in July-August, is usually only
a two-month intetruption  of the thunderstorm season. It is
masonable  to assume that the gauged flow of the Choluteca
accounts for half of the inflow to the estuary, which would
imp& a total mean annual flow on the order of 100 m3/s.

The Rio Choluteca also drains the urban areas of
galpa  and Choluteca in Honduras and receives the

WWewater  from both of these municipal areas, about 25%
of the population of the country. Assuming  a combined popu-
lation in the watershed of 1 million, with a per capita oxygen
demand (BOD)  of 0.1 kg/day (0.25 lb/day), the total load
would be on the order of 100,000 kg/day (250,000 lb/day).
Data fmm the river downstream from Choluteca (and above
tidal influence) show relatively low values of BOD, but el-
evated concentrations of inorganic nitrogen (- 0.5 ppm) and
filterable phosphate (- 0.25 ppm), which suggest that most
Of this Wastetoad is stabilized in its transit down the river
channel (D. Teichert-Coddington,  Auburn University, Au-
bunz, AL. pen% Commun.  1995). It is probable (though no
data are yet available to confirm this) that the gauged flows
inthedry seasonare~rninantiy  ~aste~aterrer~mfl~~~.

The ~bbp fling industry has become concerned
about water  quality problems that could occur in associa-
tion 4th shrimp ar@uiCUlture on Golf0 de Fonseca, espe-
cially whether shrimp farming could become self-limiting
by degrading the water used for pond exchange. Specific
COtlCeRLlS  incXude  reduced  oxygen, excessive nutrients,
pathogens  and toxins, high suspended solids, and elevated
salinities in the influent water.

While the magnitude and geographical distribution of
the mass influxes of contaminants are clearly an impor-
tant control, an equally important control is the hydrody-
namic capacity of the estuary for dilution and transport. ln
other words, the hydrography of the estuary dictates the
relation between mass loads of contaminants and the se-
verity of the resulting water quality. An action which al-
ters either the hydrography or the wasteloading has the
potential of altering water quality. Shrimp farming can do
either.

As a quantitative demonstration of this, as well as a
demonstration of how estnary modeling can be employed
in management decisions concerning aquaculture devel-
opment, we consider a single subestuary of the Gulf of
Fonseca, Estero et Pedregal, a river-channel estuary in the
southeastern arm of the system. The Pedregal is selected
because (1) it is a system with relatively simple geometry,
allowing application of one-dimensional models, (2) it
receives the inflow of Rio Choluteca, so we have good
information on gauged river flows, (3) it is the site of some
rather concentrated shrimp farming operations, and (4) a
good data base on physicochemical data has been collected
over the past two yr by a cooperative program between
the shrimp farmers, federal agencies and universities (D.
Teichert-Coddington, Auburn University, Auburn, AL.,
pers. commun. 1995).

The Pedregal is one distributary of a large fluvial
swamp/marsh complex in the eastern segment of Golfo de
Fonseca (see Fig. 3). It is a network of dendritic channels
maintained by tides and seasonal runoff, which incise ex-
tensive tidal flats. The tidal channels are fringed by dense
growths of mangroves. There are two main tidal channels
in the Pedregal, the Estero et Pedregal per se, and the Estero
la Jagua, which receive the inflow from the Rio Choluteca
and conflows with the Pedregal2  km upstream from its
mouth (Fig. 6). An important geometric feature of the
Pedregal is its sharply declining cross-sectional area with
distance upstream: it is a horn-shaped estuary, whose cross-
section drops from nearly 25,000 m2 at its mouth to less
than 50 m2 in about 30 km. Therefore, the channel itself
has a quickly diminishing capacity for flow, as well as a
quickly increasing resistance to flow. An equally impor-
tant feature is the large tidal flats which communicate with
the main tidal channel through small scoured tidal passes
through the mangrove fringe. These tidal flats have the
capacity to store a great amount of water on the rising tide
and to release that water back into the tidal channel as the
tide stage falls.

The general locations of the shrimp farming conces-
sions in late 1993 are indicated in Fig. 6; however, these
do not necessarily correspond to the boundaries of the
shrimp ponds. Data on actual producing-pond areas as of
1994  for the larger operations are given in Table 1. These
shrimp farms eliminate the tidal flats, hydraulically iso-



Fig. 6. Ester, el Pedregal region, showing present shrimp farm concessions.

lating these areas by enclosure within
levees to create shrimp ponds.

A tidal hydrodynamic model of Hauck
and Ward (1980) was applied to the com-
bined Pedregal-Jagua system. For sim-
plicity, only these two channels were
considered-the main channel of the
Pedregal and the main channel of the
Jagua. This model is a numerical solu-
tion to the differential equations of mo-
mentum and continuity and provides a
means to compute tidal currents in the
estuary based upon the measured tidal
stage. Time integrations of several tidal
cycles were carried out, solving for tidal
current and water level throughout the
estuary, from which three key hydrody-
namic indicators were determined:

tidal excursion: the distance that a
parcel of water moves on the flood-
ing tide,

Granjas Marinas S.B. 1850 1000
Cadelpa 360 180 180
Aqua. Fonseca 960 70
La Jagua 100 50 50
Honduespesies 400 200
Aquacultivos Hond. 580 580
Honduespecies 400 200

a Data from SAPROF Team (1992) and Teichert-Coddington (per%.
commun. 1994)

L

mean tidal-current speed: useful in estimating dis-
persion and reaeration, and
tidal prism: the volume of water carded past a fixed
point on the flooding tide.

Table 1. Shrimp farm pond acreage used in hydrodynamic model-
ing experiments for Estero el Pedregal and La Jagw

Farm Total pond Estuary tidal flats
ares (ha)* on Pedregal on Jagua

old @d W

Two scenarios were examined: (1) the pre-aquaculture
geometry, with flooding  tidal flats,  as indicated on topo-
graphic maps of this region and (2) 1994 shrimp  farm

development, in which the tidal-flat areas were reduced by
the amount of production areas shown in Table 1. A strik-
ing difference in tidal prism between the natural geometry
and the shrimp farm development was found. The elimina-
tion of 1500 ha of tidal flats along the Pedregal reduces the
tidal prism in the lower reaches of the estuary by ICE-35%
and the elimination of 1010 ha along the Jagua reduces its



LIJNR Technical Report No. 24

1994
Sample dates

0 4Jan

0 11 Jan

0 18Jan

/\ 25 Jan

10 15 20 25 30

Distance from head of estuary (km)

Fig. 7. &tern el Pednegal salinities, moakmteflow: model simulation Md observations.

tidal prism in the lower reaches by nearly 25%. The rea-
son is clee the removal of this area reduces the capacity
ofthe estuary to store water on the rising tide, so the amount
of w~r~~~~g the estuary is diminished proportionately.
This translates to a direct reduction in the diluting capac-
ity of the estuary’s tidal exchange.

The distribution of various constituents in the estuary
is the central concern in determining assimilative capac-
ity and the potential for self-limitation. In this case study,
dissolved oxygen (DO) was examined As one of the most
fundamental measures of estuary quality, it is certainly an
important constraint on suitability of estuary water as
shrimp pond influent.  Its concentration was determined
by application of a mass transport model, using the same
numerical segmentation as the tidal hydrodynamic model.
A lwg time sxle was apprqriate, so a tidal-averaged
steady-state model was employed. lkto different levels of
river flow were examined, one corresponding to the dry
season,base flow, the other to a moderate level of inflow
that s&II allowed some salinity intrusion into the Pedregal.

Both salinity and dissolved oxygen were modeled. Al-
cough salinity in the estuary is not really susceptible to
pageant control, modeling of salinity nonetheless
serves several important functions. First, because salinity
is a natural conservative traca it can be used to verify the
abil&y  of the model to compute advective and dispersive
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transport, by comparison of the model results to salinity
data Second, salinity exerts a control on some of the ki-
netic processes affecting other parameters; for example,
oxygen saturation is reduced with increasing salinity. Third,
the location of the horizontal salinity gradient can be an
indicator for other processes potentially important to
shrimp farming. One important example is the accumula-
tion of fine sediments in the region of the salinity gradient
caused by a convergence of sediment carried by the den-
sity current circulation. The model prediction of salinity
for the higher flow regime (January 1994) in the Pedregal
is shown in Fig. 7, along with salinity observations at the
intake sites for several of the farms.

In order to model dissolved oxygen, biochemical oxy-
gen demand (BOD)  must be modeled first and fed-for-
ward into the dissolved oxygen calculation. This requires
inputs on the oxygen-demanding wasteloads, which were
assumed to be the Rio Choluteca load and the effluents
from shrimp ponds. The latter are tabulated in Table 2.
This also requires information about the sources and sinks
of both BOD and DO, of which we have practically no
information in this system. For the purposes of this exer-
cise, some order-of-magnitude judgements were made. AS
matters turned out, under the higher flow regime, the BOD
and DO of Ester0 la Jagua are dominated by the quality of
the Rio Choluteca inflow and the shrimp farms have only
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r Table 2. Shrimp farm BOD  toads used in dissolved oxygen modeling experimenti for Estero el Pedregal and
La Jagua

Farm Present Projected
pond areaa BOD load area BOD load

(ha) (kg/d) (ha)
Drainage to Pedregal

(kg/d)

Granjas Marinas S.B. 1850 23000 3000 46000
Cadelpa 360 9000 500 11000
Aquacultore Fonseca 960 18000 1000
La Jaguab

23000
100 1100 200

Honduespeciesb
2300

400 4000 500 6000
Alemania 400 4500
Promasur 400 4500

TOTAL Pedregal 3670 55100 5000 97300
Drainage to Jagua

Aquacultivos Hond. 580 11000 700 16000
Honduespeciesb 400 4000 500 6000
La Jaguab 100 1100 200 2300
BIMAR 100 5000 100 5000
EXMAR 200 9000

TOTAL Jagua 1180 21100 1700 38300
GRAND TOTAL 4850 76200 6700 135600
a Data from SAPROF Team (1992) and Teichert-Coddington @em.  commun. 1994)
b Assumed to drain equally to both estuaries

site of BOD load = 1

5 10 15 20

Distance from head of estwry  (km)
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Fig. 8. Dissolved oxygen profile in Ester0  la Jagua resulting from single 11.000  kg/day BOD bad.
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minor influence, which is consistent with the findings of
Teichert-Coddington (pers. commun. 1994) based upon
the chemical data he has collected along the estuary. The
greatest impact of the shrimp farm operations on estuary
quality occurs, rather, for the dry season flow.

Once a model is available, it allows insight into impor-
tant features of an estuary by “what-it” scenarios. AS an
example, we consider only a single shrimp farm operating
on the Ester0 la Jagua, namely the Aquacultivos Hondu-
ras, under dry-season conditions. This farm drains into the
Jagua about 1.5 km from its confluence with the Pedregal.
Here the estuary channel is wide and deep; there is a large
tidal prism and free exchange with the waters of the Gulf
of Fonseea, so the effect of the effluent on BOD or DO in
the receiving water is negligible, as shown by the “24-
km” model curves in Fig. 8. Using the model, we move
the shrimp farm to points farther upstream, namely 4, 10
and 13 km, corresponding respectively to 21, 15 and 12
km points (measured from the head of the estuary) in Fig.
8. The farther upstream one goes, the smaller the estuary
cross-section, the smaller the tidal prism and the poorer
the exchange (dispersion), so the same BOD mass load
results in a higher BOD concentration. The result is a
greater impact on the dissolved oxygen. For any point far-
ther upstream than 13 km, the DO is driven to zero by this
one shrimp farm. Of course, even with the farm at this
location, the oxygen is too low to sustain aquatic life: the
15 km position (10 km from the mouth) would probably
represent the lowest oxygens that could reasonably be tol-
erated by estuarine organisms. This experiment illustrates
that the impact of a specific shrimp farm depends not only
upon the effluent load of that farm but also where it is
located within the estuary. This experiment also illustrates
that a mass load in such a highly dispersive system as these
river-channel estuaries affects quality a great distance both
downstream and upstream from the point of discharge.

Model simulations of dry season DO in the Pedregal
and Jagua systems under the present shrimp farm devel-
opment are shown as the thin curves in Figs. 9 and 10. A
future development scenario was projected based upon
assumptions of expanded pond area that could be feasible
under the existing Honduran concessions. These are hy-
pothetical only, but represent a not-unrealistic picture of
how shrimp farming might expand in this area in the fore-
seeable future. The bold curves in Figs. 9 and 10 depict
model predictions of DO under the projected BOD load-
ing, all other factors remaining constant. What level of
DO should be taken as critical has not been established
for these systems, but a value of 3 mgiL for aquatic life,
including shrimp pond influent, would be reasonable. In
this CaSe,  the present level of shrimp aquacuiture in the
Pedregal would appear not to be excessive, but in the fagua
would be marginally stressed below the critical value in
the lower  estuary. Under the projected development sce-
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nario, both the Pedregal and the Jagua show DOS  reduced
substantially below this critical value; in the case of the
Jagua there is an anoxic reach of several kms. These m_
sults assume constant geometry. If the dispersion is re_
duced to account for the proportional reduction in tidal
prism, the low DOS in the Pedregal are driven down to
values on the order of 0.5 ppm. Clearly-assuming that
the model parameters are correctly quantified-the assin&
lative capacity of both systems would have been exceeded
at the projected level of development.

Actual measurements of dissolved oxygen would be
extremely valuable in assessing the model performance,
Unfortunately, very little of this kind of data is available
from Honduras. The few DO profiles that have been per-
formed in either the Jagua or Pedregal were taken under
less critical conditions than those modeled above; how-
ever, DO sags were observed in the vicinity of the pond
drains. There is indirect evidence of degrading water qual-
ity in the shrimp farming areas. Intake records of Granjas
Marinas from its intakes on the Pedregal show frequent
episodes of low DO especially during the dry season. Sev-
eral large fish kills have occurred in the esteritos, and there
has been a reported decline in the artisanal fishery of all
species. More telling, perhaps, is the sharp decline in catch
and catch-per-unit-effort of wild postlarvae (PL) in recent
years, which has now necessitated the Honduran industry
to seek other sources for PLs, including importing of third-
party PLs and construction of hatcheries. It should be noted
that the channel estuaries, like Jagua and Pedregal, are the
main avenues for migration of PLs into the tidal flats and
mangrove swamps upstream. DO sags in these estuaries
would effectively block this migration and deny access of
the PLs to the upstream nurseries.

CONCLUSIONS
lSv0 principal conclusions about shrimp farming on the

Gulf of Fonseca, which may apply more generally to other
similar aquaculture industries on estuarine systems, fol-
low from this analysis. The first  is that the hydrographic
conditions in the regions in which shrimp farming oper-
ates are demonstrated to be at least as important as chemi-
cal quality in determining the suitability of the water for
influent supply. This will probably prove to be the case
for other aquaculture Operations on other estuaries. These
hydrographic conditions include:
l tidal range and period,
l freshwater throughflow,
l physiography and morphology-especially the role of

tidal flats,
l tidal currents and parameters determined from the Cur-

rents-such as excursion and prism,
. mixing and dispersion,
l salinity-especially gradients of salinity.
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The swond conclusion is that for systems such as Ester0
el Pedregal and Ester0 la Jagua, which are typical of mmY
of the river-channel estuaries within the larger Gulf of
Fonseca along which shrimp farming is being developed,
there is a level of development at which the estuary be-
comes SO de~aded  as to prohibit economical aquaculture,
i.e., shrimp farming becomes self-limiting.

Jn this case study, we demonstrated this self-limiting
effect by application of two rather simplified models, con-
centrating only upon dissolved oxygen. The same kind of
modeling could be applied, with some minor modifica-
tions, to nitrogen and phosphorus nutrients, and to spe-

cific toxicants such as ammonia or indicators such aa chlo-
rophyll a. Also, the resolution of the tributaries can easily
be increased, with multiple channels and extending the
model to the heads of the tide. Such a model can be used
to better define critical conditions and to evaluate any num-
ber of different shrimp farm development scenarios, to see
which would be possible given the hydrographic environ-
ment, and which would result in unacceptable degraded
water quality. There are other kinds of operational prob-
lems for which this type of model would not be appropri-
ate, but for which others would. Some of the deeper, more
energetic SUbeStuarieS  in the Gulf may require more com-
plex models, perhaps including the vertical dimension.
Also, mere are smaller scale problems which could be
addressed using intratidal  models. One of the most impor-
tant is the entrainment of effluent into the intake of a farm,
either from drainage from other farms or from the same
farm, In shart, the technique of modeling offers a great
~~~~Ii~  for management of shrimp farming and its de-
velopment in an estuary,

One of the greatest limitations to this approach is the
i~fo~~o~ base needed to carry out the necessary mod-
eling, Foe Handwas, the necessary data is sorely lacking.
In order to produce the model results of this case study,
we had to make numerous assumptions. While these were
educated guesses and am considered to be at least qualita-
tively correct, much more accurate information is needed
to be Confident of the model results and before modeling
Can be used in the management process.

The problem of an inadequate dam base is endemic in
estuaries and will probably be the situation for any region
with potential for aq~a~ulture. Because of the wide range
in eXtem&i  COnditions,  seasonal variation and many time-
SpaCe scales of variability, a data collection program will
have to be SUStained for a considerable period of time in
order to permit comprehensive analysis of estuary re-
sponse Acquisition of a snitable data base is generally the
ta@ of grea@% urgency in implementing a strategy for
C@ng cap=itgr  analysis. The foundation of data colle~-
tiou should be measurements  of tides, aa&&es and water
chemistry within the immediate regions ofthe &s&g and
PropO~ WWU~~  O$@~O~,  and throughout the es-

tuary itself. The expense of operating boats, and the need
for accumulating data from a series of surveys over ape_
riod of time imply a significant investment. However, this
investment is miniscule in comparison to the capital in_
vestment in aquaculture facilities. Moreover, the potential
return on this investment, in ensuring the continued eco_
nomic viability of aquaculture in an estuarine setting, is
huge.
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ABSTRACT
The physical factors affecting the fluctuations of oxygen-deficient water masses in the

lower layer (below  the pycnochne)  of Gokasho Bay were investigated. In this area. sea
bream, yellowtail and pearl oysters are cultivated. An oxygen budget was estimated using a
two-layered box model analysis with the results of field observations. The effects of water
movements on the fluctuation of dissolved oxygen (DO) concentration were then exam-
ined. Oxygen-deftcient water masses existed in the lower layer throughout the stratified
season (from May to October). The factors which caused the oxygen depletion were clari-
fied by the results of an oxygen budget analysis. In summer, oxygen depletion was caused
by low vertical diffusion. In early autumn, a very high consumption rate of DO caused
oxygen depletion, despite high vertical diffusion and high horizontal advection. Water masses
from outside the bay were found to intrude into the bay intermittently. DO concentrations
showed short periodic fluctuations due to these intrusions. The intrusions were caused by
coastal upwelling  and concomitant ascent of the pycnocline outside the bay. Because DO
concentrations outside the bay were. higher than those  in the lower layer of the bay during
the stratified season, the intrusions increased the supply of DO in the bay. The oxygen-
deficient water mass disappeared temporarily after the intrusion. Water  movement was the
significant factor which supplied DO in the bay during the stratified season.

INTRODUCTION

Many workers have described the spatial and temporal
distribution of the oxygen-deficient water masses in the
coastal area of Japan (e.g., O&i and Takeoka 1986, Joh
1989, Sasaki 1989). To clarify the processes of oxygen
depletion, it is important to study the physical, chemical
and biological factors that control water quality in the bay,
Munekage et al. (1991) observed the effects of the intru-
sion of oceanic water on oxygen depletion and Unoki et
aL(1985)  considered water movements in his study of
oxygen consumption rates. Water movements and their
effects on dissolved oxygen (DO) concentrations differ
among the bays; the physical characteristics of each bay
must therefore be examined to elucidate the mechanism
of oxygen depletion. In this paper, we examined the physi-
cal factors affecting oxygen depletion in Gokasho Bay.
Coastal water masses outside the bay intrude into the bay
intermittently (Abo et al. 1996). We conclude that such
intermittent events of water movements are important to
the fluctuations of oxygen-deficient water masses.

OBSERVATIONS

Gokasho Bay is located on the southern coast Of cen-
tral Japan (Fig. 1). Sea bream, yellowtail and pearl oysters
are cultivated in this bay, and fish farms are concentrated
in one of the inlets of the bay (sm. 6-8).

136’ E

Fig. 1. Map of Gokasho Bay Md  the observation stations. Heavi&
stippled areas denote the distribution of&h farms
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Fig. 2. Vertical distributions of dissolve oxygen concentrations.

Vertical profiles of water temperature, salinity and DO
were measured at weekly (stn. 4-12) and at monthly (stn.
l-12) intervals in 1992 using an STD and DO meter. Short
petiodic measurements (every 30 min) were also taken in
1991 and 1994:  water temperature, salinity and current
velocity at depths of 3 m, 9 m and 15 m below sea level at
sm. 8 in September and October of 1991, and water tem-
perature and DO at the depth of 1 m above the seabed at
sm. 8 in August and September of 1994.

RESULTS AND DISCUSSION

OXYGEN DEPLETION
Oxygen depletion occurred in the stratified season. Fig.

2 shows the vertical profile of DO concentration in the
bay, Oxygen-deficient water masses were formed in the
lower layer of the bay. At stn. 7 (near the fish farms), DO
concentrations were less than 1 ppm in the bottom layer.
The influences of aquaculture activities on oxygen deple-
tion were estimated by comparing fluctuations of DO con-
centration at stn. 7 with those at sm. 12 (about 1 km from
the fish farms) from April to October of 1992 (Fig. 3). The
two stations have almost the same water depth and are
equ& distance from the mouth of the bay. Although there
were no differences in the fluctuations of density (water
temperature and salinity) between the two stations, DO
~nce~~~ons  at  stn. 7 were lower than those at stn. 12.
At stn. 7, oxygen-deficient water masses (less than 3 ppm)
appeared in the stratified season (from May to October)
and the concentration was occasionally less than 1 ppm at
the bottom. On the other hand, at stn. 12, oxygen-defi-
cient wshter  msses only appear& intermittently from June
to August, and DCS concentmtion was never less than 1
ppm These results suggest that aquacukure  activity, that
b, loading of organic material from the aquaculture  area,
caused the oxygen depletion.

BlUDGETOFao
The Oxyga~ budget in the lower layer of the bay was
m by using the two-layered box model anatysis
with tk results of field ~b~~a~ons.  For this model, we
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defined the inlet as inside the box (stn. 6-l l), defined the
adjacent sea area (sm. 4-5), and separated the box into
upper and lower layers at a depth of 8.5 m below sea level.
We defined vertical diffusion (D12)  and advection (Q,2,
Q12' and Q&, and disregarded other diffusion and advec-
tion (Fig.4).

Vertical diffusion and advection were estimated by con-
sidering the conservation of water mass and salinity. The
budgets of water mass and salinity are expressed as fol-
lows.

R+Q21-Q13=o
Q4,-Q*,=o
V,dCl/dt=(C,-C,)D,,+C2Q21-C,Q,3
V,dC~dt=(C,-C,)D,,-C*Q~~~~~~
Where C, is the salinity in box-n (n=l, 2, 3,4), V, is

the volume of box-n, R is the freshwater inflow into box-
1, Q,, is the flux of water from box-n to box-m (advec-
tion) and D,, is the vertical diffusion. If the salinity (C,)  is
observed at intervals of dt, the advection and diffusion can
be estimated. Using these diffusion and advection esti-
mates. the oxygen budget can be calculated. The oxygen
budget in the lower layer @10x-2)  is as foilows.



V,dCddt=(C,-C,)D,,-CzQz,+C&-P
Here, Cn is the DO concentration in box-n and P is the

consumption of DO. This consumption of DO consists of
the consumption by water and bottom sediment and respi-
rations of fish. Production of DO by photosynthesis is neg-
ligible in the lower layer of the bay.

Fig. 5a shows the vertical diffusion (Di2) and the hori-
zontal advection (a*) estimated by the box model analy-
sis from April to October in 1992. The vertical diffusion
was low in July and August and high in September and
October. The horizontal advection showed short periodic
fluctuations from April to August and got higher in Sep-
tember and October. In the stratified season, the vertical

Fig. 4. Schematic view of two-layered box model analysis.
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Fig. 5. (a) Seasonal variations of horizontal advection and ver-
tical diffusion as estimated by the two-layered box model  WlY-
sis. (b) Seasonal variations in the consumption rate of dissolved
oxygen.
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diffusion was low. In autumn, both the vertical diffusion
and horizontal advection were high. Fig. 5b shows the
consumption rates of DO in the lower layer of the bay; the
consumption rate was high in September and October.

The results of the oxygen budget clarified the factors
affecting oxygen depletion. The fluctuations of DO con-
centration at stn. 7 were correlated with vertical diffusion,
horizontal advection and consumption rates of DO. In sum-
mer, oxygen depletion was caused by low vertical diffu-
sion due to the stratification. In autumn, a very high con-
sumption rate of DO caused oxygen depletion, despite high
vertical and horizontal fluxes of oxygen.

The horizontal advection and consumption rate of DO
also showed short periodic fluctuations distinct from the
seasonal fluctuation. Low DO concentration layer recov-
ered intermittently relative to the short periodic fluctua-
tions of horizontal advection and consumption rates of DO.
These short periodic fluctuations were related to the inter-
mittent events of water movements, discussed in the fol-
lowing sections.

WATJZR  MOVEMENT
Distinctive water movements were found in Gokasho

Bay, that is, cold and high-saline water masses intruded
into the bay intermittently. Fig. 6 shows the time series of
current velocity, water temperature and salinity at stn. 8.
AITOWS in the figure denote the times when cold and high-
saline water masses outside the bay intruded into the lower
layer of the bay.
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Fig. 6. lime series of current velocity at depths of 3 m, 9 m and
15 m at stn. 8. Watcrr  temperature and salinity at depth of 15 m
below sea level at stn. 8. Positive values of current velociry  de-
note the inflow. Arrows  denote intrusion events.
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Fig. 7. Vertical distributions of water temperature, salinity and
dissolved oxygen. Stippled areas &note the cold and high-sa-
line water masses thut  tin&d  into the bay.

Rg. 8. ‘like series of water tempemture and dissolved oxygen
cottcentratiort  in the lower layer at stn. 8.

These intrusions occur as a consequence of the coastal
upwelling  induced by alongshore wind (Abo et al. 1996).
In alongshore (westerly) winds, the Coriolis force causes
the surface water outside the bay to move away from the
shore (Ekman transport). The surface water moving away
from the shore is replaced by deeper water that upwells
close to shore, and the thermocline outside the bay ascends
(coastal upwelling). With intermittent winds, the ther_
mocline outside the bay fluctuates vertically, responding
to the wind. When the ascent of the thermocline outside
the bay reaches a shallower layer than the depth of the
mouth of the bay, water masses below the thermocline are
able to intrude into the bay.

EJ?FECTS OF WATER MOVEMENT ON DO

DO concentrations showed short periodic fluctuations.
The low oxygen water masses in the lower layer disap-
peared intermittently (Fig. 3a). These intermittent renew-
als of low oxygen water masses were caused by the short
periodic water movements, that is, by the intermittent in-
trusions of coastal water masses from outside the bay.

Since DO concentrations outside the bay were higher
than those in the lower layer of the bay in the stratified
season, the intrusions added a supply of DO into the lower
layer of the bay. Fig. 7 shows the supply of DO due to the
intrusions of cold and high-saline water masses outside
the bay. On August 31, water temperature and salinity in
the bay were higher than 23.4flC  and lower than 33.8 psu
(practical salinity unit), respectively. There was a low oxy
gen water mass (less than 1 ppm) in the lower layer of the
bay. On September 7, a water mass having low tempera-
ture, high salinity, and high DO concentration (more than
4 ppm) intruded into the lower layer of the bay. DO was
renewed due to this intrusion.

Such intrusions and subsequent renewals of DO oc-
curred intermittently. Fig. 8 shows the sudden recoveries
of DO in the lower layer of the bay (stn. 8) due to the
intrusions of cold water masses from outside the bay. As a
result, oxygen-deficient water masses disappeared tempo-
rarily after the intrusions. It is concluded that such intrn-
sions were significant factors in the renewal of oxygen in
the lower layer of Gokasho Bay.

SUMMARY
Oxygen-deficient water masses were formed in the

lower layer of Gokasho Bay in the stratified season. The
results of the DO budget suggest that summer oxygen
depletion is caused by low vertical mixing, due to a strong
stratification; whereas, in autumn, a very high consump-
tion rate of DO caused oxygen depletion despite a higher
horizontal advection.

Water masses below the pycnocline outside the bay,
which have high density and high Do concentration, in-



truded into the bay. The intrusions induced a flux of DO
into the lower layer of the bay; low oxygen concentrations
disappeared temporarily after the intrusion. The intrusions
were significant factors in supplying oxygen to the lower
layer of the bay. Thus, the effects of water movements
must be considered when studying oxygen depletion in
coastal areas such as Gokasho Bay.
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ABSTRACT
Identifying a risk factor as a cause requires the demonstration of an association, cotrect

time order and coherent findings, relative to what is known about the factor and outcome.
We demonstrate how these requirements impact epidemiologic investigations into shrimp
mortality. Quantifying mortality at intervals throughout growout  has been the major prob-
lem with on-farm studies. In studies using mortality estimates at the end of production
cycles, the correlation of outcome within ponds and within farms reduced our ability to
extrapolate results. Measurement error for risk factors has been a secondary problem. Mor-
tality can be measured accurately if the study’s internal time component is a complete pro-
duction cycle. Because risk factors frequently do not change during a production cycle, the
association between risk factors and mortality can be evaluated, assuming a random effect
of production cycle, using random-effects logistic regression. It is likely that the farm will
modify the cause and effect relationship and future studies should sample multiple farms to
increase external validity.

INTRODUCTION
Epidemiologists study the cause of disease in its natu-

ral setting. It is a logical extension that a veterinarian study-
ing herd health for shrimp farming must study shrimp dis-
eases using actual farm observations. Epidemiologists
avoid defining the word cause, preferring to use words
such as determinants, exposures and risk factors. Altema-
tively, they categorize causes as direct or indirect; neces-
sary or sufficient; and single or multiple, rather than de-
fining cause. In an effort to be pragmatic, Susser (1991)
has defined cause as “something that makes a difference”
or alters an outcome.

The philosophical view of what constitutes a cause has
not been so pragmatic (Rothman 1986). However, some
consensus has emerged from the arguments of philoso-
phers. Epidemiologists concur that Koch’s postulates are
much too rigid (Susser 1991). Epidemiologists also agree
that causes must be hypothesized and then tested for re-
jection but are never accepted as proven (Susser 1991),
thus an epidemiologist will be well served by an icono-
clastic point of view. Epidemiologic methods are there-
fore not very friendly. A brave soul will hypothesize a cause
for shrimp dying, and epidemiologists try to disprove the
hypothesis. After an hypothesized causal relationship sur-
vives the challenge of repeated testing, as the cigarette
smoking/mortality relationship did (Eysenck 1991),  the risk
factor becomes accepted as a cause of mortality. Further
sophistication, however, will challenge the hypothesis as
our understanding grows and we get closer to understand-
ing the deterministic model. For example, cigarette smok-
ing is no longer considered a cause of mortality by epide-

miologists because more specific carcinogens found in
cigarette smoke have been identified. Epidemiologists use
three rules to reject an hypothesized cause (Susser 1991).
The first is association. If a risk factor does not occur more
frequently in diseased animals, then it is rejected as a cause.
The second is time order. If the risk factor does not pre-
cede the outcome, it is rejected. The third criteria used is
common sense or coherence, in all its forms. Risk factors
are often rejected based on what is known or believed about
the cause and outcome.

In epidemiology, two outcomes are frequently studied:
morbidity and mortality. The study of morbidity for shrimp
culture can be mediated quite effectively by using growth
rate as a surrogate measure of wellness (Thompson et al.
1994b). While slow growing shrimp may feel quite well
and never miss a day’s work, most producers will accept
growth rate as a measure of morbidity because of its cor-
relation to their economic health. However, the study of
the causes of shrimp mortality has been fraught with diffi-
culties. There is no lack of hypothesized causes but hy-
pothesis testing is difficult. The objective of this review is
to present and discuss examples illustrating the difficul-
ties in hypothesis testing for shrimp mortality from on-
farm observations. We present and discuss one example
for each of the three criteria for causation: a%%iatiOn,  time
order, and coherence of results.

EXAMPLE 1: ASSOCXATION

INTRODUCTION
Necrotizing hepatopancreatitis (NHP)  has been an im-
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portant  disease of shrimp culture in Texas since it was first
recognized in 1985 (Frelier er al. 1992). The disease has
resulted in mass mortalities of Penueus  vunnami  in cm+
merciti  gfowout ponds.  The etiologic agent has been shown
to be a pleomorphic Rickettsia-like intracellular bacterium
(Frelier et al. 1992). Previous studies have shown the dis-
ease to occur at high salinity (20 to 40 ppt), but the role of
salinity remains unclear (Frelier et al. 1993). The objec-
tive of this study was to describe the association among
pond differences in salinity and mortality in 1993  on a
Texas farm for which the disease agent was endemic.

MATERIALS AND METHODS

A production unit in south Texas that had suffered re-
current problems of NHP was surveyed for histological
lesions of NHP during the 1993 production season. Salin-
ity was recorded in each pond on a weekly basis. The mean
was calculated for each pond and classified as high salin-
ity if greater than 35 ppt and low salinity if less than 35
ppt. Mortality was calculated as a proportion, with the
numerator the difference between the number of shrimp
stocked into the pond minus the number harvested from
the pond. The denominator was the number of shrimp
stocked into the pond. Analysis of the association between
salinity and mortality while accounting for clustering of
mortality within the pond was performed using various
methods  described by Dormer (1993).

RESULTS

D~rnSSION

The choice of an appropriate statistical method to test
for association was considered. The outcome, mortality,
is highly clustered within ponds creating extrabinomial
variation. Similar effects are well-described on the smaller
scale and are often referred to as litter effects @onner
1993). The use of the Pearson &i-square  statistic ignores
the clustering within ponds; this statistic requires that the
outcomes be independent and its value overinflates the
statistical significance. The t-test methods will evaluate a
single measurement of survival from each pond. This will
account for clustering but will almost surely violate the
~su~~on$ that the variances from each group are nor-
mal and homoscedastic.  The non-parametric approach is
valid but is ineficient because it ignores the number of
shrimp in each pond and the magnitude of the differences.
Also, the size of the effect is not intuitively useful.

Use of random effects models has intuitive appeal
@Mis ef al. 1993). The effects of “pond” can he model&
as a random effect, represented by a distribution of pond
eff@~ts. By $0 doing, the variance and standard errors of
the estimate% are inflated to account for the extrabinomial
Va,&@ion. Software &et@ has been marketed to model
such random effects. However, the models were not de-

veloped with shrimp ponds in mind and most of the fieng
algorithms failed with OUT example. We achieved conver_
gence using the beta-binomial random effects model in
Egret@.  By repeating the fitting with different initial vd_
ues, we observed multiple maxima (several possible solu_
tions). It was straightforward to pick the best of the ob_
served solutions by selecting the model with the lowest
deviance (Hosmer and Lemeshow 1989). However, the
possibility of an alternative, superior solution, exists. We
found no adequate single test for association with the de-
scribed example.

The evidence of an association between salinity and
mortality was strong even though the difference between
high and low salinity definitions was very small. Evidence
for the association is convincing, but how strong is the
evidence that salinity is a cause? Time order has not been
established. It is possible that mortality precedes high sa-
linity. High mortality may have been a specific condition
or associated with a condition that preceded an altered rate
of exchange of water. It is unlikely that time order can be
established until accurate measures of mortality during a
production cycle are possible. The size of the effect makes
the likelihood of the association being explained by a bias
less likely than if the size of the effect was small.

Proposing salinity as a cause of mortality in the pres-
ence of NHP lesions lacks sophistication. What about sa-
linity as a cause of death (Lester and Pante 1992)?  Is it its
effect on osmoregulation? Is it a stress that reduces immu-
nity? Is it a marker for a change in pond biota with a pro-
liferation of a specific intermediate host? The evidence
for coherence in all its forms can be improved with fur-
ther study. With existing limitations, it is unlikely that we
can strengthen the time-order relationship with pond ob-
servations. Tank observations may not be applicable to
studies on disease in production systems. It is conceivable
that increasing salinity in a laboratory tank will not con-
stihlte stress but in a pond, high salinity with a combina-
tion of other factors will. Tank studies may remove inter-
mediate hosts from the other pond biota The answer to
elucidating the causal mechanism lies in the posing and
investigating of more specific and sophisticated epidemio-
logic hypotheses that will add to our knowledge of the
other contributing factors. In the meantime, in a pragmatic
world, we must consider salinity as a cause of NHP (Susser
1991).

EXAMPLE 2: TIME ORDER

INTRODUCTION
vibrio  spp. are considered the most important bacterial

pathogens in shrimp culture (Vera et al. IS%!),  and *
important causes of enteritis in humans. Special concern
must be placed on pathogens of human concern that may
appear in harvested products. Like bacterial pathogens in
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Table 1. Summary of statistical testing of the significance  and she of an association.

Method
Pearson  hi-square
Student’s t-test (t)
t-test (transformed) (t)
Wilcoxen rank-sum (W)
Random effects model (likelihood

ratio chi-square)

Test statistic P Effect size
4.5 x 105 P<0.00001 Odds ratio = 7.0
3.95 P=O.OO 1 Difference of means = 24%
3.86 P=O.O02 Difference of means = 24%
215 P=O.OO 1 Non-parametric
26.0 P<O.OOOO  1 Odds ratio = 5.0

Table 2. Odds ratios  for high mortality risk over a 1 wk p&o&

Variable Odds ratio  (95 % confidence interval P
for odds ratio)

Pond PcO.001
Weight (increase of 1 g) 0.94 (0.90 to 0.98) PcO.01
Density 0.19 (0.12 to 0.31) P<O.OoOl
(Density)2 1.08 (1.05 to 1.11) P<O.O001
Full moon 0.52 (0.32 to 0.84) P<O.O 1
Low dissolved oxygen 1.61 (1.00 to 2.59) P<O.O5
High Kbrio  concentration in HP 1.32 (0.63 to 2.79) P=O.5
DO2 x high [ Vibrio] 0.82 (0.48 to 2.09) P=O.7

Table 3. Univariate association between low dissolved oxygen concentration and a high mortality risk. The
overall crude odds ratio was 1.27.

Risk of mortality High
Low
Total

Class of dissolved oxygen concentration
Low Wzh Total

167 201 368
193 294 487
360 495 855

Table 4. Association t&ween low dissolved oxygen concentration and a high mortality  risk after Co-oa
for non-differential ~las.q~~tion of mortality with a sensitivity of 0.6 and specificity of 0.6. The
overall odds ratio was 15.1.

class 0f dissolved oxygen concentration
Low High Total

Risk of mortality High 115
Low 245
Total 360

other farmed species (Martin et al. 1987),  these bacteria
are ubiquitous and disease is triggered by stress (Lightner
1993). Stress is frequently implicated by epidemiologists
as an initiating factor for bacterial disease in livestock.

15 130
480 725
495 855

J

Stress is often poorly understood in its pathogenesis but
epidemiologists frequently compare surrogate measures
of stress to study its roIe as an epidemiologic factor, Dis-
solved oxygen is the most frequently measured variable
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in production ponds (Thompson et al. 1994a) and it may
serve as a suitable surrogate measure of stress. Concentra-
tions of vibrio spp. vary widely among ponds, and also
temporally within ponds. Because of the variance that oc-
curs within pond-cycles, analysis of the Vibrioldissolved
oxygen interaction will require a selection of an internal
time component and periodic measurement of mortality
during a production cycle. The objective of this study was
to detetmine if the presence of Kbrio spp. in the hepato-
pancreas was associated with mortality and if this asso-
ciation was modified by low dissolved oxygen concentra-
tions.

MATERIALS AND METHODS
Dissolved oxygen concentrations were performed as

close to 6 am. as possible each day. The mean was calcu-
lated for the seven measurements of the wk. For categori-
cal analyses, low dissolved oxygen concentration was de-
fined as less than 5.2 mgiL (the median) and high concen-
tration as a mean greater than or equal to 5.2 mg/I.. To
quantify the number of vibtio  colonies, 9 ml of 0.9% sa-
tine were mixed with 1 g of hepatopancreas. The mixture
was macerated, mixed and a 0.1 ml aliquot was plated on
TCBS agar. At 24 h, the number of colonies was counted
and classified as high if greater than the median observa-
tion (500 colonies) and low if equal to or less than 500
colonies. To &fine the pond’s population, a cast net that
sampled approximately 1 m2 was cast at 54 points. The
average number caught was multiplied by 10,000 to give
the number per ha and then multiplied by the number of
ha. Pond variables and pond population estimates were
stored in a Lotus data base and retrieved at the end of the
study. To calculate the risk function, the force of mortality
was calculated (Kleinbaum et al. 1982). For logistic analy-
ses, the force of mortality was classified as high if positive
and low if zero or negative. Multiple logistic regression was
performed regressing the outcome high vs. low mottahty
against pond; pond density and the square of the pond den-
sity: phase of the moon; dissolved oxygen; hepatopancreas
V&o concentration and the dissolved oxygen and Mbrio
interaction. The phase of the moon was modeled as a risk
factor if the full moon occmred during the observation wk.
Dissolved oxygen and number of vibrio  colonies were mod-
eled using the classification variables.

RE;SULTS
Weeks with high mortality were associated with pond,

weight, density and the density squared, and occurrence
of a full moon during the wk (Tabk 2). High mortality
was also related to the classification of oxygen concentra-
tion but not to the number of kibrio  colony forming units
(CRJs)  nor the interaction between dissolved oxygen and
vitrrio  CRTs. A univarlate  table for the risk of low dis-
SoEved oxygen was created (Table 3), which demonstrated
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that the crude odds ratio for low dissolved oxygen was
1.27. This table was corrected for a non-differential
misclassification bias of sensitivity of 0.6 and specificity
of 0.6. The true, population crude odds ration can be shown
to be 15.1 (Table 4).

DISCUSSION
We have failed to demonstrate a significant effect modi-

fication between Mbrio and dissolved oxygen concentra-
tion. This failure occurred with methods designed to esti-
mate a population size at the beginning and ending of each
week. These measurements were made with error that pro-
duced a large misclassification bias (Brenner and Blettner
1993). We are not certain of the degree of misclassification
but any rise in population estimates constitutes a
misclassification and counting these demonstrates the sen-
sitivity of classification to be approximately equal to 0.6.
We also believe that if we were classifying a realistic, low
mortality risk (O.O5/wk),  the classification would also have
a very low specificity. If the measurement error is cen-
tered on zero and normally distributed, we would expect
the same percent of errors for both high and low mortality
estimates and the specificity would also be equal to ap-
proximately 0.6. We show that using a sensitivity of 0.6
and specificity of 0.6 for the misclassification would have
a very large bias of the odds ratios toward the null value,
We argue that this misclassification biases all potential
predictors of mortality toward the null value.

This study was doomed to failure for the detection of
relatively small odds ratio. It can be concluded that the
odds ratios determined for shrimp density, lunar phase and
low dissolved oxygen concentrations were either extremely
large or the product of other biases. Our calculations for
corrected odds ratios were based on the assumption that
the misclassification of mortality was not related to any of
the predictors. This assumption could not be validated
cflegal et al. 1991). It is quite possible that estimates may
also be related to shrimp density and weight because of
shrimp behavior in lunar phases (Griffith and Wigglesworth
1993). It is also possible that low dissolved oxygen con-
centrations reduce the likelihood of capturing shrimp. In
general, the uncertainty of the size of the odds ratios and
the size of the misclassification and whether the classifica-
tion is non-differential or not makes the study design un-
workable @legal ef al. 1991). We believe that measurement
emor of population estimates during a pmduction  cycle makes
the study of small or moderate risks untenable.

EXAMPLE 3: COHERENCE

INTRODUCTION
Taura syndrome was first recognized as a cause of

mortality in June 1992 on shrimp farms near the mouth of
the Taura River in Ecuador (Brock et al. 1994). Since then,
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the disease has been diagnosed elsewhere in Ecuador, Peru,
Columbia, Honduras and Hawaii (Brock et al. 1994). In
May and June of 1995, five Texas shrimp farms suffered
devastating losses in association with a histopathologic
diagnosis of Taura syndrome virus (TSV).  Because the
virus had been considered exotic to Texas, an epidemio-
logic investigation was conducted to evaluate the most
likely of a number of specific possible sources of the virus
using case-control methodology (Fonseca and Armenian
199 1). Of special concern was the possibility that the spread
of TSV was mediated through transport of infected post-
larvae.

MATERIALS AND METHODS
All major shrimp growout production units in Texas

(n=6) and an experimental unit were visited and evaluated
for exposure to the potential sources of infection. Identifi-
cation of unexpected mortality was based on a question-
naire delivered by the lead investigator to the farm owners
or managers. Each unit was evaluated for the presence of
TSV based on histopathology.  Cases were farms with un-
expected mortality and a histopathologic diagnosis of TSV.
Exposure to the potential sources was based on historical
data and inspection by the lead investigator. Associations
between potential infection sources (factors) and case sta-
tus were evaluated with Fisher’s Exact Test.

RESULTS
Taura syndrome was diagnosed in five of six commer-

cial growout farms and was absent in the experimental
unit. Feed used consisted of six different formulations from
multiple batches from two separate feed companies. Wa-
ter inlets were closed for the majority of the case ponds. It
became apparent during the outbreak that new cases oc-
curred irrespective of water flowing into the ponds. The
index case farm also supplied larvae to other fatms in Texas
(and elsewhere). Three case farms received larvae when
TSV was active on the index farm (after May 6). This
source of larvae did not explain disease at the index farm
and at one other case-positive farm. Exposure to airborne
factors, wild in the Laguna Madre, was found at all farms
but not the experimental unit.

DISCUSSION
Identification of a causal factor requires the demon-

stration of association, temporal sequence and coherence.
However, we must consider that our general grouping of
causes into airborne, waterborne, feedborne and
animalborne is likely an exhaustive list and to meet our
objective we should identify the most likely source. If we
hypothetically expand our sample to include 10 more US
shrimp farms, all newly sampled farms would be factor
negative and case negative. If this sampling did not con-
stitute a bias, we would conclude that the association of

transported  Post-larvae and TSV were associated; how-
ever, the same can be said to be true of exposure to the
Laguna Madre and TSV. For temporal sequence, we can
say both factors preceded the mortality  effect.

In our examination of coherence, we note inconsisten-
cies in the lag (or incubation) periods. Incubation periods
have been long recognized as useful indications of a cause
(Sartwell  1995).  For the three farms receiving larvae as
Potentially  infected, one had a 1 wk incubation period and
two had 5 wk incubation periods. The incubation periods
for the airborne source can, in contrast, be explained by a
south to north migration of the vehicle. Analogy, a form
of coherence, also favors the airborne source hypothesis.
W&in case farms, spread was rapid among ponds with a
very short incubation and a short period of mortality. The
findings are compatible with a common source airborne
spread. This could be explained by multiplication of a vi-
rus within an insect host but not by a mechanical vector. If
the virus was spread by infected larvae, the hypothesis of
airborne-spread must still be true within farms. Because
of the rapidity of spread, we propose that the infection
source is part of the preferential diet of shrimp such as an
insect with both airborne and waterborne life stages.
Through analogy and the knowledge that within-farm-
spread was airborne, it was shown that airborne-spread
was definitely involved. Was the spread by infected post-
larvae also involved? The preponderance of other evidence
(coherence) says no.

CONCLUSIONS
The studies of shrimp diseases with on-farm observa-

tions have been frustrating. We propose the following ret-
ommendations for future study.

Concentrate  on “fixed” factors as risk factors. Risk fat-
tars that are constant throughout a gmwout  cycle by defini-
tion must precede mortality so time order cannot be faulty.
These factors include: salinity and other environmental vari-
ables on most farms;  pond size, depth and other physical
properties, including aerators; and endemic diseases.

Use random effects models to demonstrate aSSOCiatiOnS.
These models  can account for extrabinomial Variation.
Although developed for clusters much Smalier  than shrimp
ponds,  these models can be used provided routine diag-
no&s for regression models are applied.

Increase the number of farms in the sample. Fixed risk
factors till usually be constant for all ponds within a farm.
Random effects models are used when the outcomes are
clustered. A farm becomes a single cluster with a single
outcome ra and a single level of fixed risk factor. The
need for multiple farms is obvious.
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ABSTRACT
Determination of okadaic acid (OA) and its analogues,  dinophysistoxin-1  (DTX-1) and

dinophysistoxin-3 (DTX-3),  in mussels collected from the Niigata coast of Japan was car-
ried out by high-performance liquid chromatography (HPLC)  with  fluorometric detection
after derivatization with 9-anthryldiazomethane.  Analyses of toxic material indicated the
presence of OA and DTX- 1; however, the toxicity determined by HPLC-fluorometty was
far below that estimated from mouse bioassays, suggesting the presence of other  toxins.

INTRODUCTION
Diarrhetic shellfish poisoning (DSP)  has been recog-

nized as a worldwide problem since it was reported by
Yasumoto ef al. (1978). Among the diarrhetic shellfish
(DS)  toxins derived from dinoflagellates, Dirwphysis spp.
and Prorocentrum  spp. (Lee et al, 1989). the most impor-
tant toxins responsible for diarrheal symptoms are okadaic
acid (OA) and its derivatives, dinophysistoxin- 1 @TX-  1)
and dinophysistoxin-3 @TX-3) (Lee er al. 1987). In 1994,
a DSP outbreak occurred along the Niigata coastal area,
Japan. Shellfish harvesting was prohibited from May 16
to August 2. The present paper reports results of DS-toxin
analysis by high-performance liquid chromatography
(HPLC)-fluorometry to elucidate the nature of the toxic
DSP compounds in mussels collected from the Niigata
coastal area. Determination by HPLC-fluorometry of the
free fatty acids (FFAs)  which have been suggested to in-
terfere with mouse bioassays (Takagi et al. 1984) is also
described.

MATERIALS AND METHODS
Mussels, Mytilus coruscus,  were collected from the

Niigata coastal area during the period May 30 to June 27,
1994. Five individual mussels were used for each analy-
sis. Acetone extraction of DSP toxins from the midgut
glands of mussels and the following mouse bioassays were
carried out using the procedure described by Yasumoto
( 198 1). Analyses of OA and DTX- 1 in the acetone extracts
by HPLC-fluorometry were carried out according to the
method of Lee ef al. ( 1987). Determination of DTX3 was

carried out by the detection of DTX-1 obtained from DTX-
3 via alkaline hydrolysis (Suzuki 1994) after separation
by partitioning between 80% methanol (OA and DTX-1)
and n-hexane (DTX-3). Fluorescent peaks corresponding
to the 9-antl’uyldiazomethane (ADAM) derivatives of OA
and DTX- 1 were confirmed by a second HPLC-fluorom-
etry using a Capcell Pak CN SG120  column (4.6 mm ID x
250 mm; Shiseido, Tokyo, Japan) as described by Zhao et
aL (1993). Further confiirmation of the OA and DTX-1
peaks was carried out by HPLC-fluorometry using a
LiChrosorb  RP- 18 column (4.0 mm ID x 250 mm; Merck,
Darmstadt, Germany), with acetonitxile-methanol-water
(8: 1: 1, v/v/v) as the mobile phase and a flow rate of 1.1
ml/min at 35%. Determination of the peak area corre-
sponding to OA and DTX- 1 was carried out on the second
I-IPLC run equipped with a Capcell Pak CN SG120 col-
umn. Determination of FFAs  by HPLC-fluorometry was
carried out according to the method of Suzuki (1994). The
toxicity of the FFAs was calculated from data reported by
Takagi  et al. (1984). One liter seawater samples were col-
lected at 8 m depth at the monitoring station and fixed
with formalin  (5%). The solution was concentrated to 10
ml for counting and identification of Dinophysis spp.  by
microscopy.

RESULTS AND DISCUSSION
Table 1 shows the mouse bioassay results for the mid-

gut glands of mussels during the DSP outbreak and cell
densities (cells/L) of Dinophysis spp. from 8 m depth  whew
the mussels were harvested The DSP outbreak on May 9,
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DTX-1

10 20 30 min

Fig. 2. HPLC prvfiles  of the ADAM derivatives on the Capcell
Pak CN Xl20  CO~UWL  (A) purijied OA and DTX-I; (B) fiat-
tion corresponding to DTX-I  in HPLC on the Develosil ODS-5
column; (C) fraction corresponding to OA in HPLC on the
Develosil ODS-5 colunm Conditions: mobile phase, acetonitrile-
water (53:47,  v/v); monitor; excitation 365nm,  emission 412 nm;
flow rate, 1.1 mlfmin;  temperature, 35°C.

icities  determined by HPLC-fluorometry were clearly
lower than those obtained by mouse bioassays. The slight
decrease in toxin content in the midgut glands of mus-
sels after June 14 correlates with the disappearance of
D. fortii  after that date (Table 1).

The FFA content is also shown in Table 2. Although a
marked increase in FFA content was observed on June
20 and 27, the FFA content was not sufficient to give
positive results (>oS MU/g) in the mouse bioassays.

The presence of OA and DTX- 1 in toxic mussels col-
lected from the Niigata coast was confirmed by HPLC-
fluorometry, but the sum of the toxicities determined by
HPLC-fluorometry was too low to account for the mouse
lethality. FFA contents were also insufficient to interfere
with the mouse bioassay. These results indicate the pres-
ence of other DSP toxin(s), including pectenotoxins and
yessotoxins (Yasumoto and Murata 1990),  and suggest
the need to analyze for other DSP toxins during routine
instrument methods of monitoring for the toxicity of
mussels in this area.

OA

-- _ . _ .__ --. z. _’ \
1 , 1 / ,

--,--_.  A

5 10 ftll"

Fig.  3. HPLCprofles  of the ADAM  derivatives on the LiChrosorb
RP-18 column. (A) purified OA and DTX-I; (B) fraction corre-
sponding to D?X-1  in HPLC on the Develosil ODS-5 CO~U~;
(C)fraction  corresponding to OA in HPLCon  the Develosil ODS-
5 column. Conditions: mobile phase, acetonitrile-methanol-wa-
ter (8:1:1,  v/v); monitor, excitation 365 nm,  emission 412 nm;
flow rate, I.1 mUmin; temperature, 35’C.
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ABSTRACT
Incidents of diarrhetic shellfish poisoning (DSP)  pose a serious threat to the aouaculture

industry. DSP results from consumption of shellfish contaminated with toxic dinoflagel-
lates such as species of Dinophysis and Prvrocentrzun.  During a study to determine the
kinetics of production and excretion of DSP toxins in culture by one such organism,
Pramcentrum  lima, a number of new ester derivatives of okadaic acid and DTXl  were
discovered. It was also found that enzymatically-catalyzed hydrolysis and methanolysis
reactions were occurring during simple extractions with aqueous methanol. Extraction and
analysis methods developed to determine toxin concentrations in cells and in the medium
will be valuable for future studies on the uptake and depuration of DSP toxins by shelh%h,
and for protection of public health.

INTRODUCTION
Diarrhetic shellfish poisoning (DSP) is a severe gas-

trointestinal illness resulting from consumption of shell-
fish contaminated with toxigenic dinoflagellates, such as
certain Dinophysis and Prorocentrum species (Yasumoto
and Murata 1990). The main toxins responsible for DSP
are okadaic acid (OA) and the dinophysistoxins, DTXl
and DTX2 (l-3, see Fig. 1). These compounds have been
shown to be potent phosphatase inhibitors, a property
which can cause inflammation of the intestinal tract and
diarrhea. In addition, OA and DTXl have been shown to
have tumor-promoting activity. A number of naturally oc-
curring derivatives of these toxins has also been identi-
fied. The 7-0-acylated (C to C ) derivatives (4) of l-3
have been found in shellfish4tissue%nd  designated as DTX3
(Yasumoto etal. 1989, Man  et al. 1992b). However, DTX3
toxins have not been detected in microalgae, suggesting
that they are products of shellfish metabolism (Yasumoto
et al. 1989). Several ester derivatives of OA, such as diol-
ester 5, have been isolated from I! lima and I? maculos~m
(Yasumoto et al. 1989, Hu et al. 1992). Although the ester
derivatives do not appear to be phosphatase inhibitors, they
have the potential to be hydrolyzed readily in the diges-
tive tract to yield an active parent DSP toxin. Recently, a
water-soluble DSP toxin (DTX4) was isolated from an
eastern Canadian strain of I! lima (Hu et al. 1995). This
compound is a complicated derivative of OA, in which
the primary hydroxyl of diol-ester 5 is esterified with a
trisulfated end group.

In this study we report on the DSP toxins produced by

& RZ 4 R, 4

1% H H OH - OA
2 a3 -3 H OH - D’I’Xl
3 H CH3 H OH - HI’X2
4  (H orCH3) Acyl OH - DTX3
5 CH, H H X  OH OAdiokiter
6 CH3. H H X Z DTX4

Fig. 1. Structures of okra&c  acid (Oh) and same of its knawn
natural& accumng  derivatives.

the dinoflagellate 19 lima in culture. A number of new
ester derivatives of OA and DTXl were identified, and it
was found that enzymatically-catalyzed transformations
were occurring during simple extractions with aqueoUs
methanol. New analytical pmcedmes are demonstrated for
the accurate determination of toxin concentrations in cells
and in the medium.
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iMATERIALS AND METHODS

CULTURING PROCEDURES
T& strain of P. lima used in this study, its isolation,

culture mecjium  and growth conditions were reported pre-
viously (Man et al. 1992a, Jackson et al. 1993, McLachlan
ef al. 1995).

SAMPLE PREPARATION
Aliquots (50 ml) of P, lima  culture were transferred to

SO-ml  plastic centrifuge tubes and centrifuged for 10 min
at 6600 x g. The supematants  were decanted without dis-
turbing  the cell pellets. Several different extraction meth-
ods wem investigated, the principal ones being:
Method 1 (80% methanol): Each cell pellet was resus-

pended in 2 ml of methanol/water (8:2) and sonicated
. for 1 min in pulse mode (50% duty cycle, 375 W) while

cooling in an ice bath. After centrifugation for 10 min
at 6600  x g, the supematant was decanted. The pellet
was rinsed twice (vortex mixing, centrifugation) with
1 ml methanol/water (8:2). Supematants  were com-
bined and adjusted to 5.0 ml. Extracts were passed
through a 0.45pm  filter prior to analysis.

Method 2 (French press): Four cell pellets were each re-
suspended in 0.2 ml 50 mM TrisHCl pH 7.4, combined
and passed through a chilled French press at pressures
~10 Kpsi. A I ml aliquot of buffer was used to wash
~~~~~g residues thmugh the press and the sample
was then brought to 2.0 ml with buffer. Aliquots (0.5
ml) were mixed with 2.0 ml methanol and processed
asinMethod 1.

Method 3 (freetihaw): Each cell pellet was resuspended
in 0.5 ml of TrisHCl  buffer and immersed in liquid
nitrogen. The sample was allowed to thaw at room tem-
perature and left in the dark for 24 h. Then 2 ml of
methanol were added and the sample was sonicated
and extracted as in Method 1.

Method 4 (boiling): Each cell pellet was resuspended in
0.5 ml of TrisHCl buffer and immersed in boiling wa-
ter for 3 min. Following this, 2 ml of methanol were
added followed by sonic&on and extraction as in
Method 1.

CmmCAL  ANALYSES
Adym of l-3 ad 5 were perf01~11ed  by positive ion-

spray liquid cfuomatogmphy-mass  spectrometty (K-MS)
and of l-3 by LC with ~~UORWXMX  detection (FLD) after
derivluization with ~~l~~rne~ (ADAM), as pi-e_
vimly rtWrted (Quiltiam 1995). The DTX4 and related
tf&~ We@ a.tm@Wd  m&g the negative ion mode, a 2 x
150 mm column packe& with 5 mm Zor&x  R&J-$,  0.2
ml/mitt flow rate and ent elution with an ~UWUS
~~~~~~~m acMa% 0 X&I, pH 7) mobile phase

lfJ2

0
0 20 40 60 80

Incubation Time (days)

,

Fig. 2. Intracellular toxin production in P. lima measured by LC-
FLb  analyses. Samples were extracted in 80% methanol and
then derivatized with ADAM.

programmed from 20% to 50% acetonitrile over 15 min.
Compounds 5 and 6 were also analyzed by LC with UV
detection at 238 nm using the same column and mobile
phase.

REXJLTS  AND DISCUSSION
Published extraction methods for DSP toxins in plank-

ton samples have used solvents such as methanol, acetone
and chloroform. Initially, we sonicated cells isolated by
centrifugation in aqueous 80% methanol and followed this
by LC-FLD analysis of the ADAM derivatives. This gave
excellent reproducibility with replicate subsamples of a
single culture in early growth phase. However, erratic re-
sults in the cellular concentration of OA (but not DTXl)
were observed as the methods were applied in a study of
the rate of toxin production in batch culture. Results Of
one such experiment are shown in Fig. 2. It was evident
from literature reports that others had also experienced
erratic quantitative results in such experiments (Jackson
et al. 1993, McLachlan  et al. 1995). although it was a~-
sumed that these arose from difliculties with the LC method
used. However, as reported below, we have now deter-
mined that such results are artifacts of sample preparation
and enzyme action.

The positive ion-spray LC-MS analysis of a 70-W-
old culture sample (Fig. 3a) extracted using Method 1
showed the presence of OA (peak l), DTXl (peak 2) and
OA diol-ester (peak 5). The diol-ester of DTXl was not



observed at significant levels in this particular isolate, al_
though we have observed it in other P. Lima  isolates  (un_
published reSUh).  At first, it was considered that the
n-reproducible results were due to cells not being ad_
equately ruptured by sonication, but repeated extraction
of sonicated cells resulted in no further extraction of tax_
ins.

Cells could be rapidly and completely disrupted  by
passing them through a French press, and subsequent
methanolic extraction showed increased levels of OA,
DTXl and OA diol-ester (Fig. 3b). If the disrupted cells
were held at room temperature for several h, however, the
diol-ester concentration decreased while that of OA in-
creased. Similar results were observed if a cell pellet was
resuspended in TrisHCl buffer, frozen in liquid nitrogen
and allowed to thaw. Fig. 3~ shows the results after freez-
ing and then incubating at room temperature for 24 h. All
of the diol-ester had disappeared, leaving only OA and
DTXl. These observations suggested enzymatic hydroly-
sis reactions.

A peak at 5.3 min in the m/z 819.5 mass chromatogram
(peak 1 m, Fig. 3a) was identified as being due to the me-
thyl ester of OA. The level of this compound was highly
variable even between replicate subsamples of culture, and
was sometimes greater than that of OA. The amount of
methanol used in the extraction step had a marked effect,
with lower percentages increasing the level of methyl es-
ter, opposite to what would be expected if there was a prob-
lem with extraction yields due to lipophilicity.  This sug-
gested a reaction between methanol and the analytes. Dif-
ferent amounts of water in cell pellets during extractions
could partially explain the variations in methyl ester lev-
els observed previously. Substitution of deuterated metha-
nol (CD,OH)  in the extraction protocol showed a shift of
the m/z 819.5 ion to m/z 822.5, proving that the methyl
ester was an artifact of the extraction procedure. This con-
clusion was substantiated by substitution of acetonitrile
or tetrahydofuran for methanol, with elimination of me-
thyl ester formation. However, yields of OA and its dial-
ester proved much lower with these solvents for reasons
which became apparent after the discovery of DTX4 (see
below). When methanol was added to the French press
homogenates and the mixtures allowed to incubate, me-
thyl ester could be detected. At 40% methanol, nearly com-
plete conversion of compound 5 to OA methyl ester oc-
curred. This observation, along with the lack of conver-
sion in boiled extracts (Fig. 3d), led to the conclusion that
hydrolysis and methanolysis of 5 in these extracts were
occurring enzymatically. Immersing the cell pellet in boil-
ing water for 3 mm prior to extraction with methanol el&
nated the methyl ester formation, but under these condi-
tions the dial-ester  concentration was very low (Fig. 3d).

At this point, information on the existence ofDTX4
became available (Hu et al. 1995). An additional peak close
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Fig. 3. LC-MS analyses of replicate subsamples of P. liia cul-
ture extracted according to methods 1 to 4 (a to d, in that order),
Conditions: positive ion-spray, selected ion monitoring, Vydac
2OITP52  column, and 0.2 mUmin  aqueous 80% methanol with
0.1% TFA. Peak identities as in Figure 1; Im = OA methyl ester:
f = fragment ion

to the solvent front in the m/z 805.5 chromatogram (peak
6f, Fig. 3) could then be explained, It is now known that
this signal is due to a weak positive fragment ion from
DTX4. The peak is most intense in the boiled cell extract.
A specific LC-MS method for the analysis of DTX4 has
now been developed. Fig. 4 shows the negative ion full-
scan LC-MS analysis of the same extract of boiled cells
analyzed in Fig. 3d. DTX4 was easily detected by [M-
3H]-3  and [M-2H]  -2 ions. Interestingly, a number of re-
lated new compounds were also detected. The signals from
these compounds are evident in the other reconstructed
mass &romatograms  in Fig. 4 and peak identities are pro-
vided in Table 1. Most of the struchd ~a&iti~i~S  appear
to be associated with the sulfated end group as only one
&ol-eSter  of OA is observed in this R lima isolate, Some
derivatives of DTXl are also observed but at much lower
concentrations than those of OA. OA and DTXl  CZZIJ  &JO
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Table 1. DSP toxins observed in ~orocentrum  lima  extracts.

Gpd. # Mol. wt. Ions observed (m/z)”
1 804.5 805.5 (=); 803.5 (-)
2 818.5 819.5 (=);  817.5 (-)
5 928.6 929.6, 805.5 (+)
6 1472.6 489.9, 735.3.803.5  (-)
7c 1486.4 494.5, 742.3,8 17.5 (-)
8 1488.6 495.2,743.3,803.5  (-)
9 1504.6 500.5,751.3,803.5  (-)
10 1514.6 503.9, 756.3,803.5  (-)
Ilf 1518.6 505.2.758.3.817.5  (-)
12 1552.6 387.2,516.5,775.3,  803.5 (-)
13 1568.6 391.2,521.9,783.3,803.5 (-)
14 1576.6 524.5,787.3,803.5  (-)
15 1584.6 395.2,527.2,791.3,803.5 (-)
16c 1598.6 398.7,531.9,798.3,817.5 (-)
aPositive or negative ironization indicated by (+) or (-) following ions.
b Stnt~tures  of compounds 1,2,5 and 6 are given in Figure 1.
CCompounds  7, 11 and 16 are derivatives of DTXl (methyl group at C35).

Toxin assignmentb
Okadaic acid (OA)
DTXl
OA diol ester
DTX4
DTX4 + CH,
DTX4 + O
DTX4 + 2 O
DTX4 + 42
DTX4 + CH2 + 2O
DTX4 + SO3
DTX4 + SO, + O
DTX4 + 104
DTX4 + SO3 + 20
DTX4 + CI$ + SO3 + 2 O

be determined in the same analysis, although at lower sen-
sitivity than for DTX4.  An LC-UV method for detecting
DTX4 and the dial-ester  was also developed which allowed
for the rapid quantitation  of these compounds in algal ex-
tracts,

Analyses mve&d that DTX4 was the most abundant of
the DSP toxins in boiled I! 1Sma ceils,  yet was present at
very low concentrations in fresh French press extracts. A
cormsponliing  irKEase in diol-ester concentrations in the
French pmss  homogenates (Pig. 3b)  suggested that enzy-
matic conve&m of DTX4 to diokster was occurring within
min. Free&thaw treated samples also had low DTX4 levels
in contrast to those in boiled extracts, pmviding  tkrther evi-
dence for enzymatic hydrolysis of DTX4. It was observed
that the cells store most of the DSP toxins in the DTX4 form
whichis  ftrstenxymatically hydmIyxe&othedioksterwhen
ceils are disrupted and then mom slowly hydrolyzed to OA.
From these observations, it appears that DTX4 and the
enzyme&)  msponsible for its hydrolysis are sequestered in
different compartments in the ceil.

The ability to analyze  selectively for the suite of DSP
toxins and restrict enzymatic hydrolysis using the boiling
technique was applied to study the kinetics of DSP toxin
p”“d”$~a  anb enctetiQn t?y  R lima in culture. Analysis
o f ~tb~4~~ov~a~y~~~v~~
cl= and ~n~i~~t trends  in the ir%axlluIar  levels of all
the toxins (Fig, 5). Total intmwlluim to& teveb in CUI-
ture  increased keariy with time throughout the cuhure
period. On a per cell basis, a positive correlation with
growth rate is indieatcxf DSP toxin production is there-
fo~n0tdi~~fromgrowth~isthecasewithmany

0 2 4 6 8 10 12 14
Tii (minutes)

Fig. 4. Negative ion-spray X-MS Malysis  of the same P. lima
extract  mlyzed in Figure 3d using selected ion monitoring Of
M-3W Md [IW-~H]-~  ions for traces a-k ana’ [M-H]-’ ion for
traces l-m Peak identities and ions are listed in Table 1.
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secondary metabohtes. After cessation of cell growth,  toxin
production continued, resulting in progressively higher
intracellular levels, reaching 40 fmole/cell  after 90 days.
DTX4 is clearly the dominant intracellular DSp compo_
nent, exceeding the levels of all other toxins combined.
Both OA and DTXl were present in about equal amounts;
however, only trace levels of OA diol-ester were present_
OA and, to a much lesser extent, DTXl  were found to
accumulate in the medium while only trace levels 0fDTX4
and the dioi-ester were detected (Fig. 6). Release 0f OA
into the medium is probably enhanced by the high aque_
ous solubility of DTX4 and mediated by the enzymatic
pathway described above. This could explain why DTXI
is present at much lower concentrations in the medium
than OA even though the intracellular concentrations were
similar. Evidence for the role of the hydrolytic enzymes in
OA excretion is suggested by the lack of other DSP com-
pounds in the medium and by the rapid conversion of
DTX4 to OA-diol-ester upon cell disruption, followed by
enzymatic conversion of the diol-ester to OA. Since OA is
a potent inhibitor of eukaryotic phosphatases, the excre-
tion of DTX-4, and thus ultimately OA, by I! lima  may
constitute a chemical defense system directed at preda-
tors, competitors, or pathogens (Windust et al. in press).

CONCLUSIONS
We are currently investigating the fate of the diol-ester

and DTX4 derivatives in shellfish. We hypothesize that
they are hydrolyzed to OA and DTXl due to esterases in
the shellfish digestive gland as well as those from the al-
gae. Although the diol-ester is not toxic, hydrolysis yields
OA. Therefore, comprehensive analysis of all toxin-related
compounds is necessary to properly assess the toxicity of
any new plankton isolate. Clearly LC-MS will be an im-
portant tool for this task. The fingerprinting of the suite of
toxins is also of interest for chemotaxonomic studies. In
preliminary experiments, we have seen tremendous varia-
tions in toxin profiles among different isolates of II lima
and between different species of Pmrocentrum.  For those
laboratories without access to LC-MS equipment. the
freeze/thaw/hydrolyze method should be useful for assess-
ing the toxic potential of plankton samples and culture
material. Experiments directed toward the accumulation
and depuration of toxins in shellfish using I? lima should
be carefully designed to avoid the analytical errors that
are possible due to enzymatic transformations.
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ABSTRACT
As one of the approaches to clarify the morphological characteristics in artificial seed-

lings, the axial skeleton of the Japanese flounder, Paralichfhys olivaceus (Temminck and
Schlegel), was observed. Basically, the axial skeleton of F! olivaceus is composed of 38
total vertebrae, viz, 11 abdominal and 27 caudal vertebrae. However, in artificial seedlings,
the number of total vertebrae was fewer than that in wild fish, and the constitution of verte-
brae was also more variable (mean + SD = 36.4 + 2.5). The frequency of central fusion was
63% in abdominal and 74% in caudal vertebrae in artificial seedlings, while it was 0% in
abdominal and 4% in caudal vertebrae in wild fish. In addition, each symptom of fusion in
artificial seedlings was generally serious. Concerning the frequency of central fusion in
artificial seedlings, there was approximately one gentle peak in abdominal vertebrae and
three peaks in caudal. The completion of central development was me fastest in the basioc-
cipital articulatory  process, the second in the urostyle,  while the last in the 25th or 26th
vertebrae where a relationship between the frequency of fusion and the velocity of ossifica-
tion was suggested.

INTRODUCTION

In the last two decades, the technique of seedling  pro-
duction has been remarkably improved in Japan. In some
important commercial fish species, the mass production
of artificial seedlings has become possible. However, in
artificial seedlings, morphological malformation constantly
appears at high frequency and the quality of seedlings is
not at the level of wild fish. The incompleteness of feed-
ing and swimming organs in early development is said to
affect the survival rate greatly after the juvenile period,
which is an emergent problem to be solved in the produc-
tion of healthy artificial seedlings. This study examines
the developmental changes in the trunk and clarifies the
morphological characteristics of artificial seedlings.

The Japanese flounder, Paralichthys olivaceus
(Temminck and Schlegel), is one of the typical metamor-
phosing fishes in Japan. In order to elucidate the relation-
ship between osteological development and bone anomaly,
some standard structures in the skeletal system of P.
olivaceus were reported (Hosoya  and Kawamura 1993).
In this paper, using an axial skeleton which supports the
body, the osteological characteristic of artificial seedlings
is clarified under comparison with wild fish. That is, the
standard sttucture of an axial skeleton and a bone anomaly
typically seen in artificial seedlings are described. Then,
from the point of view in osteological development, the
factors causing bone anomaly are assumed. Finally, in-

cluding the information about morphometry, the dewlop
mntd stagk  in I! ofivaceus  are rearranged  ami the &a-
tiOnShip  between character expression and morphogenesis
is discussed as well.

~‘I’EIUALS AND METHODS

Artificial seedlings of P. olivaceus  were reared and fed
with a series of rotifer, anemia and pellets from February
to June in 1994 and 1995. Rotifers had beforehand been
enriched with a phytoplankton, Nanmchlompsis  oculata.
Rearing experiments were done in a 500 L fish tank at
unadjusted water temperature of 15 to 19°C. Seedlings
were first reared in stationary water for a week and then
transferred to running water (50 I&. Sampling was done
twice a week. Collected samples were immediately fixed
with 3% formalin,  70% ethanol and Bouin solution, re-
spectively. As a control, wild fish were sampled from wild
populations in the following areas: the Tone River,
M&mu,  Kasumi,  Aoya, Tenzin, the Yura River, Kazusa
and Tsushima (Fig. 1). The skeletal system was stained
with either a double-staining technique (Kawan~um  and
Hosoya 1991) or a single Staining technique, using or@
r&nin  red S or alcian blue, and examined under a bin-
ocular microscope. Ossification was histologically con-
firmed with the appearance  of osteocytes. As for anatomi-
cal terminology relating to the skeletal system, Hosoya
(1991)  was followed. III counting vertebrae, abdominal
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.& adal  vertebrae were dei.?ned as vertebrae equipped with
I,arapophyses or a sharp haemal spine, respectively (Fig. 2).
The ttrostyle was included in the caudal vertebrae.

RESULTS

C~RKIERISTICS  OF VERTEBRAL COLUMN
m p. OLIVACEUS

~0 elucidate the morphological characteristics of arti-
ftcial  seedlings with bone anomalies, it is necessary to
utilize the accurate information on the skeletal system of
healthy wild fish from wild populations. Though P.
o~iv~~eus is a commercially important fish species in Ja-
Ran, the information about its skeletal system is scarce
except for the conclusive descriptions about flatfishes by
Amaoka (1969)  and Sakamoto (1984). The standard strut-
WE  and the developmental process of the vertebral col-
ufnra in R olivuceus are described below.

GRPJERAL MORPHOLOGY
Abdominal vertebrae am expanded up and down. The

basic number of abdominal centra supporting the verte-
brae is nine. The first abdominal vertebra is articulated
with the basioccipital articulatory process (BOAP)  at the
anterior tip. Each abdominal vertebra is equipped with a
neural spine dorsally and a neural arch ventrally, for pro-
tecting the notochord (Fig. 2). On the fifth abdominal ver-
tebra or the posterior element, a pair of parapophyses de-
velop ventrally. The first  to fourth neural spines are re-
matkably thick compared with the others, which repre-
sents an important characteristic of the vertebral column
in f! olivuceus (Fig. 5, upper). Left parapophyses are con-
stantly longer than right ones, probably reflecting an asym-
metrical body shape. On the distal end of a parapophysis,
a rib is attached. The caudal vertebrae are composed of
approximately 27 centrums. At the posterior end, they are
transformed into the complicated urostyle. Each caudal
ve*bm is equipped with a pair of long haemal spines
ventrally,  which form a haemal arch at the base. The first
haemal spine is thick and extends ventrally. On its ante-
rior surface, there is a groove receiving the first proximal
P’efy@ophore  from the anal fin.

DE-~OI’MENTS  OF VERTEBRAL COLUMN
The developmental process of the vertebral column in

’ QEfVoceus is described below (Figs. 3.4) ,in stages de-
fiflecl by h4inami  (1982).
‘mRo A. The skeletal system is underdeveloped. Osteo-

c*s smrotmding the notochord are not recognized at
all. In the nemocranium, one of the components in the
axial skeleton, trabecula cartilages, was stained dark
blue with alcian blue.

SzaW B. The segmentation of the notochord began in part.
lrs the first bone elements, the first and second neural

I I I / 1 I 1
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Fig. I. Sampling sites of Japanese flounder, ?aralichthys
olivaceus.

ARDOMIlWLaVERTEBRA CAUDAL VERTEBRA

haemal arch

haemal spine

Fig. 2. Skeletal structures of typical abdominal and caudal ver-
tebrae in frvntal view.
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Fig.  3. osteo~ogicai  development of abdominal  vertebme in p&i&&ys  O~V~CJ?.IK  Each character cowrspond.s  to a developments
stage as defined by Minami  (1982) except for E which here divided into early (Fe) and late (Fi)  s&stages.
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arch cartilages appeared. In the neurocranium,
cartilages surrounding the otic capsule were apparent.
Trabecula cartilages expanded much further.

Stage C. This stage is the first important phase in the de-
velopment of the vertebral column. Though almost all
neural arch cartilages appeared, the arrangement of
neural arches was not serial, because the fifth to sev-
enth neural arch cartilages from the posterior end had
not yet been formed. Likewise, in the haemal arch se-
ries, all cartilage elements appeared. In the Iower cau-
dal region, two large cartilage masses, hypural primor-
dia, were also apparent. Parapohyses and haemal spines
were totally underdeveloped. However, the first haemal
spine, the longest one located at the anterior end of the
vertebral column, was exceptionally stained dark blue
with al&n blue. As elements relating to the vertebral
column, 10 proximal pterygiophores were recognized
at the base of the long dorsal fin rays. With the second
to fourth proximal pterygiophores, median
pterygiophore cartilages were already articulated.

Stage D. The notochord is straight; however, its posterior
end began to bend dorsad. Hypural and epural primor-
dia also appeared ventrally just behind the posterior
end of the notochord.

cat&l vertebrae (the third to second preurostyles).
Between the neighboring caudal vertebrae, however,
a gap of about one third or half width of a centrum  was
present. The neurocranium began to be transformed.
The frontals, the parietals, the sphenotics, the pterotics
and the supraoccipitals were recognized, respectively,
in it. Each proximal pterygiophore cartilage of the anal
fin, articulated with the first haemal spine, was stained
dark blue with alcian blue.

Stage H. The skeletal system of the vertebral column was
almost completed by the connection of the 25th to 26th
caudal vertebrae with the other ossified vertebrae.
However, centrums only surrounding the notochord
had not yet been constricted. Many pterygiophores in
dorsal and anal fins still remained cartilaginous.

Stage I. Pterygiophores in dorsal and anal fins begin to be
ossified and face either corresponding neural or haemal
spine originating from a centrum.

COMPARISON OF ARTIFICIAL SEEDLINGS
WiTH WILD FISH

Stage E. Tendency of dorsal bending in the notochord has
become more apparent. All the parapophyses and the
second and haemal spines posterior to the second ap-
peared. All the cartilage elements constituting the ver-
tebral column were present. In the neurocranium, the
bottom and frontal regions began to be ossified.

Stage F. This stage is the second important phase in devel-
opment of a vertebral column, viz, ossification drasti-
cally proceeds. Concerning cartilage bones, the first
to 20th neural spines and the first to 10th haemal spines
were stained red with alizarin red S. The degree to be
stained was remarkable especially in the first to fourth
neural spines and the first to seventh haemal spines. In
adult fish, neural arches, neural spines and haemal
spines, except the posterior ones in the caudal region,
were stained dark red. All the parapophyses were ossi-
fied. On the other hand, concerning membrane bones,
BOAP was the first to be ossified (Fig. 3), and the uro-
style the second (Fig. 4). In addition, each centrum
began to be ossified. The ossification degree in the
centrum had progressed greatly in the anterior elements
of the abdominal vertebrae, and in the seventh to 1 lth
elements of the caudal vertebrae. Contrary to this, the
23rd to 26th caudal vertebrae (the fifth to second
preurostyles), in which ossification was strikingly late,
formed characteristic unossified centrums (UOC) be-
tween the preceding caudal vertebrae and the urostyle
(Fig. 4).

Meristic  counts are known to be strongly affected by
environmental factors like temperature during develop-
ment. From hatching, artificial seedlings are subjected to
an environment strikingly different from what they natu-
rally experience. So, it is likely that meristic counts in ar-
tificial seedlings are different from those in wild fish. In
the following, to determine the number of vertebrae which
is a typical meristic count, the frequency of shrinkage and
fusion in the centrum of artificial seedlings was compared
with wild fish from some localities in Japan.

NUMBER OF VERTEBRAE

In wild fish, the mean of abdominal vertebrae was 11.0,
except for a few samples from Maizuru, Kyoto (Table 1).
The standard deviation (SD) fluctuated (0.2 in the Yura
River, Tottori,  0.3 in Kasumi, Hyogo, 0.6 in Maizuru),
while it was stable (0.0 in the other localities). On the other
hand, in artificial seedlings, the mean was 10.9 and SD
0.6. Even in Kazumi, where the sample number was the
same in both groups, SD was larger in artificial seedlings
(0.6) than in wild fish (0.3). This means that the variation
of abdominal vertebrae is larger in artificial seedlings.
Accordingly, in artificial seedlings, the number of abdomi-
nal vertebrae is smaller and more variable than in wild
fish.

Stage G. Each centrum stands together almost in a straight
line with a break point identical with the 25th to 26th

The number of caudal vertebrae in wild fish ranged
between 26.7 and 27.6 in the mean. The SD converged
between 0.4 and 0.6, in spite of the differences of both
localities and the number of samples. On the other hand,
in artificial seedlings, the mean was 25.5 and SD 2.5. In
artificial seedlings, the number of caudal vertebrae was
two smaller and more variable than in wild fish.

The number of total vertebrae in wild fish ranged be-
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tween 37.3 and 38.7 in the mean, and between 0.4 to 0.6
in SD. In artificial seedlings, it was 36.4 in the mean and
2.5 in SD. In comparison of artificial seedlings with wild
fish, the counts in the vertebrae were the same as those of
the caudal vertebrae. Accordingly, the differences between
wild fish and artificial seedlings in the mean and SD of
the total number of vertebrae are considered to reflect di-
rectly to those of the caudal vertebrae.

SHRINKAGE AND FUSION IN CENTRA
The most typical symptom in bone anomaly observed

in the vertebral column of P. alivaceus is that the neigh-
boring centrums  shrink and fuse each other (Fig. 5, middle,
lower). In the artificial seedlings from Mie, the frequency
of shrinkage and fusion in the centrum amounted to 63%
(32 in 5 1 individuals). It showed a gentle peak around the
fourth to seventh abdominal vertebra, while it was the low-
eSt between the BOAP and the first abdominal vertebrae,
at the anterior end of the vertebral column (Fig. 6). On the
other hand, in wild fish from Tottori,  shrinkage and fusion
of abdominal vertebrae were not seen in any of 221 indi-
viduals.

The frequency of shrinkage and fusion in caudal verte-
brae amounted to 74% (37 in 50 individuals) in the artifi-
cial seedlings from Mie. On the whole, the frequency pre-
sented three peaks: the gentle highest peak around the 10th
to 12th caudal vertebrae, the second peak around the 18th
to 19th and the third small peak around the 24th to 26th
(Fig. 7). No fusion was seen between the 26th and 27th
caudal (the urostyle) vertebrae, the fastest to be ossified.
On the other hand, in the wild fish from Tottori,  the fre-
quency of fusion was only 4% (8 in 221 individuals).
Though fusion was seen to lie scattered in the posterior
caudal vertebrae, it composed a characteristic peak around
the 25th and 26th caudal vertebrae. This peak seemed to
correspond to the third peak seen in wild fish.

DISCUSSION

DEVELOPMENTAL STAGE
The developmental process of the axial skeleton in P:

olivuceus was described following the developmental
stages defined by Minami (1982). The formation of verte-
brae proceeds intermittently from stage A, a stage soon
after hatching, to stage I, a stage soon after settlement. In
the formation, two remarkable phases, when ossification
drastically proceeds, were also recognized, That is, stages
C and F_ The former is characterized by the formation of
cartilages, such as neural and haemal arches. The latter is
a phase when ossification drastically proceeds, regardless
of origin. Accordingly, from the point of view in the de-
velopmental process of the vertebral column, the devel-
opmental stages of R 0livaceus were grouped into three
Periods, that is, A-B, C-E and F-I.
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Fig. 5. Body shortenings due to central fusions in reared
Parakhthys  olivaceus. From top to bottom, normal, abdominal
fusions, and catiljksions.

REARED (Mie Pref.)

WILD (Tottorl Pref.) 1
Fig. 6. Central fusions  in abdominal vertebrae of Padichthys
olivaceus.

REARED (Mie Pref. 37150  individuals  = 74%)i ,:

11

1s t WILD (Tottori  Pref.  8/221  individuals = 4%)

Fig. 7. Central  fusions in caudal vertebrae of Paralichthys
olivaceus.
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The gradation in early development of P. oliuaceus was
already ascertained with morphometric analysis, in which
two points of drastic changes were found around 7 nun
and 10 nun TL, respectively. The first point was situated
between stages D and E, while the second between stages
F and G. Paying attention to changes in external organs,
the developmental process of P. olivaceus is to be grouped
into three periods: A-D, E-F and G-I. Comparing the re-
sult in morphometry with that in development of the ver-
tebral column, the staging does not always agree with the
staging based upon changes in external organs. The shift
of one developmental stage to the next always occurs ear-
lier in the former stage than in the latter. However, it is
obvious that changes in external organs, reflected in mor-
phometry, follow those in internal organs, e.g., the skel-
etal system. The structural changes in vertebrae support-
ing the body bring about the malformation of the external
features. The points of changes in the early life history of
P. olivaceus, especially feeding habit, are in accord with
the staging based upon external organs (Hosoya 1991).
Accordingly, the precedence of bone formation in the ver-
tebral column to the formation of external organs might
be regarded as a preadaptation to the upcoming stage.

Concerning cranial and caudal skeletons, in both skel-
etons, there is a discontinuous zone characterized by dras-
tic ossification of membrane bone between stages D and
E. Contrary to this, in the vertebral column, a drastic phase
of ossification was present at stage F. Though it is difficult
to explain the difference of phases in ossification between
cranial and caudal skeletons, and vertebral column, it is
partly explained by the functional property in each bone
element. In bone formation of Pugncs major, the life-sup-
port or feeding organ, swimming organ, and body-support
organ were formed in order (Matsuoka 1987, Hosoya
1991). The cranial skeleton involves the basic bone ele-
ments related to life-support and feeding organs, e.g., gill
arches and a gill apparatus, while the caudal skeleton is an
important swimming organ, in charge of propulsion. It
seems common in not only I! mujor  but also the other
marine fishes with larval and juvenile stages, that the for-
mation of body-support organs is later than that of the cra-
nial and caudal skeletons.

CHARACTERISTICS 0FARTIFIcUL
SEEDLINGS

As one of the approaches to clarify the morphological
characteristics of artificial seedlings, both wild fish and
artificial seedlings of P. olivaceus were compared, con-
cerning the frequency of centrum fusion. As a result, in
wild fish, fusion WZIS hardly seen in other vertebrae, ex-
cept for the 25th and 26th vertebrae. Contrary to this, in
artificial seedlings, fusion was frequently seen. Especially
in tire seedlings from Mie, the frequency of fish with any

fusion in the centrum was 74%. AS the same tendency  was
ah Seen  in the  seedlings from Tottori, centrum fusion may
be said to be characteristic of artificial s&Kngs.  In fact,

when  the  stomach contents of a paddle crab, Ovalipes

PunCta%  captured  during research on predators of re-
leased p olivaceus by the Tottori  Prefectural Fisheries
Experimental Station were analyzed, both fused abdomi-
nal and multi-fused vertebrae, not seen in wild fish, were
observed together with such bone splinters as the urohyal,
a lower jaw, and the hypurals, which certainly represent
taxonor&  characters of P. olivaceus. This evidence of
predation on P. ulivaceus  with centrum fusion suggests
that centrum  fusion is a problem to be overcome in art&
cial production of healthy seedlings, which may also af-
fect seedling survival upon release. Since centrum fusion
is not rare in wild larvae, elimination of such larvae by
intense natural selection absent in hatcheries must occur.
If artificial seedlings with centrum fusion will be rapidly
eliminated by natural selection upon release, then resource
enhancement effects from release of such seedlings will
be overestimated. Then, it becomes absolutely necessary
to estimate the post-release survival rate of individuals with
centmm fusion empirically. As one of the practical meth-
ods for this purpose, in closed environments like salt pens,
periodical estimation of the frequency of fish with cen-
&urn fusion after being released might be considered.

Bone formation and anomaly
Artificial seedlings are characterized by central fusion,

whose frequency shows one gentle peak in abdominal ver-
tebrae and three peaks in caudal. The reason why the fre-
quency of central fusion is high in artificial seedlings but
low in wild fish is that the breeding environment of at-tit?-
cial seedlings is considered to deviate from the most opti-
mal condition to control the morphogenesis of meristic
characters, compared with the natural habitats of P.
olivaceus. The factors inducing central fusion under the
breeding environment are presumed to be: shortage of
nutrient substance, water temperature, concentration Of
Caz+, shortage  of vitamin C, parasites, fish density and
stres~ (Kitam~m  1969, Matsusato  1986). It is, however,
difficult to specify the direct factors. Interestingly, among
the p&s in &e frequency of central fusion in artificial
se&ngs,  only  the third peak in the caudal vertebrae was
seen in wild fish as well. This peak is present around the
25th and 26th cat&l vertebrae, which are final formatiOnS
in P, olivaceus. Though in the formation of axial skeleton,
the genetically  pmgrannned fate in development might be
considered to proceed, adjusted by environmentrd faWX&
the 25th and 26th  caudal vertebrae are inferred to be the
most sensitive region in development of J? olivaceus, in
both artificial  seedlings and wild fish. Body shrinkage is
induced by either central shrinkage Of shortage of an in-
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terval between the neighboring centrums  (Matsusato 1986).
As each neighboring centrum is linked by a tendon, the
25th and 26th caudal vertebrae might be considered to be
drawn closer and fused by the shrinkage of tendons before
the completion of centrum ossification.
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ABSTRACT
Management of the microbial species composition in closed culture systems is a viable

strategy to enhance production of marine fish larvae. The  procedure consists of eliminating
the major sources of microbes through specific disinfection techniques and replacing the
unwanted bacteria with a beneficial microflora. Disinfection methods were chosen to elimi-
nate unwanted toxic residues and selection for resistance in the microflora. Selection of
beneficial bacteria for larval culture was carried out as a two step procedure: (1) detcmin-
ing active nitrifying bacteria. and (2) evaluating either commercially available bacterial
supplements or single bacterial strains found beneficial for the cuitum of diverse marine
organisms, each supplied with the best nitrifiers as previously determined. Results to date
are encouraging but one task remains and this is to develop rotifer  cultures with known
bacterial composition. Experiments with the marine fish Sciaenops  ocelkztus  showed the
feasibility of this management strategy to enhance fish production.

INTRODUCTION
Technological developments in marine fish culture are

moving toward high density production systems. Large
variability in larval survival and growth is recurrently ob-
served among tanks stocked with larvae from a single batch
of eggs. This variability in larval production needs to be
reduced in order to make intensive fish production in closed
systems a viable industry. The influence of the microflora
on this variability has not been evaluated.

METHODS AND RESULTS
Variables were evaluated independently. However, the

most successful method of production as determined at each
step was incorporated into the procedure to test subsequent
variables in order to build up a management strategy.

ELIMINATION OF BACTERIA OF UNKNOWN
CHARACTERISTICS

WATER TREATMENT
Tanks with internal biological filters (Craig et al. 1990)

were filled with 1.50 L tap water and treated with sodium
hypochlorite (10 ppm Cl-, final concentration). Following
overnight aeration, tanks were drained rinsed copiously with
tap water and filled with either raw seawater (control) or
seawater filtered through 0.2 pm industrial cartridges. Sea-
water was aerated overnight before the addition of larvae.

CULTURE TECHNIQUES
Twelve hr after hatching, fish larvae were transferred

to culture tanks at a density of 2,009  tank-t. Three or four
replicates were set per treatment. Beginning on the third
day of culture, larvae were fed daily on washed rotifers,
maintaining a prey density of 1 to 5 ml“. Artificial feeds
were supplied to culture tanks with automatic feeders, at a
rate of 0+4 to 1 g tat&’ day-‘. After 10 days of culture.
survival rates were calculated as:

Final number of fish/initial number (2,090) x 100.
Measurements wefe taken on 50 live, anesthetized fish

from each tank, using a stereomicroscope, and a digitiz-
ing tablet and Sigma Scan software. Percentage survival
and standard length were analyzed using one and two-way
ANOVA andTukey’s multiple range test (T-method; Sokal
and Rohlf 198 1) to determine the differences between treat-
ments at the 0.05 level of probability. Larval growth was
significantly higher in filtered seawater than in raw sea-
water (Tukey’s  test, p c 0.05; Fig. 1).

EGG DISINFECTION
Fish eggs were treated with 3% hydrogen peroxide to

obtain bacteria-free larvae (Douillet  and Holt 1994). Eggs
in control treatment were exposed to flltered seawater and
manipulated as eggs treated with hydrogen peroxide. Lar-
vae hatched from treated or non-treated eggs were cul-
tured in filtered seawater and fed as previously described.
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The experiment was run four times. Survival data was
combined and showed a statistically significant improve-
ment by disinfecting the eggs (Tukey’s test, p< 0.05; Fig.
2). Growth data was analyzed for each experimental run
due to differences between experiments. Larvae from dis-
infected eggs were significantly larger than larvae from
non-treated eggs only in experiment 1 (Tukey’s test, p c
0.05; Fig. 3).

SELECTION OF BACTERIA BENEFICIAL FOR
LARVAL CULTURE

NITRIFYING  BACTERIA
Bacteria-free larvae were cultured in filtered seawater

and fed as described above. Tanks were covered with in-
dividual clear plastic bags to maintain independent mi-
crobial communities in each tank. Five different commer-
cially available nitrifying bacterial mixtures were added
independently to tanks at 250 ppm on the third day of cul-
ture. Control cultures did not receive any addition of nit.6
fying bacteria. Although no significant differences in lar-
val survival or growth were detected between treatments
after 10 days of culture, the rate of nitrification was sig-
nificantly higher in tanks receiving the addition of nitrifiers
“5,” a commercial blend of bacteria, than in all the other
treatments (Tukey’s test, p < 0.05; Fig. 4).

BACTERIAL SUPPLEMENTS
‘helve bacteria strains and three commercial micro-

bial additives were tested. Bacteria-free larvae were cul-
tured in filtered seawater and fed as described above. Bac-
terial additives were added to the tanks as soon as they
were filled with filtered seawater on day 1, and on days 4
and 7. Bacteria were added at a final concentration of lxld
cells ml-‘. Nitrifiers “5” were added on the third day of
culture to all tanks. No bacterial additives besides nitrifiers
“5” were added to control cultures. There was an improve-
ment in mean larval survival by the addition of a bacteria
strain in experiments 1 and 4 (Fig. 5); however, because
of large standard deviations, there was no statistical dif-
ference in survival between treatments. In the first three
experiments, the addition of the probiotic reduced the co-
efficients of variation of larval survival between replicates
compared to control cultures. In the fourth experiment,
addition of the probiotic enhanced larval survival; how-
ever, this time the addition of the probiotic increased CQ-
efficients  of variation of larval survival between replicate
cultures, which was not consistent with previous experi-
ments (Table 1).

CONCLUSION
Experiments with the marine fish Sciaenops ocelZurus

demonstrate the feasibility of applying a microbial man-
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agement strategy. Complete larval mortalities frequently
observed in some tanks prior to the use of microbial man-
agement were eliminated by following the methods de-
scribed here. These microbial management techniques can
be easily applied in commercial hatcheries.

The utilization of probiotics did not satisfy the require-
ment of consistent improvement in larval survival. Roti-
fers constitute a major source of unwanted bacteria in cul-
ture systems. Daily additions of large quantities of un-
wanted microbes contaminating the rotifers might have
added to the variability in fish culture production and re-
duced the beneficial effects of probiotics which were only
added every three days. Research in progress deals with
methods of disinfecting and culturing rotifers with selected
microbes so that no unwanted bacteria are added to larval
culture systems. The integration of this last step will per-
mit a more controlled composition of the microbial com-
munity in larval cultures and a more predictable fish pro-
duction in closed systems.
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Table 1. Coefficients of variation of larval fish sur-
vival iu lo-day-old larval cultures either
receiving or not (control) additions of
probiotic.

Experiment Control Probiotic

1 68.65 48.03
2 42.56 11.11
3 89.23 18.56
4 33.29 46.26
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ABSTRACT
Salinity affects the toxicity of several heavy metals in the aquatic biota, particu-

larly cadmium. In this study the difference of physiological functions for osmotic
regulation between freshwater and saltwater fish was applied to examine cadmium
accumulation and its toxicity in marine fish. In the girella exposed to cadmium,
the highest concentration of cadmium was found in the liver, followed by the kid-
ney. The cadmium concentration in the gills was low. Cadmium accumulation in
the gills of mummichog exposed to cadmium disproportionately decreased with
increasing salinity, while the cadmium concentration in the intestine increased with
salinity. After an intraperitoneal  injection of cadmium bound to metallothionein to
mummichog, the cadmium concentration in the kidney decreased with increasing
salinity and the concentration in the hepatopancreas showed a tendency to de-
crease with salinity. Results from gel filtration of the gill cytosol of the exposed
carp indicated that the gills were more likely to be harmfully affected by exposure
to an acute level of cadmium than the intestine tissue. In red sea bream, results
from gel filtration of tissue cytosol suggested that cadmium accumulated in the
intestine at a high level and the maximum detoxification capacity in this tissue was
reached earlier than in the gill tissue. The metallothionein induced in the red sea
bream liver by cadmium and zinc was separated into two isoforms by anion ex-
change column. However, the ratios of two isoforms when induced by zinc were
different from those induced by cadmium.

INTRODUCTION
In recent years, people have been concerned that ma-

rine pollution by various pollutants is slowly advancing in
extensive areas all over the world. In classical toxicology,
a frequently used measure for the toxicity of a pollutant is
the concentration which kills 50% of a group of animals
within a given time period (LC50).  In modem times, there
is a need to develop assays for the degree of toxicity re-
sulting from sublethal exposure to contaminants in the
environment, since there may be no clear outward signs
of toxicity in chronically exposed organisms.

Additionally, there is a need to develop contaminant-spe-
cific assays of toxicity since organisms may be exposed to
various potentially harmful contaminants in the environment.
Research on sublethal effects of contaminants has been at-
tempted to date (Passino 1984) and various investigators
have reported on their particular techniques for measur-
ing the effect of pollution (Szumski and Barton 1983). Un-
fortunately, there has been little agreement among investi-
gators about which techniques ate best for what and how
they might be used for controlling marine pollution.

Heavy metals are among the most toxic and inevitable
pollutants. There are several sources of heavy metal pol-
lution, including mining industry, agricultural and silvi-
cultural activities, waste disposal, and fossil fuel combus-
tion. Cadmium is an extremely toxic element of continu-
ing concern because its environmental levels have risen
steadily with continued worldwide industrialization.

In order to understand better the impact of heavy met-
als, such as cadmium in aquatic organisms, it is important
to understand the chemical and physiological processes
that control their uptake, accumulation, storage and elimi-
nation. Although there have been many papers on cad-
mium accumulation and its toxicity to fish, most of them
have dealt with freshwater fish. Perhaps it may be because
the LC50 values of cadmium in saltwater fish are gener-
ally higher than those in freshwater fish. The marine envi-
ronment may be deteriorating so that cadmium accumula-
tion and its toxicity to marine fish must be further studied

The aim of this study is to clarify the characteristics of
cadmium accumulation and its toxicity in marine fish.
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Weeks
Fig. 1. Accumutiion of cadmium in tissues of gidla  exposed  to
~13 at 2.50 B&for  24 wk. The arrow indicates the end of expo-
~UFi?.

RESULTS AND DISCUSSION

~I$TR~BUTION OF CADMIUM IN GIRELLA,
GfRE&U  PUNCTATA

Di&bution  of cadmium in the tissues of freshwater
fish has been extensively studied (Nishihara et al. 1985).
liowever, only limited data are available on cadmium ac-
cumulation in marine fish (Hilmy etul. 1985). Results from
exposure of girelia, Girella  pwcfata, to Cd at 250 pail
for up to 24 wk clearly showed that cadmium accumulates
in the Livers and kidneys of marine fish (Kuroshima 1987)
(Fig. 1). It should be noted that this accumulation was
observed in the liver even after the end of exposure. In
cadmium-treated rainbow trout, increase in total amount
Of cadmium  in the liver and kidney after the end of expo-
sure has been reported (Kumada et al. 1980). Cadmium
cOntent  in the kidney and intestines of mice administered
this metal by subcutaneous  injections increased even after
dosing ceased (Nicholson et al. 1984). Cadmium once
taken up in the body thus appeared to be hardly excreted
but recListributed among tissues. Cadmium detected in the
in~stines of exposed girellas is possibly due to the intake
of water to maintain the water balance. Maximum cad-
IJJ&I cumulation in the gills of fish in Cd at 250 pgk
was less than twice that in Cd at 25 clgn (data are not
scone, indicating the tissue does not have capacity to
ret&t the meti*

CABIN ACCUMULATION IN THE MUMMI-
‘“rare, WULUS HETEROCLITUS,  ADAPTED
TQ VkRIous SAwwTTl;1[ES

Aduh males and juveniles of mummichog adapted to
Ereshwakrand  5%, lo%,  15%. 20‘$25%,  SO%,  75% and
‘Ooz
h

seaWter (v/v) were exposed to Cd at 1 mg/L for 24
shima 199%).  The hardness of freshwater and 25%

seawater used in this study was approximately 45 m&
@td 250 mgn, as CaCO,, respectively. Cadmium concen-

Salinity

Salinity

L- I I T

FW 25%Sf 5oxsw 75XSV lOO%s~
Salinity

Fig. 2. Cadmium accunudation  in tissues of mmmichog  adapted
to various salinities:  (a) the gills exposed to CD at 1 m&for
h; (b) the intestine exposed to CD at 1 mg/L.  for 24 h; and 
kidney and liver afer intraperitoneal injection of Cd (0.5
BW) bound to metallothioneitt.
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trations in the whole body of juveniles, and in the hepato-
pancreas, kidney and gills of adult fish disproportionately
decreased with increasing salinity, ranging from freshwa-
ter to 25% seawater and showed no further change at higher
salinity (Fig. 2a). Depression of cadmium accumulation
was most remarkable in the gills. Freshwater fish take up
most of the ions necessary for homeostasis from water via
the gills (Eddy 1982). Verbost at al. (1987) reported that
Cd2+ readily enters branchial  epithelial cells of freshwater
fish, as does Cd2+  via La3+- sensitive apical Ca2+ chan-
nels. Part and Svanberg (1985) proposed that gill perme-
ability for cadmium decreases with increase in the hard-
ness of water. The rapid decrease in cadmium accumula-
tion in the gill, hepatopancreas and kidney of mummichog
exposed in freshwater to 25% seawater was, thus, prob-
ably due to decrease in the active uptake of cadmium in
the gills. The cadmium concentration in the intestine in-
creased with salinity from freshwater to 100% seawater
(Fig. 2b). Marine fish swallow seawater and absorb water
together with monovalent ions from the intestine to com-
pensate for water loss from the body. The higher concen-
tration of cadmium in the intestine of mummichog adapted
to the higher salinities may possibly have been due to the
ingestion of water containing cadmium. Since water is
actively, but cadmium poorly, absorbed from the intestine,
cadmium dissolved in the water can be concentrated in
the intestinal tract. In mammals, cadmium orally adminis-
tered induces histopathological changes (Phillpotts 1985),
inhibition of enzyme activity (Kobayashi and Kimura
1985),  and transport of nutrients (Itturi and Pena 1986) in
the small intestine. The intestinal function of seawater fish
may possibly be damaged during exposure to cadmium.

Data from mammal experiments generally demonstrate
cadmium bound to metallothionein to be less effectively
trapped by the liver and mostly taken up by the kidney
(Suzuki 1984). Results from the administration of cadmium
bound to metallothionein by an intraperitoneal injection
are shown in Fig. 2c. The cadmium concentration in the
kidney decreased with increasing salinity and at salinities

0. 1
I+-----HMW ;-NT-.  =

Fraction number

0.25 p------N’W t-9-+-MT--c;----LMW-

Fraction number

Fraction number
Fig. 3. Geljiltration profiles of the tissue cystosolicfiaction: (a)
the gills of carp exposed to Cd at 0.3 mg?l  for 96 h; (b) the
intestine of curp exposed to Cd at 0.3 mg/Z for 96 h; (c) the gilis
of red sea bream exposed to Cd at 10 mgLL  for 96 h; and (d) the
intestine of red sea bream exposed to Cd at 10 mg/L for 96 h.
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of 75% and 100% seawater were significantly lower than
those in freshwater. The cadmium concentration in the
hepatopancreas showed a tendency to decrease with sa-
linity. The ratio of cadmium concentration in the kidney
to that in the hepatopancreas in each fish decreased with
salinity. In the kidney of freshwater fish, essential electro-
lytes, glucose and vitamins are selectively reabsorbed from
urine at the proximal tubules, while the main function of
the kidney of marine fish is excretion of divalent cations.
The function of the kidney to maintain the proper osmotic
conditions in the body may, thus, possibly be related to
the accumulation of cadmium bound to metallothionein
in the kidney.

CADMIUM CYTOSOLIC PARTITIONING IN THE
TISSUES OF CARP AND RED SEA BREAM

The carp, Cyprinus catpio, and red sea bream, Pagrus
major, were exposed to Cd at 0.3 mg/L and 10 mg/L, re-
spectively, for 96 h (Kuroshima 1992b). The cytosols of
the gills and intestine were separated into fractions accord-
ing to molecular weight using Sephadex G-75 gel chro-
matography. Cadmium in tissue cytosolic extracts were
separated into a high molecular weight (BMW,  >2O,OOO
Da) pool, a medium molecular weight (MMW, 3,OOO-
20,000 Da) pool and a low molecular weight (LMW.
~3,000  Da) pool. The term Da denotes a unit for molecu-
lar weight of protein. The cadmium in the HMW pool con-
taining enzymes and that in the MMW pool containing
metallothionein was regarded as being potentially toxic
and detoxified, respectively. Results from Sephadex G-75
gel filtration of the gill cytosol of the exposed carp indi-
cate that the gills are more likely to be harmfully affected
by exposure to an acute level of cadmium than the intes-
tine tissue (Fig. 3a, b). In red sea bream, results from gel
filtration of tissue cytosols indicate that cadmium accu-
mulated in the intestine at a high level and the maximum
detoxification capacity in the intestine was reached earlier
than in the gills (Pig. 3c, d). It is reported that the intestine
of scorpionfish may be the most highly influenced tissue
on exposure to high cadmium concentrations (Brown et
al. 1990).

METALLCYTHIONEIN INDUCED BY CADMIUM
ANDZINCINTRELIYEROFREDSEABREAM

Metallothioneins are low molecular weight
metalloproteins in the liver, kidney, and other tissues of
various species including aquatic organisms (Unger et al.
199 1). They are characterized by unique amino acid com-
positions with a very high cystein content and the absence
of aromatic amino acids (Powler et al. 1987). Since met-
als like cadmium and zinc induce metallothioneins and
bind to them via the sulfhydryl group of cysteine residues,
they may possibly be involved in protection against cad-
mium toxicity and homeostasis of zinc and copper (Brady
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Fig. 4. Anion exchange chnmuatogrqphy  of metallothionein-con-
tainingjkctionsfrom  thegelfiltmtion in the red sea bream liver:
(a0 cadmium-induced metallothionein; and (b) zinc-induced
metallothionein. The terms MIT and MTII denote isofonns of
metallothionein.

1982). Recent studies have shown hormones (Hyllner et
al. 1989). cytokines (Schroeder and Cousins 1990), and
various forms of chemical and physiological stress (Kagi
and Schaffer  1988) to induce metallothioneins and the
expression of some genes to be under separate control and
possibly to have different  biological purposes (Sadhu and
Gedamu 1988). The metallothionein induced in the liver
of red sea bream by cadmium and zinc was separated into
two isofotms by anion exchange column (Kuroshima 1995)
(Pig. 4a). Following cadmium treatment, zinc was much
higher in MTII than in MTI, where MTII and MTI denote
isoforms of metallothionein. In metallothionein induced
by zinc treatment, there were about equal amounts of zinc
in both isoforms of metallothionein (Fig. 4b). These re-
sults suggest that the isoforms of metallothionein may have
different biological functions.

CONCLUSION
Generally, when fish are exposed to pollutants, the or-

gan or tissue most susceptible to adverse effects is the gills.
This theory is based on results of experiments showing
that gills are the main uptake site of many pollutants in
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freshwater fish. However, the cadmium concentration in tion of active transport in the rat small intestine in vitro.
gills of girella exposed to the metal was low, and results
from the examination of cadmium cytosolic partitioning

hteraCtiOn With other ions. Comp. B&hem. physiol.
84C:  363-368.

in the gill tissue of red sea bream suggested that gills were Kagi, J.H.R. and A. Schaffer. 1988. Biochemistry of
not the most susceptible tissue. This discrepancy is con- metallothionein. Biochemistry. 27: 8509-8515.
sidered to be partly due to the difference of osmoregula- Kobayasbi, S. and M. Kimura. 1985. Effects of orally ad-
tory functions. The intestine is also an important organ for ministered cadmium in alkaline phosphatase isoen-
osmotic regulation of salt fish. The relative sensitivity of zymes in rat tissues. J. Pharmacobiodyn. 8: 853-863.
the intestine to cadmium exposure is of particular interest. Kumada H., S. Kimura, and M.Yokote. 1980. Accumula-

The liver and kidney are usually considered to be the tion and biological effects of cadmium in rainbow trout.
principal sites of chronic cadmium toxicity. The ratio of Bull. Jpn. Sot.  Sci. Fish. 46: 97-103.
cadmium concentration in the kidney to that in the hepato- Kuroshima, R. 1987. Cadmium accumulation and its ef-
pancreas of the mummichog decreased with salinity tier feet calcium metabolism in the girella, Girella
an intraperitoneal injection of metallothionein. This result puncratu,  during a long term exposure. Bull. Jpn. Sot.
indicates that the ability to trap the cadmium bound to Sci. Fish. 53: 445-450.
metallothionein in plasma by kidney is lower in saltwater Kuroshima, R. 1992.  Cadmium accumulation in the mum-
fish than in carp. Therefore, the liver in saltwater fish may michog, Fundulus hetemclitus,  adapted to various sa-
suffer chronic cadmium toxicity more severely than that linities. Bull. Environ. Contam.  Toxicol. 49: 680-685.
in freshwater fish. Kuroshima, R. 1992. Comparison of cadmium accumula-

Metallothionein is thought to be involved in detoxifi- tion in tissues between carp, Cypriws calpio, and red
cation of certain heavy metals, such as cadmium, because sea bream, Pages major. Nippon Suisan Gakkaishi.
of the avidity with which they bind to such metals. In ad- 58: 1237-1242.
d&ion, metallothionein may play an important role in the Kuroshima, R. 1995. Hepatic metallothionein and glu-
homeostatic control of zinc metabolism. Although it has tathione levels in red sea bream. Comp. Biochem.
been known that metallothionein is induced in fish, the Physiol. 11OC: 95-100.
information on this protein in saltwater fish is limited. Nicholson, J&D.  Osbom, andM.D. Kendall. 1984. Com-
Metallothionein in tissues of red sea bream was found to parative distributions of zinc, cadmium and mercury
be present in two isoforms. in the tissues of experimental mice. Comp. B&hem.

Physiol. 77C: 249-256.
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ABSTRACT
A microbial technique of biocontrol using the interaction of microorganisms to repress

the growth of deleterious bacteria and viruses was deveioped.  The bacterial strain used in
this work also improved the growth of fishes and crustaceans. To control the bacterial popu-
lation, protozoa was found having a significant role in the aquaculture biotope, The concept
of biocontrol in aquaculture is also discussed in detail.

INTRODUCTION
Since there is a growing demand for animal protein,

harvesting of biological resources by using advanced tech-
nology has extended to wider areas of the sea, resulting in
the rapid depletion of marine resources. Mar-i- and aquac-
ulture were developed in the 1960s to supplement and even-
tually replace wild catches. Today, the production of such
fishes as yellow-tail and seabream, under rearing proce-
dures, exceeds the amount captured in the sea in Japan.
Furthermore, the harvest of the prawn, Penaeus  japonicus,
now extensively cultured in Japan, is equivalent to that in
the sea. Cultured fish and prawn account for more than
10% of total yield and about 25% of total profit in the
Japanese fisheries industry.

One of the major problems in the culture of fish is the
development and rearing of larvae. Fish larvae often die
in less than 24 h if adequate food is not available, since fry
have small toothless mouths and are not mobile enough to
catch food. For this reason, food size should be smaller
than their mouth parts and be located near the fish. If fish
larvae could be kept in enclosures away from their preda-
tors and receive an adequate supply of food, their survival
rates would be much higher than those in the sea.

In this paper, several processes involved in the forma-
tion of microbial food assemblages in the food chain of
the sea are described. According to this new concept of
microbial food chain, fish production increased in situ in
aquaculture using bacteria and protozoa as live feeds.

DISTRIBUTION PATTERN OF BACTERIA Ih’
AQUACULTURE

In the natural sea if the concentration of bacteria reaches
more than lo6 cells/ml, protozoa grow quickly and eat
bacteria to reduce the number to around lo6 cells/ml
(Maeda and Liao, 1994). In aquaculture, the same eco-
logical processes are present and approximately the same

biomass of bacteria, lo6 cells/ml, can be measured, For
example, in the culture of the crab, Por tunus
trituberculatus,  the bacterial strain, PM-4 (Thulassobacter
utilis), was added to repress the growth of pathogenic mi-
croorganisms and to promote fish growth (Nogami and
Maeda, 1992). At first, the crab at its Zoea I stage fed on
bacteria which resulted in a decrease of bacteria just after
the addition of I: utilis. Since larvae started eating other
feed after Zoea I, the bacterial number increased to more
than 10’ cells/ml. At this period, protozoa increased quickly
and fed on bacteria to reduce its number to around lo6
cells/ml (Nogami and Maeda, 1992).

BACTERIAL FLORA
Among aerobic bacterial assemblages, species belong-

ing to the genera Pseudomonas, Wbn’o,  Acinetobacter,
Alteromonas and Flavobacterium are common in aquac-
ulture water. Kbrio  spp. can grow especially quickly be-
cause of their high growth rate and because of their ability
to adapt to an oxygen deficient condition. Consequently,
the main pathogenic bacteria infecting fish are the Vibrio
group-

The rotifer, Brachionus plicatilis, which is used as a
live feed for fish, is cultured with the microalgae,
Nunnochforopsis  oculata. Certain species of bacteria very
often cohabit with these algae. For example, the pigmented
bacteria, mainly the species Flavobacterium, attach to this
microalgae. When rotifers are cultured with N. oculata,
Flavobacterium spp. attached to this microalga tend to
inhibit the growth of the rotifers when they eat N. oculufu.

The water in which rotifers are cultured contains a high
concentration of dissolved organic matter derived from the
food and feces of rotifers. This results in a decrease in the
oxygen content as a result of bacteria and other microor-
ganisms inhabiting together. As mentioned above, in this
sort of environment Vibrio  spp. can grow faster than other
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bacteria and evenmally dominate the bacterial COmmuni-

ties.  AlsO, fOr the same reason, vibrio spp. are abundant
inside the gut of rotifers.  Among these Vi&id populations,
pathogenic species may occur and infect the fish and cNs-
mcean larvae. PUS, specific bacterial species cohabiting
with microalgae and rotifers are not always Useful to the
organisms  which feed on these algae and rotSm.

EmC’#’ OF STERILIZATION OF SEAWATER ON
MICR~RGANISMS

The method for keeping pathogenic microorganisms
away from fish rearing environments is one of the main
c~ncwns of people engaged in aquaculture. For this pur-
pose, the filtration of water, the addition of sodium chlo-
ride, ozocmtion,  the use of ultraviolet tight and even the
use of artificial compound food containing antibiotics for
ste~~iz~ion,  are all commonly adopted techniques in
aquaculture. People in ~u~~~ tend to believe that these
Procedures can eventually eliminate all microbes in sea-
water and produce and maintain a nearly pure water qual-
ity. However, with these treatments the occurrence of
Pathogenic microorganisms which causes fish diseases
cannot be cogently removed from the water. For ex-
ample, if the antibiotic kanamycine (50 mg/L) is added to
seawater, bacterial numbers decrease for about two days,
but eventually the numbers will recover to the original
level, l@cell/ml, The same phenomena can be seen when

ater is s~~~~ with flitration, ozonation or ultra-
vi&t light lament. After such treatment, bacteria grow
very quickly because there is less antagonism among the
~~~~~1 ~pulatio~s  present. Furthermore, no one can
~~e~p~~ what kind of bacterial species may grow in the
V~& Sp&Ce  produced  by the above treatments. For ex-
mph% in Japanese aquaculture hatcheries, when the crabs,
!%tiunus tritubterrrtlatus,  were infected by pathogenic
VTbria sp., various kinds  of antibiotics were added to the
&EVW  KS&@  water. At first. the reagents repressed the
growth of pathogens, but after about .lO h drug resistant
microbes, mainly fungi, appeared and grew quickly, kill-
ing all the larvae. Because this same sequence of even&

W&F eXpeFienctsd  repeatedly, when infected larvae are found
IloW, lirnral Production is stopped, all the larvae are thrown
away and the Procedure begins again.

Although people who engage in aquaculture have
started to realize that antibiotics are less effective, almost
no brave method of controlling diseases has been
found It is themfore essential that new methods  be adopted
wherein the ~ta&XliSm  Of Cetin  microorganisms is used
to repress other Pathogenic  microbes in seawater.

The ~tago~sm among microbes is a naturally occur_
ring ~~~o~enon  through which Pathogens can be killed
or re&X%J  in number in the aqUaeulture  environment, This
mew k c&led biological conliol, or biwontrcll. me term
bioccmtrof  is tH%XMDiag  f%Ydiar in agricuIw scien~.

Commercial success has been obtained in controlling the
ubiquitous crown gall disease by using an avirulent strain
of Agrobacterium tUmefUCienS  (also referred to as A,
ra&bacter)  (Kerr, 1972, 1980). The health of organisms
in nature depends primarily upon their inherent resistance
to microbial  invasion and the biological equilibrium be_
tween competing beneficial and deleterious microorgan_
isms at the interface of the organism as mediated by the
environment. In aquaculture, some microbes play a major
role in this equilibrium in their interactions with various
pathogenic agents.

SITES FOR ISOLATING THE USEFUL BACTE-
RIA FOR BIOCONTROL METHOD

Among the many species of bacteria distributed in sea-
water, only some species are useful for fish production.
For example, many bacteria inhibit the growth of fish lar-
vae, When bacteria are isolated using the agar piate tech-
nique, there might be more than 10 kinds of bacteria on
the plate. h some aquaculture environments, several hun-
dred strains can be easily collected using many agarplates.
To determine the activities of these isolated strains on fish
growth or on inhibition of pathogenic microorganisms, it
takes a considerably long period. Therefore the sampling
site should be selected to isolate useful bacteria with high
efficiency. Possible sites are as follows: (1) seawater in
situ where larvae are rearing; (2) seawater where larvae
are being condensely reared in the laboratory; and (3) the
digestive gut of fish.

Bacteria which promote the growth of fish are most
likely to be found in an environment which fish inhabit.
For this reason, fish rearing seawater is a good site for
isolating useful microbes. In addition, seawater where high
concentrations of larvae are being reared is an ideal envi-
ronment for finding these bacteria However, one should
be careful not to isolate harmful bacteria if it becomes
apparent that the conditions of the larvae are deteriorating.
in the rearing container. It is also possible to isolate bacte-
ria inside the gut of fish, but based on our research useful
bacteria are seldom found this way.

CONSTRUCTION OF PRAWN CULTURE SYS-
TEM IN VITRO  AND ISOLATION OF USEFUL
BACTERIA

The useful bacteria to promote the growth of prawns
tend to cohabit with prawns in seawater. The construction
Procedure to rear prawn larvae in the laboratory is men-
tioned next.

A 100 L bottle is prepared under a light source of about
3~~  hx at 25OC.  Five L of seawater sterilized with filtra-
tion by Mill&ore  HA type filter (pore size: 0.45 pm) are
stored inside the bottle. Prawn larvae which should be
obtained from the hatchery where only naturally matured
spawners are used to produce eggs are added to seawater
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Table 1. Survival and moulting rates of the larvae, I! Monodon,  with and without soil extract

Survival rate (%) Moulting rate to ZIII (%)
Experiment Oday 2nd 3rd 4th 6th 7th 0 day 6th 7th
I 100 100 100 76 61 61 0 51 85
II 100 56 53 52 50 50 0 0 0
III 100 5 0 0 0 - - 0 - -
Experiment I: with diatom and soil exract
Experiment II: with diatom and without soil extract
Experiment III: without diatom and soil extract
(ZIII:  Zoea III stage)

at a concentration of 100 ind./L. All larvae in this study
should be the firstborn from a spawner. A diatom, Nuv-
iculu sp., about 10pm in length and grown in liquid me-
dium at a concentration of 104 cell/ml is added to larvae
rearing water. Instead of Navicula sp., Chuetoceros  graci-
lis can also be used. Finally, a soil extract at a concentra-
tion of 5% (v/v) is added. To prepare the soil extract, soil
under a lawn free from herbicides at least for one month is
mixed with twice the volume of distilled water and auto-
claved for 30 min at 12loC.  After cooling, the soil suspen-
sion is filtered through a paper filter and the filtrate is stored
in the freezer at -20°C. A small amount of Bacto-peptone
(O.Ol%, Difco Co. Ltd.) can be used instead of soil ex-
tract.

Three experiments are going to be conducted, where
Experiment I contains soil extract and diatom, Experiment
II contains diatom only, and Experiment III contains nei-
ther soil extract nor diatom. The activity of prawns is de-
termined in terms of moving ability to the light source
which is set at one side of the transparent container where
larvae were kept (Maeda and Liao. 1992).

The example data of Maeda and Liao (1992) are shown
as follows (Table 1). The survival rate of the prawn larvae
is a little higher in Experiment I than in Experiment II,
while prawn larvae in Experiment III all died within three
days. Although survival rates in both Experiment I and II
showed little difference, the molting rate of a prawn of the
growth stage from Protozoea II to IIl was much higher
than in Experiment II, in which 85% of the larvae molted
to Protozoea III stage within seven days. Since food was
supplied only at the beginning of this experiment, the
growth rate was not as fast as usual. However, it would
seem that the addition of a soil extract, as a source of or-
ganic matter for sustaining the growth of microorganisms,
stimulates the molting of prawns. One of the agents which
stimulates the growth of prawns is microorganisms multi-
plied utilizing mainly soil extract in the experiment.

From seawater in Experiment I, seven strains of bacte-
ria were isolated. The isolated and purified strain was added
to the prawn culture water of Penaeus monodon  (100  ind.1

L) at a concentration of 108 cells/ml with a diatom, Nav-
icufu sp. (104  cells/ml). The survival and molting rates of
larvae were determined. Most bacterial strains tested were
not effective in promoting the growth of the larvae, but
strain PM-4 gave higher survival and molting rates for the
larvae compared to those in the control experiment which
contained only a diatom. The activity of the larvae was
also higher in the presence of the PM-4 strain (Maeda and
Liao, 1992). All the experiments can-ied out used the crab
larva Portunus trituberculatus, but similar results were
obtained in experiments using R rnonodon.

REPRESSION OF THE GROWTH OF PATHO-
GENIC MICROORGANISMS

‘lko rectangular smears of bacteria to be tested (4 cm
in length with a 3 cm gap between the smears} were made
on a plate of 2216E  Marine Agar (Difco Co. Ltd), and a 2
cm-long rectangular smear of vibrio  unguillarum,  a patho-
genic bacterium of fish, was made between the two larger
smears. To determine Wbrio static activity, the width of
the smear of V: anguilfarum  was measured. The bacterium
in this test system was incubated for certain periods. In
this assay, the bacterium PM-4 repressed the growth of
this pathogen (Maeda, 1994).

PROCEDURES FOR REARING LARVAE USING
BACTERIA

The useful bacteria which are cuItured in a large scale
bottle are going to be used in situ in a larvae rearing envi-
ronment. The detailed procedures to rear the lafvae of the
crab, Portunus tritubetwlatus, are described here.

Spawning females are kept in a container of two metric
tons, with a water depth of 30 cm, in sand and circulating
25OC seawater (filtered with sands of about 400 pm in di-
ameter). Mature females were transferred from this tank
to a 700 L gentle aerated container about 24 h before the
larvae were hatched out.

Seawater used for crab culture (150 m3) is filtered with
sand (grains average 400 pm in diameter) and sterilized
with sodium hypochlorite (50 mg/L) before adding the
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bacterium. This procedure, which eliminates almost all
ntiuml~y  waxring  bacteria, is followed by neutralization
with sodium thiosulpbate at the beginning of the experi-
ment.

To 200 m3 of seawater used for rearing the crab larvae,
15 L of the bacterial culture solution were added once a
day for 7 days, which resulted in initial bacterial concen-
trations of about 10” cells/ml. Crab larvae (28,000 ind./
m3f. diatoms (1,200 cells/ml) and rotifers (5,000 ind./L)
were added to culture water on the first day of the experi-
ment.

In the experiments with the biocontrol method, all the
latvac  survived. Gn the other hand, without the PM-4 strain,
almost all the larvae died on reaching Megalopa I (Nogami
and Maeda, 1992).

~I~U~R~L CR? VXRAL  DISEASES
’ gverd viral diseases have seriously affected the fish
rearing industry. Viruses are the smallest infectious agents
(20-W) nm in diameter), usually as a single molecule con-
taming DNA or RNA. Vises replicate only in living cells.

the replicative cycle, numerous copies of viral
acid and coat proteins are produced. The coat pro-

teins assemble together to form the capsid,  which encases
and s~bili~~ the viral nucleic acid against the extracellu-
l~en~i~nme~t and facilitates the attachment and perhaps

et&on of the vhus upon contact with new suscep-
le cells. Vtruse~ am known to infect unicellular organ-

isms such as my~~~~, bacteria, algae, and all higher
@tts arnd ~irn~s, As a basis for the classification of vi-

d type (RNA ar DNA, single-stranded or
size and morphology, presence of spe-

dye, add immu~olo~c properties can be listed.
The #~~n~o~ of viruses in natural waters is gener-

&lY ed to be low (Hidaka, 1977),  and they have thete-
fore considered ecologically nnlmportant.  Bergh et
Ut. (1981891,  using the direct counting method of the elec-
tron microscope, reported virus counts ranging from 106-
lo”” virus particles/ml. These counts were Id- lo7 times

virus numbers in natural
ch in turn were based on counts
using various host bacteria
found that most of the virus

free in the water, but some were
Suttle et al. ( 1990) and Nagasaki

icles inside the cell of
these viruses might gre&y

Of rhe ~~~~s~ present together.
In ~~i~~g methods for keeping pathogenic viruses

&W&Y i%Xn  i%,sh big  en~~~~n~~  the above mention&
. In the results, the concentra-
m 103 to IO9 virus particles/ml,

the @ruses W@e present as a free form in
awed The resutts  suggest the present of antitirus

microorganisms in seawater. It also helps to explain why
the concentration of viruses fluctuated so greatly.  In ad&
tion, viruses will transfer from one infected organism to
another through the water environment. If antivirus bacte.
ria dominate the water environment, Vim infection among
fishes may be repressed to a large  extent. Based on this
concept, antivirus bacteria are used in the larvae rearing
procedures in situ aquaculture as mentioned next.

DETERMINATION OF ANTIVIRUS ACTIVITY

Usually bacteria which have activity to repress the
growth of other bacteria can inhibit the virus growth. There.
fore when an antiviral bacterium is going to be found in
seawater, anti-bacterial activity can be determined. This
procedure is easier than determining the antiviral activity
directly. Therefore checking for antiviral activity may not
always be necessary for those who want to avoid the fol-
lowing complicated procedures.

To cultivate a pathogenic virus, a living fish cell is re-
quired, usually an epidermal carp cell (EPC), an epider-
mal king salmon cell (CHSE2 14) or cells from the gill of
the bluegill (BF2) are commonly used. The combination
of an EPC cell and Infectious Hematopoietic Necrosis virus
(IHNV) is considerably easier to be used in the antivirus
assay procedures. An EPC cell is grown in MEM-IO me-
dium, which is composed of 10% fetal bovine serum (MA.
Bioproduct), 0.075% NaHCO , 100 IU/ml penicillin
(Sigma), 100 pg/ml streptomycin (Sigma) and 1.6% Tris-
buffer (Tris(hydroxymethyl)amino  methane(Tris)-hydro-
chloride) (Sigma), pH7,8 at 15“C.  The cells are seeded in
1 ml of the growth medium per well, in a 24-well(16 mm
in diameter. Falcon) plate, to give approximately IO6 cells/
ml/well. The IHN virus is first propagated in rainbow trout
gonad cell, RTG-2, in a 75 cm3 2-plastic flask (Falcon)
containing 25 ml of MEMlO-Tris;  this virus is inoculated
in the well where EPC  is grown. After a cytopathic effect
develops and the cells desquamate, the cells are centti-
fuged at 4,000 rpm at 4oC for 30 min. The supernataats
are filtered with a 0.45 l.trn pore size Millipore  filter (HA
type). The supematant  containing virus is stored at -80°C
until use.

Bacteria tested are. grown in a 100 ml ZoBell2216E
medium for 3 days. The culture is centrifuged and the su-
pematant  is filtered with a 0.22 pm pore size Mill&ore
filter. Equal volumes of bacterial filtrate and IHNV virus
suspension are mixed for 3 h at 2ooC.  The reaction mix-
ture, 0.1 ml, is inoculated into the well in which the El’C
CdS  with 1 ml of MEM- 10 we already  placed. Virus sus-
pension used should be diluted for certain concentrations
and submitted to this test. The reference test which con-
tams no virus suspension is set at the same time. In each
Well, cytopathic  effect (CPE) is determined under the mi-
croscope.

The Strain VKM-124 which has the vibrio static activ-
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ity and is used in situ in aquaculture, clearly repressed the
appearance of CPE on the EPC cell in which a maximum
3 days delay was observed in the VKM- 124 experimental
fraction compared in the reference fraction. Thus, the strain
which has the Vibrio static activity represses the growth
of virus at the same time. With bacterium

There are many viral diseases. Penaeus prawn, f? 60 -
monodon  and p japonicus have almost all been infected $
by Baculo-like viruses. There are also other viruses: In-
fectious Hematopoietic Necrosis Virus (IHNV) and Infec-

.$ 4.
v)

tious Pancreatic Necrosis Virus (IPNV) which infect
salmon; Viral Haemorrhagic Septicemia Virus (VHSV) 20 - Without  bacterium

which infects trout; the Yellowtail Ascites  Virus (YAV)
which infects yellowtail; Sima-aji Neuro Necrosis Virus
(SJNNV) which infects Guelly Jack; the Iridovirus  which ’ 0 1
infects seabream; and many more, all of which cause seri-

5 10 1.5 20

ous damage in aquaculture. The bacterial strain VKM- 124 Time (day)

used in the aquaculture processes shows the effective ac- Fig. 1. Biocontml of virus diseases in yellowjack (shima-aji)
tivity to repress the SJNNV, Baculo-like viruses. This strain culture water: In 20 metric tons of culture water: 250,000 larvae

is being used in seawater at the concentration of about 106 were kept and the bacterial strain was added ut the  concentm-

cells/ml in larvae rearing containers of Sima-aji (Fig. 1). tion of about 105  cells/ml.

If grown fish, which feed on artificial compound food The bacterium PM-4 also repressed the growth of the
(AFC), are to be protected from viruses, the bacterial cul- pathogenic bacterium vibrio anguillancm.
ture liquid is mixed with the AFC  at the ratio of 20% (v/v) In the experiments of rearing the crab, Portunus
of AFC. tritubetculatus,  with the biocontrol method using the bac-

CONCLUSION
terial strain PM-4, all the larvae survived. On the other
hand without the PM-4 strain, almost all the larvae died

In aquaculture water if the concentration of bacteria on reaching Megalopa I.
reaches more than IO6 cells/ml, protozoa grow quickly and The strain VKM- 124, which has the vibtio  static a&v-
eat bacteria to reduce the number to around lo6 cells/ml. ity and is used in situ  in aquaculture, clearly repressed the

When seawater is sterilized with reagents (antibiotics activity of Sima-aji Neuro Necrosis Virus (SJNNV).
et al.), filtration, ozonation or ultraviolet light treatment, When the bacterial strain VKM-124 is being used in
after such treatment bacteria grow very quickly because seawater at the concentration of about lo6 cells/ml in lar-
there is less antagonism among the bacterial populations vae rearing containers of Sima-aji, 60% of the larvae sur-
present. Furthermore, no one can anticipate whether patho- vived. On the other hand, without the strain all the larvae
genie bacterial species may grow in the vacant space pro- died within a short period.
duced by the above treatments.
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ABSTRACT
Uncontrolled development of shrimp aquaculture industries has the potential to adversely

impact sustainability of natural resources such as land, water and aquatic biota, energy, and
sources of protein. The small shrimp farming industry in South Carolina does not tax avail-
able resources but, to ensure that the industry is able to continue to grow, efforts are under-
way at the Waddell Mariculture Center to develop technology which makes more efficient
use of these resources. Land use was effectively addressed through development of inten-
sive systems with demonstrated production capabilities of 34 metric tons/ha/crop, but it
was found that super-intensive systems may exacerbate water use problems, with the pri-
mary concern being the discharge of pond water to adjacent coastal waters. Studies found
that elimination of routine water exchange does not significantly affect growth or survival
as long as dissolved oxygen concentrations are maintained and the feed inputs do not ex-
ceed the assimilative capacity of the pond. To date, production levels of 7-8 metric tons/ha/
crop have been achieved without water exchange and the water has been reused for a subse-
quent crop. Planned research and development activities are expected to increase the pro-
duction capacity of no-exchange systems to at least 10 metric tons/ha/crop. There are indi-
cations that elimination of water exchange and continuous water reuse may facilitate nutri-
ent recycling and increase the conversion efficiency of shrimp feed protein to shrimp biom-
ass protein. Modified feed management regimes, low-protein feed formulations and the use
of secondary crops of herbivorous fish and mollusks to convert waste nutrients to edible
seafood products are also being used to improve protein transformation efficiencies. Future
research and development activities are expected to show that protein transformation effi-
ciencies for integrated multi-species systems with complete water reuse can be 30% higher
than traditional intensive shrimp farming technology. The energy requirements of these
systems are being modeled. The aeration energy requirement is a function of the feed input,
so improvement in feeding efficiency also improves energy efficiency. The aeration energy
requirements may increase slightly when water exchange is eliminated, but the total energy
inputs (aeration vs. aeration and pumping) are the same. Planned research and development
work will incorporate continuous monitoring and automated equipment switching to fur-
ther improve energy efficiency.

INTRODUCTION

South Carolina, on the Atlantic Coast of the United
States, has a small, modestly profitable shrimp farming
industry. Fifteen farms, most of which are owner-operated,
produce about 450 metric tons annually in about 100 ha of
ponds. One crop is produced in the 4-6 month growing
season. Since the stocking window is very limited, and
South Carolina has little hatchery production, most of the
postlarvae are imported from hatcheries in other parts of
the United States.

Production collapses of poorly regulated shrimp aquac-
ulture industries in Taiwan (Chen 1995),  Thailand (Lin
1995),  Ecuador (Stem 1995),  Indonesia (winarno 1995)

and China (Wang et al. 1995) provide stark examples of
what can occur when unsustainable, highly resource-de-
pendent production systems are allowed to proliferate at
will. The impacts are felt by both the shrimp farmer and
other users of public water resources. Systematic regula-
tion and permitting with a sound scientific basis is needed
to protect the environment and its dependent industries.
While its shrimp farming industry is small with negligible
environmental consequences, South Carolina has become
a leader in creation and adoption of sustainable produc-
tion practices. This situation has developed in response to
the high value placed on the nearly-pristine nature of the
coastal environment, and the fact that the state’s Depart-



ment of Natural Resources is the lead agency in aquacul-
ture research and development, and operates the Waddell
NIariculture Center (WMC).

Four factors affect aquaculture’s natural resource
s~st~n~il~ty:  (1) land use; (2) water use; (3) energy use;
and (4) protein transformations (Hopkins, in press). Un-
fortunately, optimizing the sustainability of one of these
four factors may adversely affect another as there are sig-
nificant interactions between them. For example, inten-
sive culture practices puts available land to its best use,
but may exacerbate problems with water use, energy use
and protein transformations. To varying degrees, research
and development programs at the WMC in South Caro-
lina are ~~ssi~$  all of these resource sustainability fac-
tors. A holistic approach is being used, with the ultimate
*~j~~ve being creation of integrated systems with the least
overall reliance an natural resources (Sandifer and
Hopkins, in press). This paper discusses the progress to
tic and ~u~~~s future diction and related research
platmed for the next several yr.

PRNRESS  To DATE

LAND USE
Caa$ti land in South Carolina has traditionally been

used for a~cu~~~ and silviculturc, although the Charles-
ton arat  has a long history of various tight and heavy in-
duaies.  Maa of tha present-day development along the

imd with residential and retirement com-
mourn and services which support these activi-
test& the amount of coastal land under cultiva-

g. Qemands  for land for community and
tour&m ~v~lopment  have caused land prices to escalate
and inc~a$ed  the tax burden. Thus, rural land owners must
either search for more lucrative agricultural opportunities
or sell their land. The longer they meet their tax obliga-
tions and stave off development, the more valuable their
land becomes.

Land parcels in coastal South Carolina are generally
small, partially  as a legacy of land reforms which occurred
130 yr ago near the end of the U.S. Civil War. The inten-
sive shrimp  production practices used by most farms is a
~fl~o~ of the generally small size of individual parcels,
coup&d Mith  high land costs. The land resources needed
for ~~s~ve culture do not exist, except for some diffi-

ch were impounded
and were, until re-

WI management. Thus,
faMIitt&  in South Carolina  tends to be either very

+ or very extensive, with little intermediate  activ-
research and development support from WMC,

ate ab!e to achieve yields considerably higher
thani those found anywhere else in the western  world
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(Hopkins 1991).
The pioneering work in development of intensive cul-

ture practices for western white shrimp species is that of
Sandiferetaf.  (1987,1988,1991a,  b). SandifereraL(l987)
demonstrated that white shrimp can be intensively cultured
in ponds provided with supplemental aeration and water
exchange. Sandifer et al. (1988) found that density has a
minimal effect on growth and survival, indicating that
hypcfintensive  systems may be viable if water quality is
maintained. Indeed, Sandifer ef al. (1991a,  b) later dern-
onstrated production as high a~ 2 1.3 metric tons/ha. Since
that time, further pressing of the production capacity of
intensive ponds has yielded 34.2 metric tons/ha (WMC,
unpublished data). While the average production of com-
mercial ponds (other than impoundment ponds) is 4-5
metric tons/ha/crop,  some South Carolina commercial
farms have operated at production levels of up to 13 met-
ric tons/ha (Sandifer et al. 1993). Without this intensive
technology, shrimp farming in South Carolina would prob-
ably not be economically viable today. However, while
intensive culture practices have allowed the industry to
form in a way that makes efficient and sustainable use of
land resources, present pond management practices are less
than satisfactory. Pond management practices have not
made the best use of water resources, energy resources or
protein transformations.

WATER USE
Initially, water use in intensive pond production was

fairly high. Phillips et al. (1991) noted that production of
a metric ton of shrimp uses 16,000, 36,000 and 55,000
metric tons of water for extensive, semi-intensive and in-
tensive systems, respectively. These were the highest wa-
ter use values reported for a variety of aquaculture crops
considered. Hopkins and Villai6n (1992) surveyed water
usage in commercial shrimp farming worldwide and found
no correlation between water exchange and production
goals. Sandifer et al. (1988, 1991b) reported average wa-
ter exchange rates of 8-23% of the pond volume a day
while Sandifer et al. (1991a)  reported 8-16% a day and
noted that similar intensive production trials in Hawaii used
61% a day water exchange. In general, shrimp farmers are
using water exchange rates which are known to produce
acceptable results, without systematically determining the
minimum requirement.

Thus, Hopkins ef al. (1991a) compared the effect of
“normal” (14%/day)  and “low” (4%/day)  water exchange
on growth and survival of Penueus vunmi  stocked at
76/m2 and found no differences. Browdy et al. (1993) ex-
amined the effects of water exchange rates of lo,50 and
100% a day upon growth and survival of I! vannamei
stocked in outdoor tanks at 60 and 100 shrimp/m2 and con-
cluded that water exchange rates of 10 to 100% a day have
little  impact upon growth or survival as long as dawn dis-
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solved oxygen levels are maintained at acceptable levels.
Hopkins et al. (1993a)  determined the effects of high (25%/
day) and reduced (2.5%/day)  water exchange on water
quality and production in intensive shrimp ponds stocked
with R setiferus  at 44 postlarvae/m2  and found that, even
though nutrient concentrations were higher in ponds with
reduced water exchange, the total mass of pollutants dis-
charged to the environment was reduced. Mass balance
calculations for nitrogen in the system indicated that the
amount of nitrogen added to the system as feed and subse-
quently lost through nitrification and atmospheric diffu-
sion was 16% and 43% a day for the high-exchange and
reduced-exchange ponds, respectively.

Since the pond ecosystem appears to be a fairly effi-
cient mechanism for assimilation of waste nutrients, pro-
duction trials assessing the feasibility of completely elimi-
nating water exchange were begun. Hopkins et al. (1993a)
compared water quality and shrimp production in ponds
stocked with ?! setiferus postlarvae at three densities (22,
44 and 66/m2)  and operated with no water exchange. Feed-
ing rates were proportional to the stocking density but var-
ied dramatically over the production period. Production
was excellent in the low density pond. However, ponds
stocked at 44 and 66/m2 experienced mass mortalities.
Mortalities could not be attributed to a toxic effect of any
one water quality parameter, and gill fouling or other dis-
ease agents were suspected of being the cause of unusual
mortality. Hopkins et al. (unpublished) compared ponds
stocked with f? vannamei postlarvae at 38/m* with and
without water exchange. There were three replicates of
each treatment and ponds with water exchange received
15% of the pond volume per day beginning on day 42. In
this study, survival was excellent in all ponds. Average
growth was slightly higher in the ponds without water
exchange but there was much overlap and differences were
not significant. Shrimp production without water exchange
was 5-6 metric tons/ha. Hopkins et al. (1995a) investi-
gated the effect of low-rate coarse-grain sand filtration on
water quality and production in static and recirculating no-
exchange ponds. The static control pond demonstrated
excellent survival and normal growth with production lev-
els which approached 7 metric tons/ha/crop without water
exchange. Compared to the initial studies with decreased
or eliminated water exchange (Hopkins et al. 1993a).  the
application of feed in these subsequent studies was stable
with the same amount of feed applied each day. Since that
time, Hopkins et al. (1995b)  demonstrated production lev-
els as high as 8.2 metric tons/ha/crop without water ex-
change. Water from these trials was saved during the bar-
vest process and used to grow a second crop in the follow-
ing year, still without deleterious effects caused by water
quality deterioration (Hopkins et al. 1995~). While the
maximum production level of shrimp ponds operating
without water exchange has not yet been determined, there

is SOme  evidence that the ceiling may be as high a~ $10

metric tons/ha/crop.
Elimination of water exchange resolves numerous prob-

lems associated with the environmental impacts and
sustainability of shrimp farming. The most often-cited
problem is the eutrophicating effect of pond discharges on
the adjacent estuarine ecosystem (Schwartz and Boyd
1992). However, other concerns, such as entrainment of
marine organisms by seawater pumps and escapement of
aquaculture stocks into the marine environment, are also
effectively addressed when water exchange is eliminated
(Hopkins et al. 1995d). Both issues, entrainment and es-
capement, have been raised by regulatory agencies, com-
mercial fishing interests and the public at large in South
Carolina.

The implications of the release of the non-native
Penaeus vannamei into habitats of the indigenous R
setifetus,  I! aztecus and P: dumanun,  especially if the
aquaculture stock may be carrying diseases which are not
found in local wild stocks, have actually been the greatest
concern associated with the shrimp farming industry in
South Carolina (Wermer  and Knott 1992). This problem
has been addressed through regulation on the state level.
The state’s Department of Natural Resources requires a
permit for the importation of postlarvae, and the permit is
issued only after the hatchery demonstrates that the
postlarvae they produce are free of pathogens which could
impact aquaculture and wild stocks. In addition, new
screening regulations have been imposed and are strictly
enforced to minimize or eliminate the degree of escape-
ment from aquaculture facilities.

ENERGY  USE
Energy requirements for shrimp farming increase as the

production goal and feeding rate increase. When feed rates
exceed 14-18 kgjha/day,  biochemical oxygen demand may
exceed the pond’s reaeration  capacity. When the total oxy-
gen demand exceeds diffusion and photosynthetic oxygen
surpluses, dawn dissolved oxygen concentrations drop to
levels which are lethal to shrimp. This oxygen deficit must
be counteracted by either (1) exchanging water and tram-
ferring some of the oxygen demand  to the adjacent estu-
ary or by (2) using supplemental aeration. Both of these
measures are energy-intensive; however, water exchange
has the obvious disadvantage of both increasing energy
use and abusing the adjacent estuarine ecosystem.

Until recently, all farms used water exchange and most
use supplemental aeration when production goals exceed
about 2 metric tons/ha. An empirical model of the aera-
tion requirement for a given feeding rate and minimum
acceptable dawn dissolved oxygen concentration for ponds
with an average of about 15% a day water exchange was
prepared (Hopkins er al. 1991b).  Since managing ponds
without  water exchange is a fairly new practice, we do not
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have a data set large enough to prep= a valid  empirical
model for aeration requirements of these systems. Row-
ever, preliminary in&cations  are that the aeration demand
will not increase more than a few percent when water ex-
chge is efi&a in intensive systems. For most pump-
ing system, energy  requirement for water exchange is higher
than the energy requiredto  increase aeration by at least 10%.

There is, however, rxtrn for additional cuts in energy
use in intensive shrimp farming. While generalized night-
time aeration requirements are fairly well known, the dy-
namic nature of pond ecosystems changes the aeration re-
quirements from &y-to-day and h-to-h. There is variabil-
ity among farms in the number of hours aeration equip-
ment is run each &y. This variability in the hr of O~CSS-
tion is influenced by (1) the cost and limited availability
of dependable, real-time oxygen monitoring and automa-
tion equipment; (2) a general lack of knowledge about the
relative impottance  of water column mixing (aeration
equipment both mixes and aerates); and (3) a general lack
of understanding of the importance of volatilization of
certain nutrients and diffusion gases other than oxygen.

Labor costs constrain continuous manual oxygen moni-
toring using typical handheld polarographic meters. Con-
tinuous oxygen monitoring equipment is plagued by foul-
ing of semipermeable membranes in the microbial-rich
pond water- The technology for dependable self-cleaning
oxygen probes is improving, but the required investment
for equipment is currently beyond the means of most
damp farms. Once inexpensive and dependable continu-
ous oxygea monitoring equipment is available, aeration
equipment can be automatically activated or deactivated
in response to instantaneous oxygen needs.

Without horizontal and vertical mixing, oxygen pro-
duced by aeration equipment and natural diffusion is not
dispersed throughout the water body and the efliciency of
these processes (which are driven by tension differentials)
is reduced. In daylight hr. thermal stratification and mi-
gration  of motile phytoplankters to surface layers will tend
to limit the banking of maximum oxygen reserves to
counter nighttime respiration. Some progress is being made
in deciphering the relative contribution of water column
mixing and direct aeration to the overall oxygen budget in
POW using a combination of traditional aeration equip-
ment @~h%dIeds,  aspirators, etc.) and low-speed sub-
merged fans which put all of their energy into mixing.

l% pand ecosystem is very efficient at assimilating
&XC% @pm&  excess nutrients which would, otherwise,
build up from the conltinuous  feed inputs. A mass balance
of m@ogen in intensive shrimp ponds in&-s that 13 to
46% of nitrogen input via feed is lost through &$&on
id a@nosPheric  diffusion (Napkins et al. 1993a). HOW-
eVer, the impor6ancs: Of aeration and mixing in N diffu_
sion a& ammonia volatilizatian is Unknown. &oma
volatilization riiteS an? very 10~ except when pR is high;
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pH is high only in the afternoon, after phytoplankton  pho_
tosynthesis has stripped most of the CO and produced
large amounts of oxygen-the time w?ien aeration is
needed the least. The effect of afternoon aeration and mix_
ing on afternoon pH and the effect of very high pH on the
shrimp crop and other components of the pond ecosystem
are also largely unknown.

From a global point of view, energy use may be the
most important aspect of overall sustainability, particu_
lariy in light of recent predictions of fossil fuel supply lin$
tations and the impact of greenhouse gases on the euvi-
ronment. Ironically, because it is a global issue, it has been
difficult to obtain support on the state, or even national
level, to pursue research on improving energy efficiency
in shrimp farming.

PROTEIN TRANSFORMATIONS
The transformation of an inexpensive form of protein

into an expensive form at a profit is the basis of much of
today’s commercial animal husbandry (e.g., poultry, swine,
cattle feed lots). While such systems may be economically
sustainable, they do not make the best use of the world’s
total protein resources. Like many forms of animal hus-
bandry, intensive shrimp aquaculture is not very efficient
in protein transformation. The edible portion of a shrimp
may contain only 20% of the protein provided as feed
(Hopkins et al. 1994). Some protein sources used in shrimp
feeds are byproducts, not suitable for human nutrition (e.g.,
bone meal, feather meal, shrimp head meal, wheat mid-
dling). Use of these is encouraged, but inclusion of large
amounts of such byproducts may increase the solid waste
output of aquaculture operations if the feed formulation is
not highly digestible with good feed conversion efficiency.
Other feed components such as wheat flour and soybean
meal can be processed for direct human consumption, and
their use in shrimp feeds may be nutritionaliy inefficient
for humans. The protein transformation issue is exacer-
bated by the use of varying amounts of fish meal in aquac-
ulture diets. The primary source of fish meal is produced
from harvesting wild stocks (e.g., U.S. Gulf and Atlantic
menhaden, Peruvian anchovy) and these stocks are cur-
rently fully exploited.

There are several ways in which protein transforma-
tion efficiency can be improved in intensive shrimp  cul-
tune, such as: (1) modifying the protein content and source
in the diet to minimize the inclusion of protein from over-
exploited resources or from resources that could be used
more effectively for direct human consumption; (2) de-
velopment of culture technology which recycles waste
produced in situ to create additional sources of nutridou
for the crop; and (3) using multiple crops to generate
overyielding without a proportional increase in feed iu-
put. or creating products which may be recycled into feed
components.
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A recent study indicates the protein content of feed  used
for intensive pond culture of marine shrimp can be reduced

Nevertheless, the combination of a fed crop (e.g., shrimp)

from 40% to 20% without affecting growth or production
and a filter-feeding bivalve seems particularly promising,

(Hopkins et al. 1995b). Additional work focused on re-
as the nutrient input via feed creates a rich phytoplankton

ducing feed protein for intensive shrimp production is
bloom which in turn, provides the food base for the
bivalves. Combinations tested to date in South Carolina

underway at institutions which are better equipped to ad-
dress nutritional questions (Akiyama et al. 1992 and

include shrimp polycultured with oysters (Crassostrea

Aranyakananda and Lawrence 1993). However, it is well
vi@nica), clams (Mercenaria  mercenaria)  (Hopkins et al.

known  that  much of the shrimp  growth can be attributed
1993b)  and scallops (Argopecten  irradiuns concentricus)

to their foraging on “naturally” occurring pond biota which,
(Walker et al. 1989). The combination of a fed crop of

in turn, are nourished by nutrient wastes from formulated
shrimp and a herbivorous or omnivorous fish is also ap-

feeds (Hunter et al. 1987). Shrimp fed to excess in a clear-
pealing. Mullet (Mugif  cephafus)  have been successfully
co-cultured in ponds containing shellfish and receiving

water tank system Will WiCdlY grow at only about half shrimp pond effluent. Mullet were chosen because of their
the rate of cohorts receiving the same feed in an outdoor omnivorous feeding habits, a market for the flesh (albeit
pond. Thus, while improvements in feed formulations will low price) and a lucrative market for the roe. While the
certainly increase protein transformation efficiencies, un- mullet carrying capacity of such systems has not been de-
derstanding and manipulating the pond environment to termined, production levels as high as 4 metric tons/ha
encourage waste recycling into a forage base has equally have been achieved and the fish matured with roe weights
as much potential. There has been some preliminary work which equaled lo-3096  of the whole weight for females.
on methods to increase the biomass and composition of Nutrient-rich pond effluent also produced considerable
microbial-detrital floe through manipulation of carbon: amounts of seaweed (Enteromorpha sp.) which may have
nitrogen ratios, but without reliable results to date. some market value, and is readily consumed by shrimp, or

Pond water is rich in secondary biota which is sustained can be composted for use in terrestrial agricuiture.
by the waste products of feed inputs for the principal crop. An important issue, peculiar to molluscan shellfish
Metabolic waste products are principally dissolved inor- aquaculture, is the stringent shellfish sanitation regulations
ganic ammonia and particulate fecal material which min- of the U.S. Food and Drug Administration (FDA), as ad-
eralizes to provide nutrients for growth of phytoplankton ministered by the respective state agencies. The WMC has
and bacteria which, in turn, nourish larger forms. As part recently completed a trial on the pond growout and mar-
of the work to reduce effluents, pond water at WMC was keting of clams. While the pond culture results were en-
held over the winter after harvesting a shrimp crop. Water couraging, the real significance of this work was approval
remaining in the pond through the fallow season devel- of an Operating Plan whereby the product could be sold.
oped a rich benthic community, an “aquatic pasture.” The The Operating Plan included sampling for fecal colifotm
species composition will probably vary with the geographic and Vibrio  spp. bacteria Overall, the concentration of fe-
region, but at WMC the aquatic pasture is dominated by cal coliform bacteria and vibrio  spp. was lower in the pond
several species of polychaete worms (Capire&  cupitafu than in the adjacent estuary from which water is drawn.
and Polydura cornutu)  and an amphipod (Gammarus This estuary is nearly pristine and is an approved sheilfish
mucronatus),  all of which are readily consumed by the gathering area. It is important to note that this pond was
subsequent crop of shrimp. The density of polychaetes and for clam monoculture only and an Operational Plan for
amphipods was 45,000/m2  and 5,000/m2,  respectively. As clam/shrimp polyculture would not have been approved.
the shrimp grew and their foraging pressure increased, the However, as the FDA concerns are slowly addressed, and
polychaete and amphipod populations were reduced and if the human health risks associated with pond-raised shell-
stabilized at less than lo/m2  (Hopkins er al. 199%). An fish continue to appear inconsequential. FDA may become
adverse impact of the aquatic pasture, and perhaps the sub- comfortable enough with pond growout  to allow sale of
sequent shrimp crop, was development of a large popula- molluscan shellfish from shrimp ponds.
tion of small grass shrimp (Puluemonefes sp.). While these Horizontal integration in production technology can be
small shrimp may be marketed for about US$2.25kg,  their expanded to include terrestrial species (Ghate er al. 19%).
over&  financial impact has not been calculated. It is not The mode of action is the same in that waste products from
yet known whether the grass shrimp can or should be ef- one segment of the overall process are used as produCtiOn
fectively  controlled by screening the water as it is pumped inputs in another segment. Aquaculture sludge releases
from one pond to another. nitrogen slowly making it a good slow-release fertilizer

Different species (crops) will occupy different grazing and reduces migration of nitrogenous compoUnds into
niches, but unfortunately, complimentary combinations of groundwater supplies. The WMC has made some Prebrm-
species which may create overyielding effeCtS in mahe nary observations of the effect of applying shrimp pond
culture systems have been explored only superficially. sludge accumulations on impoverished sandy Soil to in-
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mase tilth, water retention capacity and fertility (Hopkins
at al. 1994). In this study, sludge deposits were removed
from an intensive shrimp pond weekly during the grow-
ing season. The total nitrogen removed with the sludge
represented  approximately two-thirds of the nitrogen added
to the pond as feed. Preliminary results indicated that salts
were quickly “washed” from the sludge by rainfall and
sludge improved soil conditions and yield of a cover crop.

FUTURE DIRECTION
Over the next few yr, work on increasing shrimp farm-

ing sustainability at WMC will concentrate on (1) com-
bining various factors which contribute to sustainability
into comprehensive integrated systems; and (2) transfer-
ring this new-age technology to the commercial shrimp
farrrnr  in South Carolina. A conceptual design of an inte-
grated sustainable system which incorporates factors re-
lating to land use, water use, energy use and protein trans-
fcrrmations  has been developed based on results of the stud-
ies described above (Sandifer and Hopkins, in press). This
system incorporates complete water muse, oyster, mullet
and shrimp polyculture, sludge removal, and sludge ap-
plication on plots used to produce tomatoes and broccoli.
The model prototype is based on expandable modules of
four I ha ponds, one polyculture pond and the other shrimp
rncmoculture ponds, plus associated sludge decanting and
&ying beds, a small inoculation pond, and a pump-piping
system to move material within the system.

Finally, WMC is about to embark on a campaign to
enssurage shrimp farmers in the area to adopt the new
tihnology. The WMC and the state extension network
pravide considerable support for the local industry includ-
ing economic analysis, site selection and construction cri-
teria, sources of equipment and supplies, day-to-day man-
agement assistance, and marketing advice. As a first step,
farmers are being encouraged to dramatically reduce or
eliminate water exchange. Feed manufacturers and the
farmers  are very interested in low-protein diets as such
PrCXiucts make the feed manufacturer more competitive
aci reduce the farmers’ expenses. Likewise, technology
Which reduces energy costs is sought for obvious reasons,
both altruistic and economic. There is already consider-
tile interest in polyculture of shrimp and other species as
the Production costs for the secondary crops appear to be
Mtimal.

The irony is that the shrimp farming industry in south
Carolina  is small and generally environmentally-benign.
The% is much less cause for concern in South Carolina
tim in countries  where the size of the shrimp farming in-
*s@y is several orders of magnitude higher and the in-
dUseiy is recognized as being unsustainable, even over the
shufi-tenn (Hopkins and Sandifer 1995).
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Viral Diseases in Marine Aquaculture in Japan
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ABSTRACT
In Japan, marine aquaculture often has mass mortalities of cultured animals due to in-

fectious diseases. This paper reviews diseases caused by viruses. These include viral dis-
eases of marine cultured fish, viral diseases of shrimp and possible viral diseases of cul-
tured abalone.

INTRODUCTION

Aquaculture has been rapidly developing and becom-
ing more important in Japan. A diversity of species is seen
innot only marine but freshwater aquaculture. Since there
is a lack of seed fish, juvenile fish are often imported from
foreign countries, especially from Southeast Asia. How-
ever, the rapid development of aquaculture has resulted in
a problem, namely the occurrence of diseases including
previously unknown diseases. This is caused by the inten-
sification of fish culture and by recent entries of foreign
pathogens. Among the pathogens, viruses are the most
devastating infectious agents that afflict fish. The present
paper reviews: (1) viral diseases of marine cultured fish,
(2) viral diseases of cultured shrimp and (3) possible viral
diseases of cultured abalone in Japan.

VIRAL DISEASES OF MARINE CULTUBED  FISH

Recently, several viral diseases have been reported in
marine cultured fish. In some diseases, the causative agents
have been observed by electron microscopy (EM) and iso-
lated in established fish cell lines. In other diseases, how-
ever, the virus observed by EM could not be reproduced
by cultured cells. Viruses contain one kind of nucleic acid
(RNA or DNA) as their genome. The diseases caused by
DNA viruses are shown in Table 1. These include

lymphocystis disease, iridovirus  infection of various ma-
rine fishes, viral epidermal hyperplasia (VEH) of Japa-
nese flounder Paralichthys  olivaceus and herpesvirus in-
fection of coho salmon Oncorhynchus kisutch. The caus-
ative agents of lymphocystis disease and VEH have not
been isolated using established fish cell lines.

Lymphocystis disease has occurred in several marine
fish species, such as sea bass Lateolabrax  sp., yellowtail
Seriola  quinqueradiata,  red sea bream Pagrus  major and
Japanese flounder with the unsightly appearance of sur-
face lesions (Miyazaki and Egusa 1972). Lymphocystis
cells are observed mainly on the fins or body surface.
Lymphocystis disease virus is an isometric particle with a
large diameter and belongs to Iridoviridae.

Viral  epidermal hyperplasia caused mass mortalities in
larval and juvenile Japanese flounder (Iida et al. 1989).
Hyperplasia was observed in the epidermal layer of fins
and skin by histopathological methods. In addition, herp-
es virus particles were observed in the nucleus and cyto-
plasm of infected epidermal cells by EM.

Herpesvirus infection of maricultured coho salmon was
first reported in Miyagi Prefecture in 1988 (Kumagai et
al. 1994). Diseased fish showed excoriations of fin, ero-
sion and ulcers on the body surface and pale spots in the
liver. Necrosis of hepatocytes was the most evident histo-
pathological change in the diseased fish. The isolated vi-

Table 1. Viral disease of marine cultured fish in Japan (DNA virus)

Disease Virus Determination method Host
classification Isolation Electron

Lymphocystis disease Iridoviridae - 0 Various marine fish

Red sea bream iridoviral Iridoviridae 0 0 Various marine fish
disease (RSIVD)

Viral epidermal Herpesviridae - 0 Japanese flounder
hyperplasia (VEH)

Salmonid herpesvirus Herpesviridae 0 0 Coho salmon

type 2 infection
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Tabk  2. Vhd disease of marine cukured fish in Japan (RNA virus)
*,--,“.-”
D Virus Determination method

CIassification Isolation Electron microscopy

Y~ll~~~i ascites Birnaviridae 0 0
virus (YAV)  infection
Viral deformity virus Bimaviridae 0 0
(VDV)  infection
Ifirame birnavirus Bimaviridae 0 0
infection
Rhabdovirus Rhabdoviridae 0 0
infection
Virus nervous Nodaviridae - 0
~~~rnsi~ (VNN)

Host

Yellowtail

Yellowtail

Japanese
flounder
various

marine fish
various

marine fish

TUS  was ide~tifi~ as salmonid herpesvirus  tyPe 2 by mor-
~~lo~~~ observation and serological tests.

in o~tb~ of the red sea bream iridovirai disease
in c&wed rwi sea bream in Shikoku island, Japan,

in 19%).  Since 1991,  the disease has involved mass mor-
t&y of fish ~~1~~~~ in the western part of Japan. Mass
parity haa mainly occurred among red sea bream fin-

th Giemsa solution in the
ltver and gills of infected fish. Inouye

and co-workrs also repotted that the causative agent was
a large, Ibsen, cytoplasmic  DNA virus classified as
P mern~r of I~dov~~~ (Table 1). The virus was tenta-
tively Asian as red sea bream iridovirus  (RSIV). A
similar type of disease resulting in serious damage occurred
among several kinds of cultured marine fishes other than
red sea bream, such as yellowtail. sea bass and Japanese
plush. The causative viruses, having characteristics of
the family Iridoviridae and antigenically related to RSIV,
were isslated from these fishes. Biological and physico-
Chemical PrQpexpieS  of the virus, production of monoclonal
stiles to RSIV and diagnosis method of the infection
were reported (Nakajima and Sorimachi 19!?4a,  b, I995  ).

RNA vinr~ i~f~tions are shown in Table 2. These in-
&ie yello~ti ascites virus (YAV) and related bimavirus
infection of yellOwtail. Japanese flounder, rhabdovims
j~~~~~ Of vU’bW marine fishes and viral nervous ne-
LXW& ~~~~ Of WriCUs  marine fishes. The causative
agog oftheW  vimses have not been isolated using estab-
Iished fish c&f lines.

ummer of 1!B3,  an acute disease char=-
f occurred among cultured yellowtail fin-
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gerlings in the Seto Inland Sea, Japan. A bimavirus desig-
nated as YAV was identified as the causative agent of the
disease (Sorimachi and Hara  1985). Epizootics generally
occurred during May to June at water temperatures of 18-
22°C. Fish which are less than 10 g in body weight are
sensitive to this virus. The moribund fingerlings typically
showed anemic gills, hemorrhage in the liver and severe
ascites.

A new viral disease characterized by abnormal swim-
ming behavior, deformity of the body and high mortalities
occurred in yellowtail fingerlings at a hatchery in Kyushu
Island, Japan (Nakajima et al. 1993). A birnavirus desig-
nated as viral deformity virus (VDV) belonging to the fam-
ily Birnaviridae was identified as the causative agent of
the disease. Advanced congestion in the liver, edema and
anemia in the kidney and spleen, and congestion in vari-
ous parts of the brain were observed in diseased fish.

‘lXvo birnaviruses, VDV andYAV isolated from cultured
yellowtail were examined for their serological and bio-
chemical properties (Nakajima and Sorimachi 1994a).
Cross-neutralization studies showed that VDV was closely
related to YAV but clearly distinct from the three type
strains of infectious pancreatic necrosis virus (IPNV). VDV
and YAV contained two genome segments and mobility of
the smaller segment showed a slight difference between
the two. On the other hand, polypeptide  electropherotypes
showed a clear difference between VDV and YAV. The
Production of MAbs against YAV or VDV was reported
Wkajima and Sorimachi 1996a,  b).

A birnavirus infection was also reported in juveniles of
the Jaw==  flounder (Kusuda et uZ. 1989).

RhabdOVirus  infection of Japanese flounder first OC-

cumd  in 1984. The causative virus was designated hirame
rhabdovb-us  (HRV, Kimura et al. 1986). The signs of the
disease are congestion of the gonads, focal hemorrhaging
in skeletal muscle and fins, and the accumulation of a.+
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Table 3. Viral disease of marine cultured fish in Japan

Disease

Erythrocytic inclusion
body syndrome (EIBS)

Virus Determination method
Classification Isolation Electron microscopy
Togaviridae? - 0

Host

Coho salmon

Kuchijiro-shou
(snout ulcer disease)

? 0 0 Tiger puffer

I I

Table 4. Viral disease of shrimp in Japan

Disease Virus Determination method Host
Classikation Isolation Electron microscopy

Bacuoloviral midgut ? - 0 kuruma
gland necrosis (BMNV) shrimp

Penaeid acute ? - 0 kuruma
viremia (PAV) shrimp

citic fluid. HRV was isolated from ayu Plecoglossus
altivelis,  black sea bream Milio mactwephulus  and from
mebaru Sebastes inermis.

Viral nervous necrosis has been reported and caused
high mortalities in hatchery-reared larvae and juveniles of
marine fishes in Japan, such as Japanese parrotfish.
redspotted grouper Epinephelus akaara, striped jack
Pseudocaranx dentex, Japanese flounder, tiger puffer
Takifugu  rubripes,  kelp grouper Epinephoius moara and
bar-fin flounder &rasper  moseri  (Yoshikoshi and Inouye
1990, Mori et al. 1991, Arimoto et al, 1993, Nakai  et al.
1994, Nguyen et al. 1994). Vacuolation in retinal and brain
tissue is characterized by histopathological observation
(Mori et al. 199 1). The causative viruses are unenveloped,
round-shaped virions,  approximately 25-30 nm in diam-
eter which belong to Nodaviridae (Mori et al. 1992).

Erythrocytic inclusion body syndrome (EIBS) is a se-
rious viral disease of salmonid fish. Epizootics attributed
to EIBS occurred among populations of coho salmon cul-
tured in seawater in Japan (Takahashi et al. 1992). The
signs of the moribund fish were severe anemia and yel-
lowish livers. Characteristic inclusion bodies in erythro-
cytes contained enveloped viral particles with a diameter
of approximately 77 mn. However, the causative viral agent
has not been isolated using established fish cell lines and
the virus seems most likely to be a member of the family
Togaviridae (Arakawa et al. 1989).

In Kuchijiro-shou (snout ulcer disease) of tiger puffer,
diseased fish showed necrosis around the mouth and ag-
gressive biting behavior. Viral particles were observed in
the brain of the diseased fish by EM. The causative vim

was isolated in cultured cells and has not yet been classi-
fied (Inouye et al, 1992, Table 3).

VIRAL DISEASES OF SHRIMP IN JAPAN
The viral diseases of kuruma shrimp are summarized

in Table 4. These include baculoviral midgut gland necro-
sis (BMN) and penaeid acute viremia (PAV) which had
tentatively been called RV-PJ infection. BMN of kuruma
shrimp larvae has occurred since 1971 in shrimp-culture
farms and in seed-production sections and since then it
has often caused mortalities of 90% during the mass pro-
duction of kutuma shrimp larvae in Japan (Momoyama
198 1). The midgut gland and the intestine are affected by
the virus. The properties of BMNV and cloning of the ge-
nomic DNA were reported by Arimoto et al. (1995). The
virus has not been isolated using established cell lines. A
diagnosis of BMNV is the observation of hypertrophy in
the midgut glands (Momoyama 1983).

In 1993, a new viral disease with high mortality oc-
curred among lcuruma shrimp at farms in the western part
of Japan (Inouye et al. 1994, Nakano et al. 1994). Red
coloration or discoloration and white spots on the body
were characteristic signs of diseased shrimp. Degenerated
cells were observed in various tissues originating from the
meso- and ectoderm (Momoyama et al. 1994). EM re-
vealed a rod-shaped, enveloped, nonoccluded virus in the
nuclei in the cuticular epidermis of the stomach or the lym-
phoid organ. However, the virus differs from any kind of
viruses reported from crustaceans in morphology, size, site
of assembly of vii-ions in host cells, and histopathology.
The virus was tentatively designated penaeid rod-shaped
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up&% V&US  (PRDV). The name of the disease was Pro-
posed as PAV (Inouye et al. 1996).  The classification of
the virus is now under investigation.

POSSIBLE  VIRAL  DISEASE  OF ABALONE IN
JAPAN

A &al disease with muscular atrophy has often occurred
in juvcniig  abalone  Nordotis discus at va150us hacheries
in Japan (Nakatsugawa cz af. 1988). The causative agent
has not been identified. The disease is characterized by
the formation of tumors in the pleuropedal neurotrunk.
Although isolation of the causative agent by the use of
several fish cell lines was not successful, the disease was
trmsm&ed  with a 0.22 pm filtrate of diseased abalone
homo~e~ ~N~sugawa 1990). These results show that
the disease is infectious and the causative agent may be a
vim
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ABSTRACT

In order to understand the role of fish feces in material cycling in aquacuhure  grounds,
the effects of cultured fish feces to algal  growth rates were examined by feeding probiotic
supplements under laboratory conditions. Four 1000-L round-shaped plastic tanks were
employed for culturing red sea bream, Pagrus major (average BLF12.5  cm). ‘Ikenty fish
were reared in each tank with a running water system. The fish in tanks A, B and C were fed
on moist pellets with 1% of Ulvapertusa fragments, 0.1% of yogurts and 0.5% of W. pertusa
fragments and 0.05% of yogurts, respectively. The fish in tank D were fed on dry pellets
alone. The feces were collected once a day and fermented by a rotator for 14 days. Algal
growth potential (AGP) was determined for the culture of Nannochloropsis  oculata.  The
algae were inoculated by fecal medium which was extracted after fermentation in an incu-
bator. The temperature and light conditions in the experiments were adjusted to 23oC,  7500
lux and 12L:12D.  The feces extracts collected from tat&s  A, B and C showed higher AGP in
each trial.  The feces collected from tank D presented always lower AGP The highest popu-
lation density of N. oculara,  34.8 x lo6 ceUs/ml,  was observed in tank A which was fed
moist pellets with 1% of 0: pertusa fragments.

INTRODUCTION
The conversion rates of food to fish are well studied in

aquaculture. From the viewpoint of aquaculture ecology,
however, bioconversion of fish to feces, or bioconver-
sion of feces to algae is as important as the bioconversion
of food to fish. In order to understand the role of fish
feces in aquaculture farms, the effects of cultured fish
feces to algal growth rates were examined by feeding
probiotic supplements in laboratory conditions. In the
present experiments, effects of cultured fish feces to al-
gal growth were examined.

MATERIALS AND METHODS

The fish culture experiments were conducted in the
Azumacho Fish Seedling Center in November 1994. Four
1000 L round-shaped plastic tanks, A, B, C and D, were
employed for culture of red sea bream, Pagrus major (av-
erage BL=12.5  cm). Twenty fish were reared in each tank
with a running water supply system. The fish in tanks A,
B, and C were fed on moist pellets with 1% of Ulvapertusa
fragments, 0.1% of yogurts, and 0.5% of U. pertusa frag-
ments and 0.05% of yogurts, respectively. The fish in tank
D were fed on dry pellets alone. The sterile U. pertusa
were cultured in the fish farm around the center and were
minced by the specially designed device for moist pel-
lets. The yogurts containing multispecies of the lactate-
fermenting bacteria, Lactobacillus bulgaricus and Strep-
tococcus thermophilus, were obtained daily from a local

food store. The fish were satiated in the morning. The fe-
ces were collected in the evening. The feces wem fermented
by a rotator (8 rpm) for 14 days under 23%. Algal growth
potential (AGP) of this fecal medium was determined by
using culture of Nunnochloropsis  oculuta. The culture
experiments of N. ocufatu were conducted in an incubator
adjusted to 23°C.  7500 lux and 12L12D.  The AGP tests
were repeated seven times in the Faculty of Agriculture,
Kinki University, during January and March 1995. The
maximum population density was used as AGP through-
out the culture experiments. At the end of the experiments,
water qualities such as NH,-N, NO,-N, NO,-N and PO,-P
in the fecal medium were measured

RESULTS AND DISCUSSION

The results which showed relatively higher AGP
throughout the experiments are presented in Pigs. 1 and 2.
In trial 2, the U-Y mix group showed a higher population
density of 86.6 million cells/ml. The population densities
in Ulva,  yogurts and DP groups were 68.5,48.3 and 42.2
million cells/ml, respectively. In trial 4, the Ulvu-supple-
mented group showed the highest population densities
through all the trials as 93.4 million cells/ml (Pig. 2). The
densities in the U-Y mix, yogurts and DP groups in trial 4
were 88.6, 76.6 and 30.0 million cellsknl, respectively.
The results obtained in each trial are summarized in Table
1 and Fig. 3. The highest population density was found in
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Fig. 1. Population gmwth  ofNannu&loropsis  ocuiata  cultured
by the fecal  medium oblaincdfrom  red sea bream fed on pmbiotic
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Fig. 2. Population growth  of N. oculata cultured by the fecal
medium obtained from  red sea bream fed by pmbiotic supple-
ments. (4th trial)

the U-Y mix group which showed 71.4 million cells/ml
an average. The second highest density, 68.5  million cells/
ml, was observed in the Ulwa  gmup. The third measure-
ment was yogurts. The final fourth one was observed in
the DP group. The DP group showed lower growth rates
throughout the experiments.

Table 2 shows the results of water quality analysis ob-
served at the end of the experiments. EWP ratios in the
yogurts, iJlva. U-Y mix and DP groups were 9.9, 15.2,
72.5 and 190.5, respectively. The ratio in the DP group
was duly high. It may be concluded that the higher
IMP ratios caused lower algal growth rates.

Higher algal growth rates should reflect the fast mate-
rial icings in the waters. When the fish were fed on
Vulva m&or yogurts, each group showed higher algal

rates. TIkmfOm, those  probiotic treatments are ef-
fective for fast mate&l cyclings ia the waters. This sys-
tern could be termed an envimnmentily friendly culture

method. Recently, the sustainable aquaculture systems
based on the homeostasis of ecosystems have been stud-
ied by several biologists (Ackefors 1990, Hirata 1989, Lee
1995). The problem is how to promote the energy flow ia
the sea farms. Nagahama and l3irat.a  (1989),  XU and Hirata
(1990),  Hirata et al. (l994),  Yamauchi  et al. (1995),  and
Matsuda et al. (1996) have studied the feedback culture
system by the polycultnre of Ulvu  and red sea bream andI
or Japanese flounder, Paralichthys olivaceus.  According
to their reports, when the fish were fed back on 2% Of the
sterile Ulwa per diet, the growth rates increased 1.5%,  With
higher survival rates. Dis~oWd oxygen contents in the
PolYculture  cage increased 9%. The carbon dioxide in the
cage decreased 4%. The UEva  group in the present exped-
ment reconfums the results obtained in the reports mea-
tioned above.

probiotic  Culture systems have been developed in the
fiekls Of animal husbandry (Fukushima and Nakano, 19951,
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1

big. j. Average of thefirst  to seventh trial on the population growth of N. oculata cultured by thefecal  medium obtainedfmm  red sea
bream fed on probiotic  supplements.

Table 1. Algal growth rates of Nannochfum@s  oculata in each trial. (MP: Moist Pellets, DP: Dry Pellets, U:
UIva, E Yogurts)

Trial 1 41.2
Trial 2 68.5
Trial 3 66.0
Trial 4 93.4
Trial 5 42.2
Trial 6 33.6
Trial 7 134.8
Average 68.5
S D 33.1

MP+Uiva MP+Yogurts MPGJY (mix)
(x106  cells/ I&)

44.8 53.0
48.3 86.6
63.0 79.3
76.6 88.6
45.6 46.2
44.9

105.3 14.7
61.2 71.4
21.1 16.2

DP only

42.2
48.5
30.0
25.4
17.7
64.0
38.0
15.5

Table 2. Inorganic nitrogen and phosphate contents in the fermented fecal medical. (IN: Inorganic N&m-
gen, IP: Inorganic Phosphate)

Yogurts
Ulva
UY (mix)
Control

NHCN

5049
17909
24735
48589

N02-N N03-N PO4-P INAP
#g-a~)

tri. tli. 509 9. 9
tli. tli. 1178 15. 2
tri. tri. 341 72. 5
tri. tri. 25.5 190. 5
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In the case of aquaculture, however, the probiotic research
field has just been initiated. The yogurt supplements in
this experiment couid possibly be applied to the probiotic
techniques in aquaculture.
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Monitoring Systems Useful in Mass Production of Larvae
for Japanese Fish Culture

Seiichi Kanamaki
Fuyo  Ocean Development and Engineering Co.. Ltd.

8-2 Torigoe 1, Taito-ku, Tokyo Ill, Japan

ABSTRACT
Recognizing a need for quantitative and labor-saving management in fish culture tech-

nology, we describe monitoring systems actually in use for continuous measurements in
mass production in Japan, with special reference to two systems for water quality regula-
tion: first, a basic system of independent and centralized measurement types for selected
water quality parameters (temperature, hydrogen-ion concentration, and dissolved oxygen),
and, second, a system for regulating the phytoplankton culture medium. Chemical and op-
tical sensors contribute together to the functioning of these systems. Effective integration of
these newer monitoring methods with empirical ones now in use should be me next step in
automated monitoring.

INTRODUCTION
The mass production of fish fry has expanded in Japan

to reach a level of more than one million fry a year in most
of the fish culture facilities which rear such species as the
red sea bream, Pagrus major, and the Japanese flounder,
Paralichthys olivaceus. Nevertheless, such mass produc-
tion has not been easy, because of some difficulties in con-
trolling the process, even if the latest technology was used.
This problem has indicated a need for a focus on estab-
lishing in these facilities monitoring systems for continu-
ous measurement with quantitative and labor-saving ca-
pabilities.

We here describe the monitoring systems actually in
use at related facilities in Japan, with special reference to
two models for water quality regulation-one effective for
basic parameters of water quality and the other for me-
dium regulation in phytoplankton culture.

BASIC WATER QUALITY MONITORING SYSTEM

MONITORED SUBJECTS
Fish farming facilities now use continuous measure-

ment of temperature, hydrogen-ion concentration @H), and
dissolved oxygen (DO) for water regulation in culture
tanks, especially for brood stocks and larval breeding. In
those continuous measurements, water temperature is al-
ways fundamental, and it has been measured for a longer
time period than the other parameters. Recently, the other
two parameters-pH and DO--have become popular items
for continuous measurement. Earlier, Fujita et al. (1982)
developed a continuous measuring system of water qual-
ity, including temperature, pH, and DO as well as flow
rate in the fish fry tanks at the Kagoshima Prefectural Fish
Farming Center, Tanunizu.  They did not, however, em-

phasize the importance of other parameters, such as salin-
ity and turbidity.

MODEL TYPES AND DESIGN
Up-to-date models of the continuous measurement sys-

tem may be classified into the following-types 1 and 2-
from the merit-rating viewpoint. The type 1 system con-
sists of three parts (Fig.1):  sensor. monitor, and receptor
or computer parts. The sensor part is composed of a set of
sensors and their terminal devices. Every tank to be mea-
sured is furnished with the set. The terminal device con-
verts sensor signals, and transmits them at 4-20 mA to the
monitor. This part may receive sensor signals from a maxi-
mum of 16 terminals, display available measurements,
convert analog signals to digital ones, and transmit these
data to the receptor. This final part is a personal computer
system which on the one hand displays on the cathode-ray
tube necessary information, that is, measurement-related
graphs, indicated alarms, and daily and monthly reports,
and on the other hand stores available data. Alarm signals
are automatically reported from the receptor to pro-
grammed addresses through an emergency warning de-
vice.

This type of system is rather simple to assemble and it
provides continuous data at selected intervals. Another
advantage of this type of system is its compensability. If
any part of the sensor fails and does not transmit signals,
other component parts may transmit an effective amount
of signals. In fact, the most accepted system in Japan is
this type.

If we consider the type 1 system independent in the
disposition  of sensors, the type 2 system (Fig. 2) provides
a centralized disposition of sensors. The type 2 system
consists also of three parts: sampling, sensor-monitor, and
receptor. Sample water is conveyed for measurement from
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Fig. 1. Composition of the  monitoring qxtem model type 1.

Brerdin# tanks

Canduft  IIne

Rwsptor Sanror-Monitor

Fig. 2. Composition of the monitoring system model type 2.

a group of tanks up to the sensor-monitor by a pumping
appamtw attached  to each tank through a conduit line. The
~~r-rn~~~r is regulated to accept the sample water into
a reservoir at intervals from the respective tanks for mea-
surement~ As soon as the reservoir is filled with water, the
water flows down automaticahy  into the succeeding tank
with a set of sensors for common use. The set is composed
of semors which measure temperattlre,  pH and DO, as well
as some opticai parameters of water quality. This optical
sensor unit will be iliustrated in detail later. Additional
functioas  of this part of the system may be (1) automatic
c o~~e~~~g~e~~~,~d(2) analarm
setting for regulation of given parameters w&in the pro-
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from analog to digital signals, and transmitted to the re-
ceptor through a communication apparatus. The final part,
or a computer system, stores and controls continuous mea-
surements and other necessary data as a functional data
base for breeding management.

The type 2 system offers some advantages; first, it
economizes on sensors which may be very expensive, and
reduces professional maintenance, such as regulation of
delicate sensor units; second, it easily gives higher preci-
sion to the data, because each parameter is measured in
this system by a single sensor unit, and most of the mea-
surement errors among different units may be eliminated.

Kamunaki and Shirojo (1994) tried to develop a type 2
model (Fig. 3). applying an up-to-date sensor unit of op-
tics, under the following circumstances: during early stages
of fish breeding, phytoplankton species of Natmochloropsis
are usually added to the rearing water to feed the rotifers
as well as to improve water quality. Concerning the feed-
ing of the animal, inspectors determine when and how
much phytoplankton should be added. Too much may cause
a persistence of prey organisms in the water; this may re-
sult in a sudden deterioration of water quality by rapid
mortality  of the prey organisms. To regulate the addition
ofphytoplankton,  concentrations may be controlled on the
basis of numerical data provided as relative fluorescence
intensity by a sensor for chlorophyll a with an excitation
wavelength of 436 nm and an emission wavelength of 685
nm. This sensor may be used to measure detritus concen-
trations in combination with a beam transmittance sensor
for near infrared rays.



L a
Fig. 3. Flow diagmm of water quality monitoring by opticalmeasurement.  Columns: lefl, sensor series: middle, measured proper-
ties; right, estimated properties. EX: excitation wavelength; EM: emission wavelength (Kanamaki  andShimjo  1994).
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During the period of larval breeding in standing water,
the feeding of the rotifers eventually reduces water qual-
ity in the breeding tank. Preventive measures for this trend
are to exchange water appropriately just after the period
when larvae grow enough to adapt to a stronger flow dur-
ing water exchange, and just before a lethal deterioration
of water quality. This larval breeding management tech-
nique has previously depended upon the empirical esti-
mation of the technicians in charge.

As for the water exchange in larval breeding, numeri-
cal management is useful for this maintenance, depending
upon continuous measurement of nitrogen in the form of
ammonium ion (NH,-N), and chemical oxygen demand
(COD) in a dissolutive condition. Dissolved matter may
be detected through the absorption coefficient of ultravio-
let rays in filtered water. This coefficient is measured by a
beam transmittance sensor. Water pollution in the rearing
water then may be indicated by the absorption coefficient
of ultraviolet rays in relation to the concentration of the
dissolved matter.

In the field of marine science, optical sensors have been
developed especially for oceanographic observation and
for biotechnological management in fish culture, and have
become available in small-sized and moderate-priced
models. Similar models could be easily applied to water
quality monitoring in aquaculture operations. The follow-
ing are important current models: (i) a fluorescence inten-
sity sensor (Fig. 4) designed by the Fuyo Ocean Develop-
ment and Engineering Co., Ltd., Tokyo, Japan, especially
for continuous measurement in a high density; its size is

Fig. 4. A fluorescence intensity sensor unit for conhnuous mea-
surement. A wiper is prwvided  to keep clean its light-slanting
window at the center of the body.

30 cm in diameter and 45 cm in length; (ii) a smaller sen-
sor (Fig. 5) with the same function as above for oceano-
graphic observation, designed by the ALEC Electronics
Co., Ltd., Kobe, Japan; (iii) a sensor (Fig. 6) of the same
function and purpose as above, designed by the Western
Environment Technology Laboratories, Inc., Philomath,
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Fig. 6. A smaller fluorescence intensity probe (right) for oceano-
graphic observation (catalog of CT and C Co., Ltd., Tokyo, 
Pa@.

Fig. S, A_flumzscence  intensity measunizg instmntentforoceano-
&vzpMc observation. SmWor  assemblage: at the foot part (frvm
kj% 10 ~~~~~ .MWW fOF salhity,  fltmescence  intm.&y,  and tur-
hid&y; lnsirtc the body, seam far water temperature  and depth

OR, USA; (iv) a turbidometer (Fig. 7) with scattering and
trausmittance  light measurement functions, designed by
the Automatic System Research Co., Ltd., Tokyo, Japan,
to monitor the cell numbers of culturkd microorganisms
(Yamane 1993).

MATliEMATICAL BASIS FOR MONITORING
ALGAL DENSITIES

To estimate the concentration of hbwchlompsis  spe-
ties of detritus, the following series of equations is appli-
ciible.

The relationship between Mantwchloropsis  density (N)
and ff uorescence intensity (F) is given in equation (1). and
total attenuation coefficient in equation (2) as a function
of N and detritus contention  (D).

F=aN (1)
where a is a proportional coefficient.

&C,)h = B&v + +@I (2)
Where c is tCXal attenuation coefficient of culture water;

A turbidometer unit for monitoring the ceil n&er of microor-
ganisms. Parts assemblage mm left to right): contmller and a
set ofpmbes (high-temperature-resisting-type and standard one)
(c@dog  of the Automatic System Research Co., Ltd., Tokyo,  
PH.
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Fig. 8. A forced gas feed system composition for high density culture of phytoplankton.

cW, total attenuation coefficient of pure water; h, wave-
length; 8, y, proportional coefficients.

In these equations, the terms for dissolved matter and
rotifers are negligible. In these interrelationships, the equa-
tion (1) gives the fluctuation of the plankton density. This
is derived by measuring fluorescence intensity, F, because
CL may be previously given on a working curve of F and N.
The detritus concentration, D, is given from the interrela-
tionships shown in equations (1) and (2); the elimination
of N in these expressions gives equation (3), or an interre-
lationship between F and the left side term (c - cW) h.

(c-c,),=%F+yD (3)

These equations may give total attenuation coefficient, yD,
continuously in relation to D , because either c or F is a
continuous measurement.

MEDIUM REGULATING SYSTEM FOR PHY-
TOPLANKTON CULTURE METHODOLOGY

The second monitor system introduced here is a man-
agement system for phytoplankton culture through regu-
lation of the culture medium. This culture is well known
as a basic requirement for feeding of fish larvae. Recent
efforts have been aimed at establishing a high density and
stable culture of nutritive phytoplankton by adding car-
bon dioxide gas into the culture medium, in order to con-
trol photosynthesis, Hamasaki and Maruyarna (1991) stud-
ied the effect of carbon dioxide gas added to

Nannochloropsis culture, and they suggested that it is use-
ful to add the gas into the culture medium especially dur-
ing a high water temperature period. An adequate solution
has not been found, however, for the problem of how to
obtain better effects from the gas supplement and how to
regulate such a treatment appropriately, although feasibil-
ity studies have been started already on fish seed produc-
tion by highly motivated researchers (Osawa and Nagano
1994).

As for our experimental application (Fig. 8), the gas
supplement is regulated by an on-off control in relation to
the pH level in the culture tank containing sensors for tem-
perature and pH. As another aspect of our experiment, we
used an optical device, or beam transmittance sensor of
near infrared rays, to measure continuously the density of
cultured phytoplankton. Available data are derived from
the transmittance of a parallel ray pencil of 690 nm in the
culture water. The transmittance can be converted for suit-
able analysis to total attenuation coefficient as given in
equation (4).

(c-cJi=)ln(K,+)
Y

where L is the path length; q, a correction factor; IW, value
in the water; I, , value in the air.

In the case of the 690 run wavelength light, optical ab-
sorption by dissolved matter is so little as to be negligible
in the culture medium. The total attenuation coefficient
concerned with the phytoplankton, c’~, may be given by
equation (5).
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c’@.& = %a-%m (5)
where the background estimate, ct, 690, is de-
ducted. The total attenuation coefficient, c’~~,
may fluctuate in proportion to the density and
projective area of planktonic cells as shown in
equation (6),

C’,=zSZ,,nA (6)
where Q,, is efficiency factor: n, density in
number of Nannochlompsis species per unit
volume; A, projective area of the cells.
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Consequently, at alight intensity period when
cells do not increase in number, fluctuation of
the phytoplankton growth apparently depends
on the projective area, in close relation tdo the
ceil growth in diameter. On the contrary, con-
sidering the behavior of daily periodical mea-
surements, the projective area is almost inac-
tive at every daily measurement. This means that
the coefficient is affected exclusively by the cell
numbers in this case. Based on equation (7). the specific
growth rate, p, is opticaily  estimated with the aid of c’690,
or continuous measurements of the total attenuation coef-
ficient in relation to the phytoplankton growth,

&*=
pF (7)

Fig. 9. Relationships of specific growth rate (ordinate) with the culture pe-
riod (abscissaa, days).

100, , , , , I I I I , , , , I

where F = 1 in the exponential growth phase; F = exp I - 6
(t-td) Iinthe~~~ggrowthphase;)~specificgrowth
rate in the exponential growth phase; 6, decreasing growth
faciar; td, days elapsed before the decreasing growth phase.

As referrud to already, the variable c’690 is proportional
ta the ph~pl~o~ cell numbers. Therefore, equation (8)
can be formed for the growth curve in the exponential
growth phase, and in this case the rate is regarded as con-
stant:

1 ffdm =fk (8)
t-cm  dt

In the decreasing growth phase, equation (9) indicates that
the rate decreases exponentially with the passage of time.

1 dcrm =pexp{ -6(t-r,)/ (9);I--cW dt
The change seen in the phytoplankton cell numbers may

be deduced by applying this equation to the growth pro-
cess of the organisms.

AN APPLICATION
In some af our experiments with synchronized culture

for ~~~lo~psis~  fluctuations in specific growth rates
SeeEn  to reveal an interesting fact (Fig. 9). In those cases,
the trend is apparentiy divided into two phases: a stable or
~o~~tp~ and a Salty decreasing one. The former
ph@e  CorreSpands  to the change in the exponential growth
Phase mf@n?d  to in the equation mentioned above, and

I!%

the latter one corresponds to the change in the decreasing
growth phase in the same case. In other words, the equa-
tion, especially in the latter phase, approximates effectively
the phenomena concerned.

Based on the regression lines obtained from experiment
No.3 (Fig. 9), the cell density in the stable condition may
be estimated to reach the level of 1300 x 104 cells/ml.

Our information indicates that the continuous measure-
ment of total attenuation coefficient will give us, with the
succeeding analysis of the growth curve, the attractive
possibility of monitoring the duration of the stationary
period and the cell number of the phytoplankton of
Nannochloropsis species.

1.

2.

3.

4.

SUMMARY AND CONCLUSION
The present condition of continuous measuring sys-
tems for fish larval production in Japan is briefly re-
viewed from the viewpoint of their functions.
Current models of the monitoring system are effective
for important parameters of water quality as well as
for regulating the medium in phytoplankton culture.
These models are described in terms of their composi-
tion and peculiarities, with necessary mathematical
background for monitoring sensors.
Advanced systems for the quantitative control of fish
larval production will depend on an effective integra-
tion of numerical data available from the systems in
question with those provided by empirical technolo-
gies for breeding management, through further devel-
opment of electronic monitors.
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ABSTRACT
Over the past decade, regulatory agencies have begun to view the environmental impact

of wastes discharged from high density flow-through fish production systems witb increas-
ing concern. At the same time, recirculating aquaculture  systems have gained wider accep-
tance because of their ability to reduce waste discharges, improve quality contml  and re-
duce costs. The crucial processes that must be addressed in treating recirculating water are
solids capture, biofiltration,  aeration, degasification and ion balance. Designs that integrate
two or more of these processes provide the greatest potential for cost reduction. The tech-
nology that is the focus of this paper is an expandable granular bioftiter (EGB).  which
integrates solids capture and biofihration  in a single unit process, Backwash frequency is a
major operational parameter of EGBs,  influencing the volume of sludge produced and the
nitrification rate. Computer and mass balance models are used to describe the relationship
between solids residence time, sludge production and nitrifkation  rates. The models show
that infrequent ba&lushing  decreases water loss and sludge production. although nitrifica-
tion rates decline for extended solids residence times. Declining nitrification rates reflect
decay of the accreting solids mass-which creates an internal ammonia and BOD load,
decreasing the oxygen available to the nitrifiers because of heterotrophic competition for
oxygen and impeded mass transfer as the bed becomes occluded. Nitrification appears to be
optimized with solids residence time in the range of 2-3 days, for filters utilized as the
primary solids capture device. The focus of this paper is: (1) primary in-filter solids stabih-
zauon;  (2) the effect of in-filter solids stabilization on nittification; and (3) post-discharge.
pre-disposal digestion of aquacuhural  solids.

INTRODUCTION

As waste discharges from flow-through systems have
become the subject of increasing scrutiny by government
regulatory agencies, recirculating systems are increasingly
seen as a potentially effective means of minimizing the
impact of large-scale aquaculture on water and environ-
mental resources. High density recirculating aquaculture
systems (RASs) allow for systematic optimization of costs
and the environmental variables that determine the qual-
ity of the targeted aquatic species. Fish culturists in the

United States are adopting RASs  to enhance the produc-
tion of highly valued products including tropical fish, or-
namental goldfish and soft crabs. Researchers have been
working toward integrating the functions and improving
the efficiency of recirculating system components. The goal
for recirculating systems research is extending the eco-
nomic viability of RASs  to commodity- priced products.

The five processes required to recondition water in a
recirculating system are solids capture, biofiltration, aera-
tion, degasification and ion balance. Solids capture is the
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removal of feces, uneaten food and suspended bacteria, and are more easily cleaned than sand filters. Filtration of
and it can be performed by settling tanks, mkrOSc~%S  or total suspended solids (TSS) is accomplished by settling,
granular  films.  Biofiltration  is the conversion of dissolved straining and interception within the granular bead ma-
organics  and toxic nitrogenous compounds to bacterial trix, and the bead bed operates simultaneously as a fixed
biomass. Several common biofilters  are rotating biologi- film bioreactor. Periodic washing removes excess het-
cal contactors (RBCs), trickling filters, fluidized beds and erotrophic bacteria and highly organic solids, which accu-
granular beds. Aeration is often provided by blowers and mulate in the interstitial spaces between the beads.
air stones, and it must be sufficient to meet the respiration Backwashing mitigates solids ammonification and occlu-

demands of the culture species and the bacteria in the sion of the filter bed, so it is the primary means of opti-
biofilter.  Degasification is the removal of carbon dioxide mizing filter performance.
that results from respiration in the system. Degasification The benefit of this filtration approach stems from the
can be achieved concomitantly with aeration by spaxging extremely low water loss associated with solids removal,
a sufficient volume through air stones, or it can be per- and the large specific surface area (1100 m2/m3)  provided
formed separately in a packed column. Ion balance is nec- for the growth of bacteria. Low density polyethylene beads
essary to cotrect potentially harmful chemical imbalances (3-5 mm in diameter) are employed as a filter media in an
in systems where the water exchange rate is very low. Ion upflow pressurized configuration. The beads are less dense
balance may be achieved by increasing the water exchange than water, float above the injection line and are retained
rate, addition of chemicals or demtr&ation for nitrate in the filter by an overlying stainless steel screen. A pro-
removal. Each of thesecrucial processes must be addressed peller, embedded in the filter media, is activated for peri-
to provide minimally acceptable water quality for the cul- odic cleaning. The filtration bed is underlain by a cone-
lure species. shaped settling chamber, and as shown in Fig. 1, the filter

System efficiency can be increased by the addition of has four operational modes.
optionat processes: foam fractionation, ozonation, W dis- During a typical filter operation (Step l), nitritiers-
infecting or denitrification. Foam fractionation removes which convert toxic ammonia and nitrite to stable nitrate-
or@nics that are not easily oxidized by bacteria, which and heterotrophic bacteria-which remove biochemical
helps control fine solids (<IO CL).  A foam Eracxonator  is oxygen demand (BOD)-become  attached to the filter
simply a tube conning air stones, where fine particles
form foam at the air-water interface for removal at the

media. Heterotrophic bacteria, which grow more rapidly,
soon fill the pore spaces between the beads. As solids and

surface. Gzone is an effective oxidant used to remove re- bacterial biomass accumulate, solids arnmonification in-
fractory organic material, which contributes to color prob-
lems and bacteria Dhmvioiet  (UV) light can be used to

creases and the transfer of oxygen and nutrients to the bac-

control many forms of bacteria algae and some viruses,
teria in the filter is impeded. Triggered by a timer, pres-

reducin8 disease outbreaks. Denitrification addresses ion
sure sensor or computerized control unit, the propeller-

imbahmce created by the nitrification process, removing
driven backwash sequence is implemented, homogeniz-

excess nitrate and replenishing alkalinity. These processes,
ing the bed into the underlying settling chamber (Step 2).

although usually considered optional, may become man-
When the propellers are turned off, the beads float upward

datory if stocking density is very high, the water reuse
reforming the fiitration  bed, while the accumulated solids

period is extended or endemic disease becomes a prob-
and the bulk of the heterotrophic bacteria become concen-

lem.
tmted  in the bottom of the settling chamber (Step 3). While
a large part of the solids accumulating in the settling cone

EXPANDABLE GRANULAR BIOFIL,!l’ERS
consist of bacterial biomass that are grown in the inter-
vetting filtration cycle, a portion of the nitrifying and het-

Solids capture and biofiltration are often performed as erotrophic bacteria remain attached to the beads. After
sequential unit optmtions  in IUSs. For example, a set- backwashing,  the solids are allowed to compress, forming
tting basin  followed by a rotating biological contactor  is a a concentrated sludge that can be removed with only rnini-
~~~y*u~~~~On~~y 1991,VanGorder  1991). mal water loss (Step 4). Since water loss is negligible, the
An expandable @anular biofiher (EGB) performs both solids can be harvested frequently and little of the particu-
pmces’%es in a single operation. Early EGB c~nfigt~at&s, late BOD from solids excretion is expressed in the sys-
such as the UpfloW sand filter (Burden 1988, Malone and tern. Thus, the bead filter is capable of mitigating extremely
Burden t988),  were limited in total ammoma &ogen h@ wasteloadmgs.
(TAN)  conversion and solids capture by the flui&zeon Bead filters compare quite favorably to trickling filters
chatacteristics  of the sand These limitations were over- and RBCs,  which are clearly effective biofiltration units
come in EGBs  thmu&h  the use of low-density floating pias- (Table 1). However, trickling filters and RBCs must main-
ltic beads. Bead filters exhibit superior oxygen transport tain high porosity to avoid biofouhng, which limits their

specific surface and thereby their volumetric conversion

158

-



Golz, Malone  and Chea

Area1  TAN Specific Volumetric TAN
conversion surface area conversion
Wm2-day) mZ/m3) glm3-day)

0.280 150 41

0.064 2350 152

0.23 1 1230 286

0.291 1050 308

0.284 2350 633

capacity. On the other hand, fluidized beds display supe-
rior volumetric nitrification rates, but they must be used
in conjunction with a solids capture device. Use of a bead
filter for nitrification, in lieu of a fltidized bed, is predi-
cated on the assumption that integrated treatment is more
cost effective. That is, a bead filter sized for nitrification
will be less costly than a properly sized solids capture de-
vice and a fluidized bed.

SLUDGE PRODUCTION
All the sludge generated from a recirculating aquacul-

tural system can be equated to the feed. Assuming a typi-
cal feed conversion ratio of 1-2 kg feed/kg fish, and ne-
glecting the impact of uneaten food, 80% of the feed (on a
dry mass basis) put into an aquacultural system will even-
tually be wasted as fish excretion products (Hopkins and
Manci 1989). Sludge volume is a major factor in design-
ing a waste treatment system for effluents. Sludge volume
generated from a recirculating system is controlled by the
amount of solids produced (measured as kg of dry weight
solids) and the degree to which the solids are concentrated
in the effluent stream. Total sludge production from a re-
circulating system can be estimated by considering direct
fish excretion, solids breakdown and biofloc production
from soluble BOD excretion. The concentration is con-
trolled by the solids removal technique employed to cap-
ture solids from the recycled stream. Solids production
can be quantified through a mass balance that considers
the major solids fluxes:
d(MJ/dt=F*M,(E,+Eb*YH)- k,*M,*S”-H,*M, (1)

Where:

Table 1. A comparison of TAN conversion rates for common biofRter  types.

Filter type

RBC

Upflow sand

Hydraulically
washed EGB
Mechanically
washed EGB

Fluidized bed

Reference

Mississippi Power and
Light demonstration facil-
ity, Greenville, MI (Malone
et al. 1993)
Commercial softcrayfish
facility (Burden 1988)
Experimental scale cattish
system (Wimberly 1990)
Mississippi Power and
Light demonstration facil-
ity, Greenville, MI (Malone
et al. 1993)
Experimental scale chemi-
cally fed (Thomasson 199 1)

M, is the mass of solids in the filter bed (mass);
MO is the mass of cultured species (mass);
E, is the solids excretion ratio (mass TSS/mass  feed);
Ea is the dissolved BOD5 excretian  ratio (mass BODS/
mass feed);
Y, is the heterotrophic yield (mass VSS/mass  BOD,);
k, is the solids decay rate (d-l);
Sv is the volatile solids fraction (unitless); and
H,= hff,, (2)
Where: H, is the solids harvest rate (d-l);
h, is the solids harvest fraction (unitless); and
ft, is the backwash frequency (d-l).

The direct solids excretion ratio (E,) has been observed
as 0.40 (Speece 1973) to 0.52 kg/kg feed (Liao and Mayo
1974) for trout and 0.43 kg/kg  feed for caffish (Wimberly
1990). Other reported TSS excretion rates for catfish
ranged from 0.18 to 0.69 kg/kg feed (Page and Andrews
1974, Ruane er al. 1977). Solids excretion rates clearly
vary with species, temperature and feeding rates. HOW-
ever, values of E, in the range of 0.3 to 0.5 am common.

The soluble five-day biochemical oxygen demand
(BOD,) excretion rate can also be expressed as a fraction
of the feeding rate. Based upon a study of channel catfish,
Murphy and Lipper (1970) reported the soluble BOR, as
58% of the total BOD, excreted, whereas, BOD, in par-
ticulate matter was 42%. Wimberly (1990) found that the
soluble BODs  excretion ratio was 0.05 kg BOD&g feed,
or about 23% of the total BOD, excreted.

The first-order solids decay rate (k,) at 2o’C  varies  With
solids  residence time (SRT);  k reportedly varies from 0.124
s~P.5" (2. Ning, Louisiana State University, Baton
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Rouge, pers. commun. 1995) to 0.278 SRT-“.518  (L. Wang,
louisian a State University, Baton Rouge, pers . commun.
1995). The volatile suspended solids (VSS)  fraction of cat-
fish excretions has been reported as about 0.9 by Wimberly
(1990) and as about 0.7 for Kemp’s ridle y sea turtles
(Malone et al. 1990),  red swamp crawfish (K.M.Cange,
Louisiana  State University, Baton Rouge, pers. cotnrn.
1987) and blue crabs (Burden 1988).

The solid production from biofiltratio n depends on the
growt h of bacterial biomass during the breakdown of dis-
solved organic s (BOD5) and nitrification. Considering
ammonia nitrogen excretion rates of 1.8 to 4.6% of the
feeding rate (Page and Andrews 1974, Ruan e et al. 1977,
Wnnberly 1990)  and the stoichiometz y of nitrification cited
by Wheato n (1977). biomass production due to nitrifica-
tion is negligible at 0.3% to 0.9% of the feeding rate. The
biomass production due to dissoved BOD, consumption,
on the other hand, is more significant. For example, if the
soluble BOD, excretion is 0.05 kg BOD,/kg feed, as re-
ported by Wimberly (1990). biofloc production will be
about 6% of the feed rate.

H, is related to the solids residence time (SRT) by:
SRT = l/H, (3)
The solids harvest rate for a given bead filter can be

determined by washing the filter repeatedly and estimat-
ing the harvest fraction, and SRT can then be estimated
for a variety of backwashing sequences. With a backwash
frequency of once every two days, a filter with a harvest
fraction of 0.5 will have a I-I , of 0.25 and an SRT of 4
days.

The sludge productio n constant Sp (kg/day) from the
system is defined as:

Sp=Hs*M, (41
The concentration of the sludge stream (Sc, kg/m3) is

determine d by the efficiency of the sludge separation pro-
cess and the amount of flushing or washdow n water (Qs,
~3kby)  required for the sludge removal.

SC = Sp/as (5)
Calibration of a computer model, using Equations 1

through 5, resulted in ks = 0.665 d-r for an SRT of 3.5
days. Because aquaculture sludge is partially digested in
the filter, k, values for sludge with a high SRT are usually
lower than those observed for municipal waste (0.48 SRT
o*4rs,  Rich 1982).

Equations 1 through 5 can be used to estimate sludge
Pmuctio n from a proposed recirculating configuration.
Tabl o 2 illustrates that the mass of total Kjeldahl nitrogen
ar & the volume of sludge generated by fish is comparable
t”‘tha t of other commercially raised animals.

DISCUSSION
Direct discharge of untreated aquacultura l solids to re-

ceivh3  streams, e.g., in flow-thmugh systems, can cause

a variety 0f problems including oxygen depletion, nutri-
ent enrichment, loss of water clarity and destruction 0f
benthi c communities by the formation of sludge deposits.
However, in recirculating systems, water discharge rates
ar e negligible, e.g., SlO%/day , and effluent streams can
be clarified, separating and concentrating settleable solids
prior to discharge. Although the sludge itself must be dis-
posed of throug h land application or landfilling, the mate-
rial has been partially oxidized by biofilter bacteria. The
two issues most important to successful aquacultural sol-
ids management are (1) managing primary in-filter solids
stabilization to minimize its impact on other critical sys-
tem functions and (2) selecting the most appropriate post-
discharge treatment option.

As can be seen from Equation 4, the mass of sludge
produced from a recirculating system (S> is the product
of the solids content of the system (M,) and the sludge
harvest rate (H,). However, Hs and SRT are inversely re-
lated through Equation 3. Decreasing H, tends to decrease
sludge production as the amount of solids decay increases
with SRT, but solids ammonificatio n and mass-transfer
constraints also increase with SRT, causing apparent ni-
trificatio n to decline. Chen et al. ( 1993) applied Equations
1 through 3 to a model of a hypothetical finfish system of
a loo0 kg capacity. Utilizing constant values for E,=O.4,
E,=0.05, Y&.4 and k,=O.36,  a reduction of about 50%
in discharged sludge mass was achievable by manipulat-
ing the bead filter backwash frequency. However, the cor-
responding increase in sludge mass held in the system ul-
timately increases aeration and degasification burdens on
the recirculating system and causes the apparent nitrifica-
tion rate to decline. This phenomenon constrains efforts
to manipulate SRT for purposes of sludge volume reduc-
tion. Naturally, the SRT-nitrification relationship will de-
fine the maximum sludge reduction and the backwash fre-
quency should be manipulated to optimize nitrification.

Sludge management policies should focus on increas-
ing S, (Equation 5), since the concentration of solids var-
ies dramatically with the type and management of the sol-
ids control device employed in the recirculating loop (Table
3). Additionally, the sizing criteria and cost of the stabili-
zation and disposal options depend upon the volume of
sludge produced, If the solids capture device in the pro-
duction system is not capable of concentrating the solids,
then an external clarifier should be used to achieve the
desired sludge density. Consideration should be given to
partitioning sludge stabilization between internal and post-
discharge treatment processes. Integrated design allows
for overall minimization of treatment costs, reduction of
the potentia l for adverse environmental impact and en-
hanced RASE efficiency.

Bead filters  are designed with internal settling cones,
to facilitate single stage sludge concentration (Fig. 1).
Additionally, the sludge retention time can be controlled
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Fig. 1. The four operational modes of an expandable granular biofirter  (EGB).
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Table 2. Comparison of waste generation rates of commercial animals (kg/d).

Animal BOD TSS TKNSludge  vol.

Fish 1.13 3.9-6.3 0.2-2.32 65-630
Beef cattle 1.6 9.5 0.32 30

Dairy cows 1.4 7.9 0.51 51
Poultry 3.4 14 0.74 37
Swine 3.1 8.9 0.51 76

Reference
Chen et al. ( 1993)
Middlebrooks et al. (1982),
Overcash et al. 1983)

“
“
“

Table  3. A comparison of slude TSS concentrations from several sources.

%Wce
Upflow  sand filter
Sand filtration
EGB
Primary sedimentation

Sludge TSS concentration
0.005-0.015%

O.Ol-0.02%
0.05-0.5%

l-6%

Reference
Malone and Burden (1988)
Metcalf and Eddy ( 1979)
Chen et al. (1993)
Chen et al. (1993)

‘Ikble 4. A comparison of sludge stabilization options.

Method
Anaerobic lagoon

Aerated lagoon

Cornposting

Anaerobic digester

Advantages
High organic loading capacity
Low maintenance
High organic loading capacity
Low area requirement
Useful end-product

High organic loading capacity
Methane generation

Disadvantages
Odor

Large energy consumption
Moderate maintenance
Dewatering required
Moderate capital expense
Complicated management
High maintenance

by the frequency, duration and vigor of the backwash.
Higher sludge retention times (2-5 days) tend to encour-
age the biodegradation of solids concomitant with en-
hanced nitriftcation rates and decreased water losses. In-
creasing the settling time aftera  backwash is another means
of significantly increasing sludge density. These factors
are important to the linkage of internal and external sludge
treatment processes.

High nitrogen contents (4-6%),  phosphorus levels of about
2% and the absence of comaminants,  such as heavy metals,
mdke aquacuhural sludge attractive  as a fertilizer (Willett
and Jakobsen  1986). Direct land application has proven fea-
sible in areas with dry climates where the high moisture con-
tent of the sludge is considered beneficial. In wet climates,
additionai stabilization of sludge may be required to avoid
odor and runoff problems. Tabie 4 lists some of the more
common methods for digesting sludge, along with the im-
portant advantages and disadvantages of each method.

Anaerobic lagoons are inexpensive and easy to oper-
ate. However, because of their odor, they are seldom suited
for any but the most remote locations. Aerated lagoons
have an organic loading capacity similar to anaerobic la-
goons with no offensive odor, but aeration equipment is
initially expensive with continuing operations and main-
tenance costs. Composting yields soil conditioner, which
is a commercially valuable end-product. However,
composting reuqires mechanical dewatering prior to stak-
ing in static piles or windrows, and static piles must be
aerated while windrows require periodic mixing. Anaero-
bic digesters are very popular for stabilizing sludge from
municipal waste treatment plants, but they are expensive
and their management requires specialized knowledge of
their microbiology.

SUMMARY
Recirculating aquaculture systems provide a means for



actively controlling the quality of the aquatic species be-
ing produced. RASs  also mitigate the negative environ-
mental impact caused by the continuous discharge of or-
ganic and mineral contaminants by large-scale aquacul-
ture production systems. An integrated approach to solids
treatment utilizes the synergy between internal and exter-
nal processes to reduce costs. Manipulation of the bead-
filter backwash regime can result in a substantial reduc-
tion in discharged sludge mass, through biodegradation,
without adversely affecting nitrification. Dilute sludge
produced by backwashing or washdown operations can
be concentrated by internal settline or by external clarifi-
cation processes prior to stabilization and disposal. Aero-
bic and anaerobic processes with extensive track records
are available to reduce the easily biodegradable portion of
discharged sludge, minimizing the volume of sludge for
final disposal. As a final disposal option, land application
appears most feasible for rural areas, whereas landfilling
may be most appropriate for urban areas.

In this paper, we have focused on solids discharge be-
cause it presents the greatest threat of environmental deg-
radation, particularly oxygen depletion and destruction of
benthic communities. However, the discharge of nutrients,
i.e., nitrate and phosphorous, can cause eutrophication of
the receiving water. The major problem associated with
nutrient enrichment is an algal bloom, providing the basis
for an oxygen crash when water quality or environmental
conditions change. Nitrate removal can be accomplished
by denitrification within or external to the RAS. If denitri-
fication is provided within the RAS, some of the alkalin-
ity lost in the nitrification process will be replenished.
Phosphorous removal methods are expensive and the re-
formulating of aquatic feeds to increase metabolically
available phosphorous is the most promising means of
phosphate discharge reduction.
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Management of a Seawater Recirculation Fish Culture
System for Japanese Flounder
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ABSTRACT
Rearing experiments of the Japanese flounder, Puralichthys  olivuceus,  were carried  out

under high fish density conditions using a closed seawater recirculation system of 22 m3 in
total water volume. After 330 days of rearing, fish grew to 480 g in mean body weight
(initial: 3.5 g) and total fish biomass in the system was 844  kg. Rearing density per unit
volume of water in the system reached 38.4 kg/m3. Because 6 and 9 m3 of the rearing water
exchanged with fresh seawater at the measurement of fish body weight, the product per unit
volume of seawater used was 22.6 kg/m3.  Ammonia and nitrite concentrations of the rear-
ing water were maintained under 1 mg-N/L during the first 100 days; however, after that,
ammonia concentrations fluctuated between 0.5 and 7.8 mg-N/L.  and nitrite between 1.0
and 4.0 mg-N/L. Nitrate concentrations increased with the cumulative amount of feed and
reached 359 mg-N/L on the 190th day. Then they decreased from 312 to 120 mg-N/L. during
the period from the 220th  to the 263rd day, because of the occurrence of denitrification
resulting from the formation of local anaerobic areas in the system. Although there were
some fluctuations of ammonia, nitrite and nitrate concentrations, these results indicate that
intensive culture of Japanese flounder is possible with a  small quantity of seawater without
daily water exchange and without direct impact on the aquatic environment by using the
closed seawater recirculation system.

INTRODUCTION
Most of the saltwater fish culture is managed with cages

on the coast of Japan. Some kinds of fish, such as Japa-
nese flounder, are reared in tanks built on land with flow-
ing water pumped from the sea. This fish culture method
is called the flow-through method. Because these two types
of fish culture depend on the natural sea and seawater, fish
growth and management of the systems are affected by
seasonal changes, weather conditions and other factors.
Moreover, these two open fish culture systems discharge
feces of rearing fish and leftovers directly into the sea.
Therefore in some areas, they cause deterioration of the
culture ground and water pollution (Piedrahita 1994, Van
Rijn 1996).

On the other hand, closed water recirculation fish cul-
ture systems have the advantage of using very small quan-
tities of water for fish production compared with flow-
through systems. Therefore, it is easier to maintain an op-
timum temperature for rearing species in the closed Sys-
tems. Closed systems have another advantage of less di-
rect impact on the aquatic environment than open systems
when waste materials from the systems are managed prop
erly.

Since 1986, we have been studying closed seawater
recirculation systems for Japanese flounder from the view-

point of obtaining optimum conditions using electric power
and also reducing the impact on the aquatic environment,
Honda et al. (1991) reported on the possibilities of inten-
sive culture of Japanese flounder without the wasteful use
of seawater, with a closed seawater recirculation system.
The present report deals with a rearing experiment of Japa-
nese flounder using a large closed seawater recirculation
system of 22 m3 in total water volume.

MATERIALS AND METHODS

REXIRCULATION  SY- AND IT?3 CNTNA~ON

The system was planned to produce 2,000 fish of 500 g
in body weight, which is the minimum commercial size
for cultured flounder in Japan. The system consisted of a
fish tank, a settling tank, two biological filters, a heating-
cooling unit, a circulation pump, a UV light unit and three
air-blowers. The minimum necessities of filter media, aera-
tor capacity, seawater for operation and bottom area of
fish tank were calculated based on the results of other ex-
periments, such as upper rearing density, respiration rate,
ammonia excretion rate of fish and ammonia oxidatian
rate of biological filters (Honda 1988, Honda et al. 1991,
Kikuchi et al. 1990,1991,1992,1994)  as shown in Fig. 1.
The schematic diagram of the system is shown in Fig, 2.
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F iltef  Media : 223mg/L;day
Minimum Filter Media
Needed : 1OCOL

Aerator Capacity :
714 - 951 L/min

Feed  Conversion
Efficiency : 110 %

Nitrate-N Accumulated : 32 kg Seayater,Nee@d without
D~l:gtficatlon Unit :

Fig. 1. Outline of design process of closed systems for Japanese flounder.

Fish Tank
6 m in Diameter

Water Volume 16 m3

Pump I
: . . . _ _ . , Ul t rav io le t
*y I L i g h t  540~

3, >.
Settling

Tank 1 m3
Biological3

FiItf:iny m
>. Pump

480 L/min

Fig. 2. Scheti diagmm of the closed seawater reeinxlation  system.
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The fish tank was 6 m in diameter and the bottom sloped
to 0.1 m in the center. Average water depth was 0.6 m and
the water flow rate at the inlet was adjusted to 0.4 m3/m.in.
The biological filters consisted of a 3-m3 main filter  tank
and a 2-m3 auxiliary filter tank COMeCted  in bypass with a
pump of 0.1 m3/min. Filter media of 1.3 m3 of small net-
type plastic, which have a specific area of ca. 350 m2/m3
and were previously well conditioned, were placed in the
main filter tank, and 0.5 m3 of filter media were also placed
in the auxiliary tank. A submersible water pump with a
capacity of 0.1 m3/min  was placed in the main biological
filter tank on the 265th day to circulate water in the tank
sufficiently. The settling tank of 1 m3 was equipped with
the system just before the main biological filter tank. To
determine the production rate of sediment in the settling
tank and biological filters, sediment was not removed from
the tanks during the first 115 days. After that, sediment in
the tanks was removed every two months. Natural seawa-
ter used in this experiment was collected at the coast near
Onjuku, Chiba Prefecture. Because the optimum tempera-
ture for the growth of the flounder is 20 to 25’C (Iwata ef
al. 1994),  water temperature was controlled at 25-C in sum-
mer and 20-C in winter. The pH of the rearing water was
maintained between 7.0 to 7.5 with NaHCO,. To adjust
the salinity of the rearing water, fresh well water was added
corresponding to the evaporated volume. Dissolved oxy-
gen of the rearing water in the system was maintained with
air-blowers and air-stone diffusers placed in the fish tank
and the biological filters. The numbers of blowers were
increased from one to three with growth of the fish. The

_ 5 1

.**.
0 Ii@. l -

0 100 200 300
Day

Fig. 3. Fluctuations of ammonib,  nitrite and nitrate concentra-
tions in the rearing water of Japanese founak

total water volume in the system was adjusted to 22 m3.
Six and 9 m3 of rearing water were exchanged with fresh dophenol method. Nitrite concentration was determined

seawater at the time of measurement of fish body weight by the Griess-Romijn  method. Nitrate concentration was

on the 193rd and 242nd days. measured with an ion chromatographic analyzer (IC-500,
Yokogawa Electric Co., Tokyo). Gxygen concentration was

REARING OF FISH measured with a DO meter (YSI model 58, Yellow Spring

On April 21, 1994, 2000 fish of 3.5 g in mean body Instruments Co. Inc., Yellow Spring). The pH was-mea-

weight, obtained from a hatchery in Mie Prefecture, were sured with a pH meter (M-8, Horiba  Seisakusho Co.,

stocked in the fish tank at a density of 70 fish/m2. The fish Kyoto). These concentrations were measured routinely

had been starved for 72 h before the measurement of body twice a week, usually on Tuesday and Friday. Water for

weight. The fish were fed until satiation on a commercial analysis was sampled in the morning before feeding.

diet containing ca. 8.5% of nitrogen twice a day from
Monday to Friday and once on Saturday and Sunday. The
feedings totaled 313. The rearing continued until fish
reached ca. 500 g in body weight. To estimate the increase
of fish biomass, body weights of 50 to 150 fish were mea-
sured at ca. 30- to 40&y intervals. On the 242nd day and
at the end of the experiment, body weights of all fish in
the system were measured. The numbers and body weights
of dead and removed fish were recorded to correct the ni-
trogen budget in the system.

ANALYSIS OF REARING WATER
Ammonia concentration was determined by the in-

RESULTS AND DISCUSSION

WATER QUALITY
Ammonia and nitrite concentrations of the rearing wa-

ter were maintained under 1 mg-N/L  during the first 100
days; however, after that, ammonia concentrations fluctu-
ated between 0.5 to 7.8 mg-N/L and nitrite between 1.0 to
4.0 mg-N/L (Fig. 3). The mean concentrations of amrno-
ma and nitrite were 1.95 + 1.62 and 1.62 + 0.88 mg-N/L
(mean + SD), respectively. As shown in Fig. 3, nitrate con-
centrations increased with the cumulative amount of feed
(see Fig. 7) and reached a maximum of 359 mg-N/L on

167
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Fig. 4. Dissolved o*ygen  levels of rearing water in the fish tank
(upper) and at the outlet of the main biologicaljilter (lower).

the 190th day. After exchange of 6 m3 of water, nitrate
concentration decreased to 277  mg-N/L  on the 193rd day
and then increased until 312 mg-N/L,. Nitrate concentra-
tions decreased to 120 mg-N/L during the period from the
220th to the 263rd day, because of the occurrence of
denitrification resulting from the formation of local anaero-
bic areas in the system and the water exchange of 9 m3 on
the 242nd day. After the placement of a submersible water
pump in the main filter tank on the 265th day, nitrate con-
centrations increased and reached 2 13 mg-N/L, and fluc-
tuations in ammonia concentrations became smaller. From
these facts, it was concluded that fluctuations of ammo-
nia, nitrite and nitrate concentrations resulted from insuf-
ficient circulation of water in the biological filter tank.

Dissolved oxygen levels in the rearing water in the fish
tank were more than 70% of saturation through most of
the experimental period. After the 100th day of rearing,
levels of dissolved oxygen measured at the outlet of the
main biological filter often decreased to 50% as shown in
Fig. 4. From these facts, it is possible that some local
anaerobic areas less than 30% in saturation levels were
formed in the biological filter and brought about denitrifi-
cation.

The total amount of NaHCO, added to the rearing wa-
ter for pH adjustment was 65 kg. The total volume of well

e
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. I ,
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curve of Japanese  j&under. Body weightmean  body weight/fish.
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Table l.Results  of 330 days rearing of Japanese
flounder.

Survival rate(%) 88.0

Final biomass(kg) 844.3
Weight increment(kg) 837.3
Feed ingested 842.0
Feed conversion efficiency( 99.5
Density per unit volume of water(kg/m3) 38.4
Density per unit area of fish tank(kg/m*) 30.1
Production per amount of water used(kg/m3) 22.6

*FCE:FSsh in wet/feed in almost dry

water used to adjust the salinity was 10.3 m3. Concentra-
tions of suspended solids in the rearing water measured
occasionally during the operation were determined to be
aImost 3 to 5 mg/L, although the concentrations increased
from 10 to 11 mg/L just after feeding.

FISH GROWTH
Although high concentrations of ammonia and nitrite

were sometimes observed, the fish grew normally com-
pared with our past experimental results and reached 480

in mean body weight after 330 days rearing, as shown in
Fig, 5. The total fish biomass in the fish tank reached 844.3
kg (Pig. 6). As shown in Pig, 7. daily feed ingestion in-
creased with fish growth and a maximum of 7.7 kg/day
was observed on the 306th day. It was estimated that ca
260 g of ammonia was excreted. The survival rate was
88% and the totat weight increment was 837.3 kg. Total
feed weight ingested by tish was 842 kg. so feed conver-
sion efhciency (fish: wet/feed: almost dry) became 99.5%.
The corrected feed conversion efficiency added to the
weight of dead and removed fish was ca 110%. The fig-
ures of feed conversion efficiencies were almost equal to
aur past experimental results and the efficiencies of juve-
nile Japanese flounder reared by flow-through systems
(S&oh et aL. 1990). The fish density per unit volume of
water in the system reached 38.4 kg/m3  and areal density
in the fish tank was 30.1 kg/m2. Since the weight incre-
ment was 837.3 kg and the total amount of seawater used
for rearing was 37 m3, the product per unit volume of sea-
water used reached 22.6 kg/m3 (Table 1). This result im-
plies that 1 kg of flounder was produced in only 44 L of
seawater

GWEN  BUDGET
Nitrogen budget in the system was estimated based on

the tomI feed weight ingested, the weight increment and

170

the total weight of dead and removed fish from the sys-
tem. In this estimation, the nitrogen content of feed was
8.5% and fish was 3.7% based on our analyses. As shown
in Fig. 8, about half (33.8 kg, 47.3%) of the nitrogen con-
tained in the feed (71.5 kg, 100%) ingested by fish was
transferred into fish protein, and another half (37.7 kg,
52.7%) was excreted from the fish into the rearing water.
This budget agreed with an earlier determination of nitro-
gen excretion rate of the flounder (Kikuchi ef al. 1991),
although the proportion of excreted nitrogen was slightly
higher in this study. On the basis of the nitrogen excretion
rate of the flounder, excreted ammonia, urea and feces were
estimated at 27.5 kg (38.5%) 3.8 kg (5.3%) and 6.4 kg
(8.9%),  respectively. Nitrate accumulated in the rearing
water was estimated at 31.3 kg (43.8%) when all of the
ammonia and urea excreted from the fish were oxidized to
nitrate. About 70% (21.9 kg) of the nitrate accumulated
was removed from the rearing water by denitrification.
Feces nitrogen was not traced completely in this study.
The sediment in the settling tank and the biological filter
tanks was collected on the 115th day. The total weight of
the sediment was 5.2 kg dry weight. This weight was ca.
l/7 of the estimated feces weight based on total feed weight
ingested during the first 115 days and the nitrogen excre-
tion rate of the flounder. Possibly a substantial amount of
organic matter in the feces was decomposed and the inor-
ganic nitrogen was released into the rearing water. In the
settling tank, a large number of polychaetes (Capitella sp.)
appeared around the 200th day of operation. The results
of our preliminary experiments showed that an individual
polychaete ingested 0.7 mg (dry weight) of the feces of
Japanese flounder (33.7 mg-N/gm)  and excreted 0.27 mg
of feces (25.4 mg-N/gm)/day at 25-C (Fig. 9). In this pro-
cess, ca 70% of the nitrogen included in the feces of the
flounder was reduced. From these results, it is considered
that a large part of the nitrogen in the feces of the flounder
was transferred to the polychaete during the last 130 days.

OPERATION COST
In the 330 days of operation, 2000 seedling fish, 842

kg of feed and 41,237 kWh of electricity were used to
produce ca. 840 kg of flounder. Unit prices of these items
were 120 Japanese yen/fish, 350 yen/kg of feed and 11
yen/kWh, respectively. Therefore, the cost for 1 kg pro-
duction of the flounder was 1180 yen (ca US $11). This is
not a great difference Erom the total cost of seedling, feed
and electricity in the current flounder culture with open
flow-through systems, notwithstanding the operation of a
heating-cooling unit to keep the optimum temperature for
growth of the flounder. The cost of the closed sea-water
recirculation system used in this study was 1.5 to 2 times
higher, however, compared with the flow-through systems
consisting of 6-m diameter fish tanks and other systems.
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CONCLUSION

The results of this rearing experiment demonstrate that
intensive culture of Japanese flounder is possible with a
small quantity of seawater, without daily water exchange
and without direct impacts on the aquatic environment by
using a large closed seawater recirculation system, although
there is some need of an economic feasibility study on the
commercial operation of the system.
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