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It may have begun with Noah, but, wherever it
started, the whole idea of rearranging the earth's wild
creatures still seems irresistible. Man, the supreme

meddler, has never been quite satisfied with the world as
he found it, and as he has dabbled in rearranging it to

his own design, he has frequently created surprising and
frightening situations for himself

George Laycock, The Alien Animals



Dedication

With gratitude to Carl }. Sindermann for opening wide the doors to a career
filled with many opportunities and awesome challenges and to myfamily, Clarice
and Sandra, for their devotion and the inspiration they provided.

—Aaron Rosenfield

With thanks to mywife Elaine Lynch for her love, support and tolerance ofthe
evenings and weekends lost to work rather than to play.

—Roger Mann



Contents

List of Figures and Tables xi
Contributors xiii
Acknowledgments xvii
Foreword xix

Preface xxi

Part I. Risks and Impacts

Introduction to Part I

A. Rosenfield. Risks Associated with Translocations
of Biological Agents 3

Dispersal Mechanisms: A Conceptual Framework

J.T. Carlton. Dispersal of Living Organisms into Aquatic
Ecosystems as Mediated by Aquaculture and Fisheries
Activities 13

Chapter 1. Movement and Dispersal of Exotic Species

W.R. Courtenay, Jr. and J.D. Williams. Dispersal of Exotic
Species from Aquaculture Sources, with Emphasis on
Freshwater Fishes 49

J.R. Davidson, J.A. Brock and L.G.L. Young. Introduction of
Exotic Species for Aquaculture Purposes 83

M. Neushul, CD. Amsler, D.C. Reed and RJ. Lewis.
Introduction of Marine Plants for Aquacultural
Purposes 103

Chapter 2. Dispersal of Pathogens, Parasites, Pests,
Predators and Competitors

C.A. Farley. Mass Mortalities and Infectious Lethal Diseases
in Bivalve Molluscs and Associations with Geographic
Transfers of Populations 139

Vll



viii I Dispersal ofLiving Organisms

D.V. Lightner, R.M. Redman, T.A. Bell and R.B. Thurman.
Geographic Dispersion of the Viruses IHHN, MBV
and HPV as a Consequence of Transfers and
Introductions of Penaeid Shrimp to New Regions
for Aquaculture Purposes 155

J. Ganzhorn, J.S. Rohovec and J.L. Fryer. Dissemination
of Microbial Pathogens through Introductions and
Transfers of Finfish 175

Chapter 3. Dispersal of Genetically Altered and
Unaltered Microbial Agents

R.R. Colwell. Challenges and Opportunities for Marine
Biotechnology in Environmental Bioremediation 195

W.E. Walton and M.S. Mulla. Impacts and Fates of
Microbial Pest-Control Agents in the Aquatic
Environment 205

T.K. Sawyer. Distribution of Microbial Agents in Marine
Ecosystems as a Consequence of Sewage-Disposal
Practices 239

Chapter 4. Dispersal of Genetically Manipulated
Macroorganisms

T.T. Chen, CM. Lin, LI. Gonzalez-Villaseftor,
R. Dunham, D. A. Powers and Z. Zhu. Fish Genetic
Engineering: A Novel Approach in Aquaculture 265

G.H. Thorgaard and S.K. Allen. Environmental Impacts
of Inbred, Hybrid and Polyploid Aquatic Species 281

Part II. Risk Reduction and Safety

Introduction to Part II

R. Mann. Management of Introductions and
Transfers: A Commentary on the Changing
Role of the Biologist 291

Chapter 5. National and Regional Jurisdictions:
Activities and Plans

D.R. MacKenzie. The National Biological Impact
Assessment Program 297



Dispersal of Living Organisms / ix

M. Mendelsohn, A. Rispin and P. Hutton. Environmental
Protection Agency Oversight of Microbial Pesticides 305

F.G. Kern and A. Rosenfield. Shellfish Health
and Protection 313

R.A. Peoples, Jr., JA. McCann and L.B. Starnes. Introduced
Organisms: Policies and Activities of the U.S. Fish
and Wildlife Service 325

RA. Elston. Effective Application of Aquaculture Disease-
Control Regulations: Recommendations from an
Industry Viewpoint 353

RA. Collins. California's Approach to Risk Reduction in
the Introduction of Exotic Species 361

Chapter 6. International Activities and Programs

C.J. Sindermann. Role of the International Council for
the Exploration of the Sea (ICES) Concerning
Introductions of Marine Organisms 367

D.J. Scarrett and R.E. Drinnan. Canadian Strategies for
Risk Reductions in Introductions and Transfers of
Marine and Anadromous Species 377

J.P. McVey. The Status of the U.S.-Japan Cooperative
Program in Natural Resources (UJNR) Policy
on the Introduction of Exotic Species for
Aquaculture 387

C.C. Kohler. Toward a Reasoned Approach to Introduced
Aquatic Organisms 393

Chapter 7. Factors that Affect Management

G.M. Meaburn, L.W. Regier and E.S. Garrett. Model
Seafood Surveillance Project 407

N.C Parker. Economic Pressures Driving Genetic Changes
in Fish 415

R. Gregory. A Decision Framework for Managing the Risks
of Deliberate Releases of Genetic Materials 421

Genera and Species Index 435
Geographic Index 443
General Index 449



List of Figures and Tables

10

Figures

Ecological interrelationships:
Humans, biota and environ
ments

Information needs for ecologi
cal risk assessments

89 Growth in millions of dollars of

the Hawaiian aquaculture in
dustry

90 The aquaculture application
process in Hawaii

160 Examples of published and un
published records of live
shrimp transfers

161 A hypothetical "exotic shrimp
transfer network"

271 Dot blot and Southern blot

analysis of genomic DNA
samples isolated from presump
tive transgenic fish

370 Recommended steps in the in
troduction of a new species, fol
lowing the ICES Code of Prac
tice

401 Review and decision model for

evaluating proposed introduc
tions of aquatic organisms

Tables

17 Aquaculture and other fisheries
activities: the mechanisms of

introductions of exotic species

27 Species and number of indi
viduals associated with hatch

ery-reared Pacific oysters (Cras-
sostrea gigas) shipped from
California to Massachusetts.

54-55 List of exotic fishes established

in open waters of the contigu
ous United States

56 List of exotic fishes collected

from, but not known to be es
tablished in, open waters of the
contiguous United States

87 Aquaculture species cultured in
the State of Hawaii

109 Spread of Sargassum muticum in
the eastern North Pacific

111 Spread of Sargassum muticum in
Europe

113 Spread of Codium fragile ssp.
tomentosoides in the eastern

North Atlantic and adjacent
waters

114 Spread of Codium fragile ssp.
tomentosoides in the western

North Atlantic

xi



xiiI Dispersal ofLiving Organisms

141 Mass mortalities in oysters

157 A partial list of the viruses of
cultured marine animals from

three recent reviews

158 The penaeid viruses and their
known natural and experimen
tally infected hosts

166 Observed and reported occur
rences of the penaeid viruses in
wild and cultured penaeids in
dicating their probable natural
and introduced geographic dis
tributions

167 Penaeid viruses in the Amer

icas and their status

241 Stations sampled for Acanth-
amoeba in Massachusetts, Sep
tember 1985

242 Distribution of Acanthamoeba in

sediments of Cape Cod, Massa
chusetts, September 1985

243 Stations sampled for Acanth
amoeba in Hempstead, Long Is
land, New York, May 1984

244 Distribution of Acanthamoeba in

sediments of Hempstead Bay,
Long Island, New York, May
1984

245 Stations sampled for Acanth
amoeba in Yaquina River/Bay,
Oregon, September 1984

246 Distribution of Acanthamoeba in

sediments from Yaquina River
and Yaquina Bay, September
1984

269 Percent of hatching, survival,
and integration of carp embryos
microinjected with pRSVrt-
GHcDNA at different develop
mental stages

272 Integration of MT-hGH gene in
carp and loach

274 Gene copy number and trout
growth hormone levels in
transgenic carp

274 Human growth hormone de
tected in transgenic silver cru
cian carp by radioimmunopre-
cipitation assays

274 Mean body weight of trans
genic carp and their control sib
lings

276 Mean weight range of weight
and percent inheritance at 90
days of progeny from trans
genic common carp 131L and
94R

306 EPA registered microbial pesti
cides

310 Nontarget organism testing

310 Toxicology testing

315 Activities representing potential
routes of entry of genetic ma
terial into aquatic ecosystems

331 Import of wildlife prohibited
by injurious-wildlife regula
tions

402 Opinionnaire for appraisal of
introductions of exotic aquatic
species



Contributors

Standish K. Allen

Haskins Research Laboratory
Rutgers University
P.O. Box 687

Port Norris, New Jersey 08349

Charles D. Amsler

Department of Microbiology and
Immunology

University of Illinois at Chicago
P.O. Box 6998 (M/C 790)
Chicago, Illinois 60680

Thomas A. Bell

Department of Veterinary
Science

University of Arizona
Tucson, Arizona 85721

James A. Brock
Department of Land and

Natural Resources

Area 4, Sand Island Parkway
Honolulu, Hawaii 96819

James T. Carlton
The Williams College — Mystic

Seaport
Program in American Maritime

Studies

Mystic Connecticut 06355-0990

Thomas T. Chen

Center of Marine Biotechnology
University of Maryland System
600 East Lombard Street

Baltimore, Maryland 21202

xm

Robson A. Collins

Marine Resources Division

California Department of Fish
and Games

Sacramento, California 85814

Rita R. Colwell

Department of Microbiology
University of Maryland
College Park, Maryland 20742

Walter R. Courtenay, Jr.
Department of Biological

Sciences

Florida Atlantic University
Boca Raton, Florida 33431-0991

Jack R. Davidson
Hawaii Sea Grant College

Program
University of Hawaii
1000 Pope Road
Honolulu, Hawaii 96822

Roy E. Drinnan
Department of Fisheries and

Oceans

Halifax Fisheries Research

Laboratory
Halifax, Nova Scotia B3J 2S7

Canada

Rex Dunham

Department of Fisheries and
Allied Aquaculture

Auburn University
Auburn, Alabama



xiv/ Dispersal ofLiving Organisms

Ralph A. Elston
Battelle Marine Sciences

Laboratory
439 West Sequim Bay Road
Sequim, Washington 98382

C. Austin Farley
National Marine Fisheries

Service/NOAA
Cooperative Oxford Laboratory
904 S. Morris Street

Oxford, Maryland 21654

J.L. Fryer
Department of Microbiology
Oregon State University
Corvallis, Oregon 97331-3803

Jack Ganzhorn
OreAqua Inc.
88700 Marcola Road

Springfield, Oregon 97478

E. Spencer Garrett
NOAA/National Marine

Fisheries Service

National Seafood Inspection
Laboratory

3209 Frederick Street

Pascagoula, Mississippi 39568

Lucia Irene Gonzalez-Villaseftor

Bio Trax, Inc.
University of Maryland

Baltimore County
Baltimore, Maryland 21228

Robin Gregory
Decision Research

1201 Oak Street

Eugene, Oregon 97401

Phillip Hutton
Office of Pesticide Programs
U.S. Environmental Protection

Agency
401 M Street, S.W.
Washington, D.C. 20460

Frederick G. Kern

National Marine Fisheries

Service/NOAA
Cooperative Oxford Laboratory
904 S. Morris Street

Oxford, Maryland 21654

Christopher C. Kohler
Fisheries Research Laboratory

and Department of Zoology
Southern Illinois University —

Carbondale

Carbondale, Illinois 62901

Raymond J. Lewis
Harbor Branch Oceanographic

Institution

5600 Old Dixie Highway
Fort Pierce, Florida 34946

Donald V. Lightner
Department of Veterinary

Science

University of Arizona
Tucson, Arizona 85721

Chau-Min Lin

Center of Marine Biotechnology
University of Maryland System
600 East Lombard Street

Baltimore, Maryland 21202



David R. MacKenzie

U.S. Department of Agriculture
National Biological Impact

Assessment Program
901 D Street, N.W.
Washington, D.C. 20251-2200

James A. McCann
National Fisheries Research

Center — Gainesivlle

U.S. Fish and Wildlife Service

Gainesville, Florida 32606

James P. McVey
National Sea Grant College
1335 East West Highway
Silver Spring, Maryland 20910

Roger Mann
Virginia Institute of Marine

Sciences

Gloucester Point, Virginia 23062

G. Malcolm Meaburn

NOAA/National Marine
Fisheries Service

P.O. Box 12607

Charleston Laboratory
Charleston, South Carolina

29412

Michael Mendelsohn

Office of Pesticide Programs
U.S. Environmental Protection

Agency
401 M Street, S.W.
Washington, D.C. 20460

Mir S. Mulla

Department of Entomology
University of California
Riverside, California 92521

Dispersal of Living Organisms / xv

Michael Neushul

Marine Science Institute

University of California
Santa Barbara, California 93106

Nick C. Parker

U.S. Fish and Wildlife Service

Texas Cooperative Fish and
Wildlife Research Unit

Texas Tech University
Lubbock, Texas 79409-2125

Robert A. Peoples, Jr.
Division of Fish and Wildlife

Management Assistance
U.S. Fish and Wildlife Service

Arlington, Virginia 22203

Dennis A. Powers

Hopkins Marine Station
Stanford University
Pacific Grove, California 93950

Rita M. Redman

Department of Veterinary
Science

University of Arizona
Tucson, Arizona 85721

Daniel C. Reed

Marine Science Institute

University of California
Santa Barbara, California 93106

Lloyd W. Regier
NOAA/National Marine

Fisheries Service

Charleston Laboratory
P.O. Box 12607

Charleston, South Carolina
29412



xvi/Dispersal ofLiving Organisms

Amy Rispin
Office of Pesticide Programs
U.S. Environmental Protection

Agency
401 M Street, S.W.
Washington, D.C. 20460

J.S. Rohovec
Department of Microbiology
Oregon State University
Corvallis, Oregon 97331-380

Aaron Rosenfield

National Marine Fisheries

Service/NOAA
Cooperative Oxford Laboratory
904 S. Morris Street

Oxford, Maryland 21654

Thomas K. Sawyer
Rescon Associates, Inc.
P.O. Box 206

Royal Oak, Maryland 21662

David J. Scarratt
Department of Fisheries and

Oceans

Halifax Fisheries Research

Laboratory
Halifax, Nova Scotia B3J 2S7

Canada

Carl J. Sindermann
National Marine Fisheries

Service

Northeast Fisheries Center

Oxford Cooperative Laboratory
Oxford, Maryland 21654

Lynn B. Starnes
U.S. Fish and Wildlife Service

U.S. Courthouse & Federal Bldg.
500 Gold Avenue, S.W.
Albuquerque, New Mexico 87108

Gary H. Thorgaard
Department of Zoology and
Program in Genetics and Cell

Biology
Washington State University
Pullman, Washington 99164-4220

Robert B. Thurman

Department of Veterinary
Science

University of Arizona
Tucson, Arizona 85721

William E. Walton

Center for Great Lake Studies

University of Wisconsin
Milwaukee

600 East Greenfield

Milwaukee, Wisconsin 53204

James D. Williams
National Fisheries Research

Center

U.S. Fish and Wildlife Service

7920 N.W. 71st Street

Gainesville, Florida 32606

Leonard G.L. Young
Department of Land and

Natural Resources

335 Merchant Street

Honolulu, Hawaii 96813

Z. Zhu

Aberdeen University
Aberdeen, Scotland



Acknowledgments

We are grateful to the following offices within the National
Oceanic and Atmospheric Administration for providing support
for the symposium on which this volume is based: the National
Ocean Pollution Program Office, the National Marine Fisheries
Service's Northeast Regional Office, Office of Research and Envi
ronmental Information, Office of Protected Resources, and Office

of Trade and Industry Services. We are also grateful to the Na
tional Science Foundation for its timely grant, No. SES-8910789,
that helped support publication of this volume.

Robert Wildman, formerly of NOAA's National Office of Sea
Grant, is especially deserving of our thanks as is the Maryland
Sea Grant College. Special thanks are due Laura Gabanski of the
National Ocean Pollution Program Office, for her part in coordi
nating the preparation of that section of the National Marine Pol
lution Program covering goal no. 3, "Understanding the Sources,
Fates, and Effects on Marine Organisms of Biological Agents that
Are Introduced or Influenced by Human Activities." This goal
laid the foundation for the symposium and her advocacy was
instrumental in bringing the symposium to fruition. We are par
ticularly indebted to Merrill Leffler, Jack Greer, and Sandy Harpe
of the Maryland Sea Grant College and Martin Wylie of the Uni
versity of Maryland's Chesapeake Biological Laboratory for their
attention to the details involved in publishing this volume. Mr.
Leffler was generous of his own time and energy in rewrites of
sections of some manuscripts, ensuring editorial instructions were
observed and liaison activities carried out. Ms. Karen Hayman of
the Northeast Fisheries Center Oxford Cooperative Laboratory was
very helpful and merits our sincere thanks for preparing corre
spondence, communicating with appropriate parties, keeping

xvu



xviiiI Dispersal ofLiving Organisms

records, and above all showing great patience and understand
ing when besieged with the many details of meeting time con
straints and other demands associated with deadlines. Ms. J.B.
Keller was exceptionally helpful in preparing manuscript transcrip
tions and contributing editorial-formatting suggestions and guide
lines for which we acknowledge our sincere appreciation.

We should also like to thank Victor Kennedy, University of
Maryland Center for Environmental and Estuarine Studies, and
Sandra Shumway, Maine Department of Marine Resources, for
their helpful role in the symposium's program development, in
cluding their reviews of the abstracts and their having the pro
gram printed.

Of greatest importance to this listing of acknowledgements
is the wish to express our deepest gratitude to the contributors of
this volume for their good will, cooperation and, above all, their
patience as we progressed toward final completion of this docu
ment. Finally, one of us (A.R.) acknowledges his gratitude to the
Northeast Fisheries Center and the University of Maryland Cen
ter for Environmental and Estuarine Studies (CEES) and the late
Dr. Ian Morris for permitting him to participate in an Interagency
Personnel Agreement as a visiting adjunct professor of biology at
the CEES facility in Cambridge, Maryland, while this volume was
in preparation.



Foreword

The papers in Part I of this volume discuss the risks asso
ciated with releases, introductions, and transfers of living organ
isms into aquatic ecosystems and resulting impacts. Part II fo
cuses on management approaches relative to translocation of liv
ing organisms that can be applied for reduction of risk to aquatic
biota and their habitats, enhancement of food production, and
protection of human health.

The papers in Dispersal ofLiving Organisms into Aquatic Eco
systems contain many terms to connote the involvement of hu
mans in the dispersal of organisms from one location to another,
for example, translocation, movement, intrusion, incursion, trans
planted, transported, transmitted, released, removed, shipped,
exported, imported, relocated. The intent of these terms should
be clearly understood according to their syntax. However, these
definitions given below of introduced and transferred species, as
applied to aquaculture activities, appear in a glossary prepared
jointly by the working group on introductions and transfers of
marine organisms of the International Council for the Explora
tion of the Sea and by the working party on introductions of the
European Inland Fisheries Advisory Commission. Consequently,
the expressions used most frequently throughout this volume are
as follows:

• Introduced species (= non-indigenous species which in
cludes exotic species). Any species intentionally or accidentally
transported and released into an environment outside its present
range.

•Transferred species (= transplanted species). Any species
intentionally or accidentally transported and released within its
present range.

xix



Preface

The papers that appear in this volume were first presented
as part of a National Shellfisheries Association symposium en
titled "Human Influences on the Dispersal of Living Organisms
and Genetic Materials into Aquatic Ecosystems." The symposium
was held in February 1989 in Los Angeles, California, as part of
the Aquaculture '89 meeting, which was sponsored jointly by sev
eral organizations with interests in aquaculture, fishery biology,
conservation, pollution, and living resource/ecosystem manage
ment.1 The rationale for the symposium was a consequence of
efforts by the National Oceanic and Atmospheric Administration's
National Ocean Pollution Program Office to coordinate and up
date the Interagency Federal Plan for Ocean Pollution Research,
Development, and Monitoring FY 1988-1992. Operating under the
aegis of the President's National Ocean Pollution Policy Board,
representatives from government, industry and academic commu
nities contributed to the preparation of an updated five-year plan,
published in September 1988 (available from U.S. Department of
Commerce, National Ocean Pollution Program Office, Rockwall
Building, Rockville, Maryland 20852). The next update of the plan
should be available in 1992.

1Sponsors: Catfish Farmers of America; Fish Culture & Bio-engi
neering Sections of the American Fisheries Society; National Shellfish
eries Association; Shellfish Institute of North America; U.S. Trout Farm
ers Association; World Aquaculture Society. Associate Sponsors: Florida
Aquaculture Association; Clemson/South Carolina Wildlife & Marine
Resource Department Aquaculture Cooperative; International Associa
tion ©fAstacology; Louisiana Crawfish Farmers Association; PacificCoast
Oyster Growers Association; Washington Aquaculture Council; Wash
ington Fish Growers Association.

xxi
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The executive summary of the Plan lists six goals within the
National Marine Pollution Program, with goal number 3, "Un
derstanding the sources, fates and effects on marine organisms of
biological agents that are introduced or influenced by human ac
tivities," having the most pertinence to the symposium. Thus, in
formation provided through this symposium and publication of
its papers should prove helpful in achieving the goal as stated,
both for microorganisms and macroorganisms. In addition, other
information needs on dispersal of living organisms into aquatic
ecosystems must be satisfied for better understanding of national
and international programs even though they are not necessarily
associated with marine pollution-related activities, under the five-
year National Marine Pollution Program.

Freshwater and marine aquaculture programs in the United
States and those abroad are expanding. Several perplexing ques
tions about the necessity and advisability of translocating plant
and animal species, and their possible consequences, now con
front the scientist, entrepreneur, and habitat and resource man
ager. Many exotic aquatic organisms with several life history
stages are being transported with increasing frequency, via a mul
tiplicity of pathways, to locales throughout the globe. While many
of these transplantations are ostensibly for growth enhancement,
cultivation and ocean ranching in aquaculture operations, other
transplantations are for scientific experiments, resource restora
tion, depuration and aesthetic purposes. Inspection of imports and
surveillance and bioassay systems to detect undesirable organ
isms that accompany transplanted species are seldom carried out
effectively, largelybecause communications, information and plan
ning are poor. Propagation and cultivation systems as well as
holding facilities differ and breakdowns are always possible; wa
ter treatment systems also vary: many are poorly designed and
inadequately built. Further contributingto ineffective controls over
undesirable and potentially harmful imports are incomplete leg
islation, unenforceable regulations and a lack of sufficient fund
ing. Accidental and deliberate imports of exotic species released
at the conclusion of a scientific study, or cast off by collectors or
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discharged in ballast water, have already resulted in the estab
lishment of exotic populations inimical to the health of ecosys
tems.

Programs in biotechnology, particularly those incorporating
innovative biochemical and genetic approaches to develop useful
products andorganisms with "desirable characteristics," havebeen
receiving great attention; thus, the need for more effective policy
statements, protocols, standards and guidelines for product test
ing and application will continue to expand. The information in
this volume should contribute to this need.

More recent publications will also be of importance. Tiedje
et al. (1989) covers the release of genetically engineered organ
isms and includes ecological considerations and recommendations.
Issued by the Ecological Society of America, it provides impor
tant information on the mechanisms, management and conse
quences on naturaland human-assisted translocations and releases
of living organisms into diverse ecosystems. A book edited by
Drake et al. (1989) was initiated in mid-1982 by the Scientific Com
mittee on Problems on the Environment (SCOPE) of the Interna
tional Council of Scientific Unions (I.S.C.U.). While the book does
not address human-assisted translocations of organisms into
aquatic ecosystems, its primary focus is on biological agents that
have successfully invaded non-agricultural regions of the globe.
The emphasis is on those agents that have disrupted terrestrial
ecosystem functions, including the consequent effects on human
beings. Though several chapters discuss theoretical issues about
the commonality, convergence and applicability of the principles
governing plant and animal invasions, they are eminently appli
cable to marine, brackish and freshwater ecosystems as well. These
recent publications as well as this book should have value for
delineating the role human beings can play to promote, retard or
at least partially control the impacts of ill-considered actions that
affect their habitats and associated biota.

As a final note, the original title of this volume was "Bio
logical Pollution by Aquatic Organisms"; it was provocatively
titled to emphasize the negative aspects of human-assisted inva-
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sions of living organisms into bodies of water. Such a title was
restrictive in that it excluded the highly beneficial effects of many
bioremedial, biological control, biomedical and aquaculture pro
grams. Another title, "Human Influences on the Dispersal of
Genetic Information into Aquatic Ecosystems," which was the
original title of the symposium this book derives from, was also
restrictive, for it suggested the dispersal or release primarily of
genetically manipulated microorganisms. The eventual title was
agreed to because it embraces the varied possibilities when
microorganisms and macroorganisms are dispersed into aquatic
environments.

Literature Cited

Drake, J.A., H.A. Mooney, F. di Castri, R.H. Groves, F.J. Kruger, H.
Rejmanek and M. Williamson, editors. 1989. Biological invasions:
A global perspective. John Wiley & Sons, Chichester.

Tiedje, J.M., R.K. Colwell, Y.L. Grossman, R.E. Hodson, R.E. Lenski, R.N.
Mack and P.J. Regal. 1989. The planned introduction of genetically
engineered organisms: ecological considerations and recommenda
tions. Ecology 70: 298-315.



Part I.

Risks and Impacts



Introduction to Part I

Risks Associated with Translocations
of Biological Agents

Aaron Rosenfield

Introduction

Coastal and inland waters throughout the world have long
histories of exploitation for the production and harvest of natural
resources. These waters are heavily used, for example, for crop
irrigation and cooling of power plants, for transportation and rec
reation; they receive discharges of human, industrial and agricul
tural wastes. Such use has led to widespread introductions of sub
stances, both biotic and abiotic. While some have been beneficial,
many are also harmful to public health and are injurious to living
resources and environmental health. Figure 1 is an attempt to
visualize human resource and environmental health interrelation

ships resulting from the movements of biotic and abiotic agents
into aquatic ecosystems. If the area of each circle represents the
intensity that biotic and abiotic agents can have on health, then
increases or decreases in any one area (for instance, resource
health) suggest how other areas (in this case, human and envi
ronmental health) can be impacted.

Though numerous coastal states and communities are trying
to limit the impact of pollution, indications are that human popu
lations will continue to increase and aquatic ecosystems will con
tinue to feel the impact of transportation, housing and factory
construction, mining and other development. It appears obvious
that there will continue to be significant involvement with the
dispersal of chemical compounds and biotic agents into aquatic
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Figure 1. Ecological interrelationships: Humans, biota and environments.

ecosystems, ranging from microorganisms to more complex mul
ticellular organisms, many of them pollutants. On the other hand,
the dispersal of living agents into aquatic ecosystems could be
highly beneficial to resource productivity, environmental quality,
and to humankind. Examples of successful and adverse introduc
tions are discussed in this book.

Living Organisms = Genetic Information

All living organisms by definition contain genetic information
consisting of nucleic acids, that are capable of replicating under
appropriate conditions. Some organisms contain very minute
amounts of genetic material, for example viruses, while others
contain massive amounts. Genetic material carrying heritable infor
mation has been inserted as genes into the germ plasm of some
species to produce transgenic strains of those species. Most of the
organisms under discussion have attained their genetic composition
and ability to adapt to various environmental conditions, either
through natural evolutionary mechanisms such as polyploidy, or



Introduction: Risks Associated with Translocations / 5

through human intervention, viaselective breeding.Withadvances
inbiotechnologyand geneticengineering, itisnowpossibletohasten
and augment such mechanisms, with the potential for creating
assemblages of genetic material that would have otherwise failed
to develop,exceptperhaps over evolutionarytime.Someconsider
organismswhosegeneticcompositionhasbeenalteredthrough such
genetic engineering techniques,or even through traditional genetic
breeding methods, to be exoticspecies and that for risk assessment
and habitat management purposes, they must be treated as such.
Consequently,the topicsaddressed in this collection were designed
to cover broad issues and approaches to species management and
to reach an audience with a wide spectrum of interests and back
grounds.

Dispersal of Genetic Material
and Its Survival in Aquatic Ecosystems

The quantity, type, and arrangement ofgeneticmaterial (geno
type) present in organisms that are dispersed do not necessarily
confer survival value on them. Nor does information about an

organism's genotype necessarilyprovide indications of their ability
to invade, adapt, propagate or sustain reproducing populations.
Knowledge of the scale, type and mechanisms of movement and
frequency of movement from one ecosystem to another is very
helpful for planning purposes; still, even that knowledge does not
necessarily provide foraccurate predictionsofsuccessful population
establishment or colonization. Obviously, successful invasion into
another organism — for example, by a pathogen — or into a new
environment by a biological agent, and its manifestation (pheno-
type), is most important and depends upon a number of factors.
These include the invading organism's concentration, its virulence,
its assiduousness to prevail, the presence of transmission mecha
nisms, enhancers, competitors, inhibitors, reproduction capabilities,
effectiveness of host defense mechanisms, and the biological, chemi
cal and physical influences of the environment.

Some thoughthasbeengiven to the mechanisms and conditions
organisms require to invade and successfully establish populations
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that can reproduce and grow in a particular ecological niche (see
Mooney and Drake 1986). However, other than the case of well
understood strains of plants and animals intended for controlled
cultivation, few would be willing to giveassurances that they can
accurately predict whether an invasion by a biological agent will
establish a self-sustaining population. Wild forms, however, in
contrast to cultivated species, possess the full genetic potential to
survive and grow without human assistance. Therefore, they can
adapt tomuchwider ranges ofenvironmentalconditionsthan those
that are genetically modified orbred selectively for specific char
acteristics.

Ecological Effects

Current studies have focused on purposeful movements of
biotic andabiotic agents toaquatic environments, particularly with
regard to species for aquaculture and habitat alteration. With the
growing interest in aquaculture, introduced specieswhich contain
foreign segments of genetic material could bring about profound
environmental change to alter habitat conditions if they become
established as wild populations in their new environments. They
could, forexample,become fouling agentsor competitors,or serve
as vectors, alternate or reservoir hosts for parasites and other in
fectious agents. Likewise, predators, disease agents, and nuisance
species that accompany organisms and materials translocated de
liberately oraccidentally for avariety of purposes, including aquac
ulture, could have profound unintended effects on resident biota
and their environments. Some well known examples are the intro
ductions of oyster drills onto the west coast of the United States
and Canada, whirling disease into several fish hatcheries in the
United States, and the zebra mussel into the Great Lakes. These

introductions, respectively,were theaccidental resultsof shipments
of oysters from Japan and the United States east coast, salmonids
from Europe (infected frozen fishused as fish food),and discharges
of ballast water from ships originating in eastern Europe.

Many additions, both biotic and abiotic, could also greatly
modifyecologicalconditions to influence reproduction, growth, and
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development of obscure resident forms. Thus, the sudden and ab
normal appearance of large numbers of previously undetected or
unrecognized endemic forms might be mistakenas the result of a
"population explosion" of a newly introduced species. Arguments
canbe made defending the issue of enhancement versus establish
ment of anewly introduced species,forexample, asin the increasing
number of cases of sudden unusual algae dinoflagellate blooms in
several locations throughout the world. Some additions, such as
those that result from ocean dumping, could affect physiological,
metabolic and genetic processes, i.e.,gene exchanges via plasmids,
that lead to a variety of effects, from the elaboration of toxins to
antibiotic and heavy metal resistance, to depletion of dissolved
oxygen. In turn, the finalconsequences of these additions to resident
biota and food chain organisms could be impairment that results
in abnormal morphology, function and behavior, decreased
immunocompetency, and possible death. Environmental degrada
tion could also result with possible devastating effects.

While studies areexamining dispersal of agriculturally impor
tantbiotic agents, including those that were genetically altered using
gene splicing or transgenic techniques, most of this attention has
been applied to terrestrial ecosystems and plant crops (MacKenzie
et al.1985). It is important to recognizethat some geneticallyaltered
and unaltered organismsused as pest controlagents in terrestrial
environments may also reach aquatic environments to adversely
affect non-target aquatic species. As in cases where pesticidesand
other toxic agents have been misapplied, their effects could lead to
loss — perhaps even extinction — of biological-genetic diversity,
atleastingeographicallyconfined populations. Inadditiontopossible
harm to non-targetspecies,othernon-advantageous or even advan
tageous effects could result from the introduction, transfer or release
of genetically altered species into aquatic ecosystems. Examples
might include the development of forms thathave been genetically
programmed to vary qualitatively and quantitatively in the follow
ing: resistanceto diseasesand toxins, temperature, pH, salt, oxygen
tolerance, elaboration and possession of variouschemical-physical-
biological components and characteristics, and enhanced nutrient
intakeand metabolicactivity.Whether introductionsarecompatible
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with the needs of society or harmful will depend on the number,
rate, and method ofapplicationand their interactionwithotherbiota
and the environment.Of course,the perspectivesand objectives of
the individual group or organization undertaking an introduction,
transfer, or release — as well as the socioeconomic, political or
aesthetic evaluations by resource managers and interpretations by
an informedpublic—will enter intojudgmentsregardingbenefits
or harm.

Calculated Risks

Whereas the impression of the foregoing remarks may con
note a degree of negativism about the impacts that might result
from the dispersal of genetic material into aquatic environments,
this is not the total intent of the papers gathered here. Just as
proper use of some manufactured chemicals and other abiotic
agents have been beneficial to society, so the introductions of
natural and genetically altered living organisms to aquatic eco
systems can be beneficial as well. With judicious application and
management. It should be possible to provide for continuity and
even enhancement of genetic diversity of aquatic organisms for
increased production of natural resources for food and energy
sources, for manufactured products, and for help in rehabilitating
despoiled and polluted environments. Indeed, several introduc
tions can be documented as "successful," particularly in terms of
establishing populations of commercially important aquatic re
source species, for example,striped bass (Morone saxatilis) and the
Japanese oyster (Crassostrea gigas) along the United States west
coast, the European oyster (Ostrea edulis) on the coast of Maine,
and brown trout (Salmo trutta) into Chile and other parts of the
world.

Nothing can be accomplished without some risk; some trans
locations of living organisms are compelling, in terms of survival
and economic necessity, regardless of the degree of risk involved.
However, whether or not an organism intended for movement
into an aquatic environment is an exotic or native species, geneti
cally altered or not, considerable thought must be given to the
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final consequences of its translocation and establishment in a new
ecosystem. Unlike terrestrial environments, field testing is not very
feasible in aquatic environments and eradication programs at best
are apt to be costly and difficult, if not impossible, to implement.
Environmental impact evaluations and checklists comparing ad
vantages against disadvantages or possible problems that might
arise from translocations should be prepared in advance. Possible
effects to the genetical, behavioral, pathological, and biochemical-
physiological stability of resident biota and on ecological integ
rity resulting from the planned releases of biologic agents into
aquatic systems must be subjected to some form of ecological risk
assessment.

Ecological Risk Assessments

The scientificcommunity, policymakers and resource manag
ers have directed much of their attention toward predicting and
understanding the fates and effects of the sourcesofanthropogenic
toxic compoundswith regardto humanhealth.Untilvery recently,
with a few exceptions — namely large disposal operations and
contaminationoffoodsupplies—relatively littleattention has been
shown for assessingrisks to residentbiota and in determining the
sources and ultimatefate and effects oflivingorganisms introduced
intoaquatic ecosystems; thatis,unless theirperceived effects would
be expected to be evident immediately, highly unusual, or clearly
visible on resident resource biota and the environment. Generally
speaking,however,assessmentshave beenmade on a retrospective
rather thanonapredictivebasis. Examplesofthesepost-eventeffects
would be dolphin mortalities, which some have attributed to the
disposal of medicaland pharmaceutical wastes, and discharges of
domestic sewage into areas where seafood is harvested or when
dead fish wash up onto beaches.

In making risk assessments, scientific and technological infor
mationisused toestimate the ecologicalconsequences that can result
from the interaction of human activity with naturally-occurring
conditions, for example, floods, storms, outages. When implement
ing risk management decisions, risk assessment information must
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be integrated to a greater or lesser degree into strategies that are
designed tobringabout, mitigate or avoid potential results, whether
they be social, economic, political or aesthetic.

Predictive capabilityandriskreductionactions concernedwith
translocations wouldbe improved significantly with more reliable
information on thecharacteristics of particular organisms and the
pathways they take in producing beneficial or adverse ecological
effects and impacts. In particular, and as shown in Figure 2, their
quantity, source and routes of entry, their processes, mechanisms,
andmodeofaction, their interactions withother organisms andthe
environment, andtheir final effects onvarious species, their trophic
levels and levels of organization. With this information, risk assess
ments resulting from deliberate and some accidental introductions
and transfers of organisms from one ecosystem to another could
be done withmore reliable assurance, thus facilitating environmen
taland resource management decisions. As with chemical pollut-
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ants, primarily toxic compounds, it seems entirely possible that
parallel models can be developed more completely for dispersed
living agents to assesstheirhazardand risk potentialand for better
managing their impacts on aquatic ecosystems.

In summary, seven major hypotheses are woven throughout
the papers presented during the symposium and then expressed
in this volume:

1. Parallels exist between biotic and abiotic contamination and

pollution and in the way risks can be assessed and managed.
Parallels are particularly close or overlapping in cases where
introduced species have the potential to become nuisances or
pathogens to humans and living resources, or adversely affect
the environment.

2. Introduction of an exotic species (in some cases a transgenic
form) is equivalent to translocating strange pieces of genetic
information from one location to another.

3. Regardless of the amount of genetic material involved in species
translocations, from molecular amounts (as with transplanted
genes), virus particlesand prokaryotes to much greateramounts
(as present in eukaryotic, larger multicellular forms and poly
ploid species), the principles and factors involved in their suc
cessful adaptation and establishment in a new environment are
the same.

4. The risk of successful establishment of populations byan exotic
species is minimal if the introduced organisms are domesticated
forms or are incapable of reproducing under the conditions that
prevail in the new environment.

5. Invasions and colonization of aquatic (and terrestrial) ecosys
tems by exotic biological agents are continuous, naturally-oc
curring events. Human influences can profoundly speed up and
retard the associated processes involved.
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6. From the socioeconomic and cultural points of view, invasion
and subsequent colonization of an aquatic ecosystem by an
exoticbiologicalagentcanbedramatically disruptive. However,
from a biological-evolutionary perspective ecosystems repre
sent a continuum of changing conditions. Hence, an ecosystem
will accommodate or assimilate introduced exotic biological
agents and will continue to function in an altered or changed
state.

7. Ecological risk assessment methodologies such as qualitative
and quantitative models that estimate the degree of safety or
harm toresidentbiotaand theirecosystems requirecomprehen
sive and solidly-based scientificand technical information. Risk
managementapproachesconcernedwithtranslocations ofliving
agents will need to be integrated with risk assessment informa
tion if plans and actions to be taken are to culminate in desired
socioeconomic, cultural and political results.
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Dispersal Mechanisms:

A Conceptual Framework

Dispersal of Living Organisms into
Aquatic Ecosystems as Mediated by
Aquaculture and Fisheries Activities

James T. Carlton

Abstract: The deliberate and accidental releases of marine, brackish, and fresh
water organisms by aquaculture and fisheries industries have led to the intro
duction of a large but unknown number of exotic species around the world,
often with profound ecological and economic consequences. Both target species
(those intentionally transported and liberated)and non-target species (those that
accompany target species and/or are found on or in the transported species or
in the transport media) have been released in complex intercontinental patterns
over hundreds of years. In addition to aquacultural and fisheries enhancement
activities, the potential for species introductions by the aquarium industry and
by other fishing activities (such as bait organisms and fishing vesselwater wells
and gear) is reviewed. These processes have led workers to underestimate the
role of human-mediated dispersal, and in turn may lead to the belief that the
distribution patterns of many species of animals and plants are natural. When
the modern-day practices of aquaculture and fisheries industries are combined
with the extent of the global movement of marine and freshwater organisms by
ballast water, it is clear that the potential for exotic species to continue to in
vade and restructure most aquatic systems in the 1990s is staggering.

Introduction

The intercontinental dispersal of living organisms and their
component genetic material into marine and freshwater ecosys
tems by human agency has been steadily increasing with global
human migrations over the past five or more centuries. The in-
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tentional movement of human food species — and the uninten
tional movement of associated species — always accompany these
migrations, a concomitant phenomenon far better known and
documented for terrestrial than for aquatic ecosystems. While the
movements of terrestrial domestic animals and plants are often
recognized as part of "human geography/' the movements of
many aquatic species have gone, in large part, both undocumented
and unrecognized, such that the significance of the alteration of
natural species distributions in rivers, lakes, and coastal waters
has frequently been underestimated (Carlton 1989).

We now recognize, at the close of the twentieth century, that
there have been a very large number of human-mediated dispersal
mechanisms affecting marine and freshwater organisms. These
agencies have served to alter the natural distributions of what
may be eventually recognized as thousands of species of plants
and animals [see for example Dromgoole and Foster (1983);
Zibrowius (1983); Leppakoski (1984); Carlton (1985, 1987, 1989);
and Chapman (1988)]. The organisms accompanying human dis
persal are not, of course, solely those intended for food. Trans
port vehicles (on land or in the water) have played a profound
role in the largely accidental movement of these "shadow" spe
cies, ranging from barnacles to ants, and shipworms to rats. As
cultures evolve, other species are moved for purposes of plea
sure (hobbies, ornaments, non-critical food enhancement).

What specifically are these dispersal mechanisms in aquatic
environments? I review here briefly most of these agencies. I then
consider in detail the role of the aquaculture and fisheries indus
tries in inter- (and in some cases intra-) continental dispersal.

Dispersal Mechanisms Other than
Aquaculture-Fishery Related

Vessels (ships) have historically transported innumerable in
vertebrates and algae, and to a lesser extent fish, as fouling or
ganisms on (or boring organisms in) their hulls. The role of mod-
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ern oceangoing vessels in the dispersal of external fouling organ
isms is not clear, but is believed to be less than was historically
the case for a number of reasons (summarized by Carlton and
Scanlon 1985). Vessels, however, continue to play a significant
role in the transoceanic and interoceanic dispersal of marine and
freshwater organisms through the transport of planktonic and
benthic organisms in their ballast (notbilge) water (Carlton 1985,
1989; Williams et al. 1988; Hebert et al. 1989). Red-tide causing
dinoflagellates, for example, transported in ballast water, had
devastating effects on aquaculture and fisheries industries in the
1980s in Australia (Hallegraeff and Sumner 1986; Hallegraeff et
al. 1988).

Other maritime and aquatic activities that have served to trans
port species include the movements of semisubmersible explor
atory drilling platforms, amphibious planes and seaplanes, recre
ational boats, and the release of ornamental plants and fish. Re
searchers have also released species for various purposes, occa
sionally without thought as to their potential for subsequent colo
nization. A dramatic example is the success of the southern Cali-
fornian compound ascidian Botrylloides diegensis, released in 1972
in the Eel Pond in Woods Hole, Massachusetts (Carlton 1989;
Carlton, in preparation). It is now one of the most abundant foul
ing organisms of southern New England.

Corridors built for inland and oceangoing vessels — the sea
level and lock canals crossing continents and connecting previ
ously isolated water bodies — quickly become biotic corridors as
well. These have led to numerous biological invasions (Por 1978;
Carlton 1985), although no global synthesis of this phenomenon
is available.

Aquaculture-Fisheries
Dispersal Mechanisms

The deliberate and accidental introductions of marine and

freshwater organisms by fisheries and related aquaculture (mari-
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culture) industries are second only to ships in the historical role
that they may have played in the alteration of natural distribu
tion patterns of marine and freshwater organisms. Aquaculture
may now, however, be poised to rival shipping in its modern-
day potential to accelerate the rate of introduction of exotic spe
cies.

There appears to be no formal classification available of those
dispersal modes associated with the aquaculture-fisheries indus
tries. Based upon a review of over 1,000 casehistories and records,
I have categorized the potential mechanisms of introduction of
exotic species, as mediated by aquacultural and other fishery ac
tivities, by combining both type of release and the purpose or
mechanism of introduction (Table 1). I consider and give examples
of each of these here. In general no distinction is made between
private (entrepreneurial), industry, and government actions.

Target Species

1. Deliberate Releases into the Environment

Target species are those intentionally moved from one local
ity to another. Species may be moved and then deliberately re
leased into the environment for a number of reasons. These in

clude placement in open waters for:
a. "Grow-out," that is, the growth of the target species to a

marketable size. Depending upon the interests of the growers,
there may be little or no concern relative to the potential of the
species to reproduce.

b. Experimental studies, testing, for example, what the sur
vival and growth rates of a species might be in a new geographi
cal region.

c. Potential establishment (with or without prior experimen
tation to determine survival, growth, or reproductive potential).
The intent of the introduction may be for human food, for for
age stock for food species, for use as bait, or for biological con
trol of pests. The introduction may represent an entirely new spe-



Table 1. Aquaculture and other fisheries activities: the mechanisms of
introductions of exotic species.

Target Species
1. Deliberate Release into Environment

a. Grow-out for marketing
b. Experimental studies (survival, growth)
c. Potential establishment (food, forage, bait, biocontrol)

New species
Replenishment (Restoration)
Reestablishment ("Reintroduction")

d. Stocking (continual)
e. "Direct Consumption" discards

2. Accidental Escape

Non-Target Species
(Deliberate Releases and Accidental Escapes)
1. Associated Species
2. Biota on/in Target/Non-Target Species

Epibota (epizoics, epiphytes), parasites, pathogens, diseases
3. Biota on/in Transport Media

Transport (holding) water, detritus, sediment, algae and other
dunnage (packaging materials), packing boxes

Aquarium Trade
1. Deliberate Releases

Fishing Activities
1. Movement of Bait Organisms

a. Biota in/on transport media
2. Water Wells in Fishing Vessels
3. Fishing Gear
4. Movement of Algae as Fish Egg Substrate

17
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cies (never before released), or the replenishment (restoration) of a
previously existing population depressed for one reason or an
other (overfishing, pollution), or the reestablishment of a species
now locally extinct (such reestablishments are frequently but er
roneously referred to as "reintroductions," the species in ques
tion, almost always native, never having been introduced in the
first place).

d. Stocking, usually continuous and of a high energy and
economic investment. Stocking programs are generally of two cat
egories: stocking (i) of a species known to have never reproduced
in the target environment (although it originally may have been
thought possible given the known biology of the species and the
characteristics of the receiving environment) and (ii) of a species
thought to be unable to reproduce, the management biologists
believing, given the known biology of the target species and the
conditionsof the new environment, that it could never reproduce.
Continual stocking of species (i) may be accompanied by the hope
(often not officially expressed by the agency concerned) that
"something" will change and the specieswill become established.
Inversely, stocking of species (ii) is often accompanied by the as
surances of the stocking agencies involved that the species poses
no long-term threat to the environment, as cessation of stocking
will lead to the demise of the population. Stocking programs ex
ist for the purpose of enhancing sport fishing, or for bait or for
age food stocks.

e. Disposal of unwantedfood items. Species, brought in alive,
and intended for direct consumption, may be subsequently re
leased into the environment (reasons include the perception that
the shipment was "spoiled," when in fact some of the individu
als are alive; a stock surplus; sympathetic releases of captured
animals; private curiosity as to whether a "desirable" species
would live and reproduce).

Numerous workers have written extensively on the move
ment of target species, covering all of the above categories. Inten
tional introductions have been made by private individuals, by
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private industry, and by government agencies. Much of the avail
able (published) literature focuses on commercial fish or inverte
brate species, for example, Hanna 1966; Whitney 1967; Lachner et
al. 1970; Cole 1972; Walford and Wicklund 1973; Moyle 1976a, b;
Jhingran and Natarajan 1979; Mann 1979; Glude 1979; Andrews
1980; Hedgpeth 1980; Rosenthal 1980; 1985; de Groot 1985; Randall
1987; Welcomme 1988 [see also Kwain (1982) and Kwain and
Lawrie (1981) relative to the introduction of the pink salmon
Oncorhynckus gorbuscha into the Great Lakes, a species originally
thought to be unable to reproduce successfully in that environ
ment]. Far more "literature" exists in the form of unpublished
documents, progress and annual reports, state fish and wildlife
(game) agency memoranda, bulletins, newsletters, file reports, let
ters, and so forth. In short, most records of most introductions
are not in the published literature.

Some species are so abundant today in the "natural environ
ment" that it seems difficult to believe that one or a few indi
viduals, acting on their own, could have introduced these spe
cies; again, there are generally no records of most such private
introductions. One of the more spectacular marine invasions in
North America is the common periwinkle Littorina littorea, occur
ring on rocky shores, in salt marshes, on mudflats, and in most
other intertidal and shallow sublittoral habitats, from Labrador
to (commonly) New Jersey (Carlton 1982; Vermeij 1982; Brenchley
and Carlton 1983). It seems probable that British or French set
tlers in EasternCanada introduced this periwinkle, with the hope
of establishing it as a food item, in the early decades of the nine
teenth century. It spread naturally thereafter down the Atlantic
coast, and is today one of the ecologically most important inter
tidal species of the northwest Atlantic coast.

Monographic works on species of aquaculture importance
(for example, Bardach et al. 1972; Korringa 1976a, b, c; Lutz 1980;
New 1982; Kafuku and Ikenoue 1983; Morse et al. 1984; Hunter
and Brown 1985; Tucker 1985; Manzi and Castagna 1986) inten
tionally or unintentionally provide extensive documentation of
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actual or potential species' movements. The species reviewed in
these monographs either are, or often shortly become, those in
volved in international trade activities.

Perhaps the best sources, however, by which to assess mod
ern-day movements of target species are the industry's own buyer
guides. I know of no analysis of these data sets, which would
provide valuable information on the historical development and
dramatic increase in species availability over at least the past 20
years. In North America, Aquaculture Magazine issues an annual
"Buyer's Guide"; for Europe, works such as those of Frimodt
(1987) are available. The "1989 Buyer's Guide" lists over 25 spe
cies of marine and freshwater invertebrates, over 50 species of
fish, four species of macroalgae, and three species of microalgae
(a taxonomic list of species important in aquaculture lists over 50
invertebrate species). The Guide's numerous advertisements im
ply the availability of far more species of animals and plants
"upon special request."

How many of these commercially sold species are from cul
tured stocks, and how many are wild-collected animals or plants
resold on the aquaculture market as "seed" stock, have not, to
my knowledge, been rigorously reviewed. Conversely, the exist
ence of a rapidly increasing number of dedicated and controlled
hatchery populations, creating unique genotypes, raises impor
tant questions relative to the release back into the environment
of such manipulated stocks. One company, for example, "Buyer's
Guide 1989," (page 135), advertises,

"Quality Quahog Seed: Hatchery reared prime stock,
Mercenaria mercenaria, genetically selected for fast
growth, grown successfully from Texas to Maine."

Where have these "genetically selected for fast growth" seed
of the clam Mercenaria been released back into the environment?

(It would be difficult to imagine that such private releases have
not occurred!) The genetic manipulation and genome-diversity re
duction of aquatic food-stock species, especially fishes, dates back
thousands of years (Ling 1977) and parallel the genetic domesti-
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cation of land food stocks. Modern-day concerns with such prac
tices and manipulations focus on the increasing sophistication of
genetic engineering combined with the even more rapidly increas
ing ability of humans to disperse altered or modified genetic
stocks globally.

2. Accidental Escape
Increasingly greater numbers of exotic species are held in

confinement in a new region and not released directly into the
environment. These confinement conditions may include some
measure of quarantine (either no effluent or treated effluent re
leased), or no quarantine at all (untreated effluent flows into the
environment from the holding facility, but there is a perception
that by keeping the target species confined there is less chance of
escape and reproduction in the natural environment). Accidental
escapes from these holding facilities are common but rarely docu
mented (although records appear not infrequently in local news
papers).

Accidental escapes of fish species are reviewed in many of
the works cited above under the releases of target species.
Welcomme's (1988) monograph is a valuable synopsis. Randall
(1987) notes the establishment of the silvery tilapia (Tilapia
melanotlieron [ = T. macrocephala]) in Oahu, Hawaii, which "some
how escaped — perhaps through a dislodged screen on an out
flow pipe" (of a holding facility).

In 1988, the large penaeid shrimp Penaeus monodon ("giant
tiger shrimp"), native to Southeast Asia, India, and Australia, ac
cidentally escaped from the Waddell Mariculture Center, South
Carolina. The Center, a state-operated research facility, imported
100,000 postlarvae in the spring of 1988 from an Hawaiian hatch
ery for stocking and grow-out. At some point thereafter, postlarvae
may have been siphoned out passively through a drainpipe into
a canal, which in turn leads to a river and thus to the Atlantic
Ocean (the holding ponds have since been replumbed, and no
further escapes are thought possible). The first reports of ocean-
captured Penaeiis monodon were in July 1988. Between July and
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October 1988 less than 500 were captured from the open ocean
over a range of 500 km extending from northern South Carolina
(at Georgetown) to northern Florida (at St. Augustine). The larg
est ocean specimen captured was about 22 cm in length (125 g),
or approximately seven months old. No ovigerous females were
collected (Davis 1988; S. Hopkins, personal communication, May
1989; see also Anonymous 1988).

Other examples include the occasional appearance of young
American lobsters (Homarus americanus) in the tidepools at Bodega
Bay, California, adjacent to the Bodega Marine Laboratory (where
long-term studies are undertaken on American lobsters) and of
adult seahares (Aplysia californica) subtidally at Woods Hole, Mas
sachusetts, adjacent to the Marine Biological Laboratory (where
the species is frequently used as an experimental animal) (both
cases: J. T. Carlton, personal observations). Both facilities have
seawater systems draining to adjacent waters.

It would appear to be only a matter of time, given the mas
sive movements of so many species, before accidental escapes lead
to the establishment of reproducing populations of certain of the
more widely transported aquaculture species of the 1980s and
1990s. High-risk candidates are found among the molluscs (par
ticularly mussels and clams) and crustaceans (particularly shrimps
and lobsters).While the above escapes have not established popu
lations, the combination of the "right" species released at the
"right" time in the "right" environment — that is, the realization
of an invasion window — would appear to be inevitable.

Non-Target Species

Frequently accompanying target species are non-target spe
cies, of which three categories can be recognized. These non-tar
get species, as with target taxa, may be deliberately or acciden
tally released, or accidentally escape, upon arrival at the new lo
cality. In most cases, and in concert with target species, historical
perspective on whether the introduction was deliberate or acci
dental is difficult to obtain (and in the long run may not matter).
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1. Associated Species
Taxa others than those "requested" or "ordered" frequently

accompany shipments of target species, having beenadded to the
shipmenteither intentionally orunintentionally. There is little for
mal documentation of most such cases. Moyle (1976a, b) notes
thatbigscale logperch (Percina macrolepida) accidentally accompa
nied a shipment of a target species, largemouth bass (Micropterus
salmoides), from Texas to California, as did the rainwater killifish
(Lucania parva) with a shipment of gamefish from New Mexico
into Utah and California. Stickleback (Gasteosteus aculeatus) distri
butions in some regions may be more nearly related to the pat
terns of trout enhancement programs than to natural dispersal
events (Moyle 1976b, p. 111). Hickey (1979) notes that the acci
dental inclusion of Pacific oysters (Crassostrea gigas) with a ship
ment of quahogs (Mercenaria mercenaria) from California to Mas
sachusetts lead to subsequent experiments with the former spe
cies! Randall (1987) has documented the establishment of
Marquesas Islands fishes, the kanda (Valamugil engeli) and the
striped goatfish (Upeneus vittatus) in the Hawaiian Islands as a
result of the State of Hawaii Division of Fish and Game mixing
these species unintentionally with shipments of Marquesan sar
dines (Sardinella marquesensis).

2. Biota on/in Target Species
It is typical to find an often impressive variety of smaller

organisms, whose presence was either overlooked or thought to
be inconsequential, on or in the target species. These include host
specific or non-specific species attached to the organisms (epizoics
or epiphytes), or epibiotic or endobiotic parasites, pathogens, and
diseases. More species of aquatic organisms have been success
fully introduced by this means than by any of the other aquacul-
ture/fisheries mechanisms discussed here. The movement of com
mercial oysters around the world has been the most significant
vector for hundreds of species. Pilgrim (1967), Hoffman (1970),
Boschma (1972), Cole (1972), Walford and Wicklund (1973), Gruet
et al. (1976), Shotts et al. (1976), Carlton (1979a, 1979b, 1985),
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Rosenthal (1985) and McKenzie and Moroni (1986) provide oys
ter-related and many other examples. Oyster pathogens have fre
quently been transported with disastrous economic results
(Andrews 1980). The spread of the oyster disease bonamiasis
(caused by the protist Bonamia ostreae) with commercial oysters
from the Pacific coast of the United States to Europe is docu
mented by Bucke (1988), Elston et al. (1986) and Friedman et al.
(1989). Steenbergen and Schapiro (1974) reported the "probable
transplantation" of the bacterium Aerococcus viridans var. homari
(formerly known as Pediococcus homari and before that as Gaffkya
homari), the cause of the lobster disease gaffkemia, into at least
one southern California estuary. Shipments of the American lob
ster Homarus americanus to the Pacific coast may have led to the
introduction of this bacterium, which has been shown experimen
tally to be pathogenic to both native west American spiny lob
sters (Panulirus) and to crabs (Cancer). A. viridans was isolated
from sediment samples adjacent to a commercial facility holding
American lobsters and which had in the past used an open sea-
water system and outfall to an estuary (Steenbergen and Schapiro
1974). Cole (1972) cites a similar case of the introduction of A.
viridans with American lobsters to Ireland. Lightner et al. (1983)
and Rosenthal (1985) document the global, and almost instanta
neous, dispersal of a lethal shrimp virus, infectious hypodermal
and hematopoietic necrosis virus (IHHN), with the movements
of commercial stocks of penaeid shrimp in the 1980s.

A little-known example of accidental introductions of non-
target species occurred in the Salton Sea, a large inland body of
salt water located in the Colorado Desert of southern California.

In 1957 a Texas marine angiosperm, "shoal grass" (Diplanthera
wightii), was introduced into the Salton Sea to provide food for
waterfowl, and along with it "an unknown number of many spe
cies of invertebrates were introduced unintentionally" (Linsley and
Carpelan 1961). The successful introduction of a common Texas
amphipod, Gammarus mucronatus, "which appears to be the prin
cipal food of the sargo" (the fish Ancisotremus davidsoni) in the
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Salton Sea resulted from this action, as well as of another amphi-
pod, Corophium louisianum (Barnard and Gray 1968). Intraconti-
nental and global movements of maritime, emergent, and other
coastal vegetation have been extensive; the number of small in
vertebrates simultaneously moved must be profound.

Djajasasmita (1982) and Taylor (1966) provide evidence for
the dispersal of the glochidia larvae of freshwater mussels
(Anodonta) with the dispersal of introduced fish stocks. This has
been a little-examined dispersal mechanism to explain modern-
day distribution patterns of these mussels.

There remains, however, no systematic study of the diver
sity or abundance of organisms now being dispersed with what
maybe, ona daily basis, thousands of shipments of invertebrates,
fish, and plants, around the world. While many of these ship
ments now either leave the point of origin with "health and dis
ease" certificates, or are examined at the receiving point, there
remains a significant potential for the accidental transport of as
sociated species, symbionts, parasites, and disease agents. There
are at least five reasons for this situation: One, only a small
subsample (ten percent or less) of anyshipment is examined. Two,
these subsamples are searched for onlycertain species which have
been preidentified as those of special concern (usually known
predators, parasites, or pathogens). Three, histochemical and
histopathological examinations may not detect certain pathogens
in seasonal resting stages (Hickey 1979). Four, as reviewed below
(p. 28) [Note refer, to B-3], many species may occur in the trans
port media (water, packaging) which may not be subject to any
level of inspection. And five, species that are believed to be of no
concern, but are found with the target species upon inspection,
may be seen but passed over.

Thus, for example, it is well known in the commercial oys
ter trade that movements of seed stock are still accompanied by
species believed to be "harmless"—these may include herbivo
rous snails, hydroids, sponges, bryozoans, ascidians, and other
small mobile, encrusting, or attached organisms. I have been
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shown living gastropods, including small trochids (Calliostoma sp.)
and slipper shells (Crepidula sp.), that accompanied shipments of
the oyster Ostrea edulis from Sendai, Japan, and Maine, respec
tively, received at Moss Landing, Monterey Bay, California p.
Shonman, personal communication).

Hickey (1979) noted that 100,000 cultchless, hatchery-reared
oysters (Crassostrea gigas) were obtained from a hatchery at Moss
Landing, California, "after being examined histologically and cer
tified 'free of disease.'" These oysters were then placed in the
open environment in a salt pond on Cape Cod, Massachusetts.
What might have accompanied these oysters?

In 1979 R. Mann received a shipment from Moss Landing of
3,000 hatchery-reared Crassostrea gigas (25 to 35 mm in length) at
the Woods Hole Oceanographic Institution. Shipping time was
48 hours. These seed were accompanied by two government in
spection certificates: one stating that ten percent of the shipment
had been inspected and "no oyster drilling snails, egg cases, or
portions thereof were found, and a second indicating that (based
upon an unstated number of specimens examined), "no evidence
of parasites or diseases was observed in these specimens." I used
three methods to examine this shipment of seedoysters: 100 oys
ters each from (1) the top and (2) the bottom of the container
were thoroughly rinsed in filtered seawater, and any associated
debris or species retained. In addition, (3) the surfaces of the shells
of 25 oysters from the bottom of the container were examined
microscopically. The entire container was inspected in general for
any other associated species that might have been missed by the
first three sampling methods. The results of this inspection are
shown in Table 2. The most common organism was a small am-
phipod of the genus Corophium (up to 3 mm in length) repre
sented by juveniles, males, and ovigerous females; many of the
latter appeared freshly "spent," and many of the juveniles were
very small (less than one mm in length). If samples (1) and (2)
are representative, more than 1,000 specimens of this amphipod
accompanied this shipment of oyster seed. Corophium also occurred
in mud tubes under flutes on the oyster valves. The remaining
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species were represented in samples (1) and (2) by relatively few
specimens of the mussel Mytilus "edulis" (5 to 10 mm in length),
an additional gammarid amphipod, two species of polychaete
worms (5 to 10 mm in length), and fragments of the green alga
Enteromorpha and of a small hydroid. [I refer to Mytilus "edulis"
in quotation marks at some points in this paper (and not at oth
ers) depending upon the geographic region involved: see
McDonald and Koehn 1988]. No species occurred in sample (3),
nor in the general inspection, that werenot found in samples (1)
and (2). In all, seven species of invertebrates and algae were found.
Russell (see below) has found 29 additional species of algae, dia
toms, protozoans, and invertebrates in water accompanying oys
ter and clam shipments from Moss Landing.

Table 2. Species and numbers of individuals associated with hatchery-
reared Pacific oysters (Crassostrea gigas) shipped from California to Mas-
sachusetts ( + = present).

Sample (see text)

Species (V (2) (3)

Mollusca:Bivalvia

Mytilus "edulis" 2 2 +
Annelida:Polychaeta

Opheliidae
Armandia brevis 4 2 +

Nereidae

Undetermined sp. 1 — 1
Crustacea:Amphipoda

Corophium sp. 34 46 +
Undetermined sp. — 1 —

Coelenterata:Hydrozoa
Undetermined hydroids — + +

Chlorophyta
Enteromorpha sp.,

cf. E. intestinalis + + +



281 Dispersal of Living Organisms

The release of 100,000 California-reared Japanese oysters on
Cape Cod thus also released thousands of small protists, inverte
brates and algae, and perhaps endobiotic organisms as well. Ten
months after the oysters were placed in this tidal pond, the out
let was blocked to prevent the escape of oyster larvae (Hickey
(1979, p.133)) in anticipation of the spawning season—too late,
however, for the escape of associated species.

It is thus clear that hatchery-reared stocks of species shipped
with "quarantine" or "health" certificates are not necessarily free
of otherassociated organisms. The ease of availability of so many
species underscores the potential breadth of this phenomenon.
What species accompany the shipments of the algae Laminaria,
Porphyra, and Macrocystis, that can now be easily ordered? How
many epizoic, microscopic algae, peritrichous protozoans, and ro
tifers, or endobiotic commensal protozoans, can be found on or
in the Australian crayfishes (Astacidae) Cherax destructor
("yabbies") and Cherax tenuimanus ("marrons"), now shipped all
over the world?

A very large number of species are transported around the
world alive, intended for direct human consumption and not for
introduction. Once imported there are few subsequent controls;
these species can also be easily released in a new region. Living
New Zealand "green mussels," Perna canaliculus, have been
shipped on a weekly, if not daily, basis from New Zealand to
California since at least 1983. The shells and the dense byssal mats
of these mytilids provide excellent surfaces for epizoic, nestling,
and even boring species. I have examined freshly killed speci
mens of these mussels (provided to me by Michael Graybill; ma
terial shipped to a Eugene, Oregon, restaurant), upon which were
recently living balanoid barnacles (Balanus trigorus), hydroids,
serpulid polychaete tubeworms, boring spionid polychaetes
(Polydora sp.), and folliculinid protozoans. The widespread avail
ability of this mussel in the restaurant and seafood industry sug
gests that little could prevent the release of these mussels (and
their epibionts) in, for example, southern California bays. Oyster
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farmers in Oregon have inquired about the feasibility of open
release or grow-out of Perna canaliculus in southern Oregon estu
aries.

3. Biota on/in Transport Media
A wide variety of non-target organisms may be associated

with the transport media (such as water, packaging [algae or other
dunnage], detritus), or with the shipping container itself. If the
transport medium includes algae or other marine plants, these
species are themselves potentional introductions, often being dis
carded into the new environment. An example of the latter may
be the successful establishment in Washington and Oregon of
saltmeadow hay (Spartina alterniflora) used as packing material
with Atlantic oysters (Crassostrea virginka) (Frenkel and Boss 1988,
and references therein). As discussed below the New England sea
weed Ascophyllum is regularly discarded into San Francisco Bay,
California.

Many species of freshwater, estuarine, and marine fish have
been transported within and between all continents (Bardach et
al. 1972; Ling 1977; Moyle 1976a, b; McNeil 1979; Vaini 1985;
Welcomme 1988). These fish were transported in barrels, tanks,
and aquarium railroad cars. There is no doubt that the water in
which these fish were transported carried protists, zooplankton
and phytoplankton. Stone (1876) noted the presence of "minute
forms of life" (i.e., zooplankton) as fish food occurring in the water
used to transport fish from the American eastern seaboard to Cali
fornia. Hazel (1966) has suggestedthat the easternAmerican fresh
water polychaete Manayunkia speciosa may owe its presence in
Oregon and in the Sacramento-San Joaquin River delta of Cali
fornia to transport in water associated with catfish (Ictalurus) in
troductions from the northeastern United States, including cat
fish (and water) taken directly from Manayunkia's type locality in
Pennsylvania.

Belk (1973) found the freshwater waterflea (cladoceran)
Latonopsis australis in a man-made reservoir in Guam, and noted
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its probable introduction with fish from Hawaii. The presence of
the marine isopod Sphaeroma serratum and the gammarid amphi-
pod Gammarus aequicauda in an Egyptian inland salt lake is be
lieved by Holdich and Tolba (1985) to be related to a fish re
stocking program, and the concomitant movement of water and
algae with these fish from the Mediterranean. Shotts et al. (1976)
found 14 genera of bacteria associated with the shipping water
of aquarium fishes imported from Southeast Asia to Georgia.
These cases must represent a very minor fraction of actual intro
ductions and transportation events.

Russell (1981, and personal communication, 1989) cultured
18 species of macroalgae and microalgae, seven species of proto
zoans, and copepods from water from oyster and clam shipments
received in Hawaii from Moss Landing, California. In addition,
he collected rotifers, nematodes, and isopods from this water.
Russell further cultured six species of red, green, and brown al
gae from water accompanying tropical fish and coral shipments
from Canton Island in the central Pacific Ocean, East Southeast
of the Gilbert Islands. For many years it was common practice in
Hawaii to place shipments of fish and coral received from
throughout the Indo or South Pacific in holding tanks whose non-
treated effluent flowed out onto adjacent reefs (D. Russell, per
sonal communication, 1989).

Given the widespread movement of freshwater fish across
the continental United States, the modern-day distributions of
many invertebrates — such as the waterfleas Daphnia spp. and
gammarid amphipods — should be examined in light of nine
teenth-century railroad routes, as well as relative to natural means
of dispersal. How many estuarine and marine organisms may
have been distributed in shipping waters is equally unknown.

Living organisms intended for deliberate release or direct
consumption are often packed in seaweeds or other plants. In
North America beginning in 1888, for example, shipments of At
lantic lobsters (Homarus americanus) for release on the Pacific coast

were packed in "rockweed," the brown alga Fucus (Rathbun 1890).



Dispersal Mechanisms / 31

The transcontinental shipping of lobsters from New England to
California resumed in the 1960s, with air flights of lobsters for
the restaurant trade (Carlton 1979a). These lobsters are packed in
thebrownalgae Ascophyllum andFucus. Miller (1969) and Dawson
and Foster (1982) have documented that such algae may be dis
carded into San Francisco Bay. Miller lists more than 20 species
of invertebrates, including sponges, hydroids, flatworms, spirorbid
polychaetes, barnacles, amphipods, snails, mussels, bryozoans, and
seastars, associated with these imported algae. The common At
lantic periwinkle Littorina littorea hasappeared on occasion in San
Francisco Bay (Carlton 1969), and may still be there, as a result
of these algal discards. Intertidal brown seaweeds are also used
as packing for baitworms (p. 32).

Packing containers themselves are unique mechanisms of dis
persal in the aquaculture and commercial fisheries trades, although
this possibilityhas rarely been explored. Quayle (1964) suggested
that the wood-boring gribble (isopod) Limnoria tripunctata may
have been introduced from Japan to British Columbia in the
wooden boxes in which Japanese seed oysters (Crassostrea gigas)
are packed and shipped. Popham (1983) has made the same sug
gestion for the establishment of a Japanese species of shipworm
(Lyrodus takanoshimensis) in British Columbia.

Aquarium Trade

Hundreds of species (there are no definitive lists) of inverte
brates, fish, other vertebrates, seaweeds, and other plants, have
been and are now moved in complex patterns through the com
mercial aquarium industry. The increasing ability to move these
species at faster speeds around the world has resulted in the sur
vival of a far greater variety of transported species than ever be
fore. Exotic taxa can now arrive alive (and potentially be released)
within 12 to 24 hours at virtually any point in the world. Few
countries have established adequate controls over such move
ments. In turn, there is no control over the fate of such species
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once sold on the public market. The public may purchase such
species with the direct desire to release them (in some cases out
of curiosity as to the likelihood of success of such species in es
tablishing a population, and in other cases out of sympathy, the
more so in the 1980s and 1990s as a result of animal rights and
welfare concerns). More commonly such purchases are made with
the desire of holding the organisms as pets; pet owners may then
later release their pets for one reason or another.

Aquarium-released fish are considered by Moyle (1976a,
1976b), de Groot (1985), and Welcomme (1988), among others.
Courtenay (1978) describes the remarkable case of the introduc
tion of the Southeast Asian walking catfish (Clarias batrachus) into
Florida by the fish escaping from the transport truck as it was
driven from the airport to the aquarium farm: "(the driver) pro
ceeded on his journey north while Walking Catfish were falling
and jumping off the truck onto the road next to a major drainage
canal."

Fishing Activities

The overall picture of fishery and related activities in the
movement of fish, shellfish, and other species must include four
additional categories of dispersal mechanisms, some rarely con
sidered but potentially of equal importance to some of the other
mechanisms discussed here.

2. Movement of Bait Organisms
The collection, transport, and release of invertebrates and

small fish for bait have doubtless resulted in the redistribution of

far more species than has been realized. There are virtually no
controls on such movements. The private fisherman, purchasing
or collecting organisms at a "bait shop" or in one lake or river,
can release the same species in a lake or river scores or hundreds
of kilometers away within hours or days. One of the best-known
modern examples is the distribution of the Asian freshwater clam
Corbicula fluminea throughout the United States; its rapid dispersal
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was due, at least in part, to its spread by fishermen as a bait
organism (Counts 1986). The introduction of the goldspot herring
(Herklotsichthys quadrimaculatus) from the Marshall Islands to Ha
waii was apparently the result of these fish having been taken
aboard as bait for tuna fishing (Randall 1987). Clark (1932) re
corded six species of fish found alive in bait tanks of vessels re
turning from tuna fishing off Mexico, all of which were released
into Los Angeles Harbor or nearby waters.

A corollary to such movement is the dispersal of organisms
in the transport medium (usually water [which may contain zoop
lankton and phytoplankton] or packing materials) from the source
region. The practices of the marine worm bait industry, such as
those located in Maine (Sandrof 1946; Pettibone 1963; Dow and
Creaser 1970; Creaser and Clifford 1986) provide an excellent ex
ample. Worms as bait (family Nereidae, "sandworms" or
"pileworms," and family Glyceridae, "bloodworms") are regularly
snipped from Maine to many locations around thecountry. Ihave
examined samples of brown algae (Fucus vesiculosus and
Ascophyllum nodosum) shipped with worm bait from Maine to
Newport Bay in southern California (material provided by M. E.
Smith and W. Wagg). In the algae were three common New En
gland periwinkle species (Littorina saxatilis, Littorina obtusata, and
Littorina Uttorea), the musselMytilus edulis, isopods, and gammarid
amphipods. A marine ascomycete (fungus), Pleospora sp., also
occurred on the algae (J. J. Kohlmeyer in litt to R.B. Setzer). These
algae are commonly discarded in thebay. In turn, living Littorina
Uttorea have on occasion been found in Newport Bay (Carlton
1979a). Carlton and Scanlon (1985) and Dawson and Foster (1982)
suggest that the green alga Codium fragile tomentosoides may have
been transported to Virginia and to San Francisco Bay, Califor
nia, respectively, in worm bait packing.

2. Water Wells in Fishing Vessels
Fishing vessels have long moved living organisms in "live

wells" in their holds. Some species are brought back to land for
the purpose of live-selling at market; others, as described above,
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are held as live bait for fishing (and later released whenno longer
wanted). Species taken up with "target" species are deliberately
or inadvertently often moved as well (examples cited above).
These wells may contain plankton from the source region, or a
mixture of plankton taken up en route from different sites. Wolff
(1977) documented the transport to and release in Europe of horse
shoe crabs (Limulus polyphemus), held in live wells,by East Euro
pean fishermen returning from fishing grounds off Atlantic North
America en route back to their Baltic home ports.

3. Fishing Gear
Fishing vessels' nets are an obvious means for transporta

tion and subsequent release of living organisms over long dis
tances. Nets piled on deck and later streamed out for cleaning in
distant waters may release a wide variety of species, especially
many smallinvertebrates and algae. Bottom otter trawls frequently
come aboard with a broadarray of invertebrates entangled in the
netting, ranging from bits of sponge and hydroid colonies to bryo-
zoans and ophiuroids. Some species may survive in these nets
(and in the vessel's scuppers) for at least 48 hours (J. T. Carlton,
personal observations, Atlantic coast of North America), sufficient
time for a modern fishing vessel to make considerable progress
along a coastline. Carlton and Scanlon (1985) propose that the
green alga Codium fragile tomentosoides may havebeen transported
around Cape Cod by this (among other) means. The seagrass
Halophila stipulacea, a euryhaline subtropical species native to the
Indo-Pacific Ocean, may similarly have been transported through
the Suez Canal to the Mediterranean Sea on fishing nets (Lipkin
1972).

The fishing gear of sport fishermen, including tackle, poles,
hand nets, containers, boots, waders, and so forth, are ideal sites
for the potential entrainment of many small organisms, from pro
tozoans and cladoceran ephippia to bryozoan statoblasts and al
gae. These may impinge upon local, lake-to-lake distributions,
rather than long-distance dispersal. Lange and Cap (1986) sug-
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gested that a European freshwater cladoceran (Bythotrephes) may
have been introduced to the Great Lakes with such private fish
ing equipment; in this case, however, Bythotrephes was more likely
introduced by ballast water.

4. Movement of Algae as Substrate for Fish Eggs
Certain egg fisheries are sufficiently lucrative to have led to

the experimental placement ofsubstrates for the enhancement of
egg laying. An example is-the herring egg industry ofAlaska and
the Pacific Northwest coast of North America (Krakauer 1986).

As an example, in 1986 the Oregon Department of Fish and
Wildlife issued "experimental fishing gear" permits to severalpri
vate individuals to place the brown kelp Macrocystis pyrifera on
racks in Coos Bay, Oregon, as a potential substrate for egg depo
sition byherring (the kelp andeggs then tobeharvested together).
The Macrocystis was brought from Avila Beach (San Luis Obispo
County), California, just north of Point Conception, being kept
cold during the 24 hour transit. I sampled the kelp upon its ar
rival in Coos Bay, and recovered over 40 species of invertebrates
and algae, including alloeocoel flatworms on the eggs of the kelp
crab Pugettia producta, the bryozoan Membranipora membranacea,
several species of shelled gastropods and nudibranchs, copepods,
barnacles (on crabs), amphipods, isopods, shrimps, and mites. All
of these species were released directly into Coos Bay.

Discussion

The uncontrolled release of exotic species into the open en
vironment, by individuals involved in aquaculture and other fish
eries industries, is realized on a daily basis around the world. An
individual or organization can today request 50,000 individuals
of "Target Species A," to be shipped, for example, from the Phil
ippines to Hawaii. The container arrives by air, assuring maxi
mum survival of all taxa. In the container is the target species —
but perhaps only 49,000 are the requested species and, by mis-
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take or inattention, 1,000 are another similar (non-target) species.
On these taxa, which may or may not have passed through in
spection or quarantine, may be several species of epibionts; sev
eral hundred specimens of "Target Species A" may have a small
symbiont or parasite as well, easily overlooked. In the water in
the container may be several dozen species of microscopic zoop
lankton and phytoplankton. The contents of the entire container,
target species, non-target species, epibiota, and biota in the trans
port medium, can be emptied into the open sea.

It is difficult to judge the immediate significance of such an
event, or to place it fully in the context of the many other mecha
nisms that are now in place and that serve instantaneously to
alter hundreds of thousands to millions of years of genetic isola
tion. The release of a single target species would appear to be a
potentially minor occurrence, on simple numerical grounds (al
though perhaps not on ecological grounds), in light of the thou
sands of species that likely have been and are now being released
through the discarding of live food, the releaseand escape of non-
target biota, or the movement of untold quantities of bait organ
isms, and the organisms with which they are packed. These diffi
culties, and appearances, are exacerbated by the lack of sufficient
data sets by which to judge the sizes of these waves upon waves
of exotic species. When one combines the dispersal events I have
outlined here with the global movement of ballast water, and the
vast numbers of planktonic and benthic organisms being trans
ported, released, and inoculated by ships on a daily basis in bays,
estuaries, and harbors, the potential for exotic species to continue
to invade and restructure most aquatic systems in the 1990s is
staggering.

Evolutionary biologists, biogeographers, and natural histori
ans have, if not a genetic, at least a well-ingrained belief that the
distributions of most organisms on the Earth's surface are reflec
tions of long-term, natural processes. This well-anchored assump
tion is clearly reflected in most biogeography texts and mono
graphs and in most discussions of animal or plant dispersal
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mechanisms in ecology texts. And yet it would appear difficult
to understand the patterns of distribution of many continental
aquatic organisms without understanding the patterns of move
ment of the vast amounts of water used to transport the fish spe
cies and stocks that were endlessly manipulated "to improve na
ture" over the past several centuries. It would appear equally
difficult to understand the patterns of distribution of many coastal
marine and estuarine organisms without understanding the his
torical and modern-day traffic patterns of the small fishing ves
sels that have plied from harbor to harbor over the centuries, with
fish, algae, and invertebrates in their holds, nets, and on their
hulls.

The ecological and genetic ramifications of the introductions
of exotic species have been considered in recent years by many
authors (for example, Hornberg and Williamson 1986; Mooney
and Drake 1986; Drake et al. 1989), although most of these works
largely focus upon terrestrial communities. Seemingly innocuous
movements of young hatchery oysters, or seaweedwith bait, could
lead to profound ecological effects. The transcontinental move
ments of the amphipod Corophium, noted above, could predict
ably lead to the establishment of new species or new populations;
Corophium arecritical components in many estuarine food chains,
including those involving salmonid fishes (J. Chapman, personal
communication, 1989). The wide geographic transfers of preda
tors and competitors, pathogens, parasites and pests, by the ten
or so now active aquaculture and fisheries related dispersal
mechanisms reviewed here, have a predictably significant statis
tical chance of leading to the establishment of yet more exotic
species that couldhave profoundbiological and ecological effects
on the invaded communities.

On a more specific level, quantitative documentation of the
many ways in which certain species are transported are funda
mental to understanding the population biology and genetics of
such taxa. How the mussel Mytilus edulis has been and is now
being transported around the world would appear to be a critical
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foundation to the many genetic studies now being undertaken
with this species group (Edwards and Skibinksi 1987; McDonald
and Koehn 1988; Varvio et al. 1988; Gosling 1989). Atlantic Mytilus
are released into California, and California Mytilus are shipped
to the Atlantic (records above). Japanese Mytilus are released,
probably on a daily basis, as veliger larvae in ballast water, on
the North American Pacific coast (Carlton et al. 1990; J. Geller
and J. Carlton, in preparation), if not throughout the Pacific Rim.
Farm-raised, hatchery-raised, or wild-collected Mytilus are presum
ably available for purchase in many areas of the world on the
open market, shippable (and releasable) anywhere. Mytilus is also
one of the world's most common ship-fouling organisms (Woods
Hole Oceanographic Institution 1952). Most harbor populations
of Mytilus around the world remain to be examined genetically,
either for their amount and nature of allozyme divergence, or for
their variation in mitochondrial DNA. It is predictable that intro
duced populations of the mussels Mytilus trossulus and the At
lantic Mytilus edulis (both species as defined by McDonald and
Koehn 1988and Varvio et al. 1988) eventually will be recognized
at widespread localities around the world, as have introduced
populations of the Mediterrranean mussel Mytilus galloprovincialis
(McDonald and Koehn (1988)).

"In contrast to land and fresh waters," wrote Charles Elton
(1958) concerning biological invasions, "the sea seems still almost
inviolate." It is becoming increasingly clear, some 30 and more
years later, that that contrast has all but faded: the human role in
the alterationof species compositions, and of the evolutionary role
of gene flow, in the ocean — and in all aquatic ecosystems —
has been, and is, as pervasive as on land. The creation and re
lease of genetically manipulated species have and will fundamen
tally contribute to this pervasiveness. Strategies for reducing the
rate of alteration due to invasions in both natural environments

and in those environments already invaded (Hubbs 1977;
Courtenay and Taylor 1986; Sindermann 1986; Welcomme 1986;
Carlton 1989; and the chapters in the present volume) will re
quire the same national and international cooperative efforts that
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have led to the partial reductions in the discharge of organic and
inorganic pollutants into water bodies or into the atmosphere.
Perhaps such a goal can be achieved by the beginning of the
twenty-first century.
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Movement and Dispersal
of Exotic Species



Dispersal of Exotic Species from
Aquaculture Sources, with Emphasis
on Freshwater Fishes

Walter R. Courtenay, Jr.

James D. Williams

Abstract: Since the beginning of translocations of aquatic species beyond their
historical ranges, there have been escapes and releases from culture facilities.
Most escapes have resulted from carelessness in construction and operation of
these facilities. In some instances, there appear to have been deliberate releases
of stocks. To date, pet industry culture facilities have been the source of more
introductions in the United States than has the culture of fishes for food or
other purposes. Of the 46 established exotic fishes in thewaters of the contigu
ous U.S., 22are the resultofaquaculture activities. Futuredevelopment of aquac
ulture of food resources, however, promises to become a major source of intro
ductions unless precautions are taken early. Recognition that introduced exotic
aquatic species have been, or have the potential to be, detrimental to native
species and ecosystems, andcan create negative economic impacts, is reason for
concern and caution. Guidelines for safety in importation and culture practices
mustbe developed thatwill enhance boththe future of aquaculture and protec
tion of irreplaceable native natural resources.

Introduction

Aquaculture is a relatively new term for a very old practice
— the culture of aquatic organisms. Bardach et al. (1972) stated
that pond culture of carps is known from the fifth century B.C.
in China. In Europe, culture of common carp, Cyprinus carpio
Linnaeus, apparently began during the time of the Roman Em
pire as part of the medieval monastic pond fish culture practice
(Balon 1974; Welcomme 1984, 1988). The source of wild common
carp for use in monastic fish culture is presumed to have been
the Danube, where this species is native. From there, this fish
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was distributed widely throughout Europe, with subsequent es
capes into natural waters where it became established as repro
ducing populations.

Primarily because of its long history as a popular aquacul
ture species in Europe, emigrants to other continents were in large
part responsible for movement of common carp into continents
where the species was not native. These transfers began on a
massive scale in the latter half of the 1800s. Welcomme (1988)
noted that the common carp now has a nearly global distribution
because of these transfers, subsequent escapes from culture facili
ties, and deliberate introductions into natural waters. As an in
troduced exotic (of foreign origin) species, it ranks third in inter
national transfers, behind Mozambique tilapia, Oreochromis
mossambicus (Peters) and rainbow trout, Oncorhynchus mykiss
(Walbaum), and has been successfully released into 59 countries
(Welcomme 1988).

Common carp provides an interesting contrast in opinions
on its impact. It is a major species in inland aquaculture. Pullin
(1986) noted that approximately 250,000 metric tons of carp are
produced annually by aquaculture. In several countries, it is a
subject of capture fisheries. Common carp has also been accused
of being a detrimental species in many areas where it has found
its way or was released into open waters, due to its habit of up
rooting aquatic vegetation with subsequent increases in turbidity
and lowering of oxygen levels. It is also known to feed on eggs
of native fishes, including those of endangered and threatened
species. Thus, it is a species that is praised in some aquaculture
circles and simultaneously cursed by environmentally oriented
groups (Cooper 1987).

Prior to 1900, international transfers of fishes for aquacul
ture purposes largely involved salmonids intended for introduc
tion or repeated stockings as sport species, and some limited food
production. Movements of common carp to North America be
gan in the 1830s (DeKay 1842) and peaked in the last quarter of
the 1800s (Smiley 1886; Courtenay et al. 1984; Crossman 1984;
Contreras and Escalante 1984); southern Africa experienced a simi-
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lar history with this species (de Moor and Bruton 1988).
Welcomme (1988) reported that common carp reached its great
est popularity in international transfers between1910 and 1940,
being replaced by tilapias from 1950 to 1979 and Chinese carps
from 1960 to 1980 "as preferred species." Present international
interest in exotic species for aquaculture purposes includes a num
ber of crustaceans, while in the United States tilapias and Chi
nese carps are of growing popularity among aquaculturists.

Similar opinions exist in relation to the second most widely
transferred aquaculture fish, Mozambique tilapia, now found in
66 nations (Welcomme 1988). Its present distribution is almost
pan-tropical. The first escape into waters where it is exotic may
have been during the 1930s in Java, where it is thought to have
been an aquarium fish release. This species is of great and in
creasing importance in modern aquaculture as a food fish. It has
also been promoted for biological control purposes but its effec
tiveness is questionable. Like common carp, it is typically cul
tured in ponds, but in some nations it has been widely dissemi
nated into natural waters. In several nations, the Mozambique ti
lapia is considered as a pest species due to its high fecundity,
nature of producing stunted stocks, and its ability to displace
native fishes (Bardach et al. 1972; Ling 1977; Shelton and
Smitherman 1984).

Aquaculture and agriculture provide some important paral
lels and contrasts. The early development of agriculture in the
Western Hemisphere was characterized by importations of exotic
plant and animal species, just as there is now great interest in the
use of exotic species in the developing aquaculture industry. One
of the major contrasts is that agriculture involves mostly plants
and animals that are so far removed genetically from their wild
ancestors that they require care and husbandry to survive, with
few persisting in a feral state. The few able to persist on their
own include feral goats, pigs, donkeys, and horses, and these have
created environmental management problems in several areas.
Species employed in aquaculture are mostly feral stocks being
reared artificially, and most have the capability to return to a fe-
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ral state if released, within or outside their native ranges of dis
tribution. A second contrast is that the technology of agriculture
far outpaces that of aquaculture, largely due to the longer history
of the former and its predominant importance to mankind. In such
areas as nutrition, disease control, genetics, and husbandry, aquac
ulture has a lot of experience yet to be obtained and utilized.

In nearly every instance where an exotic aquatic species has
been the subject of culture,escape into open waters has occurred.
Shelton and Smitherman (1984) noted, "For whatever purpose an
exotic fish is used, escape is virtually inevitable; thus, this even
tuality should be considered." Welcomme (1988) added, "Species
originally introduced for aquaculture eventually escape from the
confinement of their ponds often but not always to colonize natu
ral waters. Therefore any introduction made for aquaculture must
be thought of as a potential addition to the wild fauna in the
receiving country." Moreover, many introduced exotic species
have had negative impacts on native organisms, habitat, and re
gional and national economies (Elton 1958; Laycock 1966;
Courtenay 1979, in press a). It is these concerns, escape and im
pacts, that are the focus of this contribution.

Currently there are 46 species of exotic fishes established in
open waters of the contiguous U.S. (Table 1). Additionally, an
other 14 species were established, but some were purposefully
eradicated and others failed to survive, probably due to cold win
ter temperatures (Table 2). Fifty-three more, identified to species,
and 7, identified only to genus (doubtless representing far more
than 7 species), have been collected or reported from open wa
ters; none is known, to be established (Table 2). The majority of
these introduced exotic fishes escaped from ornamental aquarium
fish culture facilities or were released by aquarists (Courtenay et
al. 1984, 1986b; Courtenay and Stauffer 1990). An unquantified
number of alien aquatic invertebrate and plant species is also
present, with several, particularly plants, having achieved status
as major pests. Nearly all the introduced exotic fishes, a few in
vertebrates, and several aquatic plants were cultured at some time
in the United States prior to their escape or intentional dissemi-
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nation into open waters.
Bardach et al. (1972) defined aquaculture as "the growing of

aquatic organisms under controlled conditions." Controlled con
ditions obviously does not mean "escape-proof." This definition
is broad and could encompass activities from outdoor farming of
aquatic organisms to maintaining aquarium species indoors. In
deed, it also encompasses the culture ofspecies intended for stock
ing or introduction into natural waters. As used here, aquacul
ture will be confined to the culturing of aquatic organisms for
food, sport, biological control, and aquarium purposes.

Species from Aquaculture for
Food Resources

In many protein-deficient nations, governmental agencies re
gard the widespread introduction of exotic species to open wa
ters as a form of aquaculture (Contreras and Escalante 1984;
Erdman 1984; Maciolek 1984; Courtenay and Kohler 1986;
Courtenay, in press a). Their philosophy appears to be that they
have made these new resources available to the public. The as
sumption is that capture fisheries by individuals or commercial
fishermen will solve a continuing and perhaps growing nutrition
problem. While aquaculturists in the U.S. may disagree with or
perhaps find humor in such an unfortunate approach, our own
history includes similarities.

Of the 46 exotic fishes now established in waters of the con
tiguous U.S. (Table 1), several were imported during the latter
part of the 1800s for the purpose of introducing new food re
sources. Most, however, were imported primarily as potential new
sport species, with the food aspect of secondary importance. The
major reason for introducing common carp was to provide a food
resource that was highlyprized by immigrants from Europe. Nev
ertheless, in contrast to European practices of culturing this spe
cies in ponds, the only culture activities this species experienced
was prior to release into open waters (Baird 1879, 1893). What
ever positive traits pond culture in Europe provided this species



Table 1. List of exotic fishes established in open waters of the contigu
ous United States1. Abbreviations: A = from aquarium fish hobbyists; B
= ship ballast release; C = from fish culture activities; E = release of
experimental stock; F=released bait; P=introduction by governmental
agency; Z = escape from zoo.

Family Scientific Common Source
Name Name

Cyprinidae Carassius auratus
Ctenopharyngodon idella
Cyprinus carpio
Hypophthalmichthys nobilis
Leuciscus idus

goldfish A/C/F
grass carp P
common carp P
bighead carp C
ide A/C/P

Rhodeus sericeus
Scardinius erythrophthalmus
Tinea tinea

bitterling A
: rudd F/P

tench C/P
Cobitidae

Clariidae
Misgurnus anguillicaudatus
Clarias batrachus

oriental weatherfish A/C
walking catfish C

Loricariidae Hypostomus sp.
Hypostomus sp.
Hypostomus sp.
Pterygoplichthys

multiradiatus

armored catfish (FL) A/C
armored catfish (NV) A
armored catfish (TX) Z
sailfin catfish A

Salmonidae Salmo trutta brown trout P
Osmeridae

Poeciliidae

Hypomesus nipponensis
Belonesox belizanus

wakasagi P
pike killifish E

Percidae

Sciaenidae

Poecilia mexicana
Poecilia reticulata
Poeciliopsis gracilis
Xiphophorus helleri
Xiphophorus maculatus
Xiphophorus variatus
Gymnocephalus cernuus
Bairdiella icistia

shortfin molly A/C
guppy A
porthole livebearer C
green swordtail A/C
southern platyfish A/C
variable platyfish A/C
ruffe B

bairdiella P

Cichlidae

Cynoscion xanthulus
Astronotus ocellatus

orangemouth corvina P
oscar C

Cichla ocellaris

Cichlasoma bimaculatum
peacock cichlid P
black acara C

Cichlasoma citrinellum Midas cichlid C
Cichlasoma managuense
Cichlasoma meeki

jaguar guapote A
firemouth cichlid C

Cichlasoma nigrofasciatum convict cichlid A
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Table 1. Continued

Family Scientific Common Source

Name Name

Cichlidae Cichlasoma octofasciatum Jack Dempsey A/C
Cichlasoma urophthalmus Mayan cichlid A
Geophagus surinamensis redstriped eartheater C
Hemichromis bimaculatus jewelfish C
Oreochromis aureus blue tilapia C/F/P
Oreochromis mossambicus Mozambique tilapia A/C/P
Oreochromis urolepis Wami tilapia P

hornorum

Sarotherodon melanotheron blackchin tilapia A/C
Tilapia mariae spotted tilapia A/C
Tilapia zilli redbelly tilapia P

Gobiidae Acanthogobius flavimanus yellowfin goby B
Tridentiger trigonocephalus chameleon goby B

Anabantidae Trichopsis vittata croaking gourami C

1Postal abbreviations are used for the three distinct morphological spe
cies of Hypostomus as follows: FL = Florida, NV = Nevada, TX = Texas.

in terms of appearance, perhaps taste and reduced intramuscular
bones, were doubtless lost when the fish was returned to feral

conditions (Laycock 1966). Within the first two decades of the
1900s, the introduction of common carp was generally recognized
as a mistake, particularly as it began to dominate many waters in
the midwest and east (Courtenay et al. 1984,1986b).

The common carp was not the only cyprinid to enter the
U.S. during the late 1800s. Several shipments from Europe con
tained ide, Leuciscus idus (Linnaeus), and tench, Tinea tinea
(Linnaeus) (Baird 1879, 1893). Reports of the U.S. Fish Commis
sion, a predecessor agency of our current National Marine Fish
eries Service and the U.S. Fish and Wildlife Service, indicated that
these species were intentionally imported for distribution pur
poses. What "distribution" meant is unclear, but probably in
volved dissemination toward establishment for food and sport
uses. Not surprisingly, both ide and tench were released acciden
tally into the Potomac River when a flood overflowed federal



Table 2. List of exotic fishes collected from, but not known to be estab
lished in, open waters of the contiguous United States. Species indi
cated by an asterisk (*) were previously established and were either
eradicated or became extirpated naturally. Presumed source of intro
duction is indicated by: A = aquarium fish release; B = from culture for
food, sport, or biological control purposes; C = from aquarium fish cul
ture activities; D = ship ballast release; P = purposeful release by gov
ernmental agency;T = escape from tourist attraction; U = unknown.

Family Scientific Common Source

Name Name

Osteoglossidae Osteoglossum bicirrhosum arawana A

Anguillidae Anguilla anguilla European eel U

Anguilla australis shortfinned eel U

Cyprinidae Barbodes schwanefeldi tinfoil barb C

Danio rerio zebra danio A/C

Danio malabaricus malabar danio C

Hypophthalmichthys molitrix silver carp B

Labeo chrysophekadion black sharkminnow A

Puntius conchonius rosy barb C

Puntius gelius golden barb C

Puntius tetrazona tiger barb A/C

Erythrinidae Hoplias malabaricus* trahira C

Characidae Colossoma spp. pacus A

Colossoma bidens (no common name) A

Colossoma macropomum tambaqui A

Gymnocorymbus ternetzi black terra A

Hemigrammus ocellifer head and tail light A

Leporinus fasciatus banded leporinus A

Metynnis sp. (no common name) A

Paracheirodon innesi neon terra C

Pygocentrus nattered red piranha A

Serrasalmus humeralis * pirambeba T

Serrasalmus rhombeus redeye piranha A

Doradidae Oxydoras niger ripsaw catfish A

Platydoras costatus Raphael catfish A

Pterodoras granulosus (no common name) A

Pimelodidae Phractocephalus hemilopterus redtail catfish A

Callichthyidae Callichthys callichthys cascarado A

Corydoras sp. corydoras A

Loricariidae Hypostomus sp. suckermouth catfish A

Otocinclus sp. (no common name) A
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Table 2. Continued

Family Scientific Common Source

Name Name

Esocidae Esox reicherH Amur pike B

Plecoglossidae Plecoglossus altivelis ayu U

Salmonidae Coregonus maraena German whitefish P

Oncorhynchus masou cherry salmon P

Salmo letnica Ohrid trout P

Adrianichthyidae Oryzias latipes * medaka A

Aplocheilidae Cynolebias bellotHi * Argentine pearlfish P

Cynolebias nigripinnis blackfin pearlfish P

Cynolebias whitei pearlfish P

Cyprinodon- Rivulus harH * giant rivulus P

tidae

Goodeidae Ameca splendens butterfly splitfin A

Poeciliidae Poecilia hybrids A/C

Atherinidae Chirostoma jordani charal P

Centropomidae Lates mariae bigeye lates P

Lates nilotica Nile perch P

Percidae Stizostedion lucioperca zander P

Cichlidae Aequidens pulcher * blue acara C

Cichla temensis speckled pavon P

Cichlasoma beani * green guapote A

Cichlasoma labiatum red devil C

Cichlasoma salvini * yellowbelly cichlid A

Cichlasoma trimaculatum * threespot cichlid A

Geophagus brasiliensis pearl eartheater C

Heros severum * banded cichlid A

Labeotropheus sp. (no common name) Z

Melanochromis auratus gold mbuna A

Melanochromis johanni blue mbuna A

Oreochromis niloticus Nile tilapia B

Pseudotropheus zebra zebra mbuna A

Pterophyllum scalare angelfish A/C

Pterophyllum sp. discus A/C

Tilapia sparmanni banded tilapia C

Anabantidae Anabas testudineus * climbing perch C

Betta splendens * Siamese fightingfish A

Colisa fdsciata banded gourami A

Colisa labiosa thicklip gourami C

Colisa lalia dwarf gourami C
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Table 2. Continued.

Family Scientific Common Source

Name Name

Ctenopoma nigropannosum * twospot ctenopoma C
Helostoma temmindd kissing gourami C
Macropodus opercularis * paradisefish C
Trichogaster leeri pearl gourami C
Trichogaster trichopterus threespot gourami C

Channidae Channa micropeltes giant snakehead A
Pleuronectidae Platichthys flesus European flounder U

culture ponds in Washington, D.C. (Baird 1893). Although they
were subsequently distributed to several states and territories
destined to become states, both species have experienced signifi
cant range reductions, unlike common carp (Courtenay et al. 1984,
1986b).

Importation of the rudd, Scardinius erythropthalmus (Linnaeus)
into the U.S. took place in the late 1800s but the source of this
translocation is unknown. Its popularity in Europe as a food and
game species suggests that it may have been introduced for both
purposes. It first appeared in Central Park in New York City in
the late 1800s. It was reported by Bean (1897) from ponds in Cen
tral Park as a variety of the golden shiner with permanent
vermillion color of fins. The unannounced appearance of this spe
cies in open waters of New Jersey and New York during the 1920s
(Myers 1925) suggests movement by individuals rather than state
agencies. Cahn (1927) and Greene (1935) reported introductions
in 1917 by the Wisconsin Conservation Department. Although the
species was established and later became extirpated in New Jer
sey and Wisconsin, it has persisted in Maine, apparently the re
sult of a more recent introduction, and two places in New York
(P.G. Walker, personal communication; Smith 1985).

During the last two decades, there has been renewed inter
est in rudd as an outdoor ornamental fish and a potential bait
species. It is being cultured in Arkansas and Virginia (possibly in
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other states) and has been distributed to bait stores in at least 16
central and eastern states. It has been taken in open waters of at
least eight states that we are aware of. The failure of rudd in
New Jersey and Wisconsin should not be predictive of its poten
tial, or lack thereof, to establish in waters of other states. In fact,
its potential to establish in central, eastern, and southern states,
and particularly in many states in the American west, is great.
Fishermen feel they are acting humanely or feeding future catches
when they dump contents of bait buckets at the end of a fishing
day, a long-proven method of establishing fishes beyond their
native ranges. The potential adverse impacts from releases of rudd
are unknown and extreme caution is warranted. Six states, Ala
bama, Connecticut, Florida, Louisiana, Texas, and Virginia have
recently passed regulations prohibiting importation of rudd. Ar
kansas has new regulations prohibiting their sale and use as a
bait fish in Arkansas, but allows the production and sale of rudd
outside the state. Several other states are currently considering
regulations prohibiting importation of rudd.

A probability exists that rudd will hybridize, intergenerically,
with native golden shiner, Notemigonus crysoleucas (Mitchill), with
unknown consequences to wild populations of golden shiner, a
primary forage species of many native game fishes. First genera
tion hybrids (F^ offspring should show heterosis (or hybrid vigor),
but the introduced "genetic pollution" in subsequent generations
could prove detrimental due to a variety of factors including
spawning behavior and success toward recruitment.

It might surprise many North American sport fishermen to
learn that importation of brown trout, Salmo trutta Linnaeus, from
Europe in the early 1880s was in part to establish a new food
fish (Goode 1903). This species was first introduced into Michi
gan in 1883, and is being cultured for stocking in most states
where it can exist in the wild. Considered one of this nation's

most successful fish introductions, it has had some adverse ef
fects. For example, its introduction into the Kern River system in
California resulted in serious negative impacts on populations of
native golden trout, Oncorhynchus aguabonita (Jordan), the "state
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fish" of California (E.P. Pister, personal communication). Ironically,
sport fishermen who praise brown trout also complain it is diffi
cult to catch.

With perhaps the exception of common carp, it is obvious
that the other cyprinids and one salmonid just discussed were
not imported primarily as new food fishes, but that aspect was
probably used to garner public support for these and future in
troductions. With the possible exception of common carp, all were
popular sport species in Europe and all provide acceptable table
fare. All were cultured prior to release in the United States, and
two, rudd and brown trout, remain in culture today.

More recently but particularly during the 1970s, tilapias be
came popular in aquaculture as food fishes. The two most widely
cultured species in the United States are Mozambique tilapia and
blue tilapia, Oreochromis aureus (Steindachner). The Mozambique
tilapia escaped from aquarium fish farms and both species have
been intentionally introduced for biological control purposes into
several states, within and beyond the so-called "sun belt" states.
Blue tilapia releases have also occurred from aquaculture facili
ties where this species was being reared as a food resource. In
Florida there have been at least two such releases, both from
aquaculture facilities rearing channel catfish, Ictalurus punctatus
(Rafinesque), that began to culture blue tilapia shortly before clos
ing their operations, one in Dade County and another in Palm
Beach County. Blue tilapia either escaped or, more likely, were
released, and became established in nearby canals. Both popula
tions have increased their ranges of distribution through south
eastern Florida's extensive network of interconnected canals. The

Dade County aquaculture facility was the source of blue tilapia
that subsequently invaded the Taylor Slough portion of Everglades
National Park, where the species has become a major manage
ment problem for the National Park Service (Courtenay 1989;
Loftus 1989).

Blue tilapia has also been utilized in food-oriented aquacul
ture in North Carolina, Oklahoma and Pennsylvania, with escapes
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from these operations followed by local establishment. In North
Carolina, it was introduced into Hyco Lake in 1984 as part of an
aquaculture evaluation program, subsequently escaped, and is
presently established. A second species, the redbelly tilapia, Tila
pia zilli (Gervais), was introduced along with blue tilapia in Hyco
Lake and is now established (McGowan 1988). Escape from an
aquaculture facility, apparently operated by Oklahoma Gas and
Electric Company, near Harrah, Oklahoma, resulted in establish
ment of blue tilapia through a portion of the North Canadian
River (Pigg 1978), and that population currently persists there (J.
Pigg, personal communication). The other release was from a
Pennsylvania Power and Light Company aquaculture operation
associated with a power plant site on the lower Susquehanna
River, Pennsylvania (Skinner 1984). Blue tilapia were established
in thermally heated waters of the lower Susquehanna River from
1982 through 1986, when condenser cooling water was deliber
ately released at lower lethal temperatures during December 1986,
killing the populations in culture ponds and the river (Stauffer et
al. 1989).

Blue tilapia escaped from aquaculture facilities in the San
Luis Valley, Colorado, into thermal spring effluents where it per
sists (Zuckerman and Behnke 1986). The species has been cul
tured for aquaculture purposes in a few thermally heated reser
voirs in Texas, where it also persists (Stickney 1979; G.P. Garrett
and C. Hubbs, personal communication).

Although the Mozambique tilapia is established in open
waters of several states, most introductions, originating from
culture sources, were escapes from aquarium fish farms,
aquarium fish releases by hobbyists, or deliberate introductions
made for aquatic weed control. To date we are aware of only one
instance where this species, perhaps a hybrid with the Wami tila
pia, Oreochromis urolepis hornorum (Trewavas), escaped from a food
fish culture facility. Juveniles of a red to pink coloration were
collected in the Bruneau River, southern Idaho, below an effluent
from an aquaculture facility, in September 1986 (Courtenay et al.
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1988). The receiving waters are heated by thermal springs, and
the probability of establishment by any species of tilapia there is
high.

Future escapes or releases of tilapias from aquaculture
sources will occur, and establishment will likely follow in waters
with suitable thermal regima. Presently there is great interest
among aquaculturists in California and Florida, and other states
to culture the Nile tilapia, Oreochromis niloticus (Linnaeus). This
species has been recorded from open waters of the U.S. recently,
from a reservoir on the Tallapoosa River in eastern Alabama,
which receives drainage from the fish culture ponds at Auburn
University. Unless agencies within affected states are prepared to
establish requirements for escape-proof culture facilities and/or
bonding by applicants to pay for eradication procedures when
an escape is first detected, permitting the use of this tilapia within
their borders amounts to condoning introduction of the species
into open waters when escapes occur. The same applies to re
quests for permits from any source to culture any exotic aquatic
species, plant or animal. The aquaculture industry can avoid such
requirements through some relatively simple, although perhaps
not inexpensive, procedures to be discussed later.

Finally, Courtenay and Robins (1989) noted that Atlantic
salmon, Salmo salar Linnaeus, is being cultured in net pens in in
shore waters of the Pacific northwest. They stated, "It is difficult
to use floating pens and other enclosures in open coastal waters
without having some stock escape," and pointed out vulnerabil
ity of such pens to storms. Currently, regulations concerning mari
culture of non-native species in the U.S. are essentially non-exis
tent with the exception, in disturbingly few states, of requiring
state approval for the importation of exotic marine organisms for
culture purposes. Existing mariculture laws and regulations have
been reviewed by the International Council for the Exploration
of the Sea (ICES 1972,1982). The risks from escapes are very simi
lar to those from aquaculture. Some mariculture operations have
been successful, but others have created problems including in
troductions of pests, parasites, and diseases (ICES 1982).
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Species from Aquaculture for
Sport Purposes

In most instances, species intended for introduction or stock
ing for sport purposes are cultured in "hatcheries." Such facilities
are often operated by governmental agencies, but some are pri
vately owned. Governmental facilities often culture organisms,
sometimes exotic species, as forage for the fishes they utilize. On
several occasions, there have been escapes of forage species from
such hatcheries that resulted in temporal or permanent establish
ment of the forage stock in open waters (Courtenay et al. 1984).
This has occurred with goldfish, Carassius auratus (Linnaeus), but
most introductions of this exotic cyprinid have been made by
aquarists or fishermen (bait release). Taylor et al. (1984) stated
that introductions of exotic forage species may result in complex,
unpredictable consequences to the stability of native populations.

Exotic fishes imported and cultured for sport fishing pur
poses were treated above, because all were also suggested for use
as food fishes. The only exotic fishes destined for introduction as
sport species that apparently did not undergo culture prior to
introduction were bairdiella, Bairdiella icistia (Jordan and Gil
bert), and orangemouth corvina, Cynoscion xanthulus Jordan and
Gilbert, imported from the Gulf of California and released into
the Salton Sea, southern California (Walker 1961; Courtenay and
Robins 1989). These and associated introductions into the Salton
Sea are probably the most outstanding examples of well-planned
releases where no adverse impacts were likely (Courtenay and
Robins 1989).

Recently, North Dakota has shown interest in introducing
zander, Stizostedion lucioperca (Linnaeus), as a sport fish. The origi
nal intent may have been introduction of this European percid to
a major mainstream Missouri River reservoir, Lake Sakakawea
(Courtenay and Robins 1989). The purpose was to replace or
supplement depleted stocks of native walleye, S. vitreum (Mitchill),
which has experienced reduced recruitment due largely to pollu
tion and manipulations of water levels in the reservoir and per-
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haps from predation by introduced rainbowsmelt, Osmerus mordax
(Mitchill). The latest proposal calls for stocking of two isolated
lakes with zander to test their success in novel environments, but
the species will doubtless be cultured prior to and probably dur
ing periods of introduction and evaluation. Unless the culture
facilities are truly secure, escape into other waters is possible be
fore the evaluation process has been completed. As with any cul
ture facility, the possibility always exists that employees may dis
seminate the stock beyond confinement.

Species from Aquaculture for
Biological Control Purposes

Within recent decades, there has been great interest in using
exotic fishes for biological control of pest organisms, usually al
gae, rooted aquatic plants (several of which are themselves ex
otic), or insects. A fallacy in this intent is that fishes are not
monophagous, and dietary changes typically occur through early
and sometimes later life history stages. Thus, control of a pest
organism by a fish can never be achieved without impacts on
non-target species, in strong contrast to the record of successwith
many insects for biological control (Courtenay 1979).

Among the species cultured are grass carp, Ctenopharyngodon
idella (Valenciennes), for control of rooted aquatic vegetation, sil
ver carp, Hypophthalmichthys molitrix (Valenciennes), for phy-
toplankton control, bighead carp, H. nobilis (Richardson), for con
trol of zooplankton, and several species of tilapias for aquatic
weed or insect control. All of the exotic cyprinids are known to
have escaped from culture facilities, as have most of the tilapias.
Grass carp, for example, escaped from governmental culture fa
cilities into waters in Arkansas in the early 1960s (Stroud 1972;
Courtenay and Robins 1975), prior to intentional introductions
within that state. Proponents for importation and introduction of
grass carp argued through the early 1960s that conditions for es
tablishment of this fish did not exist in U.S. waters. Stanley (1976)
predicted that grass carp could spawn successfully in the U.S.
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and noted that the large numbers released in the Mississippi River
should reach sexual maturity in 1978 or 1979. Subsequently, suc
cessful reproduction of grass carp was documented in the lower
Mississippi River basin (Conner et al. 1980). There are recent in
dications of spawning by this species in the lower Trinity River
in Texas (Courtenay et al. 1986b), Red River in Louisiana, and
the Missouri River in Missouri. Diploid stock of grass carp was
recently introduced into Tennessee River reservoirs in northern
Alabama by a local citizens group and subsequently by the Ten
nessee Valley Authority. The long-term consequences of the in
troduction of grass carp may not be known for another decade
or two, but based on reports from a variety of sources, popula
tions are increasing (unpublished records, U.S. Fish & Wildlife
Service, Gainesville, Florida).

In the early 1970s, silver carp were collected from open wa
ters in Arkansas, apparently resulting from escape from aquacul
ture sources. This species has since been collected from waters in
Alabama, Illinois, and Missouri. Bighead carp, first introduced into
U.S. waters in Arkansas and Alabama in 1972, have been found
in open waters in Kentucky (Jennings 1988; K. Cummings, per
sonal communication), and recently in Illinois, Kansas (F. B. Cross,
personal communication), and Missouri (Pflieger 1989).

Currently there are proposals emerging from aquaculture in
terests requesting permits to culture silver carp and bighead carp
as food fishes. A proposal submitted to Illinois in 1988 used many
of the same arguments that were used for grass carp over two
decades ago to rationalize why escape of bighead carp into Illi
nois waters would not result in establishment of the species.

Several tilapias, most of which are being reared as food fishes,
have been promoted for use as biological control agents for aquatic
weeds. Among these areblue tilapia and Mozambique tilapia, al
though the effectiveness of both species is questionable. Another
is redbelly tilapia, which appears to be more effective in control
ling growth of rooted aquatic plants. All have escaped from cul
ture facilities and become established in the wild, except for some
redbelly tilapia which were introduced from culture sources.
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Blue tilapia has been introduced to two states (Arizona,
Florida), possiblya third (Georgia), for algal or otheraquatic plant
control. There is some question as to what species of tilapia was
introduced in Georgia, but it was probably blue tilapia. This spe
cies was imported from Israel to Auburn University in 1954,and
cultured in ponds there to test its potential in aquaculture and
for sport purposes. Although it was found to have no value as a
sport species (Swingle 1960), Florida introduced stocks from Au
burn to experimental ponds at Pleasant Grove Research Station,
near Tampa, in 1961 to examine the species as a biological con
trol for aquatic plants (Buntz and Manooch 1968). ThLi project,
conducted by the Florida Game and Fresh Water Fish Commis
sion and sponsored under the Dingell-Johnson Federal Aid in Fish
Restoration Program, was supposedly being conducted to exam
ine the sport potential of the fish, a factor already disproven at
Auburn. From the culture and research source at Pleasant Grove,
this species quickly found its way into open waters of Florida.
Before 1968, it was established in 12 counties and now occupies
waters in 18 counties (Courtenay et al. 1984,1986b).

Dispersal of blue tilapia from Pleasant Grove was not due
to escape via effluents or flooding. It appears to have occurred
via two routes — Commission personnel providing private citi
zens with fish to release, and sport fishermen, thinking the Com
mission was delaying the introduction of a new sport fish, enter
ing the facility and removing young off nests for stocking open
waters (Buntz and Manooch 1969).

A major problem with using tilapias in aquatic weed control
is their reproductive potential. Tilapias spawn frequently over
periods of many months in suitable habitat and temperature re
gimes, and provide their young with parental care, resulting in
large populations of offspring. A result of such population growth
is overcontrol of vegetation, resulting in loss of cover and food
organisms for early life history stages of many native fishes (Nobel
and Germany 1986). This is the same concern that many scien
tists share about introduced grass carp. Other consequences are
displacement of native fish populations by crowding and/or al-
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most continuous occupation by tilapias ofspawning sites preferred
bynative fishes, especially centrarchids (Nobel and Germany 1986;
Taylor et al. 1984). The crowding factor can also affect tilapias,
resulting in populations of stunted individuals that reproduce at
a small size. There also may be as yet undetermined behavioral
interactions between tilapias and native fishes that result in dis
placement of the latter. In many open waters in the U.S. where
tilapias have become established and have increased in biomass,
there have been sharp declines in populations of one to several
native and introduced fish species (Taylor et al. 1984).

In southern California, a hybrid between Mozambique and
Wami tilapias has been used for biological control of chironomid
midges (Legner et al. 1980; Legner and Pelsue 1977). Its success
there, under feral conditions, is largely unknown. Since introduc
tion of this hybrid into certain flood control channels in Los An
geles and Orange counties, it has become the dominant fish
(Courtenay et al. 1984,1986b). Stocks for these releases were cul
tured at facilities in southern California.

Finally, the quest for an effective biological control fish spe
cies for some particular, often man-induced or introduced, prob
lem can be expected to continue. New species will be proposed
for introduction whenever some entrepreneur finds a reference
that a certain species is known to consume some particular di
etary item of interest. Promotion of that certain species, as his
tory has shown and continues to show, will ignore the fact that
nearly all fishes are omnivores and, therefore, may indicate con
trol of one or several organisms if given only those dietary choices
underexperimental conditions. Noteven themosquitofishes, Gam-
busia spp., deserve their common name based on theirpurported
ability to control mosquito larvae (Courtenay and Meffe 1989).

Species from Aquaculture for
Aquarium Purposes

In the U.S., the history of the aquarium fish industry may
serve as a "barometer" of what could happen in the future with
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the utilization of exotic species in aquaculture. Of the 46 species
of exotic fishes now established in the continental U.S., approxi
mately 60% are known or presumed to have originated from the
aquarium fish trade (Table 1). Many escaped or were released
from aquarium fish culture facilities, particularly in Florida and
California, and some were introduced by aquarists into open
waters of many states. Additionally, about 50 species, none of
which is presently established,can be traced to this industry, many
the result of escapes from culture facilities (Table 2, Courtenay
and Stauffer, 1990). To some, these numbers may be surprising;
to others, they are understandable, considering the longer history
of the aquarium fish industry than most other aspects of aquac
ulture in the U.S.

Releases of aquarium fishes and their subsequent establish
ment in open waters is not restricted to the U.S. In fact, this is a
common phenomenon in many parts of the world (Courtenay and
Stauffer 1984; Welcomme 1988; Courtenay, in press a).

Escapes or releases from aquarium fish culture facilities have
been and remain an environmental problem. There have been in
stances where certain species of aquarium fishes, declared or listed
as prohibited species by a particular state, appear to have been
purposefully released to avoid detection and prosecution (Courte
nay and Robins 1975; Courtenay and Miley 1975; Courtenay and
Hensley 1979). Future escapes can probably be reduced, but the
goal should be no escapes or releases.

It is more difficult to convince owners of pet fishes that re
leasing their unwanted fishes into local waters can create equal
or, in some parts of the nation or world, worse problems. More
over, it may be impossible to change attitudes of those who know
exotic fishes can cause problems with native species and intro
duce the former maliciously, as may have happened in at least
one instance.

The convict cichlid, Cichlasoma nigrofasciatum (Gunther), was
introduced into thermal springs in Clark and Lincoln counties,
Nevada, in the early 1960s (Deacon et al. 1964; Hubbs and Dea
con 1965). In Lincoln County, it was found to be established in
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Ash and Crystal springs, in the Pahranagat Valley, where it has
apparently contributed to the decline of an endemic, endangered
fish, the White River springfish, Crenichthys baileyi (Gilbert). The
springfish in Crystal Springs is a subspecies, C. b. grandis Will
iams and Wilde, known as the Hiko White River springfish for
its type locality, Hiko Spring, located 7.4 km north of Crystal
Springs. This unique sub-species was eliminated from Hiko Spring
by introduced fishes between February 1966 and June 1967
(Minckley/ and Deacon 1968; Deacon 1979; Williams and Wilde
1981). Following an attempt to reestablish this fish in Hiko Spring
in early 1984, someone introduced convict cichlids, apparently
maliciously, probably from stock captured in Crystal Springs. This
appears to have been an attempt to disrupt or negate reestablish-
ment of the springfish (Baugh et al. 1985; Courtenay et al. 1985).

In addition to fishes, there have been several escapes or re
leases of exotic aquatic plants and invertebrates from the aquarium
trade and/or hobbyists. Among the plants is hydrilla, Hydrilla
verticillata Royle, apparently released into open waters of south
eastern Florida during the early 1960s. The source of this intro
duction is unknown, although the species is known to have been
grown by several aquaculture facilities specializing in aquarium
plants, often in addition to their culture of fishes. It proliferates
readily in aquaria to the point that the aquarist must dispose of
excess growth. Hydrilla has been spread to many areas of the
U.S., usually by small parts of the plant being carried on boats or
their trailers from one drainage system to another. It has been
found as far from southern Florida as California, Iowa, and the
Potomac River between Maryland and Virginia. This rooted
aquatic plant has demonstrated its potential to clog bodies of
water to the detriment of native biota and recreational use by
humans and, therefore, has become a major pest species. Annual
costs of control measures for hydrilla and other exotic aquatic
plants are substantial, amounting to millions of dollars, paid by
taxpayers who bear no responsibility for the introductions.

Although there has been no comprehensive study of inver
tebrates released by the aquarium fish trade, one species that is
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known to have become established from this source is an Orien

tal thiarid snail, Melanoides tuberculata (Muller), present in open
waters of Collier and Dade counties, Florida, certain spring sys
tems in Clark, Lincoln, and Nye counties, Nevada, Harney County,
Oregon, and Bexar and Comal counties, Texas. It was established
in Maricopa County, Arizona, until floods in 1965 and 1966 de
stroyed the population. This snailhas been suggested as a preda
tor on eggs of fishes, and its presence in Florida waters may
present a public health threat. It is known to be an intermediate
host for trematode parasites, the Oriental lung fluke, Paragonimus
westermani (Kerbert), and the liver fluke, Opistorchis sinensis
(Cobbold). Neither of these parasites has yet been detected in
Florida, but intermediate hosts (crustaceans for the lung flukQ.and
fishes for the liver fluke) and definitive hosts are present (Roessier
et al. 1977). Thus the stage has been set, through introduction of
a snail, for the proliferation and spread of two serious disease
organisms if, or when, these parasites are introduced.

Impacts of Introduced Aquatic
Species from Aquaculture

Taylor et al. (1984) reviewed known and potential impacts
from introductions of non-native fishes in U.S. waters that apply
to natural waters anywhere. Direct predation by the introduced
species is the most obvious threat to thewell-being ofnative spe
cies. With fishes, most predatoryspecies are introduced for sport
purposes. There is a wide and complex spectrum of factors often
summarized as "competition" that impact native biota. In most
instances competition for food resources is not a factor for om
nivorous species, but competition for a preferred and necessary
food item could prove to be a major negative factor. Competitive
aspects including spatial and other behavioral competition be
tween introduced and nativebiota are perhaps more serious, but
are also more difficult to measure than competition for food re
sources. Some of these can be measured under experimental labo
ratory conditions, but laboratory conditions rarely begin to du-
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plicate what happens in nature. With exotic species, the possibil
ity of hybridization with native species, resulting in pollution of
gene pools, is remote, but is of great concern where interconti
nental congeners exist.

To some, the finding of an alien species in a novel environ
ment may be only of curiosity. Nevertheless, whenever a species
is introduced, there will be adjustments made by resident species
to the alien. Adjustments may be minor, perhaps not measurable
by scientists due largely to their lack of understanding or study
of the ecosystem prior to an introduction.Conversely, adjustments
can result in major changes in native species, sometimes includ
ing extirpation of local populations or, at worst, extinctions of
one or more species. Severe negative impacts, however, may not
become evident for years or several decades following an intro
duction, a factor that is unrecognized or perhaps conveniently
ignored by proponents of purposeful introductions (Courtenay
1979). When negative impacts are noted, control measures may
be instituted, in the name of eradication (impossible by then), or
some additional introduction is suggested as a control, which is
an almost predictable mistake. In all too many cases, introduc
tions of feral aquatic species have been costly to native species,
in several cases to purposefully introduced species, and to hu
mans who must pay the bills for control measures when the in
troduction proves undesirable or destructive.

Escape of the walking catfish, Clarias batrachus (Linnaeus),
into Florida waters in the late 1960s resulted in regulations pro
hibiting importation or possession of this species or its congeners
in several states (Courtenay, in press b). It also led to the only
federal listing of a prohibited fish under provisions of the Lacey
Act. Early, in fact premature, fears over this introduction led to
these regulations. Although this exotic has the potential to cause
severe damage to native fishes, it has not created what could be
considered a major environmental impact in Florida, the only state
in which it has become established to date. Ironically, this exotic
catfish has adversely impacted the industry responsible for its
introduction by invading aquarium fish culture ponds and de-
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stroying valuable stocks of fishes. In several areas of Florida,
fences have been erected around culture ponds to exclude walk
ing catfish (Courtenay and Miley 1975). In addition, the many
species of cichlids that escaped from aquarium fish culture in
Florida have largely added to the overall fish biomass while not
creating local extirpations of native fishes. There have been nega
tive impacts on native fishes, such as behavioral competition from
cichlids and, to some degree, declines in native fish populations
(J.N. Taylor, unpublished data). The full impacts of these intro
ductions will probably not be known for years to come.

The situation in several areas of the American southwest is

considerably different. Introduced species have often quickly cre
ated major problems (Minckley and Deacon 1968; Deacon 1979;
Courtenay et al. 1986a). When introduced among depauperate
faunas in limited or confined habitats, alien fishes are known to
contribute to and sometimes create severe population declines and
extinctions of native fishes; when introduced to faunas of a simi

lar kind and habits, aliens can lead quickly to extinctions (Myers
1965). Therefore, introductions of non-native species from any
source into any receiving waters should be viewed as having
potential to create negative impacts. For example, although the
native fish fauna of Florida is currently strong and resilient enough
to buffer severe negative impacts from introductions, this may
not be so a decade or more in the future.

Establishment of alien species in novel environments is
known to be enhanced by habitat alterations. There are no devel
oped nations without habitat alterations, and most developing
nations are quickly achieving this unfortunate status. Those who
claim that one cannot place blame on introductions as a cause for
decline of native species are wrong. When one views the sequenc
ing of impacts, it is true in many cases that habitat alterations
prior to introductions stressed or brought about population de
clines of native biota, enhancing the chances of establishment of
alien species. It is equally true that introductions of alien species
have provided the ultimate insult to the continued integrity of
several native species, have the potential to do so with others,
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and, in fact, probably act synergistically with the earlier man-in
duced changes (Courtenay et al. 1986a).

Finally, importation of exotic species for aquaculture pur
poses poses a threat of accidentally introducing exotic parasites
and disease organisms that may adversely impact native biota.
Such introductions have occurred, and the potential for serious
consequences exists (Deacon 1979; Hoffman and Schubert 1984;
Farley, Lightner et al. and Ganzhorn, this volume). This factor
should never be underestimated. The aquarium fish industry has
recognized the problem of introduced parasites and diseases, and
has taken steps to reduce this threat through prophylaxis of im
ported stock (Shotts and Gratzek 1984).

Aquaculture's Role in
Environmental Responsibility

The fact that aquatic organisms can escape or be released
from culture sources into open waters, and have the potential to
become established and create or contribute to environmental
problems is a matter of concern to biologists and resource man
agers. It should also be of concern to aquaculturists for several
reasons.

First, it is not good culture or business practice to contribute
what can be considered "biological pollution" to already stressed
ecosystems. One mistaken introduction that could become an en
vironmental disaster or one that results in serious harm to some
other sector of business would probably result in regulations so
stringent that only the largest corporations could afford to be in
this business. Second, it is not good economics to allow a prod
uct, in this case living organisms, to escape or be carried off by
employees for whatever purpose. Lost products are lost profit, or
perhaps the margin between financial disaster and "breaking
even." Third, business reputations among the public, the consum
ers, are typically built on responsibility. In an increasingly envi
ronmentally aware society, this is an important factor.

Most persons in business dislike regulations. At present, sev
eral states regulate what can be grown in aquaculture and some
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specify what kinds of facilities can be used for aquaculture. Many
persons in aquaculture see these regulations as impeding their
development or potential to compete with operations in stateswith
less stringent orno regulations; some see these as simply obstruc
tionist actions. This is not the case. Regulations concerning what
species can be cultured and in what kinds of facilities are de
signed to protect the natural resources of a state, the major re
sponsibility of the regulating agency. Regulations concerning
aquaculture do not exist to justify the jobs of law enforcement
personnel or the biologists and managers that help design the
regulations. In our view, it is the duty of state (fish and game,
environmental protection, etc.) and federal (U.S. Fish and Wild
life Service) agencies to carefully consider, evaluate, and assist in
experimentation with speciesproposed for importation toward use
in aquaculture. In fact, this is one of the major assigned missions
of the U.S. Fish and Wildlife Service's National Fisheries Research
Center, located in Gainesville, Florida.

That some states have more stringent regulations concern
ing aquaculture than others is a reflection of the attitudes of those
states toward the importance of native biota and its protection.
Therefore, these differences should not be viewed as one or sev
eral states being opposed to aquaculture and others in favor. We
know of no state or any federal agency that is opposed to devel
opment of aquaculture. It is true, however, that a few states (e.g.,
Alabama, Arkansas, Mississippi) have strongly supported aquac
ulture through research, extension services, and open promotion
of the activity. If the primary charge of an agency responsible for
environmental protection is just that, then it is usually impos
sible, from a fiscal or manpower standpoint, for that agency to
promote or assist activities that do not fall under its jurisdiction.
This is, in part, why many aquaculturists favor jurisdiction over
their activities by agricultural rather than conservation agencies.
If a major responsibility of a conservation agency is protection
and enhancement of aquatic resources of a state, as all are, it fol
lows that they should be concerned with what is imported for
culture purposes when they know that escape or release is likely,
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if not inevitable. Even if agriculture agencies take over major re
sponsibilities for aquaculture, the responsibilities of theconserva
tion agencies will not change, and there will be interagency con
flicts that should be avoided. Such conflicts lead to increased costs,
paid through taxes, and dilution of the missions of the agencies
involved, a "no-win" situation. Furthermore, placing politicalpres
sures on conservation agencies will not result in winning new
friends, but may result in setbacks to development of aquacul
ture.

In our view, aquaculture has a responsibility to the public
and to our natural resources to confine its culture stock when
what is being cultured is not native to the regional drainage sys
tem. This canbe accomplished in several ways — through inten
sive culture in closed systems; by diking outdoor ponds to pro
tect from effects of flooding; by assuring that all effluents are
passed through sand and gravel filtration to prevent escape of
eggs and/or larvae. In some areas where birds such as terns and
kingfishers are a problem with their habits of movinglive fishes,
some method of screening outdoor ponds may be necessary. Ob
viously intensive culture systems are expensive, and so is diking.
The costs of simple but effective sand and gravel filter systems
are comparatively low, but should be requisite in all operations
producing effluents thathaveany possibility of draining into open
waters (Courtenay and Robins 1975). In comparison with what
heavy industrymust spend to protect the environment, all of these
costs to aquaculture are minimal.

Finally, conservation agencies should view protection mea
sures taken by developing aquaculture as responsible actions.
Where protection is assured, requests for permits to culture non-
native species should be considered favorably, but only when a
market for the products can be justified. If no market exists, busi
ness failure is predictable and so are releases of stock. Conserva
tion agencies in many states should, as part of their permitting
procedures, require that they be notified when a culture facility
is closing so that they can advise or assist in disposal of remain
ing, unwanted stocks of non-native culture organisms. The other
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option, less desirable from the standpoint of industry, is to re
quire the posting of a bond for disposal of the stock should the
facility fail to do so.
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Introduction of Exotic Species for
Aquaculture Purposes

Jack R. Davidson
James A. Brock
Leonard G. L. Young

Abstract: The introduction of exotic species for economic and natural resource
development is not an easy path. Weighty concerns for inadvertent spread of
pests and pathogens having environmental and external costs should be consid
ered. We review issues and concerns in the United States with emphasis on the
Hawaii aquaculture development experience. Both regulatory and aquaculturist
points of view are considered. We propose, herein, public management of ex
otic aquatic species for aquaculture development.

Introduction

Deliberate introduction of organisms dates back to the be
ginnings of human civilization. There is reason to believe such
transplantations included aquatic as well as terrestrial organisms.
Reasons for introducing aquatic species in the present and recent
past include fishery management, pest control, marketing of or
namental organisms, and aquaculture. During the past two de
cades, increasing support for aquaculture research has been avail
able from government and private sources. With increasing em
phasis on economic diversification and improvement of trade
balances for fishery products, a wide variety of promising spe
cies have been investigated. The growth of aquacultural activities
has greatly accelerated interest and activity in importing exotics
and interstate transfers for culture.

In many instances, aquaculturalists' interests may appear to
conflict with those of environmentalists and natural resource man-
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agers. Aquaculturalists usually want to expedite the process of
importing organisms, while natural resource managers may want
to control the process. Aquaculturists view cormriement-culture
systems as offering no risks to the natural environment. To natu
ral resource managers, introductions hold many of the same
threats as attempts to introduce organisms into native systems,
because of possibilities of escape or pathogen release. As a result,
resource managers may resist introductions simply because they
see their options narrowing rapidly once the animal is in their
area. Interest of state resourcemanagers and aquaculturalists most
nearly converge on the issue of disease. Most aquaculture sys
tems in the United States require large capital commitments for
facilities and operating costs. The danger for introducing patho
gens is a constant threat to the economic viability of such enter
prises.

While this paper will focus on introductions of exotics for
aquaculture purposes, the more serious problems associated with
introduction of exotics are certainly not unique to aquaculture.
Rosenthal (1976) suggested the following potential problems that
may arise from species introductions:

1. Reducedgrowth and development of the introduced spe
cies owing to less favorable environmental conditions.

2. Population explosion of the introduced species leading
to competition and possible elimination of native spe
cies.

3. Concomitantintroduction of diseases, parasites, and pests
harmful to introduced or resident species.

4. Destructive activities of the introduced species affecting
other fields of economic interest.

This paper is not an attempt to make a statement on the
status of exotic introductions. Rather, it is based on our concerns
as people who share responsibility for the development and man-
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agement of aquaculture. By using Hawaii's experiences in devel
oping an aquaculture industry based on non-native species, we
will reaffirm the contemporary importance of non-native intro
ductions, discuss current concerns around the country, and high
light potential areas for improving the management of introduc
tions.

Exotic Introductions and

Modern Hawaii Aquaculture

By 1967, aquatic animal introductions into Hawaii numbered
nearly 70 species, 36 of which had become established (known to
be propagating outside of captivity) (Kanayama 1976). Eight of
the established species were introduced before 1900.These include
the eastern oyster (Crassostrea virginica), bass (Micropterus sp.),
common carp (Cyprinus carpio), and Chinesecatfish (Clarius fuscus).
A number of established species were ornamentals, probably dis
carded into streams and ponds by tropical fish hobbyists. The
mosquito fish (Gambusia affinis) and the sailfin molly (Poecilia
latipinna) were introduced under government sponsorship for con
trol of mosquitoes early in the twentieth century. Rainbow trout
(Oncorhynchus mykiss) were introduced in 1920 on Maui and Kauai
with marginal reproduction because of warmwater temperatures.
State rivers and reservoirs were stocked with channel catfish
(Ictalurus punctatus) in the 1950s and 1960s. This species has be
come established in reservoirs on Oahu. The Oscar (Astronotus
ocellatus) and the tucunare (Cichla ocellaris) were introduced as
candidates for freshwater fishing, which started in the 1960s.

Starting in the 1930s and extending into the 1980s, a number
of attempts were made to supplement the supply of baitfish avail
able to the skipjack tuna fleet through introductions of salt- and
freshwater species. Kanayama (1967) notes the introduction of
California anchovy (Anchoa compressa) in 1932, and threadfin shad
(Dorosoma petenense), four species of tilapia (Oreochromis
mossambicus, Tilapia zilli, T. melanopleura, O. macrochir), and
Marquesan sardine (Harengula vittata) in the 1950s as potential
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baitfish. The freshwater species became established but were not
accepted widely as bait. The Marquesan sardine became the first
marine fish established by transplantation; however, it is not abun
dant. The California anchovy did not survive. Interest in an al
ternative to using nehu (Stolephorus purpureus) as bait remained
high with several attempts at importing or culturing supplies
extending into the 1980s. Interest has declined to some degree
since the closure of the Hawaiian Tuna Packers, Inc. Cannery in
1985.

The marine grouper roi (Cephalopholis argus) and two snap
pers, Toau (Lutjanus vaigiensis) and taape (L. kasmira), and two
species of freshwater prawns, Macrobrachium lar in 1956 and M.
rosenbergii in 1964, were introduced by the Department of Land
and Natural Resources, State of Hawaii, for the express purpose
of establishing these species in Hawaii. Roi, the two snappers,
and M. lar have become established. M. rosenbergii is not estab
lished and survives through aquaculture propagation. M.
rosenbergii culture developed in the mid-1970s and reached a peak
in 1984 of 90 pond hectares, with an annual production of 144,000
kg valued at $1,706,000 (State of Hawaii 1987). There are currently
seven farms in prawn production; five of these farms are small
and provide a secondary income for their owners (Steven R. Lee,
Economic Development Specialist, Hawaii Aquaculture Develop
ment Program, DLNR, 1988, personal communicaton).

The interest in development of commercial aquaculture of
other species, private aquaculture, research and development, and
consulting ventures has not abated and continues to grow. Com
mercial ventures produce a variety of both animal and plant spe
cies (Table 1) contributing to Hawaii's agricultural economy. The
industry can be described as small but highly diversified, with
many species and technologies. The aquaculture industry in Ha
waii in 1988 generated $18.2 million in revenues (Figure 1). Of
that amount, $5.5 million was attributed to the production sector
and $12.7 million to the research, training, and technology-trans
fer sector. The trend is toward intensification of culture systems.

The group of highest current interest is the marine shrimp.
With the exception of lobsters and freshwater prawns, no other



Table 1. Aquaculture species cultured in the State of Hawaii (January 1989).

Common Name

Commercial Culture

Freshwater prawn3,7,10
Marine shrimp5,,0
(Tiger)5'0
Chinese carfish3,6
Channel catfish2,6
Gass carp2,7
Silver carp2,7
Bighead carp2,5
Ornamental carp (Koi)3,4
Goldfish6,10

Tilapias3,6
Trout2
Salmon3,5
Baitfish3,6
Brine shrimp
Ogo3
Frogs3,6
Aquatic snails8
Abalone3,5
Kelp3,5
Nori3,5

Freshwater aquarium fish4
Species grown in Hawaiian Fishpond

Mullet9

Milkfish9
Samoan crab6
Bonefish9

Threadfin9

Species Under Investigation
American lobster2,5
Clams5,6
Oysters5,6-7

Microalfae3, s
Mahimahi9
Freshwater mussels5
Opai (bait shrimp)9

Scientific Name

Macrobrachium rosenbergii
Penaeus vannamei
P. monodon

Clarius fuscus
Ictalurus punctatus
Ctenophatyngodon idella
Hypopthalmichthys molitrix
Aristichtys nobilis
Cyprinus carpio
Carassium auratus
Oreochromis and Sarotherodon sp.
Oncorhychus mykiss
Oncorhychus kisutch
Poecilia sp.
Artemia sp.
GracUaria sp.
Rana catesbiana
Two species
Haliots sp.
Macrocystis pyrijera
Porphyra tenera
Various species

Cultrue
Mugil cephalus
Chanos chanos

Scylla serrata
Albula vulpes
Polydactylus sexfilis

Homarus americanus
Mercinaria mercinaria
Crassostrea virginica
C. gigas
Spirulina, dunaliella
Coryphaena hippurus
Proptera alata
Palemon debilis

'Introduced exclsively for aquaculture
2Restocking for aquaculture farms by importation from out of state
3Restocking mainly from local sources
^Frequently interoduced in large numbers in thepet trade
5Large quantities of live animals imported for human consumption
'Species was intentionally released and is established
7Species was intentionally released and is not established
8Species was unintentionally introduced and is established
'Indigenous species
"Reproducing in Hawaii but only in captivity
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crustacean species are being cultured in the State. Although a
number of commercial attempts to mass culture marine shrimp
— starting in the early 1980s — have failed, interest continues
virtually unabated. Five marine shrimp species (Penaeus vannamei,
P. stylirostris, P. monodon, P. japonicus, and P. chinesis) have been
introduced for aquaculture or for aquaculture research. None of
these crustaceans have become established in Hawaiian waters,

although P. vannamei P. stylirostris, P. japonicus, and probably P.
monodon have escaped unintentionally from captivity. Penaeids
introduced but no longer in Hawaii include P. japonicus and P.
chinesis. The small introduced groups of P. chinesis were termi
nated for pathogen-control reasons. Varieties of strongest current
interest for commercial production include P. vannamei and P.
monodon.

Today, more than 25 aquatic species are cultured commer
cially in Hawaii (Table 1).Twenty of these species are introduced
exotics. Land-based aquaculture operations require regular rein-
troduction of five of these species (Ctenopharyngodon idella,
Hypophthalmichthys molitrix, Aristichtys nobilis, Ictalurus punctatus,
Oncorhynchus mykiss), because their natural reproduction is lack
ing or provides only limited number of offspring for producers.
Ten are exotics that were established years ago in local waters of
the state. These include the fish Clarius fuscus, Carassius auratus,
Oreochromis and Sarotherodon spp., Poecilia sp., and Cyprinus carpio;
the molluscs Crassostrea virginica and C. gigas, and freshwater
snails; and the amphibian Rana catesbiana. All of these species were
introduced and became established in Hawaii prior to their use
in aquaculture rearing.

In Hawaii, the importance of introductions to support cur
rent and future aquaculture development is obvious. Clearly, the
majority of species under cultivation are exotics. Continued de
velopment of aquaculture in Hawaii will be influenced strongly
by work with these and other candidate species.
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Hawaii Aquaculture Growth
Million of Dollars

1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

Year

Production iwM Services ~~*~ Total Industry Value

Figure 1. Growth in millions ofdollars of the Hawaiian aqaculture industry.

Hawaii Species Import
Regulatory Procedures

Requests for introduction of aquatic organisms into Hawaii
are processed in a similar fashion to requests for introduction of
other types of plants and animals (Brock 1986). Regulations per
taining to live organism imports are on a species list organized
into the following categories: approved for entry, admitted under
certain conditional requirements, prohibited possession by private
individuals, and prohibited entry. This species list may be modi
fied by the Board of Agriculture. For aquatic organisms on the
approved species list, import permits are issued by the Plant
Quarantine Branch of the Hawaii Department of Agriculture upon
receipt of a written application (Figure 2). The Subcommittee on
Invertebrate and Aquatic Biota, along with the Committee on
Plants and Animals, the Plant Quarantine Branch, and.the Board
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Figure 2. The aquaculture application process in Hawaii.

of Agriculture, reviews applications for new species not on the
approved list. Permits are usually issued with conditions.

All imports are inspected by PlantQuarantine Branch inspec
tors at the port of entry. These are visual inspections to assure
that the species listed on the import permit conform to those in
the lot and that shipment documentation is in order. Postentry
examination for parasites and pathogens is conducted for most
aquatic animals imported for aquaculture. In rare cases, parasite
and pathogen examination is done for aquatic animals introduced
for the pet trade or for human consumption.

All imported aquatic species must be kept in captivity un
less the import permit specifically states otherwise. Thus, these
permits allow introduction of the species but with the expressed
understanding that they are not approved for release from cap
tivity without prior action by the Board of Agriculture. This would
require written application for a variance of the import permit, a
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full-review process through the subcommittees, and a decision
rendered by the Board.

Under current policy in Hawaii, introduced aquatic animals
for aquaculture development are permitted to enter with the un
derstanding that they will be kept isolated, usually on the pre
mises of the importer, with the effluent disinfected prior to dis
charge or injected into a dispersion well. The purpose of holding
the animals in isolation is predominantly for parasite and patho
gen control. The duration of isolation varies depending on the
species and life stage; the current knowledge of its pests, preda
tors, and pathogens; the disease history of the species at the point
of origin; and the type and result of inspections carried out prior
to and after the species arrival in the state.

The Aquaculture Development Program Department of Land
and Natural Resources, through its aquaculture-disease special
ist, provides technical and advisory assistance to the Plant Quar
antine Branch in matters pertaining to disease control for imported
aquatic animals. Plant Quarantine Branch staff members inspect
isolation and growout systems that hold imported aquatic spe
cies, and they inspect imported shipments upon entry into Ha
waii.

Federal agencies also play an active role in some cases of
exotic species introductions into Hawaii, including providing ex
pert testimony on proposed introductions; assuring compliance
to applicable federal regulations; and allocating federal funds for
aquaculture research and development projects in which exotics
are cultured. Federal regulations for importation and exportation
of wildlife and other organisms are covered by the Lacey Act (74
Stat. 754, 18 U.S.C. 42), its amendments of 1981 (Public Law 97-
79), and its implementation by Chapter 50 of the Code of Federal
Regulations Parts 14, 16, 17, and 23.

Generally, actual decision-making for importation of species
having economic value or as a natural resource lies with the state
governments. Federal authority interacts with the shipping of or
ganisms across national borders. States are responsible for the
management of a large percent of the natural resource endow-
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ments within their boundaries. When state managers express con
cern with introduction of exotic species, it is with the risks of
any possible new non-native transplantation. As Welcomme (1986)
pointed out, the transfer of species from one country to another
may be ecologically no more significant than transfers across geo
graphical boundaries in the same country or same region.

Potential Problem Areas, Issues,
and Concerns in Hawaii

The state of Hawaii system of regulations and security mea
sures for risk management of introduced aquatic species for aqua
culture development has many strong points. The system pro
vides a timely expert review of proposed species for introduc
tion; additional review for release into the environment; and labo
ratory evaluation for parasites and pathogens. This system is
managed within an existing agency framework and has been
implemented to cover aquaculture introductions with modest ex
penditure of public funds.

The system also has potential areas of weakness. These prin
cipally involve practical aspects of risk management once groups
of organisms have entered the islands. Areas of concern are un
authorized escape of permitted species, and entry and establish
ment of nonpermitted organisms that may accompany shipments
of permitted species. The nonpermitted introductions involve both
pathogens, such as infectious hypodermal and hematopoietic ne
crosis virus of shrimp (see Lightner et al., this volume) found
within the tissues of imported animals, as well as epibionts on
the surface of shellfish and organisms present in the shipment
water (see Farley, this volume). A polychaete worm, Polydora
nuchalis, recently discovered in an aquaculture pond and drain
age canal in Hawaii appears to have been translocated and estab
lished in Hawaii with an introduction of animals for aquaculture
development (Bailey-Brock 1990). This points out the need to re
view the postentry security steps for introductions and, possibly,
to implement increased control measures. However, if increased
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effort in terms of enforcement is required, this may require addi
tional resource allocation for implementation.

Another issue is the burden of economic liability. A case in
point is an introduction that does not result in viable aquaculture
development. For example, a company investing in the importa
tion of penaeid shrimp may need to destroy its shipment owing
to pathogen-control reasons. Obviously, the investment is lost, but
it does not end there. Loss of economic development opportunity
for the company and the spin-offs such as jobs and tax revenues
for the state are considerable. Further, an introduction of an ex
otic can pose a pathogen risk to other cultured stocks on the pre
mises from inadvertent transfer between introduced and existing
animal stocks. Should this occur by accident, these other stocks
may also suffer high disease losses or be destroyed during patho
gen-eradication procedures. The potential of pathogen risks to
other aquafarms, the ecosystem, and fisheries resources arising
from an aquatic animal importation is a further consideration. This
is a risk potential that extends beyond the property of the im
porter. The direct consequences to the importer may be minimal,
implying a greater potential for less concern by the importer for
this risk. It may not be especially realistic to expect the importer
to expend substantial resources to prevent this risk. This is an
area of great concern for resource management. At present there
is no indemnification program established in Hawaii to compen
sate a producer if stocks are depopulated for reasons of patho
gen control.

For aquaculturists, the decision to make a species introduc
tion or transfer for aquaculture development is influenced heavily
by economic considerations. A private company will invest in ad
ministrative, rearing facilities, feeds, staff, purchase, and trans
portation costs if it believes that these expenditures will result in
a positive business development. In most cases, an aquaculture-
development activitywith restricted capital would require a short-
term return on this investment. A government agency or private
firm with substantial capital would be in a better position to ab
sorb a loss or defer the return on an investment. This feature
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points to two desirable features of having government sponsor
ship of selected exotic introductions for aquaculture development:
potentially less economic risk to the private sector and increased
control by direct government-sponsored supervision of the intro
duction.

Reintroduction of approved species is another concern be
cause the potential for pathogen entry increases as more and more
introductions of a species are made. The current review process
in Hawaii focuses considerable attention on the initial introduc

tion and less so when reintroductions are made. The potential
problem is not the species approved for entry into Hawaii but
the organisms and pathogens that may accompany these ship
ments. The day-to-day postentry security for imported groups is
carried out by the importer. The regulatory agency cannot always
check if importers are carefully following all permit conditions.
Thus, rigorous enforcement of permit conditions cannot always
be assured. In addition, disease monitoring on selected shipments
of aquatic animals is difficult because of resource limitations,
implying a need to allocate more resources for this purpose or
reduce the number of permitted shipments. Alternatives need to
be explored.

The issues and concerns discussed are important for main
taining the success of the aquaculture industry and integrity of
the environment. Improvements can be made to the existing se
curity system for aquatic animal translocations. Hawaii has much
to lose should any of these potential problems occur. These is
sues and concerns are not unique to Hawaii.

Examples of Species
Introductions and Concerns

Elsewhere

There are a few classicexamples of purposeful introductions
and intentional translocations. Marine species include introduc
tion of the Japanese oyster, Crassostrea gigas, and clam, Mercenaria
mercenaria, to the west coast of the United States and Canada and
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attempts at establishing the Pacific salmon, Oncorhynchus
tschawytscha, on the Atlantic coast. Aside from pests, parasites,
and disease organisms introduced with spat shipments of the Japa
nese oyster, history seems to have judged their transplantation a
success. The success of translocating the Pacific salmon to the
Atlantic is pending upon establishment of a significant reproduc-
ing-return population. Other examples include the many success
ful translocations of trout (salmonids) worldwide, for example,
salmon farming is well established in Chile and Peru, and the
recent introduction of striped bass to the west coast of the United
States. To the extent these translocations are judged successful in
retrospect, their success may be more fortuitous than the result
of careful planning. Controversial examples include common
carps, tilapias, and grass carps, and accidental release of marine
shrimps from experimental facilities.

Florida and southern California provide prime examples of
situations in which fish species have become established without
official sanction in recent years, mostly from accidental or inten
tional release from aquarium farms. For instance, in Florida, at
least 38 species and several hybrids of exotic fishes have been
found in fresh- and brackish waters. Twenty species and five
hybrids are established as reproducing populations. Associated
problems with accidental and intentional releases of aquarium
fishes include replacement of native species of fish; threat to na
tive aquatic plants, which could result in management problems
with both native fish and waterfowl; and spread and range ex
tension of fish to other states through linked waterways
(Courtenay et al. 1974; Shafland 1979).

Current interest in Louisiana focuses on the grass carp,
Ctenopharyngodon idella, which was first released by Arkansas to
control aquatic weeds (Ronald Becker, associate director, Louisi
ana State University Sea Grant College Program, 1989: personal
communication). It subsequently has invaded many tributaries of
the lower Mississippi River including those in Louisiana. The
concern is that this species will invade coastal marshes and de
stroy aquatic plants, especially the widgeon grass, Ruppia maritima,
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an important food and attractant for waterfowl. Aquaculturists
want to raise triploid grass carp with catfish and possibly the
freshwater prawn, Macrobrachium rosenbergii. Opponents believe
this may open the door to importation of diploid fish with possi
bly disastrous effects on aquatic habitats.

Jack Greer (University of Maryland Sea Grant Program, 1989:
personal communication) indicates that working with hybrids of
traditional species is difficult in Maryland. A popular species for
aquaculture in the mid-Atlantic region is the hybrid striped bass,
a cross between white bass and striped bass Morone saxatilis. Pro
ductive hybrid striped bass aquaculture enterprises are develop
ing. Owing to a crash in the wild populations of striped bass in
Chesapeake Bay, the state of Maryland had a moratorium against
the catching, possession, or sale of striped bass. Largely due to
pressures from commercial fishermen, who fear competition from
aquaculturists, the.hybrid striped bass was included in the mora
torium. As a result, it was illegal to possess a hybrid striped bass
without special permission from the Maryland Department of
Natural Resources. It was impossible to sell hybrid striped bass,
though several demonstration projects begun by the University
of Maryland and state of Maryland had already produced mar
ket-size fish. Though the hybrid bass does not involve the intro
duction of exotic species, there are many who fear that its escape
into waterways will result in the contamination of the wild stocks.
Further, commercial fishermen and law-enforcement officials have
argued that hybrid striped bass would be confused with wild
striped bass, complicating enforcement issues.

Granvil Treece (Mariculture specialist, Texas A & M Sea
Grant College Program, 1989: personal communication) indicates
a continuing, strong commercial interest for shrimp aquaculture
in Texas. The interest resulted in many introductions for com
mercial operations and for university research. These include
Penaeus vannamei, P. monodon, P. japonicus, and most recently P.
penicillatus as a potential winter-crop species. There have been a
few accidental releases of shrimp, but no known problems have
been documented.
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On the other hand, Treece cites tilapia as an example of a
troublesome species. Texas Department of Parks and Wildlife
brought tilapia into Texas and stocked it into Texas lakes. There
have been many escapes from overflooded farm ponds and bait
releases. By 1978, tilapia inhabited 14 reservoirs and three rivers
in Texas. They appear to have spread to at least 13 more lakes
since that time. Although this is a warmwater fish which will
perish at temperatures below 50°F, many of the reservoirs are
warmed by power plant discharges and some rivers by warm
springs. There is speculation that physiological races of tilapia are
developing that are more cold tolerant.

Management of Aquaculture
Introductions

The current high level of environmental awareness together
with economic lessons learned from prominent deleterious ex
amples make contemporary state natural resource managers more
wary of new introductions into natural systems, either in the form
of purposeful or accidental release. This is reflected in the Ameri
can Fisheries Society's Position on Introductions of Aquatic Spe
cies (Kohler and Courtenay 1986). The society's position calls for
all species initially to be prohibited and considered undesirable
unless they are evaluated and found to be desirable on the fol
lowing basis:

1. Published information on candidate species has been
reviewed.

2. Import species have more desirable qualities than the
native species.

3. Preliminary assessment of candidate species for their
impact on target aquatic ecosystems is benign.

4. Candidate species have been studied in their biotope
for potential impacts on target aquatic systems.

5. Provision has been made for public review.
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If a species passes these steps, a research program should be
initiated by an agency to test the import in confined waters. The
evaluation or recommendations would be circulated among in
terested scientists and presented for publication. Any negative
decision along this pathway would result in restrictions for fur
ther study, importation, introduction, and release.

Kohler and Stanley (1984) in developing a model for evalu
ating exotic fish introductions suggested five levels of review. At
each level, a favorable decision for introduction and recommen

dation was required to carry the review through the next level or
to reject the application. Level 1 review required information on
the purposes of introduction, abundance in native range, poten
tial disease and parasites associated with the species to be intro
duced, and site of introduction (see Elston, this volume). Review
level 2 permitted the proposing entity to conduct research with a
limited number of specimens under confined conditions for the
purpose of obtaining data. Level 3 concentrated on benefits to
risk analysis of the species to the natural system and humans.
Review level 4 required evaluation of a literature review based
on the format for a Food and Agriculture Organization species
synopsis with the possibility of requiring additional sections con
cerning impacts. Level 5 review required further research to com
plete the species synopsis and specific research to assess poten
tial impacts on the receiving systems and native species (see
Kohler, this volume).

The 1979 International Council for the Exploration of the Sea
(ICES) Code of Practice to Reduce the Risks of Adverse Effects
Arising from Introductions of Nonindigenous Marine Species
(Sindermann 1986) further recommended that when proceeding
with an introduction, a brood stock should be established in an
approved quarantine situation and . . . that the first-generation
progeny of the introduced species can be transplanted into the
natural environment if no disease or parasites become evident,
but not the original import. A continuing study should be made
of the introduced species in its new environment, and progress
reports submitted . . ." (see Sinderman, this volume).
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We believe a model management program for exotics intro
duction for aquaculture is one that gives priority to and specifi
callyaddresses the unique needs of aquaculture development. Im
portantly,acceptable solutions would be found and implemented
for problems posedby introductions or regional transfers for those
species with a high potential for aquaculture development. If dis
ease is a limitation, then specific pathogen-free or genetic-resis
tant stocks of the desired animals would be developed to remove
this constraint (see Elston, this volume). If the targeted species is
desirable for aquaculture but poses unacceptable risks to fisher
ies resources or ecosystems, then an alternate species would be
sought or an acceptable compromise reached to allow the initial
organism entry. The responsibility for providing healthy aquac
ulture stocks, those that would not pose a threat to fisheries or
ecosystem resources, would be an acknowledged goal of the pro
gram. Public funding would be used to finance the introduction
of selected exotics with high potential for aquaculture develop
ment. Control over the introductions would follow the ICES guide
lines. Adequate funding would be necessary to carry the intro
duced group through a minimum of one generation. Once avail
able, high-quality seed stocks would be distributed to potential
farmers for cultivation. Support would be provided to stimulate
development of locally produced seed for restocking farms so that
reintroduction could be avoided altogether or at least minimized.
In this scenario the economic risks taken for an introduction would

be largely supported by expenditure of public funds.
In terms of diseases, regional inventory of diseases in major

fisheries species and cultured animals would need to be carried
out. And from a regulatory perspective, it does not make sense
to try to control movement of a particular pathogen between re
gions if the organism is already present in both areas (Elston 1988).
Funds would also have to be provided for education programs
to keep industry and resource management informed on these
matters. As Elston (1988; see this volume) points out, and our
experience confirms, industry will support disease prevention
when it understands the needs and benefits of such programs.
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Obviously, we are aware of the limited availability of public
funds. This dictates that a key issue is in the selection of candi
date species for the type of development process we have sug
gested. Thus, only a few, high-probability-of-success-for-profitable-
culture candidate species could be dealt with adequately. The
highest level of quality control practical for these selected species
would be practiced and, in this way, it will contribute to devel
opment of a strong basis for future economic stability and growth.

Literature Cited

Bailey-Brock,J.H. 1990.Polydora nuchalis (Polychaeta, Spionidae), a new
Hawaiian record from aquaculture ponds. Pac. Sci. 44(1), 81-87.

Brock, J.A. 1986. An overview of Hawaii's animal/plant species impor
tation regulations and pest, predator and pathogen control proce
dures for aquatic animal introductions for aquaculture develop
ment. Aquaculture 86, WMS Special Session: Certification, Trans
plantation and Catastrophic Diseases.

Courtenay, W.R., Jr, H.F. Sahlman, W.W. Miley, II and D.J. Herrema.
1974. Exotic fishes in fresh and brackish waters of Florida. Biol.

Conserv. 6(4):292-301.
Elston, R. 1988. Comments on the regulation of aquatic animal trans

ports. FHS/AFS Newsl. 16(4):7.
Hawaii, State of. 1987. The State of Hawaii data bank: A statistical ab

stract, Honolulu.
Kanayama, R.K. 1967. Hawaii's aquatic animal introductions. Forty-sev

enth Annual Conference of the Western Association of State Game

and Fish Commissioners, July, 1967, Honolulu, Hawaii.
Kohler, C.C. and W.R. Courtenay, Jr. 1986. American Fisheries Society

position on introductions of aquatic species. Fisheries 11(2): 2-3.
Kohler, C.C. and J.G. Stanley. 1984. Suggested protocol for evaluating

exotic fish introductions in the United States, p. 387-406. In W.W.
Courtenay and J.R. Stauffer, Jr. (eds.), Distribution, biology, and
management of exotic fishes. The Johns Hopkins University Press,
Baltimore, Maryland.

Rosenthal, R. 1976. Implications of transplantations to and ecosystems.
FAO Technical Conference on Aquaculture, May 26, through June
2, 1976, Kyoto, Japan.

Shafland, P.L. 1979. Non-native fish introductions with special reference
to Florida. Contribution No. 14, Non-Native Fish Research Labora
tory, Florida Game and Fish Commission, Boca Raton, Florida.



Introduction and Hawaiian Aquaculture 1101

Sindermann, C.J. 1986. Strategies for reducing risks from introductions
of aquatic organisms: A marine perspective. Fisheries 11(2): 10-15.

Welcomme, R.L. 1986. International measures for the control of intro
duction of aquatic organisms. Fisheries 11 (2):4-9.



Introduction of Marine Plants for
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Abstract: The accidental introduction of the Japanese kelp, Laminaria japonica, to
the northern coast of China, and its subsequent domestication and transplanta
tion now provides the basis for the most extensive and productive marine farms
in the world. A similar Japanese kelp, Undaria pinnatifida, has also been acciden
tally introduced to the Mediterranean Sea, and then transplanted into the At
lantic, where it is being cultivated. Undaria has very recently been found in
Tasmania, where its effects on native vegetation are not yet known; however, it
could serve as a useful food for abalone mariculture there. Many might con
sider these unintended introductions to be advantageous; however, the acciden
tally introduced brown alga, Sargassum muticum, is viewed as a weed. The green
alga, Codium fragile, and the brown alga, Colpomenia peregrina, introduced to the
North Atlantic, have become nuisances to oyster growers on both sides of the
Atlantic. Intentionally introduced marine crop plants include the tropical
carrageenophyte, Kappaphycus alvarezii, and the Japanese sea-vegetable, Porphyra
yezoensis. The giant kelp, Macrocystis pyrxfera, was introduced into European wa
ters, and then removed because of concern that it might escape and spread. It
has recently been introduced to China where it has become established, but so
far it has not spread. It is being grown in ponds in Hawaii as well. Studies of
the reproductive biology and genetics of Macrocystis, at the University of Cali
fornia, Santa Barbara, have shown that it is possible to follow the dispersal of
microscopic life-history stages, and suggest mat it might be possible to geneti
cally modify this and other macroalgal crop plants, as part of the domestication
process, so that like com they would require human intervention for reproduc
tion. Such plants would remain non-reproductive in the sea and could be safely
introduced elsewhere in the world.

103
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Introduction

Anyone contemplating the advantages that might be gained
by introducing a new macroalgal crop plant to U.S. waters should
be careful, since it may be unlawful to do so. The modified Lacey
Act, which became law on November 16,1981 (U.S.C. 3371-3378)
is intended to provide enforcement tools for wildlife agencies seek
ing to control the illegal trade in fish and wildlife. This law states
that, "It is unlawful for any person — (1) to import, export, trans
port, sell, receive, acquire, or purchase anyfish or wildlife or plant
taken or possessed in violation of any law, treaty, or regulation
of the United States or in violation of any Indian tribal law. .. ."
A violation of the act may be treated as a misdemeanor, punish
able by fines of up to $10,000 or a year's imprisonment, or both.
If the imported ''fish" is worth $350 or more the violation may
be treated as a felony, and criminal penalties of up to $20,000
and five years imprisonment or both can be imposed. Since each
separate transaction is considered a separate violation of the act,
a separate penalty can be assessed for each violation.

The severity of the Lacey Act is undoubtedly attributable, in
part at least, to the lessons learned in Australia after importing
rabbits and the pricklypear cactus and in Florida after introduced
walking catfish, Brazilian pepper trees andwater hyacinth escaped
and spread. These and other similar lessons form the basis for
the generally accepted view that one should not mcUscriminately
introduce species that are likely to escape from cultivationor cap
tivity. This cautiousness has now been extended to include life-
forms that have been genetically transformed in the laboratory,
with the general feeling that it is better to err by being overly
careful. Nonetheless it is important to remind ourselves that man
kind can benefit greatly from the introduction of agriculturally
useful plants. When Cortez invaded Aztec Mexico in 1519, he
found extensive gardens that surpassed any to be found in Eu
rope at the time. The early American agriculturists had domesti
cated corn, cotton, agave, cacao, tomato, sweet potato, squash,
pumpkin, beans, peanuts, pineapple, avocado, pepper, papaya,
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cassava, banana, potato, tobacco, prickly pears and rubber plants.
One wonders what the course of history might have been if the
Lacey Act had been in effect and vigorously enforced in 1519.
Cortez might have spent the rest of his life in prison for having
these new crop plants transported back to Europe.

The advantages and disadvantages of introducing marine
crop plants from one part of the world to another have been the
subject of discussion for many years. Druehl (1973), in a letter to
Science discussing marine transplantations, points out that trans
plantations can cause considerable damage, citing as an example
the accidental introduction of Sargassum muticum to the eastern
North Pacific coast along with oyster spat. He predicted (accu
rately) that this plant would alsobecome established in European
waters along with introduced spat. It is certainlyworthwhile now
to reconsiderDruehl's 1973 prediction that it would be many years
before we will be able to predict with any degree of certainty the
effects an introduced species may have on an existing ecosystem.
We might now ask what new information is needed if we wish
to predict the rate of spread, and other effects an introduced
macroalga will have?

In response to Druehl's plea for international regulation of
marine transplantation projects, North (1973) pointed out that
some marine scientists at the time felt that the adverse effects of

introduced species were sometimes exaggerated, and notes that
there are enormous benefits to be derived from cultivating a plant
like Macrocystis. As a world expert on the biology of this plant,
he had been approached by several Japanese biologists interested
in introducing Macrocystis to Japan, but because of the strong
objections of several American scientists, this request was with
drawn.

The Japanese were not the first to be interested in introduc
ing and growing the giant kelp. The controversy that has arisen
concerning this plant illustrates some of the concerns to be con
sidered before attempting long-range marine transplantations. The
Scottish Seaweed Research Association had proposed to introduce
the giant kelp to Scotland in 1950. Walker (1952) brought game-
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tophytes from British Columbia to Prestwick, Scotland, in August
1949 and successfully cultivated juvenile kelps, but was prohib
ited from introducing them into the sea. This proposal was con
sidered by a governmental advisory council and was rejected as
a dangerous experiment with possibly undesirable results. The
main objections were to the possibilities of interference to boat
traffic, including fishermen, and to the unpredictable changes in
the ecosystem that may occur (Franklin 1974).

In the early 1970s, French scientists proposed to introduce
the giant kelp to the Brittany coast of France as a new source of
material for their alginate industry. Perez (1972) outlined the ad
vantages of introducing this plant with its favorable growth and
alginate yields, and expressed the opinion that the risk to the
"balance of nature" was negligible. Perez and colleagues obtained
sporophylls from Chilean Macrocystis and produced young plants
from spores. These plants had grown to about 5 cm in length in
February 1972, when they were placed in the sea. Seven months
later, they had grown to a length of 13 m and were removed
before they became fertile (Braud et al. 1974; Franklin 1974). Based
on this success, the French proposed a large-scale experiment,
which attracted the attention of other marine scientists in Europe.
Perez and colleagues (1973) studied this opportunity in Chile and
California where this plant naturally occurs. One of us (M.N.)
arranged for them to inspect the Santa Barbara County kelp beds
by air in 1973, where the plants form a nearly continuous belt of
vegetation along the coast. It was felt that the sight of these ex
tensive kelp forests would emphasize what might happen along
the coasts of France, if the plant escaped cultivation there. A spe
cial meeting of the International Counsel for the Exploration of
the Sea (ICES) working group on the introduction of non-indig
enous marine organisms was held in February 1974. The French
proposal was rejected mainly because of the great potential of
Macrocystis spreading to other places in Europe and the possible
interference with fishing and shipping.The French scientists modi
fied their proposal to include precautions designed to control the
spread of giant kelp, but these precautions were thought to be
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inadequate at another meeting of the ICES working group in
October 1974 (Franklin 1974). Resolutions opposing the introduc
tion of giant kelp to Europe were passed by the British Phyco-
logical Society (Boalch 1981) and at the VHIth International Sea
weed Symposium (Anon. 1975). Further French proposals to in
troduce Macrocystis have been similarly opposed and their effort
has been suspended (Boalch 1981).

The purpose of this paper is to reexamine the long-standing
question of whether or not it is possible to reap the obvious ben
efits of cultivating macroalgal crop plants, like the giant kelp,
while at the same time protecting the environment from the rec
ognized dangers of self-propagating plants that escape from cul
tivation. To do this we have briefly reviewed the literature de
scribing intentional and accidental introductions of macroalgae,
and have considered our own experiences with plants introduced
for experimental purposes. Recent studies here of macroalgal
spores in the laboratory and sea, and of macroalgal genetics, sug
gest that, with more directed studies, it may one day be possible
to produce cultivars that will not self-propagate when introduced.

Unintentional

Introductions of Marine

Plants

An examination of the estimated dates of introduction, the
rates of spreading, and the effects of unintentionally introduced
marine plants gives us some idea of what might happen if inten
tionally introduced crop plants were to escape from cultivation.
These plants have been introduced unintentionally by such vec
tors as shipping or associated with marine organisms (such as
oysters) that are intentionally imported for cultivation. The best
documented examples of unintentionally introduced macroalgae
that are viewed as invasive and damaging are those of the brown
algae Sargassum muticum and Colpomenia peregrina and the green
alga Codiumfragile. Farnham (1980) discussed these and other taxa
that were unintentionally introduced into the British Isles. For
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example Colpomenia peregrina was introduced to Britain early in
this century, where it spread, causing losses from the northern
French oyster-beds, because the globose thallus becomes filled
with gas and floats away with oysters to which it is attached.
Codium fragile damages oyster beds in the same way.

The brown alga Sargassum muticum, which is native to the
western North Pacific Ocean, was introduced to the coasts of the

eastern North Pacific, eastern North Atlantic, and the Mediterra

nean in this century. This plant, because of its large size, distinc
tiveness, rapid growth and rapid spread, has attracted much at
tention in its introduced habitats and a summary of investiga
tions into the spread and effects of this plant provides an infor
mative case study of an introduced marine plant that has proven
to be very invasive. Interestingly, in its native habitat, it is a mi
nor component in a community of many species of Sargassum that
occur there. Its exact distribution in the western Pacific is not

clearly known because of taxonomic confusion with entities which
may or may not be conspecific (Critchley 1983).

Sargassum muticum was probably introduced from Japan to
the eastern North Pacific coast as early as 1930 as a contaminant
from oyster spat (Deysher 1984). It was first recognized as a new
entity for this coast in 1947at Coos Bay, Oregon, and first identi
fied by E.Y. Dawson from Willapa Bay, Washington, in 1953.
Scagel (1956) provides evidence that, because of its similarity to
the native fucoid Cystoseira, it had been collected earlier and
misidentified. The earliest collected specimens date to 1944 to 1947
from several areas around the Strait of Georgia, British Colum
bia. Scagel'scareful examination of specimens from collectors who
filed specimens prior to 1944 showed that it was probably not
present prior to 1937.

The first Sargassum collections were made long after the first
oyster spat imports, which began in 1902 in Washington and 1912
in British Columbia, with the greatest volume imported from 1920
to 1931 (Deysher 1984). Sargassum must have been introduced re
peatedly with the many shipments of oyster spat that were made.
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The time gap between this mode of introduction and identifica
tion of Sargassum in established populations may be due to the
early confusion with Cystoseira and to the time necessary to de
velop populations which are large enough to be noticed. Deysher
(1984) pointed out that there are other possible modes of intro
duction, such as via shipping or drifting of natural plants, but
that the coincidence of Sargassum with oyster spat imports sup
ports this as the mode of introduction.

Sargassum muticum grows in warm temperate waters, and has
spread to the south from the first populations found in British
Columbia, Washington, and Oregon, as summarized in Table 1.
It was first found in northern California in 1963 at Crescent City.
In 1969, it was found in San Diego, and it has spread rapidly in
several areas of southern California. It was not found in central

California until 1974, when it was found at the Berkeley Marina.
It was also found in Baja California, Mexico, in 1971. The south
ernmost distribution noted by Deysher (1984) is San Quintin Bay
in Baja California. Recently, it has also been reported from Alaska
(S.C. Lindstrom, personal communication), indicating that it is able
to grow in some localities to the north.

Table 1. Spread of Sargassum muticum in the eastern North Pacific.

Locality Year Reference

Washington/British Columbia 1930s Scagel 1956, Deysher 1984
Oregon 1947 Scagel 1956
California (northern) 1963 Norton 1981

California (southern) 1969 Deysher 1984
California (Catalina I.) 1971 Setzer and Link 1971

Baja California, Mexico 1971 Setzer and Link 1971

California (central) 1974 Deysher 1984
Alaska 1988 Lindstrom (pers. comm.)
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Sargassum muticum is largely limited to warmer and more
protected localities in its eastern North Pacific distribution. Scagel
(1956) hypothesized that it occupies a niche in the low intertidal
and subtidal zones that is not occupied by other large algae. He
pointed out, however, that it may outcompete eel grass, Zostera
marina, where the two may co-occur. In the Strait of Georgia, Brit
ish Columbia, S. muticum competes with two red algae in the low
intertidal zone, Neorhodomela larix and Lithothrix aspergillus; how
ever, none of these algae are outcompeted to extinction by any of
the others (DeWreede 1980). After Sargassum was found at Santa
Catalina Island in 1971,a die back of Macrocystis occurred in 1976.
Sargassum invaded some of the vacated space, preventing the re-
establishment of the kelp (Ambrose and Nelson 1982). Thus the
local distribution of Sargassum may be restricted by competition
with established Macrocystis but once it gains a foothold it is ca
pable of excluding this kelp.

The conclusion that Sargassum was introduced to the eastern
North Pacific via oyster spat led to the prediction by Druehl (1973)
that this plant would be introduced into the North Atlantic, par
ticularly in France, since oyster spat was being imported to French
waters from Japan and British Columbia in the late 1960s and
early 1970s. This prediction was fulfilled in the discovery of a
population of attached Sargassum near Portsmouth, England in
February 1973 (Farnham et al. 1973), with fertile drift specimens,
which were initially misidentified, being found in the English
Channel by 1971 (Farnham 1980). It appears possible that mature
plants were introduced to France with oyster spat, and that these
plants drifted across the English Channel to initiate the popula
tions discovered in England. Critchley et al. (1983) point out that
the attached plants first found in England were at least 2 years
old, pointing to an introduction in the late 1960s.

From this initial introduction, this plant has spread rapidly,
as summarized in Table 2. Critchley et al. (1983) and Belsher and
Pommellec (1988) provide more detailed chronologies. It has
spread predominantly to the east, following the prevailing cur-
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rents in the English Channel. Drift plants were often observed
beforeattached plants were found. Attached populations were first
noted across the English Channel in France in 1976. Attached
populations both to the west and east along the coasts of France
and England, including the Channel Islands, were found in sub
sequent years. Attached populations were first found in the Neth
erlands in 1981. It also spread further south along the Brittany
coast of France. More significantly, it was found on the Mediter
ranean coast of France in 1981, also associated with oyster beds.
Apparently, the transplantation of oysters from northern French
oyster beds to the Mediterranean was responsible for this intro
duction. By 1987, it had spread down the Brittany coast to La

Table 2. Spread of Sargassum muticum in Europe.

Locality Year Reference

England
France (English Channel)
France (Atlantic Coast)
Netherlands

France (Mediterranean)

1973

1976

1981

1981

1981

Farnham et al.

Gruet 1976 *

Critchley et al.
Nienhuis 1982

Critchley et al.

1973

1983

1983

*cited by Critchley et al. 1983

Rochelle, but only spread to a few new areas in the Mediterra
nean (Belsher and Pommellec 1988).

After the initial discovery of Sargassum in England, attempts
were made to eradicate it. Voluntary efforts at hand-picking were
carried out initially, with "Sargassum wanted" posters being used
to publicize the effort, since this would not be ecologically dam
aging. This may have slowed the spread of Sargassum, but it did
not eradicate it, and it was abandoned in 1976. Other methods

were examined, including the use of herbicides and biological
control, but these methods were not selective enough and were
not used (Critchley et al. 1986).
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In England, S. muticum occupies a zone from the mid inter
tidal zone to the sublittoral fringe. In this habitat, it co-occurs
with many marine algae, and appears to outcompete other
fucalean brown algae. A particularly thick population was noted
in Portsmouth Harbor, which had only a few low-lying algae
present before (Fletcher and Fletcher 1975).

The green alga, Codium fragile was first discovered along the
coast of the northeastern United States in 1957, and was prob
ably introduced shortly before then. Loosanoff (1975) observed
Codium plants on the hulls of ships from Europe in Long Island
Sound during World War II, which suggests shipping as the prob
ableagent of dispersal. This species has been identified as Codium
fragile subspecies tomentosoides, which is native to the western
Pacific (Silva 1955).

Codium has an adverse effect on shellfisheries, since it is a
perennial that can grow to 20 cm or more in length and breadth
and will attach to shellfish. It is called "oyster thief" by fisher
men because the plants can add both drag and floatation, since
photosynthetically-produced oxygencan accumulate in the spongy
thallus. Consequently shellfish with attached Codium are swept
onto beaches by storms, or simply float away (Wassman and Ra
mus 1973). Codium plants can also kill scallops by becoming so
large that the animals cannot swim and have been implicated as
an important factor in the destruction of scallop fisheries
(Wassman and Ramus 1973).

The dispersal of C. fragile throughout the North Atlantic
ocean has been well documented. It first appeared in Holland in
1900, although its transportation vector from the western Pacific
is unknown (Silva 1955). It spread throughout Scandinavian wa
tersby the 1920s and 1930s and later to the British Isles and France
(Table 3).

Codium fragile was presumably introduced to the western
North Atlantic from Europe and several possible vectors have been
suggested including transportation on ships or on oyster shells
(Carlton and Scanlon 1985). Since there are no native species of
Codium or morphologically similar genera in the western Atlantic
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Table 3. Spread of Codium fragile ssp. tomentosoides in the eastern North
Atlantic and adjacent waters.

Locality Year Reference

Holland 1900 van Goor 1923 *

Denmark 1920 Rosenvinge 1922
Helgoland 1930 Schmidt 1935 **

Sweden 1938 Silva 1955

England 1939 Silva 1955

Ireland 1941 Parkes 1941

France 1946 Silva 1955

Norway 1952 Silva 1955

♦cited by Silva 1955
** cited by Silva 1957

north of Cape Hatteras (North Carolina), it is unlikely that the
introduction of Codium went unnoticed for very long, and records
of its spread are probably accurate. It first appeared on the east
side of Long Island Sound on Long Island in 1957 and by 1961
had spread to the west side of the Sound and north to southern
Massachusetts, as well as to the outer coast of Long Island (Table
4). Its dispersal around Cape Cod took 10 years and has been
documented in detail by Carlton and Scanlon (1985), although an
isolated population appeared in Maine in 1964 (Table 4). Codium
spread south from Long Island to New Jersey by 1966 and to
Virginia by 1975. Codium fragile was first observed south of Cape
Hatteras in 1979, which is an important event since the long sandy
coast in this area is considered to be a major biogeographical
barrier for marine macroalgae and the northern limit of the west
ern North Atlantic warm temperate biogeographic zone (Hoek
1975; Searles et al. 1984). It is possible that C. fragile may not have
the adverse effects on shellfisheries observed further north since

two native Codium species co-occur with it in North Carolina
(Searles et al. 1984); however, C. fragile now appears to be dis
placing these native species in many parts of the state (D.F.
Kapraun, J. Ramus, personal communication). It has also been
found as drift in South Carolina but attached plants have yet to
be collected (R. Zingmark, R. Wiseman, personal communication).
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Table 4. Spread of Codium fragile ssp. tomentosoides in the western North
Atlantic.

Locality Year Reference

New York (inner Long Island) 1957 Bouck & Morgan 1957
New York (outer Long Island) 1961 Taylor 1967
Connecticut 1961 Carlton & Scanlon 1985
Massachusetts 1961 Carlton & Scanlon 1985
(south shore Cape Cod)
Maine 1964 Coffin & Stickney 1967
New Jersey 1966 Taylor 1967
Massachusetts 1971 Carlton & Scanlon 1985
(north of Cape Cod)
Virginia 1975 Hillson 1976

North Carolina 1979 Searles et al. 1984

New Hampshire 1982 Prince 1988

(sexually reproducing)

Since C. fragile appears to have warm temperate floristic affini
ties, it is likely that it will continue to spread further south.

Most western North Atlantic C. fragile populations reproduce
only asexually by either motile cells, plant fragmentation, or
whole-plant buoyancy from gas entrapment (reviewed by Carlton
and Scanlon 1985; Prince 1988). These mechanisms probably ac
count for the rapid spread of the plants over short distances and,
probably, for much of the observed long distance coastal dispersal
as well (particularly drifting plants or fragments releasing motile
cells). Carlton and Scanlon (1985) reviewed four possible vectors
for the artificial dispersal of C. fragile: (1) as a fouling organism
on ships moving along the coast or through the inland water
way; (2) on transplanted commercial oysters; (3) by fisherman after
moving fouled nets to new locations, and (4) as discarded pack
ing material for fisheries products suchas lobsters or baitworms.

The Japanese brown alga Undaria pinnatifida was introduced
accidentally to France. It was first found in 1971 in association
with oyster parks in the Mediterranean (Perez et al. 1981). Since
the oyster spat was imported from Japan, it is fairly certain that
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Undaria was introduced by this vector. Since Undaria is widely
cultivated as a food in Asia, attempts were made to exploit this
accidental introduction. Perez et al. (1984, 1988) report on recent
attempts made to cultivate this alga along the Brittany coast of
France, where it is reported to grow to a larger size than plants
grown in Japan. Hay and Lucken (1987) reported the finding of
Undaria pinnatiflda in New Zealand, and Sanderson (1988) has
recently found this plant in Tasmania, Australia, as well, where
it may have been introduced with ballast water from cargo ves
sels transporting wood chips to Japan. Sanderson (personal com
munication) has estimated that the first introduction occurred,
probably with ballast water, in 1982 and has found that since that
time the plant has spread along 10 km of coastline. The role of
shipping, and particularly the discharge of ballast water, in acci
dental transplantations has been recently examined by Williams
et al. (1988).

An example of an accidentally introduced alga which has
provided the basis for anew seaweed industry is the case of Lami-
naria japonica, which was introduced from Japan to Dalian, north
ern China, in 1927. From 1927 to 1949, this plant was harvested
from wild and semi-wild populations, but the production did not
meet the demand in China. Mariculture started in 1952, and this
industry has grown remarkably, with over 250,000 tons of dry
Laminaria produced in 1980 (Tseng 1987). L. japonica was also ac
cidentally introduced to the Mediterranean coast of France, also
associated with oysters (Perez et al. 1984), but no further reports
of the persistence or spread of this plant are known.

There are many other examples of accidentally introduced
macroalgae, including the red algae Acanthophora (Russell 1981)
and Polysiphonia. Doty (1961) has carefully documented the intro
duction of Acanthophora to Oahu in the Hawaiian islands, its en
circlement of this island, and its spread to Kauai. Kapraun and
Searles (1990), discovered the filamentous eastern Atlantic and
Mediterranean species, Polysiphonia breviarticulata, in North Caro
lina in December 1982. It remained as a small and inconspicuous
population until the Spring of 1988, when sterile free-living plants
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appeared in the plankton in great quantitiesalong 180km of coast
line. These drifting plants were a serious problem for fishermen,
whose nets were fouled, and to those visiting the beaches where
they formed thick mats several meters wide, prior to decompos
ing. Wilce et al. (1982), reported similar dramatic problems pro
duced by an unusual free-living form of the native filamentous
brown alga Pilayella littoralis. These examples show that even small
filamentous macroalgae can cause serious problems. Ishige isiforme,
a brown alga from Japan, was introduced to the Gulf of Califor
nia in the 1920s by shrimp boats dumping ballast water there
(Dawson 1966). Norris (1975) found Spyridia filamentosa as an in
troduced species in the Gulf of California, where the interesting
floristic similarity to Japan has stimulated considerable specula
tion about many possible unintentional introductions.

Intentional Introductions of

Marine Plants

Intentionally introduced marine plants generally have not es
caped from cultivation and damaged natural ecosystems. A pos
sible exception to this is Undaria pinnatifida, which was trans
planted from the Mediterranean coast of France to Brittany, where
natural populations are now found (Flocli and Pajot 1989). In a
few cases those that have been intentionally introduced have sur
vived without spreading. Most of the successful introductions have
been from Japan to Korea or China (e.g.,Undaria pinnatifida), or
from Northern to Southern China, where because of extreme sea
sonal changes in temperature, seedstock has to be produced in
refrigerated tanks on land and then planted out in the sea.

The tropical red-algal carrageenophytes, Eucheuma and
Kappaphycus, were domesticated by M. S. Doty and his cowork
ers (Doty 1973) and have since become the basis for a major ma
rine farming industry in the Philippines and elsewhere.
Kappaphycus alvarezii (=Eucheuma alvarezii, kappa-carrageenan, Doty
1988) and Eucheuma denticulatum (iota-carrageenan) are two spe
cies that are particularly important sources of the phycocolloid
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carrageenan and are cultivated in many areas, typically starting
from introduced seedstock. One particular strain, K. alvarezii var.
tambalang, has been particularly productive in cultivation. Doty
(1985) transplanted this plant from the Philippines to Hawaii in
1971 (under a permit from the Hawaii State Department of Agri
culture) where it prospered but did not spread (Russell 1983).
From Hawaii, it has been introduced to Ponape, Guam, Kiribati,
Tonga, Fiji and French Oceania (Russell 1982; Doty 1985), and
reintroduced to Fiji from Tonga after the plants were lost in a
cyclone in 1980 (Luxton et al. 1987). It has recently been seen as
an escapee from cultivation in the Bora Bora lagoon (M. Littler
and J. Norris, personal communication), where the vegetative frag
ments tangle in the coral heads (E. Zablackis, personal communi
cation).

Both species mentioned above were introduced to Kiribati
in 1977 (Why 1985). Braud and Perez (1979) report on the intro
duction of E. denticulatum to Djibouti from Malaysia in 1977 and
its success in pilot cultivation trials. Farming trials in Bali, Indo
nesia, were initially tried with indigenous Eucheuma plants, but
growth and carrageenan yields were low. Therefore, both com
mercial species were introduced from the Philippines in 1984,but
growth and carrageenan yields remained low. It was concluded
that the local people needed better training in farming practices
in order for Eucheuma cultivation to be successful in that area

(Adnan and Porse 1987).
The tambalang strain has been a particularly important strain

in cultivation. It reproduces almost entirely vegetatively and does
not form attachments to other objects or its own branches (Doty
1985). Fragments of plants that were transplanted to Hawaii did
escape enclosures on the reef flat where they were grown at Co
conut Island and colonized Kaneohe Bay; however, when the
source of the fragments was removed, the population in Kaneohe
Bay eventually disappeared (Russell 1983). Eucheuma is cultivated
from vegetative cuttings, so growth by vegetative means is fa
vorable both for farming of this plant and for the prevention of
its spread into the natural environment.
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The Japanese marine crop plant Porphyra has recently been
introduced to Washington and British Columbia for commercial
purposes. Nets are seeded in the sea with shells bearing the
conchocelis life-history stage (pers. obs. R. Lewis). The introduced
cultures are reported to be axenic, thereby preventing the chance
introduction of any associated organisms. Indeed nets are still
being seeded in Japanese waters, removed, partially dried and
frozen prior to exportation. There is no evidence to-date that this
technique is introducing either P. yezoensis or other plants or mi
crobes to the natural ecosystem (S.C. Lindstrom, personal com
munication).

Macrocystis pyrifera was introduced to China in 1978. Many
sporophylls and 48 young plants were collected from Santo
Tomas, near Ensenada, Baja California, Mexico in August 1978.
Spores were released and gametophyte cultures were started. The
gametophytes and young sporophytes were then transported to
Qirtgdao, China, a journey which took 9 days. The young plants
were raised in the sea and gametophytes were raised in the labo
ratory. Approximately one hundred thousand sporophytes were
grown from the gametophyte cultures (Liu et al. 1981). In China,
Macrocystis grows well during much of the year, but is limited
seasonally by low temperatures in the winter and high tempera
tures in the summer. As a result, these plants are not fertile dur
ing all the year, as they are in southern California, but are fertile
during two periods each year between the extreme seasons (Liu
et al. 1984). In this environment of extremes, Macrocystis seems to
survive in China only becauseof artificial cultivation efforts. North
et al. (1988) observed plants from this introduction grown in Bohai
Bay, near Yantai on the north side of the Shandong Peninsula in
1986. According to North and his coworkers, the plants have not
spread because of predation by extensive sea urchin populations,
although small sporophytes have been seen on holdfasts and rocks
used as weights on the culture lines.

The introduction of Macrocystis to China used seedstock col
lected in Mexico, where the seawater temperatures are warmer,
so that these plants would hopefully be able to survive the warm
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summer water temperatures in China. Similarly, Macrocystis
integrifolia from Monterey in northern California was grown in
the warmer waters near Santa Barbara, along with M. pyrifera from
Santa Barbara and Catalina in southern California (Lewis et al.
1986). In this study, it was found that Macrocystis plants from the
three localities were interfertile. Both intraspecific and interspe
cific progeny from the parental sporophytes were grown in the
ocean near Santa Barbara. It was found that the growth rates of
the progeny were significantly different among the various com
binations. If the parents of these progeny were from Catalina or
Santa Barbara, southern California, the plants grew significantly
faster than plants that were hybrids between southern California
and northern California plants. Intraspecific progeny from M.
integrifolia from Monterey grew the least well in the Santa Bar
bara area. In addition, reproductive plants were not obtained from
the intraspecific crosses of M. integrifolia plants or from the M.
pyrifera/M. integrifolia cross. The other seven combinations pro
duced fertile progeny in these trials. Therefore, it appears that M.
integrifolia is not well suited for propagation in the Santa Barbara
area; however, with the kind of artificial propagation system used
by the Chinese, it is possible that this plant may be successfully
cultivated in this area without it escaping to form wild popula
tions.

Our studies of marine plant reproduction in the laboratory,
greenhouse and sea, and the few introductions we have tried for
experimental purposes, are worth mentioning here. Given the
speed of modern air travel we have been able to successfully ship
or hand-carry living macroalgae from Tasmania, New Zealand,
southern Argentina, and Korea to our seawater-supplied green
house. We have not introduced these into the sea with only one
exception. The exception was Eucheuma uncinatum (thought by J.
Norris to belong to a new genus) which was brought from
Guaymas, in the Gulf of California, Mexico. Permission was
sought and granted by the California Department of Fish and
Game to introduce male plants only. Only one attempt was made
to grow these plants in the sea, and this was not successful, al-
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though they grew surprisingly well in our colder waters under
greenhouse conditions.

Our one attempt to grow intergeneric hybrid kelps in the
sea failed (Neushul 1981). Hybrids were produced in the labora
tory using standard crossing methods. These morphologically dis
tinctive plants, bearing two elongated pneumatocysts, were ap
parently not well-adapted for survival in the sea, and died soon
after being outplanted. The onlyplant that lived to form sori (af
ter 1 year in the greenhouse) did not produce functional sporan
gia, although a natural hybrid collected from the sea Q. Coyer,
personal communication) did produce viable spores, and game
tophytes, which producedsporophytes in our cultures. The latter
did not survive, but at least initially appeared to be normal.

Characteristics of Invasive Species

The global concern that invading species will alter the struc
ture and function of natural communities has led to the estab
lishment of international programs to investigate the ecology of
biological invasions. Certainly a central question to be asked by
the mariculturalist when considering introducing an alga to a new
area is "how invasive might this species be should it escape cul
tivation?" and if it does escape, "how will it alter the invaded
habitat?" Some maintain that species with certain demographic
and physiological attributes aremore likely to invade than others
and that these attributes can form a useful guide in developing a
risk analysis (Ehrlich 1986; Bazzaz 1986); however, there has been
considerable debate as to whether accurate predictions can be
made as to which particular species will be successful invaders
(Simberloff 1986; Roughgarden 1986).

Predicting the invasive ability of different algae is compli
cated by the fact that, as a group, algae have an extremely di
verse array of life-history strategies causing a wide assortment of
demographic and physiological attributes. In their work on para
sites, Dobson and May (1986) suggest that, other things being
equal, species with direct life-histories are much more likely to
be successful invaders than those with indirect life-histories. Based
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on past introductions, this appears to be true for algae as well.
Laminaria and Macrocystis are two species that have been success
fully introduced without escaping cultivation. Like all kelps, both
have a complex heteromorphic life-history in which the large vis
ible stage (sporophyte) alternates with a microscopic, sexual re
productive stage that is dioecious (gametophyte). The physiologi
cal requirements of the two stages can differ considerably. Con
ditions suitable for growth and reproduction of the gametophyte
often occur sporadically in time and space and may not always
coincide with those suitable for the sporophyte (Deysher and Dean
1986). Propagation of the sporophyte (the potentially invasive
stage) is totally dependent on the microscopic gametophyte stage;
there is no evidence for vegetative or asexual reproduction of the
sporophyte in nature. Thus the relatively complex, indirect life-
history of kelps may severely limit their ability to successfully
invade.

In contrast, Codium fragile, a rather successful invader, has a
much more direct life-history. Although one population is capable
of sexual reproduction (gametes are produced from meiosis in
diploid plants), most western North Atlantic C. fragile populations
reproduce only asexually by either motile cells, plant fragmenta
tion, or buoyancy of whole plants or fragments from gas entrap
ment (reviewed by Carlton and Scanlon 1985; Prince 1988). These
mechanisms undoubtedly aided in the rapid spread of this spe
cies over short distances in the western north Atlantic and likely
contributed to its dispersal over longer distances on this coast as
well (particularly drifting plants or fragments releasing motile
cells) . In addition, a population of C. fragile in North Carolina
was found to consist of only haploid female plants that had two
to four times more nuclear DNA than other, diploid, Codium spe
cies (Kapraun and Martin 1987; Kapraun et al. 1988). The authors
suggest these plants are opportunistic autopolyploids that are
functionally similar to a wide variety of polyploid "weedy" vas
cular plants. If this is also true of other western North Atlantic
populations, it would help explain the markedly invasive and
competitive nature of this species.
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The invasive character of Sargassum muticum has also been
well-studied. First, it is both monoecious and self-fertile, so a
single plant is able to reproduce. Gametesare formed by meiosis,
and both male and female gametes are formed simultaneously.
The gametangia are borne on small branches, receptacles, which
occur along the upper portions of the plant. These portions also
possess small gas-filled floats which bring the plant to the sur
face of the water. Late in the reproductive season of this plant,
the fronds typically degrade or break off. A detached frond, bear
ing both floats and reproductive structures, would be able to float
to another locality and disperse zygotes locally. This may be the
reason for the rapid but erratic spread seen along the Northeast
Pacific coast (Deysher and Norton 1982). In addition, S. muticum
has a wide temperature tolerance for growth, with both germlings
and laterals of adult plants showing increasing growth with in
creasing temperature from 5 to 25° C (Norton 1977).

A crucial life-history or demographic feature of an invasive
plant is an efficient means of dispersal, especially since it is highly
unlikely that a colonizing species will establish following a single
introduction of a small number of propagules (Bazzaz 1986). Al
though Macrocystis and other large kelps produce an enormous
number of spores (Neushul 1959; Chapman 1984; Reed 1987),
spore dispersal in kelps is generally limited to a few meters
(Sundene 1962; Anderson and North 1966; Dayton 1973; Paine
1979,1988) and only sporadically occurs over distances approach
ing kilometers (Reed et al. 1988). In contrast, small filamentous
brown algae in the family Ectocapaceae produce relatively few
spores that are morphologically similar to those of kelps yet they
disperse over relatively long distances (Reed et al. 1988). This
difference in dispersal ability between these two algal groups may
be related to differences in the behavior of theu* spores. Like spores
of most brown algae, ectocarpoid spores are positively phototac-
tic. Such behavior may enable them to remain in the water col
umn longer where they can be transported greater distances by
prevailing currents (Amsler and Searles 1980; Reed et al. 1988).
There is no evidence that kelp spores display phototaxis: they
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lack eyespots and other morphological features which are corre
lated with phototactic behavior (Henry and Cole 1982; Kawai
1988). Thus, in addition to a complex life-history, inefficientmeans
of dispersal may also be reason why kelp has yet to escape culti
vation. In contrast, efficient dispersal in ectocarpoid algae coupled
with a life-history which is often direct or in which both the ga
metophyte and sporophyte stage are potentially invasive (the two
stages are isomorphic and appear to have similar growth require
ments) are traits that would seem to enhance invasiveness. This
may in part explainwhy many ectocarpoid species appear to have
cosmopolitan distributions (cf. Clayton 1974; Amsler 1985).

In addition to the demographic and physiological attributes
of a species that make it a good invader, the invaded community
or habitat must permit invasion if it is to occur. As appropriately
stated by Bazzaz (1986), "the colonizer and the colonizedare part
ners in the process." Elton (1958) in an extensive review of inva
sions by plants and animals concluded that invaders were most
likely to establish viable populations in agricultural or otherwise
disturbed and unusually simplified communities. Subsequent re
search has not changed this view (Orians 1986). Indeed, one of
the most easily invaded habitats may be the farms themselves
where the aquacultural crop is produced. This seems to be the
case so far for Macrocystis in China.

Discussion and Conclusions

It seems likely that the accidental introduction of undesir
able plants, like those discussed here, will continue to occur. It is
also likely that increasing numbers of requests will be made to
introduce marine crop plants like Porphyra, Eucheuma, Kappaphycus,
and the giant kelp, Macrocystis. Consequently we need a rational,
rather than a "finger in the dike," approach to the problem of
marine plant introductions. We must carefully consider what has
been learned from accidental and intentional introductions. It is

also important that during the domestication process we select
strains that require human intervention to reproduce. The best
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example to date of a strain of a commercially important marine
plant which requires human intervention to be propagated is the
tambalang strain of Kappaphycus. This plant grows nearly entirely
vegetatively, and is cultivated using vegetative cuttings. This strain
was selected during the early stages of Eucheuma farm operations
in the Philippines, when a genetic improvement strategy was in
corporated into the farming practices (Doty 1973); however, this
example is exceptional, as shown by Van der Meer's (1988) re
cent review of efforts made to genetically improve marine crop
plants, which shows that comparatively little is known about ma
rine plant genetics generally, and that very few efforts have been
made to genetically modify and select desirable cultivars. Here
we must look at algal reproduction, as quantitative life-histories
with "turnstiles" between each successive stage where one or more
of these must be controlled by the mariculturalist.

Using Macrocystis as an example, there are several strategies
possible for developing reproductively controllable cultivars which
could be safely introduced. Although a perennial, Macrocystis
could be cultivated as an annual in areas where adverse summer

or winter conditions kill spores, gametophytes or young sporo
phytes thereby preventing dispersal and spreading (this is one
reason that introduced Laminaria japonica has not escaped in parts
of China). Selectionof isolates with restricted temperature (or light
or nutrient) tolerances would facilitate such a strategy. The fila
mentous gametophytic phase of kelps is particularly amenable to
this type of manipulation and can be grown in light-temperature
or other cross-gradient culture much like other small brown al
gae (Amsler 1985; Amsler and Lewis unpublished). Ideally, one
would like to select for strains which are unable to reproduce at
all in nature. Ongoing studies of kelp genetics in our laboratory
(Lewis et al. 1986; Neushul 1987) have identified a number of
Macrocystis gametophytes which are unable to produce gametan-
gia under normal conditions, perhaps because they require sub
stances (or concentrations of them) not normally present in sea-
water. Such isolates that could reproduce in the laboratory when
provided with an organic or other substance not found in nature
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would be ideal candidates for producing sporophytic material for
introduction.

We have recently discovered that kelp spores swim toward
nutrients which stimulate gametogenesis in gametophytes (the
next step in the life history) and swim away from some nutrients
at concentrations which inhibit gametogenesis (Amsler and
Neushul 1989). Using a screening technique based on this obser
vation, one might be able to select gametophytes with unusual
nutrient requirements by collecting spores with unusual chemot-
actic responses. It would also be possible to select for spores with
out chemotactic ability and, presumably, lower fitness under natu
ral conditions since nutrient chemotaxis by spores is probably an
adaptation to facilitate settlement in optimal microhabitats. Some
such strains might also produce sperm without functional
chemoreceptors. Chemotactic ability of kelp sperm is very impor
tant for successful fertilization and may determine the minimum
gametophyte density necessary for sporophyte production in na
ture (Reed 1990). Consequently, Macrocystis strains without chemo
tactic ability in either spores or sperm would be less likely to
escape cultivation.

Some thought should be given to the impact that an intro
duced plant of the same species might have. The exemplary stud
ies of Miiller (e.g., 1979) on interfertility of Ectocarpus, and West
et al. (e.g., 1983) on Mastocarpus, have shown that strains collected
from different seas are often interfertile. We have shown that three

species of Macrocystis from California are interfertile (Lewis et al.
1986) and have recently discovered that strains from the eastern
North Pacific and Tasmania, Australia, are also interfertile (Lewis
1989). What would be the effect on natural populations if intro
duced plants interbred with those of the indigenous populations?
Also, would it be desirable to cultivate large numbers of geneti
cally identical plants, which it is now possible to do using culti
vated gametophytes, and risk reducing the genetic diversity in
nearby native populations?

We know of no studies that have focused on determining
the likelihood that a specific strain would escape from cultiva-
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tion and become self reproductive. Studies that have been made
of accidentally introduced Sargassum, Codium, and Undaria and
on invasive terrestrial plants and animals give us some idea of
the types of macroalgae that would be likely to spread once in
troduced. As mentioned above, before a species can be introduced
it is crucial to have a detailed understanding of how it is dis
persed in its native habitat (e.g., Reed et al. 1988) and of its dis
persal potential under ideal conditions in the laboratory. It is also
particularly important to consider the potential for vegetative re
production and dispersal. Codium, for instance, may successfully
spread via vegetative fragments (cf. Carlton and Scanlon 1985)
and populations of some species can be maintained solely by
vegetative fragmentation (e.g., Amsler 1984). A related concern is
that life-history variability among the red algae could greatly com
plicate attempts to introduce plants thought to reproduce only
vegetatively (Van der Meer and Todd 1977; Van der Meer 1981;
Maggs 1988).

The task of determining how an introduced species might
impact other organisms in an ecosystem, which seemed to Druehl
(1973) to be years away from any solution, may not be as diffi
cult as he imagined. Defining the environmental conditions needed
for macroalgal crop plant reproduction, using light and tempera
ture gradient tables, would be a first step in determining the like
lihood that a given strain would escape cultivation and become
self reproducing. Obviously both in vitro and extensive green
house cultivation studies of large numbers of plants are needed.
Although the facilities for large-scale greenhouse cultivation of
marine macrophytes are expensive to construct and labor-inten
sive to operate, they are available at the University of California
Santa Barbara and in a few other places. The seawater from our
greenhouse empties into a salt pond which acts as a "trap" for
propagules that might wash out of the tanks. With such green
houses, where water motion is produced in easy-to-clean glass
tanks, even the largest of kelps can be raised to reproductive
maturity (Sanbonsuga and Neushul 1979).

Finally, it seems obvious that tissue culture methods and the
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techniques of biotechnology have much to offer. Perhaps it would
be possible to select for sterile plants that can be propagated only
by using tissue culture methods (Polne-Fuller 1988). Another ap
proach would be to select for heterotrophy, particularly in those
species with microscopic gametophytic, or "Conchocelis life-history
phases. The recent discovery of algal plasmids by Goff and
Coleman (1988), and molecular genetic studies with marine
macroalgae (e.g., Shivji and Catollico 1987; Fain et al. 1988, Olsen
et al. 1988) are interesting first examples of how modern molecu
lar genetic methods can be used effectively with macroalgae.

In summary, it does now seem possible to safely reap the
benefits of cultivating marine macroalgae. The tools seem to be
at hand to begin working on domesticating new marine crop
plants with the goal of producing strains that can be safely intro
duced for maricultural purposes anywhere in the world.
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Mass Mortalities and Infectious Lethal
Diseases in Bivalve Molluscs and
Associations with Geographic
Transfers of Populations

C Austin Farley

Abstract:Disease in many speciesof commercial oysters has been documented
since the early 1920s when mass mortalities struck populations of oysters in the
United Kingdom. In 1926, oyster mortalities were seen in Australia and in the
1930s in Malpeque Bay, Canada. Epizootiological evidence implied that an in
fectious process was operating.

Microbial pathogens have been implicated in most of the more recent mor
talities. Perkinsus marinus was described in the 1940s as a causative pathogen in
Gulf of Mexico mortalities.Epizootics of disease were discovered later from the
middle and southern Atlantic regions. Haplosporidium nelsoni (known as MSX,
or multinucleate spere X) was associated with mortalities in Delaware Bay that
began in 1957 and continue to the present.Thisdiseasequicklyspread to Chesa
peake Bay and eventually to other Atlantic Coast sites. Haplosporidan disease
caused by Haplosporidium costale (known as SSO, or seaside organism) was as
sociated with mortalities in oysters from Chincoteague Bay and other sites char
acterized by high salinity in the northeast. This disease was introduced to Cali
fornia waters, but did not become endemic in local oyster populations. A fatal
oyster disease associatedwith a protistan pathogen,Mikrocytos mackini, was dis
covered in British Columbia, Canada, in 1960. A second, similar organism
(Bonamia ostreae) was found in the early 1960s, originating from the hatchery at
Milford, Connecticut. This disease was transferred to Elkhorn Slough in Califor
nia, and later to France where the protistan agent caused severe mortality in
the native flat oysters.Two other diseases, caused by an iridovirus and Marleilia
refringens, preceded this disease in France.

Fatal sarcoma epizooticshave been seen in several species of bivalve mol
luscs. Etiology is not known for these neoplastic diseases; however, some have
been shown to be transmissible. It is the premise of this paper that most of
these mass mortalities have been caused by the transfer of infectious oyster
stocks.
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Introduction

Numerous species of oysters have been cultured in many
parts of the world since ancient times. The Japanese have cul
tured Crassostrea gigas for more than 1000 years and developed
many techniques still in use today. Spat (recently settled "baby"
oysters) are collected on hard-surfaced cultch material such as
clean oyster shells, and moved to "hardening areas" from growth
areas, where they are eventually harvested. Since setting areas,
hardening areas, and growth areas are usually located apart from
one another, mass movement of oyster crops is necessary and has
become a traditional part of the culturing of oysters.

The nature of the oyster is such that it survives in extreme
situations — hot sunshine at low tide, varying salinities, extremes
in temperature, etc. Because of its hardiness, the oyster can sur
vive movements over great distances and time spans measured
in weeks.

Oyster culture in Europe probably began in the Middle Ages.
It continues to the present time, although its prime was at the
end of the 19th century, when modern transportation permitted
an expansion of transfer activities in oyster culture. One of the
most significantevents was the probable introduction of Crassostrea
gigas (now recognized as the Portuguese oyster, Crassostrea
angulata) about 500years ago via either (1) the Romans, (2) Marco
Polo, or (3) the Crusaders. Oyster production in North America
was primarily in the hunter-mode until early in the 20th century
when seed collection and leased ground approaches began. How
ever, natural production was the primary method in the middle
Atlantic region until quite recently. These activities set the stage
for the mass mortalities that occurred periodically in commercially
exploited oyster populations worldwide (Table 1).

Historical Background

The earliest well documented case of mass mortality in oys
ter populations occurred in Ostrea edulis in the United Kingdom
in the 1920s. This episode reported by Orton (1924) was charac-



Table 1. Mass mortalities in oysters

Date Location Disease Conditions Etiology

Crassostrea virginica
1930s Malpeque Bay, Canada Inflammatory

lesions

1940s Louisiana, Texas
1950s Chesapeake Bay, Va.
1957 Delaware Bay, N.J.
1959 Chesapeake Bay, Va.
1960 Chesapeake Bay, Md.
1960 Chincoteague Bay, Va.
1969 Wellfleet Harbor, Mass.Haplosporidiosis
1970 Great Bay, Maine Herpesvirosis

Perkinsosis

Perkinsosis

Haplosporidiosis
Haplosporidiosis
Haplosporidiosis
Haplosporidiosis

Unknown

Perkinsus marinus
Perkinsus marinus
Haplosporidium nelsoni
Haplosporidium nelsoni
Haplosporidium nelsoni
Haplosporidium costale
Haplosporidium nelsoni
Herpesvirus

1950s Matsushima Bay,
Japan

1960s British Columbia,
Canada

1960s Japan-Washington
1970s France

1970s France

1970s Korea

Crassostrea gigas
Inflamrnatory Bacteria
lesions — bacteremia

Microcytosis Mikrocytos mackini

USAFocal necrosis

Gill disease

Aber disease

Egg disease

1924 Australia

1969,70 Australia

Saccostrea commercialis
Winter disease

QX disease

Crassostrea angulata
1960s France, Portugal Gill disease

Ostrea edulis

1920 United Kingdom Fatal infectious

1940s Holland Shell disease
1962 Chincoteague Bay, Va Bonamiosis

1966 California

1970s France

1980s France, Europe
1980s United Kingdom

Bonamiosis

Aber disease

Bonamiosis

Herpesvirosis

141

Bacteria

Iridovirus

Marteilia refringens
Marteilia sp.?

Mikrocytos roughleyi
Marteilia sydneyi

Iridovirus

Unknown

disease

Fungus
Bonamia ostreae

Bonamia ostreae

Marteilia refringens
Bonamia ostreae

Herpesvirus
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terized by (1) mass mortality, (2) poor condition, (3) pale diges
tive gland, (4) pustules, (5) shell deposits, and (6) inflammatory
lesions. No pathogen was identified, but Orton came to the ten
tative conclusion that the disease was infectious in nature. The

second documentation of mass mortality was in Saccostrea
commercialis in Australia and was described as "winter disease"

by Roughley (1926), who saw (1) mortality, (2) mantle recession,
(3) pale digestive gland, (4) shell and tissue pustules, and (5) gen
eral inflammatory response. A microcell type organism (Mikrocytos
roughleyi) (Farley et al. 1988) was recently described in associa
tion with this disease. After these two well studied (for the state
of the art at the time) episodes of mass mortalities occurred, se
vere mortalities were seen in Crassostrea virginica in Malpeque Bay,
Canada, in the 1930s. While many of the same type of lesions
were noted (mantle recession, poor condition, pustules, inflam
matory response), no pathogen has been identified. The disease
was thought to be infectious based on epizootic studies of intro
ductions of oysters from other areas (Needier and Logie 1947;
Logie 1958; Logie et al. 1960).

Crassostrea virginica

A disease struck Crassostrea virginica in the Louisiana region
of the Gulf of Mexico in the 1940s which was attributed to

Dermocystidium = Labyrinthomyxa = Perkinsus marinus and was
characterized by mortality, phagocytosis, inflammatory response,
and ceroid cell increase (Mackin 1951). This parasite was origi
nally thought to be a fungus, but was later identified as a
coccidian on the basis of apical complexes in biflagellated
zoospores (Perkins 1976). This disease was found in association
with mortality in the 1950s in lower Chesapeake Bay (Andrews
and Hewatt 1957).

The modern era of oyster pathology was initiated when mass
mortalities began in Delaware Bay in 1957, with more than 90%
of the oysters killed by 1960. A parasite "MSX" (multinucleate
sphere unknown) was found in association and later named
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Minchinia = Haplosporidium nelsoni by Haskin et al. (1966) on the
basis of spores (Couch et al. 1966). The disease was established
in Wellfleet, Massachusetts, in the late 1960s from an introduc
tion of seed oysters from the James River in Virginia (Krantz et
al. 1971), and to the south shore of Cape Cod with an introduc
tion from Connecticut waters (Kern 1986). Intensive studies at this
time led to the discovery of several lethal infectious agents in C.
virginica: (1) Haplosporidium costale (Wood and Andrews 1962),
which was introduced to the Pacific Coast later via a transfer of

C. virginica from Connecticut (Katkansky and Warner 1970a, b),
and (2) herpesvirus (Farley et al. 1972).

Crassostrea gigas

Even though Crassostrea gigas had been cultured for prob
ably more than 1000 years, few fatal diseases were evident in this
species. Takeuchi et al. (1960) studied a bacterium associated with
mortalities in Matsushima Bay. This is probably the same bacte
rium associated with "focal necrosis" seen in Japan and Wash
ington as described by Sindermann (1970). This is now believed
to be a Nocardia which continues to be associated with mortalities

in Washington (Friedman and Hedrick 1990). Mackin found a
small intracellular protistan organism in association with mortali
ties in Denman Island, B.C., Canada in the 1960s (Quayle 1961)
which was described as Mikrocytos mackini (Farley et al. 1988). In
recent years, a complex of non-fatal, rare diseases have been seen
in Japanese oysters with possible relationships to other diseases.
These include gill disease in France, caused by an iridovirus
(Comps and Bonami 1977; Comps and Duthoit 1979), another
iridovirus in larvae from the west coast of the United States

(Elston 1979), Marteilia refringens in France (Balouet et al. 1979),
and a protozoan cytozoic egg parasite in Korea (Chun 1970;
Matsusato et al. 1977), and a haplosporidan also in Korea (Kern
1976).
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Ostrea edulis

Ostrea edulis has a long, rich history of fatal epizootics, start
ing with Orton's study in the 1930s. Cultivation was in a steady
state until the 1950s when Korringa (1951) attributed mass mor
talities in Holland to a fungus that invaded the shell. The organ
ism was described as Ostracoblabe (Alderman 1976). In the early
1960s, oysters (O. edulis) were transferred to Chincoteague Bay,
Virginia, from the Milford National Marine Fisheries Service (Con
necticut) hatchery. All died within one year and a small intracel
lular parasite was discovered in association with the mortality
(Farley et al. 1988).

A second transfer of Milford O. edulis to Elkhorn Slough,
California, in the early 1960s resulted in mass mortalities and re
discovery of the "microcell" organism (Katkansky et al. 1969) seen
in the Chincoteague introduction. A third episode of this disease
was seen in laboratory-held O. edulis in a study at the Oxford,
Maryland, Laboratory (Farley et al. 1988). Mass mortality again
struck O. edulis, this time in France in the late 1960s. An organ
ism, Marteilia refringens, was described by Grizel et al. (1974) in
association with these mortalities. The disease affected popula
tions most intensively that were in the upper parts of estuaries
(Abers), hence the name "Aber disease." Infections were confined
to the digestive gland.

Some recovery of the industry was in effect when the sec
ond disease struck this species in France in 1979. The cause of
the most recent epizootic was found to be "microcell disease,"
previously seen in the U. S. epizootics mentioned earlier. The para
site was described as Bonamia ostreae (Pichot et al. 1980). Elston et
al. (1986) uncovered O. edulis mortalities in Puget Sound and
showed that the disease was indeed associated with B. ostreae.

They documented the transfer of this disease via movement of
oysters from Elkhorn Slough to (1) Puget Sound, and (2) France!
Farley et al. (1988) demonstrated initially by electron microscopy
that the Elkhorn Slough epizootic of the early 1960s was clearly
that species later described as B. ostreae.
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Other Pertinent Oyster Mortalities

Crassostrea angulata, the Portuguese oyster, began dying en
mass in 1964-65 in the French South Atlantic region and was vir
tually eliminated as a commercial species. The disease was char
acterized by lysis of gill epithelia and acute inflammatory re
sponse. It was initially diagnosed as "Thanatostrea" (Franc and
Arvy 1970) but later found to be caused by an iridovirus (Comps
and Duthoit 1976). Mortalities in Australia of Saccostrea
commercialis in the middle 1960s were found to be associated with
a second species of Marteilia called "QX" by Wolf(1972) and later
described as Marteilia sydneyi (Perkins and Wolf 1976).

Epizootic Neoplasia

In 1969, a symposium was held at the Smithsonian Institu
tion that addressed occurrences of neoplastic disease in poikilo-
thermic animals which resulted in publication of a monograph
(Dawe and Harshbarger 1969). This collection of papers described
the first presumably malignant lesions in oysters (Couch 1969;
Wolf 1969; Farley 1969). Soon after this information was published,
the first epizootic of presumably malignant neoplasms was de
scribed in Mytilus edulis and Ostrea lurida from Yaquina Bay, Or
egon (Farley 1969; Farley and Sparks 1970). Since these initial
discoveries, numerous epizootics have been described in a vari
ety of species of bivalve molluscs (Christensen et al. 1974; Farley
1975; Brown et al. 1977; Farley et al. 1986; Twomey and Mulcahy
1988). The characteristics of this complex of diseases are that (1)
most of them show cells with enlarged hyperchromatic nuclei,
(2) cellular proliferation as evidenced by mitosis and apparent
increase in concentrations of abnormal cells, (3) diffuse invasion
of connective tissue spaces and sinuses, (4) neoplasm prevalences
of 10-90%, (5) seasonal peaks of activity, and (6) where documen
tation was possible, association with mortality.

Epizootics have been studied intensively enough using field
and laboratory approaches to document progression of disease to
a fatal outcome, and even transmission ability from animal to
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animal. Christensen et al. (1974) showed in Macoma balthica that
animals with this disease died, while control animals did not.
Cooper et al. (1982) and Farley et al. (1986) demonstrated pro
gression and mortalityin Mya arenaria sarcomas, and Brown (1980)
and Farley (1989) showed the transmissibility of this disease by
proximity and injection of sarcoma cells. A virus was proposed
as the etiologic agent by Oprandy et al. (1981), but no convincing
evidence was presented to confirm this hypothesis. Sunila and
Farley (1989) demonstrated that sarcoma cells remained viable in
seawater under ratherextreme conditions of salinity, temperature,
and pH for at least 6 hours, suggesting strongly that transmis
sionfrom clam to clam via sarcoma cell transplantation was pos
sible and that a viral agent was not necessary for natural trans
mission of the disease. More recent studies by Twomey and
Mulcahy (1988) on cockle neoplasia in Ireland and by Elston et
al. (1986) studying M. edulis in Puget Sound have demonstrated
similar results of progression, lethality, and transmissibility. Elston
et al. (1988) claim cell-free transmission, implying a viral involve
ment, but no one has yet characterized a virus in any of these
diseases; Elston and his associates also found neoplasms in con
trol animals, weakening this interpretation. It is likely that many
of these epizootic neoplastic diseases are caused by transmissible
agents that conceivably could be transferred geographically to
spread this type of disease into new areas. It is also possible that
some of the earlier fatal epizootics could have been neoplastic in
nature. For example, the histopathology and cytologic character
istics of the Malpeque Bay disease resemble neoplastic manifesta
tions.

Speculative Scenario of Disease
Transfers in Bivalve Molluscs

Little evidence is available regarding initiation of epizootics
caused by geographic transfers before the 1960s. However, ear
lier investigators (Orton 1924; Roughley 1926) had suggested this
as a possibility. Canadian scientists suggested that the Malpeque
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Bay epizootic originated from a transfer of C. virginica from U.S.
waters. Anecdotal information suggested that small clandestine
introductions of C. gigas preceded the epizootic. Gill disease vi
rus is responsible for the demise of C. angulata in the middle 1960s
on the South Atlantic French coast. Indeed, Comps and Bonami
(1977) found a similar virus in Japanese oysters imported to this
region from Japan in 1968. C. gigas was also thought to have been
transferred from the west coast of the United States in the late

1960s. Subsequently, Elston (1979) found an iridovirus disease of
C. gigas larvae from a hatchery on the Pacific Coast of Washing
ton which was associated with larval mortality. It is my opinion
that gill disease in C. angulata was introduced from C. gigas trans
ferred from the west coast of the United States. However, it is

possible that the disease could have originated in the Orient (early,
specific evidence of transfers is lacking). The destruction of the
C. angulata industry in France led to massive introductions of C.
gigas from numerous places to sites in the Brittany and South
Atlantic regions of France in the late 1960s. Mass mortalities be
gan in O. edulis in the Brittany region of France in 1968 (Comps
1970). These were caused by a protistan parasite described as
Marteilia refringens (Grizel et al. 1974). This parasite was later found
in C. gigas in France (low prevalences and intensities) by Balouet
et al. (1979), and similar organisms were also found in French
mussels (Comps et al. 1975) and copepods (Desportes and
Ginsburger-Vogel 1977). A closely related species of Marteilia was
subsequently identified in S. commercialis in Australia (Perkins and
Wolf 1976). A parasite of similar morphology and development
was described as a cytozoic parasite of C. gigas ova from Korean
(Chun 1970) and Japanese oysters (Matsusato et al. 1977). Until
recently, no parasites of this group have been found on either
coast of the United States or Canada. The initial occurrence of

this unique group of protistan pathogens in Far East situations
tempts the hypothesis that the recent outbreaks in Europe came
from introductions from the Far East. These recently documented
transfers of C. gigas to France support this assumption. The docu
mentation for the initiation of B. ostreae epizootics in three sites
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in the United States (Farley et al. 1988), all associated with trans
fers from the Milford, Connecticut, hatchery stocks of O. edulis,
and the final transfer from California to France, is the strongest
evidence that diseases can and have been introduced by the geo
graphic transfer of oysters from ambient infection sites to sites
that were initially free of the disease, and that devastating mor
talities can and have resulted from these practices. Other well
documented instances are: (1) the transfer and introduction of
Mytilicola orientalis to native species of bivalves on the Pacific Coast
of America (Odlaug 1946) and in Franceby C. gigas transfers, and
(2) the establishment of epizootic sarcoma in Chesapeake Bay soft-
shelled clams by the presumed transfer of infected clams from
New England after Hurricane Agnes in 1972 (Farley et al. 1986).

Recommendations

Agricultural policies to prevent the spread of infectious di
seases have long been established at the national and international
levels. The U.S. Department of Agriculture has had regulations
and laws in effect for many years to prevent the importation of
infective animals and materials. The United Kingdom also has
had regulations that quarantine suspect animals and prevent in
troduction of diseases. In human situations, vaccination and cer
tification of disease-free status have been required routinely for
those wishing to immigrate, but policy in transfers of invertebrate
animals has been and, for the most part still is, non-existent. The
International Council for the Exploration of the Sea (ICES) Work
ing Group for Marine Pathology established a set of guidelines
in the 1970s for geographically transferring molluscs (see
Sindermann, this volume). These guidelines require: (1) evalua
tion of the need, (2) ecological evaluation, (3) disease diagnosis
of a statistically valid number of the candidate animals, and (4) if
all conditions are acceptable, then a brood stock may be intro
duced under quarantine conditions and an Fl generation pro
duced. If the brood stocks and the progeny remain "disease free,"
then a trial introduction of the Fl stocks may be made in an iso
lated location. A successful outcome then warrants mass estab-
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lishment of the species. While risks still exist even with this pro
cedure, it is by far a much safer approach than introducing mas
sive numbers of wild animals. Modifications of these guidelines
have been adopted by several states in the United States, but a
strong national and/or international policy is still lacking in the
United States and in many other countries, as well as consistent
individual state disease management policies. While progress has
been made with interstate agreements along this line, much re
mains to be done regarding within-state, interstate, national, and
international laws and regulations. For a detailed treatment of this
subject, see Sindermann (this volume).

In summary, (1) diagnostic regional maps of disease occur
rence by species should be developed and updated on a regular
basis; (2) mass movements from one ecological zone to another,
and movement of disease-infected populations to non-diseased
areas should be prohibited by laws and regulations; (3) these laws
and regulations should be developed through interstate and na
tional approaches of industry, management agencies, and disease
research-orientated federal and state agencies and academic insti
tutions dedicated to these types of studies; (4) limitations must
include the concept that diseases may be transferred by organ
isms on a passive level, such as a carrier, in which the disease or
diseases may not even be diagnosable in the species being trans
ferred, i.e., human hepatitis from oysters carrying the virus in
their gastrointestinal (GI) tract or hard clams carrying oyster in
fective Perkinsus stages in their GI tract, while not actually hav
ing the disease.

It is obvious that a massive problem exists, and while some
progress has been made, much more is needed to establish a safe
approach to stabilizing the exacerbations caused by unwise dis
ease management policies.
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Consequence of Transfers and
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Abstract: Introductions of penaeid shrimp for aquaculture purposes from re
mote areas to Hawaii, Mexico, Ecuador, Brazil, and North America have shown
that certain shrimp pathogens, most notably the viruses IHHN, MBV, and HPV,
can readily be transported with live shipments of shrimp. In some cases, these
introductions have resulted in catastrophic disease losses to facilities which had
imported the contaminated stocks. In others, the effectswere moderate or insig
nificant.

Some important examples include the introduction of two virus-caused
diseases, IHHN and MBV. These were discovered initially in populations of
penaeid shrimp imported for aquaculture purposes into University of Arizona-
operated shrimp culture facilities in Hawaii and Mexico. MBV was first recog
nized and described in a population of Penaeus monodon that was imported from
Taiwan into Puerto Penasco, Mexico, in 1976. Later, MBV was found in popula
tions of P. monodon imported into Hawaii from Taiwan, Tahiti, and the Philip
pines. Likewise, IHHN virus was discovered in a number of populations of P.
stylirostris and P. vannamei imported into Hawaii in 1980 through 1982 from
shrimp hatcheries in Florida, Panama, Costa Rica, Ecuador, and Tahiti. IHHN
was found in Hawaii to be a highly lethal disease of juvenile P. stylirostris, fre
quently resulting in mortality rates approaching 90% in populations reared in
high-density systems. Two populations of imported P. vannamei (from hatcher
ies in Costa Rica and Ecuador) were shown to carry IHHNV asymptomatically,
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and to readily transmit the disease to previously unexposed P. stylirostris popu
lations.

HPV and MBV have been found recently at several North and South
America shrimp culture facilities, in shrimp imported from various Asian loca
tions. P. vannamei reared at the same facilities were found to have become in

fected by both viruses. While in neither case were the infections accompanied
by significant disease, careless introductions such as these, and other as yet
unrecognized pathogens, may result ultimately in the introduction of other dev
astating diseases, like IHHN has been to P. stylirostris.

Introduction

There are nearly as many viruses known in marine inverte
brate and vertebrate animal species of aquaculture interest as there
are species cultured. With only a few exceptions (lobsters, for
example), at least one virus-caused disease is recognized in each
significant marine species now being cultured. A perusal of some
recent reference books on the subject of disease and pathology of
these animals shows this to be true (Table 1). The Fish Health Blue
Book (published by the Fish Health Section of the American Fish
eries Society; Amos 1985) lists eight types of virus-caused dis
eases, six of which are of concern to the marine aquaculture in
dustry. Another reference, Disease Diagnosis and Control in North
American Marine Aquaculture (Sindermann and Lightner 1988), lists
15 or 16 virus diseases in cultured marine Crustacea, molluscs,
fish, and turtles. Sparks (1985) in his Synopsis of Invertebrate Pa
thology Exclusive of Insects lists 24 virus-caused diseases of cul
tured and/or commercially important invertebrate animals. In the
current literature we find that several more new viruses, or new
hosts or geographic records for previously known viruses, are
reported each year.

Many of these virus diseases are of only minor apparent sig
nificance to the aquaculture industry. However, others are of con
siderable significance, causing catastrophic losses whenever host
or environmental conditions favor their development. Of the vi
ruses that we now recognize, several have significantly affected
the development of commercial marine aquaculture. Some impor
tant examples include VHS, IPN, and IHN of salmonids; and
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IHHNV, BP, BMN, and MBV of penaeid shrimp. The 1988 crash
of Taiwan's crop of Penaeus monodon may cost that country as
much as 500 million dollars in lost export revenue. One or more
viruses (MBVand HPV) are believed to have caused and/or con
tributed to the epizootic (Rosenberry 1988; S.N. Chen and G.H.
Kou, personal communication, July 21, 1988, National Taiwan
University, Taipei).

Table 1. A partial list of the viruses of cultured marine animals from
three recent reviews.

AFS Blue Sindermann and Sparks
Book (1985) Lightner (1988) (1985)

Finfish

Salmonids 7 1 -

Others 1 2 -

Crustacea

Penaeid shrimp - 6 4

Macrobrachium - 0 0

Crabs - 3 13

Lobsters - 0 0

Molluscs

Oysters - 2-3 5

Others - 0 2

Turtles - 1 -

Totals 8 15-16 24

The Viruses of Penaeid Shrimp

Six virus diseases are presently recognized in the penaeid
shrimp (Table 2). These six viruses are: BP = Baculovirus penaei
(Couch 1974a, 1974b); MBV = P. monodon-type baculovirus
(Lightner and Redman 1981); BMN = baculoviral midgut gland
necrosis (Sano et al. 1981, 1984, 1985; Momoyama 1983); IHHNV
= infectious hypodermal and hematopoietic necrosis virus



Table 2. The penaeid viruses and their known natural and experimen
tally infected hosts.

Host Subgenus VIRUS*

and Species** BP MBV BMN IHHNV HPV REO

Litopenaeus:
P. vannamei +++ + + +

P. stylirostris ++ +++

P. setiferus + +(e)
P. schmitti ++

Penaeus:

P. monodon + ++ ++ ++ ++

P. esculentus + ++

P. semisulcatus + + +++

Fenneropenaeus:
P. merguiensis ++ +++

P. indicus ++

P. chinensis ++

(=orientalis)
P. penicillatus ++ ++ ++

Marsupenaeus:
P. japonicus +++ ++(e) +++

P. plebejus ++

Farfantepenaeus:
P. aztecus +++ +(e)
P. duorarum +++ +(e)
P. brasiliensis ++

P. paulensis ++

P. subtilis ++

Melicertus:

P. kerathurus +

P. marginatus +++

P. plebejus ++

'Abbreviations:

BP = Baculovirus penaei
MBV = P. monodon-type baculovirus
BMN = Baculoviral midgut gland necrosis
IHHNV = Infectious hypodermal and hematopoietic necrosis virus
HPV = Hepatopancreatic parvo-like virus
REO = Reo-Uke virus
+ = Infection observed, but without signs of disease
++ = Infection may result in moderate disease and mortality
+++ = Infection usually results in serious epizootic

e = Experimentally infected; natural infections not yet observed
"Classification according to Holthuis, 1980, FAO SpeciesCatalog.
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(Lightner et al. 1983a); HPV = hepatopancreatic parvo-like virus
(Lightner and Redman 1985); and REO = reo-like virus (also
known as RLV) of the hepatopancreas (Tsing and Bonami 1987).
Each of these six virus "species" may actually be comprised by a
multitude of individual strains, some of which are highly patho
genic to some penaeids, while being of little consequence to other
penaeids (Table 2).

Three basic diagnostic procedures are used in screening
penaeid shrimp for virus infections: (1) direct samples for micro
scopic (wet-mount) examination and/or histopathology or elec
tron microscopy; (2) enhancement of infection followed by sam
pling and histopathology and electron microscopy; and (3) bioas-
say of a suspect shrimp population with a sensitive indicator spe
cies combined with direct sampling and examination of the indi
cator shrimp for signs of infection using wet-mounts or
histopathology. Details of the current diagnostic procedures for
the virus diseases of penaeids have been recently published else
where (Lightner 1988; Lightner and Redman 1990).

The Exotic Shrimp Dilemma

To an industry composed of scientists and businessmen, a
major concernhas been the need for testing a variety of local and
exotic shrimp before they are transferred. The reasons for these
transfers are sometimes justifiable, sometimes not, but shrimp
growers import shrimp, seeking species that will grow well and
provide more profit from their culture systems. Some desirable
characteristics used to justify importing exotic species have in
cluded: a larger harvest size, faster growth rates, disease resis
tance, a higher market price, easier reproduction and larval rear
ing, and growth at colder water temperatures. Hence, larvae,
postlarvae, and broodstock from shrimp farms, from experimen
tal facilities, or from wild stocks collected by commercial fisher
man have been transferred countless times from one geographic
location to another for aquaculture purposes without testing, par
ticularly for pathogens.
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Figure1.Examplesofpublishedandunpublishedrecordsofliveshrimptransfers.Suchtransfersaretypicalofthosemade
beginningnearlytwodecadesagoandcontinuingintoday'sshrimp-cultureindustry.Specificexamplesshownillustrate
transfersofpenaeidstoorfrom:

la.Taiwanlb.japanlc.MaylasiaId.Philippinesle.Hawaii
IfFrenchPolynesialg.PuertoPenasco,MexicoIh.Texasli.FloridaIj.Panama
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Figure2.Ahypothetical"exoticshrimptransfernetwork"thatresultsfromthecombinationofFigure1shrimp-transfer
mapsintoasinglemap.Itisapparentthatifanunrecognizedpathogenenteredanyfacilityinthetransfernetwork,the
mechanismexistsforittoberapidlytransferredtoseveralotherfacilities.Further,ifthepathogenremainedundetected,
itcouldbeeasilyintroducedintoallofthefacilitiesinthetransfernetwork.Thismodelmayexplainthenearlyubiqui
tousdistributionofIHHNVinshrimpculturefacilities.
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Added to this concern was our paucity of knowledge of
shrimp pathogens. Less than a decade ago the shrimp culture in
dustry knew of only one virus in the penaeids (Couch 1974a,
1974b). We now recognize at least six different virus diseases in
these animals, and we suspect several more (Lightner 1988;
Lightner and Redman 1990).

Figure 1 shows examples of published and unpublished
penaeid shrimp transfers from one culture facility to another over
a two- or three-year period bracketing 1980. When these are com
bined into a single map (Figure 2), they illustrate "an exotic
shrimp transfer network." From the combined map (Figure 2), it
is apparent that if an unrecognized pathogen entered any one
facility, the mechanism exists for it to be rapidly transferred to
several other facilities, and if it remains undetected, to all of the
facilities in the "transfer network." Several of the shrimp viruses
have entered this transfer network, as a direct result of the host
being introduced to farms in regions far from their original geo
graphic range. IHHN virus of penaeid shrimp was first recog
nized in imported shrimp in Hawaii that had been imported from
at least five different sources (Lightner et al. 1983a, 1983b). None
of the suppliers knew of the existence of IHHNV, nor did the
shrimp they supplied (P. vannamei) show any outward signs.
However, when the importedP. vannamei stocks were grown ad
jacent to stocks of P. stylirostris, most of the latter species were
soon lost to IHHN. An interesting coincidence is that all of the
sources that provided IHHNV-contaminated P. vannamei had pre
viously abandoned most of their attempts at culturing the faster
growing P. stylirostris because of its poor survival in their culture
systems.

Host and Geographic Distribution of
the Penaeid Viruses

The host geographic range of the known penaeid viruses has
been updated several times recently (Couch 1981; Johnson 1983;
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Lightner 1983, 1988; Lighter et al. 1985). In recent years, surveys
and investigations of mortality problems undertaken by this labo
ratory and by other researchers in various shrimp-growing areas
have provided new data on several of the virus diseases that af
fect cultured penaeid shrimp. This review summarizes the cur
rent knowledge of the natural hosts and the natural and intro
duced geographic distribution of the penaeid virus diseases.

Baculovirus penaei (BP)

BP is widely distributed in cultured and wild penaeids in
the Americas, ranging from the Northern Gulf of Mexico south
through the Caribbean and reaching at least as far as the State of
Bahia in central Brazil. On the Pacific Coast, BP ranges from Peru
to Mexico, and it has been observed in wild penaeid shrimp in
Hawaii. BP has not yet been observed in wild, cultured, or im
ported (from the Americas) penaeids outside of the Americas.
Recent new information on the host and geographic distribution
of BP has come from Brazil, Ecuador, and Mexico. In South
America (Brazil and Ecuador), BP was found to infect larvae and
postlarvae of six penaeid species. In Ecuador BP was found to
infect the larvae of imported P. monodon in a hatchery in which
BP was enzootic in its stocks of P. vannamei (Philippe Danigo,
personal communication, December 19, 1984, SEMACUA, Ecua
dor). BP has been found in at least two hatcheries in Brazil in
native P. schmitti, P. paulensis, and P. subtilis, and in introduced
P. vannamei and P. penicillatus. Five of these species (all but P.
vannamei) represent new host species for the virus (Table 2). It is
significant that the imported Asian species P. monodon and P.
penicillatus were found to be infected by BP.

BP in cultured shrimp was found for the first time in Mexico
in larval and postlarval P. stylirostris at a facility near Guaymas,
Sonora, on the west coast of Mexico (Lightner et al. 1988). Be
cause the affected facility had no history of stock importations,
BP must be assumed to be enzootic in wild penaeids in the region.
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Penaeus monodon-type Baculovirus (MBV)

MBV-type baculoviruses are similar to BP in their diverse
host range and in their wide distribution on the Indo-Pacific coasts
of Asia, Australia, and Africa, and in Southern Europe. However,
unlike BP, MBV has been observed in the Americas in imported
stocks and in an Americanpenaeid exposed to the virus. Although
MBV was first discovered in a quarantined population of P.
monodon that had originated in Taiwan (Lightner and Redman
1981; Lightner et al. 1983c), it had not actually been demonstrated
in Taiwan until it was found to be widely distributed in Taiwan
ese shrimp farms in a 1986 survey of the country (Lightner et al.
1987). Additional studies in 1987 and 1988 linked MBV to serious
disease losses in many Taiwanese farms (S.N. Chen and G.H. Kou,
personal communication, National Taiwan Univ., Taiwan).

Since the information on MBV was last summarized, MBV

has been found in Texas, Ecuador, and Brazil in imported stocks
of P. monodon. Of possible significance was the presence of MBV-
like (spherical) occlusion bodies found along with a heavy BP
infection of juvenile P. vannamei being cultured at the same farm
in Ecuador with MBV-infected P. monodon.

A similar agent, found first in P. plebejus, and thus called
Plebejus Baculovirus (PBV), was found in cultured penaeids in
Australia (Lester et al. 1987). Other than its presence in a new
host species, the agent of PBV differs little from MBV in host cell
cytopathology and in the morphology of the virus. It probably
represents a strain of the MBV-type viruses rather than a distinct
species.

Baculoviral Midgut Gland Necrosis (BMN)

BMN has been reported only in P. japonicus cultured in Ja
pan, where it is considered a major problem in the larval and
early postlarval stages of that species (Sano et al. 1984, 1985;
Momoyama 1983; Sano and Fukuda 1987). Despite numerous in
troductions of P. japonicus stocks (larvae, postlarvae, and
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broodstock) to Hawaii, France, Brazil, and other locations during
the past two decades, BMN has not been detected in that species
or in other penaeids cultured with introduced stocks of P.
japonicus.

Hepatopancreatic Parvo-Like Virus (HPV)

HPV has a geographic range in Asia and Australia similar
to that of MBV, and like MBV it has been introduced to the

Americas with imported penaeids. More recently, HPV was found
for the first time in dual infections with MBV. It was found in

postlarval and juvenile P. monodon sampled from farms in the
Pingtung area of Southern Taiwan. This region in 1987 had expe
rienced serious disease losses in its farms due, at least in part, to
MBV. The severity of HPV infections in some of the shrimp
sampled suggests that HPV, while unrecognized, may have con
tributed to the 1987 epizootic.

Reports of HPV in captive-wild P. esculentus in Australia
(Paynter et al. 1985), in P. monodon imported to Israel from Kenya
(Colorni et al. 1987), and in captive-wild and hatchery-reared P.
indicus and P. merguiensis in Singapore (Chong and Loh 1984) have
expanded the known host and geographic distribution of this vi
rus (Tables 2, 3 and 4). In the Singapore study of four shrimp
farms surveyed, HPV incidence was highest (>50%) in the two
farms that reared hatchery-derived postlarvae, and lower (<15%)
in the two farms which cultured only feral shrimp collected by
tidal entrapment (Chong and Loh 1984). This suggests that HPV
is transmitted either vertically from parent broodstock, or hori
zontally from shrimp to shrimp with efficiency only during the
larval stages.

HPV has been observed in the Americas. In Brazil in 1987,
HPV was found in stocks of P. penicillatus imported from Tai
wan. At the same culture facility, HPV was found in light infec
tions in juvenile P. vannamei, which had been exposed to infected
P. penicillatus indirectly as a result of normal farming practices.
The discovery of HPV in cultured shrimp in Brazil represents the



Table 3. Observed and reported occurrences of the penaeid viruses in
wild and cultured penaeids indicating their probable natural and intro
duced geographic distributions.

Virus Region/site where found

IHHNV Atlantic side: SE U.S.,
Caribbean, & Brazil

Pacific side: Ecuador,
Peru, & Central America

Pacific: Hawaii,
Guam, Tahiti

Asia: Taiwan
Singapore, Malaysia, &
Philippines

Middle East: Israel
HPV Indo-Pacific: PR. China,

Taiwan, Philippines, Ma
laysia, Singapore, & Aus
tralia

Africa: Kenya
Middle East: Israel & Kuwait
Americas: Brazil, Ecuador

BP Atlantic side: SE U.S.,
Caribbean, & Brazil

Pacific side: Ecuador,
Peru, & Central America

Mexico

Hawaii
MBV Indo-Pacific: P.R. China,

Taiwan, Philippines,
Malaysia, Singapore,
& Australia

Africa: S. Africa
Middle East: Israel

& Kuwait

Mediterranean: Italy
Pacific: Tahiti, Hawaii
Americas: Mexico, Ecuador,

Texas, & Brazil
BMN Japan
REO Japan, Malaysia

Hawaii & France

•Abbreviations:

Host Status* Virus Status

Cul introduced

Cul introduced?

Cul introduced

Cul

CW

introduced

enzootic?

Cul

Cul, CW, W
introduced

enzootic

W

Cul, CW
Cul

Cul, CW

enzootic

enzootic

introduced

enzootic

Cul, CW, W enzootic

Cul, CW
W
Cul, CW, W

enzootic

enzootic

enzootic

W

Cul, CW, W
enzootic

enzootic

Cul, CW, W
Cul

Cul

enzootic

introduced
introduced

Cul, CW, W
Cul

Cul

enzootic

enzootic

introduced

Cul = "cultured"; from cultured or captive-wild broodstock
CW = "captive-wild"; from wild-caught seed or from single-spawn wild

broodstock
W = "wild"; from natural sources or commercial fishery
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Table 4. Penaeid viruses in the Americas and their status.

Virus

IHHNV

HPV

BP

MBV

BMN

REO

Status in the Americas and Hawaii

Widely distributed in cultured P. vannamei and P.
stylirostris; not recognized in wild penaeids; enzootic in
Southeast Asian wild penaeids; recently introduced into
Western Mexico from Texas and Panama with postlar
val P. vannamei.

Enzootic in Asia, Australia and Africa; introduced to one
or more sites in South America from Taiwan; can infect
the American penaeid P. vannamei.

Widely distributed in American penaeids; enzootic in
wild penaeidson both Atlantic and Pacific sides of tropi
cal and subtropical America.

Enzootic in Asia, Australia, Africa, and Mediterranean;
introduced to several sites in Hawaii, North, Central, and
South America; can infect P. vannamei; contaminated
stocks eradicated from Hawaii, Mexico, and Texas.

Enzootic in Japan; not reported outside of Japan.

Enzootic in Japan; introduced to Hawaii from Japan; con
taminated stocks eradicated in Hawaii.

first time this pathogen has been documented in the Americas
and in an American penaeid (S. Bueno, R. Meyer, and D. Lightner,
unpublished observations). More recently, HPV lesions have been
found in P. vannamei cultured in Ecuador (Bell and Lightner, un
published data). The numerous introductions of P. monodon from
Southeast Asia may eventually be found to have resulted in the
introduction of HPV into Ecuador.

Infectious Hypodermal and Hematopoietic Necrosis Virus
(IHHNV)

IHHNV has a worldwide distribution in cultured penaeid
shrimp, but its distribution in wild penaeids remains unknown.
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Infection by the virus causes serious disease in P. stylirostris and
acute catastrophic epizootics in intensively cultured juveniles of
that species. In other penaeids, IHHNV has been reported to cause
infection and disease (Brock et al. 1983; Lightner et al. 1985;
Lightner 1988), but disease severity does not approach that ob
served in P. stylirostris. The natural host(s) and natural geographic
distribution of IHHNV are unknown. However, the occurrence

in Southeast Asia (Singapore, Malaysia, and the Philippines) of
IHHNV (or a similar agent) in shrimp-culture facilities using only
captive-wild P. monodon broodstock suggests that Southeast Asia
is within the virus' geographic range, and that P. monodon may
be among its natural host species.

Since 1985, no new hosts for IHHNV have been demon
strated. However, the geographic distribution of the virus in cul
ture facilities has continued to expand. In Mexico in 1987, IHHN
was found in an imported population of postlarval P. vannamei
at a facility in Baja California (Lightner, unpublished data). IHHN
was also found in imported quarantined stocks of P. vannamei in
a 1986 survey of Taiwanese shrimp-culture facilities, but not in
cultured stocks of other penaeid species, including P. monodon, at
the farms surveyed (Light-ner et al. 1987).

Reo-Like Virus (REO)

REO is the newest of the penaeid viruses. It was discovered
by Tsing and Bonami (1987) in juvenile P. japonicus in France us
ing electronmicroscopy, and subsequently in the same species in
Hawaii using the same technique (Lightner et al. 1985). Most re
cently REO, or a closely related form, has been found associated
with a serious disease syndrome in pond-cultured P. monodon in
Southeast Asia (Nash et al, 1988). In both species, other lesions
were more apparent by light microscopy, and signs of REO in
fection were overlooked until found by electron microscopy. The
virus was located in the cytoplasm of F-cells and R-cells of the
hepatopancreatic tubule epithelium, where it formed large cyto
plasmic viral inclusions. The nonenveloped, icosahedral virions



Viral Diseases and Shrimp Aquaculture /169

of REO measured about 60 ran and 50 to 70 ran in diameter, re
spectively, in purified preparations and in tissue sections.

While the significance of REO infections in cultured penaeids
is virtually unknown, some studieshave suggested that REO may
be a potential serious pathogen of penaeid shrimp. Tsing and
Bonami (1987) experimentally transferred the disease in juvenile
P. japonicus by inoculation of new host shrimp with purified vi
rus or by feeding new host shrimp pieces of REO-infected hepato-
pancreas. Development of the infection was slow, requiringabout
45 days to develop. Secondary infections by Fusarium solani were
common in REO-infected shrimp. A related study (Tsing et al.
1985) suggested a possible link between infection by REO and
"gut and nerve syndrome" (GNS), an idiopathic condition of
chronically ill populations of P. japonicus cultured in Hawaii
(Lightner et al. 1984).

Discussion and Conclusions

The practice of transporting penaeid stocks between facili
ties and/or different geographic regions has resulted in the in
troduction of five of the six known penaeid shrimp viruses to
regions where they may not have previously existed. Five of the
six known types of penaeid viruses are apparently not native to
the Americas, but of these five, four (IHHNV, MBV, HPV, and
REO) have been introduced with shrimp intended for aquacul
ture (Tables 3 and 4). Whether or not these introduced viruses
have escaped the culture facilities to which they have been intro
duced and have become established in local wild penaeid stocks
is not known.

While evaluation of normative penaeids by the emerging
shrimp culture industry is an essential component to the growth
and development of that industry, introduction of pathogens like
IHHNV to regions where it previously did not occur can have
catastrophic consequences to the industry (Lightner et al.
1983a,1983b; Lightner 1988). Prevention of such exotic pathogen
introductions is dependent upon the use of quarantine, certifica-
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tion, and inspection policies, and procedures that are supported
by reliable diagnostic tests. Mechanisms have been proposed by
a number of internationalgroups to reduce the risks of importa
tion of exotic pathogens and pests with transfers of aquatic spe
cies. Two examples are the FAO Guidelines (1977) and the ICES
Code of Practice (Sindermann 1988). Both provide a workable
mechanism to reduce this risk. However, for these guidelines to
work, adequate quarantinable facilities and qualified diagnosti
cians must be available. The shrimp-culture industry to this day
is still short of both, but the situation is improving.

The virus diseases of cultured marine fish and shellfish are

indeed important factors that affect the profitability and develop
ment of the aquaculture industry. Successful management of these
pathogens translates directly into jobs, commerce, foreign ex
change revenues, and most importantly into new sources of high
quality foodstuffs.
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Dissemination of Microbial Pathogens
through Introductions and
Transfers of Finfish

Jack Ganzhorn
J. S. Rohovec
J. L. Fryer

Abstract: The introduction and transfer of fish is associated with numerous risks.
One of the most important is the potential for disease dissemination. Several
species of fish have been so extensively introduced that they now have nearly
worldwide distribution. Several important fish diseases are thought to have been
spread by means of these historical movements of fish as well as by more re
cent introductions and transfers. Examples include parasites such as Bothrio-
cephalus opsarichthydis and Myxobolus (Myxosoma) cerebralis. Examples of bacte
rialpathogens mat are thought to have been spread include Renibacterium salmo-
ninarum and Yersinia ruckeri. Viral diseases, such as infectious pancreatic necro
sis, infectioushematopoietic necrosis, and channel catfish virus disease have also
been thought to have been disseminated by these means. In response to the
biological and economic losses that these diseases may cause, various agencies
and organizations have developed policies which address the importation of
fish; however, there remains a need for continuing efforts to address this com
plex problem adequately.

Introduction

During this century, there have been unprecedented num
bers of introductions and transfers of fish species and other aquatic
organisms from one geographic location to another. Significant
risks are associated with these activities and include the alter

ation of habitats and native community trophic structures, nega
tive genetic impacts, and the dispersal of microbial pathogens.
The introduction of disease agents is considered by the American
Fisheries Society as one of the most significant threats that an
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introduced species may pose to a native community (Kohler and
Courtenay 1986). Disease agents are easily disseminated when fish
are shipped without adequate precautions. Not only may the fish
or eggs be infected, but the water and the containers may also be
contaminated and therefore serve as vehicles by which pathogens
can be introduced into new areas. Whether a pathogen will be
transferred and successfully established in a new area depends
on the fate of the shipment, the biology of the pathogen, and the
presence or absence of appropriate hosts. A review of the history
of major fish introductions and transfers is an important back
ground for examining the dispersal of fish diseases. In view of
this background information, we will discuss examples of para
sitic, bacterial, and viral agents that are thought to have been dis
seminated with fish. In addition, we will summarize some of the
efforts that have been made on the national and international lev

els to rninimize the risks of fish introductions and transfers.

Examples of Fish Introductions

There are important reasons why fish have been moved from
one place to another. These include the establishment of a recre
ational fishery, utilization for aquaculture, introduction of a spe
cies to improve productivity of natural waters or to control un
desirable aquatic organisms, and for the ornamental aquarium
trade (Welcomme 1986). Unintentional movement of fish also fre
quently occurs; for example, the escapement of bait species. As a
result of these intentional and unintentional introductions with

subsequent natural migration, there are some species such as the
common carp (Cyprinus carpio), the rainbow trout (Oncorhynchus
mykiss), and the brown trout (Salmo trutta) that now have nearly
worldwide distribution.

The rainbow trout serves as a good example of a species
that has been widely introduced without consideration for dis
ease dissemination. Originally restricted to western North America
and the Kamchatka Penninsula, the rainbow trout has now been
successfully established throughout North America and has been
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exported to every continent except Antarctica (MacCrimmon 1971).
Not only is it widely used as an aquacultural species, but with
the brown trout (MacCrimmon and Marshall 1968) and brook
trout (Salvelinus fontinalis) (MacCrimmon and Campbell 1969), it
has been introduced extensively to establish recreational fisher
ies. Most of these introductions were accomplished before fish
health surveillance was routinely done and certainly before the
infectious nature of many important diseases was understood.
Manyof these exports were from areasother than the native range
of the species. Consequently, not only were the imported fish
potentially infected with disease agents from their origin, but they
also could have been infected with more recently acquired dis
eases. For example, the first imports of rainbow trout into Chile
were eggs sent from Germany (MacCrimmon 1971). These ship
ments could have been infected with both European and North
American fish pathogens.

Examples of Disseminated Fish Pathogens

There are many examples of fish pathogens believed to have
been disseminated by fish introductions and transfers; however,
documenting the specific sources of these introductions often
proves difficult. Detection of a pathogen for the first time in a
specific geographic location does not necessarily indicatea recent
introduction, but rather may simply be a result of a new level of
disease surveillance. Also, illegalor undocumented fish movement
and natural migration may confuse attempts to establish the
source of a pathogen in a new geographical area.

Parasites

There are a large number of parasites that infect fish, many
of which have caused significant losses in cultured and wild fish
populations. Many parasites have life stages that persist outside
the host. These resistant stages may survive on shipment con
tainers or in the water and ice used. Some species exhibit com
plex life cycles that may require specific and multiple hosts. These
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factors and possible environmental conditions determine whether
a parasite will become established in a new location. This may
explain why the geographic range of the myxosporean parasite,
Ceratomyxa shasta, has not increased even though the spore stage
of the parasite has undoubtedly occurred in other areas through
introductions and natural migration of infected fish (Sanders et
al. 1970, Johnson et al. 1979). On the other hand, Ichthyophthirius
multifiliis, believed to have originated in Asia (Hoffman 1970a,
1981), has becomewidely dispersed perhaps because of its simple
life cycle and ability to infect numerous fish species.

Hoffman (1970a) reported that nearly 50 parasites are known
to have been spread intercontinentally by transfer of fish. Two
examples which have significant impact on fish populations and
which are thought to have been disseminated by introductions of
fish are Bothriocephalus opsarichthydis (synonymous with B.
acheilognathi and B. gozvkongesis), the Asian tapeworm (Hoffman
and Schubert 1984) and Myxobolus (Myxosoma) cerebralis, the caus
ative agent of whirling disease (Hoffman 1970a).

The Asian tapeworm may have originated in China and the
Amur River drainage, but with the extensive exportation of the
Chinese carps, particularly the grass carp (Ctenopliaryngodon idella),
the parasite has become established in numerous locations. The
life cycle of B. opsarichthydis involves a secondary host, a plank-
tonic crustacean, which is eaten by the fish. The presence of ap
propriate secondary and primary hosts has allowed this parasite
to become established in the Soviet Union, Europe, Malaysia, and
North America (Fernando and Furtado 1963; Molner 1970, 1982;
Korting 1974; Hoffman 1976; Hoffman and Schubert 1984). This
parasite can infect numerous cyprinid hosts including the
mosquitofish (Gambiisia affinis) and bait fish species (Notemigonus
crysoleucas and Pimeplmles promelas) (Hoffman 1980; Hoffman and
Schubert 1984) which are commonly shipped without strict dis
ease-control inspections. Not only has the parasite had signifi
cant impact on cultured carp in Europe (Korting 1974), but also
has infected indigenous wild fish populations in North America
(Heckmann et al. 1986).
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The myxosporean parasite, M. cerebralis, infects the cartilagi
noustissue of thehead and spinal column of salmonids. The typi
cal signs of the disease in the rainbow trout are erratic swim
ming or whirling, a darkened caudal region, and head deforma
tion in surviving fish. Even though the disease has been recog
nized since 1903 when it was observed among rainbow trout in
Germany (Hofer 1903), the life cycle of the parasite has essen
tially remained undescribed until recently, when Wolf and Markiw
(1984) proposed a life cycle involving tubificid oligochaete worms
as secondary hosts. It is apparent that suitable hosts and envi
ronmental conditions are present on several continents in order
to allow this protozoan to become established. Hoffman (1970a)
has suggested that M. cerebralis originated in Europe among salmo
nids such as the brown trout, in which the parasite rarely causes
mortality, and that the disease as observed in rainbow trout re
flects a nonadapted host-parasite relationship. If M. cerebralis is
enzootic in European brown trout, it is conceivable it was dis
seminated as viable spores contaminating the European trout eggs
that were routinely transported in the late 19th century (Halliday
1976). It is also possible the parasite was disseminated in ship
ments of frozen trout destined for markets in other countries
(Hoffman 1970a). These suggestions cannot be proven because
many fish introductions were conducted well before the disease
was recognized and surveillance instituted. However, several ob
servations would indicate that the present distribution of M.
cerebralis is at least in part a result of fish introductions. One of
these observations is that a long time elapsed from when the dis
ease was first recognized in Europe to the time when it was seen
on the North American continent where the susceptible rainbow
trout was extensively cultured. Also, it is important to note that
M. cerebralis is present in South Africa and New Zealand (Halliday
1976) where salmonids did not occur prior to their introduction.
Therefore, natural hosts for this parasite did not exist.

The present distribution of M. cerebralis within the United
States includes California, Connecticut, Massachusetts, Michigan,
Nevada, New Hampshire, New Jersey, Ohio, Pennsylvania, West
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Virginia, Virginia (Hnath 1983); and more recently, Colorado, Or
egon, Idaho, and Washington (Lorz et al.1989). M. cerebralis was
first recognized in this country among brook trout in Pennsylva
nia in 1956 (Hoffman 1970b). The parasite's geographical range
then increased rapidly throughout the Northeastern and Great
Lakes regions of the country. Shipment of live fish and eggs as
well as contaminated frozen fish may have contributed to its
spread. The method by which the parasite was introduced to the
western United States remains uncertain. Whirling disease was
first detected in California in 1966 at a trout farm near Monterey
(Hoffman 1970b). At about the same time, M. cerebralis was re
ported from fish at several sites in Nevada. Efforts were made to
eradicate the disease at these hatcheries; however, it is known
that some potentially infected fish were released in certain water
sheds in Nevada. Whirling disease is now enzootic in numerous
streams and lakes in northern California and Nevada (Horsch
1987). Natural migration of infected fish within and between wa
tersheds may have contributed to the spread of the parasite. The
appearance of the parasite in the Columbia River Basin may have
resulted from the natural migration of infected fish, either a resi
dent inland stock from waters of nearby Nevada or an infected
anadromous stock. It could also have been a result of the transfer

of infected fish in eitherundocumentedshipmentsor in fish which
were examined but in which the pathogen escaped detection.

Bacterial Pathogens

Many of the infectious diseases of fish are caused by bacte
rial pathogens. Certain of these pathogens exist in a carrier state
and therefore are particularly prone to being transferred to new
geographic areas despite fish-disease surveillance. In the carrier
state, the bacterium exists in the host without any detectable pa
thology and at concentrations which are below the detection level
of routine fish health examinations. Also, certain pathogenicbac
teria can infect numerous fish hosts, certain of which may not be
routinely inspected for fish diseases when they are imported.
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There are also pathogenic bacteria which can externally contami
nate eggs or actually exist inside the egg and consequently be
vertically transmitted.

Enteric redmouth disease (ERM), caused by Yersinia ruckeri,
was first recognized among rainbow trout in Idaho in the mid
1960s. It was thought to have had a restricted range and subse
quent isolations of the bacterium in some western states and in
Canada were attributed to fish transfers from Idaho (Rucker 1966;
Wobeser 1973). It was later discovered, however, that Y. ruckeri
had been isolated from fish in the eastern United States and Aus

tralia before the original isolations in Idaho (Bullock et al. 1978).
Therefore, the original range of Y. ruckeri at the time of the first
isolation was more extensive than originally recognized. There
have been numerous reports of initial isolations of Y. ruckeri from
fish in European countries and South Africa (Lesel et al. 1983;
Roberts 1983; Dalsgaard et al. 1984; Sparboe et al. 1986; De La
Cruz et al. 1986). Whether these cases indicate actual recent im
portation of the pathogen is not clear. They could be a result of a
heightened level of fish-disease surveillance, as was the case in
North America. Even though the original geographical range of
Y. ruckeri may never be accurately known, its ability to be spread
is certainly enhanced because the bacterium can exist in a carrier
state (Busch and Lingg 1975; Hunter et al. 1980) and infects nu
merous fish hosts (McArdle and Dooley-Martyn 1985; Michel et
al. 1986). Although Y. ruckeri is widely spread throughout the
world, it has never been recognized in fish cultured in Japan.

A clearer example of the importation of a bacterial pathogen
is Renibacterium salmoninarum, the causative agent of bacterial kid
ney disease (BKD). Bacterial kidney disease was first recognized
among wild Atlantic salmon in Scotland in 1930 (Smith 1964) and
often causes significant mortality among cultured salmonids.
Renibacterium salmoninarum infects salmonid fish and can be ver

tically transmitted within the eggs of infected adults (Sanders and
Fryer 1981; Evelyn et al. 1984). Its original range will probably
never be known because of the extensive introductions of vari

ous salmonids throughout the world prior to the organism's dis-
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covery; however, the presence of BKD in Chile, South America,
where salmonids are not indigenous is a clear example of the
spread of R. salmoninarum (Sanders and Barros 1986).

Viral Pathogens

The dissemination of viruses is particularly significant be
cause of the severe impact that they often can have on intensively
cultured fish and because fish viral diseases are unbeatable. Cer

tain of these viruses possess characteristics that favor their trans
fer with shipments of fish and fish eggs. These include being able
to survive for extended periods of time outside of the host, exist
ing in a carrier state or as latent infections not easily detected,
and being vertically transmitted to progeny via eggs from infected
parents. Unlike parasites and bacteria, the ability to detect and
identify viruses is a relatively recent achievement which occurred
after significant fish introductions had already been made around
the world. This makes it difficult to determine what the original
ranges were for the important fish viruses; however, some infer
ences can be made based on what is known about the ecology of
the virus and from historical observations. There are several fish

viruses which have apparently been disseminated via fish intro
ductions and transfers and have had significant impact on cul
tured fish populations. These include infectious pancreatic necro
sis virus (IPNV), infectious hematopoietic necrosis virus (IHNV),
and channel catfish virus (CCV).

Mortality among fry was common in the early years of trout
culture in the eastern part of North America. M'Gonigle (1941)
attributed the mortality among brook trout in Canada to a nutri
tional problem that he termed "acute catarrhal enteritis" and rec
ommended that these fry be planted into streams. It is now gen
erally accepted that this condition in young salmonids was infec
tious pancreatic necrosis (IPN). Wood et al. (1955) were the first
to postulate a viral etiology based on histological findings. The
virus was finally isolated in the late 1950s (Wolf et al. 1959) after
the advent of fish tissue and cell culture techniques; however, by
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that time, trout eggs from the eastern United States had been
extensively distributed across North America and throughout most
of the world. It is possible IPNV was spread to its present range
by these introductions of potentially infected eggs, because IPNV
can be vertically transmitted to fry via the eggs (Bullock et al.
1976). In Europe, IPNV was first isolated in 1965 (Besse and de
Kinkelin 1965a, 1965b, de Kinkelin and Besse 1966) and attrib
uted to the import of eggs (Wolf 1966). Sano (1966) suspected
that the virus had been in Japan since the mid 1960s and it was
first isolated in 1971 (Sano 1971); however, no inferences concern
ing its source have been made. On the other hand, the presence
of IPNV in Chile has been attributed to specific egg shipments
from North America (McAllister and Reyes 1984). Also, the re
cent isolations of IPNV in Taiwan and Korea are thought to re
flect introduction via shipments of fish and eggs from Japan (Chen
et al. 1985; Hah et al. 1984; Hedrick et al. 1985).

Similar to IPNV, mortality caused by IHNV was observed
well before the agent was isolated and identified as a virus
(Guenter et al. 1959; Rucker et al. 1953; Watson et al. 1954). Bur
rows et al. (1951) describes mortality that occurred among sock-
eye salmon in the 1940s that resembles typical characteristics of
infectious hematopoietic necrosis (IHN) epizootics. Further study
of these epizootics indicated that an infectious agent was present
and that it was filterable (Rucker et al. 1953;Watson 1954; Watson
et al. 1954). The virus was isolated from sockeye fry in Oregon in
1958 (Parisot et al. 1965). The original range of IHNV is thought
to have been among coastal salmonid stocks from Alaska to north
ern California and to have been introduced into the Snake River

Valley in Idaho (Wolf 1988). Sano (1976) reported that IHNV was
first introduced into Japan through the importation of sockeye
salmon eggs from Alaska and matby 1975 the virus had spread
through all the salmonid rearing areas on Hokkaido and Honshu.
Recently, IHNV has been isolated among rainbow trout in France
(de Kinkelin et al. 1987) and Italy (Bovo et al. 1987). Serological
studies indicate that these new isolants are similar to a strain that

infects rainbow trout in the Pacific Northwest of the United States
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(Arkush et al. 1989).
Mortality due to CCV was noticed among very young chan

nel catfish (Ictalurus punctatus) during the 1960s when commer
cial catfish culture was rapidly expanding in the southeastern
United States. The etiology of the epizootics remained unknown
until Fijan (1968) isolated the virus responsible for the disease.
The disease has been observed only in cultured channel catfish and
other ictalurids appear resistant (Wolf 1988). The introduction of
the disease into California likely occurred as a result of the im
portationof channel catfish for aquaculture because ictalurids are
not indigenous to this state. Likewise, the introduction of the dis
ease to Honduras was apparently associated with importation of
channel catfish fry (Wolf 1988).

Regulatory Attempts to Minimize
Disease Dissemination

The deleterious effects of an introduced pathogen are often
economic as well as biological in nature. Costs involved with in
troduction of a nontreatable pathogen are often long-term and
include the expense of eradication or containment, the loss of
markets, and the negative impact on tourism if a sport fishery is
involved (Rohovec 1983). With a view to minimizing these risks,
numerous countries have instituted regulations that control the
importation of fish.

Four Regional Fishery Bodies of the Food and Agriculture
Organization, the European Inland Fisheries Advisory Commis
sion (EIFAC), the Indo-Pacific Fisheries Council, the Commission
for Inland Fisheries of Latin America, and the Committee for the
Inland Fisheries of Africa, have addressed the issue of new intro
ductions of fish and fish eggs (Welcomme 1986). The EIFAC has
been the most active with the adoption of the International Code
of Practice in conjunction with the International Council for the
Exploration of the Sea. The Code addresses the need for disease-
free brood stock, quarantine of imports, and periodic fish inspec
tions (Sindermann 1984). This Code has been used with varying
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success, partly because certain countries have not reacted uni
formly to the issue of fish introductions (Sindermann 1986). Re
cently, this Code has been combined with a review-and-decision
model for evaluating proposed introductions of exotic fish spe
cies (Kohler and Stanley 1984; EIFAC 1984). This model helps to
define the benefits and risks associated with proposed fish intro
ductions and addresses the need to ensure that adequate precau
tions are taken to prevent the introduction of fish-disease agents.
Individual countries have also adopted specific regulations gov
erning the importation of fish. There is little uniformity regard
ing both the content of these various policies and the extent to
which they are enforced. Generally, though, they often deal with
specific families of fish that are important to aquaculture, e.g.,
salmonids. Often specific pathogens are categorized based on the
severity of the disease and whether the pathogen already exists
in the country. This classification serves to distinguish those patho
gens allowed to enter a country and which are not. In addition
regulations govern the action taken when a certain pathogen is
found in the country.

Regulations governing fish importation into the United States
are primarily at the regional and state government level and fol
low this general pattern of categorizing various fish pathogens.
Federal law governing the importation of fish is addressed in the
Lacey Act (Title 50 amendment) which mandates imported salmo
nids to be free of viral hemorrhagic septicemia virus and M.
cerebralis. An important feature of successful import regulations
is the standardization of procedures used to detect specific fish
pathogens. This has been accomplished for Canada and the United
States with specific documents that outline recommended proce
dures (United States Department of Interior 1968; Amos 1985;
Department of Fisheries and Oceans 1984). It is also important
that fish-disease inspections be done by qualified specialists. Fish-
health workers are approved by the U.S. Fish and Wildlife Ser
vice in order to conduct Title 50 examinations and for inspec
tions of fish being shipped into and, within Canada, inspectors
are required to be approved by the Department of Fisheries and
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Oceans. In addition, the American Fisheries Society has a certifica
tion program that recognizes Fish Health Inspectors and Fish Pa
thologists. Several states require that fish-health inspections be
done by certified fish pathologists.

Conclusion

While there have been definite socioeconomic benefits de

rived from certain introductions and transfers of fish, there have
also been many examples of deleterious results such as the dis
semination of certain serious fish parasites, bacteria, and viruses.
Most of these deleterious introductions and transfers have oc

curred in the absence of any fish-disease policies and often be
fore there was an adequate understanding of the seriousness of
the diseases. Recent advances in the field of fish health have al

lowed the fish diagnostician and inspector to detect fish-disease
agents at a much greater level of sensitivity. In contrast, the de
velopment of useful fish-disease policies has occurred much more
slowly. Policies should be developed and implemented that pro
mote cooperation between regulatory agencies, aquacultural in
terests, and fishery resource managers. These policies should be
sufficiently adaptable to incorporate new information regarding
specific diseases and newly developed and proven diagnostic
procedures. Finally, they should be realistic in addressing the le
gitimate reasons for fish introductions and transfers. The imple
mentation of good fish-disease policies requires the commitment
of significant resources. From the public agencies, adequately
trained human resources will be needed to enforce policies and
inspect fish stocks that are candidates for introduction or trans
fer. From aquaculture interests, public and private, there should
be a significant investment in development of specific disease-
free stocks.
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Chapter 3

Dispersal of Genetically Altered
and Unaltered Microbial Agents



Challenges and Opportunities for
Marine Biotechnology in
Environmental Bioremediation

Rita R. Colwell

Abstract: Recent developments in genetic engineering and biotechnology have
opened up new opportunities for waste control and toxic waste degradation in
situ. Specific considerations are necessary for use of engineered organisms in
marine systems, since freshwater microorganisms do not function optimally in
marine systems. Marine bacteria have beenemployed for treatment of oil spills
occurring in coastal and ocean waters with reasonable success. Isolation of oil-
degrading microorganisms has been effective and can be accomplished with
relative ease. New approaches have been taken to amplify and enhance strain
capability for biodegradation of hydrocarbons, employing the techniques of ge
neticengineering. Successes to date have been good. Furthermore, marine bac
teria have been isolated which are capable of degrading a variety of toxic chemi
cals. The genetics of these organisms is being studied, and engineering organ
isms for rapid clean-up of toxic chemical spills in the marine environmentnow
appears possible. An important factor to consider in developing marine bacteria
for environmentalapplication is that those bacteria which occur naturally at the
site to be remediated should be selected as candidate strains for genetic engi
neering. Byemploying autochthonous organisms and amplifying theirgenesfor
degradative pathways or by insertion of genes coding for degradation of spe
cific chemicals and using the techniques of genetic engineering, it should be
possible to enhance in situ degradation and accomplish bioremediation. A use
ful hypothesis to test is that, upon depletion of the toxic chemical "nutrient,"
the engineered organism will resume occupancy of its appropriate ecological
niche. Microcosmshave been employed showing that, indeed, such is the case.
Mesocosm studies would be useful to gather additional data prior to applica
tion in the natural environment. The potential of biotechnology, applied to ma
rine and freshwater systemsfor bioremediation, waste control,and targeted bio
degradation is significant. However, careful microcosm and mesocosm testing,
as well as ample containment trials should be done, before large-scale field ap
plication is undertaken.
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Introduction

The principles of biotechnology have been applied by hu
mans for centuries — for example, in the rotation of leguminous
crops for soil fertilization, selective breeding of fish to create prog
eny of higher reproductive capacity and faster growth, and in
classical waste treatment. The new biotechnology involves genetic
engineering, genetic manipulation, bioengineering, and/or applied
genetics. Much controversy has centered on the application of
organisms altered by the introduction of recombinant DNA mol
ecules, as well as organisms modified by cell fusion, transforma
tion, and transduction. Use of mutagenic agents has also been
included in the public debate concerning release of genetically
engineered organisms to the environment. When looking back
over the past fifteen years, one cannot help but be astonished at
the rapidity of the progress that has been made. Fifteen years
ago, the first reports concerned expression of ribosomal genes of
Xenopus cloned into Escherichia coli that could apparently be de
tected. Today, we are accustomed to seeing not only E. coli, but a
host of other procaryotic and eucaryotic cells successfully har
nessed for the production of important products on an industrial
scale. All has been achieved under guidelines and regulations that,
over the last fifteen years, have been reduced in rigor on the ba
sis of experience. There is no instance in which the technology
has actually harmed the health of any of the workers involved in
recombinant DNA (rDNA) research. Thus, it is truly a unique ap
plication of science for useful purpose. Because of very precise
genetic alterations made possible by rDNA techniques, the op
portunities, especially in bioremediation, are almost limitless.

So what is the debate all about? It is really on three major
fronts. The first is a scientific debate. Will the introduction of

rDNA organisms (genetically engineered microorganisms or
"GEMs") into the environment cause harm? Available data docu
ment the usefulness of the introduction of microorganisms capable
of biodegradation of hydrocarbons and xenobiotics that are pro
duced by traditional genetic methods. There is no consensus right
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now among the views of molecular biologists who are well ac
customed to inducing genetic change, the views of ecologists who
have, in fact, recorded problems associated with introduction of
exotic species, e.g., the kudzu vine, gypsy moth, and gray squir
rels, and the views of pathologists and medical microbiologists
as to what defines a pathogen. What is emerging, however, as a
very clear consensus is that the end product designed for release
is significant, but not the method for obtaining the product. The
engineered microorganism or enzyme that is produced and not
the method (protoplast fusion, genetic recombination, or other
method of molecular genetic engineering) should be reviewed for
regulation. We should not lose sight of this very sensible and fun
damental point in the debate concerning recombinant microor
ganisms for release in bioremediation.

The second aspect of public concern with release of geneti
cally engineered organisms is a regulatory debate. The goal should
be balanced regulation that doesn't stifle progress, but is not so
lax that we create the microbial equivalent of kudzu. Finally, and
perhaps the most important, is the public-perception aspect of
the GEM release debate. According to a recent report released
by the National Academy of Sciences (Everybody Counts 1989),
the public does not understand the highly technological milieu of
recombinant DNA. How, then, do we explain rDNA in a way
that the public can understand its beneficial aspects, since the
negative aspects are conjured quite successfully? We must all
participate in this debate and work to dispel the myth that re
combinant microorganisms, per se, are a danger. Scientists and
engineers have a responsibility to explain their research and its
benefits. We must discuss, not dismiss, these fears.

What about bioremediation? The potential of biotechnology
has just begun to be recognized. Cloning of genes involved in
the degradation of toxic organic components and metabolism of
heavy metals is of primary interest.

The use of microorganisms, or their metabolites to treat toxic
chemicals to render them harmless, goes back to 1914, when re
searcherswere isolating strains efficient in degrading noxious sew-
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age components and reducing the volume of organic matter. There
is a long history of introduction of microorganisms into the envi
ronment, and generally a very safe history.

Today, however, the interest is on microorganisms that de
grade some of the most toxic of chemicals that human beings pro
duce. One of the best known released toxic chemicals is 2,4,5 T

(2,4,5-Mchorophenoxyacetic acid) which has been used extensively
as a component of agent orange in Vietnam, and as a herbicide
in various countries.The compound has created toxicological prob
lems (Grant 1979), but a possible solution for the very slow rate
of biodegradation is the isolation of a strainof Pseudomonas cepacia
shown to degrade as much as 95% of the 2,4,5 T in soil within
one week (Chatterjee et al. 1982).

Let me offer some of the challenges from the environmental,
or release aspect: the issues— once the organism(s) areengineered
(either classically or by means of rDNA) and are functioning in
the environment — include survival, persistence, dispersion, ge
netic transfer to autochthonous organisms from engineered or
ganisms, and their effect on natural cycles and ecosystems. The
presence of plasmids in estuarine and marine bacteria has been
recognized since 1975, when plasmids in Chesapeake Bay bacte
ria were characterized. Of the bacterial isolates tested, 40% con

tained plasmids. Furthermore, Guerry (1977) was able to transfer
plasmids from E. coli to Vibrio parahaemolyticus, an important find
ing because it showed very clearly that E. coli enterotoxigenic
strains entering Chesapeake Bay via sewage could transfer plas-
mid-mediated traits, e.g., metal resistance (R Plasmids), antiobiotic
resistance, or toxin production, to indigenous organisms, such as
V. parahaemolyticus, an autochthonous Chesapeake Bay vibrio. The
transfer rate was found to be rather low, about 1 in 10s; however,
demonstration of intergeneric transfer was a significant finding.

The number of heterotrophic bacteria in Chesapeake Bay
water is ca. 10s ml1. Thus, it is highly probable that genetic trans
fer occurs regularly among Chesapeake Bay bacteria and other
estuarine bacteria.

In a series of studies over a 10-year period at coastal and
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deep-ocean sites, plasmid incidence was found to be exception
ally high for sewage effluent bacteria and low, though detectable,
for bacteria in clean water samples. Interestingly, the molecular
weights of plasmids carried in sewage effluent were bimodal in
distribution, with some very large plasmids detected in marine
isolates and many strains carrying small plasmids (Baya et al.
1986). At the clean water site, the smaller, lower molecular weight
plasmids were observed. Surnmarizing, a control site near Ocean
City showed bacteria containing few plasmids. Introduction of
terrestrial organisms, via sewage effluent, clearly raises the po
tential for introduction of genetic material.

Sizemore (1977) studied the incidence of resistance of R plas
mids in marine bacteria collected from surface waters of the Puerto

Rico trench. The largest number of resistance plasmid-bearing
strains were isolated, however, from harbors and coastal waters.
At the deep-water site, there were few bacteria carrying plasmids,
but they were detectable; however, deep-sea sediment samples
showed increased numbers of plasmids. Furthermore, we were
able to observe, by enrichment procedures employing toxic chemi
cals, even at the deepest sites, e.g., from sediment samples col
lected from the Abyssal Plain off the coast of South Africa, the
presence of plasmids in bacteria growing in the presence of toxic
chemicals.

The assumption is that bacteria in the aquatic environment
can exchange genetic information, in situ. Data for freshwater
systems are convincing. Bacteria in sewage effluent show transfer
of genetic material (Grabow et al. 1974), including antibiotic re
sistance, between strains of E. coli suspended in cellulose dialysis
bags in a South African river when the temperature was about
20 degrees. The frequency of transfer in the river system was about
3 per 10 cells. The actual transfer of plasmid genetic material in
that very early study was not proven, but rather phenotypic
changes were monitored. Subsequently, membrane chambers were
used and the actual transfer of genetic information demonstrated.

Circumstantial evidence for intergeneric plasmid transfer by
bacteria also was shown by Wortman and Colwell (1988) for bac-
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teria isolated from the gut of deep-sea amphipods. Identical plas
mids were detected in a Vibrio and a Pseudomonas isolated from

the gut contents of an amphipod, collected from the Bay of Biscay
at a deep- sea site of ca. 4,000 meters. Thus, even under high
hydrostatic conditions, low temperature, and high salinity of the
deep sea, genetic transfer may take place.

Thus, the considerations regarding release of genetically en
gineering organisms — fate, movement, dispersal, survival in the
environment — are all key issues. And in the ocean, if one re
leases a genetically engineered microorganism, there is no recall.
A notice cannot be issued requesting the bacteria be brought back
for "overhauling and tinkering/' i.e., trait improvement, if they
don't function as expected or if the bacteria spread too far in the
ocean. So, the kinds of releases for which we prepare ourselves
must be those well studied in the laboratory in microcosms and
small-scale mesocosms.

Let me illustrate some potential ecological effects, extrapo
lating what can occur when one releases microorganisms and toxic
chemicals into the environment. In the case cited, industrial ef
fluents from pharmaceutical industries in Puerto Rico were col
lected in large storage tanks. Studies of a dump-site area, accom
plished over a 10-year period in the Puerto Rico trench, were done.
Using a variety of methods, the microbialpopulations in the water
were monitored. On the east side of the dump site, 40 miles north
of Arecibo, Puerto Rico, the specific activity of the microorgan
isms was surprisingly high. The assumption had been that the
dumped material would sweep into the water column, be diluted,
and wash away. It turned out that from the results of the micro
biological studies, the wastes moved northward. Subsequently, the
path of the waste flow via the ocean currents was confirmed us
ing drogues.

On plate count (freshwater) media, freshwater bacteria were
detected, apparently in large numbers from the wastes. Further
from the dump site, the number of marine bacteria that were
enumerated increased and the number of freshwater bacteria de

creased.
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The distribution of Gram-positive and Gram-negative organ
isms also proved very important. Offshore, at the east end of the
transect of the dump site, few Gram-positive bacteria were de
tectable. Within the dump-site area, the percent of Gram-positive
bacteria was significantly increased and the number of Gram-nega
tive bacteria decreased. Thus, a change in the microbial flora oc
curred as a result of the dumping and microbial community struc
ture change was discernible (Singleton et al. 1985). At the east
end of the transect, in the dump-site area, the numbers of
Pseudomonas and Vibrio spp., typical genera of marine bacteria,
decreased and the number of Gram-positive cocci increased.

A transect was run for bacteriological samples collected from
the Caribbean Sea to the Sargasso Sea. Within the dump site, the
marine bacteria numbers were lower. The point to be made is
that changes in the microbial community structure, i.e., species
composition, were induced by the introduction of chemicals at
the dump site area.

Another interesting and similar set of observations was made
at the Campeche Bank in the Gulf of Mexico at the site of the
Campeche blowout. Hydrocarbon-degrading bacteria were present
in very low numbers in surrounding water, but enriched at the
site of the oil release. Plasmids in marine bacteria from the area

of the oil spill were detectable. Thus, there was a genetic response
of the microorganisms, with enhancement of oil degraders (Leahy
et al. 1990b). The capacity of bacteria to degrade oil and toxic
chemicals offers great promise in bioremediation in situ. Several
caveats must be mentioned, however. First, the oil-degrading
microorganisms isolated from the site of the oil spill should be
candidates for engineering for enhanced degradation. Such bac
teria can be added back, in large numbers, to seed the oil-spill
site. When the oil is completely de-graded, these microorganisms,
being naturally occurring organisms, will resume their composi
tional structure in the bacterial communities.

Thus, microorganisms added to treat toxic spills or to en
hance degradation of wastes which accumulate in such areas
should be those organisms isolated from the site that are part of
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a natural living flora. Engineering them to degrade the oil or
chemical spilled is a much more environmentally sensible proce
dure to follow (Leahy and Colwell 1990a).

The major effect of ocean-dumping activities observed in our
studies was an alteration or restructuring of the composition of
the culturable bacterial community. The nonculturable components
were also alive and functioning, though not able to be recovered
by techniques available in microbiological laboratories at the
present time.

What is the fate of genetically-altered bacteria introduced into
the ocean? Will they persist for a long period of time? Studies
done by Timmis et al. (1973) showed that microorganisms can be
engineered to contain genes coding for pathways for breakdown
of specific compounds. Thus, a single strain may carry a full
complement of genes for complete biodegradation. By molecular
genetic methods, one can construct in the laboratory, pollutant-
degrading, genetically engineered strains.

The next question is, then, will these organisms persist in
the environment? Timmis et al. (1973) demonstrated from micro
cosm studies that geneticallyengineered organisms do persist and
function in sewage sludge microcosms. The Pseudomonas strain
capable of degrading substituted benzoates within the very com
plex ecosystem of an activated sludge system proved successful
in application. Extrapolating to the environment, the data strongly
suggest engineered organisms can be successfully used for treat
ment of spills and for degradation of toxic chemicals.

One must consider, however, seasonality of bacterial species,
a feature not well appreciated by a nonmicrobiologist. Also im
portant is the issue of addition of engineered organisms to the
environment. Seasonal effects on, and competition of, the intro
duced organism with naturally occurring species are only two of
many questions to be answered.

Many bacteria such as E. coli and Salmonella spp., when dis
charged into the marine environment, will go into a viable but
nonculturable stage such that they cannot be detected by stan
dard methods, e.g., heterotrophic plate counts or, most probable
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liquid broth counts. By direct detection methods, however, such
bacteria can be detected and ennumerated (Colwell et al. 1983).
Results of these studies have shown that these bacteria retain the
ability to infect animals and, potentially, human beings (Grimes
et al. 1986). Therefore, yet another aspect of the release of the
genetically engineered microorganisms to themarine environment
must be considered the survival of these forms in the environ
ment in the non-culturable form. Genetic methods, i.e., gene
probes, and monoclonal antibody methods, must be used to de
tect organisms released to the environment to ensure their detec
tion and effective monitoring.

What is the message to convey? It is that we have the capac
ity to engineer organisms to degrade toxic chemicals. We know
that genetic transfer, accomplished in the laboratory, does take
place in the natural environment. Persistence, lateral genetic trans
fer, and potential interference or inhibition of the natural cycles
of the ocean are examples of issues which must be considered
before there is any massive release of genetically engineered mi
croorganisms into the ocean.
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Impacts and Fates of Microbial
Pest-Control Agents In the Aquatic
Environment

William E. Walton and Mir S. Mulla

Abstract: Four groups of microbial pest-control agents show potential as
entomopathogens for pestiferous and disease-transmitting dipterans which uti
lize aquatic environments: viruses, protists, fungi, and bacteria. Currently, viral
and protistan pathogens are not attractive commercially and, therefore, either
are not used in pest-control programs or are applied in very restricted habitats.
Thedisadvantages of viruses and protists for large-scale pest-control include (1)
obligate parasitism and often complex life cycles, (2) lowor variable infectivities
for their original and alternate dipteran hosts, (3) environmental factors which
limit their usage in large-scale pest-control programs, and (4) expensive and
labor-intensive in vivo production. Entomopathogenic viral isolates and protists
do not pose a significant concern toaquaculture because of their hostspecificity
and limited usage as microbial pest-control agents.

The fungi and bacteria are the most promising microbial pest-control
agents. Large-scale pest-control programs thatutilize fungal pathogens also suf
fer from manyof the aforementioned problems and, additionally, fungal patho
gens often are slow acting and are facultative parasites that exhibit low
infectivities for their original hosts. The attractiveness of fungi as pest-control
agents is increasing because ofnewdevelopments in culture methodologies and
a better understanding of fungal life cycles and field efficacy. Currently, bacte
rial agents such as Bacillus thuringiensis (H-14) are used most widely. Bacterial
pest-control agents are host specific, do not persist in aquatic ecosystems in
environmentally significant quantities, and are commercially attractive. At cur
rent recommended application rates and by normal modes of contact, both bac
terial and fungal pest-control agents are safe to nontarget organisms, particu
larly those organisms in aquaculture.
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Introduction

A variety of microbial pathogens are used widely, or have
the potential, to control pestiferous organisms that utilize aquatic
environments during their life cycles. Although the adult stages
of mosquitoes, black flies, and closely related taxa are often im
portant vectors of diseases that afflict humans and livestock, the
aquatic life-cycle stages of these dipteran pests are controlled fre
quently via microbial agents. As promising microbial insecticides
and biological control agents are replacing conventional chemical
control with pesticides, the impacts and fates of these microbial
agents in the aquatic environment are of increasing interest to
the aquaculturist.

Four groups of microbial pathogens are used currently, or
show potential, as pest-control agents for dipteran pests: (1) vi
ruses, (2) protistans (or protozoans), (3) fungi, and (4) bacteria.
An extensive literature exists for each group; hence, we discuss
only briefly the status of these groups as microbial pest-control
agents. Reviews of microbial insecticides and biological control
agents have been published elsewhere (Jamnback 1973; Chapman
1974, 1985; Davidson 1982; Mulla 1985,1989; Lacey and Undeen
1986; Lacey and Mulla 1989), and the reader is referred there for
more extensive treatments of the subject. In this chapter, we also
describe the effects of the microbial pathogens on the target or
ganisms and on nontarget organisms, and discuss the fates of
microbial pest-control agents in the aquatic environment. Although
microbial pest-control agents also are used and have been stud
ied extensively in terrestrial ecosystems, our focus is only on those
microbial pest-control agents which are applied purposely in
aquatic environments.

Viruses

Several virus groups have been isolated from mosquitoes and
black flies (Federici 1973, 1985; Lacey 1982). Viral isolates from
mosquitoes are more common than from black flies (Lacey and
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Undeen 1986) and can be grouped into two general categories:
occluded and nonoccluded viruses.

In the occluded viruses, large proteinaceous occlusion bod
ies are produced late in the infection and encase the virus par
ticles (progeny). Nuclear polyhedrosis viruses (baculoviruses) and
cytoplasmic polyhedrosis viruses (reoviruses) are more common
in mosquitoes thanare entomopoxviruses (Federici 1985). The rela
tively large-sized occluded viruses are associated with the larval
digestive tract. For black flies, only cytoplasmic polyhedrosis vi
rus (Reoviridae) has been isolated (Lacey 1982).

The second virus group, the nonoccluded viruses, does not
produce occlusion bodies; however, they often form paracrystalline
arrays of virons (Federici 1985). Nonoccluded viruses have been
isolated from several mosquito genera and are associated with
the epidermis, imaginal tissue, and the fat bodies of the larva.
The relatively large-sized iridoviruses and the smaller
desonucleosis viruses (parvoviruses) have been isolated from mos
quitoes. The former group is more common (Federici 1985).
Iridoviruses also have been isolated from black flies (Lacey 1982).

The minute viral pathogens are obligate, intracellular para
sites and have limited host ranges (Federici 1985; Payne 1988).
The most promising viral pest-control agents, the baculoviruses,
differ biochemically from viruses found in vertebrates, plants, and
microorganisms (Payne 1988). Also, viral isolates are often genus-
or species-specificand their efficacy is influenced by environmen
tal factors such as the deleterious effects of ultraviolet radiation

from sunlight (Payne 1988). Despite their prevalence in dipterous
pests, no virus is used widely as a microbial pest-control agent
(Federici 1985; Lacey and Undeen 1986). Large-scale control pro
grams using entomopathogenic viruses have been hindered be
cause viruses (1) often exhibit low infectivity for their original
and alternate mosquito hosts (Federici 1985) and (2) are obligate
intracellular parasites that must be produced in mosquito larvae
or insect cell cultures (Payne 1988). Therefore, no virus has been
produced economically in sufficient quantities to control pests or
vectors of human diseases. Currently, entomopathogenic viral iso-
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lates do not pose a significant concern to aquaculture because of
their limited usage as microbial pest-control agents.

Protista

Two groups of protistan pathogens have been identified as
potential microbial control agents for mosquitoes: microsporidians
and ciliates (Lacey and Undeen 1986). Microsporidian infections
are very common in mosquito larvae; every well-studied mos
quito species has at least one microsporidian parasite (Hazard
1985). Microsporidians are categorized into four types based on
their developmental patterns and life cycles (Hazard 1985).

Hazard (1985) concluded that current varieties of types I and
II microsporidians, such as Nosema algerae (type I) and Vavraia
culicis (type II), show little potential as mosquito-control agents.
Whereas varieties in the relatively more virulent types III and IV
show more promise as mosquito-control agents, their develop
ment as biological control agents is slowed by inadequate under
standing of the modes of horizontal transmission and their com
plex life cycles. Some microsporidian life cycles may include an
alternate or an intermediate copepod host (Andreadis 1985;
Sweeney et al. 1985; Chen and Barr 1988). Recent work suggests
that type IV microsporidians, such as species of Amblyospora,
Culicospora, Culicosporella, and several other genera, are the most
promising microsporidian biological control agents (Hazard 1985;
Chen and Barr 1988). However, these protists are not used com
monly as microbialcontrol agents. To date, most studies of these
microsporidian control agents have been restricted to the labora
tory (Sweeney et al. 1985,1988,1989).

In studies involving several types of microsporidia, it was
found these protists often exhibit relatively low to moderate in-
fectivity in nature (Maddox et al. 1977; Anthony et al. 1978;
Andreadis 1989), do not persist in the environment (Undeen and
Alger 1975; Anthony et al. 1978), and spores from the inoculum
and from infected individuals settle rapidly (Lacey and Undeen
1986). Despite transovarial transmission of some microsporidians
in mosquitoes, this phenomenon often is restricted to one genera-
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tion (Lord et al. 1981) and, therefore, does not perpetuate the
pathogen (Andreadis and Hall 1979). However, Andreadis (1989)
found that Amblyospora connecticus, a naturally occurring
microsporidian parasite of the brown saltmarsh mosquito (Aedes
cantator), was transmitted transovarially for multiple generations,
overwintered, and successfully reinfected the mosquito popula
tion the following spring.

Large-scale control programs using microsporidians also are
hindered by expensive and labor-intensive in vivo production. Be
cause microsporidians are expensive to produce, and their life
cycles are inadequately understood, it is unlikely that
microsporidians will be developed in the near future as micro
bial pest-control agents for hematophagous Nematocerans (Lacey
and Undeen 1986).

Among the Ciliophora, two genera show the most potential
as mosquito-control agents. Tetrahymena piriformis is worldwide
in distribution and can tolerate a broad range of environmental
conditions; however, Tetrahymena is not widely used as a pro
tistan pathogen (Clark 1985). Tetrahymena lacks a resistant resting
cyst stage and infectivity is limited to certain strains (Corliss and
Coats 1976; Clark 1985). Although, under optimum conditions,
large quantities of this protist canbe produced, concentrated, and
stored, further testing in natural situations is required (Clark 1985).

The genus, bambornella, is receiving increasing attention as a
mosquito-control agent. This ciliate has an active host-seeking
stage, a desiccation-resistant cyst, relatively high infection levels
in nature, and self-dispersal via infectedadult mosquitoes (Ander
son et al. 1986; Egerter et al. 1986). Lambornella clarki can live as a
parasite or as a free-living form that feeds on bacteria and other
microorganisms (Wasburn et al. 1988). Depending on environmen
tal conditions, it is relatively persistent in its natural treehole en
vironments (Anderson et al. 1986). However, secondary infections
by a normally saprophytic fungus (Pythium flevonse) sometimes
kill the ciliate and its mosquito host (Aedes sierrensis) (Washburn
et al. 1988). By reducing the ciliate and its host populations, the
fungal infections decrease the recycling potential of this agent in
nature.
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Lambornella undergoes a morphological transformation within
a few days after treeholes flood with water. Anderson et al. (1986)
found that attachment cysts were formed when the newly formed
spherical cells attached to the mosquito cuticle. Within 24 to 36
hours of attachment, each ciliate made a hole in the larval cuticle
and entered the hemocoel. Parasiticamplification occurred within
the hemocoel and mosquitoes succumbed to ciliatosis within three
weeks (Washburn et al. 1988).

In California, L. clarki currently is being studied as a control
agent for treehole mosquitoes (Eldridge 1988). However, given
the current, and projected, limited use, and its distinct habitat
preferences, Lambornella poses no threat to aquaculture. While
Lambornella is common and persists in treeholes, it certainly is
not ubiquitous (Washburn and Anderson 1986) and may have
somewhat limited dispersal capabilities.

Fungi

Approximately 13 genera of fungi have been identified as
showing potential to control mosquitoes (Roberts and Panter 1985).
The most promising fungi are Coelomomyces, Culicinomyces, and
Lagenidium (Lacey and Undeen 1986). However, fungal control
agents suffer from many of the same problems for large-scale
control efforts as do the viral and protistan agents. The fungi of
ten are sensitive to environmental conditions such as water tem

perature and salinity. Many fungal pathogens do not grow and
germinate at high and/or low temperatures and in saline water.
Second, epizootics via inocula are often variable and unpredict
able. In addition, as compared to the bacterial control agents, fungi
are relatively slow acting and many groups are facultative para
sites which do not readily infect dipterous pests.

Large-scale production also is a problem. The culture, fer
mentation, and harvesting methods are not commercially attrac
tive. Infective stages are often fragile and, in some groups, they
sink readily from the surface water and away from potential hosts.
Additionally, life cycles are often complex and poorly understood.
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However, new fungal strains and culture methodologies may over
come the aforementioned problems (Kerwin and Washino 1988).

Coelotnomyces

Coelomomyces (Chytridomycetes, Blastocladiales) is anobligate
parasite (Lacey and Undeen 1986) that infects a large number of
species in several mosquito genera, particularly Aedes, Anopheles,
Armigeres, and Culex (Federici et al. 1985). However, in mostmos
quito genera, only 1 to 3 species are known hosts for this fungus.
An attractive feature of this fungus is that Coelomomyces presum
ably is dispersed by infected female mosquitoes which are infected
during the late larval stages and do not succumb to mycosis prior
to pupation and adult emergence (Lacey and Undeen 1986). The
fungus is introduced into larval developmental sites when infected
females attempt to oviposit. Despite the prevalence of this fun
gus in mosquitoes, Coelomomyces is not used in large-scale pest-
control efforts.

The life cycle of Coelomomyces is complex and is discussed in
detail by Couch and Bland (1984) and Federici et al. (1985). Briefly,
in a generalized life cycle, mosquito larvae are infected by the
biflagellate zygote that is formed by the fusion of uniflagellate
gametes which emerge from either copepod or ostracod hosts.
The zygote typically encysts on the intersegmental membranes
and penetrates the larval cuticle via a germ tube. Within the lar
val hemocoel, mycelia are formed and eventually produce rest
ing sporangia. Larval death usually occurs within 5 to 10 days,
presumably from a depletion of body nutrients (Federici et al.
1985). As the larval cadaver degenerates, large numbers (10,000
to 50,000) of resting sporangia are released into the environment.
The resting sporangia germinate and undergo meiosis, resulting
in haploid meiospores. The meiospores infect the appropriate crus
tacean host in a manner analogous to that observed in mosquito
larvae. Following infection of the crustacean's hemocoel, gameto
genesis occurs and the fungal gametes are released into the envi
ronment after the death of the crustacean host.
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Four major problems impede large-scale usage of
Coelomomyces. First, Coelomomyces often requires an obligate alter
nate or intermediate crustacean (copepod or ostracod) host
(Whisler et al. 1974, 1975; Federici et al. 1985). Second, little is
known about the life cycles and infectivities in field situations.
Third, culture methods are involved and not attractive commer
cially. Infective stages are difficult to maintain and exhibit reduced
activity after 24 hours (Federici et al. 1985). Last, the 70 or so
Coelomomyces species associated with mosquitoes do not provide
significant or predictable levels of mosquito-control (Lucarotti et
al. 1985; Federici et al. 1985). Federici et al. (1985) suggested that,
at present, this fungus is probably most useful when combined
with other pest-controlmethodologies. Additionally, further work
is needed to determine the effects of Coelomomyces on nontarget
organisms (Lacey and Undeen 1986).

Culicinomyces

Unlike Coelomomyces infections which begin by encystment
on the larval cuticle, Culicinomyces (Hyphomycetes) infects mos
quitoes via the digestive tract. Following ingestion by mosquito
larvae, conidia of Culicinomyces typically adhere to and germi
nate in the foregut or the hindgut (Lacey and Undeen 1986).
Sweeney (1979a) reported that infections also occur through the
anal papillae when mosquito larvae are subjected to high spore
concentrations. Larvae die between 2 days to > 1 week after the
hemocoel is penetrated and invaded by hyphae (Sweeney 1983).
Larval death also may occur within 2 days after ingesting high
concentrations of conidia without subsequent proliferation of hy
phae (Panter and Russell 1984; Lacey and Undeen 1986). Follow
ing larval death, the hyphae swell and rupture the cadaver's cu
ticle. Conidiophores grow exteriorly and produce the infective
stage, the conidium (Roberts and Panter 1985).

Culicinomyces is amenable to mass culture because large num
bers of conidia can be produced by surface culture on artificial
media (Lacey and Undeen 1986). However, several problems cur-



Impacts and Fates ofMicrobial Pest-Control Agents I 213

rently inhibit its use in large-scale pest-control programs. The
drawbacks of Culicinomyces include the reduced infectivities of the
stored product, high effective dosages, short persistence in na
ture, and tendencies of current formulations to sink, thereby re
ducing contact with target species (Lacey and Undeen 1986).

Culicinomyces has a broad mosquito host range (Sweeney et
al. 1973; Couch et al. 1974; Sweeney 1975; Russell et al. 1983),
and in the laboratory, has persisted for more than 100 days at
14°C (Frances et al. 1984). However, in nature and at higher tem
peratures (25°C) in the laboratory, Culicinomyces showed little or
no persistence (Sweeney and Panter 1977; Frances et al. 1984).
Sweeney (1981) and Sweeney et al. (1983) found no evidence of
residual activity of Culicinomyces in artificial and natural habitats.
Besides a tendency for natural infections to occur during cooler
seasons, Culicinomyces exhibited low infectivities in polluted en
vironments (Lacey and Undeen 1986). Despite its broad environ
mental tolerances, another hyphomycetes species, Tolypocladium
cylindrosporum, also did not exhibit significant residual activity in
crab holes (Gardner et al. 1982, 1986).

Culicinomyces efficacy is affected by the species and age of
the mosquito (Lacey and Undeen 1986). Susceptibility to C.
clavisporus may be related to feeding mode in the mosquito lar
vae. Since the infective stages of this fungus settle out of the water
surface, surface feeding species may be less susceptible than are
species that feed deeper in the water column (anophelines <Aedes
aegypti or Culex quinquefasciatus) (Cooper and Sweeney 1982; Lacey
and Undeen 1986). Earlier instars are more susceptible to
Culicinomyces than are older larvae (Sweeney 1983; Panter and
Russell 1984).

Culicinomyces clavisporus is pathogenic to larvae of the Culicidae,
and some species in the Chironomidae, Ceratopogonidae,
Ephydridae, Syrphidae, Simuliidae, and Chaoboridae (Sweeney
1979b, Knight 1980). However, other dipteran groups, such as the
Tipulidae and Psychodidae, are not susceptible (Sweeney 1979b).
This fungus is not pathogenic to other insect groups, aquatic ver
tebrates (amphibians, reptiles, and Gambusia), freshwater shrimps
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and terrestrial vertebrates (Sweeney 1975; Egerton et al. 1981;
Mulley et al. 1981). Although a localized reaction occurred in
homeotherms that were injectedwith C. clavisporus, viable conidia
were not reisolated (Mulley et al. 1981) and homeothermic verte
brates were not susceptible to large oral doses of the fungus
(Egerton et al. 1981).

Lagenidium

Lagenidium giganteum (Oomycetes: Lagenidiales) is a faculta
tive parasite that exhibits specificity for larvae of many mosquito
species (Lacey and Undeen 1986). It has been isolated from mos
quitoes throughout the world. The biflagellate zoospore of
Lagenidium infects mosquito larvae through the mouth and cu
ticle (McCray 1985). Following penetration of the digestive tract
by the spores, hyphae proliferate in the larval hemocoel. Sporan-
gial formation and larval death are often simultaneous (McCray
1985).

Unlike Coelomomyces in which sexual reproduction occurs out
side the mosquito larva, in Lagenidium, asexual and sexual repro
duction may occur within an host individual and also within a
single hypha (McCray 1985). Zoosporogenesis occurs within
vesicles that are formed terminally on the exit tubes arising from
the sporangia. After asexual reproduction, the vesicle wall degen
erates and infective zoospores are released into the environment.

Sexual reproduction follows the differentiation of hyphal seg
ments into either antheridia or oogonia. A thick-walled oospore
is formed after the antheridial protoplast enters an adjacent oo
gonium (McCray 1985). Upon germination, the previously dor
mant oospore releases infective zoospores.

In some habitats, Lagenidium appears to function as a classi
cal biological control agent: it provides long-term control follow
ing a single application (Kerwin and Washino 1987,1988). Kerwin
and Washino (1986) found that one application of fungal asexual
stages suppressed Culex tarsalis and Anopheles freeborni for an en
tire season. Lagenidium recycled during the next year, and
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multiseason control is therefore possible (Kerwin and Washino
1988). In California, this fungus has been tested in rice fields, road
side ditches, and irrigation pastures (Eldridge 1988).

In natural and artificial habitats, Lagenidium has been inocu
lated successfully as sexual (oospores) and asexual (myecilium)
stages. However, this fungus does have several problems typical
of fungal pathogens. First, environmental factors influenced the
efficacy of the fungus. High (> 35°C) and low (< 15°C) tempera
tures inhibited fungus activity (Fetter-Lasko and Washino 19838;
Jaronski and Axtell 1983a, 1983b). Cool temperatures (< 14°C)
prolonged fungal development and decreased zoospore infectiv-
ity (Guzman and Axtell 1987). Jaronski and Axtell (1982) found
that zoosporogenesis was inhibited by environmental factors such
as high chemical oxygen demand (COD) and ammonia levels. In
California, infectivity also was reduced in organically rich habi
tats (Kerwin and Washino 1988). Lagenidium giganteum also was
affected adversely by salinity (Merriam and Axtell 1982).

In addition to environmental constraints, levels of control in

nature were variable. The presence and relative abundance of zoo
spores were highly variable in field tests (Guzman and Axtell
1987). Since recycling of the fungus is related to host densities
and species (Fetter-Lasko and Washino 1983; Kerwin and Washino
1984), persistence of Lagenidium epizootics throughout the mos
quito-breeding season in continually flooded habitats often re
quires the continual addition of mosquito larvae. However, over
wintering and persistence in intermittently flooded habitats has
been observed (Glenn and Chapman 1978; Kerwin and Washino
1988).

Last, as compared to bacterial agents, Lagenidium culture and
harvesting is relatively expensive and labor intensive. Infectivity
of stored products was variable in both the dried oospore (Jaronski
et al. 1983; Kerwin et al. 1986) and myecilial stages (McCray et
al. 1973; Kerwin and Washino 1986; Su et al. 1986). Recent ad
vances in stored products, such as the encapsulation of infective
stages (Axtell and Guzman 1987), and in culture methods (Jaronski
and Axtell 1984; Kerwin and Washino 1987) may reduce these
problems.
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Currently, fungal microbial control agents are not used
widely in aquatic pest-control programs. However, they may be
used more in the future. For example, an experimental use per
mit for large-scale testing of Lagenidium in California has been
requested from the U.S. Environmental Protection Agency
(Eldridge 1988). For nontarget species under aquaculture, and the
aquaculturalist, Lagenidium is noninfective and safe. This fungus
has been tested against rotifers; crustaceans such as copepods,
cladocerans, ostracods, fairy shrimp, and crayfish; gastropod
molluscs; worms; assorted aquatic insects; amphibians and fish
(McCray et al. 1973; McCray 1985). Only one nontarget organism
was infected: the predatory midge, Chaoborus (Brown and Washino
1977, 1979). Chaoborus is related closely to mosquitoes. In addi
tion, extensive testing has been carried out on terrestrial biota,
including monitoring humans working with the fungus (McCray
1985; Siegel and Shadduck 1987; Kerwin et al. 1988). No internal
(lungs) or external infections were observed (McCray 1985).

Bacteria

Bacterial pathogens in the genus Bacillus are the most widely
used microbial pathogen. Particular Bacillus species and strains
are very effective control agents for dipterous pests and are ame
nable to commercial production (Lacey and Undeen 1986). Bacil
lus thuringiensis variety israelensis or B.ti. has proven successful
for controlling mosquito and black fly populations in aquatic en
vironments worldwide (Lacey 1985; Mulla 1985; Lacey and
Undeen 1986; Lacey and Mulla 1989). In California, this patho
gen has been used successfully against mosquitoes in numerous
biotypes which range in size from small standing waters to large
wildlife refuge ponds, in particulate concentration from relatively
unpolluted, clearwater ponds to relatively polluted, dairy waste
water lagoons, and in setting from rural, agriculture to urban and
periurban sites (Mulla 1985; Eldridge and Federici 1988).

Several B. thuringiensis serotypes are toxic to mosquito lar
vae. Bacillus thuringiensis var. israelensis also is known as serotype
14 or H-14. Serotypes or serovars are based on comparison of
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antibodies to flagellar (or "H") antigens of the bacteria. Mosqui
toes also are susceptible to strains of other serotypes such as B.
thuringiensis var. darmstadiensis (serotype 10), B. thuringiensis var.
morrisoni (serotype 8a 8b) (Lacey and Undeen 1986), and B.
thuringiensis var. kyushuensis (serotype 11a lib) (Ohba and Aizawa
1979). However, B. thuringiensis (H-14) is themostcommonly used
variety (Gaugler and Finney 1982; Undeen and Lacey 1982; Lacey
1985).

Whereas B. thuringiensis (H-14) was isolated from infected
mosquito larvae in Israel (Goldberg and Margalit 1977), a second
Bacillus species, B. sphaericus, is common worldwide (Payne 1988).
These bacteria are aerobic, spore-forming saprophytes that live in
many soil andaquatic habitats (Davidson 1982). Bacillus sphaericus
is not registered currently for general use in the United States;
however, it too has been tested experimentally against mosqui
toes in a variety of habitats (Mulla 1985, 1989; Eldridge and
Federici 1988).

In both Bacillus species, spores are found in spherical bodies
that are produced during sporulation. Spores are resistant to a
variety of environmental conditions including relatively high tem
peratures, dessication, and some chemical agents (Eldridge and
Federici 1988), but not to UV radiation (Burke et al. 1983;
Kirschbaum 1985). During sporulation, Bacillus spp. also produce
a structure known by several names: the delta-endotoxin, pro-
teinaceous crystal, or parasporal body. Within this crystal reside
the protein precursors that, after degradation, are responsible for
the toxic activity against dipterous pests (Baumann et al. 1985;
Broadwell and Baumann 1986, 1987; Eldridge and Federici 1988;
Federici et al. 1989).

Some strains of B. thuringiensis produce other minor toxins.
One of these other toxins, the beta-exotoxin, has a wider range of
toxic activity than does the delta endotoxin (Eldridge and Federici
1988). The results from numerous studies summarized in Lacey
(1985) and Lacey and Undeen (1986) have shown that the beta-
exotoxin is toxic to mammals by injection, but not by normal
means of external contact or by ingestion. However, strains of B.
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thuringiensis that produce this toxin cannotbe used as insecticides
in the United States (Eldridge and Federici 1988).

Within the parasporal body are several regions which differ
in their electron densities and are known as inclusions. Bacilli in
the thuringiensis group exhibit 2 to 4 inclusions (Eldridge and
Federici 1988; Federici et al. 1989). B. thuringiensis (H-14) has three
inclusions, whereas, B. sphaericus has only one inclusion. Recent
research suggests that there are probably four separate proteins
associated with the parasporal body and these proteins differ in
mass.

In B. thuringiensis (H-14), Federici et al. (1989) have tenta
tively assigned a 27 kDa protein to the least electron dense "large"
inclusion. A 65 kDa protein is thought to reside within the mod
erately electron-dense "bar" inclusion, and the 128 and 135 kDa
proteins have been assigned tentatively to the highly electron
dense "high-density" inclusion (Federici et al. 1989). In addition,
when the paraspore is lysed, new proteins are formed as break
down products of those listed above. It has been suggested that
the 65,128 and 135 kDa proteins of B. thuringiensis (H-14) are the
precursors of the polypeptides that are toxic to mosquitoes and,
currently, it appears that none of these proteins alone is as toxic
per unit weight as is the mixture of them found in the parasporal
body (Eldridge and Federici 1988).

Baumann et al. (1985) and Broadwell and Baumann (1986,
1987) found that the B. sphaericus inclusion contained 43, 63,110
and 125 kDa proteins. They suggested that the 43 and the 110
kDa proteins were toxic to mosquito larvae. A 40 kDa polypep
tide was appreciably more toxic to cells of Culex quinquefasciatus
than was its 43 kDa precursor.

Laboratory studies have shown that susceptibilities to Bacil
lus toxins differ among mosquito species and that the toxicities
differ among formulations of a particular Bacillus strain. Lacey
(1985), Singer (1985), and Davidson (1985) summarized the re
sults from studies on B. thuringiensis (H-14) and B. sphaericus
against mosquitoes. Similar results were evident in field studies
using the two Bacillus species (Lacey 1985; Mulla 1985,1986,1989).
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In general, Culex species were more susceptible to low concentra
tions of bacterial spores than were Anopheles and Aedes larvae
(Lacey and Singer 1982; Singer 1985; Mulla 1986; Mulla et al. 1986),
and some Culex and Anopheles species were more susceptible to
B. sphaericus than they were to B. thuringiensis (H-14) (Mulla et al.
1986; Payne 1988). Additionally, B. sphaericus has a narrower host
range than does B. thuringiensis (H-14) and is less toxic (Eldridge
and Federici 1988), or is not toxic, at operational application rates
to filter-feeding Diptera which are related closely to mosquitoes.
For example, black flies (Lacey and Undeen 1986) and some chi
ronomid midges (Mathavan and Valpandi 1984; Ali and Nayar
1986) are not susceptible to B. sphaericus. However, like mosqui
toes, susceptibilities of black flies and chironomids to B.
thuringinensis (H-14) differ among species and among B.t.i. for
mulations (Gaugler and Finney 1982; Undeen and Lacey 1982; Ali
and Nayar 1986).

Currently, it is thought that three digestive tract characteris
tics cause the differential susceptibilities observed among mos
quito species and result in the safety of these bacterial pest-con
trol agents to nontarget organisms. First, an organism must have
an alkaline digestive tract. The toxic proteins, which were dis
cussed above, are derived from the solubilization of the parasporal
body proteins by enzymes that are active only under alkaline
conditions (Eldridge and Federici 1988). The anterior midgut of
mosquito larvae is highly alkaline (pH > 10) and the posterior
midgut is less so (pH 7-8; Dadd 1975; Davidson 1988).

Second, the susceptible organism also must exhibit an en
zyme complement suitable for the degradation of the endotoxin
crystal. Although, Aedes aegypti, A. triseriatus, and closely related
species have alkaline digestive tracts and the appropriate enzymes
which degrade the Bacillus parasporal body, the bacterial toxin
does not bind to cultured cells or the midguts of these resistant
species (Davidson et al. 1987; Davidson 1988). Third, at least for
B. sphaericus, the susceptible organism also must exhibit the ap
propriate glycoprotein receptors in the digestive tract that permit
the toxin to enter cells via receptor-mediated endocytosis
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(Davidson 1988). Davidson (1988) found that the bacterial toxin
bound to sharply delineated regions of the posterior midgut and
the proximal lobes of the gastric caecum in susceptible Culex
quinquefdsciatus larvae.

The ultrastructural and histopathological events that follow
the ingestion of B. thuringiensis (H-14) or B. sphaericus toxins dif
fer slightly (J.-F. Charles, pers. comm.). Typically, following in
gestion of the toxin, the cells of the larval gut epithelium swell,
distend, and contain many lytic vacuoles (Lacey and Undeen
1986). The cells either lyse and are sloughed into the gut lumen
(B. thuringiensis H-14) or simply separate from one another (B.
sphaericus). In both cases, larval death presumably is caused by
the complete loss of osmotic regulation (Lacey and Undeen 1986).
The timing of larval death obviously depends on the toxin con
centration.

Several factors affect the efficacy of mosquito-control with
bacterial insecticides. As was discussed previously, the species of
mosquito is important. The age of the mosquito larvae also is
important. Younger instars are more susceptible to the bacterial
toxins than are the older larval instars (Lacey and Undeen 1986).
Additionally, larval feeding behavior and the availability of the
toxin in the feeding zone are important factors determining ac
tivity (Lacey 1985; Mulla 1985). For example, besides differences
in gut receptor sites, the surface-feeding behavior of anophelines
and young Aedes larvae may reduce further their susceptibility to
the bacterial toxins. By feeding in the surface zone, these mosqui
toes are less likely to ingest bacterial toxins which settle from the
water's surface than are culicine larvae which browse on vegeta
tion surfaces and the substrata (Mulla 1985; Lacey and Undeen
1986). Rishikesh et al. (1983) suggested that toxin efficacy also is
reduced via ingestion and biodegradation by nontarget organisms.

Availability of food, larval density, pollutants, vegetative
cover, and environmental factors such as solar radiation, water

temperature, and ionic content influence the activity of bacterial
control agents in the field (Mulla et al. 1984a, Lacey 1985; Mulla
1985; Lacey and Undeen 1986). For example, in eutrophic envi-
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ronments, larval diving rate and depth are less than in relatively
oligotrophic habitats (Lacey and Undeen 1986). Mosquito larvae
concentrate their feeding in the upper, food-rich strata under
eutrophic conditions; hence, larvae are less likely to ingest the
settled, bacterial toxins than they would under food-poor condi
tions (Lacey and Undeen 1986). Also, toxin settling rate is en
hanced in turbid, eutrophic, or in polluted, waters (Van Essen
and Hembree 1982; Mulla 1985). The rate of Bacillus application
needed for satisfactory control of mosquito larvae is two to five
fold greater in turbid, eutrophic water than in clear, oligotrophic
water (Mulla et al. 1982,1984b; Mulla 1985).

Some Bacillus formulations do not penetrate thick vegetative
cover (Mulla 1985). Granular and pelletized formulations often
are required where thick, emergent vegetation is present. Besides
the inherent toxicological and insecticidal potency differences
among these formulations and strains, efficacy is influenced ad
ditionally by a variety of physicochemical factors. For example,
toxin activity is reduced at low temperature (Mulla et al. 1986),
perhaps as a consequence of lower larval feeding rates. Sunlight
also influences toxicities and persistence since UV light rapidly
degrades the Bacillus spores (Mulla et al. 1988; Payne 1988). In
addition to many of the factors discussed above, conditions af
fecting downstream carry and larval contact rates are important
in lotic habitats (Lacey and Undeen 1986).

One problem with bacterial insecticides is that the spores
settle out of the water surface and repeated applications are nec
essary (Davidson et al. 1984; Mulla 1985; Mulla et al. 1982,1984a,
1984b, 1988). Mulla (1985) concluded that standard flowable con
centrate and water-dispersable formulations of B. thuringiensis (H-
14) provided effective initial control, but after 7 to 14 days, con
trol declined to undetectable levels. Davidson et al. (1984) found
that B. sphaericus spores in the sediments remain viable for about
4 weeks as long as water was present. However, no Bacillus ac
tivity was found in subsequent floodings. The fact that spores
sink and are degraded by ultraviolet radiation reduces the likeli
hood that they will be dispersed from typical mosquito develop-
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mental sites which have been inoculated with B.t.i. or B. sphaericus.
Payne (1988) concluded that B. thuringiensis was very effective in
enclosed environments such as granaries, but in nature, inocula
tions generally failed to spread. Although studies have attempted
to detect toxins in sediments of habitats treated with B.

thuringiensis (H-14) and B. sphaericus, to date, no definitive results
have been obtained to show that toxins remain in the sediments

in environmentally significant quantities (Eldridge and Federici
1988).

Some recycling of Bacillus spores has been reported, particu
larly in small containers. Laboratory and field studies have docu
mented toxin recycling in habitats utilized by container-breeding
mosquitoes, such as used tires and small vessels (Ignoffo et al.
1981; Aly 1983; Larget-Theiry 1984; Aly et al. 1985; Zaritsky and
Kawaled 1986; Kramer in press). Also, recycling has been docu
mented in some natural habitats such as treeholes, roadside
ditches, dairy wastewater lagoons, and other habitats (Mulligan
et al. 1978; Hertelin et al. 1979; Singer 1980, 1985; Dossou-Yovo
and Hougard 1987; Mulla et al. 1988). Hertelin et al. (1979) found
that B. sphaericus spores were present 9 months after application
in a roadside ditch in Florida. In Illinois, Singer (1980,1985) found
that detritus remained insecticidal for 7 to 13 months after appli
cation. Kramer (in press) found that the abundance of tire-breed
ing Culiseta incidens in California was reduced significantly for 4
to 6 weeks posttreatment.

Mulla (1985) argued, in terms of larval control, that studies
which have documented the presence of spores in the sediments
do not provide a true indication of recycling in nature. Although
sediments may remain insecticidal, their toxicity is evident only
after resuspension that does not occur typically in nature. In the
case of dairy wastewater lagoons, water-management practices
continually resuspend the spore-laden sediments (Mulla et al.
1988). Additionally, unlike B. thuringiensis, some B. sphaericus
strains are able to grow saprophytically in heavy-polluted water
(WHO 1985; cited in Payne 1988). In small containers in the labora
tory and small-sized natural habitats, it appears that cannibalism
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of Baa7Z«s-infected cadavers is the mechanism by which the recy
cling takes place (Aly 1983; Larget-Thiery 1984; Zaritsky and
Kawaled 1986; Kramer in press). If uninfected larvae do not, or
cannot, ingest infected conspecifics, larval control declines rap
idly.

It is unlikely that Bacillus pest-control agents currently pose
any threat to aquaculture. Both B. thuringiensis (H-14) and B.
sphaericus have been tested extensively against many invertebrate
and vertebrate groups. The results from these studies have been
summarized by Lacey (1985), Singer (1985), Mulla (1989) and
Laceyand Mulla (1989). For example,during field testing in stand
ing waters, nontarget taxa were not reduced by Bacillus spp.
(Garcia et al. 1980, 1981; Miura et al. 1980, 1982; AH et al. 1981;
Purcell 1981; Sebastian and Brust 1981; Mulla et al. 1982, 1984a;
Mulla 1986, 1989). Laboratory studies also have shown that (1)
mosquito predators were not affected by ingesting BariZZtts-intoxi-
cated mosquito larvae (Mulligan and Schaefer 1982; Mathavan and
Velpandi 1984; Olejnicek and Maryskova 1986; Aly and Mulla
1987; Mathavan et al. 1987; Mulla 1989), (2) nonpredatory nontar
get taxa were not affected by Bacillus toxins (Schnetter et al. 1981;
Mathavan and Velpandi 1984; Mulligan and Schaefer 1982), and
(3) susceptible dipterans, which are closely related to mosquitoes,
were often 13- to 75-fold more tolerant than were mosquito lar
vae (Ali et al. 1981; Mulla 1989). Therefore, at current application
rates, and via natural forms of contact such as external contact or
ingestion, B. thuringiensis (H-14) and B. sphaericus are safe and
nontoxic to nondipteran taxa (Lacey and Undeen 1986).

Some B. thuringiensis (H-14) toxicity was reported for some
stream insects and for brook trout, but the toxicities have been

attributed to the xylene component of the particular formulation
and not to the endotoxin (Fortin et al. 1986). Subsequent studies
have confirmed this result (see Lacey and Mulla 1989). We did
not detect any reduction in fish populations when we combined
mosquitofish, Gambusia affinis, with B. sphaericus treatments
(Walton et al., unpublished results).

While the nontarget invertebrate taxa in the studies listed
above were primarily co-occurring insects, several studies failed
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to detect any effect of Bacillus toxins on crustaceans and molluscs
(Schnetter et al. 1981; Mulla et al. 1982, 1984b; Mulligan and
Schaefer 1982; Mathavan and Velpandi 1984; Reish et al. 1985).
Hoick and Meek (1987) found that the crayfish Procambarus clarkii
was less susceptible than were the larvae of three mosquito spe
cies. The 96-hr LC 50's of 25- to 40-mm crayfish were 2,000 to
7,000 times those of mosquito larvae and 500 times the maximum
labeled rates for field applications of these bacterialagents to con
trol mosquitoes.

In summary, Bacillus pest-control agents exhibit several ad
vantageous characteristics. First, Bacillus is not an obligate para
site of mosquitoes. Therefore, the culture and mass production of
the bacterium is much easier and less expensive than for other
microbial pathogens that are obligatory mosquito parasites. Sec
ond, insecticidal activity is relatively stable when products are
stored at room temperatures (Lacey and Undeen 1986). Third, Ba
cillus toxins exhibit specific pathenogenicities and are safe to non-
target organisms at current application rates and by common
modes of contact. Only some dipteran groups that are related to
mosquitoes and black flies are susceptible to bacterial pest-con
trol agents; albeit, at much higher concentrations than those re
quired to control pestiferous and ch^ase-transrnitting species. Last,
in nature, the toxin is typically short lived and is degraded rap
idly.

While bacterial pest-control agents are safe to most nontar
get organisms and do not persist in the environment, efforts con
tinue to increase the host-specificity, insecticidal activity, and ef
ficacy of Bacillus formulations. In order to increase Bacillus toxic
ity and host-specificity, future research is likely to focus on bio-
technological aspects such as the characterization of the paraspore
proteins, the toxin's mode of action, and genetic alteration of the
toxin's proteinprecursors (Eldridge and Federici 1988). There also
is an interest to insert the toxin genes into other organisms, par
ticularly prokaryotes (Payne 1988). The prokaroytic organism pre
sumably will recycle the toxin and maintain it in the feeding zone
of the target organisms.
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Future research also will focus on the development and re
finement of asporular, floating, and slow-release formulations
(Lacey et al. 1984; Apperson et al. 1986; Mulla 1985; Novak et al.
1985). Such efforts will enhance the efficacy of Bacillus in the field,
reduce the number of larvicide applications, and, for asporular
formulations, address a concern often raised against bacterial pest-
control agents: the fate of Bacillus spores in the environment. Re
search is also warranted on developing formulations that main
tain the toxins in the feeding zones of the target species.

Conclusion

Four groups of microbial pest-control agents show potential
as entomopathogens for pestiferous and disease-transmitting in
sects which utilize aquatic environments. Viruses and protists ei
ther are not used in large-scale aquatic pest-control programs or
are applied in very restricted habitats such as the ciliate
Lambornella clarki in treeholes. In general, these pathogens exhibit
low or variable infectivities for their dipteran hosts and, presently,
commercial production is not economically attractive. The bacte
ria and the fungi are the most promising microbial pest-control
agents.

Currently, Bacillus thuringiensis (H-14) is used most often to
control dipteran pests, does not persist in aquatic ecosystems in
environmentally significant quantities, and is commercially attrac
tive. However, the attractiveness of fungi for large-scale pest-con
trol programs is increasing because of new developments in cul
ture methodologies and a better understanding of fungal life cycles
and field efficacy. At current recommended application rates and
by normal modes of contact, both bacteria and fungal agents (e.g.,
Lagenidium giganteum) are safe to nontarget organisms, particu
larly those in aquaculture. A more serious threat to aquaculture
is that posed by geographic transfers of populations or by the
introduction of exotic and nonendemic species which harbor in
fectious diseases or outcompete endemic species.
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Distribution of Microbial Agents in
Marine Ecosystems as a Consequence
of Sewage-Disposal Practices

Thomas K. Sawyer

Abstract: Microbial agents of human or animal origin, and present in water and
sediment, are reliable indicators of sewage pollution in coastal marine waters.
Certain viruses, bacteria, fungi, and protozoans commonly present in sewage
wastes may survive for periods of days to years, and serve as useful indicators
for short- or long-term monitoringpurposes. Fecalcoliformbacteria, for example,
are indicative of recent sewage pollution while spore-forming Clostridia serve as
indicators of both recent or long-term accumulation of sewage wastes. Viruses
belonging to the polio, echo, and cocksackie groups also serve as indicators of
sewagepollutionin coastal and offshore environments. Spores of terrestrial fungi,
including slime molds, may fail to grow in marine sediments but, nevertheless,
remain viable for long periods and serve as indicators of sewage and dredge-
spoil contamination. Cyst-forming freshwater and soil amoebae belonging to
Acanthamoeba, Hartmannetta, and Vahlkampfia have been cultured from sewage
contaminated sediments. The amoebae are especially useful since they are unaf
fected by sediment type, temperature, salinity, or water depth. Nutrient enrich
ment brought about by wastewater and solid wastes may stimulate the growth
of native coastal plant and animal species to population densities that upset the
balance of natural community structures, i.e.,algal blooms, dinoflagellate blooms,
etc. Further studies are needed to better evaluate and manage events that lead
to outbreaks of disease, stress, and anoxic bottom water conditions.

Introduction

Sewage pollution of coastal and offshore waters often leads
to the closure of commercially valuable shellfish beds and recre
ational waters. Furthermore, there is increasing evidence that dis
eases of fish and shellfish are significantly higher in polluted en
vironments than in those otherwise judged to be clean. Efforts to
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monitor the introduction of microbial agents into marine ecosys
tems have included studies on enteric viruses (Goyal 1989), bac
teria (Babinchak et al. 1977; Cabelli et al. 1982; Grimes & Colwell
1989), and pathogenic protozoa (Sawyer et al. 1982, 1987, 1989;
O'Malley et al. 1982). Sindermann (1972) and others have pub
lished extensively on microbial diseases of fish and shellfish. At
tempts to measure the effects of environmental pollution on ani
mal health include efforts to determine the cause or causes of

periodic mass mortalities, changes in species composition and
abundance, and the prevalence of disease or mortality
(Sindermann 1972). Other concerns include the sanitary quality
of seafood and seafood products, alterations of benthic habitats,
closure of shellfish-producing areas, and contamination of coastal
mariculture facilities with increased land use.

The present report includes a brief overview of some of the
known effectsof sewage pollution on fish and shellfish, and briefly
summarizes unpublished studies on the distribution of potentially
pathogenic amoebae in three coastalecosystems, Cape Cod, Mas
sachusetts, Hempstead Bay, Long Island, New York, and the Ya
quina River, Oregon. The amoebae belong to the genus Acanth
amoeba, form highly resistant cysts, and have been cultured from
municipal sewage sludge. Several species survive and grow at
temperatures of 37°C or higher and have been identified from
patients suffering from brain disease or eye infections. Results of
sediment studies are discussed with respect to the frequent asso
ciation of Acanthamoeba with enteric bacteria recovered from bot

tom sediments.

Methods

Nineteen shoreline sediment samples were collected in Mas
sachusetts (Cape Cod, Nantucket Island, and Plymouth) in Sep
tember 1985 (Tables 1 and 2); 17 samples were taken in
Hempstead Bay, Long Island, New York, in May 1984 (Tables 3
and 4), and 11 were taken from the Yaquina River and Yaquina
Bay, Oregon, in September 1984 (Tables 5 and 6). Long Island



Table 1. Stations sampled for Acanthamoeba in Massachusetts, September
1985.

No,-Location Type Comment

1 -• Herring River,
Dennisport

Coastal river Closed to shellfishing

2 -- Hyannis Marina ramp Sand and duckweed

3 •- Nantucket Island Sandy beach Closed to swimming

4 •- Nantucket Island Sandy beach Sewage outfall pipe

5 •• Nantucket Island Beach bulkhead Sand and seaweed

6 - Mashpee River Coastal river Polluted river

7 •- Chatham Sandy beach Residential inlet

8 - Chatham Boat ramp Town harbor

9 - Orleans River shoreline Closed to shellfishing

10 - Wellfleet Boat ramp Town harbor

11 - Provincetown Sandy beach Race beach

12 - Provincetown Harbor/beach Town beach

13 - Nickerson Pond Freshwater Campground

14 - Barnstable Harbor Bulkhead sand/mud

15 - Sandwich Dry salt marsh Sand dunes

16 - Plymouth Rock Plymouth memorial Washed sand

17 - Plymouth Rock Boat ramp At restaurant

18 - Falmouth Boat ramp Town harbor

19 - Woods Hole Boat ramp Town harbor
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Table 2. Distribution of Acanthamoeba in sediments of Cape Cod,
Massachusetts, September 1985 (*=potential pathogens).

Positive

No. -Location Cultures Species Identified

Sandyf Beaches with Wave Action
3-Nantucket 1/6 A. polyphaga, A. hatchetti*,

A. temcola
4-Nantucket 1/6 A. polyphaga

A. hatchetH*7-Chatham 1/6
11-Provincetown — Ocean 0/6 -

Positive Cultures 3/24 (13%)

Harbors (Marinas and Ramps)
2-Hyannis 4/6 A. polyphaga, A. hatchetti*,

A. rhysodes*, A. tubiashi, A. sp.*
5-Nantucket 2/6 A. polyphaga, A. hatchetH*, A. sp.*
10-Wellfleet 6/6 A. polyphaga, A. hatchetti*, A.

A. castellanii, A. terricola
sp.*

12-Provincetown 1/6 A. polyphaga, A. hatchetH*, A. sp.*
16-Plymouth Rock 2/6 A. polyphaga, A. hatchetti*,

A. lenticulata
17-Plymouth — Ramp 2/6 A. polyphaga, A. hatchetH*

A. rhysodes*
18-Falmouth 4/6 A. polyphaga, A. hatchetti*,

A. astronyxis
19-Woods Hole 4/6 A. polyphaga, A. hatchetti*, A.

A. rhysodes*, A. lenticulata*
sp.*

Positive Cultures 25/48(52%)

Riversand Creeks — Running Inland from Coast
1-Dennisport — Herring R.6/6 A. polyphaga, A. hatchetH*

A. rhysodes*, A. castellanii
6-Mashpee River 5/6 A. polyphaga, A. hatchetti*, A. sp.*
8-Chatham 1/6 A. polyphaga, A. hatchetH*
9-Orleans 5/6 A. polyphaga, A. hatchetti*,

A. rhysodes*, A. sp.*
14-Barnstable — Marsh 3/6 A. polyphaga, A. hatchetti*,

A. rhysodes*
15-Sandwich — Marsh 6/6 A. polyphaga, A. hatchetti*
Positive Cultures 26/36(72%)

Freshwater Pond
13-Nickerson Pond 4/6 A. polyphaga, A. hatchetti*,

A. rhysodes*, A. castellanii, A. sp.*
Total — all positivei cultures = 58/114 (51%)
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Table 3.Stations sampled for Acanthamoeba in Hempstead, Long Island,
New York, May 1984.

No.-Location Type Comment

On shellfish closure line

On shellfish closure line

Near closure line

188-Point Lookout Bay

123-Meadow Island to Jones Island Bay

127-Deep Creek Meadow Bay

130-Jones Beach Causeway

20W-South Line Island

176-Great Island — East Bay

31.2-North Line Island

34.2-Squaw Island —

South Oyster Bay

173-Broad Creek Island

171-West Crow Island

JC-Jones Creek

CC- Carman Creek

NC-Narraskatuck Creek

MC-Massapequa Creek

SC-2-Seaford Creek

IC-Island Creek

Bay At sewage treatme

Bay Near closure line

Bay Near closure line

Bay Near closure line

Bay Near closure line

Bay Closed area

Bay Closed area

Creek* Shallow water

Creek* Shallow water

Creek* Shallow water

Creek* Shallow water

Creek* Houses on pilings

Creek* Shallow water

"Shallow water creek sediments were brown to black mud and silt.
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Table 4. Distribution of Acanthamoeba in sediments of Hempstead Bay,
Long Island, New York, May 1984 (*=potential pathogens).

Opim Bay Stations
Positive

No. - Location Cultures Species Identified

20W - South Line Island 2/6 A. polyphaga, A. hatchetti*
31.2 - North Line Island 0/6 -

34.2 - Squaw Island 2/6 A. polyphaga, A. hatchetti*,
A. rhysodes*, A. castellanii

118 - Point Lookout** 0/6 -

123 - Meadow Island to

Jones Island** 0/6 -

127 - Deep Creek Meadow 0/6 -

130 - Jones Beach Causeway
Sewage Rx Plant 1/6 A. hatchetti*, A. rhysodes*

171 - West Crow Island 0/6 -

173 - Broad Creek Island*" 2/6 A. polyphaga, A. hatchetti*
A. rhysodes*, A. lenticulata*

176 - Great Island 1/6 A. polyphaga, A. rhysodes*
Positive Cultures 8/60 (13%)

Inshore Creek StaHons

CC - Carman Creek 2/6 A. hatchetti*

IC - Island Creek 6/6 A. polyphaga, A. hatchetti*,
A. rhysodes*, A. lenticulata*

IC-2 - Belmore Creek 4/6 A. polyphaga, A. hatchetti*,
A. rhysodes*, A. lenticulata*

JC - Jones Creek 5/6 A. polyphaga, A. hatchetti*,
A. rhysodes*, A. castellanii,
A. lenticulata*, A. astronyxis

MC - Massapequa Creek 1/6 A. polyphaga, A. hatchetti*,
A. lenticulata*

NC - Narrashatucka Creek 5/6 A. polyphaga, A. hatchetti*,
A. rhysodes*

SC-2 - Seaford Creek 4/6 A. polyphaga, A. hatchetti*,
A. rhysodes*, A. castellanii,
A. astronyxis

Positive Cultures 27/42(64%)

**Bay stations located in closed areas or on shellfish closure lines.
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Table5. Stationssampled forAcanthamoeba inYaquinaRiver/Bay, Oregon,
September 1984.

No.-Location Type

1 - Above Toledo Boat ramp

2 - Mill Creek at Toledo Narrow creek

3 - Toledo Dock

4 - Toledo Dock

5 - Toledo Shoreline

6 - Yaquina River Shoreline

7 - Yaquina River Shoreline

8 - Yaquina Bay Shoreline

9 - Yaquina Bay Shoreline

lO- Port of Newport Bulkhead

ll- Yaquina Bay Shoreline

Comment

Campground near Toledo

Junction with Yaquina River

Across from sewage lagoons

Center of town below lagoons

Below city limits

Halfway to Newport

At Queen Oyster Co.

Boat marina, camping trailers

Sawyer's Landing-marina

Yacht basin

At EPA/NOAA building

Note: The Toledo sewage treatment plant was designed for 1 MGD (million
gallons per day) to serve approximately 3,000 persons. Stations were sampled
along a transect from above Toledo (freshwater) down river to Newport, Or
egon (seawater from Pacific Ocean).
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Table 6. Distribution of Acanthamoeba in sediments from Yaquina River
and Yaquina Bay, September, 1984 (*=potential pathogens).

Positive

No. - Location Cultures Species Identified

Low salinity river stations (<10 o/oo)
1 - Above Toledo 5/6 A. polyphaga, A. hatchetH*,

A. tubiashi, A. sp.*
2 - Mill Creek — at Toledo 3/6 A. polyphaga, A. hatchetH*, A. sp.*
3 - Toledo — boat dock 6/6 A. polyphaga, A. hatchetH*,

A. tubiashi

4 - Toledo — town dock 5/6 A. polyphaga, A. hatchetH*
5 - Toledo — below town 6/6 A. polyphaga, A. hatchetti*,

A. castellanii

Positive Cultures 25/30 (83%)

Mid- to High-Salinity River/Bay Stations (11-30 ppt)
6 - Yaquina R. — buoy #37 5/6 A. polyphaga, A. hatchetH*,

A. tubiashi, A. castellanii

7 - Queen Oyster Co. 5/6 A. polyphaga, A. hatchetti*,
A. rhysodes*

8 - Yaquina R. — marina 6/6 A. polyphaga, A. hatchetH*,
A. rhysodes*

9 - Sawyer's Landing 1/6 A. polyphaga
lO- Port of Newport 4/6 A. polyphaga, A. hatchetH*
ll- Yaquina Bay — mouth 5/6 A. polyphagha, A. hatchetti*
Positive Cultures 26/36 (72%)
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stations included samples from Hempstead Bay, Great South Bay,
and South Oyster Bay and are referred to collectively as
Hempstead Bay stations. Shoreline sediments were collected with
sterile wooden tongue depressors, placed in sterile plastic dishes,
and stored under refrigeration until streaked on 6 replicate agar
plates as described by Sawyer and Bodammer (1983); deepwater
Long Island stations were sampled with a Ponar bottom grab.
Cultures positive for Acanthamoeba were subcultured and incu
bated at 37-39°C to test for ability to grow at mammalian body
temperature. Bacteriological most probable numbers (MPNs) were
determined for Hempstead Bay seawater at the same time that
bottom sediments were collected, and 4 months before the Or
egon sediments were sampled. Similar determinations were not
made on the Massachusetts samples. Bacteriological data were
provided by personnel at the Food and Drug Achiunistration,
Northeast Technical Service Unit, North Kingston, Rhode Island.
Water column salinity was not detennined during the sampling
periods. However, FDA personnelmeasured salinity in May 1984,
several months prior to the sediment studies in Oregon in Sep
tember 1984.

Results

Massachusetts Bottom Sediments. Among the 19 stations
sampled in Massachusetts, 14 were from Cape Cod and included
sandy beaches, harbors, and boat ramps, saline rivers and creeks,
and a freshwater pond (Nickerson Pond); all 3 Nantucket stations
were sandy beaches, and 2 Plymouth sediments were from a boat
ramp and from behind Plymouth Rock (Table 1). Sandy beaches
subject to wave and wind action yielded the smallest number of
positive cultures (13%), followed by harbors, marinas, and ramps
(52%), and by rivers and creeks (72%) (Table 2). The Plymouth
Rock station yielded 2/6 positive cultures, and Nickerson Pond
yielded 4/6 (Table 2). One sandy beach station on Nantucket Is
land was closed to public bathing, and a station at Orleans was
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closed for shellfishing except for scallops. The open sandy
beach at Race Beach, Provincetown, was the only station nega
tive for amoebae. Nine species of Acanthamoeba were identified
from the Massachusetts sediments.

Hempstead Bay, New York, Bottom Sediments. Among 17
stations sampled in the Hempstead Bay area, 10 were from open
waters of the Bay and 7 were from shallow water creeks flowing
into Long Island residential areas (Table 3). Bay stations had the
smallest number of positive cultures (13%), while creek stations
the highest (64%). Only 5 of 10 Bay stations were positive for
amoebae while all 7 creek stations were positive (Table 4). Bacte
rial MPNs taken from the Bay stations over a 10-day period (May
1-10,1984) showed that all stations were contaminated by coliform
and fecal coliform bacteria at one time or another. All Bay sta
tions were located within a half mile of shellfish closure lines in

Great South Bay, South Oyster Bay, and Hempstead Bay. Seven
of the 10 stations exceeded acceptable total coliform levels for
harvesting shellfish, and 3 exceeded acceptable levels for fecal
coliforms. Fecal coliform MPNs of over 100 were rare in Bay
waters. Creek stations were not sampled over the full 10-day pe
riod but showed a maximum total coliform MPN of 35,000 and a

maximum fecal coliform MPN of 3,300. The number of cultures

yielding amoebae from creek stations (27/42), compared to Bay
stations (8/60), showed that there was an association between bac
terial MPNs and the frequency with which stations were positive
for amoebae. Seven species of Acanthamoeba were identified from
the Long Island, New York, stations.

Yaquina River and Bay, Oregon, Bottom Sediments. Eleven
sediment samples were taken from the Yaquina River system in
September 1984. Stations were located several miles above the
town of Toledo and extended to the mouth of the river at New

port, Oregon, on the Pacific coast (Table 5). Salinity determina
tions provided by FDA showed that in May 1984, salinities at
high tide ranged from < 1.0 ppt at Toledo to 30.5 ppt at the mouth
of the Bay. Sources of pollution were considered to be livestock,
sporadic housing along the shoreline, minor tributaries, and the
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Toledo sewage treatment plant. All stations along the river and
bay yielded one or more species of Acanthamoeba and 77% of the
cultures were positive (Table 6). Seven of 11 stations had tem
perature-tolerant potentially pathogenic species. Bacteriological
data provided by FDA showed that among 12 stations sampled
at intervals from Toledo to the mouth of the Bay, maximum fecal
coliform MPNs at high tide ranged from 7.8-240. The association
between fecal bacteria and the presence of potentially pathogenic
amoebae was particularly evident in the Oregon sediments; 10 of
the 11 stations yielded amoebae from 3-5 cultures in each setof 6
replicates. Seven species ofAcanthamoeba were identified from the
Oregon stations (Table 6).

Discussion

Studies reported here further document the value of cyst-
forming species of Acanthamoeba as indicators for inland or coastal
sources of sewage wastes that often lead to the closure of com
mercially valuable shellfish beds and/or recreational waters. The
amoebae are of further interest since they may be found in highly
polluted environments distant from sources of sewage wastes and
negative for culturable fecal coliforms (Sawyer et al. 1989). Sites
for the present studies were selected to compare (1) a northeast
ern shoreline that supports commercially valuable shellfish, (2)
mid-Atlantic deeper water bays supporting harvestable numbers
of shellfish, and (3) a Pacific coast river system ranging from fresh
to salt water and supporting a commercially valuable and recre
ational shellfish population. The three geographically separated
sites have areas that are open to shellfishing, temporarily closed
during rainy seasons, or permanentaly closed due to sewage con
tamination. Recoveryrates for Acanthamoeba (% positive cultures),
and species diversity were found to vary with station depth and
the severity of contamination by sewage bacteria. Sediment char
acteristics also were found to influence the recovery of amoebae.
Shellfish closure areas in Hempstead Bay with high water col
umn bacterial MPNs sometimes were negative for both amoebae
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and bacteria when bottom sediments were silt-free hard sands
subject to the scouring action of tides and currents.

Dispersal of Potentially Pathogenic Amoebae. Species of
Acanthamoeba that do not grow at mammalian body temperature
include A. polyphaga, A. castellanii, A. astronyxis, and A. terricola,
and they are almost universally distributed in soil, water, dust,
leaf mold, river mud, etc. By contrast, temperature-tolerant spe
cies capable of causing disease in humans or animals, including
A. culbertsoni, A. hatchetti, A. rhysodes, A. lenticulata, and A. sp.,
are most often isolated from municipal sewage sludge, sewage
contaminated water or sediment, or thermally-polluted water.
Extensive sediment studies in the Gulf of Mexico and New York

Bight at stations away from sources of sewage or dredge-spoil
pollution were consistently negative for Acanthamoeba (Sawyer
1980). By contrast, sediments taken at the New York 12-mile sew
age disposal site, the 4-mile dredge spoil site, and the 40-mile
Philadelphia-Camden site (PDS) were routinely positive for the
amoebae (Sawyer 1980; OTtfalley et al. 1982; Sawyer et al. 1982).
Four strains of Acanthamoeba recovered from the New York or
PDS disposal site were found to kill experimentally infected labo
ratory mice Paggett et al. 1982). Bacteriological studies in the
New York Bight apex (Babinchak et al. 1977) and at the PDS
(O'Malley et al. 1982) showed that both sites were contaminated
with sewage-associated coliform bacteria; stations with the high
est coliform MPNs were either closed to shellfishing or failed to
support shellfish growth. Unpublished follow-up studies have
shown that sediments from the PDS were negative for fecal
coliform bacteria within one year after the cessation of ocean
dumping, and negative for Acanthamoeba three years after the ces
sation of dumping. Thus, the association between sewage con
tamination of the sea bottom, and the presence of pathogenic
amoebae was demonstrated at both the nearshore New York dis

posal site and the offshore Philadelphia-Camden site.
Results of the present study showed that resistant, cyst-form

ing species of Acanthamoeba are excellent indicators for the sever
ity of estuarine and coastal sewage contamination on both east
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and west coasts of the United States. Acanthamoeba polyphaga is
recognized as a widely distributed species in both clean and con
taminated sediments while temperature-tolerant strains of A.
hatchetti, A. lenticulata, and Acanthamoeba sp., and others are rou
tinely found in environments subject to recent thermal and/or
sewage contamination.

Enteric Viruses Associated with Sewage Pollution. Goyal et
al. (1984) found human enteric viruses (cocksackie, echo, polio),
and unidentified viruses, in sediments from New York Bight and
PDS stations that also were positive for Acanthamoeba and/or en
teric bacteria. Goyal (1989) also found cocksackie B3 virus at the
PDS 17 months after the cessation of dumping, indicating that
this virus may survive in the environment for longer periods of
time than other enteric viruses. Earlier studies by Goyal et al.
(1979) and LaBelle et al. (1980) showed that enteric viruses could
be isolated from waters that met microbiological standards for
harvesting shellfish, and from shellfish when water samples were
negative for virus. They emphasized the fact that bacteriological
standards for determining the safety of shellfish for human con
sumption do not fully consider the occurrence of enteroviruses.
Lewis et al. (1985) studied sediments and beach sands near a
sewer outfall in Australia and also recovered polio 2, coxsackie
B4 and B5, and other unidentified viruses. They did not always
find a significant relationship between enteric bacteria and en
teric viruses, and reported that fecal coliforms are not always re
liable indicators of viral pollution. Lewis et al. (1986) also found
that viruses could be recovered from sediments 19.5 km down

stream from a sewage outfall during periods of rainfall, but for
only 4 km during periods of normal flow. Human enteric viruses,
fecal bacteria and potentially pathogenic amoebae are of concern
to human health and are associated with considerable economic

loss when harvestable waters do not meet sanitary standards. Dis
persal of the pathogens is widespread in shallow coastal bays and
rivers but may be limited in offshore waters as influenced by
ocean disposal practices.

Enteric Bacteria Associated with Sewage Pollution.
Babinchak et al.(1977) made extensive studies on the distribution
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of fecal bacteria at or near the New York 12-mile sewage dis
posal site and reported fecal coliform MPNs of over 100 at 45/87
test stations; similar MPNs were recorded 37 km from the center

of the dumpsite. O'Malley et al. (1982) recovered total coliforms
and fecal coliforms 37 km to the northeast and southwest of the

center of the Philadelphia-Camden ocean disposal site, and con
cluded that an area of 1,190 km2 was affected by ocean disposal
practices. The dispersal of enteric bacteria in waters of the open
ocean is influenced by tides, currents, storms, and winds and the
size of particulate matter of bottom sediments. Dispersal of fecal
coliforms away from shoreline outfalls has been reported to vary
from 5-8 km.

Yde and deMaeyer-Cleempoel (1980) found indicator fecal
bacteria at a distance of 5 km from the Belgian coastline with no
significant differences occurring at water depths of 7-33 m. Loutit
and Lewis (1985) collected water and sediment samples from a
50 km2 area around a coastal sewage outfall in New Zealand and
recovered fecal bacteria up to 8 km from the outfall. They found
the distribution of bacteria to be affected by currents and wind,
and recovered bacteria from sediments even when water samples
were negative. Grimes and Colwell (1989) studied wastewater
from a treatment plant near Barceloneta, Puerto Rico, that dis
charged pharmaceutical and chemical wastes, and wastes from a
food-processing plant. They recovered Salmonella, Vibrio, Shigella,
and Campylobacter, and reported a fecal coliform index of 1.2 x
108100 ml'1, with the highest numbers at 10-40-m depth near the
mouth of the outfall. They found that the numbers of fecal bacte
ria were high enough to close the coastal waters to swimming,
surfing, shellfish, and other recreational activities. Most studies
on the dispersal of sewage-associated bacteria have employed to
tal coliforms, fecal coliforms, and fecal streptococci as indicator
species. Ongoing studies with more resistant spore-forming bac
teria such as Clostridium perfringens, and viable but non-culturable
Eschericia coli, however, clearly show that the dispersal of patho
gens away from their source is more extensive than presently
appreciated.
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Dispersal of Other Sewage-Associated Microorganisms.
Crewe and Owen (1981) provided a list of pathogens, including
protozoans, trematodes, cestodes, and nematodes of human and
veterinary interest found in sewage from England, Wales, and
Ireland. They concluded that most of the parasites are of little
concern to human health except in areas of activity near sources
of sewage discharges or outfalls. Burge and Marsh (1978) listed
some of the major disease-causing pathogens found in sewage,
including bacteria, viruses, protozoa, and intestinal helminths.
They stated that most disease outbreaks involve night soil, raw
sewage, or wastewaters used in growing vegetables to be eaten
raw (typhoid fever, cholera, ascariasis, amoebiasis, dysentery, en
teric fevers, etc.). Intestinal protozoans and helrninths do not ap
pear to be of majorconcern in coastal waters of the United States,
but very little is known of their role in human disease in under
developed countries. Kott and Kott (1970) studied the viability of
Entamoeba histolytica cysts exposed to seawater and found that they
only survived for several days. The mean number of cysts was
42 in 10 liters for influent samples, and 7 in 10 liters in effluents.
The authors suggested that dilution factors are sufficient to mini
mize the hazard of amoebic infection in bathers or swimmers;

however, there is increasing concern for potential pathogens that
may cause serious health problems in persons with deficient im
mune systems or other predisposing conditions.

Stewart and Brown (1969) isolated a myxobacterium
(Cytophaga N-5) from sewage that killed green and blue green
algae. Goldstein (1973) discussed the physiology, ecology, and
taxonomy of thraustochytrid marine Phycomycetes are reportedly
common in polluted littoral waters, including certain species that
could be isolated from hydrogen sulfide-rich sediments. He also
reviewed some of the literature concerning the recovery of a
herpes-like virus from an estuarine Thraustochytrium species, and
the recovery of virus-like particles from the oyster pathogen,
Labyrinthomyxa marina. Sawyer and Meyer (1977) recovered a ma
rine yeast-like fungus, Sterigmatomyces halophilus, from the mantle
fluid of the Japanese oyster, Crassostrea gigas. The fungus previ-
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ously was recovered from air samples at Key Biscayne, Florida,
from the Indian Ocean at depths ranging up to 1,997m, and from
a case of human keloid blastomycosis in Brazil. Atwell and
Colwell (1981) recovered a variety of terrestrial Acinomycetes from
sediments in New York Harbor and the New York Bight. The
authors attributed unusually high bacterial counts in ocean sedi
ments to dredge-spoil disposal practices, and found that certain
species were useful markers for the dispersal of such spoils. Burge
and Marsh (1978) have discussed the public-health significance
of some fungi and thermophilic actinomycetes present in sludge
and sewage composts. Thus, there are a variety of microorgan
isms other than viruses, bacteria, and protozoans that are useful
for estimating the dispersal of sewage wastes away from outfalls
or ocean disposal sites.

Effects of Sewage-Associated
Pathogens on Fish and Shellfish

Studies on wild-caught fish and shellfish, as well as those
raised in aquaculture or mariculture facilities, have shown that
sewage-associated bacteria may be responsible for serious eco
nomic losses. Edwardsiella tarda, a cause of enteritis in humans, is
known to cause disease in both eels and fish (Wakabayashi and
Egusa 1973; Kusada et al. 1976). Amandi et al. (1982) isolated E.
tarda from fall chinook salmon, Oncorhynchus tshawytscha, in Or
egon. The authors stated that the bacteria have been isolated
from a variety of mammals, birds, reptiles, and amphibians,
including sea gulls and sea mammals along the Oregon
coast. Thus, fecal matter from shore-dwelling birds and mam
mals, as well as from sources of sewage pollution, must be con
sidered when investigating outbreaks of disease or mortality.

Disease and mortality in coho salmon, O. kisutch, and other
salmonids due to Clostridium botulinum, has been reported on the
Pacific coast (Huss and Eskildsen 1974; Eklund et al. 1984), and
serological studies have shown that fish may demonstrate anti
bodies to a variety of pathogenic bacteria. Janssen and Meyers
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(1968) found antibodies to Pasteurella pestis, P. pseudotuberculosis,
Salmonella paratyphi A, Shigella flexneri, Proteus vulgaris, Pseudomo
nas aeruginosa, Escherichia coli B, Aeromonas hydrophila, and A.
shigelloides, in white perch, Morone americanus, captured in Chesa
peake Bay, Maryland. Robohm et al. (1979) tested three species
of marine fish captured in the New York Bight, finding that anti
body titers against several bacterial species in two of them were
higher in polluted waters than in unpolluted waters. Results of
their studies suggested that in the polluted New York Bight apex
had an increased level and diversity of bacteria during warm
summer months. Fin rot disease in the New York Bight apex also
was highest in fish captured in geographical areas located near
major metropolitan domestic and industrial development
(Ziskowoski et al. 1987).

Significant acreage along the shorelines and coasts has been
closed to shellfishing (clams, oysters, scallops) because of sewage
pollution and associated human pathogens. Leonard and Harkness
(this volume) report that 52% of the mid-Atlantic harvest-limited
waters are affected by wastewater treatment plants; 44% of the
shellfish growing waters near seaports at Charleston, South Caro
lina, and Savannah, Georgia, and 1.1 million acres (34%) in the
Gulf of Mexico are similarly affected. Sawyer et al. (1989) reported
that hard clam Mercenaria mercenaria beds in Raritan Bay, New
York, and New Jersey classified as condemned, closed, or re
stricted had higher bacterial counts in bottom sediments than in
the overlying water. Surface and bottom water had maximum total
coliform MPNs of 1,300 compared with sediment MPNs of up to
49,000; surface- and bottom-water fecal coliforms ranged up to
280 compared with sediment maximum of 3,300. Fabrikant (1984)
studied the effect of sewage effluent in the clam Parvilucina
tenuisculpta and found that size and population density increased
as sediment organic nitrogen increased. When nitrogen concen
trations reached a critical level, however, there was a dramatic

decrease in population density due to the toxicity of released com
pounds. The dispersal of microbial agents, including viruses, bac
teria, fungi, and protozoans, away from shellfish closure areas
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must be considered as a serious threat to shellfish beds and com

mercial rearing facilities as shorelines are lost with continued land
development for industrial and residential purposes. Furthermore,
as discussed by Fabrikant (1984), short-term and long-term stud
ies are necessary for measuring the effects of sewage effluents on
fish and shellfish health.

Mechanisms for the Distribution ofMicrobial Agents. Goyal
(1984,1989) reported that enteric viruses may be recovered from
sediments when water samples are negative, and some viruses
survive for long periods of time when attached to sediment par
ticulates. Sediment transport is an important mechanism for the
dispersal of viruses in the marine environment as shown by Goyal
(1989) who found coxsackie viruses 13 km southeast of the New
York 12-mile disposal site. Goyal (1989) also recovered enterovi
ruses from the intestine and hepatopancreas of rock crabs Cancer
irroratus captured in New York waters and the Philadelphia-
Camden disposal site. Seidel et al. (1983) experimentally seeded
tissue homogenates of the blue crab Callinectes sapidus with virus
and reported a recovery efficiency of 52% for three enteroviruses
and 23% for rotavirus (SA11). Improved isolation and identifica
tion methods may show that crustaceans have an important role
in the transport of human viruses away from sources of sewage
pollution. Babinchak et al. (1982) studied C. sapidus from South
Carolina waters and obtained fecal coliform MPNs from gills that
ranged from 210-4,300. The authors recovered bacteria from gills
that were brown to mahogany in color and suggested that crab
gills may accumulate high fecal bacteria populations that persist
even when the influx of bacteria into some ecosystems is low.
Although studies on crabs as transport vectors for bacteria and
viruses are limited in number, there are sufficient data to justify
further studies, especially in deep-ocean disposal sites. Bullis et
al. (1988) have published preliminary data on shell disease in deep
sea red crabs Geryon quinquedens. The authors cultured Vibrio
alginolyticus, V. campbellii, V. fluvialis, Flavobacter meningosepticum,
F. breve, and Eschericia coli from crabs that may have been affected
by the dispersion of contaminants from the deepwater 106 Dump
Site.
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Mahoney et al. (1974) studied Australian antigen in clams
Mercenaria mercenaria collected in closed areas along the Atlantic
coast of Maine. The antigen, a marker for type B hepatitis virus,
was identified from 20 of 24 tissue pools, and transmission from
clam to clam was demonstrated in laboratory experiments. Con
tinued studies on the antigen in hard clams might show that they
are useful markers for the movement of virus away from sources
of coastal pollution. Al-Mossawi et al. (1983) used the clam
Circinita callipyga as a bioindicator for sewater pollution by fecal
coliform and Salmonella spp. bacteria. The authors studied coastal
waters of Kuwait and found salmonellae in clams when water
samples were negative; fecal coliform MPNs ranged from approxi
mately 103-106 gr1 and up to 17% of the isolates were resistant to
certain antibiotics. Devanas et al. (1980) found that a number of
bacteria, including Vibrio, Neisseria, Pseudomonas, and Aeromonas,
were resistant to one or more of 11 different well-known antibi
otics, and to cadmium. The resistant bacteria were cultured from
sediments collected at sewage, dredge-spoil, and acid-waste dis
posal sites in the New York Bight apex. Most studies on the dis
tributionof microbial pathogens associated with sewage or other
wastes have been made in coastal or nearshore environments.
Recent findings suggest that further research is needed to obtain
new information on the distribution of pathogens in offshore
waters and sediments. Deepwater fish, shellfish, and fine particu
late surflcial sediments may concentrate microorganisms that oth
erwise are diluted beyond detectable limits in the water column.

Summary and Conclusions

The distribution of microbial pathogens in the marine envi
ronment is influenced by the binding capacity of particulate mat
ter, sediment grain size,climatic conditions, prevailing winds and
currents, and transport by invertebrates and vertebrates. More
than 110different viruses may be present in sewage (Goyal 1989),
but not all of them are easily cultured and identified in the labo
ratory. Attempts to plot the distribution of pathogenic bacteria in
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marine ecosystems also are influenced by the length of time that
different species remain both viable and culturable. Resistant or
spore-formingbacterial species, although not always indicative of
recent contamination, may be cultured from samples that other
wise are negative for less resistant fecal coliforms. Resistant spe
cies are valuable indicators of sewage-associated chemical and
biological contaminants in sediments distant from sources of pol
lution. The frequency with which terrestrial cyst-forming poten
tially pathogenic protozoa and spore-forming fungi may be cul
tured from bottom sediments is useful for following the progres
sive accumulation or dispersal of sewage and dredge-spoil con
taminants in marine ecosystems. Serological studies and the iden
tification of bacteria and viruses from animal tissues and body
fluids provide some insight as to the diversity of pathogenic spe
cies entering coastal and estuarine ecoystems from pollution
sources. Authorized increases in sewage-treatment-plant discharge
permits, and the construction of new plants, must continue to take
into account the risk of possible contamination and closure of
nearby shellfish beds, mariculture facilities, and recreational ar
eas.

The impact of increased land development and water use
emphasizes the need for continued studies on the distribution of
sewage-associated pathogens on harvestable resources and human
health. Finally, the design of reliable predictive models for as
sessing the impacts of coastal or ocean waste disposal on natural
resources and water quality must rely on statistically valid mea
surements. Berman (1983) showed that the spatial distribution of
heavy metals, fecal steroids (coprastanol), polychlorinated biphe-
nyls, sediment characteristics, current patterns, etc., at ocean waste-
disposal sites was related statistically to the recovery of patho
genic amoebae from contaminated sediments. The predictive
model proposed by Berman (1983) should be a valuable tool for
predicting trends in the effects of ocean dumping on human
health, the sanitary quality of fish and shellfish, and the distribu
tion of genetically altered plants and animals in marine ecosys
tems.
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Abstract: As the world population increases rapidly, there is a need to increase
protein production. Aquaculture and mariculture possess the greatest potential
for the production of animal proteins. In this paper we will discuss the appli
cation of recombinant DNA technology and genetic engineering in aquaculture
and mariculture.

Introduction

As the world population increases there is an urgent need
to develop technologies for increased protein production. Aquac
ulture and mariculture possess the greatest potential for the pro
duction of animal proteins. Traditionally, success in fisheries has
been largely dependent upon the natural population of freshwa
ter and marine fishes; however, due to over-exploitation by com
mercial and sportfishing operations and poor restocking programs,
the harvest has decreased drastically. In recent years, active pro
motion of aquaculture has resulted in a significant increase in fish
production.

Production of finfish and shellfish has grown significantly
in the past decade from advances in disease control, production
of vaccines, improvement of genetic stocks, nutrition, and devel-
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opment of effecient culturing and management technologies. Re
cent advances in recombinant DNA technology and genetic engi
neering promise to revolutionize aquaculture and mariculture
through manipulation of genes that controlgrowth, development,
and disease resistance in fish. Using rainbow trout and other
economically important fish species as models, we are investigat
ing strategies to enhance the growth rate of fish for aquaculture
purposes by manipulating growth hormone genes. While this ef
fort is only beginning, numerous promisingadvanceshave already
been accomplished. In this paper we shall discuss some of our
recent findings to illustrate our general approaches.

Two Rainbow Trout Growth Hormone

m-RNA Sequences

Agellon et al. (1986) reported earlier that polyclonal antibod
ies raised against the growth hormone (GH) of chum salmon
cross-reacted specifically with that of rainbow trout. Using the
antiserum to chum salmon GH as a probe, several recombinant
clones harboring rainbow trout (Oncorhynchus mykiss) GH cDNA
sequences have been isolated (Agellon and Chen 1986) from a
pituitary cDNA bank. One of the clones, pAF51, encodes an im-
munoreactive polypeptide of 24 KDa, which is slightly smaller
than the pre-GH observed in extracts of rainbow trout pituitary
glands (Agellon and Chen 1986). Nucleotide sequence analysis
revealed that the cDNA insert in pAF51 contained the entire cod
ing sequence of mature GH polypeptide. This cDNA is encoded
by GH gene-1 (GHl) mRNA. In comparison with the nucleotide
sequence corresponding to the mature chum salmon GHl
polypeptide (Sekine et al. 1985), rainbow trout GHl cDNA dif
fers from that of chum salmon GHl by six nucleotides. Since
these substitutions are located at the third positions of their re
spective codons, the two mature GH polypeptides share identical
amino acid sequences. On the other hand, when the nucleotide
sequence of the mature rainbow trout GH was compared with
that of coho salmon, they differ from each other by 9 nucleotides,
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resulting in a difference of 6 amino acid residues between each
other (Gonzalez-Villasenor et al. 1988).

Recently, the nucleotide sequence of rainbow trout GH gene-
2 (GH2) mRNA has also been deduced (Agellon et al. 1988a). The
sequences of these two mRNA were determined by sequencing
the cDNA of GHl and GH2, the genomic gene of GH2 (Agellon
et al. 1988b) and the mRNA directly. GHl and GH2 mRNA dif
fer from each other by 5 nucleo-tides at 5' untranslated region
and 23 nucleotides at the translated region, resulting in 10 amino
acid replacements. The majority of the differences between GHl
and GH2 mRNAs resides in the 3' untranslated region. This re
gion is characterized by specific nucleotide changes as well as
single and multiple insertions/deletions.

Growth-Promoting Activity of the
Biosynthetic Growth Hormone (GH)

The biosynthetic trout GH polypeptide was prepared by ex
pressing GHl cDNA sequence in E. coli cells. It is expressed in
the form of a fusion protein, containing 9 amino acid residues
from the N-terminus of E. coli 0-galactosidase and the entire se
quence of the mature GH polypeptide. To test the biological ac
tivity of this hybrid protein, the hormone was enriched from the
pAF51 cell extract and used directly in bioassays.

After acclimation for 2 weeks at 15°C, groups of 16 yearling
rainbow trout were injected weekly with the enriched hormone
preparation at a dose of 0.2 ug g"1,1.0 ug gr1, and 2.0 ug g"1 body
weight for 4 weeks. Two groups of control animals were used:
one group was treated with protein fractions prepared from E.
coli cells containing plasmid pUC8 alone and the other group
without injection. Both control and experimental fish were fed to
satiation daily and the amount of food consumed was recorded.
Biosynthetic GH at a dose each week of 0.2 ug g-1 was sufficient
to stimulate a significant increase in weight and length (Agellon
et al. 1988c). After treatment with biosynthetic GH for 4 weeks at
the dose of 1 ug g"1 body weight, the weight gain in the experi-
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mental group was 2.0 times greater than the control. Increase in
body length was also observed in experimental animals. Further
more, the chemical composition of muscle tissues of hormone-
treated fish is indistinguishable from that of the control fish.

The growth-promoting effect of the biosynthetic GH polypep
tide was also assessed for rainbow trout fry (Agellon et al. 1988c).
In this study, trout fry was first incubated in a hypertonic saline
solution (3.5% NaCl) for 2 rnin. and then transferred to an iso
tonic saline solution (0.9% NaCl) containing biosynthetic GH at a
concentration of 50 mu or 500 ug L'1 for 30 min. A significant
increase in weight gain was evident in the hormone-treated fry 5
weeks after hormone administration. These results are in agree
ment with those reported by Sekine et al. (1985), Wagner et al.
(1985), and Gill et al. (1985).

Generation of Transgenic Fish
With Enhanced Growth Rates

As discussed earlier, fish will grow faster in response to el
evated levels of GH in the circulation. This can be achieved by
exogenous application of biosynthetic GH. Alternatively, through
transfer of additional copies of GH gene into fish, the resulting
transgenic fish should produce elevated levels of GH and, conse
quently, will grow faster. Fast-growing transgenic fish can be de
veloped for aquaculture purposes through manipulation of GH
gene-by-gene transfer technology. Basic strategies in constructing
such a strain of rapid-growing transgenic fish will involve: (1)
isolation of fish GH genes (cDNA or genomic gene); (2) identifi
cation of reporter genes or other genetic markers; (3) identifica
tion of appropriate promoters to control the expression of the
foreign GH gene; (4) construction of chimeric plasmids consist
ing of a reporter gene and a GH gene fused with an appropriate
promoter; (5) introducing the chimeric plasmid into developing
embryos by microinjection; (6) identification and characterization
of transgenic fish; (7) studying the pattern of inheritance and the
stability of the foreign genes in progeny of the transgenic fish; (8)
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investigating physiological and environmental factors that will
maximize the performance of the transgenic fish; and (9) assess
ing the impact of transgenic fish in the environment. As a step
toward this direction, we have attempted to transfer trout and/
or human GH genes into carp and loach by the microinjection
technique.

Microinjection of Trout GH cDNA and
Human GH Gene Into Carp and Loach Embryos

One of our gene-transfer attempts was introduction of a trout
GH cDNA sequence fused to the long terminal repeat (LTR) se
quence of avian Rouse sarcoma virus (RSV) into fertilized com
mon carp eggs (Cyprinus carpio). About 106 molecules of BamH-I
linearized pRSVrtGHcDNA were microinjected into each of the
1,746 common carp embryosat one-cell, two-cell, or four-cell stage.
Following incubation for 4 days, approximately 37% of the in
jected embryos hatched, of which 57% of the fry survived at least
90 days (Table 1).

Table 1. Percent of hatching, survival, and integration of carp embryos
microinjected with pRSVrtGHcDNA at different developmental stages.

Embryo Embryos % % survival Fingerlings %
stage injected hatched at 90 days analyzed integration

One-cell 1034 39.3 52.7 219 9.9

Two-cell 331 33.0 70.6 77 15.6

Four-cell 381 33.0 58.4 73 1.4

Control 569 33.9

(non-injected)

To detect the integration of pRSVrtGHcDNA in the genome
of presumptive transgenic carp, genomic DNA was extracted from
pectoral fin clips of the 365 survivors and analyzed by dot blot
hybridization, using [32Pl-labeled RSV-LTR or rtGHcDNA se-
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quence as a probe. Of these 365 fish, 20 were found to be
transgenic by dot blot and Southern blot analyses (Table 1, Zhang
et al. 1989). This value represents an overall integration of 5.5%
which is similar to that observed in zebrafish (5%) (Stuart et al.
1988), but low compared to those of catfish (Dunham et al. 1987),
mice (Palmiter et al. 1982), and frogs (Etkin and Pearman 1987),
which were 20%, 33%, and 60%, respectively. The number of
pRSVrtGHcDNA molecules present in the fin tissue of positive
fish, determined by quantitative dot blot hybridization, ranged
from 1 to 5 per haploid genome.

The integration of pRSVrtGHcDNA in the genomes of trans
genic fish was further confirmed in 10 dot blot positive DNA
samples by digestion with restriction enzyme Bam-Hl or Hind-
III, and followed by hybridization to both [32P]-labeled RSV-LTR
and/or rtGHcDNA. As shown in Fig. 1, discrete bands from ge
nomic DNA samples of fish 24L, 27L, and 131L hybridized. to
RSV-LTR, rtGHcDNA, or both. In BamH-1-digested DNA samples
of fish 24L and 131L, a 5.2 Kb and a 4.3 Kb DNA fragment hy
bridized to both probes. When the identical DNA samples were
digested with the restriction enzyme Hind-III, the pattern of hy
bridization was somewhat different: a 3.0 Kb DNA fragment hy
bridized to both RSV-LTR and rtGHcDNA, a 4.3 Kb DNA frag
ment hybridized to RSV-LTR alone, and a 0.9 Kb DNA fragment
hybridized to rtGHcDNA. Since each of these transgenic fish (e.g.,
24L and 131L) contains 2 copies of pRSVrtGHcDNA in its ge
nome, the patterns of hybridization presented in Fig. 1 suggest
that pRSVrtGHcDNA is integrated in a pattern of single-copy
integration at multiple chromosomal sites. In addition, results of
Hind-III digestion further suggest that the Hind-III site residing
between RSV-LTR and rtGHcDNA has been modified in one of

the integrated pRSVrtGHcDNA molecules. In the case of fish 27L,
where 5 copies of pRSVrtGHcDNA molecules were integrated,
the additional bands of hybridization in the BamH-1 digestion
can be accounted for by a single copy of the foreign gene inte
grated at different chromosomal sites. The differences observed
in the BamH-1 digestion suggest that they carry genomic DNA
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Figure 1. Dot blot and Southern blot analysis of genomic DNA samples iso
lated from presumptive transgenic fish. A. Genomic DNA (18 mu) isolated
from the pectoral fin was denatured and spotted onto nylon membranes along
with pRSVrtGHcDNA of 30 pg (a), 60 pg (b), and 150 pg (c) corresponding
to 1, 2, and 5 molecules of the integrated gene. Genomic DNA from the
nontransgenic carp (d and e) was included as negative controls. The mem
branes were hybridized to [32P]-labeled pRSVrtGHcDNA. B. Genomic DNA
digested with BatnH-1 (a) or Hind-III was electrophoresed, transferred to ny
lon membranes, and then hybridized to either [32P]-labeled probe 1 (1) or probe
2 (2). BamH-1- and Hind-III-digested pRSVrtGHcDNA samples were used as
positive controls. C. A 580 bp Nde-I-Hind-IU fragment derived from
pRSVrtGHcDNA was used as probe 1, and a 850 bp Kpn-1-Hind-HIfragment
derived from pRSVrtGHcDNA was used as probe 2.
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junction fragments of variable sizes. Although foreign DNA se
quences introduced into embryos are usually integrated as a head-
to-tail concatamer at a single chromosomal site and modified in
transgenic individuals (Brinster et al. 1981; Dunham et al. 1987;
Wilkie and Palmiter 1987), single- and low-copy integrations ex
hibiting deletions, modifications, and rearrangements of the in
serted foreign sequence have also been observed (Gordon and
Ruddle 1985). The results of pRSVrtGHcDNA integration in
transgenic carp agree with those reported in other systems.

Gene-transfer studies have also been attempted in other spe
cies of carp and loach (Misgurnus anguillicaudatus), using MThGH
gene as a model gene (Zhu et al., 1985, 1989). Results of some
representative studies are summarized in Table 2. In these stud
ies rates of foreigngene integration are higher than those reported
by other laboratories.

Table 2. Integration of MT-hGH gene in carp and loach.

Fish Number of Number of %
species fish tested positivefish integration

Loach 10 4 40.0
Crucian carp 64 33 51.6

42.4Red crucian carp 66 28
Silver crucian carp 23 16 w.o
Mirror carp 89 46 51.7
Red carp 8 7 87.9

Expression of Foreign
Gene in Transgenic Fish

Since polyclonal antibodies of chum salmon GH react spe
cifically with trout GH polypeptide, they were used as probes
for detecting the expression of rtGHcDNA in transgenic carp by
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the racUoimmunobinding assay (Zhang et al. 1989). Although these
antibodies show a partial cross-reactivity with growth hormone
of carp, they were rendered specific to trout growthhormone by
extensive re-absorption with the pituitary extract of carp.

Since the rtGHcDNA used in the gene-transfer studies does
not contain a signal peptide sequence, rainbow trout-growth hor
mone polypeptide is not expected in the serum of the transgenic
fish. We examined the expression of rtGHcDNA in the red blood
cells (RBC) of individual transgenic carp instead. As shown in
Table 3, all9 samples tested showedvarious levels of trout-growth
hormone: from 8.0 ng mg^1 RBC proteins in fish 20L to 89.1 ng
mg-1 RBC proteins in fish 131L. There was no correlation between
the number of foreign genes integrated and the levels of trout-
growth hormone expressed in RBC. These results are in agree
ment with those observed in transgenic mice (Palmiter et al. 1982).

The body weight of each transgenic carp that received
pRSVrtGHcDNA was measured at three months of age. Trans
genic individuals derived from embryos microinjected at one-cell
stage showed higher weight gain than controls. The mean body
weight of these transgenic fish was 143 ± 31 g, which is 22%
larger (p < 0.05) than the mean body weight (116 ± 40 g) of non-
transgenic siblings. These results suggest that growth seems to
be correlated to the amount of rtGH polypeptide present. Trans
genic carp with low rtGH content grew faster than those contain
ing higher rtGH levels. These results are in good agreement with
those observed by Agellon et al. (1988c).

Expression of MthGH gene in transgenic silver crucian carp
was also detected by radioimmunoprecipitation, and the results
are presented in Table 4. At the age of 35 days, the levels of hGH
in transgenic individuals ranged from 26.1 to 50 ng for each fish
(0.2 g body weight). At the age of 913 days, the levels of hGH in
transgenic fish ranged from 1.1 to 4.0 ng ml'1 serum.

The body weights of transgenic mirror carp and silver cru
cian carp were compared to their respective nontransgenic sib
lings (Table 5). Although there was no difference (P>0.05) between
the body weights of transgenic mirror carp and their nontrans-



Table 3. Gene copy number and trout growth hormone levels in
transgenic carp.

Fish pRSVrtGHcDNA ngGH mg"1 protein
number molecules* in RBC

20L 2 8.0

34L 4 47.7

36L 1 47.5

94R 1 48.8

OR 3 64.2

04R 2 28.6

07R 1 8.9

08R 3 73.8

131L 2 89.1
* copy number per haploid genome.

Table 4. Human growth hormone detected in transgenic silver crucian
carp by radioimmunoprecipitation assay.

Age Number of fish Number fish Range of hGH
(days) tested with hGH levels

35

913

20

8

10

3

26.1-50 ng/fish
(0.2 g body weight)
1.1-4.0 ng ml"1 serum

Table 5. Mean body weight of transgenic carp and their control sib
lings.

Mirror carp' Silver crucian carpb

Trans- Nontrans

genic genie
Trans

genic
Nontrans

genic

N 15.0 15.0

Mean weight (g) 234.5 210.7
SD6 51.4 26.8

% difference 1.3d 78.0e

28.0

239.3

93.1

28.0

134.1

25.3

Age' = 153 daysb/ Age = 208 days', Standard deviation*1. Transgenic mirror carp
were not larger than their nontransgenic siblings (P>0.05)e, but transgenic silver
crucian carp were significantly larger than their nontransgenic siblings (P<0.001).

274



Fish Genetic Engineering/275

genie siblings, the transgenic silver cruciancarp were 78% larger
(P<0.001) than their nontransgenic siblings.

• Inheritance of Foreign Gene in
Transgenic F1 Generation

Px male transgenic individuals (04R, 36L, 131L, and 94R) were
crossed to one nontransgenic female in order to study the inheri
tance of pRSVrtGHcDNA. Of the Fx progeny analyzed from
fish 131L and 94R, 32.3% and 42.3% were found to carry
pRSVrtGHcDNA sequence. Althoughmost of the F, progeny from
fish 36L died, the four survivors inherited the foreign gene se
quence. None of the Fj progeny of fish 04R received the foreign
DNA from their father, suggesting that the pRSVrtGHcDNA se
quence was not integrated into the germ line of fish 04R. Since
transgenic fish are independently derived by injecting the foreign
gene at different stages of development, one should expect ani
mals mosaic for rtGHcDNA. The degree of mosaicism in animals
determines whether a foreign gene will be present in the germ
line, and whether it will be transmitted to the progeny. Since
nearly 50% of the progeny derived from fish 94R carry
rtGHcDNA, the transformed progenitor cells must be primordial
to the entire germ-line. The progeny ratios of 1 transgenic : 3
nontransgenic from fish 131L suggests that his germ-line is
mosaic.

The mean body weight of Fx progeny derived from fish 131L
and 94R was measured at three months of age. Positive Fx prog
eny of fish 131L were about 20.8% (p < 0.05) larger than their
nontransgenic siblings, and positive progeny from fish 94R were
40.1% larger than nontransgenic siblings (Table 6). Furthermore,
32% and 46% of these positive progeny were larger than their
largest nontransgenic siblings respectively. Results summarized
in Table 5 indicate that expression of rtGHcDNA in transgenic
fish results in elevated growth rate.
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Table 6. Mean weight, range of weight and percent inheritance at 90
days of progeny derived from transgenic common carp 131L and 94R.

Progeny of fish 131L Progeny of fish 94R

Trans- Non-trans- Trans- Non-trans-

genic genie genie genie

N 31.0 65.0 11.0 15 0

% inheritance 32.3 423

Mean weight (g) 120.6° 993b 206.0 147.0

SI> 17.4 14.7 45.2 48.0

Weight range 95-173d 65-129 115-2836 67-228

% difference 20.8f 40.18

Na = 28b, N = 38c, SD = standard deviation", 32%, and 46%e of transgenic
progeny were larger than largest control. Transgenic progeny were larger
than nontransgenic progeny at pf <0.05 and d8 < 0.001, respectively.

Future Prospects

Results presented in the previous sections clearly demon
strated that weekly injections of biosynthetic GH dramatically ac
celerated the normal growth of juvenile rainbow trout. However,
administration of GH through repeated injections of individual
fish is labor intensive, and subjects the fish to more handling than
is ideal. In this regard, the osmotic shock method is a more con
venient mode of hormone delivery, and is well suited for large-
scale operations. Therefore we believe that the biosynthetic trout
GH can be used in aquaculture operations to enhance the growth
rates of salmon, trout, and other fish species, provided the follow
ing practical conditions have been addressed. A comprehensive
study employing intact and hypophysectomized fish, a pure
preparation of GH, a convenient and practical means of hormone
delivery, and a more detailed dose regimen must all be under
taken to assess the growth-promoting potential of this hormone
properly. Furthermore, the effect of both chronic and acute GH
treatment, nutrient requirements, and other rearing conditions
affecting GH-treated fish should be determined in order to maxi
mize growth.
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An alternative application of fish GH in aquaculture is the
development of transgenic fish and shellfish strains with enhanced
growth rates by the gene-transfer technology. At present we have
achieved transfer, expression, and transmission of rtGHcDNA and
human GH gene in the carp and loach, and the resulting animals
grow considerably faster than their nontransgenic siblings. Nev
ertheless, generation of a strain of fast-growing transgenic fish
for commercial purposes is still in the developmental stages. To
realize this goal, more research will be required.
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Abbreviations

GH: growth hormone
cDNA: complementary DNA
LTR: long terminal repeat sequences
RSV: Rouse sarcoma virus

pRSVrtGHcDNA: plasmid containingthe long terminal repeat se
quence of Rouse sarcoma virus and rainbow
trout growth hormone complementary DNA

Bam-Hl: restriction endonuclease Bam-Hl

Hind-III: restriction endonuclease Hid-III

RCB: red blood cells

Kb: kilo-bases

MthGH: promoter of mouse metallothionein gene fused to the
coding region of the human growth hormone gene.

Kpn I, Hind III and Nde: restriction enzymes which will digest
DNA at specific sites

Puc8: DNA cloning vector in the bacteria
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24 Kda: 24 kilo-daltons (molecular weight of polypeptide)
580 bp Nde I-Hind III: DNA fragment with 580 base pairs in

length resulting from digestion with re
striction enzymes Nde I and Hind III
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Environmental Impacts of Inbred,
Hybrid and Polyploid Aquatic Species

Gary H. Thorgaard

Standish K. Allen

Abstract: The recent application of techniques for producing inbred and polyp
loid fish and shellfish and the use of hybrids in aquaculture and fishery man
agement programs has led to increased concern about the environmental im
pacts of such forms. These manipulated forms represent a special case of the
general problem of environmental impacts of organisms that have been geneti
cally altered by conventional or nonconventional means. Genetically altered or
ganisms mayharm natural populations ofspecies by competing with, interbreed
ing with, or replacing them.

Sterile organisms are least likelyto have negativeimpactson natural popu
lations. Sterile hybridsor triploids thus seemleast likelyto have harmful effects
when introduced because their geneticimpact should be minimal or minimized;
however, sterile hybrids or triploids might in some cases interfere with repro
duction of natural stocks in nongenetic (e.g., behavioral) ways.

Fertile hybridshave sometimes had very negative impactson natural popu
lations and should not be used outside of closed systems. Fertile hybrids may,
however, provide an opportunity for introducing beneficial genes or chromo
some segments into domesticated stocks. Inbred strains have not been widely
used in aquaculture or fishery managmeent but would be expected to have nega
tive effects if interbreeding led to decreased genetic diversity.

Introduction

With the development of techniques for genetically manipu
lating fish and shellfish, there has been increased concern about
the potential impacts of such fish on indigenous populations of
aquatic species. Inbred and hybrid organisms can be produced
using convential breeding methods. Genetic manipulation tech
niques can be used to rapidly produce highly inbred or polyp
loid organisms (Thorgaard 1986; Chen et al., this volume). In this
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paper, we discuss the potential impacts of inbred, hybrid and
polyploid aquatic species. While there are valid reasons for con
cern about the impacts of genetically manipulated forms, the im
pacts are not necessarily greater than those of organisms gener
ated using conventional methods. In some cases, genetically ma
nipulated organisms may be useful in conservation programs.

Potential Impacts of Inbred Strains

The principal concern about inbred organisms is that they
are genetically uniform. If uniform organisms become established
in nature, they could replace geneticallyvariable natural popula
tions and establish a "monoculture" which will lack the abil

ity to adapt to changes in the environment and will possibly be
highly susceptible to disease organisms. One such example in
agriculture was the susceptibility of the U.S. corn crop to south
ern corn leaf blight in 1970 as a result of the widespread use of
corn with a highly uniform cytoplasmic genetic background (Na
tional Research Council 1972).

Inbred forms have been produced in aquatic species both
through conventional inbreeding and through chromosome set
manipulation (gynogenesis and androgenesis). Purposely inbred
strains have primarily been used as research tools and have gen
erally not been intended for release into the wild. Such forms
should not be released into the wild because of valid concerns

about the potential for decreasing genetic variability in wild
populations (Streisinger et al. 1981).

Perhaps of greater concern are situations in which unintended
inbreeding takes place in cultured species. In species with ex
tremely high fecundities in which it is difficult to obtain large
numbers of females at the appropriate stage for spawning (e.g.,
sturgeon, Conte et al. 1988; striped bass, Smith 1988) there is a
strong temptation to use a limited number of parents because the
"quota" for offspring can be easily met with just a few parents.
This can result in reduced genetic variability in the offspring.
When these offspring are re-leased in nature and interbreed with
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wild populations, the variability and fitness of the wild popula
tions could be reduced.

Reproductive Sterility in
Hybrids and Polyploids

Interspecific fish hybrids exhibit a full range of reproductive
capability, from fully functional, fertile forms to sterile forms with
very little gonad development (Chevassus 1983). It is not safe to
assume that a given interspecific hybrid is sterile without clear
evidence.

Male triploid fish have been found to have substantial go
nad development and to produce aneuploid sperm (Lincoln and
Scott 1984; Allen et al. 1986; Benfey et al. 1986). Such sperm is
typically reduced in quantity relative to that of diploid males.
Male triploid shellfish, however, have sometimes been found to
produce haploid sperm (Allen 1987).

Female triploid fish and shellfish generally show very little
ovary development (reviewed by Lincoln and Scott 1984). There
are apparent exceptions in both fish (e.g., Benfey and Sutterlin
1984) and shellfish (e.g., Komaru and Wada 1989; Allen and
Downing, in press) but in general the degree of sterility in trip
loid females is greater than that in triploid males.

Impacts of Fertile Hybrids

Fertile hybrids can negatively impact natural populations if
they interbreed with them. Probably the best example of a fertile
fish hybrid interbreeding with and impacting native populations
is the fertile hybrid between the rainbow and cutthroat trout.
These hybrids have been produced artificially (e.g., Rohrer and
Thorgaard 1986) and are also formed in nature by crosses be
tween rainbow and cutthroat trout. Hybridization has been re
sponsible for loss of many valuable native cutthroat trout popu
lations (Behnke 1972; Leary et al. 1984; Trotter 1987; Allendorf
and Leary 1988).
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Other fertile hybrids could impact natural populations in a
similarmanner. Hybrids betweensaugerand walleye (Hearn 1986)
and between striped and white bass (Avise and Van Den Avyle
1984; Smith 1988) are both fertile and yet are still being released
into the wild by management agencies, in some cases into waters
with natural populations of one of the parent species. Fertile hy
brids should not be used in such waters because of their poten
tial negative impacts.

Impacts of Polyploids

Triploids have been advocated for use because of their ste
rility but, as previously discussed, some triploids do produce ga
metes. Male triploid fish can produce inviable progeny when they
interbreed with normal diploid females because they develop
gonads and produce limited quantities of aneuploid sperm (Lin
coln and Scott 1984; Allen et al. 1986). This could potentially dis
rupt the spawning of normal fish. Introduction of male triploids
would thus not have a permanent genetic impact on the diploid
population, but might reduce their spawning success consider
ably. It might even be possible to use male triploids as a biologi
cal control agent as sterile insects have been used (Thorgaard and
Allen 1987).

Female triploids, on the other hand, should have a minimal
impact on natural populations, particularly if they fail to attempt
to spawn (as their hormone levels in some cases suggest, e.g.,
Lincoln and Scott 1984). They consequently may be preferred over
male triploids for use in managmeent programs and aquaculture.
Fortunately, techniques for producing all-female populations are
available and successful for many species (Hunter and Donaldson
1983; Lincoln and Scott 1983).

Positive Conservation Aspects of
Genetic Manipulation

Although "genetic engineering" tends to be perceived as
working against conservation, we believe that it can be used in a
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positive manner in support of conservation programs. Two ex
amples are the use of induced triploidy for sterilization of fish
and the use of androgenesis (all-paternal inheritance) for recover
ing strains from cryopreserved sperm.

Triploidy can prevent introduced fish from successfully in
terbreeding with indigenous fish or from becoming established.
The prime example of this application is with the grass carp, a
fish that has great potential for aquatic weed control but which
managers in many areas do not want permanently established
(Allen and Wattendorf 1987; Thompson et al. 1987). There are
numerous other situations in which nonreproducing fish might
be desirable; however, it is difficult to produce 100% triploid in
dividuals under normal circumstances. For grass carp, individual
fish are tested for ploidy before they can be used in weed-control
programs in many areas. Individual testing is not practical for
most species; consequently it is difficult to be certain that "trip
loid" lots in most species will be 100% nonreproducing. An alter
native in situations where it is important that no individuals be
able to reproduce may be the use of sterile hybrids or interspe
cific triploid hybrids in which the diploid hybrid is inviable or
sterile (Chevassus et al. 1983; Scheerer and Thorgaard 1983;
Scheerer et al. 1987).

Androgenesis involves fertilizing irradiated eggs with nor
mal sperm and producing homozygous diploid individuals by
suppression of the first cleavage division (Parsons and Thorgaard
1985; Scheerer et al. 1986; May et al. 1988). It can be used for
rapidly generating homozygous lines of fish for research pro
grams. Another application of androgenesis is in the recovery of
fish strains from cryopreserved sperm (Stoss 1983; Thorgaard et
al., 1990). It is not currently possible to cryopreserve eggs or
embryos of fish, probably because of their large size (Stoss 1983);
however, sperm cryopreservation is relatively successful and,
when combined with androgenesis, may allow banking and
recovery of valuable or endangered fish strains.
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Conclusions

There are reasons to be concerned about impacts of inbred
fish on natural populations. A particular hazard may be the un
intended inbreeding that is occurring in some cultured species.
Fertile interspecific hybrids have been and are being used in in
appropriate situations in which they are able to interbreed with
natural populations. Although male triploids have the potential
to interfere with the spawning and reproduction of normal indi
viduals, female triploids are much less likely to interfere and may
be especially valuable where sterile individuals are introduced
among reproducing individuals of the same species. Induced trip
loidy and androgenesis are examples of genetic manipulation tech
niques that can be used in a positive manner in conservation pro
grams.
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Introduction to Part II

Management of Introductions and
Transfers: A Commentary on the
Changing Role of the Biologist

Roger Mann

More than ten years ago many of the contributors to this
volume sat in an auditorium in Woods Hole, Massachusetts dis

cussing the translocation of the Japanese oyster, Crassostrea gigas
(Thunberg), from its native oriental zoogeographic range to wa
ters in different regions of the world. Indeed, given its history of
movement, the species was considered a suitable test case for dis
cussion of evaluation procedures for introductions and transfers.
The proceedings of that meeting were subsequently published
(Mann 1979). I wrote the summary overview of the 1979 publi
cation and, in preparing the introduction to this section, it is in
formative to review the situation as we left it in 1979 and the

progress since that time.
Many realities remain unchanged: introductions and trans

fers will occur; some will be beneficial in both an ecological and
economic sense. Future introductions and transfers will be ef

fected, and social and economic pressures to consider movements
will continue to increase as a part of both continuing commerce
and new ventures. Absolute guarantees of ecological safety can
not be made where movements occur, and all decisions concern
ing movements are a compromise of biology, economics, politics,
philosophy and probably many more disciplines of importance.
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For some time the role of the biologist has not been well
defined. Sometimes an expert witness, the biologist is trained to
design experiments or collect information in a quantitative man
ner, analyse it statistically and draw appropriate conclusions; sud
denly, biologists are thrown into an arena of laypersons with the
task of delineating risks and benefits with inadequate data sets.
Although several groups had been working on guidelines for as
sessing requests for and impacts of introductions and transfers
(notably the International Council for the Exploration of the Sea,
the American Fisheries Society, and the European Inland Fisher
ies Advisory Commission), their interaction appeared only in a
fledgling stage and the biologist was often a minor player in the
larger game. Clearly, these groups have, and are moving along,
converging courses as their respective efforts in guideline pro
duction indicate. Uniformity of opinion among several previously
disparate groups speaks to the broad value and importance of
their communal recommendations. As can be seen from the pa
pers in this book, the biologist has moved from the periphery to
the center in the discussion of introductions, even acting as prime
advocate in some instances. This is not to say that the biologist is
now adequately equipped to assess all proposed introductions.
An expanding data base on all species and environments (both
donor and recipient) is essential, together with a clearunderstand
ing of the limitations of such information. Consider a zoogeo
graphic range apparently limited by an environmental parameter
such as temperature — such data is useful in comparing donor
and recipient sites but potentially limited if other range limiting
factors, such as salinity or predation are not also considered. Con
trollable functions, for example, limitation of premeditated move
ment, must be examined in the light of uncontrollable functions,
such as bulk, transoceanic movement of ballast water and en
trained species associated with commercial shipping.

Present avenues of commerce have made clandestine move

ment of species comparatively easy to effect. Control must be
made attractive to be effective. An informed public is a powerful
ally in this arena. Environmental and ecological activists are
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present from the high seas to Capitol Hill; they are a powerful
political lobby and legal adversary. At the other end of the scale
industries utilizing non-native material are image conscious. Nega
tive publicity translates to losses in investor confidence and mar
ket share. Selfpolicing makes sense. The research community, also
offenders in effecting sometimes careless movements (but curi
ously often excluded from legislation-controlling movements),
would benefit from heightened awareness to and greater self con
trol of movement of species to regions beyond their natural zoo-
geographic range — perhaps this volume will help. A sharing of
responsibility would allow government agencies to assume the
role of reviewer and promoter rather than enforcer — a welcome
development.

We stand at the edge of new technology which was simply
unavailable a decade ago. The assertion that, once released, an
introduction was essentially uncontrolled with respect to repro
duction and ensuing competition with native species, may be
challenged in increasing instances by the application of genetic
manipulation to introduced stocks. Cell culture of plant material
offers the option of purely vegetative material for introduction.
Triploid induction and single sex manipulation of fishes is now
available in an increasing number of species. Triploidy induction
is practical in a limited number of shellfish species although one
hundred percent induction in a population has not yet been
achieved on a continuingbasis at commercial levels. As the array
of tools available increases so do the options for utilization of
non-native genetic material in both an ecological and commercial
sense. Exciting opportunities await us — we look forward to their
development.
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The National Biological Impact
Assessment Program

David R. MacKenzie

Abstract: The need to field-test genetically modified organisms safely is a criti
cal step in the sequenceof research leading to the commercialization of biotech
nology in agriculture. To address this need the United States Department of
Agriculture has established the National Biological Impact Assessment Program
(NBIAP) to facilitate the safe field testing of genetically modified organisms.
NBIAP fosters safe field testing of genetically modified organisms through a
computerized network for informationexchange, facilitation of biologicalmoni
toring techniques, and by providing support for research in biosafety to de
velop new field-testing methods and better predictive models.

Introduction

The development of techniques to modify organisms geneti
cally offers immense opportunities to resolve significant problems
in agriculture by addressing issues of agricultural sustainability,
lowering costs of production, improving the quality of harvested
products, providing new or novel products, and protecting crops
and livestock from abiotic and biotic stresses. These are just some
of the anticipated applications of biotechnology to agriculture.

Along with these research opportunities comes the responsi
bility for providing adequate protection of public health and the
environment. These protection measures are the realm of biosafety
and the concerns for biosafety are of importance not only to the
scientific community, but to the public at large.

To address biosafety concerns at the federal level, the Do
mestic Policy Council of the White House established the "Coor
dinated Framework for the Regulation of Biotechnology/' pub-
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lished June 26, 1986, in the Federal Register. The Coordinated
Framework uses existing federal laws to regulate the products
and articles produced by biotechnology, rather than regulating
the research process itself. The Coordinated Framework assumes
that there is no fundamental difference between genetically modi
fied organisms and those produced by conventional research
methods. Thus, no new federal laws have been enacted. Conse

quently, several federal agencies are using existing authorities to
regulate the products of biotechnology under the Coordinated
Framework.

The U. S. Department of Agriculture (USDA) has chosen to
meet its biosafety responsibilities for agricultural research
through a dual system of review. The first part of this review
system uses existing regulations to review and issue permits for
field testing or commercial use for certain regulated products and
articles. The second system involves scientific reviews, conducted
by the USDA, of certain federally funded experiments under
guidelines for field tests outside of the laboratory with geneti
cally modified organisms. The first system (product regulation)
is administered through the USDA's Marketing and Inspection
Service while the scientific reviews are conducted under the au

thority delegated to Science and Education.
The USDA's Agricultural Biotechnology Research Advisory

Committee (ABRAC) and its service unit, the Office of Agricul
tural Biotechnology (OAB), have under way an active program
in bio-safety guideline development and case-by-case scientific
review of individual projects. The ABRAC review process is
modeled after the highly successful National Institutes of Health
Recombinant DNA Advisory Committee which has for over a
decade provided bio-safety assurances for contained laboratory
experimentation with recombinant DNA. ABRAC will make use
of NIH's existing network of Institutional Biosafety Committees
(IBC). This IBC network will allow delegation of some types of
review to the local level, or exemption from review for certain
categories of experiments.
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Another activity in the USDA has been the establishment by
the Cooperative State Research Service (CSRS) of the National
Biological Impact Assessment Program (NBIAP) to facilitate the
safe field testing of genetically modified organisms. The NBIAP
was first proposed by the National Association of State Universi
ties and Land Grant Colleges' Committee on Biotechnology to
address research needs in the public and private-sector research
communities.

It is well recognized that agricultural research proceeds as a
sequence of activities leading from the laboratory to eventual com
mercialization. A key step in this research process is the need to
field-test genetically improved organisms to verify performance
under realistic environmental conditions. This requirement is true
not only for conventional research, but biotechnology as well.

The underlying assumption of the NBIAP is the well-recog
nized fact that there exists a tremendous body of knowledge on
the methods and procedures of field testing from the conventional
research of the past. This knowledge is applicable in many ways
to the questions of safe field tests for genetically modified organ
isms. It is the purpose of NBIAP to facilitate the appropriate
application of this body of knowledge to biotechnology and to
develop new methods to assure safe and productive field tests
with genetically modified organisms.

To accomplish its objectives, the Program staff have devel
oped a strategic plan which identifies three areas of activity. Those
areas are:

• Information networks

• Development of biological monitoring techniques
• Support for biosafety research

Details on how the Program is addressing these needs
through specific activities are the subject of the remainder of this
report.
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Information Network

In collaboration with a number of institutions, NBIAP is
working to develop and implement an information network to
support biosafety needs in both the public- and private-sector
research communities. The information network is accessible over

telephone lines (an "800" number). This distribution system is
intended to encourage maximum participation by being economi
cal and as user friendly as possible.

Electronic Bulletin Board

The information network participants link via their computer
terminal and modem to an electronic bulletin board that provides
up-to-date information on biosafety-related research activity and
announcements. Provision has been made for broad participa
tion on the bulletin board and for individuals to communicate

with each other via an electronic mail service. Thus, individuals
can use the network to contact other scientists working in similar
areas to obtain assistance when planning field research with ge
netically modified organisms.

Data Bases

The electronic bulletin board also serves as the gateway to
11 data bases designed to provide accurate and up-to-date infor
mation on a variety of topics. The purpose of the data bases is to
assist principal investigators in securing authoritative and scien
tifically valid information.

The USDA's National Agricultural Library (NAL) is devel
oping and supporting some of the NBIAP information systems
data bases. The first one is called the "Yellow Pages." The types
of information will include several bibliographic and nonbibliogra-
phic listings such as (1) directories of companies and information
sources; (2) current videotapes that are available on techniques
and field studies; and (3) data bases. A second data base contains
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current literature. This bibliographic file will provide informa
tion on currently available books, reports, and newsletters.

The NBIAP will directlysupport several data bases. One data
base contains the current text of all federal laws, regulations, rules,
guidelines, and executive orders pertaining to biotechnology and
biosafety. The system also contains a current data base of all
public and private Institutional Biosafety Committees (IBC). In
formation will include the names of contacts, addresses, telephone
numbers and facsimile numbers. NBIAP will also maintain a cur

rent data base on all approved applications to federal agencies
related to field-test permits, licenses, and scientific reviews. Pro
prietary information will not be included.

Other data bases are to be maintained in cooperation with
the information network participants. These include information
on topics such as new jobs and positions available, funding
sources, and equipment and instruments that are related to field-
test biosafety.

The University of Arizona has constructed a site data base.
This data base records the locations where field tests with geneti
cally modified organisms have been conducted. Similar collabo
rative projects are being planned to support organism data bases
to make available to participants information on sources of germ
plasm, clones, genetic tags, genomic sequencing information, and
resource scientists.

Knowledge Base

The third component of the information network is the
knowledge base that is designed to assist principal investigators
in preparing applications for permits or licenses and/or scientific
reviews. The knowledge base contains an expert system which
identifies the responsible federal agencies under the Coordinated
Framework to which the application(s) should be directed.

The knowledge base also has an educational component of
information drawn from broad sources but focused on issues in
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biosafety, and field tests. We have identified an enormous amount
of biosafety literature that has been organized into "hypertext."
Hypertext is a hierarchal presentation of information ranging from
general to specific explanations that can be interactively selected
by the user. Through hypertext the reader can pursue informa
tion to his or her desired level of detail.

The third segment of the knowledge base is the "intelligent
form generator." This unit of the knowledge base can be used to
develop first drafts of applications for federal permits, licenses,
and scientific reviews. The "intelligent form generator" will
present to the user menus of experimental design options for their
selection as appropriate to their proposed test. This information
is assembled from existing knowledge (expert panels, literature,
and previously approved applications). Usershave access to pre
viously written standardized text, technically precise descriptions,
test-site information, and other data base resources. By combin
ing data baseinformation with extensive menus specific to the 79
organism categories thathavebeen designated for agriculture (e.g.,
pond-contained fish, nightshades, nonpathogenic soilborne bacte
ria) specific methods, procedures, and protocols can be brought
together to form a technically precise application. The system
offers a word processing option that will allow redrafting of the
materials for clarity and scientific accuracy.

The purpose of the intelligent form generator is to lift some
what the burden of the principal investigator in complying with
federal biosafety oversight requirements. This is important as
some researchers now see the regulatory process as a deterrent
to conducting field tests with genetically modified organisms. A
national survey has been conducted to determine what factors
are limiting the number of requests. Hopefully, by offering this
biosafety information networksafe field testing will be facilitated
through assisting scientists in the exchange of biosafety informa
tion and by helping them in the application for permission to
conduct field tests.
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Biological Monitoring

Another activity of the National Biological Impact Assess
ment Program is to facilitate biological monitoring of genetically
modified organisms tested outside of contained laboratories. To
do this, the Program is supporting research in the monitoring of
organisms to build a better scientific understanding of the dis
persal of organisms into the environment. This activity is sup
ported as a grants program that will continue to expand as funds
become available for this type of research. NBIAP will also con
tinue the development of plans for a research-based reporting
system using the existing, extensive network of public- and pri
vate-sector scientists who now continuously watch over U.S. ag
ricultural production. Scientists of the State Agricultural Experi
ment Stations, the Cooperative Extension Service, and others serve
as sentinels in a national agricultural monitoring system. This
warning system will need augmentation and support to monitor
adequately agricultural biotechnology research and the commer
cial use of the products of biotechnology. NBIAP is identifying
their needs and reaching out to make plans for implementation.

Biosafety Research

The National Biological Impact Assessment Program is also
supporting specific biosafety research projects. Biosafety is a re
search topic unto itself. Although much useful information can
be derived from conventional research, some aspects of biotech
nology research raise unique biosafety questions. New biosafety
methods must be developed for those needs; these methods will
require new predictive models to understand the likely conse
quences of a field test with a genetically modified organism or
the commercial release of a biotechnology product prior to that
activity. Improved biosafety methods and accurate prediction
models probably represent the best way to provide biosafety as
surance in the long term. They will require a more thorough
understanding of how organisms interact and how varying envi-
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ronmental conditions affectmovement and dispersal patterns, how
physical factors affect survival, fitness, and reproductive behav
ior and how all these come together to impact the environment
or public health. More knowledge on these topics should lead to
better biosafety assurances.

Conclusions

The present U.S. federal procedures for scientific review and
regulatory permits and licenses are seen as an adequate interim
step. Still, a more complete understanding of how a genetically-
modified organism will perform, how it can be controlled, and
how one is to recognize the unexpected are the key elements in a
national bio-safety program if it is to have scientific as well as
public acceptance. The National Biological Impact Assessment
Program, by promoting the exchange of information, biological
monitoring to detect the unexpected, and scientific research to
predict the expected, will contribute to the safe and rapid appli
cation of biotechnology to agriculture.
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Abstract: Thepurpose of this paper is to provide an overview of the Environ
mental Protection Agency's oversight of microbial pest-control agents. The ap
plication of the Federal Insecticide, Fungicide, and Rodenticide Act and Sec
tions 408 and 409 of the Federal Food, Drug, and CosmeticAct are discussed.
General data requirements forEPA registration of microbial pest-control agents
are discussed along with the specific requirements for nontarget aquatic organ
ism testing.

Background

This report presents an overview of the Environmental Pro
tection Agency's (EPA) oversight of microbial pest-control agents
(MPCAs). These agents are regulated under the Federal Insecti
cide, Fungicide, and Rodenticide Act (FIFRA) and Sections 408
and 409 of the Federal Food, Drug, and Cosmetic Act (FFDCA).
MPCAs include living microorganisms such as bacteria, fungi,
protozoa, algae and viruses that are introduced into the environ
ment to prevent, repel, destroy, or mitigate the population or bio
logical activities of another life form considered to be a pest un
der Section 2(t) of FIFRA.

The first of these microbial pest-control agents (Bacillus
popilliae) was registered in 1948. At this writing, there are 21 mi
crobial pesticide active ingredients used in severalhundred prod
ucts registered for use in agriculture, forestry, mosquito/blackfly
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Table 1. EPA registered microbial pesticides.

Year Pest

Microorganism Registered Controlled

Bacteria

Bacillus popUliae/B. lentimorbus 1948 Japanese Beetle larvae
B. thuringiensis //Berliner// 1961 Moth larvae

Agrobacterium radiobacter 1979 A. tumefaciens (crown gall
disease)

B. thuringiensis aizawai 1981 Wax Moth larvae

B. thuringiensis israeliensis 1981 Mosquito larvae
Pseudomonas fluorescens 1988 Pythium, Rhizoctonia
B. thuringiensis San Diego 1988 Coleopterans
B. thuringiensis tenebrionis 1988 Coleopterans
B. thuringiensis EG2348 1989 Gypsy moth
B. thuringiensis EG2371 1989 Lepidopterans
B. thuringiensis EG2424 1990 Lepidopterans/coleopterans

Viruses

Heliothis Nuclear 1975 Cotton Bollworm, Budworm

Polyhedrosis Virus (NPV)
Tussock Moth NPV 1976 Douglas Fir Tussock Moth

larvae

Gypsy Moth NPV 1978 Gypsy Moth larvae
Pine Sawfly NPV 1983 Pine Sawfly larvae

Fungi
Phytophthora palmivora 1981 Citrus Strangler Vine
Colletotrichum gloeosporioides 1982 Northern Joint Vetch

Trichoderma harzianum/ 1989 Wood rot

Trichoderma polysporum

Protozoa

Nosema locustae 1980 Grasshoppers
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control and homeowner situations (Table 1). The Office of Pesti
cide Programs (OPP) formally recognized in 1979 that MPCAs
are distinct from conventional chemical pesticides and made the
commitment to develop appropriate testing guidelines for micro
bial pesticides. The guidelines for microbial and biochemical pes
ticides were published in 1982 as the Pesticide Assessment Guide
lines, Subdivision M. (The microbial section of Subdivision M was
updated and revised in July of 1989.) In 1984, data requirements
for MPCAs were codified in the Code of Federal Regulations, Title
40, Part 158.170 (40 CFR Part 158.170).

FIFRA and FFDCA Requirements
for Microbial Pesticides

The main aspects of the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) as they relate to the pesticide registra
tion process are summarized below. EPA's oversightextends from
premarket testing, small-scale field-test notifications and Experi
mental Use Permits (EUPs), through full commercial use of a pes
ticide product, Section 3 Registrations. Any pesticide product that
is to be used on a food crop to be distributed in commerce must
have a tolerance (maximum legal residue level) or temporary tol
erance under Section 408 or 409 of the FFDCA or must be granted
an exemption from the requirement of a tolerance. All MPCAs
registered to date for use on food crops are currently exempt from
the requirement of a tolerance.

In the process of pesticide development, field testing is of
ten necessary to evaluate the environmental fate and efficacy of a
pesticide. Title 40 of the Code of Federal Regulations Part
172 (40 CFR Part 172) describes when it is necessary to obtain
an Experimental Use Permit under Section 5 of FIFRA. Briefly, if
the pesticide is to be used on a food crop that will be distributed
in commerce or the size of the test acreage is greater than 10
acres on land or 1 surface acre of water, an EUP is required. For
nonfood uses, it is generally presumed that an EUP is not re
quired for field-tests under 10 acres on land or 1 surface acre of
water. Other criteria used to determine when an EUP must be
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obtained are set forth in 40 CFR Part 172.3. An EUP is of limited

duration and requires that the test be carried out under controlled
conditions.

In 1984, EPA recognized that there may be potentially sig
nificant impacts from the use of genetically altered and
nonindigenous MPCAs in the environment, even at the small-scale
testing stage. To address this concern, EPA issued an interim
policy statement that the presumption in the EUP regulation (40
CFR 172.3) that an EUP would not be required for small-scale
testing would not be applicable to such tests involving geneti
cally altered and nonindigenous microbial pesticides. This policy
requires notification of EPA prior to small-scale field testing of
geneticaly altered and nonindigenous MPCAs so that the Agency
can determine whether an EUP is required. The 1984 interim
policy was subsequently incorporated into a 1986 policy statement
that retains the notificationrequirement. The Agency is currently
working on revising the existing EUP regulation to codify the
notification requirement.

As noted earlier, before a company can market a pesticide
product, it generally must obtain a Section 3 registration; how
ever, there are two additional means under FIFRA whereby a
company may distribute a pesticide product in the absense
of an experimental use permit. The first of these is pursu
ant to an emergency exemption under Section 18 of FIFRA.
Under this section, federal or state agencies may request an un
registered use of a currently registered pesticide product or the
use of an unregistered pesticide product. Such a request can only
be granted when there is a potentially severe economic or hu
man health impact and no other alternatives are available for pest-
control. A Section 18 exemption usually allows use of the par
ticular pesticide product for a year; however, the time for use
allowed may be more or less. In addition to emergency exemp
tions under Section 18, cases exist where a particular pesticide
product may be registered for one or more uses, but not for a
particular use which is determined by the state as being a special
local need. In these cases, the state may register that use or for
mulation needed for the special local need under Section 24(c) of
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FIFRA. The EPA has 90 days to disapprove of such state registra
tions. If the Agency does not respond, then that use and/or for
mulation, heretofore not part of a federal registration, becomes
part of either an existing or a new federal registration. (Refer to
Section 24(c)(2) of FIFRA for specific details.)

Data Requirements

The recommended test methods provided in the 1989 revised
Pesticide Assessment Guidelines Subdivision M and correspond
ing data requirements in 40 CFR Part 158 are set forth in four
basic areas: product and residue analysis, environmental fate, non-
target organism testing, and human health effects. The testing
schemes for human health and nontarget organism effects are
tiered, i.e., certain testing is not required unless triggered by ini
tial testing. Residue analysis and environmental fate requirements
are usually triggered by human health effects data and nontarget
organism data, respectively. An example is the nontarget organ
ism/environmental fate tier testing scheme (Table 2). At the first
tier, short-term testing utilizes maximum hazard dosing. If no
adverse results are observed in Tier I, then further testing is not
warranted nor is environmental fate data required. In the first
tier of nontarget organism testing, avian oral, freshwater fish,
freshwater aquatic invertebrate, and honeybee testing are required.
In addition, tests to evaluate MPCA effects on wild mammals,
plants and beneficial insects are required, depending on the pro
posed use site, target organism and degree of anticipated expo
sure.

Like the nontarget organism testing, the toxicology testing is
also tiered (Table 3). Tier I consists of studies including oral tox
icity/pathogenicity, dermal toxicity, pulmonary toxicity/pathoge
nicity, intravenous toxicity/pathogenicity, primary eye irritation,
reporting of any observed hypersensitivity incidents, and cell cul
ture tests with viral pest-control agents.

Pursuant to FIFRA Section 3 and within the specifications of
40 CFR Part 158 and Subdivision M, EPA has the authority to
ask for data to address any additional questions regarding any of



Table 2. Nontarget organism testing.

Tier I Avian oral

Wild mammal

Freshwater Fish

Freshwater Aquatic Invertebrate
Estuarine and Marine Animal

Nontarget Plant
Nontarget Insect
Honeybee

Tier HI Terrestrial Wildlife & Aquatic Organism
Avian Chronic Pathogenicity and Reproduction
Aquatic Invertebrate Range
Fish Life Cycle Studies
Aquatic Ecosystem
Special Aquatic
Nontarget Plant

Tier IV Simulated and Actual Field Tests

(Birds, mammals, aquatic organisms, insects)

Table 3. Toxicology Testing.

Tier I Acute Oral toxicity/pathogenicity
Acute dermal toxicity
Acute pulmonary toxicity/pathogenicity
Acute intravenous toxicity/pathogenicity
Primary eye irritation
Hypersensitivity incidents
Cell culture with viral pest-control agents

Tier II Acute toxicity
Subchronic toxicity/pathogenicity

Tier III Reproductive and fertility effects
Oncogenicity
Immunodeficiency
Primate infectivity/pathogenicity
Nontarget Plant
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the aforementioned data areas. EPA also has the authority to
waive data requirements if (1) based on information provided by
the applicant, (2) agency scientists determine that they are not
applicable to the risk assessment or (3) they are inappropriate for
the MPCA in question.

Nontarget Aquatic Organism
Data Requirements

How does EPA assess the risk of an MPCA to nontarget
aquatic organisms? In Tier I, several studies are required for all
end-use products intended for outdoor application and all manu
facturing-use products that legally may be used to formulate such
end-use products. The first of these is the freshwater fish toxic
ity/pathogenicity study. If direct application to water is not ex
pected from the use pattern of the product, then only one species
of fish need be tested, preferably the rainbow trout. If direct ap
plication to water is expected, then bluegill sunfish is to be tested
as well as the rainbow trout. As with all Tier I tests, maximum
hazard dosing is required.

Besides freshwater fish studies, freshwater aquatic inverte
brate toxicityand pathogenicity testing is required. Unless the pes
ticide product is to be applied directly to water, one species of
aquatic invertebrate is to be tested. Products that are expected to
have direct water application need two species tested, including
one benthic and one planktonic species. Again, maximum hazard
dosing is necessary. If no toxic or pathogenic effects are observed,
then no further testing is warranted.

In addition to freshwater testing, estuarine and marine ani
mal toxicityand pathogenicity testing are required when the end-
use product is intended for direct application into estuarine or
marine environments or is expected to enter this environment in
significant concentrations due to the proposed use pattern or in
trinsic mobility. Toxicity and pathogenicity are determined for one
species of shrimp, preferably Paleomonetes vulgaris, and one es
tuarine or marine fish species. Again, maximum hazard dosing
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is utilized. If no toxic or pathogenic effects are observed then
further testing is not required.

Nontarget plant testing may be required depending on the
proposed use site, target organismand degree of anticipated ex
posure. The number of plant species tested depends on the host
range of the MPCA and its similarity to known plant pathogens.
For microbial pesticides that have aquatic uses or that may be
expected to disseminate to, and survive in aquatic ecosystems,
aquatic plants must be included within the testing regimen. As
with plants, nontarget beneficial insect testing may also be re
quired. The kindsand number of species to be testeddepends on
the host range of the MPCA and use sites.

OPP Organization

The mechanics of the Agency's review for field testing or
registration involves the coordination of manypeople and offices.
Once a submission has passed preliminary screens, the Registra
tion Division routes it to the science-support divisions for techni
cal review, namely the Health Effects Division and the Environ
mental Fate and Effects Division. The Registration Division Prod
uct Managers who are responsible for coordinating the registra
tion process and who are involved in final decisions regarding
registration or field test approval of MPCAs are Product Man
ager 17and Product Manager 21. The coordination of the scien
tific reviews is handled through the Science Analysis and Coor
dination Staff within the Environmental Fate and Effects Division.
In addition to the Office of Pesticide Programs, the Office of Gen
eral Counsel is often involved in assisting with legal issues asso
ciated with MPCA registrations and field testing. The approval
of field testing or registrations ultimately rests with the Assistant
Administrator for Pesticides and Toxic Substances. However, it is
referred to this level only in special situations. These decisions
are usually delegated to the Director of the Office of Pesticide
Programs or the Director of the Registration Division.
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Abstract: This report discusses the movement of living organisms de novo into
marine and estuarine ecosystems as a result of human actions, particularly from
the viewpoints of how resourceand environmentalmanagers and decisionmakers
cope, or at least attempt to contend, with the many problems and ramifications
associated with the introductions and transfers of molluscan shellfish. Ap
proaches and strategies to protect and provide for the health and continuing
productivity of shellfish resource species are discussed.

Introduction

Considerable concern and anxiety are being voiced by shell
fish resource management and regulatory agencies over findings
that apparently link previously unobserved and undetected or
ganisms (macro and micro) with adverse biological and environ
mental phenomena. Some of the undescribed, unreported biologi
cal agents (such as pathogens) now being observed have always
been present within their ecological niches. They may have been
present, however, in minute numbers, or as unrecognized cryptic
life history stages, or as opportunists in their mode of action.
Certain biotic or abiotic conditions may be necessary to stimulate
them to exert their effects. It is also possible that these organisms
were not detected because no one looked for them. Furthermore,

we may have lacked the devices and systems necessary to ob
serve them; we misinterpreted their symptoms, actions, and ef
fects, or out of ignorance we have simply attributed effects to the
wrong causes.
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Alternatively, past history has often noted, and current his
tory continues to record, incidents of the dispersal and spread of
biotic agents from one ecosystem to another through actions by
natural forces or by deliberate or accidental actions of man (Regier
1968; Lachner et al. 1970; Walford and Wicklund 1973; Rosenfield
and Kern 1979; Rosenthal 1980; Carlton 1985; Carlton 1987). If
these organisms establish self-sustaining, reproducing populations,
i.e., colonize an ecological niche, this would account for their pres
ence in areas and in tissues and cells of hosts in which they had
not been detected previously.

There are several activities, some might call them mecha
nisms, whereby living organisms, for intended or unintended
purposes, can find access into new aquatic ecosystems (Table 1).
The National Marine Fisheries Service (NMFS), as the nation's lead
agency for the conservation, management, and utilization of ma
rine species, has frequently been asked to provide counsel and to
comment on these activities — some already taken, others repre
senting future planned or theoretical actions. In most instances,
communications with NMFS have dealt with requests for details
on what policy, regulations, and operational and informational
needs have to be satisfied to ensure that risks of adverse effects

resulting from introductions and transfers of marine shellfish spe
cies are minimal. In many cases, no counsel whatever is sought
from NMFS or any other federal or state agency. Sometimes, coun
sel and information provided are simply ignored, inadequately
applied, or abandoned after brief trials.

It should be emphasized that not all biological invasions,
transfers, and colonizations by shellfish can be considered to have
had adverse impacts. Indeed, many have proved to be very ben
eficial, mostly, however, from economic and not biological per
spectives. Consequently, cooperative state-federal-industry pro
grams must be developed and implemented to prevent, control,
or otherwise reduce the risk of disease dissemination by transfers
of shellfish from one aquatic ecosystem to another. Furthermore,
measures must be made available to prevent the introduction and
establishment of injurious aquatic animal and plant species into



Table 1. Activities representing potential routes of entry of genetic
material into aquatic ecosystems.

Introductions and transfersof species for aquaculture purposes, disease,
pests, predator, competitor risks

Adults as brood stocks

Gametes, larvae, and post-larvae
Genetically manipulated — hybrids

Current commercial practices
Growth enhancement and production
Direct consumption
Depuration and relaying
Product manufacture and processing

Education, scientific study, and biomedical-bioveterinary research
Disease resistant or tolerant forms — bioremediation/biotech-

nology
Genetically engineered animals/plants — gene insertion, DNA

alterations, and recombinants (micro- and macroorganisms),
cell fusions

Biological control agents and agricultural crop improvement
Genetically engineered microorganisms (pathogens)
Non-engineered microorganisms (pathogens)

Aquarium systems, pets, aesthetics, recreation, escapes
Complete confinement
Open systems and combinations, ship hulls

Overboard disposal
Bait, ballast water, refuse and waste, discards,

• Ocean dumping, sludge disposal
Farm and land runoff — point and non-point sources

Refuse and waste, storm events, sewer discharges
Construction and waterway modification

Canals, connecting waterways
Harbors, boat basins, marinas, dredging, and sludge disposal

Military and outerspace operations
Biological warfare
Outerspace returns — vehicles, materials
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waters of the United States where they might adversely affect
native fish and shellfish resource species or disturb environmen
tal integrity.

State and Regional Activities

The ultimate control over deposition of shellfish into waters
of the United States must abide with state(s) receiving the shell
fish. It is in state waters that any negative or beneficial results of
the introduction most likely will be realized. To that end, con
cerned regional groups of state, federal, university and industry
representatives have met to address problems related to the in
troduction and transfer of marine organisms. In 1980, the Pacific
Marine Fisheries Commission (PMFC) took a lead role and formed
a shellfish committee to address these problems. This committee
developed a cooperative agreement for the Pacific Coast and
Hawaii that was signed by all of the member states. The agree
ment established protocols for the "safe" movement of molluscan
shellfish and provided for official lines of communications be
tween the member states and the Canadian province of British
Columbia (see Appendix). In 1983, three regional groups repre
senting the northeast, mid-and south Atlantic coastal states met
and developed an east coast policy statement. The policy state
ment outlined the problems associated with the movement of
shellfish, and suggested steps that should be taken to address
these problems. The policy was presented to the Atlantic States
Marine Fisheries Commission (ASMFC) later in 1983 which, after
consideration of the needs of the Atlantic Coast states, then formed
a shellfish transfer committee to address molluscan transport prob
lems. This committee adopted a cooperative agreement, largely
based on the earlier PMFC shellfish committee agreement.

The ASMFC Shellfish Transport Committee has moved ahead
and is now in the process of developing a Fishery Management
Plan (FMP) for shellfish that would standardize procedures used
to examine and move shellfish from one geographic area to an
other to prevent the spread of diseases that are now causing major
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losses to the molluscan shellfish industry. Essentially, the Plan
calls for establishment of standard protocols for gross and micro
scopic (histologic) examination of shellfish prior to their interstate
transfer. It also calls for development and implementation of a
training program to increase proficiency of researchers at state
shellfish management agencies so as to readily detect pests, para
sites and pathogens of animals to be transported from one loca
tion to another. Copies of the Plan are available from the ASMFC
main office.1

The Plan should prove useful as a model to the Gulf states
and PMFC in developing regional strategies and plans as they
relate to disease control and prevention for molluscan resources
in aquaculture programs. Of course, a coordinated, unified plan
would be a desirable national objective. At present, however, the
Gulf States Marine Fisheries Commission (GSMFC) has indicated
that member states agree that sufficient legislation and support
ive regulations exist to mitigate the risk of importing biological
agents liarmful to fishery resources (L. Simpson personal com
munication).2 Consequently, except for the oyster (Crassostrea
virginica), no attention is being given to developing a multistate
coordinated fishery management plan similar to that of the
ASMFC. Rather, each state within the GSMFC is preparing inde
pendent aquaculture plans that will address management ques
tions and operations as they apply to molluscan species.

National and International Activities

One of the most important and visible areas of NMFS in
volvement with introductions and transfers is related to the in

troduction and transfer of molluscan species from one location to
another for mariculture purposes. If these movements involve in-

Atlantic States Marine Fisheries Commission, 1400 16th St. N.W., Suite
310, Washington, D.C. 20036

^rry Simpson, Executive Director, Gulf States Marine Fish-eries Com
mission. P.O. Bocx 726. Ocean Springs, Mississippi 39564.
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ternational shipments, then the guidelines and codes of practice
developed by international organizations such as the International
Council for the Exploration of the Sea (ICES) and the European
Inland Fisheries Advisory Commission (EIFAC) (Sindermann, this
volume) are recommended.

Of the seafood currently consumed in the United States, 80%
originates and is imported from foreign sources. A significant pro
portion consists of shellfish, including bivalve molluscs such as
mussels, clams, oysters and scallops. In addition to the foreign
origin of seafood for direct consumption, a number of aquatic
organisms are shipped from distant locations intercoastally,
interterritorially or intercontinentally for commercial, educational
and research purposes, and even for use as bait. Many of these
organisms are imported live, or processed incompletely; thus, they,
and sometimes their associated milieu, have the potential to serve
as vehicles for the import of exotic species, or of other agents
that may be attached to their outer surfaces or within their cells
and tissues. These latter organisms may in turn affect the health
of domestic biota, including humans, as well as environments into
which they may be placed (Rosenfield and Kern 1979).

Strict regulations are enforced to exclude live and processed
agricultural products that do not meet inspection guidelines as
established by the Animal and Plant Health Inspection Service
(APHIS) of the U.S. Department of Agriculture. Obviously, there
is a similar need for such a service with regulations as they ap
ply to seafood (a Marine or Aquatic Animal and Plant Health
Inspection Service). The National Marine Fisheries Service has
established an in-house multiregional committee to examine the
several problems associated with past and proposed introductions
and transfers of aquatic species, including those that may have
been accidentally translocated. The committee is charged with
making contacts and gathering information appropriate for pre
paring a draft policy statement and devising strategies and plans
for mitigating the adverse effects of introductions and transfers
of marine species.



Shellfish Health and Protection /319

The Lacey Act as amended (18 U.S.C. 421, Part 16) partially
addresses this problem by regulating specific import-transport ac
tions into the United States that would result in harm to domes

tic fishery resources. The Act makes it unlawful to deliver, carry,
transport or ship by any means for commercial or non-commer
cial purposes, or sell in interstate or foreign commerce, any fish,
mollusc or crustacean, taken or sold, in violation of any law or
regulation of any state or foreign country or in violation of fed
eral law or regulation. It also prescribes package marking require
ments, authorizes enforcement procedures and establishes both
civil and criminal penalties. Currently, regulations imposed at the
federal level deal primarily with salmon and their diseases.

A Presidential Order (11987) signed by President Carter ad
dresses actions by federal personnel that would encourage them
not to export or import exotic species, and directs the various
department secretaries to develop regulations implementing this
order. Several attempts have been made to develop federal regu
lations, but none have been implemented (Peoples et al., this is
sue). The American Fisheries Society has taken a strong stand in
adopting a position on the introductions of aquatic species in U.S.
waters (Kohler and Courtenay 1986; Kohler, this volume).

Congress most recently passed Public Law 101-646 on No
vember 29, 1990 to be known as the "Nonindigenous Aquatic
Nuisance Prevention and Control Act of 1990." The Act identifies

four purposes: (1) to prevent unintentional introduction and dis
persal of nonindigenous species into waters of the United States
through ballast water management and other requirements; (2)
to coordinate federally conducted, funded or authorized research,
prevention control, information disssemination on the zebra mus
sel and other aquatic nuisance species; (3) to develop and carry
out environmentally sound control methods to prevent, monitor
and control unintentional introductions of nonindigenous species
from pathways other than ballast water exchange; (4) to under
stand and minimize economic and ecological impacts of
nonindigenous aquatic nuisance species that become established,
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including the zebra mussel; and (5) to establish a program of re
search and technology development and assistance to states in
the management and removal of zebra mussels. Programs are just
beginning to be developed.

The Food and Drug Administration (FDA), under an author
ity to assure that fresh shellfish are safe and wholesome for hu
man consumption, adrninisters the National Shellfish Sanitation
Program (NSSP). Foreign governments wishing to ship fresh shell
fish products to the United States have affirmed by Memoran
dum of Understanding (MOU) with FDA their intentions to co
operate to assure that fresh and frozen shellfish meet the guide
lines set forth in the NSSP. Both FDA and NMFS recognize that
these authorized introductions of foreign shellfish have the po
tential for certain environmental consequences resulting from the
incidental importation of shellfish diseases, parasites, predators
or other organisms (pest species) should these materials be placed
in U.S. waters. Since there is a potential environmental conse
quence of the introduction of live shellfish, an environmental as
sessment of agency-initiated actions should be prepared.

Measures to mitigate the environmental consequences are be
ing implemented on a case-by-case basis between NMFS, the for
eign government and FDA. These measures include a review of
existing research data, a two-year disease inspection and moni
toring programby NMFS, and shipping labeling in the form of a
"NOTICE TO RECIPIENTS" informing them not to relay shell
fish in U.S. waters, not to hold in wet storage, and not to discard
waste shell material where it may reach and contaminate the
aquatic and/or marine environment. Should this program iden
tify a potential environmental problem, then the need for prepar
ing a new environmental impact statement will be reexamined
by FDA, the permitting agency.

Safeguards must be developed to prevent problems that can,
and will, arise from the examples given in Table 1. For the most
part, the possible routes of entry are only just beginning to be
covered by any of the above mentioned regulations. Obviously,
however, there will never be enough funds or resources to ad-
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equately install meaningful efficient programs to prevent or con
trol injurious or nuisance impacts that may result from all of the
actions as listed in Table 1. Their importance to federal, state or
local jurisdictional agencies and officials must be given priority
according to their interpretation of legal and ethical mandates.
Furthermore, the potential qualitative and quantitative impacts
in terms of effects on resident biota, human health and environ
mental quality must be evaluated before actions are taken or
projects implemented. At a minimum, environmental impact state
ments (i.e., risk assessments) should be a requirement on the part
of those who would participate in these actions.

In summary, resource and habitat management decisions
should not be made reactively; rather, they should be made in a
proactive mode, if possible. Many laws, regulations, rules, action
plans, operational strategies, guidelines, codes of practice, deci
sion models and a plethora of recommendations produced by
research and managerial organizations and planning committees
are already available to those who could use them to good ad
vantage. From the personal perspectives of the authors, it is time
they do so!
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Appendix

Cooperative Agreement for
Interstate Transfer of Shellfish

Because of the increasing danger of spreading shellfish pests,
predators, and disease problems during the interstate transfer of
shellfish (molluscan and crustacean), it is recognized that coor
dinated control is necessary.

Therefore, the states of Alaska, California, Hawaii, Oregon
and Washington and the province of British Columbia,under aegis
of the Pacific Marine Fisheries Commission (PMFC), agree to the
following operating policies and procedures:

1. Primary control of imports lies with the importing state.
The decision about adequacy of information and suitability of any
evaluating agency or laboratory will be with the importing state.
However, consistent with the foregoing, the states and province
declare their intention to cooperate on a reciprocal basis in the
conduct of inspections and issuance of permits.

2. In the event application for transfer is made to the export
ing state, the appropriate agency of the importing state will be
immediately notified. In the event a permit is to be issued by the
exporting state, a minimum 10-day delay will be observed after
notification of the appropriate agency in the recipient state prior
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to the effective date of any permit or certification for transporta
tion within the exporting state.

3. When feasible from both a legal and operational aspect,
the exporting state will issue the same certification and/or in
spection concerning shellfish pests, predators, pathogens or para
sites that would be involved for a domestic shipment.

4. Every reasonable effort will be made to expedite applica
tions and minimize impact on the applicant. However, unless the
required information is routinely available, or can be readily ob
tained from recognized sources, it shall be the applicant's respon
sibility to underwrite costs of the needed evaluation. Also, this
procedure could significantly lengthen the time for approval.

5. Available information will be utilized if deemed adequate.
In the absence of such, new information will be sought. The im-
practicality of requiring complete or absolute information is rec
ognized.

6. There shall be free communication and exchange of infor
mation among the states and province sharing knowledge or tech
niques, as well as disclosure of new problems or restricted areas.
The available information is to be stored through PMFC and will
be updated at least on a yearly basis.

7. It is recognized that considerable information and exper
tise exists within the federal government and other research in
stitutions concerning the diseases of aquatic molluscs and crusta
ceans. It is the intent of the member states and province, work
ing through PMFC, to utilize these resources.



Introduced Organisms: Policies and
Activities of the U.S. Fish and Wildlife

Service
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Lynn B. Starnes

Abstract: This paper presents information about the statutory basis for U.S. Fish
and Wildlife Service programs and policies regarding introduced species and
then describes the development and current status of three Service activities
related to introduced species. The paper concludes with a discussion of coop
erative approaches that are being, or might be, taken by the fisheries commu
nity to resolve the growing, increasingly complex, problem of introduced spe
cies.

Introduction

Introduction of fish and other aquatic organisms into North
American waters is a long-standing practice. Beginning three
centuries ago (McCann 1984a) and continuing sporadically into
this century, the introduction of exotic fish accelerated substan
tially after World War II and peaked in the early 1960s
(Welcomme 1986). More than 100 exotic fishes — as used here,
species not native to North American waters (Shafland and Lewis
1984; Kohler 1986) — are now known to occur in the United States,
including at least 41 that have become established (Courtenay et
al. 1984).

Professional involvement with the introduction of fish and

other aquatic organisms is also long-standing; fishery managers
were responsible for many of the early introductions of exotic
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fish into waters of the United States, as well as for transplants of
native fish in North America. However, this practice has only
recently become a concern of fishery and other professional re
source managers.

Organized professional and governmental concern about the
introduction of aquatic organisms into the United States, and U.S.
Fish and Wildlife Service involvement in the problem, date from
the late 1960s, (McCann 1984b). This interest resulted in a spate
of state and federal policy and regulatory initiatives over several
years to control or prohibit the importation or introduction of
aquatic organisms.

Regulatory actions related to this issue generally stalled by
the mid-1970s, when predicted ecological disasters failed to ma
terialize, and in the face of strong assertions that tough preven
tive measures would result in significant impacts on the pet trade
and other industries. In the absence of scientific evidence to the

contrary, the potential benefits from introducing additional spe
cies overshadowed the often general and seemingly speculative
concerns about the immediate, long-term, and cumulative impacts
of introductions. Only in the last few years has research docu
menting the adverse effects of past introductions and an increase
in the number of aquatic introductions, both intentional and un
intentional, revived concern about the consequences of such ac
tions and elicited interest in further development of policies and
programs to confront this issue.

Until recently, U.S. Fish and Wildlife Service efforts directed
toward introduced species problems and issues have been lim
ited to three areas. First is a regulatory process, based on the in
jurious wildlife provision of the Lacey Act of 1900,which allows
the Service to prohibit the importation of species that are poten
tially injurious to fish and wildlife and certain human activities.
However, Service regulations (50 CFR Part 16) cover only a lim
ited number of species — a list that has not significantly expanded
for several decades. Second, the Service, along with all other Fed
eral agencies,must abide by the provisions of Presidential Execu
tive Order 11987 — ExoticOrganisms, which prohibits those agen-
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cies, or activities they fund or authorize, from introducing exotic
species or exporting native species into new ecosystems without
first deterrnining that such action will not adversely affect the
receiving system. In 1978, the Service adopted regulations drafted,
but never formally proposed, to implement the Executive Order
as its policy.

Lastly, the Service is involved in research on exotic fishes
researchheadquartered in Florida at the National Fishery Research
Center — Gainesville. This research includes studies of the cur

rent status, distribution and biology of 43 species of fish already
established in the nation's open waters as well as other aquatic
species previously introduced or expected to be introduced. The
Center supports federal, state and local efforts to prevent further
introductions of liarmful species and to evaluate species with ben
eficial characteristics to determine if they can be introduced in
ways that do not have adverse environmental or other effects.

Given the inability of past actions to effectively address this
issue, the central question now facing the Service and other in
terested entities is this: where do we go from here? Several new
attempts to address introduced species problems have suggested
that the pertinent question today is not so much whether action is
needed, but rather what that action should be. As introductions

continue, and even expand, solutions become correspondingly
more complex difficult, and elusive, and will require far more
substantial and costly — perhaps draconian — corrective mea
sures.

To be effective, any policy or program must recognize and
accomodate several constraints. One of the most important is that
it will not be feasible, nor necessarily desirable, to prohibit all
introductions of aquatic organisms. A strategy of managing the
risks of intentionaland unintentional introductionscould provide
the framework for developing equitable and effective solutions
to the introduced framework for developing equitable and effec
tive solutions to the introduced species problem. A second con
straint is that, although the federal government shares responsi
bility for the introduced species problem, effective corrective ac-
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tion will depend on the full exercise of state prerogatives in a
cooperative undertaking.

Statutory Basis for Federal Introduced
Species Policies and Programs

Authority for federal activities in support of the introduc
tion of fish and other aquatic organisms has not been a problem,
because several of the Service's basic statutes have been inter

preted as providing such authority. Authorities that have been
used to introduce exotic fish and wildlife into the United States

include the 1871 Act establishing the position of U.S. Fish Com
missioner (16 Stat. 593) and the Fish and Wildlife Act of 1956 (16
U.S.C. 742a-742j). However, there is substantially less statutory
basis for Federal efforts to control the introduction of aquatic or
ganisms.

The most comprehensive federal authority for controlling the
introduction of fish and other aquatic fauna is the 1948 injurious
wildlife amendment of the LaceyAct of 1901 (18 U.S.C. 42). This
authority prohibits the import of a few specified species of wild
life into the United States and its territories and possessions, and
their transport between the continental United States and those
territories and possessions. This provision alsoauthorizes the Sec
retary of the Interior to prohibit by regulation the import of any
other wild mammal, wild bird, fish (including molluscs and crus
taceans), amphibian, reptile or their offspring or eggs, that are
determined to be potentially injurious to humans, fish and wild
life, or to the interests of agriculture, horticulture or forestry in
the United States.

Other authorities that might be used to control the import
and introduction of non-native fish include the Fish and Wildlife
Act of 1956 (16 U.S.C. 742a-742j), the 1972 Migratory Bird Con
vention with Japan (24 UST 3329), and the Endangered Species
Act of 1973 (16 U.S.C. 1531-1543). With limited exceptions, how
ever, these authorities have not been used to control such intro
ductions.
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The Fish and Wildlife Act of 1956 established a comprehen
sive national fish and wildlife policy and provided broad guid
ance about Service responsibilities. Some consider this statute to
be the Service's "organic act." Among other things, the statute
authorizes the Secretary of the Interior to take steps "required for
the . . . conservation, and protection of fisheries resources."

Section (b) of Article VI of the Migratory Bird Convention
between Japan and the United States requires that both signato
ries endeavor to take measures to control the importation of live
animals and plants that are determined to be hazardous to mi
gratory birds protected under the treaty. Under section (c) of the
same Article, both signatories must also endeavor to take mea
sures to control the introduction of live animals or plants that
could disturb the ecological balance of unique island environ
ments.

Sections 7 and 10 of the Endangered Species Act might also
provide a vehicle for prohibiting the introduction of aquatic or
ganisms if it can be determined a priori that the introduction is
likely to jeopardize a listed species. For instance, consistent with
the requirements of section 7, the U.S. Fish and Wildlife Service
in the past has conditioned its fishery activities, especially fish
stocking, to avoid any real or potential conflicts with threatened
or endangered species.

Activities of the U.S. Fish and Wildlife Service
Relating to Introduced Species

Until recently, Service involvement with introduced aquatic
organism problems and issues involved only three activities:
administration of injurious-wildlife regulations, Executive Order
11987 — Introduced Organisms, and research on exotic fishes.

Regulation of Injurious Wildlife Imports

Service injurious-wildlife regulations are based on a 1948
amendment of the Lacey Act of 1900 (18 U.S.C. 42). The current
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version of these regulations is included as Part 16 of Title 50 of
the Code of Federal Regulations. As used in these regulations,
the terms wildlife and wildlife resources include mammals, birds,
fish, molluscs, crustaceans, amphibians and reptiles; the eggs and
offspring thereof; and aquatic and land vegetation upon which
such wildlife resources are dependent. Although this mechanism
allows the Service to directly address the problem of importation
of aquatic organisms, it has a number of shortcomings (discussed
later).

The regulations begin with a general restriction prohibiting
the importation into the United States or its territories of live
wildlife, except for psittacine birds, and live or dead fish or eggs
of the family Salmonidae. However, the regulations then provide
a number of exceptions to these prohibitions that have the effect
of limiting the import prohibitions to a few clearly undesirable
species or taxa by entities other than federal agencies:

• Other than species or taxa listed in Table 1, all live wild
life may be imported, transported or possessed in captiv
ity for scientific, medical, educational, exhibitionor propa
gation purposes without a permit; a written declaration
must merely be filed with United States Customs at the
point of entry.

• The species or taxa listed in Table 1 may be imported into,
and shipped within, the United States for zoological, edu
cational, medical or scientific purposes under the terms
and conditions of permits issued by the Director of the
U.S. Fish and Wildlife Service.

• Imported wildlife can be released into the wild only by
the State wildlife conservation agency with jurisdiction
over the area of release or by persons with prior written
permission from that agency.



Table 1. Import of wildlife prohibited by injurious-wildlife regulations.1

Live Wild Mammals (50 CFR 16.112)

"Flying fox" or fruit bat of the genus Pteropus.
Mongoose or meerkat of the genera Atilax, Cynictis, Helogale,

Herpestes, Ichneumia, Mungos, and Suricata.
Any species of European rabbit of the genus Oryctolaus.
Any species of Indian wild dog, red dog, or dhole of the

genus Cuon.
Any species of multimammate rat or mouse of the genus

Mastomys.
Raccoon dog, Nyctereutes procyonoides.

Live Wild Birds or their Eggs (50 CFR 16.1233)

"Pink starling" or "rosy pastor/' Sturnus roseus.
Dioch, Quelea quelea, including its black-fronted, red-billed or

Sudan subspecies.
Java sparrow, Padda oryzivora.
Red-whiskered bul-bul, Pycnonotus jocosus.
Eggs of wild nongame birds.

Live or Dead Fish. Molluscs and Crustaceans or their Eggs (50 CFR 16.13).4

Any live fish or viable eggs of the family Clariidae.
All live or dead fish or eggs of the family Salmonidae.5

Live Amphibians or their Eggs (50 CFR 16.14)

None.

Live Reptiles or their Eggs (50 CFR 16.15)

None.

'As of January 1989.
2Except live game mammals from Mexico, importation of which is governed by regv.'a-

tions in 50 CFR Part 14.

'Except live migratory birds and live bald and golden eagles, importation of which is
governed by regulations in 50 CFR 16.21 and 16.22, respectively; and birds of the fam
ily Psittacidae (parrots, etc.), importation of which is governed regulations in 42 CFR
Parts 71 and 72.

'Except shellfish and fishery products imported for purposes of human or animal con
sumption, importation of which is governed by regulations in 50 CFR 14.62.

sExcept by direct shipment accompanied by appropriate certification that the importation
is free of the protozoan Myxosoma cerebralis and the virus causing viral hemorrhagic
septicemia or "Egtved disease."

331
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• Federal agencies can import and transport live wildlife,
except bald and golden eagles and migratory birds, solely
for their own use upon filing a written declaration with
United States Customs at the point of entry. Any such
import, however, would be subject to Executive Order
11987 — Exotic Organisms.]

• Importation of dead natural history specimens of wildlife,
except migratory birds, game mammals from Mexico, and
bald and golden eagles, is allowed without a permit for
museum or scientific collection purposes upon the filing
of a written declaration with United States Customs at the
point of entry.

• Import by direct shipment of live or dead fish and eggs
of the family Salmonidae is allowed if accompanied by a
certificate stating that they are free of the protozoan
Myxosoma cerebralis and the virus causing viralhemorrhagic
septicemia. The certification must be in a specified for
mat, in English, and signed by a qualified fish pathologist
acceptable to or designated by the Secretary of the Inte
rior.

For a variety of reasons, the potential for effective regula
tion of the import of exotic organisms based on the injurious-
wildlife provisions of the Lacey Act has not been realized. As a
consequence, the current regulatory approach for implementing
that statutory authority remains essentially reactive. Fundamen
tal problems with this "exclusionary list approach" are the lim
ited number of species and taxa that are currently regulated, and
the difficulty of adding species to 50 CFR Part 16 — only five
new species or taxa were added from 1966 to 1973, and only one
more — the raccoon dog (Nyctereutes procyonoides) — through
1988. However, several other potentially injurious species are
presently under consideration for listing in these regulations.

Although providing a desirable opportunity for public com
ment, the modification of federal regulations is a lengthy, involved
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process that is not effective in reacting to imminent importations.
Timing problems associated with the regulatory process are com
pounded by the limited agency resources allocated to this task.
For example, efforts to add mitten crabs of the genus Eriocheir to
the list of injurious wildlife took more than two years (53 FR
45784). In the meantime, there is some evidence suggesting that
mitten crabs have already been introduced into open waters in
the United States. Furthermore, there has been little outside pres
sure, such as petitions from non-Service entities, to change or in
crease the species or taxa listed in the injurious-wildlife regula
tions. Under these circumstances, there is little incentive to give
priority to reviewing the likely effects of species in anticipation
of their import, although the Service has supported a minimal
effort during the past several years to identify species with po
tential value to aquaculture that could provide a basis for such
action.

By the early 1970s, it was clear that to be effective the imple
mentation of the injurious-wildlife provisions of the Lacey Act of
1900 would have to be based on anticipation of the import of
potentially harmful species. In recognition of the shortcomings
of the existing approach, an ultimately unsuccessful attempt was
begun in 1973 to shift the strategy for implementing the statute
by adopting a proactive posture. Based on the assertion that all
•imported species of wildlife were or could be injurious to the in
terests defined in the Lacey Act's injurious-wildlife provision, it
was proposed (38 FR 34970, December 20, 1973) that, with lim
ited exceptions, the importation of all exotic species be prohib
ited. That proposed rule would have allowed import, under a
permit system, of any species for scientific, educational, zoologi
cal, or medical purposes. In addition, the import of several hun
dred "low risk" species or taxa, predominantly freshwater fishes,
that the Secretary had determined posed little threat to indigenous
species, agricultural and forestry activities, and the other inter
ests defined in the Act would have been allowed. Because of the

large number of species or taxa exempted from the rule, this pro
posal came to be referred to as the "clean" list approach, and
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would have replaced the existing "dirty" or "exclusionary" list
approach that prohibited the importation of a limited number of
species known to be undesirable. One important effect of this
proposed new approach would have been to shift the burden of
proof of whether a species could be imported from the Federal
Government to those proposing to introduce a species.

The proposed change in strategy quickly became highly con
troversial. The public comment period on the initial proposed
rule eventually totalled nearly 9 months, during which four pub
lic hearings were held and more than 4,300 comments, predomi
nantly critical, were received. This outcry led to the develop
ment of a revised proposal. Although the revision retained the
same basic approach as in the initial proposal, many changes were
included in response to the concerns raised. In particular, a sub
stantial number of species or taxa — principally tropical fish —
were added to the proposed "clean" list.

The revised proposal was republished on February 24,1975
(40 FR 7935). By the end of the comment period on April 10,
1975, nearly 1,200 comments on this new proposal, identifying a
variety of adverse impacts, were received. The pet industry and
others contended there was insufficient proof that the importa
tion of all wild animals and plants was inherently injurious. It
was claimed that the proposed regulations would have been par
ticularly disruptive to the tropical fish segment of the pet indus
try. Since past experience suggested that previously unknown
tropical fish specieswould command high prices when they were
discovered, their exclusion until proven harmless would have an
adverse effect on this element of the pet industry.

Based on the predominantly adverse comments on the sec
ond iteration of the proposed rule, yet another approach was pro
posed on March 7, 1977 (42 FR 12972). The preamble to that
proposed rule reiterated the belief that all wildlife outside its
native habitat is potentially injurious to one or more of the inter
ests designated in the Lacey Act provision. Recognizing, how
ever, that the degree of risk varies from species to species, the
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new proposal added a number of species to those already listed
in 50 CFR Part 16. These proposed additional species and
taxa were determined to be injurious, as judged by nine cri
teria specified in the preamble to the proposed rule. Like
the comments on the earlier proposals, however, the numerous
comments received were mostly critical; consequently, all formal
attempts to modify the injurious-wildlife regulations to enhance
their effectiveness were abandoned. Hence, the current approach
is still based on the "dirty" or "exclusionary" list strategy involv
ing a limited number of prohibited species.

Because of lingering opposition to the concept of a
"clean" list, the adoption of that strategy to reduce the risk
of undesirable species introductions probably remains infea-
sible. Hence, if the Federal Government is to play a useful role
in addressing the problem of harmful introductions of aquatic
organisms without a new statutory mandate, several actions may
be required. First, it would be desirable to improve internal Ser
vice procedures for modifying the list of injurious wildlife in 50
CFR Part 16 by establishing listing criteria and procedures and
otherwise specifying how the Service will use the existing spe
cies-by-species listing mechanism. Second, species should be
added to that list a few at a time as they are considered for intro
duction into the United States or otherwise brought to the Service's
attention. Although past experience suggests that such actions
might prove controversial and difficult, such problems should not
be insurmountable. In this era of limited financial resources, one

major hurdle to a more proactive posture may be the availability
of appropriate staff to process petitions for listing, to assemble
and interpret data on potential impacts, and to prepare necessary
environmental and regulatory analyses.

Executive Order 11987: Restriction of Federal Activities

On May 24, 1977, President Carter signed Executive Order
11987 (42 U.S.C. 4321) which addressed the import and export of
exotic species of plants and animals. That directive requires Fed-
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eral agencies, to the extent permitted by law, to restrict three ac
tivities:

• Introduction of exotic species into land and waters
under their jurisdiction.

• Importation of exotic organisms for introduction into
any natural ecosystem of the United States.

• Export of native species for introduction into ecosys
tems outside the United States.

The Secretaries of Agriculture or the Interior may make ex
ceptions to these restrictions if they find that such importations
or exportations will have no adverse effect on natural ecosystems.
Exotics were defined "as all species of plants and animals not
naturally occurring, either presently or historically, in any eco
system of the United States." In addition, the Secretary of the
Interior, in consultation with the Secretary of Agriculture and the
heads of other appropriate agencies, was directed to develop regu
lations implementing the Executive Order on a Government-wide
basis.

The U.S. Fish and Wildlife Service, in fulfillment of the
Secretary's responsibility prepared a draft of the required regula
tions. The regulations were intended to be in addition to, not in
lieu of, current; federal restrictions and conditions on the intro
duction or importation of exotic and native animal species, in
cluding endangered and threatened insects. Under the draft pro
posed rule, executive agencies would be required to identify: (1)
all proposed introductions into natural ecosystems; (2) any pro
posed importation for the purposes of introduction into a natural
ecosystem; and (3) any proposed export of native species for in
troductions into natural ecosystems outside the United States that
would be conducted, funded or authorized by the agency. When
ever such proposed activities were identified, the draft regula
tions required that the agency request a biological opinion, to
gether with any available information, from the U.S. Fish and
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Wildlife Service Regional Director in whose Region the proposed
activity would be carried out. The agencies were to be respon
sible for conducting appropriate studies and providing the Ser
vice with enough biological information to establish the effects of
a proposed importation or exportation on natural ecosystems.

Within 90 days after the receipt of a written request for a
biological opinion from an executive agency that provided all
necessary biological information, the Service would analyze the
proposed action and issue its biological opinion. The opinion
could recommend modification of the proposed importation or
exportation to ensure that such actions would not result in any
adverse effect on a natural ecosystem. In rendering its biological
opinion, the Fish and Wildlife Service would have to ascertain
whether receiving States or nations concur with a proposed in
troduction and that such actions would be in compliance with all
applicable laws and regulations. Upon receipt of the Service's
biological opinion, the agency proposing the activity would be
responsible for satisfying the requirements of Executive Order
11987.

Although never published as a proposed rule, let alone made
final and implemented, the Service adopted the draft regulations
on December 14, 1978, as the guidelines for discharging its own
responsibilities under the Executive Order. Since the draft of the
proposed rule had not undergone full public and peer review that
might have tightened and clarified its provisions, further scru
tiny is warranted. For instance, previously introduced exotic spe
cies that had become established as viable, self-sustaining popu
lations in a natural ecosystem of the United States were consid
ered in the draft proposed rule as "naturally occurring," and there
fore a "native species" not subject to its provisions. In addition,
non-feral domesticated animals and plant cultivars were not cov
ered by the draft of the proposed rule.

Due to the lack of government-wide implementation guide
lines mandating U.S. Fish and Wildlife Service involvement in
decisions regarding the intentional importation or exportation of
exotics, only limited — essentially anecdotal — information is
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available concerning compliance with Executive Order 11987. Such
information is of only limited value in assessing the effectiveness
of the Executive Order in preventing problems associated with
intentional introductions by Federal agencies. For instance, the
Service has not been involved in, nor funded or authorized, the
introduction of exotics for nearly three decades and now rejects
requests that it export fish or eggs. On the other hand, little is
known about introductions orexportations by other Federal agen
cies, let alone whether any such actions since 1977 were in com
pliance with the requirements of the Executive Order. Added
study of the effectiveness of the mechanism proposed to imple
ment Executive Order 11987 is warranted prior to any further
attempt to promulgate implementing regulations.

Exotic Fish Research

The principal responsibility for exotic fish species research
within the U.S. Fish and Wildlife Service is assigned to the Na
tional Fisheries Research Center —Gainesville, Florida, and its
field stations in Stuttgart, Arkansas and Marion, Alabama.

In early 1977, due to increasing pressure by federal, state,
private and professional organizationsconcerned about introduc
tion of exotic fish species into our nation's open waters, the U.S.
Fish and Wildlife Service established the National Fisheries Re
search Laboratory —Gainesville. In 1987, the laboratory was
upgraded to the status of a National Fisheries Research Center.

The mission of the Center is to identify and determine the
distribution, status and impacts of exotic fish species already es
tablished in the nation's waters and to evaluate the exotic species
under consideration for introduction or likely to be released into
open waters. It serves as the majornational information exchange
center on exotic fish species. Working closely with other compo
nents of the Service and other federal, state and private organiza
tions, the Center supports national policy prohibiting Federal ac
tions that result in the introduction of additional exotic species
without a full evaluation of their impact on the receiving envi-
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ronments. The Center is also responsible for promoting benefi
cial exotic species when theypose little orno threat to the Nation's
waters.

Construction of a $5.5million maximum security installation
to house the Center at the University of Florida in Gainesville
was completed in 1988. The facility is isolated from all major
rivers and their drainage systems and there are no permanent
bodies of standing surface water within 5 miles. The facility is
double fenced and its 12 acres of ponds areenclosed by an earthen
berm system that will retain up to three times the maximum re
corded 24-hour rainfall of 9 inches in Gainesville. The watershed
in which the Center is located is small and discharges into a sink
hole one mile away. Here the surface water mixes with ground
water with an oxygen levelnear zeroand then flows underground
for 60 hours before surfacing in the Santa Fe River system. All
water exchanged between ponds and the laboratory is double fil
tered and any waterexchanged between ponds must pass through
three screens and a 100 urn filter system. No live exotic fish can
be moved out of the facility without the Center Director's ap
proval.

The laboratory funded and participated in the publication of
an Atlas ofNorth American Freshwater Fishes (Lee et al. 1980), which
contained summary accounts of the status and distribution of all
native freshwater fish species, and highlighted endangered spe
cies and exotic fish species that have become established (i.e.,
breed in open waters). A manuscript summarizing published and
unpublished data about the impacts of exotics species was deve
loped, as was a procedures manual for in-house species evalua
tions.

In 1980 the Service contracted with the American Fisheries

Society to identify the exotic fish species of economic importance
to United States interests. Over 2,000 species were identified as
being imported into the United States or of particular interest or
concern to North Americans. A special publication of the Society
entitled World List of Fishes Important to North Americans Exclusive
of Species from Continental Waters of the United States (Robins et al.
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1991), summarizes this information.
Concerns in recent years about the import of several new

exotic fish species and the expanded use of several others led to
the development of biological synopses for the grass carp
(Ctenopharyngodon idella), bighead carp (Hypophthalmichthys nobilis),
and the Mozambique tilapia (Oreochromis mossambicus). In addi
tion, an in-Service review of the rudd (Scardinius erythrophthalmus)
has been prepared. Established and expanding populations of
blue tilapia (Oreochromis aurea) in the St. Johns River system and
the blackchin tilapia (Sarotherodon melanotheron) in the Indian-Ba
nana River system along the east coast of Florida have been in
vestigated in the field to determine their distribution, status, biol
ogy and impact on native fish populations. Studies in the labo
ratory have centered on determinations of critical environmental
factors such as temperature and salinity, which control the sur
vival and reproductive potential of exotic species.

Ecological and laboratory studies on grass carp and its hy
brid and triploid forms have also been funded. The ecological
studies have assisted local aquatic plant control agencies in de
veloping appropriate stocking rates and management systems.
Laboratory studies have centered on the development of tech
niques to produce triploid grass carp. The Center's Fish Farming
Experimental Laboratory, Stuttgart, Arkansas, had conducted some
of the earlier research on triploidy in grass carp. It subsequently
developed an effective and practical protocol for ensuring that
grass carp are functionally sterile (i.e., have triploid rather than
diploid chromosomes).

To encourage and facilitate the use of sterile grass carp, the
Stuttgart station began providing triploid certification inspections
as a service to state conservation agencies in September 1985. It
now certifies, for interested state agencies, that grass carp shipped
from large Arkansas producers are in fact triploid. To date 26
states have adopted regulations that allow only triploid grass carp
to be imported. Many of those states require inspection by the
Fish and Wildlife Service to ensure triploidy. Consequently, the
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number of triploidy inspections conducted by the Stuttgart sta
tion increased from 2 in 1985 to 216 in 1988. As this technique is
now operational, responsibility for certifying triploidy in grass
carp will shift to the Service's fishery component on October 1,
1989.

The Southeastern Fish Cultural Laboratory has conducted
studies on the use of redbelly tilapia (Tilapia zilli) to control nui
sance vegetation in striped bass production ponds. Two contracted
studies are developing baseline data on the morphometric, mer-
istic (Cichochi et al. In review) and electrophoretic (Phelps In re
view) characteristics of most populations of tilapia now in the
United States. Involved are detailed comparative analyses of 60
samples representing different tilapia populations from United
States and foreign sources.

Another major U.S. Fish and Wildlife Service installation, the
National Fisheries Research Center — Great Lakes in Ann Arbor,

Michigan, also conducts research on exotic fish species. In recent
years, significant numbers of exotic plants and animals have been
introduced and become established in the Great Lakes due to in

troductions that were either intentional (e.g., Pacific salmon) or
unintentional [e.g., the ruffe (Gymnocephalus cernuum), zebra mus
sel (Dreissena polymorpha) and water flea (Bythotrephes cederstromi)
introduced when ships from outside the Great Lakes dumped
fresh or brackish water ballast before loading export goods]. The
Great Lakes Center is involved in a coordinated effort with other

federal and Canadian, state and private agencies to identify and
determine the status, distribution and impacts of these exotics.
Efforts to stop the dumping of these large volumes of biologi
cally contaminated water are also under way.

Where Do We Go from Here?

Time has not diminished the concern over unrestricted in

troductions of aquatic organisms that resulted in the initiatives
of the 1960s and 1970s to address this problem. If anything,
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concerns are far more substantial, being based on a more com
plete understanding of the breadth and scope of the problem and
a growing awareness that past efforts to address this issue have
proven largely ineffective, particularly with respect to uninten
tional introductions. These concerns are compounded by the re
alization that introductions, particularly unintentional ones such
as those that occurred recently via ballast water discharges in the
Great Lakes, are still occurring. Furthermore, there seems to be a
significant potential, in the absence of effective control mecha
nisms, for additional introductions. Waterborne commerce con
tinues to grow as the economies of the world become increas
ingly interdependent. In addition, as noted previously, more than
2,000 species of non-native fishes and shellfishes have been iden
tified as having potential for use in aquaculture in North America.

A concrete indication of this growing concern is the renewed
effort to address the problem being made by a number of gov
ernmental entities: Canada's Department of Fisheries and Oceans,
the North American Commission of the North Atlantic Salmon

Conservation Organization, the Council of Lake Committees and
the Fish Disease Committee of the Great Lakes Fishery Commis
sion, and the U.S. Fish and Wildlife Service.

As introductions continue, and even expand, solutions will
become correspondingly more complex, difficult and elusive.
There are no easy answers. Furthermore, continued inaction based
on denial of the problem, on explicit choice or on other reasons
can only result in the problem becoming more severe and intrac
table. This increase in severity will, in turn, require more sub
stantial and costly corrective measures, perhaps bordering on the
draconian, if a major human health or agricultural problem is
attributed to introductions. Although the need for immediate
action sees obvious to us, the central — and far more difficult —
question becomes: what should — and can — be done about
this situation?

To be effective, any policy or programmatic initiative must
recognize and accommodate several constraints. One of the most
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important is that it will not be feasible, nor necessarily desirable,
to prohibit all introductions of aquatic organisms. This is due to
the nature of the problem (especially with regard to unintentional
introductions) and the potential benefits to be derived from in
tentional introductions. In addition, the fisheries and aquatic
communities have been unable to agree on the magnitude
of the threat of introduced organisms, let alone corrective
actions, due (perhaps in large part) to the fundamental di
chotomy between those interested in maintaining the viabil
ity and productivity of established ecosystems and fisheries
and those who believe that human intervention (i.e., intro
ducing non-native species) can diversify and enhance capture fish
eries and aquaculture. Means must be found for these conflict
ing interests to equitably share the burden of corrective actions if
this standoff is to be resolved.

We suggest that a strategy of managing, i.e., minimizing, the
risks of unintentional introductions as well as those associated

with intentional introductions could provide the framework for
developing equitable and effective solutions to this problem. This
presents the difficult challenge of balancing the potentially
substantial benefits for both aquaculture and fishery resource
management from the introduction and exploitation of new
species against the risks of ecological and financial effects
of what could turn out to be ill-advised introductions. Al

though such a strategy is likely to be more effective, it would
require a comprehensive, cooperative implementation effort sig
nificantly more complex than a simple prohibition on introduc
tions. In addition, such a risk minimization approach would be
costly to develop, administer and enforce.

A second constraint is inherent in the federal system of
government in the United States. Although the federal gov
ernment shares responsibility for this problem, effective cor
rective action will depend on the full exercise of state preroga
tive in a cooperative initiative. Because of this interjurisdictional
nature and the potentially large number of management entities
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involved, a substantial effort to educate resource managers and
legislators will be required. Undoubtedly, substantial inertia will
also have to be overcome before such an initiative can proceed.

Although less global than the two constraints discussed pre
viously, some questions remain about the appropriate scope of
any cooperativeaction to resolve the introduced species problem.
There seems to be a fairly complete consensus that all aquatic
species are of concern. There may be somewhat less agreement
that the focus must be on unintentional, in addition to intentional,
introductions. The major subject of disagreement, however, con
cerns whether any introduced species program should focus on
only exotic species (i.e., those not native to North America) or
include transplants of native North American species outside their
natural range into waters where they are not already established
It will be important to resolve these remaining policy dichoto
mies, as well as any that develop later,but such essentially scien
tific and technical issues should not be allowed to hinder progress
on the overall effort.

Being mindful of such constraints, two general areas of ac
tion leading toward development of a comprehensive initiative
canbegin immediately and be undertaken with little controversy:

• Broadening and intensifying research and educational
activities aimed at developing a professional consen
sus on the need for effective action and resolving re
maining technical issues.

• Better coordination of recent efforts to resolve spe
cific introduced species problems and development
of additional cooperative efforts to ensure a compre
hensive, timely, and effective response to the overall
problem.
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Enhancing Professional Awareness and Information

Resolution of contentious, multifaceted technical issues, such
as whether and how to establish more effective control over new

introductions of aquatic species, depends on two crucial ingredi
ents. First, professionals with the most direct responsibility for
and intimate involvement with the problem, including scientists,
field biologists, aquaculturists and resource managers, must be
come fully conversant with the issues involved. Second, addi
tional scientifically valid information from the biological disci
plines as well as the policy disciplines, including the emerging
field of risk assessment, is essential to focus the debate and facili
tate the development of rational, effective policy choices.

Scientific, professional, resourcemanagement and even trade
organizations are naturally well adapted to the task of informing
their members about such complex technical issues. For instance,
the fisheries profession has been in the forefront of efforts to keep
this issue before the scientists, biologists and resource managers
involved in or potentially affected by this issue over the past 20
years. Organizations such as the American Fisheries Society have
established special sections dealing with introduced species and
have sponsored a number of symposia as forums where research
information is presented and subjected to peer review as well as
to provide opportunities to identify and discuss emerging policy
issues. In addition, the American Fisheries Society has devel
oped a protocol for evaluating the feasibility and desirability of
intentionally introducing additional aquatic species (Kohler and
Courtenay 1986).

The symposium from which this book derives, which is spon
sored primarily by aquacultural interests, builds on and extends
this important role. Much new information is being presented
on many issues. There is a balanced emphasis on uninten
tional versus intentional introductions and on introductions

of plants and non-vertebrate animals as well as vertebrate
animals. Although directed principally toward the biological
community, information presented is also relevant to the policy
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choices that will probably have to be made in the not too distant
future. One paper appropriately addresses the concepts of risk
assessment and how those concepts might be applied to the prob
lem of introduced species. We commend the organizers of the
symposium, particularly Dr. Aaron Rosenfield, for their signifi
cant contribution raising our collective consciousness about this
issue.

Although significant strides have been made, much more
needs to be done to increase professional and public awareness
of the problem of introduced species to create the foundation or
common ground for efforts to resolve the important issues in
volved and develop acceptable and effective corrective actions.
In recognition of this need, the introduced species issue was in
cluded in a comprehensive set of environmental initiatives sub
mitted to then President-Elect Bush by the conservation commu
nity in its Blueprint for the Environment (Haize 1988). A later
publication (Anonymous 1989), supporting the summary
document, recommended that one of the key actions for
implementing any introduced species initiative should be the
convening of a national meeting to, among other things,
reach a consensus on the problem and the policy issues in
volved.

Important, if limited, research related to the nature and ex
tent of the introduced species problem, including its policy di
mensions, has been conducted since this issue surfaced in the
1960s and 1970s. This research and related policy and man
agement implications have been summarized in several pa
pers and discussed at a number of national and international
symposia. This book is one example. McCann (1984b) summa
rized the major works on exotic fishes in the United States dur
ing the period 1969-1982. The proceedings of a symposium on
the distribution, biology and management of exotic fishes in North
America, held in Albuquerque, New Mexico, in September 1981,
have been published (Courtenay and Stauffer 1984). In August
1984, the Introduced Fish Section of the American Fisheries Soci
ety sponsored a special session at the Society's Annual Meeting
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in Ithaca, New York, entitled Strategies for Reducing Risks from
the Introduction of Aquatic Organisms. Many papers from that
session have been published (American Fisheries Society 1986).
A symposium entitled Roleof Exotic Species Introductions in Fish
eries Management was held at Lake of the Ozarks, Missouri, in
March 1985 (Stroud 1986). An unpublished symposium entitled
Quantitative Effects of Introduced Organisms was held at the
American Fisheries Society's Annual Meeting in Toronto,
Ontario, Canada, in September 1988 (American Fisheries Society
1988).

Becauseunderstanding of the problems created by introduc
tions is so central to their resolution, we will not belabor the need
for additional research about introduced species, except to reiter
ate that additional study of these issues is essential. Courtenay
and Robins (1989) discussed some research needs and priorities,
along with several protocols for evaluating species before intro
duction and the successes and failures of some recent fish intro

ductions.

Program Development

In response to the growing concerns about both specific and
general introduced species problems, several governmental enti
ties have initiated actions to address them. In response to pro
posals to introduce additional Pacific salmonids in the Great
Lakes and along the Atlantic coast of North America, the
North American Commission of the North Atlantic Salmon

Conservation Organization established a scientific working
group to study potential adverse impacts. That group rec
ommended that the Commission acknowledge the potential
for adverse effects from, and develop protocols governing,
future intentional introductions to reduce the risks of Euro

pean Atlantic salmon and Pacific salmonids being introduced
(Bilateral Scientific Working Group on Salmonid Introduc
tions and Transfers 1987).

Canada's Department of Fisheries and Oceans is increasingly
concerned about unrestrained species introductions in general, a
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concern reinforced by proposals to introduce the zander (Stizo-
stedion lucioperca) into United States waters, from which the fish
would eventually reach Canadian waters (D.G. Wright personal
communication). In response, they are moving toward formal
adoption of the species introduction protocol included in the
American Fisheries Society Position on Introductions of Aquatic
Species (Kohler and Courtenay 1986).

The Great Lakes Fisheries Commission has also been active

in addressing this problem in response to the recent unintentional
introductions (via ballast water) of at least three aquatic organ
isms identified previously that have spread rapidly and are
viewed with alarm. Further, its Council of Lake Committees and
Fish Disease Committee have expressed concern about the possi
bility of additional undesirable introductions into the Great Lakes
Basin as a result of fishery management and aquaculture activi
ties (M. Dochoda personal communication). From extensive ex
perience with the full range of consequences of numerous previ
ous introductions, they believe additional introductionscould have
significant ecological and disease impacts on long-term programs
for the restoration of lake trout (Salvelinus namaycush) and other
native fishery resources of the Great Lakes.To address these con
cerns, it has been suggested that a "Model Program for Manage
ment of Introductions in the Great Lakes Basin" be developed.

The Fish and Wildlife Service has also become more active

with regard to this issue in recent years. In 1987, the Service's
fishery staff completed an analysis of policies for reducing the
risks associated with the introduction of aquatic organisms. For
that analysis, introductions were defined as involving both the
import of exotics and the transplant of species native to North
America outside their native range. However, the analysis fo
cused only on intentional introductions. Several likely policy
constraints, such as the infeasibility of prohibiting all introduc
tions, the interjurisdictional and nationaland international nature
of the problem, and the need for coordinated and universal ac
tion were identified. Four illustrative strategies that could be the
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basis for renewed initiatives to address this problem and several
implementation options were discussed.

That analysis concluded that perhaps the most prudent
course of action, given the still substantial opposition to Federal
action, is to adopt an evaluation protocol approach. Although
acknowledging that under no circumstances should this approach
be considered a panacea, the analysis pointed out that that ap
proach is the least threatening and provides a means of building
a consensus and momentum for more aggressive initiatives. In
addition, this approach could result in the generation of useful
information about the likely effects of a variety of species.

One immediate result of the Service policy analysis was the
drafting of a new internal Service policy on introduced aquatic
organism problems and issues that took into consideration the
emerging understanding of those problems and the near-term lim
its on the Service's ability to act on them. This new policy was
intended to be in addition to, not a replacement for, existing Ser
vice policies — including policies for implementing Executive
Order 11987. The draft policy was generally well received within
the Service, but has not been finalized. However, growing con
cerns about the efficacy of current policies and programs and rec
ognition of the significance of unintentional introductions suggest
that further broadening of Service policy might be warranted and
desirable.

In developing policy recommendations on natural resource
and environmental issues for the President-Elect in 1988, the

Nation's conservation community recognized the importance of
reducing risks associated with new introductions of aquatic or
ganisms (Anonymous 1989). Recommended was the development,
based on existing and new statutory authority, of effective strat
egies and cooperative programs to ensure systematic biological
evaluation of the desirability and feasibility of potential introduc
tions of aquatic organisms. The initiative would focus on new
transplants of native species outside their present range as well
as on the introduction of species native to waters outside North
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America. Primary responsibility for implementation of this co
operative venture by the states and other appropriate jurisdic
tions, rather than by direct federal action, was emphasized.

Given recent initiatives addressing introduced species prob
lems, the pertinent question today is not so much whether action
is needed, as what action is needed. Because a number of efforts
to address this problem are under way, the immediate challenge
is how best to coordinate and diligently pursue those efforts to
ensure that they are effective and make wise use of limited re
sources. In addition, it would be desirable to address how best
to fill the gaps in current activities to ensure that a comprehen
sive solution to the introduced species problem is developed. This
effort should result coherent and clearly stated goals and objec
tives and strategies built around concepts of risk reduction; it
should include a balancing of the benefits of additional intentional
introductions against the risk of impacts and resultant monetary
and non-monetary costs.
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Effective Application of Aquaculture
Disease-Control Regulations:
Recommendations from an Industry
Viewpoint

Ralph A. Elston

Abstract: Transportation of aquatic animals, organisms and their tissues is in
evitable and results from a variety of activities including movement of fishery
commodities, shipment of eggs, larvae and brood stock for aquaculture or re
search purposes, transfer of ship ballast water, and transport of aquatic animals
by the public. Such transfers can have serious pathological and ecological ef
fects. However, the aquaculture industry is frequently and unfairly targeted as
the only or prime practitioner of aquatic animal transfers. Regulations to pro
tect natural and farmed resources must recognize the inevitability of a certain
level of animal transfer, and formulation and enforcement of these regulations
must involve the user groups causing the transfers and affected by the regula
tions. Without voluntary compliance with animal-transport regulations, legisla
tion aimed at reducing risks is doomed to failure.

Risks can be reduced. Education of the public, researchers and the aquac
ulture industry regarding the risks of animal transfers is a key area needing
attention. Transfer and availability of technical information can help alleviate
serious effects of animal transfers. The introduction of the oyster parasite, Bonamia
ostreae, to Europe could have been easily prevented by adequate review of tech
nical information since its existence and significance were recognized at least
ten years before it was introduced into Europe.

Resource managers must work with aquaculturists and other user groups
to develop workable and effective policies, while recognizing that these cannot
be zero-risk policies. Technical information regarding infectious disease distri
bution is needed as well as information on the actual numerical significance of
known diseases so that appropriate risk assessments can be attached to these
diseases. Researchers must be careful not to overstate the significance of dis
eases in the quest for research funds and recognition. Often lacking sufficient
technical information in the decision-making process, resource managers and
regulators must recognize that philosophy often overrides technology and de
termines regulatory implementation.

353
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Introduction

The following perspectives are derived from working both
with commercial aquaculturists and in the aquatic animal health
research field. These ideas do not encompass every facet of dis
ease control regulation or all the details of proposed approaches
to this issue, such as that of the International Council for the Ex
ploration of the Seas (ICES) Working Group on Introductions and
Transfers of Marine Organisms. Others in this volume address
different aspects of this important issue. I recount some general
views as shaped by my experiences in working with both indus
try and government. It is essential to view this problem from an
aquaculture industry standpoint if we are ever going to be able
to implement the concepts of animal health management in aquac
ulture.

Transportation of aquatic animals for commodity distribu
tion, research purposes, by the general public, and for aquatic
animal husbandry purposes is inevitable within North America
and, I believe, between continents. History demonstrates that in
troduced pathogens can have catastrophic results. Although the
risk is not necessarily proportional to the quantity and fre
quency of movement of a given species, it is likely to in
crease with the diversity of species movements. As a sophis
ticated aquaculture industry continues to expand, it is vital to
address the problem and solutions realistically.

Most individuals, whether from industry, government or
academia, agree that we need some level of control on the trans
port of fish and shellfish in order to prevent the damaging ef
fects which infectious diseases can have on both husbanded and

natural populations of aquatic animals when they spread into
uninfected populations. It is important to recognize that work
able regulations can reduce, but never eliminate, the risks of such
diseases. Ineffective regulatory control of infectious disease can
result from either no regulation on the one hand or, on the other
hand, from an attempt to elirninate the risk posed by infectious
diseases by a too conservative and unrealistic approach to the
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problem of disease control. Overzealous regulation, without a
substantial technical base and without recognition of the realities
of animal transports, simply encourages individuals and compa
nies to disregard the law. There is no practical way that animal-
transport regulations can be effective without voluntary and ac
tive support by the user groups.

Animal Transports Are Inevitable

The transportation of aquatic animals throughout the conti
nent of North America and between North America and other

continents is inevitable. Often the aquaculture industry is regarded
as the primary practitioner of this activity. In fact, the transport
of aquatic animals or their fresh tissues, which may contain vi
able infectious agents, is practiced by several other user groups.
These include commodity distribution of harvested or husbanded
fishery products, the transport of aquatic animals for research pur
poses, transfer of marine waters and organisms in ship ballast
water, and transfer of fish and shellfish by the general public.
Catastrophic damage which can result from the introduction of
an infectious disease does not necessarily occur from the transfer
of large numbers of a single species. I have observed some cases
in which researchers and resource-management biologists some
how rationalize that animal transport regulations do not apply to
them, even though the greatest potential damage could result from
the movement of a small number of animals which carry
nonindigenous pathogens. I suspect that a larger diversity of
aquatic animals is moved by the research community than by the
aquaculture industry. The control of the spread of infectious dis
ease organisms through commodity distribution activities is not
usually covered by the same, if any, regulations which pertain to
aquaculture products; and, although regulations may forbid the
transfer of aquatic animals by the public, these regulations are
difficult, if not impossible, to enforce while the transfer of ballast
water by circumglobal shipping is largely unregulated.

Another phenomenon I have observed is that while individu-
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als in government agencies may pronounce the need for elimina
tion of aquatic animal transports between or even within conti
nents, such movements seem to continue frequently in the aquac
ulture industry. It sometimes seems that industry and govern
ment are operating in two entirely different worlds. There are
great differences in how governments handle these issues. In
Washington State, which has a large aquaculture industry, the
Department of Fisheries implements a careful case-by-case policy
which, so far, has been effective in preventing the introduction of
any exotic diseases with catastrophic consequences. In the United
States, there is really no national legislation currently implemented
which deals with this issue. Several European countries have rela
tively strict legislation in place forbidding the transport of aquatic
species in many cases. History shows that legislation alone fails
to solve the problem of the introduction of exotic pathogens and
may indirectly exacerbate the problem.

Reducing the Risk

What can be done to reduce the risk of spreading infectious
aquatic animal diseases? Education is a key area needing atten
tion. We can target education of the aquaculture industry rela
tively easily. My experience is that the industry will act responsi
bly when it recognizes that disease control is in its own interest
and that such education will encourage self-enforcement efforts
— the most effective means of enforcement of disease control regu
lations. In fact, if the aquaculture industry is not aware of and
supportive of animal-movement regulations, the regulations are
certainly doomed to failure. The expansion and economic impera
tive for commerce in aquaculture products encourages aquatic
animal transfers within and, in fact, between continents. Further
more, there are simply too many avenues for such distribution to
occur for animal transfers to be prevented by regulatory enforce
ment. This does not mean that some regulation is not needed. It
does mean that ignoring the realities of commerce in aquaculture
will not be effective. It also means, I believe, that we need to
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initiate a new emphasis in the support of the industry through
educational efforts by government on the risks of animal trans
fers.

Those of us in the fish and shellfish health field are the most

effective professionals to educate the industry through workshops,
publications, and taking the opportunity to speak on this subject
where appropriate. As fish and shellfish health professionals, we
should begin a dialogue on how to effectively extend this educa
tion to the general public and other user groups involved in com
modity distribution.

Transfer of technical information may help reduce the risks
of the introduction of catastrophic disease. Bonamia ostreae is a
parasite of the European flat oyster which was introduced into
Europe in the latter part of the 1970s. The disease and the para
site had been observed and descriptions published from research
conducted in California, the site of origin of the European intro
ductions, before 1970. If the prevention of any exotic aquatic ani
mal disease has ever been possible, this surely stands as the sig
nal case. The solution is the effective dissemination of technical

information — another aspect of the need for education of both
industry and government officials.

In the application of effective disease control in an age of
incomplete technology, it is incumbent, I believe, on resource man
agers charged with controlling animal diseases to adopt reasoned
and workable policies. These cannot be zero-risk policies. Failure
of policies has often resulted from an overzealous attempt to con
trol animal transfers and the failure to recognize the multiple
avenues of animal transfers as well as from the lack of imple
mentation of animal transfer controls.

We should strive toward enacting regulation which is based
on substantial technical information rather than incomplete infor
mation. If we are going to forbid transfer of a particular animal
species when it carries a particular disease it should be because
this disease is truly exotic to certain areas. While it is not a good
animal husbandry or resource-management practice to move ani
mals which are sick, we cannot, from a regulatory point of view,
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reasonably attempt to control the movement of diseased organ
isms from one enzootic area to another. Regulations should be
formulated with a view toward protecting both natural resources
and the aquatic animal husbandry industry. Finally, and perhaps
most importantly, we need to devise ways to address all avenues
of risk for the introduction of aquatic animal diseases, not just
the most visible, easily targeted avenues of risk, such as the aquac
ulture industry.

Technical Needs

There are certainly some outstanding technical needs if we
are going to manage and prevent the spread of infectious aquatic
animal diseases effectively. We need to develop complete regional
inventories of diseases. This is not the most glamorous research
problem nor, necessarily, the highest priority of fisheries-manage
ment agencies, but a disease inventory is one of the key catego
ries of information needed. We cannot rationalize excluding a
disease or species from a region if we do not know of its pres
ence or absence from that region and, conversely, we cannot know
the risk of moving an animal population if we do not have a
good idea of the diseases it harbors.

We also need information on the numerical significance of a
given disease to all of the life stages of fish or shellfishwhich it
affects. As fish health professionals, we know there is a great
variety of pathogens and parasites found on host animals. Obvi
ously some of these are much more important than others in their
effects on the host. As well, certain categories of infectious agents,
e.g., viruses, are typically regarded as highly significant, de facto,
without consideration of their potential for pathogenicity. In fact,
some virus-host relationships represent a high degree of adapta
tion, like other categories of infectious agents, in which the virus
apparently has little effect on the host. We must strive to be more
quantitative regarding the effects of microorganisms on hosts. As
a result we will be able to prioritize the diseases according to
their importance and apply appropriate regulations to each dis-
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ease depending on its importance. We can thus also prioritize the
expenditure of our limited resources for fish and invertebrate
health research.

Another need in the technical area is for researchers to be

very careful not to overstate the importance of particular infec
tious diseases. This happens all too frequently in the quest for
the acquisition of research funds or in the aim of establishing the
importance of a disease on which one may be currently working.
Published technical information finds its way into many uses and
that which is loosely interpreted or not substantially supported
can be very misleading when used to formulate public policy.
The establishment of a list of diseases by their numerical signifi
cance to survivability, growth or other criteria will help alleviate
this problem.

Philosophy Often Overrides Technology

Finally, as all of those in regulatory roles in government
know, decisions must usually be made in the face of insufficient
technical information. Even as we strive to shore up our techni
cal information base, resource managers will be faced with this
state of affairs. Thus it is of utmost importance to recognize that
one's philosophy toward animal transports will often determine
the character of regulations and their implementation as much or
more so than supporting technical information. Therefore, it is
incumbent on those of us in resource management to adopt a
reasonableand workablephilosophy on aquatic animal transports,
recognizing the need for a stronger technical information base and
for the education of all user groups.
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California's Approach to Risk
Reduction in the Introduction of

Exotic Species

Robson A. Collins

Abstract: California now takes a conservative approach to the introduction of
new species to its lands and waters. Although there have been some notable
successeswith the introduction of exoticspecies, the introduction of others, both
with official permission and without, has resulted in problems that are still preva
lent today. California is especially concerned with the possible introduction of
disease organisms to already existing populations, and with the displacement
of native species by introduced species.

Introduction

California has a fairly extensive history of the introduction
of exotic species. Various species of oysters were first planted in
our waters before the beginning of the twentieth century, and
there is an established commercial oyster industry in the state
that is dependent on introduced species. Most people are aware
of the successful introduction of striped bass (Morone saxatilis) into
the Sacramento-San Joaquin delta, which produced a substantial
recreational fishery. However, we have also had our share of bad
experiences as a result of exotic introductions, a recent example
being the spread of white bass (Morone chrysops), originally intro
duced experimentally in a single reservoir, to several lakes and
reservoirs in central California where they are in competition with
native species. Tilapia (Tilapia sp.), originally introduced as an
aquaculture species, has also spread into the Salton Sea and other
waters in southern California where it has been able to survive
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much colder water temperatures than originally expected and
competes with native species.

As a result of experiences like this, a much more conserva
tive view of exotic introductions has been taken by California
officials and the aquaculture industry in recent years. This con
servative view is expressed in the official policy of the California
Fish and Game Commission, which requires: (1) that all propos
als for the introduction of exotic species are thoroughly evalu
ated for their potential impacts on native species and that a neg
ligible or positive impact is determined; (2) the initial introduc
tion of an exotic species must be made under conditions that will
permit the action to be reversed; and (3) clear need for the action
exists and the need cannot be satisfied through improved man
agement to enhance native species or previously established non-
native species.

This policy also states that the introduction of an established
normative species into areas of the state where it has not been
previously established will be permitted only after it has been
determined that there will be no significant negative impacts on
native plant and animal species in the new area.

This Fishand Game Commission policy impacts aquacultur
ists in two significant ways. First, for freshwater aquaculture
where we can expect that the introduced organism may be rea
sonably confined to the aquaculture facility, it requires that any
application to import an exotic species be evaluated for the po
tential of the organism to become established in state waters; This
evaluation may result in a requirement that the receiving facility
either not discharge into state waters or that the waters leaving
the facility are appropriately treated. Second, for the marine en
vironment, where isolation is not practicable, initial introductions
of exotic species will be allowed to take place only after an ex
tensive investigation of the potential impact of the introduction
on native species. Once the decision has been made to proceed,
the state will require that procedures recommended by the Inter
national Council for the Exploration of the Sea (ICES) will be fol
lowed. Very briefly, this means complete isolation of the parent
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stock and release of the first-generation progeny only if no dis
eases or parasites become evident in the parent stock. (Sinder
mann, this volume.)

In the case of a species that hasbeen previously introduced
into the state, the Fish and Game Commission Policy allows more
latitude. For instance, importation of giant Pacific oyster
(Crassostrea gigas) seed to California from Japan and other west
coast states has been a commercial practice for most of the twen
tieth century. Currently, importation of Pacific oyster seed is al
lowed only from one prefecture in Japan and a singlehatchery in
Washington, and then only when accompanied by a health cer
tificate from appropriate authorities at the origin. Each shipment
is also inspected upon arrival at the planting location. The com
bination of an extensive health history for the export zone and
regular pathology examination limits the risk associated with this
practice.

California has attempted to encourage the development of
its own certified disease-free brood stock for shellfish species and
most growers in California can now obtain Pacific oyster larvae
and seed from a source within California. The California Fish and
Game Department believes that development of our own disease-
free broodstock for all commercial shellfish species is preferable
to continued importation of animals or seed, and we would like
to see sources of seed for other oyster species such as eastern
and European oysters developed as well because of the continu
ing possibility of the introduction of disease organisms originat
ing outside California.

The only other importation of marine organisms allowed by
California outside ICES guidelines is the interstate movement of
species within their established range from other west coast states.
It has been established commercial practice to ship some organ
isms, most notably ghost and mud shrimps (Genera Callianassa
and Upogebia) and marine annelid worms (Phylum Annelida),
between west coast states for use as marine baits. These animals

are naturally distributed along most of the U.S. west coast, and
no adverse effects of this practice have been noted to date.
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Finally, I would like to note that the west coast states made
attempts in the late 1970s and early 1980s to develop a unified
approach to importation policies under the auspices of the Pa
cific Marine Fisheries Commission (PMFC), but currently each
state has gone itsownwayindeveloping and implementing these
policies. There is clearly still a need for this kind of interstate
cooperation, and I amhopeful that a unified west coast policy on
the importation of exotics will yetbe developed.



Chapter 6

International Activities
and Programs



Role of the International Council for

the Exploration of the Sea (ICES)
Concerning Introductions of
Marine Organisms

Carl J. Sindermann

Abstract: The North Atlantic nations, functioning through the International Coun
cil for the Exploration of the Sea, have made good progress during the past 15
years in drawing attention to problems associated with transfers and introduc
tions of marine species, and have developed a basic code of practice which
member countries have endorsed. A critical ingredient of the code is a recom
mendation that only Fl individuals derived from quarantined adults should be
introduced, and not the adults themselves. Original concern about introductions
of exotic pathogens has been augmented in recent years by concerns about eco
logical disturbances and genetic modifications. Because of the virtual irrevers
ibility of successful introductions to marine waters, the problem is particularly
acute, and calls for concerted international response.

Some of the ICESobjectives include effective communication at appropri
ate levels, adoption of codes of uniform practices (insofar as national capabili
ties permit), and attempts at international uniformity in inspections and regula
tions. Proposed strategies to reduce risks from deliberate introductions include
the development of governmental awareness of the potential effects of such ac
tions; the establishment of regional and international committees to discuss prob
lems related to introductions and to develop mutually acceptable procedures;
and the inclusion of considerations of introductions on the agendas of interna
tional regulatory bodies concerned with living resources.

Introductions

Ten years ago, at an aquaculture meeting in a delightful
Puerto Rican coastal city, a proposal was made for an "Interna-
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tional Decade of mdiscriminate Ocean Transfers (IDIOT)/' The
proposal grew out of frustration over what seemed to be a rising
tide of introductions and transfers of marine species from coun
try to country and ocean to ocean. The core of project IDIOT was
to be a decade of deliberate unrestricted movements of animals

and plants from one place to another, whether for aquaculture,
ornamental purposes, or any other reason (or for no reason at
all). Then, after the expected great ecosystem disruptions and
epizootics subsided (which might take half a century or longer)
there would be no need for concern about future introductions of

marine species, no oppressive regulations, no inspections at any
border for diseases or pests.

Somehow the proposal elicited only minimal enthusiasm
from attendees at that half-forgotten meeting in Puerto Rico. It
was too extreme a concept for that age, and it may be too radical
today. We need, therefore, to look for more rational strategies to
reduce risks from transfers and introductions of marine species.

Transfers and introductions of marine species have occurred
and are occurring on a worldwide basis, largely in response to
perceived needs of expanding aquaculture industries. Greatest in
terest is in salmon (cage rearing and ocean ranching), shrimp, and
bivalve molluscs, although other organisms are being considered.
One important consequence of the global expansion of marine
aquaculture has been the deliberate and often large-scale move
ment of plants and animals. Introductions of marine species to
hydrographic provinces where they have not previously existed
have been increasing, and will probably continue to do so. Thus
far, the control of such movements has been variable in the ex
treme from country to country. Some have no restrictions; some
have poorly enforced regulations; and a few have strict inspec
tion and licensing laws. There is a growing perception that prac
tices in coastal waters of one country may affect adjacent coun
tries. This perception has led, haltingly, to interest in uniform
standards for importation of living marine plants and animals.

An important development within the past two decades has
been enunciation and endorsement by countries bordering the
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North Atlantic of an international policy concerning introductions.
Under the leadership of the International Council for the Explo
ration of the Sea (ICES), a "Code of Practice" has been formu
lated and then approved by member countries. ICES is the oldest
and one of the most respected marine scientific organizations in
the world, and its views — though they do not have the force of
law — are taken very seriously by member nations, especially in
Europe. The ICES Code is somewhat idealistic, but it does pro
vide an international uniform policy concerning introductions of
marine species.

The quintessence of the Code can be given in one simple
paragraph:

"The species proposed for introduction should be studied in
its native habitat. The study should include known diseases, pests
and predators, food habits, and biotic potential. To be included
would be consideration of pathological, environmental, and ge
netic implications of the introduction. The study should extend
over several years, and the results should be examined by a com
mittee of specialists. If a decision is made to proceed, then a brood
stock should be established in quarantine in the recipient coun
try. Only the Fl generation should be introduced to open waters,
provided that no problems emerge."

A schematic plan for introductions of marine organisms, fol
lowing the Code of Practice, is presented in Figure 1 and, be
cause the ICES Code of Practice is widely cited but not yet gen
erally available in the world literature, it is reproduced in its en
tirety as an appendix of this paper.

To ensure continuing scrutiny of actions by member nations
with respect to introduced species, the Council has designated a
permanent working group, with representation from each coun
try, which meets annually to review the status of introductions
and to recommend appropriate measures.

It would be reasonable to ask how the system has worked
and is working. The answer is "marginally," with little progress
except as a consequence of reactions to crises. Because of recog
nized problems resulting from importation of live marine animals,
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Figure 1. Recommended steps in the introduction ofa new species, following
the ICES Code of Practice.

some countries (e.g., United Kingdom, Ireland, Netherlands,
Canada) have been sensitized, and have enacted conservative leg
islation governing such imports. Other countries have encountered
problems, but have not reacted. Still other countries deny the
existence of import-related problems. In general, though, be
cause of ICES involvement, there does seem to be an increased

awareness of potential difficulties — pathological, genetic, and
environmental — associated with introductions.

All this emphasis on problems tends to obscure instances in
which introductions have had positive outcomes from a human
perspective. The usual examples cited are introduction of striped
bass, Morone saxatilis, to the United States west coast, and the in
troduction of Japanese oysters, Crassostrea gigas, to the west coast
of the United States and Canada. Other examples of successful
introductions are easier to find in fresh water.

A few case histories can illustrate some of the positive and
negative effects of deliberate introductions. These are: (1) intro
ductions of Pacific salmon to Atlantic waters (largely a failure in
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terms of establishing self-sustaining populations), (2) the global
dissemination of a pathogenic virus (IHHNV) in cultured penaeid
shrimp stocks as a consequence of movements of brood stocks of
several species, and (3) the large-scale introduction of Pacific oys
ters on the coast of France beginning in 1967 — an introduction
which has led to establishment of the species there as a major
aquaculture resource.

So the principal contribution of ICES concerning introduc
tions of nonindigenous marine species has been the development
of awareness among nations that the importation of nonin
digenous species in quantity, without adequate controls, can have
serious effects on native stocks and ecosystems, and that it is in
the best economic interest of every country to have an effective
regulatory mechanism in place. Such a system must have the flex
ibility to accommodate to new situations, but enough rigidity to
resist political manipulation.

A recent informal internal critique of successes and failures
in the activities of the ICES working group on introductions dur
ing the two decades of its existence resulted in the following as
sessment:

• "The rate of introductions and transfers of marine organ
isms seems to be accelerating."

• "Some ICES member countries are actually making a sin
cere effort to follow the code — at least by quarantining
brood stock and introducing Fl's only."

• "Communication among intergovernmental groups con
cerned with introductions is improving, but as it does we
all come to realize the true extent of the activity."

• "Newly recognized introductions of pathogens (the eel nema
tode, Anguillicola, and the shrimp virus, IHHNV) reaffirm
the extent of potential disease problems inherent in intro
ductions and justify ICES concerns."
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• "Ecological and genetic problems arebeing discussed, and ex
amples identified (ballast water introductions of inverte
brates would be a good example). More data from long-
term studies are clearly needed."

• "Faint outlines of some concepts concerning introductions
and transfers are emerging:

- escapes from confined culture environments are inevi
table;

- diseases which can affect native species severely are im
ported with related nonindigenous species; and

- actions by governments and intergovernmental bodies
such as ICES are worthwhile and productive."

The ICES working group has proposed, in addition to the
Code of Practice, a set of general operating principles useful in
evaluating introductions of marine species:

1. Proposed introductions should have clearly stated and
demonstrated rational bases. Proposals which are without ad
equate rationale, poorly planned, or unnecessarily risky, should
not be approved.

2. Decision-makers should be aware of, and sensitive to, the
practical, economic, social, and political aspects of introductions,
but should evaluate proposals principally on the basis of the avail
able scientific data. Relevant scientific implications and viewpoints
include but are not limited to:

a. Ecological considerations: including competition, preda
tion, and community characteristics of species (diver
sity, carrying capacity).
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b. Genetic considerations: including the potential for hy
bridization, change in gene frequency (genetic diversity),
and change or modification in disease and/or parasite
resistance.

c. Behavioral considerations: including interactions be
tween native and nonnative species.

d. Pathological considerations: including the potential for
unintentional introduction of diseases and parasites.

3. Risks from introductions (e.g., diseases, parasites, preda
tors, pests, environmental modification) are never zero.

4. The development of native species or of species stocks,
through scientific management and aquaculture practices (includ
ing selective breeding and genetic manipulation), should be en
couraged whenever and wherever feasible, as an alternative to
introducing nonnative species.

5. Consideration should be given to nonmigratory species
rather than migratory species, because of the potential of the lat
ter for uncontrolled straying and subsequent colonization. Of
course, it is also necessary to take into account the fact that sessile
or sedentary forms (mussels, some reef fishes) may colonize dis
tant areas by dispersion of eggs or larvae with ocean currents.

6. All importations should be made under adequate national
control and surveillance supported by an adequate legal frame
work of laws and regulations, including those focused on man
datory and standardized inspection, quarantine, and certification
procedures.

7. The outcome of an introduction or transfer cannot be fully
predicted, so that any importation is an exercise in risk-assess-
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ment and risk-taking, where positive and negative factors, inso
far as they can be determined, are weighed.

8. All proposed introductions should be accompanied by full
and adequate procedures and provisions for post-importation (fol
low-up) monitoring.

A final contribution of ICES is that its representatives form
a thin line of rationality and conscience in each member country,
ready to speak out against abuses and to publicize the positive
aspects of regulating introductions. Their role is rarely a popular
one; they can be accused of obstructionism, misplaced enthusi
asm, manufacturing problems, and causing economic disaster for
aquaculture ventures. Their existence and persistence can provide,
however, a measure of reason and caution in a time of indiscrimi

nate ocean transfers.

Appendix

ICES Code of Practice to Reduce the Risks of Adverse Effects
Arising from Introduction of Non-Indigenous Marine Species

At its Statutory Meeting in 1973, the International Council
for the Exploration of the Sea adopted a "Code of Practice to
Reduce the Risks of Adverse Effects Arising from Introduction of
Non-Indigenous Marine Species." At its Statutory Meeting in 1979,
the Council adopted a revised code as follows:

1. Recommended procedure for species prior to reaching a
decision regarding new introductions. (This does not apply to in
troductions or transfers which are part of current commercial prac
tice.)

a. Member countries contemplating any new introduc
tion should be requested to present to the Council at
an early stage information on the species, stage in the
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life cycle, area of origin, proposed place of introduction
and objectives, with such information on its habitat,
epifauna, associated organisms, potential competition to
species in the new environment, etc., as is available. The
Council should then consider the possible outcome of
the introduction, and offer advice on the acceptability
of the choice.

b. Appropriate authorities of the importing country
should examine each "candidate for admission" in its

natural environment, to assess the justification for the
introduction, its relationship with other members of the
ecosystem, and the role played by parasites and diseases.

c. The probable effects of an introduction into the new
area should be assessed carefully, including examina
tion of the effects of any previous introductions of this
or similar species in other areas.

d. Results of b. and c. should be communicated to the

Council for evaluation and comment.

2. If the decision is taken to proceed with the introduction,
the following action is recommended:

a. A brood stock should be established in an approved
quarantine situation. The first-generation progeny of the
introduced species can be transplanted to the natural
environment if no diseases or parasites become evident,
but not the original import. The quarantine period will
be used to provide opportunity for observation for dis
eases and parasites. In the case of fish, brood stock
should be developed from stocks imported as eggs or
juveniles, to allow sufficient time for observation in
quarantine.
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b. All effluents from hatcheries or establishments used

for quarantine purposes should be sterilized in an ap
proved manner (which should include the killing of all
living organisms present in the effluents).

c. A continuing study should be made of the introduced
species in its new environment, and progress reports
submitted to the International Council for the Explora
tion of the Sea.

3. Regulatory agencies of all member countries are encour
aged to use the strongest possible measures to prevent unautho
rized or unapproved introductions.

4. Recommended procedure for introductions or transfers
which are part of current commercial practice.

a. Periodic inspection (including microscopic examina
tion) by the receiving country of material prior to mass
transportation to confirm freedom from introducible
pests and disease. If inspection reveals any undesirable
development, importation must be immediately discon
tinued. Findings and remedial actions should be re
ported to the International Council for the Exploration
of the Sea.

b. Inspection and control of each consignment on arrival.

c. Quarantining or disinfection where appropriate.

d. Establishment of brood stock certified free of speci
fied pathogens.

It is appreciated that countries will have different attitudes
towards the selection of the place of inspection and control of the
consignment, either in the "country of origin" or in the "country
of receipt."



Canadian Strategies for Risk
Reductions in Introductions and

Transfers of Marine and Anadromous

Species

David J. Scarratt
Roy E. Drinnan

Abstract: Canada, with a huge land mass, extreme climatic variation, commer
cial fishery activity on three oceans, and a growing aquaculture industry, pre
sents a diversity of risks associated with introductions or transfers: introduc
tions or spread of pest organisms or diseases; genetic impacts from stocks trans
ferred within the species range; and negative ecological impacts of introduced
species by direct competition.

"Introduction" includes imports to the country, and internal "transfers'"
are of both native and exotic species between geographically and biologically
separated areas. The unit-control area varies with the perceived risk. Basically,
for constitutional and administrative reasons, Canada utilizes provincial bound
aries; for more subtle control, and given sufficient knowledge, smaller discern
ible systems and biological subunits such as watersheds may be specified.

Control is effected by mandatory government approval of virtually all in
troductions and transfers to a province or smaller area. For salmonids, national
legislation specifies requirements for approval. For other species groups, regional
authorities operating within broad guidelines assess risk and potential impact,
and, where approval is granted, specific procedures and requirements, includ
ing holding in or breeding from quarantine, monitoring of biological conditions,
and criteria for release.

Introduction

Evidence is clear that the ill-considered or indiscriminate in

troduction or transfer of both exotic and native stocks can be ac

companied by the introduction of diseases, pathogens, and para-
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sites to which indigenous stocks have little or no resistance, or
by other free-living species which may significantly affect the re
ceiving ecosystem. Examples in Canada include the introduction
of Malpeque disease of oysters to Prince Edward Island, possibly
from southern New England, between 1910 and 1915, and the
transfer of enteric redmouth disease in certified trout from Idaho

in the 1970s. A local issue includes the transfer of salmon infected
with bacterial kidney disease to two sea-cage sites in New
Brunswick, which severely constrained the growth of the salmon
industry in that province while disease-free brood-stocks were es
tablished on other farms. A classic example of a "stowaway" in
troduction is that of the slipper limpet, Crepidula fornicata, which
was introduced to Europe in a shipment of American oysters in
the 1880s.

Similar concerns have been expressed for the protection of
the genetic integrity of native stocks, particularly from dilution
by closely related stocks of the same species, which may be at a
competitive disadvantage in a remote environment and, by inter
breeding, reduce the success of the native stock.

Finally, native stocks may be displaced, or put at competi
tive disadvantage by the willful introduction of closely related
species or other species occupying a similar ecological niche. An
example is the potential for competition between brown
trout and other salmonids in eastern Canada and elsewhere.

At least one stream in Nova Scotia is now supporting five spe
cies of salmonids, of which only two, Atlantic salmon and brook
trout, are native, while the other three, rainbow and brown trouts
and coho salmon, are the result of introductions or escapes from
early aquaculture experiments. The coho presumably escaped
from New England, as none have been introduced to the
Maritimes, and illustrate the potential for interactions be
tween neighboring states, and the need for cooperation, es
pecially in the case of highly mobile species.

Against these risks must be set the economic and social ad
vantages that can be realized by the judicious exploitation of non-
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indigenous species, particularly where there can be human inter
vention in, and control of, one or more parts of the species life
cycle in, say, a hatchery or grow-out farm.

The Canadian experience has been such that both the poten
tial benefits and pitfalls of transferring and introducing new spe
cies are well known and, while progress has been significant in
realizing the benefits and addressing the pitfalls, it is fair to say
that progress has been irregular. While we are quite advanced in
some areas, others leave much room for improvement. While there
are national standards in Fish Health Protection Regulations, trans
fer of fishes within provinces is based on guidelines which differ
from region to region and are not everywhere backed by effec
tive legislation. So far, shellfish in Atlantic Canada, with one or
two exceptions, are specifically excluded, except that a review of
these regulations is imminent, and many shellfish growers are
prudently requesting inspections and advice on shellfish move
ments in the absence of any legal requirement. In British Colum
bia, transfer of major commercial species is regulated.

Some of the instruments and procedures used in Canada to
control introductions and transfers, drawing largely on Atlantic
Coast examples, may be regarded as illustrative of the country as
a whole, recognizing that regional differences reflect regional
needs and priorities.

Fish Transfers

The Fish Health Protection Regulations (FHPR)

The FHPR was set up in 1977 specifically to control the
spread and introduction of diseases of fish, principally among
salmon and trout. They apply only to fish crossing provincial
boundaries from other provinces or outside the country. They are
comparable in intent with, but possibly more stringent than, regu
lations in the United States (Title 50) and in several European
and other countries. A series of protocols described in the Manual
of Compliance outlines procedures by which fish hatcheries and
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farms may receive and maintain certification as being free from
specified pathogens. In general, four representative samples of fish
taken from each site at 6-month intervals must be pathogen-free.
Certification is lost if subsequent annual samples are shown to
harbor any of the named pathogens, or if fish from a noncertified
source are introduced to the site.

These protocols work extremely well in shore-based hatch
eries, particularly those using ground-water sources. They are less
effective for farms using river water where wild fish may carry
pathogens, and are impossible in ocean farms where small wild
fish may freely enter the cages. Protocols exist where wild fish
may be certified for brood-stock purposes using statistical sam
pling techniques. A protocol forbrood-stock certification from sea-
cages has been developed and subjected to experimental verifica
tion, but has not yet been approved for routine use. This proto
col requires the lethal sampling of all brood fish at the time of
stripping, the identification and isolation of the fertilized eggs,
and the subsequent destruction of any lots coming from parents
shown to have harbored pathogens. Approved lots of eggs may
be transferred to quarantine units in other provinces and the fry
may be released four months after first feeding if bacteriological
and virological examination shows them to be pathogen-free.

Mandatory examinations of market stock to control the
spread of pathogens in dead fish sold as meat have been used to
provide a profile of diseases in fish immediately prior to market
ing and some indication of potential problems in brood-stock on
the same farm. Salmon at this size are extremely valuable ($50-
$100 each), so any comprehensive examination for disease is best
combined with routine harvesting programs.

Provincial Fishery Regulations

Notwithstanding their name, Provincial Fishery Regulations
are issued under the authority of the Fisheries Act for Canada, in
respect of each province. In general, these regulations prohibit
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the importing or transfer of fish to orbetweenwaters of any prov
ince. Ministerial approval may be given if it is determined there
is little risk due to disease, genetic or ecological threats. Unfortu
nately, the exact wording differs from province to province, so
the legal force of the prohibition in certain provinces is some
what reduced. Also, unfortunately, in the Maritime Provinces, the
regulations specifically exclude shellfish. (See below.)

Regional Fish Health Guidelines

These guidelines have been developed in the Maritimes and
are designed to support the provincial regulations by establish
ing protocols and criteria for determining which fish may be
moved where and under what circumstances. The inspection cri
teria for fish are largely drawn from the FHPR Compliance
Manual, but include experimental protocols developed for brood
stock evaluation and locally developed "carrier" tests. The dis
eases of particular concern in eastern Canada are furunculosis,
enteric redmouth, and bacterial kidney diseases. Several weeks
prior to the transfer of smolts, samples are submitted to the Fish
Health Unit at the DFO, Halifax Laboratory, and stress tested for
the presence of the pathogens causing furunculosis and ERM, and
examined for BKD. Fishcarrying pathogens, but not showing dis
ease symptoms, may receive standard therapeutic treatment be
fore transfer.

We recommend that fish with active epizootics not be trans
ferred under any circumstance, and that fish harboring pathogens
not be transferred unless there is already a history of that disease
in the receiving waters. Compliance with these guidelines is vol
untary except in provinces where approval is specified by regu
lation, but the policy has met with remarkable success among the
members of the salmon culture industry in eastern Canada. Many
hatchery operators have slaughtered diseased smolts rather than
sell them to sea-cage operators, and several sea-cage owners have
destroyed fish which have proved to be diseased after transfer.
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Provincial Aquaculture Acts

Several of the provinces have established legislation which
includes powers to control the movement of fish between licensed
aquaculture sites, and hence control unwanted diseases and ge
netic or ecological threats; however, the paramount authority is
derived from the British North America Act and rests with the

federal government.

Introductions Committees

A number of regions have introductions committees which,
inter alia, rule on the genetic advisability of introducing a par
ticular stock or species, and specify protocols to be followed in
all introductions. Canada subscribes to the ICES protocol on in
troductions, which states that wherever possible native stocks shall
be used to extend the range of a species, be it in captivity or for
release into the wild. We have in recent years discouraged the
import of foreign strains of Atlantic salmon into east coast wa
ters where the species is native, although European Atlantic
salmon have been introduced into farming operations on the Ca
nadian west coast. The discouragement has often been for vaguely
stated uncertainties about disease, or the disease-inspection pro
tocols of the country of origin of the proposed consignment, and
in many cases arrangements have been made for access to local
stocks. Less firmly stated have been the genetic implications, and
the concern for ecologicalcompetition by escaped farmed salmon
with native wild runs, particularly in small streams. The federal
government does have a policy on the introduction of rainbow
trout, and certain streams are off limits because of potential com
petition with native species.
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Shellfish

To date in the Maritimes, shellfish have been excluded from
the regulations dealing with the transfer of fish, with the specific
exception of Cape Breton Island, Nova Scotia. The reason for the
exclusion has been to allow the traditional free movement of live

shellfish (lobsters, oysters, clams, etc.) to markets elsewhere. The
exception has been to prevent the spread of Malpeque disease to
oysters in Bras d'Or Lake on Cape Breton Island. Canadian offi
cials believe that Malpeque disease was introduced to the Gulf of
St. Lawrence with oysters from southern New England. The fact
that it took some 30 years to affect all the stocks in the Gulf is
attributed partly to deliberate attempts to contain it and partly to
the water circulation characteristics of the Gulf. No epizootics have
been observed on Cape Breton Island, and oysters from there are
still susceptible to the disease, in contrast to all other stocks which
are resistant.

Notwithstanding the obvious implications of the uncontrolled
movement of shellfish, and the more recent experiences of the
French oyster industry, the Fish Health Protection Regulations
apply only to salmonids. Shellfish introductions to the waters of
a Province, as opposed to normal traffic for food, are covered in
regulations requiring a Ministerial Permit for all plants or ani
mals. Proposed introductions are reviewed and, if approved, ap
propriate conditions are written into the permit. In the absence
of established protocols, responsible scientists engaged in experi
mental transfers and introductions have established experimental
protocols by which species transferred or introduced out of their
normal ranges, have been maintained in quarantine for varying
lengths of time or for a number of generations. Currently, the
protocol for European oysters and Bay scallops from U.S. stocks
is that introduced brood-stock will be maintained in quarantine,
and only Fl and subsequent generations will be released if, on
examination, they are shown to be pathogen-free. This require-
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ment is made by regional fisheries officials, and has not been
challenged. Similar requirements are made on the west coast.

In addition, newly established shellfish hatcheries and shell
fish farmers are approaching fish-health officers and requesting
advice and guidance on the transfer of brood-stock and spat
around the regions. The Fish Health Unit at Halifax, for example,
is prepared to examine specimens and advise on the disease sta
tus of the sample. Similarly, the Fisheries Inspection Officers re
sponsible for ensuring that shellfisharewholesome and nontainted
are advising when live, in-shell shipments are entering the re
gion, in case there is any possibility that effluent from live hold
ing facilities will contaminate local waters.

To some degree this shellfish control policy smacks of shut
ting the door after the event, given the decades in which shell
fish have been shipped back and forth without hindrance. In any
case, precious little evidence exists of which diseases, pathogens,
viruses and parasites are critical, although ignorance, in itself, is
no reason to allow a laissez-faire attitude to jeopardize an impor
tant industry.

Genetics

To date there has been little movement of native shellfish

for selection purposes, although recent experiments with blue
mussels, Mytilus edulis, have shown that some strains have supe
rior performance over others when transplanted. In Prince Ed
ward Island, one harbor in particular is proving popular as a
source of mussel spat for planting out in a number of other loca
tions, so possibly there will be increased pressure to address the
wisdom of this practice, and the conditions under which such
transfers should be approved.

Given that the shellfish culture industry in eastern Canada
is largely dependent upon mussels and native oysters, there is a
need for diversification. To some degree the quahaug, Mercenaria
mercenaria, offers potential, but the industry sees European oys
ters, Ostrea edulis, Bay scallops, Argopecten irradians, and possibly
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other species as having a significant future role to play. There
are already stocks of these species in eastern Canada, although
the genetic base of Bay scallops is rather impoverished. Potential
importers of new strains, including government-sponsored pro
grams, will be obliged to provide sound reasons to justify the
risk of importing exotic diseases and parasites with the stock, not
withstanding the disease control protocols already in place.

Conclusion

While Canada has made substantial progress on controlling
the introduction and spread of exotic and indigenous species, in
cluding their pests and diseases, it is equally clear that some sig
nificant legal and logistic loopholes remain, particularly in the
detection of movements and enforcement of the regulations. To a
degree, these are being addressed by the careful application of
commonsense and policy choices, but some opportunity for legal
challenge remains, and in some instances instruments are not
available to ensure adequate control. In general, these loopholes
are recognized and will be addressed; however, delays always
occur between the recognition of a problem and the development
of legislation to tackle it. The Fish Health Protection Regulations
are currently being rewritten and will cover shellfish. The pro
posed amendments to the Provincial Regulations are already part
of an "omnibus" revision.

We recognize that controlling the spread of exotic diseases,
and reducing the risk of deleterious effects of introductions and
transfers must be part of a continental, and worldwide, under
standing, and so will collaborate, as in the past, with officials from
the United States and other countries to ensure the health and
safety of wild and cultivated fish and shellfish stocks around the
world.



The Status of the U.S.-Japan
Cooperative Program in Natural
Resources (UJNR) Policy on the
Introduction of Exotic Species for
Aquaculture

James McVey

Abstact: The United States-Japanese Natural Resources Panel on Aquaculture
(UJNR) consists of scientists from both countries who are interested in the ex
change of information on the developing field of aquaculture. Meetings areheld
once a year on an alternating basis in each country to discuss new develop
ments in aquaculture and opportunities for cooperation between the two coun
tries. Topics for discussion are chosen well in advance and leading scientists
from each country are asked to give presentations on their areas of expertise
within the topic.

There has been a long-standing concern and discussion on the hazards
and opportunities associated with the use of exotic species in aquaculture for
bom countries. The UJNR Aquaculture panel recognizes the need for establish
ing protocols concerning the movement and transport of exotic species; how
ever, in the most recent meeting of the UJNR it was the general opinion that it
is premature to formulate such guidelines until there is more input from the
U.S. and Japanese aquaculture industries. Additional technical information will
also be needed before such guidelines are established.

The U.S. agencies that are responsible for aquaculture are developing a
coordinated policy, through the Joint Subcommittee on Aquaculture 0SA), which
will clarify the U.S. federal policy in this area. Once this is done, the UJNR will
reconsider the issues and make recommendations in line with the JSA and the
existing Japanese policies on the use of exotics in aquaculture.
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Introduction

The U.S.-Japan Cooperative Program in Natural Resources
(UJNR) has provided for a technical exchange in aquaculture
through the Aquaculture Sub-Panel since 1969. The panel currently
includes specialists drawn from the federal departments most con
cerned with aquaculture in both governments. The panel is
charged with exploring and developing bilateral cooperation
which could be of benefit to both countries. Past activities and

accomplishments have included increased communications and
cooperation among technicalspecialists; exchanges of information,
data and research findings; annual meetings of the panel; admin
istrative staff meetings; exchanges of equipment, materials and
samples; several major technical conferences and beneficial effects
on international relations.

During the course of the cooperative program there has been
a constant interest by the Aquaculture Panel to develop guide
lines for the introduction of exotic species to new geographic lo
cations. However, the issue is a difficult one because many exotic
introductions have already occurred, resulting in both new in
dustries and economic and recreational benefits as well as the

introduction of diseases and parasites to new areas and the es
tablishment of unwanted populations in the wild. In most in
stances, the positive aspects of the introductions have outweighed
the negative ones on a financial and economic basis, but the fact
that there are both positive and negative consequences of an in
troduction makes the formation of an overall policy very diffi
cult.

In the United States, the federal government has not set forth
policy on the introduction of exotics for aquacultural purposes.
The U.S. Fish and Wildlife Service has policies regulating the in
troduction of exotics for enhancement purposes but not for aquac
ultural activities. The legal authority relating to the introduction
of exotics is with the States. These policies differ substantially from
State to State depending on past experiences, geographical loca
tion, species involved, the perceived future potential for the de-
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velopment of an industry, and many other considerations. Ob
taining a general consensus is, therefore, very difficult.

In Japan, the development of aquaculture is more closely tied
to the federal government and the aquaculture industry is more
developed and thus more important to the overall economy of
the nation. The federal agencies responsible for aquaculture are
concerned that any exotic introductions are safe for the existing
industry, but they want to maintain their options for the intro
duction of desirable exotics in order to develop the aquaculture
industry to its full potential.

During the last few years, the UJNR has worked actively to
develop guidelines for the introduction of exotic species. Guide
lines, based primarily on those that have already been adopted
by ICES (International Council for the Exploration of the Seas),
have been proposed by Dr. Carl Sindermann in cooperation with
Dr. Ryo Suzuki of Japan and have been circulated to members of
the UJNR. In the most recent meeting of the UJNR Aquaculture
Panel held in Japan, these guidelines were discussed in detail.
After lengthy deliberation the Aquaculture Panel decided to table
the issue indefinitely for the following reasons:

1. Each state in the U.S., as well as the federal government,
has separate and often different policies regarding introduced
species. The complexity of this situation as well as the lack of
common agreement among all U.S. federal agencies makes it im
possible to devise a uniform set of guidelines at this time, except
in very broad terms. The U.S. government needs to consolidate
its opinions first before establishing guidelines for others.

2. The proposed guidelines were too restrictive. Many of the
very successful transplants, such as the introduction of salmon to
the Great Lakes, Chile and New Zealand, would never have oc
curred had the guidelines been in force.

3. The panel felt that one set of policies for all species and
all places would not work because of the diverse considerations
in different situations. Therefore, guidelines, especially those that
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could be construed as laws, should not be promulgated until more
technical information is available on a species-by-species basis.

4. Guidelines, even though not laws, tend to become law
when interpreted by government agencies. The guidelines, once
adopted, will be very difficult to change. It is outside the sphere
of the UJNR panels to set such international policy.

5. The guidelines, should they become policy, might pose
too much of a hardship on existing U.S. and Japanese industry
participants while other countries would be free to operate as
usual. In addition, the U.S. and Japanese aquaculture industry
that would be most affected by the guidelines has not had an
opportunity to provide input.

6. The aquaculture industry is not the worst offender when
it comes to exotic introductions; as long as the tropical aquarium
industry, scientificresearchers and the general public are allowed
to import organisms with essentially no controls, it is unfair to
burden the aquaculture industry with restrictive measures. In
truth, the aquaculture industry has more to gain by proper con
trols to avoid the introduction of disease than most other groups;
if a realistic procedure is identified, they will be among the first
to adopt it.

7. Guidelines that are too restrictive would lead to compa
nies and individuals disregarding the law. There is no practical
way that animal transport regulations can be effective without
voluntary and active supportby the user groups. Enforcement of
guidelines and laws that are too restrictive is impossible, espe
cially when there is no funding for enforcement.

In summary, the UJNR Aquaculture Panel recognizes the
need for establishing protocols concerning the movement and
transport of exotic species. However, it was the general opinion
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of the Panel that it is premature to formulate such guidelines until
there is more input from the U.S. and Japanese aquaculture in
dustry. Modifications of the proposed guidelines will probably
have to be made in order to allow the existing aquaculture in
dustry to survive and new developments to occur.

Additional technical information is important to the formu
lation of future guidelines, and work should continue on the cata
log of aquatic diseases which is now being worked on by the
UJNR Aquaculture Panel.

The U.S. Joint Subcommittee on Aquaculture, which is com
posed of representatives of all the major federal agencies involved
in aquaculture,has formed a working group to review U.S. policy
and procedures with regard to the introduction of exotics. In ad
dition, the outcome of the workshop "Human Influences on the
Dispersal of Organisms and Genetic Materials into Aquatic Eco
systems" (which was the basis of this book) reflected a good cross-
section of both industry and the research community and will be
important to the establishment of U.S. aquaculture policy. The
UJNR will be watching these developments closely and will take
action when more information is available for decision-making.



Toward a Reasoned Approach to
Introduced Aquatic Organisms

Christopher C. Kohler

Abstract: The American Fisheries Society (AFS) has taken a leadership role on
the global issue of fish introductions dating back to 1969. A formal "Position of
the American Fisheries Society on Introductions of Exotic Aquatic Species" was
en-dorsed by the membership in 1972. The AFS Exotic Fish Section was formed
in 1980 and has initiated a number of activities addressing exotic fish issues.
The section name was changed to be the Introduced Fish Section in 1985 to
broaden its scope to include transplanted species. The section, upon the request
of the AFS Environmental Concerns Committee, updated the AFS position state
ment which was subsequently published and adopted in 1986. Voluntary com
pliance with the intent of the position statement within the aquaculture indus
try is recommended. Non-compliance could lead to legislation being enacted
that would not provide the same flexibility in imports/exports currently being
enjoyed by the industry.

Introduction

"Be careful and think" are the words which Hubbs (1977)
used to summarize the meaning of guidelines emanating from
the "Invitational Conference on Exotic Fishes and Related Prob
lems" held on 18-19 February 1969, Washington, D.C, which was
sponsored by the American Fisheries Society and the American
Society of Ichthyologists and Herpetologists (Lachner et al. 1970).
If that simple and eloquent message was always heeded during
the process of planning and effectuating introductions therewould
be little need for formal guidelines and regulations. Such has not
been the case and numerous introductions have been made, of
ten ill-fated or of dubious benefit. Courtenay and Robins' (1989)
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recent review article entitled "Fish Introductions: Good Manage
ment, Mismanagement, or No Management?" aptly describes the
situation with respect to introductions of aquatic organisms, and
along with a number of other reviews (e.g., Taylor et al. 1984;
Kohler and Courtenay 1986a; Courtenay and Kohler 1986) pro
vides examples of all scenarios expressed in the above title. Titus,
a given introduction might fall anywhere along the continuum of
highly beneficial to disastrous. Accordingly, all potential benefits
and risks should be carefully weighed whenever an introduction
is being contemplated.
A number of international organizations have adopted or are
considering adopting formal "codes of practice" for regulating
the introduction of aquatic organisms (see Kohler and
Courtenay 1986a; Sindermann 1986; Welcomme 1986). Imple
mentation of such codes (protocols, guidelines, etc.) can ensure
that decisions regarding future introductions are based on
sound ecological evidence, and that introductions effectuated
are properly evaluated (Kohler and Courtenay 1986b). In the
sections that follow the approach being taken by the American
Fisheries Society with respect to introduced aquatic species is
reviewed, a protocol for evaluating potential introductions is
described, and relative merits of guidelines versus regulations
concerning introductions are presented.

American Fisheries Society and
Introduced Aquatic Species

A review of past initiatives of the American Fisheries Soci
ety (AFS) with respect to regulating introduced aquatic species is
presented in Kohler and Courtenay (1986a). The major activities
are repeated here along with more recent developments.

Courtenay and Robins (1973) reviewed the issue of exotic
aquatic organisms in Florida and made several recommendations
as to the methods that should be employed for considering intro
ductions. That article was approved by the Florida Chapter of
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the American Institute of Fisheries Research Biologists as consti
tuting an official position statement of that organization. In addi
tion, some of the recommendations put forth were adopted by
the AFS Committee on Exotic Fishes in a position statement which
was submitted to and approved by the membership of AFS at
the 1972 annual meeting of the Society in Hot Springs, Arkansas.
That statement appeared in Transactions of the American Fisheries
Society, (Volume 102, Number 1, pages 274-276).

For reasons not fully known, the above position statement
received little recognition and rarely was followed. Many fisher
ies professionals may have confused the term "exotic" with "orna
mental" and thus perceived the position statement as pertaining
only to the pet fish industry. Others may have chosen to ignore
it, while perhaps the majority were unaware of its existence.

The AFS Exotic Fish Section was formed in 1980 and has

since initiated a number of activities addressing exotic fish issues.
The Section sponsored a symposium entitled "Distribution, Biol
ogy and Management of Exotic Fishes" held in 1981 during the
110th Annual AFS Meeting at Albuquerque, New Mexico. The
papers appear in published form in a book of the same title, ed
ited by Courtenay and Stauffer (1984). Nearly all aspects concern
ing exotic fish introductions were addressed, including a sug
gested protocol for evaluating proposed exotic fish introductions
in the United States (Kohler and Stanley 1984a). That protocol
was subsequently revised (Kohler and Stanley 1984b) and pre
sented at the European Inland Fisheries Advisory Commission
(EIFAC) Symposium on Stock Enhancement in the Management
of Freshwater Fisheries (see Welcomme et al. 1983) to include all
of North America and Europe.

One of the first accomplishments of the AFS Exotic Fish Sec
tion was to refine the terminology associated with introduced
organisms (see Shafland and Lewis 1984). They define "intro
duced" as a plant or animal moved from one place to another by
man (i.e., an individual, group, or population of organisms that
occur in a particular locale due to man's actions). They define
"exotic" as an organism moved outside its native range but within
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a country where it occurs naturally (i.e., one whose native range
includes at least a portion of the country where found).

Recently, the AFS Exotic Fish Section changed its name to
be the Introduced Fish Section. The name change was brought
about by a desire of the membership to broaden its scope to in
clude transplanted species. Transplanting native species (e.g., Pa
cific salmon to the Atlantic Ocean) carry the same inherent risks
as exotic introductions. Although caution is advised with respect
to movements of any species beyond its native range, the AFS
Introduced Fish Section has taken the approach that with proper
planning and evaluation, the odds in what Magnuson (1976) has
described as "a game of chance" can be improved. Towards that
end, the section and the parent society have taken a leadership
role on the global issue of fish introductions. The first major step
has been the adoption of an AFS Position on Introductions of
Aquatic Species (Kohler and Courtenay 1986b). The specific state
ment is as follows:

Position of American Fisheries Society
on Introduced Aquatic Species

A. Our purpose is to formulate a broad mechanism for plan
ning, regulating, implementing, and monitoring all introductions
of aquatic species.

Some introductions of species into ecosystems in which they
are not native have been successful (e.g., coho salmon and striped
bass) and others unfortunate (e.g., common carp and walking
catfish).

Species not native to an ecosystem will be termed "intro
duced." Some introductions are, in some sense, planned and pur
poseful for management reasons; others are accidental or are sim
ply ways of disposing of unwanted pets or research organisms.

It is recommended that the policy of the American Fisheries
Society be:

1. Encourage fish importers, farmers, dealers and hob
byists to prevent and discourage the accidental or purpose-
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ful introduction of aquatic species into their localecosystems.
2. Urge that no city, county, state, province or Federal

agency introduce, or allow to be introduced, any species into
any waters within its jurisdiction which might contaminate
any waters outside its jurisdiction without official sanction
of the exposed jurisdiction.

3. Urge that only ornamental aquarium fish dealers be
permitted to import such fishes for sale or distribution to
hobbyists. The "dealer" would be defined as a firm or per
son whose income derives from live ornamental aquarium
fishes.

4. Urge that the importation of fishes for purposes of
research not involving introduction into a natural ecosystem,
or for display in public aquaria by individuals or organiza
tions, be made under agreement with responsible govern
mental agencies. Such importers will be subject to investiga
tory procedures currently existing and/or to be developed,
and species so imported shall be kept under conditions pre
venting escape or accidental introduction. Aquarium hobby
ists should be encouraged to import rare ornamental fishes
through such importers. No fishes shall be released into any
natural ecosystem upon termination of research or display.

5. Urge that all species considered for release be pro
hibited and considered undesirable for any purposes of in
troduction into any ecosystem unless that species shall have
been evaluated upon the following bases and found to be
desirable:

a. Rationale. Reasons for seeking an import should
be clearly stated and demonstrated. It should be clearly
noted what qualities are sought that would make the
import more desirable than native forms.

b. Search. Within the qualifications set forth under
Rationale, a search of possible contenders should be
made, with a list prepared of those that appear most
likely to succeed, and the favorable and unfavorable
aspects of each species noted.
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c. Preliminary Assessment of the Impact. This should
go beyond the area of rationale to consider impact on
target aquatic ecosystems, generally effect on game and
food fishes or waterfowl, on aquatic plants and public
health. The published information on the species should
be reviewed and the species should be studied in pre
liminary fashion in its biotope.

d. Publicity and Review. The subject should be en
tirely open and expert advice should be sought. It is at
this point that thoroughness is in order. No importa
tion is so urgent that it should not be subject to careful
evaluation.

e. Experimental Research. If a prospective import
passes the first four steps, a research program should
be initiated by an appropriate agency or organization
to test the import in confined waters (experimental
ponds, etc.).

/. Evaluation or Recommendation. Again publicity is
in order and complete reports should be circulated
amongst interested scientistsand presented for publica
tion.

g. Introduction. With favorable evaluation, the re
lease should be effected and monitored, with results

published or circulated.

Because animals do not respect political boundaries, it would
seem that an international, national and regional agency should
be involved at the startand have the veto power at the end. Under
this procedure there is no doubt that fewer introductions would
be accomplished, but quality and not quantity is desired and many
mistakes might be avoided.

B. The Societyencourages international, national, and regional
natural resources agencies to endorse and follow the intent of the
above position.
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C. The Society encourages international harmonization of
guidelines, protocols, codes of practice, etc., as they apply to in
troductions of aquatic species.

D. Fisheries professionals and other aquatic specialists are
urged to become more aware of issues relating to introduced spe
cies.

Protocol for Assessing Planned
Introductions

A protocol for assessing planned introductions of aquatic or
ganisms was developed by Kohler and Stanley (1984a) for the
United States and subsequently modified (Kohler and Stanley
1984b) to include much of the northern hemisphere.

Four categories are considered in the evaluation:

1. Feasibility, which deals with the validity of the proposed
use, the status of the organism in the native range, the location
and type of system into which it would be introduced, disease
control measures, and various legal restrictions;

2. Acclimation potential of an organism, which is based on
habitat requirements, reproductive viability and migratory behav
ior;

3. Control potential, which deals with methods that could
be used to eliminate organisms introduced but later deemed un
desirable or to prevent (limit) reproduction; and

4. Prediction of impact, which is defined as the balance be
tween perceived benefits and risks.

The model is highly flexible and is comprised of five levels
of review and five "decision boxes" (Figure 1). Although each
level of review mandates progressively greater scrutiny of the
proposed introduction, decisions can often be rendered during
early stages of the evaluation because the more basic criteria for
analyzing introductions are considered at the outset. The review
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and decision model contains five decision points for ap
proval and seven for rejection of an introduction. An
opinionnaire (Table 1) is used to generate the data base for the
review and decision model. The opinionnaire consists of ten ques
tions designed to evaluate any proposal to introduce an aquatic
organism.

The protocol is an effective mechanism for considering pro
gressively more complex and uncertain information to arrive at
decisions to approve or reject proposals for introductions of
aquatic organisms. The protocol has been adopted by the Euro
pean Inland Fisheries Advisory Commission in a slightly modi
fied form and is currently undergoing testing.

Guidelines or Regulations?

It is one thing to have formal position statements, protocols,
guidelines, etc., with respect to introduced aquatic organisms but
it is quite another to have enforceable regulations. There is also
the question as to which is more desirable. There exist individu
als who prefer no guidelines or regulations and would introduce
any species they desire, others willing to give some lip service to
guidelines but who will manipulate them to meet their own ob
jectives, while still others that will follow guidelines even if it
means they have to put their own best interests aside. If most
individuals fell in the latter category then sufficient peer pres
sure would likely exist to keep the others in line. Unfortunately,
this has never been the case, though there is more movement in
that direction than the opposite. Does this mean there is a need
for stringent regulations and severe legal penalties for those not
complying? On the surface of the issue there appears to be a
simple affirmative answer; however, nothing dealing with intro
duced species is ever simple, and that is particularly true when
the issue concerns regulations. Stringent regulations would likely
result in endless litigation with attorneys being the primary ben
eficiaries. Conversely, no or ineffective regulations set the stage
for countless introductions and eventual environmental chaos. Any
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Figure 1. Review and decision model for evaluating proposed introductions of
aquatic organisms. Mean opinionnaire values (see Table 1) areused at decision
making points. (Taken from Kohler and Stanley 1984b).
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Table 1. Opinionnaire for appraisal of introductions of exotic aquatic
species. Eachmember of an evaluation board or panelof expertscircles
the number most nearly matching his or her opinion about the
probability for the occurrence of the event. If information is unavailable
or too uncertain; "don't know" is marked. (Taken from Kohler and
Stanley 1984b).

Response

Variable Question
Don't

No Unlikely Possible Probably Yes Know

Valid 1. Is the need valid and are no 1

native species available that
could serve the stated need?

Status 2. Is the exotic species safe 2
from over-exploitation in its
native range?

Disease 3. Are safeguards adequate to 1
guard against importation
of disease/parasites?

Escape 4. Would the exoticspeciesbe 2
limited to closed systems?

Sustain 5. Would the exoticspeciesbe 2
unable to establish a self-

sustaining population in the
range of habitats that would
be available?

Impact 6. Would the exotic species 2
have only positive ecologi
cal impacts?

Hazard 7. Would all consequences of 2
the exotic species be benefi
cial to humans?

Synopsis8. Is there a species synopsis 2
and is it complete?

Desired 9. Does data base indicate de- 2

sirability for introduction?
Benefit 10. Would benefits exceed 2

risks?
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5 X

5 X

5 X

5 X

5 X

3 4 5 X

3 4 5 X

3 4 5 X

3 4 5 X

3 4 5 X
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regulations that are enacted should be coupled with education
programson the role that introduced species can and should play
within the context of aquaculture and aquatic resource manage
ment. In the final analysis, establishment of specific regulations
is an admission on the part of the environmental community that
it has failed to adequately educate that sector involved in intro
ducing aquatic species. The end result may be the same, but, at
least for those in education, it is just not quite as satisfying.
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Model Seafood Surveillance Project

G. Malcolm Meaburn

Lloyd W. Regier

E. Spencer Garrett

Abstract: The continuing concerns of the public, media and Congress that the
seafood supply of the United States may present unacceptable health hazards
due to pollution and/or mishandling resulted in congressionalaction. The Model
Seafood SurveillanceProgram(MSSP) study was authorized by Congress in the
1987 fiscal year budget to have NOAA design "a program of certification and
surveillance to improve the inspection of fish and seafood consistent with the
Hazard Analysis Critical Control Point system." The National Marine Fisheries
Service is proceeding with the study utilizing a three-pronged approach: prod
uct safety, plant hygiene, and economic fraud. The product-safety issue will be
addressed primarily through a contract to the National Academy of Science.
Plant hygiene and economic fraud issues will be addressed using the Hazard
Analysis Critical Control Point (HACCP) concept during specific industry by
industry workshops conducted in conjunction with National Fisheries Institute
and other trade associations through Saltonstall-Kennedy grants.

The majorhealth-related problems associated with seafoodareciguatoxin,
scombrotoxin (histamine), paralytic shellfish poison(PSP)/ and viruses. Ciguatoxin
is a naturally occurring toxin in the flesh of some reef fishes in tropical areas
that has its sourcein certain dinoflagellates. Ciguatoxin productionhas not been
shown to be related to man's activities. Histamine poisoning occurswhen fish,
which are high in natural concentrations of the free amino acid histidine, are
subjected to abusive conditions after harvest. The PSP and viruses in molluscan
shellfish arise from the contamination of the growing waters. Only the viruses
have been shown to be definitely related to pollution from human activities.
Each of these hazards requires a different part of an overall strategy to establish
effective controls.

The final product which NOAA intends to deliver to Congress will be a
surveillance system design for seafood products which provides for reasonable
consumer protection in the consumptionof fishery products,and treatsimported,
domestic and exported products equably.

407
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Introduction

There is a strong public and congressional perception that
the consumption of fishery products in the United States may
represent an unacceptable public health risk to consumers since
seafoods are not subject to mandatory federal inspection in a
manner comparable to that for meat and poultry products.

In 1985, the National Fisheries Institute (NFI) conducted a
survey of its members to determine their views of consumer-pro
tection issues. Respondents to the survey expressed the opinion
that, other than in the area of molluscan shellfish, seafood-safety
problems were not significant. The NFI concluded that actions
should be taken, including legislation, to correct deficiencies in
the inspection of fishery products.

Legislation (H.R. 1483) has since been introduced to require
a mandatory program of continuous fishery-product inspection.
Testimony at hearings by both Senate and House Agriculture
Committees on current meat and poultry inspection problems has
emphasized the fact that fishery products do not receive similar
inspectional scrutiny. It should also be noted that a philosophical
change away from the traditional continuous surveillance concept
developed for meat and poultry inspection is rapidly evolving,
largely as a result of recent legislative action and more innova
tive risk-management approaches under consideration by the
United States Department of Agriculture (USDA).

In both fiscal years (FY) 1987 and 1988, Congress appropri
ated $350,000 to National Oceanic and Atmospheric Administra
tion to design an improved system of inspection and certification
of seafood in the United States. The design study is also being
augmented through redirection of agency effort and other re
sources.

The National Oceanic and Atmospheric Administration/Na
tional Marine Fisheries Service study, known as the Model Sea
food SurveillanceProject (MSSP), is based upon the Hazard Analy
sis Critical Control Point (HACCP) concept and will provide for
equitable treatment of domestically produced and imported fish-
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ery products. Implicit in the HACCP concept is that only abso
lutely necessary, i.e., critical, control points of a food-processing
operation are monitored. This is in contrast to all operational steps
under a traditional inspection approach. The HACCP approach
has been successfully employed by USDA and FDA in the low-
acid canned-food industry for a number of years and is also the
basis of recommendations to USDA by the National Research
Council (NRC) concerning the design of more efficient and cost-
effective inspection programs for meat and poultry products. The
MSSP operational approach to the congressional charge is de
scribed in a detailed Plan of Operations first issued in September
1987, and updated in January 1989 (Anonymous 1987).

HACCP Considerations

In order to apply the HACCP concept systematically, MSSP
is following the recommendations of the National Academy of
Sciences (NAS) in a 1985 report on the role of microbiological
criteria for foods and food ingredients (NAS 1985). In that report,
NAS recommended that industry take the lead role in the devel
opment of the technical details of a HACCP-based food-control
program. The report defines procedures for utilizing HACCP in
food-processing plants and emphasizes the crucial role of indus
try groups in the design, testing, and implementation of a sur
veillance system. After such an industry-driven system is devel
oped, the regulatory authorities should determine the adequacy
of the HACCP plans, including the selection of critical control
points, monitoring procedures, and records to be maintained. The
National Academy of Sciences further recommended that, in or
der to be effective, such an HACCP program should be made
mandatory through appropriate regulation. The need for a close
working relationship between industry and regulatory agency, and
the acceptance of their respective roles in the design and imple
mentation of a HACCP program, was stressed throughout that
report.

The design of a HACCP surveillance system is based upon
analysis of the hazards associated with each step of a food-pro-
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cessing or food-handling operation and their importance relative
to the end use of the product. The critical control points for sig
nificant hazards and preventative measures to minimize these
hazards are identified, and monitoring procedures to be used for
compliance purposes are established. In following the recommen
dations of the NAS report, the MSSP has classified potential con
sumer hazards into three categories: (1) product safety; (2) plant/
food hygiene; and (3) economic fraud.

Product-Safety Issues

The initial operational approach of the MSSP focused on a
quantitative analysis of documented product safety issues associ
ated with consumption of seafoods. A summary review of data
on seafood-borne illnesses reported during the years 1978-82, in
the Annual Reports published by the Center for Disease Control
(CDC) (Freeman 1987, 1988), indicates that safety problems are
not as widespread as are often perceived. Most of the reported
illnesses (approximately 87%) were attributable to consumption
of ciguatoxic or scombrotoxic fish, or molluscan shellfish contami
nated with microbial pathogens or toxins. However, it is recog
nized that the CDC statistics may be biased because of the large
differences in reporting efficiency between the various states and
territories.

The CDC, with assistance from NMFS personnel, has com
piled data on outbreaks of illness attributable to consumption of
all animal protein foods, including seafood, for the period 1983-
86 which was not possible with CDC budgets. The data was re
ceived by MSSP in December 1988 for review and analysis.

The U.S. General Accounting Office (GAO) released a report
in late September 1988 on its investigation of consumer-related
safety problems with seafood (GAO 1988). While the GAO made
no recommendations, it did make several observations based on
the information gathered and the views of experts interviewed
during the course of the study. They concluded that there was
no "compelling case at this time for implementing a comprehen
sive, mandatory federal seafood inspection program similar to
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inspections used for meat and poultry/' The GAO expressed sup
port for several initiatives, including the development of a model
surveillance system for domestic and imported seafoods (the
MSSP), to provide a basis for mandatory inspection in the future.

The safety of fishery products available to the U.S. consumer
from both commercial and recreational sources will be evaluated

by NAS under a contract from NMFS which was negotiated in
September 1988.

The study will address public health problems that are di
rectly attributable to consumption of fish and shellfish, and other
fishery products derived from marine and freshwater sources. The
efficacy of systems currently in place for documenting and re
porting cases of seafood-borne illness will also be examined, as
will the prevalence and significance of imports as causative agents
of illness. The expert committee appointed by the NAS/NRC
through its Food and Nutrition Board met with representatives
of NOAA/NMFS, FDA, and USDA, on January 30, 1989, to re
view its charge and discuss the major issues. The NAS also held
a meeting on January 31,1989, to introduce the study to the pub
lic formally.

Plant/Food Hygiene and
Economic Fraud

The MSSP implemented this aspect of the study by follow
ing the NAS recommendation that industry should take a lead
role in the design of specific HACCP-based food-control programs.
The NMFS is further supporting this cooperative approach
through several successive Saltonstall-Kennedy (S-K) grant awards
to the National Fisheries Education and Research Foundation Inc.,
(NFERF) to develop HACCP models for specific seafood com
modities, and to identify regulatory and/or research needs asso
ciated with each model. The series of workshops supported by
the S-K funds was initiated in October 1987 to meet these objec
tives.

NFERF/NMFS has conducted more than 16 HACCP indus
try workshops covering 39 seafood commodities. The commodi-
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ties include breaded shrimp, cooked shrimp, raw shrimp, fresh
and frozen fish, tropical fish (Pacific species), molluscan shellfish,
blue crab, smoked and cured fish, breaded fish and specialty
items, scallops, lobsters, West Coast crabs (king, snow and Dunge-
ness), and imports. With the exception of imports, HACCP in
spection models have been developed for all commodities. Cor
responding documents for evaluating plant hygiene have been
generated and critical control points in food-processing operations
for each commodity have been identified. Included in these con
siderations are controls to prevent unwholesome products and
eliminate fraudulent practices such as species substitution and
short weights. A HACCP model for imports, which represent 65%
of the volume of seafood consumed in the United States, was
developed following a second workshop in May 1989. A series of
HACCP workshops for vessels was also be conducted in 1989.

The workshop on molluscan shellfish processing considered
the hazards related to the safety of the product as related to end
use. The industry participants identified pathogenic viruses and
paraly-tic shellfish poison (PSP) and related toxins as major items
of safety concern but recognized that these contaminants are re
lated to the growing water conditions as they may affect raw
materials received for processing. While the methods for moni
toring shellfish for the preformed PSP toxin are adequately re
fined to provide protection of consumers of shellfish from con
trolled waters, other toxins and viruses are not yet adequately
identifiable or measurable. While there are bacteriological safety
hazards that need to be considered in the processing of shellfish,
most of the effort or concerns must still be placed in the manage
ment of the harvesting of molluscan shellfish.

The harvesting and distribution parts of the industry have
not yet been covered by the workshops. From the processing
operations analyses, the industry workshop participants identi
fied 11 to 16 process steps of which 5 to 7 were considered criti
cal and in need of recorded evidence of monitoring. Most of these
critical control points were process steps involving receipt of the
raw material, final inspection of the product, or shipment.
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Model Testing

The HACCP models for each commodity are being tested at
processing plants that are statistically stratified according to pro
duction volume. In-plant testing of the HACCP models for the
breaded and cooked shrimp industries has been completed. A fi
nal report on the breaded shrimp model, including the test re
sults, was prepared by NFI/NFERF in October 1988 (Anonymous
Oct. 1988). The final report on the cooked shrimp model was re
leased in January 1989 (Anonymous Jan. 1989).

Only one plant visit remains to be made in order to com
plete the testing of the raw shrimp model. The HACCP model
for fresh and frozen fish, developed to accommodate important
regional differences within the industry, is currently being tested
at processing plants around the country. The schedule for in-plant
testing of the molluscan shellfish models is being prepared.

A start has been made on the economic analysis of the
HACCP models undergoing in-plant testing. The work is being
conducted as part of the current NFERF S-K award. The general
approach of the economic analysis is to evaluate the gross costs
of compliance associated with a new HACCP-based surveillance
program for the seafood industry. Estimates of economic impact
are to be based primarily on data collected at the individual plant
level for each commodity model and extrapolated to all plants
processing that commodity, either singly or in combination with
other commodities.

Report to Congress

In view of the intense public interest in seafood safety is
sues the MSSP issued an interim report to Congress on its activi
ties in the Fall of 1989. The shrimp and fresh and frozen fish
HACCP models, including the associated economic analyses, were
included in the interim report to Congress.

The MSSP process includes the continuing input from steer
ing committees of industry members who have participated in
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the workshops. Since there are wide differences in the processes
and products and related hazards, separate manuals will be pre
pared for each commodity.

The overall report and the recommended system design was
prepared in December 1990 and delivered to Congress shortly
thereafter.

While the problems of providing greater consumer protec
tion from safety, wholesomeness and economic hazards are com
plex, they appear soluble. The hazards are controllable with the
HACCP approach, which should minimize costs to both the in
dustry and the responsible government agency.
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Economic Pressures Driving Genetic
Changes in Fish

Nick C. Parker

Abstract: The demands for fish and fishery products in this country and
throughout the world are expected to continue to expand faster than the supply
of fish. The new tools of genetic engineering — gene insertion, cloning, andro
genesis, gynogenesis, transgenetic production, ploidy manipulation — and other
techniques will be used in conjunction with selective breeding and hybridiza
tion to produce fish tailored for selected environments or with exceptional traits.
Data from the Food and Agricultural Organization in Rome indicates that the
global supply of fish — the catch from the ocean, inland waters, and all farm-
reared aquatic products — increased 11% from 1982 through 1988. During this
time, the volume of fish traded among 162 nations increased 16% indicating a
more rapid increase in demand than in supply.

Introduction

Imports of fish and fishery products into the United States
were valued at $365 million in 1960 and $8.8 billion in 1987, when
the imports consisted of $3.1 billion worth of non-edible prod
ucts (animal feeds, industrial products, etc.) and $5.7 billion for
edible fish-ery products. Recently, imports have expanded at an
average rate of $860 million per year from 1982 to 1987, while
exports increased at only $120 million per year. The annual per
capita consumption of fish increased over 20% from 1975 to 1987,
when the per capita rate reached 7.0 kg; it is expected to be 13.6
kg by the year 2020. Based on data from the Food and Agricul
tural Organization, the world's catch of fish (millions of metric
tons) was 27 in 1954, 57 in 1966, 74 in 1976, 83 in 1984, and 90 in
1986. The catch has increased with the demand only because pre-
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viously unused resources — those formerly classified as "trash"
fish — are now being captured and processed into consumer-ac
ceptable forms such as imitation lobster, shrimp and scallops. The
ocean's resources are recognized as finite, having an estimated
maximum sustainable yield of about 100 to 120 million metric
tons. The expansion of demand in a market with limited supply
is expected to continue to drive prices up and to make fish farm
ing even more lucrative than it is today, when more than 11% of
global fish landings are produced by aquaculture. The forecast is
for the global yield from aquaculture to increase to 22 million
metric tons by the year 2000 when farm-raised species will repre
sent 25% of the world's harvest of aquatic organisms.

Demand for Game Fish

Increases

According to a survey conducted by the U. S. Fish and Wild
life Service in 1985, 58 million anglers spent $28.2 billion in 987
million angler days. (U. S. Fish and Wildlife Service 1988). Sport
fishing is projected to double by the year 2030. The fishing pres
sure on public waters is expected to increase much more rapidly
than the ability of the resource to produce. Even today some an
glers have abandoned public waters to fish in more productive
private waters. Public waters often yield less than one legal-size
bass in 10 hours of ffehing, whereas 30 to 40 bass can be taken
from some privately owned and managed lakes in only 3 or 4
hours. Many U.S. citizens are willing to buy catchable-size fish to
be stocked in private ponds for recreational purposes. Others are
willing to pay sizable fees to enjoy quality fishing in private wa
ters.

Aquaculturists are producing hybrids of striped bass and
white bass, Florida strain largemouth bass and other warmwater
species for food and sport fish. Some anglers have paid $900 per
day for the opportunity to catch 3-kg trophy-size bass in private
waters and other fishermen routinely pay $90 in the off-season
and $165 per day in the peak season to fish for 1- to 2-kg fish
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(Parker 1988). Adoption of the user-pay philosophy has long been
evident in private hunting clubs and on game management areas
requiring special licenses and fees. The growing popularity of
feefishing operations offers expanded opportunities for selling
farm-raised fish for recreational purposes.

The catch from privately owned fee-fishing operations is fre
quently so high that it resembles a supermarket activity. In a single
day anglers have harvested over 500 kg of channel catfish from a
0.1-ha pond. Activities such as these may relieve the h^hing pres
sure and certainly provide recreational opportunities in excess of
those available on public waters. In many locations public waters
are already being managed as catch and release fisheries. If fish
ing pressure increases as projected, a greater percentage of the
commercially captured fish will be redirected to recreational fish
eries. Farm-raised fish are expected to become increasingly im
portant for food and recreational purposes.

Expected Contributions of Genetics

Domestic beef, poultry and swine have evolved through se
lective breeding over thousands of years and are quite different
today from their ancestral stocks. By contrast, man has had little
influence on genetic selection in most fish. Man's activities to
domesticate and improve livestock were directed to a limited
number of species whereas the gene pool of fishes resides in thou
sands of freshwater and marine species of which only a few —
predominantly goldfish Carassius auratus, common carp Cyprinus
carpio and rainbow trout Oncorhynchus mykiss — have been selec
tively bred in excess of 100 years.

In recent years, a few other specieshave been selectivelybred
as tropical or hobby fish or for the recreational and food-fish
markets; the likelihood is that well under 1% of the estimated 20

to 25 thousand species of finfish have been spawned in captivity.
The percentage of molluscan and crustacean species that have been
spawned in captivity is probably similar to that of finfish.

Geneticists are increasingly turning their attention to fish and
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in conjunction with aquaculturists have produced common carp
and channel catfish Ictalurus punctatus which carry the human gene
for growth hormone (Dunham et al. 1987). Others are justifiably
concerned about the influence of hatchery stocks on the popula
tion structure of indigenous stocks (Ryman and Utter 1987). It
seems likely that aquaculturists, managers of natural stocks, and
those interested in fish for recreation and the commercial fisher

ies will turn to geneticists to "improve" their stocks. Fish will be
selected and developed to thrive in modified environments, to
tolerate extremes in temperature, dissolved oxygen, pH, and other
water quality variables. Sport fish records will fall in every cat
egory as genetically improved fish are stocked in public and pri
vate waters. Androgenesis and gynogenesis coupled with rever
sal of genetic males and females into functional individuals of
the opposite sex and then mated back with their own genotype,
will produce monosex populations posing little threat to native
species. Hybrid and polyploid individuals will become increas
ingly more popular and widespread due to unique characteris
tics which may include rapid growth, disease resistance, trophy
size, and their ability to fill niches unoccupied by other fishes.
The genetic tools being developed and perfected forhuman medi
cine and animal sciences will be increasingly applied to fish due
to growing economic incentives.

Proposed Action

Aggressive positive programs must be established quickly if
the demands for food fish and sport fish are to be met. Accord
ing to U. S. Department ofCommerce figures, the 1987 trade defi
cit for fish and fishery products ($7.1 billion) was 4.1% of the
total U. S. trade deficit ($171.2 billion) and, excluding manufac
tured goods, was second only to the deficit for petroleum and
petroleum products ($16.2 billion) — 9.5% of the total. By com
parison, the top five agricultural products imported, listed by
actual value and as a percent of the total deficit, were vegetables
and fruits $4.3 billion, 2.5%; coffee $2.8 billion, 1.6%; crude rub-
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ber $1.2 billion, 0.7%; cocoa $1.1 billion, 0.6%; and sugar $0.4 bil
lion, 0.2%.

The export value of several other agricultural commodities
exceeded their import value, resulting in a positive trade balance
for these few items. These agricultural trade surpluses in billions
were as follows: soybeans $4.3, corn $3.3, wheat $3.0, cotton $1.6,
rice $0.5, and tobacco $0.5. Each of these commodities produced
in surplus have benefitted from strong government support pro
grams, including research, extension, loans and even price sup
port. Similar positive action programs for aquaculture, if funded
at just a small percentage of the trade deficit for fish and fishery
products, would produce almost immediate benefits. These ben
efits would reduce the deficit, establish new jobs for U. S. citi
zens, provide additional food fish for consumers and sport fish
for anglers, and better prepare American fish farmers to compete
in international markets. Even with this positive action, the trade
deficit in fish and fishery products is expected to continue its
upward spiral as the demand grows and the supply shrinks. The
economic incentive to produce speciality fish or "improved" fish
will draw more geneticists into the fisheries field. Natural resource
managers may face their greatest challenge in trying to balance
the public's demand for genetically improved fish with the pres
ervation of native stocks.
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A Decision Framework for Managing
the Risks of Deliberate Releases of

Genetic Materials

Robin Gregory

Abstract: Releases of genetically altered organisms into the environment consti
tute a concern because of their potential for adverse consequences to human
health and the natural environment. There is a need for a defensible framework

to assess the risks of releases and to structure a meaningful dialogue with the
public about this information. This paper examines risk-management needs from
the perspective of a potential regulator, emphasizing the integration of techni
cal information and public values in developing a decision-making framework
for evaluating the net sodal benefits of deliberate releases of genetic material to
the aquatic environment.

Introduction

Releases of genetically altered organisms into the aquatic en
vironment constitute a concern because of their potential for ad
verse consequences to human health and the natural environment.
Recent surveys have shown that the public believes biotechnol
ogy and genetic engineering will create social benefits but also
will lead to costs, including risks to health and the environment,
of unknown magnitude (McGarity 1985). Thus, the starting point
for risk-management is to think about strategies for reducing this
risk; i.e., for reducing the costs associated with the achievement
of the anticipated benefits, and for choosing among alternative
options that yield different types or amounts of benefits and risks.

This paper outlines a framework for making defensible deci
sions concerning the risks of deliberate releases of genetically al-
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tered marine organisms. The comments are intended to focus at
tention on a general approach to thinking about risks and risk-
management rather than on a particular proposed introduction.
The basic analytic structure is derived from an approach known
as decision analysis (Keeney and Raiffa 1976), which has been
called "... a formalization of common sense for decision prob
lems which are too complex for informal use of common sense"
(Keeney 1982, p. 806). Decision analysis draws on the theories
and methods of psychology, statistical decision theory, econom
ics and management science to provide a means for thinking about
decision problems that combines technical information with the
value judgments of affected individuals or groups.

Expert and Public Views of Risk

What do we know about risk-assessment and risk-manage
ment procedures that may be useful in the context of potential
releases of genetically altered organisms to the marine environ
ment? The short answer is: quite a bit, but not nearly enough.

Risk assessments focusing on the expected damages of es
tablished and novel technologies have become commonplace, and
much of this general structure is relevant for assessments of de
liberate genetic releases (Fiksel and Covello 1986). However, there
are specific problems in evaluating releases of geneticallyaltered
organisms that require special attention. First, both dispersal and
exposure models for genetically altered aquatic organisms typi
cally will be highly uncertainbecause of the relatively short track
record of genetic manipulation. This creates special difficulties in
terms of how the analysis is done (e.g., the assessment of cumu
lative impacts) and in terms of how information is communicated
(e.g., problems of unintentional bias). Second, risk-management
policies that encompass low probability-high consequence events
need to combine technical assessments of potential physical dam
age with social and economic assessments of psychological and
sociological considerations. Yet analysts have little experience with
such evaluation frameworks, particularly in cases where the ben-
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efits are likely to be highly uncertain as well (Gregory 1987). Third,
technologies that are new and perceived to present possibly cata
strophic consequences tend to be highly feared by large segments
of the public. This has important implications for the conduct of
risk-management decision-making; for example, in terms of the
identification of stakeholder groups and the types of tradeoffs
likely to be acceptable.

The general goal of the risk manager is to make better deci
sions involving potentially hazardous technologies. This requires
good science to complete an accurate and comprehensive assess
ment of the expected risks based on an integrated model that com
bines information about the risk source, exposure channels, and
dose-response. A clearpresentation of the basis for physical (health
and environmental) effects, combined with treatment of the un
certainties underlying the occurrence of consequences and the
scientific knowledge base, can be accomplished by trained experts
(see, for example, Morgan and Henrion 1989).

However, a framework for managing the risks of deliberate
genetic releases must be responsive to concerns of the public as
well as experts: understanding values, as well as facts, is essen
tial to the risk-management decision framework. This means that
a socially acceptable decision approach must pay attention to any
differences in how experts and laypersons perceive risk, how in
formation about risks is communicated, and the social processes
by which acceptable risks are defined. It must also pay attention
to how individuals and groups respond to information they are
given about risks; for example, how well do people understand
the meaning of a low-probability event? Failure to take account
of public values and public response might result in an analysis
that ignores key factors; it certainly is likely to result in a deci
sion that will be strongly opposed by affected parties who feel
that concerns important to them have not been adequately con
sidered.

The following six-stage decision process provides a general
basis for managing the risks of deliberate genetic releases to
aquatic ecosystems:
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1. Identify the key groups of people, or stakeholders, who
might be affected by a management decision and decide on a
means to communicate with representatives of these groups. In
the usual case, stakeholders will include representatives of the
developer, members of key public groups, and representatives of
local, state, or federal regulatory agencies.

2. Determine the technical and managerial alternatives that
are possible: these must be set out clearly so as to encourage con
sideration of the full range of options.

3. Identify the consequences of each alternative in terms that
capture the most salient effects and that are sufficiently precise
so as to address important distinctions. For example, separate es
timates of morbidity and mortality may need to be made for dif
ferent species or stocks of fish.

4. Incorporate the likelihood of these effects explicitly in the
form of probability estimates or frequency distributions.

5. Obtain information from each of the key stakeholder
groups regarding the values they place on the different conse
quences, in terms of their expressed objectives (i.e., what mat
ters) and attributes (which measure the degree to which these
objectives are met). This information enables comparisons to be
made across impacts that differ over time, between geographic
regions, or across social groups.

6. With this information in hand, the decision-maker can link
values to the consequences of different project alternatives. This
leads to a more insightful choice among alternatives andmay lead
to the creation of new alternatives or to the collection of new
information that helps to distinguish between alternatives.

A key to this decision process is distinguishing successfully
between issues of fact and issues of value (von Winterfeldt and
Edwards 1986). The effects associated with releases of genetically
altered organisms are complex and multidimensional. Thus, it is
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to be expected that stakeholders will disagree as to the impor
tance of the various attributes that characterize the designated set
of consequences. Discussions among stakeholders should be ex
pected to clarify, but not resolve, differences in the values (or
weights) given to different consequences and their attributes. On
the other hand, there may be close agreement regarding the like
lihood of specific consequences. Consultation between experts
should help to resolve these factual differences; for example, re
lating to the numbers of fish that might be affected by a particu
lar accident scenario or the magnitude of indirect effects on so
cial and community indicators.

This basic distinction, between risk facts and risk values, is

related to a second distinction between technical and perceived
estimates of risks. Technical risk refers to quantitative measures
of physical risks predicted by experts. Perceived risk refers to
qualitative concerns about risks expressed by laypersons. A large
number of studies conducted over the past decade (summarized
in Slovic 1987) have demonstrated that experts typically think
about the risks of a technology in terms of its impact on human
health and environmental risks, as defined by changes in statisti
cal mortality and morbidity. These concerns are important to the
public, but so too are a number of additional factors that include
(1) the possibility that a catastrophic accident will occur, (2) the
extent to which exposure is voluntary, and (3) the extent to which
the risk source is familiar.

Most current approaches to studying risk perception employ
psychometric techniques to produce quantitative representations
or "cognitive maps" of these multidimensional risk attitudes and
perceptions. In the usual case, people are asked to make judg
ments about the riskiness of technologies, products, or activities
in terms of ratings across (1) characteristics hypothesized to ac
count for risk perceptions, such as dread or voluntariness or fa
miliarity, (2) the benefits provided to society by the technology,
(3) the environmental mortality and morbidity expected to be
caused by the hazard. Investigation of these relations by means
of psychophysical scaling and multivariate analysis techniques
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(e.g., statistical procedures that examine the intercorrelations
among variables and then seek to define two or three underly
ing, explanatory "factors") have shown that the broad domain of
characteristics can be condensed to a small set of higher-order
characteristics. Two factors generally emerge as most important.
One is dread risk, which includes characteristics such as fear and
disgust as well as the perceived lack of control over a technology's
effects, its catastrophic potential, and the ambiguity of consequence
estimates. The higher a technology's dread rating, the more people
want to see its risks reduced and the more likely they are to seek
strict regulations designed to reduce the risk. A second factor is
unknown risk, which includes characteristics such as the extent
to which a technology is observable, known, and new.

Significant variations often exist in the risk perceptions of
different stakeholder groups and in how experts and members of
the public view the risks of a technology. In most cases, the char
acterization of a risk by the public will be considerably moie broad
than that by experts because it takes into account a wider variety
of considerations. This means that assurances relating to the rela
tive safety of a technology, calculated in terms of the expected
probability and severity of likely accident scenarios, may fail to
address a stakeholder's concerns: people may not be worried just
about the number of deaths from a possible accident but about
the way in which these deaths occur, their geographic incidence,
or their latency period. The imaginability of an unfamiliar nega
tive impact also plays a role here: if people believe that a valued
fish stock could be entirely lost due to a proposed genetic ma
nipulation, their concerns may focus on the catastrophic conse
quences of this event and assurances that the associated prob
ability is very low may do little to reduce their fears.

Lessons for the Risk Manager

The predicted physical impacts of a risk source on the natu
ral environment and human society are clearly important. Risk
perceptions also are important, and public concerns about a tech-
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nology and its consequences should play an important role in
decisions between competing management strategies. Risk man
agers need to account for public values in making social deci
sions about uncertain initiatives.

Acknowledgment of public concerns about a risky option
does not mean that a risk manager should go along with every
thing the public wants (Lichtenstein et al. 1990). One reason for
caution is that the conceptual links between the perception of risks
and the evaluation of risks remain tenuous; we still know little
about the extent to which changes in the physical risks of tech
nologies will affect their psychological assessment. A second rea
son is that some public attitudes concerning risks are likely to be
related to socio-political considerations that have little to do with
environmental or human health (Furby et al. 1988). For example,
some attitudes may be influenced by the role of the government
in an industry, by its relative use of capital and labor, or by the
identity of the ultimate beneficiaries of a technology. The more
that these various factors can be distinguished, the easier it will
be for decision-makers to know which considerations are regarded
as legitimate (e.g., which should serve as the basis for mitigation
or compensation policies) and what might be done to encourage
acceptance of a technology, product, or facility.

A third reason for exercising caution when integrating physi
cal and perceptual measures of risk comes from research in be
havioral decision theory which suggests that the framing of a
decision can have a major influence on choice. In particular, it
appears that risks and benefits are not assessed in isolation but
as part of a mental balancing process in which individuals' un
derstanding of the benefits of a technology can affect their esti
mate of the accompanying risks (Keller and Sarin 1988). Weigh
ing benefits against costs is an everyday task but, as much ex
perimental work demonstrates, it is not one people tend to do
particularly well (at least, in terms of the traditional criteria for
rational decisions; see Kahneman and Tversky 1984). One impli
cation is that changes in the presentation of costs and benefits
that are formally irrelevant can result in dramatic reversals of
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judgment. Thus, the same people who express support for a
transgenic organism based on a colorful depiction of its benefits
(e.g., its ability to feed starving people or to destroy oil and toxic
substances) may voice their strong opposition to it when low-
probability but highly adverse consequences are emphasized in
stead. In such cases, questions of order, salience and reference
(e.g., whether impacts are expressed in terms of benefits gained
or costs avoided) may dramatically affect the acceptability of a
technology.

Risk-management decision-makingwill prove to be far easier
if a basic structure for thinking about risks is clearly understood
by the key parties involved in a dispute. Knowing ahead of time
about some of the more common fallacies in thinking about risks
may help to anticipate the basis for controversy and ctiminish the
heated arguments that often accompany debates about hazard
ous technologies and management initiatives. The following five
lessons, drawn freely from a lengthier list developed by Ralph
Keeney (Keeney 1988a), are particularly important.

2. Zero risk is an illusion. No risk-free alternatives are avail

able: all options under consideration, including the option of do
ing nothing (e.g., build no hatchery, releaseno fish), involve risks.
These risks may vary importantly in their form; for example, the
risks associated with release of a genetically altered organism may
be perceived very differently from the risks associated with a re
duced catch. Nevertheless, eliminating one alternative always
means that something else will be done instead and that some
thing else also entails a risk. Identification of the acceptable (non
zero) level of risk therefore will vary depending on circumstances
and will be a function of the specific type of activity, its benefits
and costs, and the social history of its development and use.

The myth of zero risk is important to remember in the con
text of public debates that often make the impossible demand that
managers (e.g., regulators) select an alternative that will avoid
risk. A preferred goal is rather to make use of risk to achieve
social objectives: to recognize the inevitability of trial and error
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within acceptable social limits. Taking too narrow a view can in
fact lead to increased risk, in cases where the small harm that is
avoided forms an integral part of substantially larger forgone
benefits (Wildavsky 1988).

2. Risk decisions involve conflicting objectives. Decisions
about risk also involve decisions about other implications of the
same activities: their economic and environmental costs and ben

efits, their effects on quality of life, their impacts on social struc
ture (Keeney 1988b). Except in the case of dominating alterna
tives, multiple objectives will always conflict. This means that
difficult choices will need to be made, because more of one ob
jective implies less of some other objective. As a result, a key to
successful risk-management decision-making is likely to rest with
the ability of stakeholder groups to maintain flexibility in negoti
ating positions and to recognize the gains that are possible from
trades across consequence types.

3. Risk decisions involve statistical rather than individual

effects. Individual effects impact particular individuals or groups,
whose identity is known in advance. Statistical effects impact a
class of people or groups, with the identity of the affected indi
viduals not known in advance. In most cases, risk-management
decisions involve statistical effects: we know about the type
of impact that may occur (e.g., the possibility that the har
vest of some aquaculturalists may decline) but we do not
know to whom or when it will occur. The value tradeoff

between costs and statistical impacts usually will be differ
ent (and, in most cases, substantially smaller) than the value
tradeoff between costs and identifiable impacts.

4. Risks to life must be traded off against other consider
ations. Developmental options involving the release of genetically
altered organisms often have, as one category of effect, a low-
probability risk of injury or death to marine organisms or to hu
mans. In nearly all cases, each of the alternatives under consider
ation could be made safer at an additional economic cost through
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the provision of additional safety features or additional testing.
However, a tradeoff is required because funds used in this
way will not be used in other ways and these other uses
include options that also could promote health and safety.
Sometimes the relevant tradeoff is between overall safety and
equity, so that decision-makers must balance what is best for so
ciety as a whole against the achievement of a fair distribution of
benefits and risks across groups that differ in location, age, or
some other characteristic. The general point is that management
decision problems typically involve trading health risks against
other attributes: slogans to the contrary, none of us operates as if
health and safety considerations, whether our own or those of
other individuals and species, really are priceless.

5. The analysis of risks is never objective. The analysis of
risks starts with framing the problem and structuring objectives
(what is important) and alternatives (what project options are
possible). Defining and integrating this information to obtain a
decision requires value judgments. Subjectivity is therefore an
essential element of risk-management decision-making and must
be acknowledged as such. Key judgments therefore should be
made explicitly and sensitivity analysesconducted so that the sig
nificance of assumptions for the bottom line of an analysis can be
discerned.

Case studies of early experiments in genetic engineering sug
gest that each of these five lessons has been repeatedly ignored.
The struggle to field-test the frost-resisting ice-minusbacteria pro
vides one highly visible example: a four-year adversarial process,
dominated by lawsuits and publichearings, succeeded in approval
to go ahead with field tests but did little to address fundamental
questions of conflicting objectives and the public's desire for a
zero-risk alternative (Krimsky and Plough 1988). This suggests
that regulatory success in genetic engineering may well hinge on
the ability of risk managers to develop a process that effectively
addresses some of the more general issues noted above before
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launching into discussions about any specific planned introduc
tion of transgenic organisms into the environment.

Risk-Management in Practice

The decision-making approach outlined above focuses on a
process for structuring a dialogue about management optionsand
their consequences. It provides a means for making defensible
decisions about highly complex social situations characterized by
multiple objectives and high degrees of uncertainty. Perhaps most
importantly, it provides a tested mechanism for encouraging dia
logue between the potentially affected parties.

This last point is important when discussing genetic changes
in aquatic resources because of the nature of the proposed initia
tives. There are many reasons why genetic changes might be con
sidered: faster growth rates among commercially valued species,
improved disease resistance, lower age of individuals at matu
rity, increased thermal tolerance, or improved ability to utilize a
food source. These changes focus on the creation of incremental
benefits: something that now occurs could be done faster, or
cheaper, or better. The accompanying risks, on the other hand,
are characterized by a nonmarginal quality: a fish stock is or is
not genetically altered; the introduction of a genetically changed
organism to the marine environment is or is not accidental.

An increase in growth rates of 20% may mean the difference
between profit and loss for an aquaculturalist, but for a member
of the public the distinction is unlikely to be important. On the
other hand, the image of a catastrophic event, whereby a single
accident involving genetically altered fish leads to the extinction
of an entire species, is highly salient. Terms like biotechnology or
genetic engineering may have quite precise definitions for the sci
entist, but to many members of the public they convey iniages of
change that are met by fear and that are highly influenced by
mention of the existence of potentially adverse consequences.
Paying attention to public understanding and criteria for public
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acceptance therefore is a key consideration in the development of
any risk-management framework. Nuclear power is a prime ex
ample of a technology whose fate in the past decade has been
profoundly affected by its failure to achieve public support.

In such a highly charged environment, it is important that a
risk-management framework focus not only on the outcomes of a
decision but also on the process that is followed (Gregory et al.
In press). The approach discussed in this paper, which provides
a tool for representing complex value tradeoffs and for explicitly
incorporating the value preferences of concerned parties into the
decision process, is particularlyappropriate in such controversial
social-riskproblems (Edwards and von Winterfeldt 1987). At mini
mum, the identification of key stakeholders and the elicitation of
information about their objectives will provide a mechanism for
fostering dialogue. Both the public and experts are given the op
portunity to (1) clarify their values in the context of a structured
elicitation process and (2) learn about how others view the same
problems.

Furthermore, this process is both iterative and interactive.
As values information is obtained from different stakeholder

groups, each is given the opportunity to assess its understanding
in light of how others view the same problem. This helps to fo
cus the discussion of management alternatives, by emphasizing
what is most important about the decision problem, and provides
information to experts about additional information that should
be collected (e.g., regarding the range of impacts, their likelihood,
or the variance of consequence estimates). Perhaps most signifi
cantly, disagreements about the consequences of technically fea
sible alternatives can be separated from disagreements about their
relative desirability. Experts then will know where to place scarce
financial and intellectual resources to address the most important
technical questions and to work more effectively toward social
agreement concerning the adaption of new technologies.
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Genera and Species Index

Acanthamoeba spp. 251,253,240,
241, 242, 243, 244, 245,246,
247, 249, 250

Acanthamoeba astronyxis 242,
244, 250

Acanthamoeba castellanii 242,
244, 246, 250

Acanthamoeba culbertsoni 250

Acanthamoeba hatchetti 242,
244, 246, 250, 251

Acanthamoeba lenticulata 242,
244,250, 251

Acanthamoeba polyphaga 242,
244, 246, 250,251

Acanthamoeba rhysodes 242,
244, 246, 250

Acanthamoeba shigelloides 255
Acanthamoeba terricola 242, 250
Acanthamoeba tubiashi 242, 246
Acanthogobiusflavimanus 55
Acanthophora sp. 115
Aedes spp. 211, 219, 220
Aedes aegypti 213, 219
Aedes cantator 209

Aedes sierrensis 209

Aequidens pulcher 57
Aerococcus viridans var. homari 24

Aeromonas hydrophila 255
Agrobacterium radiobacter 306
Amblyospora connecticus 209
Amblyospora spp. 208
Ameca splendens 57
Anabas testudineus 57

Anchoa compressa 85
Ancisotremus davidsoni 24

Anguilla anguilla 56

Anguilla australis 56
Anodonta spp. 25
Anopheles spp. 211, 219
Anophelesfreeborni 214
Aplysia californica 22
Argopecten irradians 385
Aristichtys nobilis 88
Armandia brevis 27

Apnigeres spp. 211
Ascophyllum sp. 29, 31
Ascophyllum nodosum 33
Astronotus ocellatus 54, 85
>l*i7ax sp. 331

B

BflriJ/us spp. 216, 221, 224
Bacillus lentimorbus 306

Bacillus popilliae 305, 306
Bacillus sphaericus 217-223
Bacillus thuringiensis 216, 219-

222, 306
Bacillus thuringiensis aizawai 306
Bacillus thuringiensis "Berliner"

306

Bacillus thuringiensis EG2348
306

Bacillus thuringiensis EG2371
306

Bacillus thuringiensis var.
israeliensis

306

Bacillus thuringiensis var.
tendbrionts

306

Bacillus thuringiensis var.
darmstadiensis (serotype
10) 217

435
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Bacillus thuringiensis var.
kyushuensis (serotype 11a
11) 217

Bacillus thuringiensis var.
morrisoni (serotype 8a 8b)
217

Bacillus thuringiensis (H-14) 225
Baculovirus penaei 157, 158, 163
Bairdiella icistia 54, 63
Balanus trigorus 28
Barbodes schwanefeldi 56
Belonesox belizanus 54

Bonamia ostreae 24, 141, 144
Bothriocephcdus acheilognathi 178»
Bothriocephdlus gowkongesis 178
Bothriocephalus opsarichthydis

178

Botrylloides diegensis 15
Bythotrephes sp. 35
Bythotrephes cederstromi 341

Callianassa spp. 363
Callichthys callichthys 56
Callinectes sapidus 256
Calliostoma sp. 25
Campylobacter spp. 252
Carassius auratus

54, 63, 88, 417
Cephalopholis argus 86
Ceratomyxa shasta 178
Ceratopogonidae 213
Channa micropeltes 58
Chaoborus sp. 216
Cherax destructor 28

Cherax tenuimanus 28

Chirostoma jordani 57
Cichla ocellaris 54, 85
Cichla temensis 57

Cichlasoma beani 57

Cichlasoma bimaculatum 54

Cichlasoma citrinellum 54

Cichlasoma labiatum 57

Cichlasoma managuense 54
Cichlasoma meeki 54

Cichlasoma nigrofasciatum 54, 68
Cichlasoma octofasciatum 55
Cichlasoma salvini 57

Cichlasoma trimaculatum 57

Cichlasoma urophthalmus 55
Circinita callipyga 257
Clariasbatrachus 32, 54, 71
Clarius fuscus 85, 88
Clostridium botulinum 254

Clostridium perfringens 252
Codiwrn spp. 113, 125
Codiumfragile 107, 112, 113,

114, 121
Codiumfragile tomentosoides

33, 34
Coelomomyces spp. 210, 212
Colisa fasciata 57
Co/isa /fl&iosa 57

Co/tsfl /fliw 57

Colletotrichum gloeosporioides 306
Colossoma spp. 56
Colossoma bidens 56

Colossoma macropomum 56
Colpomenia peregrina 107, 108
Corbiculafluminea 32
Coregonus maraena 57
Corophium sp. 26, 27, 37
Corophium louisianum 25
Corydoras sp. 56
Crassostrea gigas 8, 23, 26,

27, 31, 94, 253, 291,
363, 371

Crassostrea virginica 29, 85, 88,
142, 317

Crenichthys baileyi grandis 69, 81
Crepidula spp. 26
Crepidulafornicata 378
Ctenopharyngodon idella

54, 64, 77, 81, 88,
95, 178, 340

Ctenopoma nigropannosum 58
C«/ex spp. 79, 211



Culex quinquefasciatus
213, 218, 220

Culex tarsalis 214

Culicinomyces spp. 210, 212, 213
Culicospora spp. 208
Culicosporella spp. 208
Culiseta incidens 222

Cuon spp. 331
Cynictis spp. 331
Cynolebias bellottii 57
Cynolebias nigripinnis 57
Cynolebias whitei 57
Cynoscion xanthulus 54, 63
Cyprinuscarpio 49, 54, 76,

85, 88, 176, 417
Cytophaga N-5 253

D

Dfl«fo malabaricus 56

Dflwi'o rerio 56

Dioch spp. 331
Diplanthera wightii 24
Dorosoma petenense 85
Dreissena polymorpha 341

Ectocarpus sp. 125
Edwardsiella tarda 254

Entamoeba histolytica 253
Enteromorpha spp. 27
Enteromorpha intestinalis 27
Eriocheir spp. 333
Escherichia coli 196,198, 199,

267

Escherichia coli B 255

Esox reicherti 57

Eucheuma spp. 116, 117, 123
Eucheuma alvarezii (= Kappaphycus

alvarezii) 116
Eucheuma denticulatum 116,117
Eucheuma uncinatum 119
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Farfantepenaeus sp. 158
Fenneropenaeus sp. 158
Flavobacter breve 256

Flavobacter meningosepticum 256
Fwcus spp. 30, 31
Fwcms vesiculosus 33

Fusarium solani 169

Gaffkya homari 24
see -Aerococcus viridans var.

Jioman

Gambusia affinis 85, 178
Gammarus aequicauda 30
Gammarus mucronatus 24

Gasteosieus aculeatus 23

Geophagus brasiliensis 57
Geophagus surinamensis 55
Geryon quinquedens 256
Gymnocephalus cernuum 341
Gymnocephalus cernuus 54
Gymnocorymbus ternetzi 56

H

Halophila stipulacea 34
Haplosporidium costale 141
Haplosporidium nelsoni 141, 143
Harengula vittata 85
Helogale spp. 331
Helostoma temmincki 58

Hemichromis bimaculatus 55

Hemigrammus ocellifer 56
Herldotsichthys quadrimaculatus

33

Heros severum 57

Herpestes spp. 331
Homarus americanus 22, 24, 30
Hoplias malabaricus 56
Hydrilla verticillata 69
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Hypomesus nipponensis 54
Hypophthalmichthys molitrix

56, 64
Hypophthalmichthys nobilis

54, 79, 80, 340
Hypostomus sp. 54, 55, 56

I

Ichneumia spp. 331
Ichthyophthirius multifiliis 178
Ictalurus spp. 29
Ictalurus punctatus 60, 85, 184,

418

K

Kappaphycus sp. 116, 123
see also Eucheuma spp.

Kappaphycus alvarezii var.
tambalang 116

Kappaphycus alvarezii (=Eucheuma
alvarezii) 116

Labeo chrysophekadion 56
Labeotropheus sp. 57
Labidesthes sicculus 76

Labyrinthomyxa spp. 142
Lagenidium spp. 214
Lagenidium giganteum

214, 215, 225
Lambornella spp. 209, 210
Lambornella clarki 225

Laminaria spp. 28, 120
Laminaria japonica 115, 124
Lates mariae 57

Lates nilotica 57

Latonopsis australis 29
Leporinus fasciatus 56
Leucichthys artedi 76
Leuciscus idus 54, 55

Limnoria tripunctata 31
Limulus polyphemus 34
Lithothrix aspergillus 110
Littorina Uttorea 19, 31, 33
Littorina obtusata 33

Littorina saxatilis 33

Lucania parva 23
Lutjanus kasmira 86
Lutjanus vaigiensis 86
Lyrodus takanoshimensis 31

M

Macoma balthica 146

Macrobrachium spp. 157
Macrobrachium lar 86

Macrobrachium rosenbergii 86,96
Macrocystis spp. 28, 35, 106,

107, 120, 123, 124, 125
Macrocystis integrifolia 118,119
Macrocystis pyrifera 35, 118,119
Macropodus opercularis 58
Manayunkia speciosa 29
Marengula vittata85
Marteilia spp. 141
Marteilia refringens 141, 144, 147
Marteilia sydneyi 141, 145
Mastocarpus sp. 125
Mastomys spp. 331
Melanochromis auratus 57

Melanochromis johanni 57
Melanoides tuberculata 70, 80
Membranipora membranacea 35
Mercenaria mercenaria 20, 23,

94, 255, 257, 384
Metynnis sp. 56
Micropterus sp. 85
Micropterus salmoides 23
Mikrocytos mackini 141, 143
Mikrocytos roughleyi 141, 142
Minchinia spp. (= Haplosporidium

spp.) 143
Mtsgurwtts

anguillicaudatus 54, 272



Morone americanus 255

Morone chrysops 361
Morone saxatilis 8, 96, 361, 370
Mungos spp. 331
Mya arenaria 146
Mytilicola orientalis 148
Mytilus spp. 38
Mytilus edulis 33, 37, 38, 145
Mytilus"edulis" 27
Mytilus galloprovincialis 38
Mytilus trossulus 38
Myxobolus ( =Myxosoma)

cerebralis 178,179, 185,
331, 332

N

Neorhodomela larix 110

Nosema algerae 208
Nosema locustae 306

Notemigonus crysoleucas 59, 178
Nyctereutes procyonoides

331, 332

o

Oncorhynchus aguabonita 59
Oncorhynchus gorbuscha 19
Oncorhynchus kisutch 254
Oncorhynchus macrochir 85
Oncorhynchus masou 57
Oncorhynchus mykiss 50, 85,

88,176, 266,417

Oncorhynchus tschawytscha
95,254

Oreochromis spp. (see also Tilapia
spp.) 88

Oreochromis aurea 340

Oreochromis aureus 55, 60, 80, 81
Oreochromis mossambicus

50, 55, 85, 340

Oreochromis niloticus 57, 62

Genera and Species Index / 439

Oreochromis urolepis
hornorum 55, 61

Oryctolaus spp. 331
Oryzias latipes 57
Osmerus mordax 64

Osteoglossum bicirrhosum 56
Ostracoblabe spp. 144
Ostrea edulis 8, 26, 140,

144, 385
Ostrea lurida 145

Otocinclus sp. 56
Oxydorasniger 56

Padda oryzivora 331
Panulirus spp. 24
Paracheirodon innesi 56

Paragonimus westermani 70
ParvUucina tenuisculpta 255
Pasteurella pestis 255
Pasteurella pseudotuberculosis 255
Panaeus spp. 158
Penaeus aztecus 158

Penaeus brasUiensis 158

Penaeus chinensis 88,158
Penaeus duorarum 158

Penaeus esculentus 158

Penaeus indicus 158, 165
Penaeus japonicus 88, 96, 158,

164, 168, 169
Penaeus kerathurus 158

Penaeus marginatus 158
Penaeus merguiensis 158, 165
Penaeus monodon 21,88, 96,

157,158, 163, 165, 168
Penaeus paulensis 158, 163
Penaeus penicillatus 96, 158, 163,

165

Penaeus plebejus 158, 164
Penaeus schmitti 158, 163
Penaeus semisulcatus 158

Penaeus setiferus 158
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Penaeus stylirostris 88, 158, 162,
167, 168

Penaeus subtilis 158, 163
Penaeus vannamei 88, 158, 162,

163, 164, 167
Percina macrolepida 23
Perkinsus spp. 149
Perkinsus marinus 141, 142

see also Dermocystidium marinum
Perna canaliculus 28, 29
Phractocephalus hemilopterus 56
Phytophthora palmivora 306
Pilayella littoralis 116
Pimephales promelas 178
Platichthysflesus 58
Platydoras costatus 56
Plecoglossus altivelis 57
Pleospora sp. 33
Poecilia spp. 57, 88
Poecilia latipinna 85
Poecilia mexicana 54

Poecilia reticulata 54

Poeciliopsis gracilis 54
Polydora sp. 28
Polydora nuchalis 92
Polysiphonia spp. 115
Porphyra spp. 28, 117, 123
Proteus vulgaris 255
Pseudomonas spp. 200, 201
Pseudomonas aeruginosa 255
Pseudomonas cepacia 198
Pseudomonasfluorescens 306
Pseudotropheus zebra 57
Pterodoras granulosus 56
Pterophyllum sp. 57
Pterophyllum scalare 57
Pteropus sp. 331
Pterygoplichthys multiradiatus

54

PwMfius conchonius 56

Puntius gelius 56
Puntius tetrazona 56

Pycnonotus jocosus 331
Pygocentrus nattereri 56

Pythium flevonse 209
Pythium, Rhizoctonia 306

Q

Qwe/ea que/oz 331

R

RflHa catesbiana 88

Rivulus harti 57

Ruppia maritima 95

Saccostrea commercialis

142,145,147
Sa/mo /rfm'ca 57

Sa/mo sfl/ar 62

Sa/mo frutfa 54, 59, 176
Salmonella spp. 252
Salmonella paratyphi A 255
Salvelinus fontinalis 177
Salvelinus namaycush 348
Sardinella marquesensis 23
Sargassum spp. 108, 125
Sargassum muticum 105, 107,

108, 109, 110, 111, 121
Sarotherodon spp. (see also TiTapia

spp.) 88
Sarotherodon aureus (= Oreochromis

aureus) 80
Sarotherodon melanotheron 55

Scardinius spp. 80
Scardinius erythrophthalmus

54,58,340
Serrasalmus humeralis 56

Serrasalmus rhombeus 56

S%e//a spp. 252
Shigellaflexneri 255
Spartina alterniflora 29
Sphaeroma serratum 30
Spyridiafilamentosa 116



Sterigmatomyces halophilus 253
Stizostedion lucioperca

57, 63, 348
Stolephorus purpureus 86
Sturnus roseus 331

Suricata spp. 331

Tetrahymena pyriformis 209
Thanatostrea sp. 145
Thraustochytrium spp. 253
Tilapia spp. (see also Oreochromis

spp. and Sarotherodon spp.) 361
Tilapia aurea (= Oreochromis

aureus) 21,61,76,79,85,97,
361

Tilapia macrocephala (= Tilapia
melanotheron = Sarotherodon

melanotheron) 21
Tilapia mariae 55
Tilapia melanopleura ( = T.

zilli) 85
Tilapia melanotheron ( =

Sarotherodon melanotheron

= Tilapia macrocephala) 21
Tilapia mossambica-hornorum (=

Oreochromis mossambicus-

hornorum) 79
Tilapia sparmanni 57
Tilapia zilli (= T. melanopleura )

55, 61, 85,341
Tinea finca 54, 55
Tipulidae 213
Tolypocladium cylindrosporum 213
Trichoderma harzianum 306

Trichoderma polysporum 306
Trichogaster leeri 58
Trichogaster trichopterus 58
Trichopsis vittata 55
Tridentiger trigonocephalus 55

Genera and Species Index / 441

U

Undaria spp. 125
Undaria pinnatifida

114, 115, 116
Upeneus vittatus 23
Upogebia spp. 363

Valamugil engeli 23
Vavraia culicis 208

Vibrio spp. 198,200, 201, 252
Vibrio alginolyticus 256
Vibrio campbellii 256
Vibrio fluvialis 256
Vibrio parahaemolyticus 198

Xenopus sp. 196
Xiphophorus helleri 54
Xiphophorus maculatus 54
Xiphophorus variatus 54

Yersinia ruckeri 181

Zostera marina 110



Geographic Index

Abyssal Plain 199
Alabama 59, 62, 65
Alaska 35, 109, 183, 322
Albuquerque, New Mexico

346

Ann Arbor, Michigan 341
Antarctica 177

Argentina 119
Arizona 66, 70
Arkansas 58, 59, 65, 95
Asia 114, 164
Atlantic coast of North America

95,347

Auburn University, Alabama
62, 66

Australia 21, 125, 141, 142,
145, 147, 164, 165, 166, 167,
181

Avila Beach, California 35
Aztec Mexico 104

B

Bahia 163

Baja California 109, 118
Bali 117

Baltic Sea 34

Belgian coastline 252
Bexar and Comal counties, Texas

70

Bodega Bay,California 22
Bora Bora 117

Brazil 163, 164, 165, 166, 254
British Columbia 31, 106,108,

109,117, 141, 316,322, 379
British Isles 107

Brittany 106, 111, 115, 116, 147
Bruneau River, Idaho 61

California 15, 23, 24, 26, 28,
29, 31, 33, 35, 59,62,63, 67,
69, 86,95, 106, 109, 118,119,
125, 141, 148, 179, 180,183,
184,215, 222, 322,357, 361,
362, 363

Campeche Bank 201
Canada 19,6, 94, 141, 143,147,

181, 182, 185, 347,370,371,378,
379, 381, 385

Cape Cod, Massachusetts 26,
28, 34, 113, 143, 240, 242, 247

Capitol Hill, District of
Columbia 293

Caribbean Sea 201

Central Park, New York 58
Channel Islands 111

Chatham, Massachusetts 241,242
Chesapeake Bay,Maryland

96, 141,142, 148, 198
Chesapeake Bay,Virginia 141
Chile 8, 95, 106, 182, 183
China 49, 115, 118, 123, 124,

166, 178
Chincoteague Bay, Virginia 141,

144

Colorado 61, 180
Colorado Desert, California 24
Columbia River Basin 180

Connecticut 59, 114, 143,144,
179

Coos Bay, Oregon 35,108

443
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D

Dade County, Florida 60
Dalian, China 115
Danube River 49

Delaware Bay, N.J. 141,142
Denman Island, British

Columbia 143

Denmark 113

Dennisport, Massachusetts
241, 242

Djibouti 117

Ecuador 163,164, 166,167
England 110, 111, 113, 253
English Channel 110, 111
Ensenada, California 118
Eugene, Oregon 28
Europe 6, 24, 34, 49, 50, 53,

59, 105, 106, 111, 112,140,
178, 183, 378, 395

Everglades National Park,
Florida 60

Falmouth, Massachusetts 241
Fiji 117
Florida 22,55,59,60,62,66,69,

70, 71, 72,95,104,160,
222, 327, 338, 394, 416

France 106, 111, 113, 115, 116,
141,143,144,147,165,166,168,
183, 371

French Oceania 117

French Polynesia 160

Gainesville, Florida 74,339
Georgia 30, 66
Germany 179
Gilbert Islands 30

Great Bay, Maine 141

Great Lakes 6, 19, 35,180, 342,
347

Great South Bay, New York
247, 248

Guam 29, 117, 166
Guaymas, Sonora, Mexico 119,163
Gulf of California 63, 116
Gulf of Mexico 163, 201, 250
Gulf states 317

H

Halifax, New Brunswick,
Canada 381,384

Harney County, Oregon
70

Hawaii 23,30, 33, 35, 85,86,88,
91, 93, 94, 115,117, 160,
162, 165, 166, 167, 322

Helgoland 113
Hempstead, New York 243
Hempstead Bay, New York 240,

244, 247, 248
Hokkaido, Japan 183
Holland 113, 141
Honduras 184

Hyannis, Massachusetts 241, 242

I

Idaho 180, 181
Illinois 65, 222
India 21

Indian Ocean 254

Indo-Pacific Ocean 34

Indonesia 117

Iowa 69

Ireland 113, 253, 370
Israel 165, 166
Italy 166

J

Japan 6, 26, 105, 108, 110,114,
115, 116, 141, 143, 147, 160, 166,



167, 181, 183, 328, 329, 363,
389

Java, Indonesia 51
Jones Beach, New York 243,244

K

Kamchatka Penninsula

176

Kaneohe Bay, Hawaii
117

Kansas 65

Kauai, Hawaii 85, 115
Kentucky 65
Kenya 165, 166
Kern River System, California

59

Key Biscayne, Florida 254
Kiribati 117

Korea 119, 141, 143,147, 183
Kuwait 166

La Rochelle, France 111
Labrador 19

Lake Sakakawea, Missouri 63
Long Island 113, 114,243, 244
Long Island Sound 113
Los Angeles County, California

67

Los Angeles Harbor, California
33

Louisiana 59, 65, 95, 141
LouisianaState University 95

M

Maine 8, 20, 26,33, 114
Malaysia 117, 160, 166,168, 178
Malpeque Bay, Prince Edward

Island, Canada 141, 146
Maricopa County, Arizona 70
Marion, Alabama 338
Maritime Provinces, Canada 381

Geographic Index / 445

Marquesas Islands 23
Marshall Islands 33

Maryland 69, 96
Mashpee River, Massachusetts

241, 242
Massachusetts 23, 113, 114,179,

241, 247
Massapequa Creek, Hempstead,

New York 243

Matsushima Bay,Japan 141, 143
Maui, Hawaii 85
Mediterranean Sea 30,34,108,

111,114, 115, 116
Mexico 33, 109, 118, 119,

166, 167, 331, 332
Michigan 59, 179
Milford, Connecticut 148
Mississippi River 65, 95
Missouri 65

Missouri River 63, 65
Monterey, California

118, 119, 180
Monterey Bay, California 26
Moss Landing, California 30
Mozambique 51, 67

N

Nantucket, Massachusetts 242, 247
Nantucket Island 240, 241
Netherlands 111, 370
Nevada 55, 68, 70,179, 180
New Brunswick, Canada 378
New England 29, 31, 33,148,378
New Hampshire 114, 179
New Jersey 19, 58, 59,113,114,

179

New Mexico 23, 346
New York 58, 114, 240, 243,

244, 252
New York Bight 250, 254, 255
New York City 58
New York Harbor 254

New Zealand 115, 119, 179,
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252

Newport Bay, California 33
North America 19,30,34,35,

50, 176, 178, 181, 182, 395
North Atlantic Ocean 108, 112,

113, 114, 369
North Canadian River,

Oklahoma 61

North Carolina 60, 113, 114,121
North Dakota 63

North Pacific Ocean 105,108,
110, 125

Northeast Pacific 122

Norway 113

o

Oahu, Hawaii 21,85,115
Ocean City, Maryland 199
Ohio 179

Oklahoma 60, 61
Ontario, Canada 347
Orange counties, California 67
Oregon 29, 35, 70, 108, 109,

180, 183, 248, 254, 322
Orleans, Massachusetts 241
Oxford, Maryland 144
Oyster Bay, New York 248
Ozarks, Missouri 347

Pacific Coast 143, 147
Pacific Northwest 35,62
Pacific Ocean 30

Palm Beach County, Florida 60
Panama 160, 167
Pennsylvania 29, 60, 61, 179
Peru 95, 163,166
Philadelphia-Camden disposal

site 250,256
Philippine Islands 35, 116,

117, 160, 166, 168
Pleasant Grove Research Station,

Florida 66

Plymouth, Massachusetts 240,
241, 242, 247

Point Conception, California 35
Portsmouth, England 110
Portsmouth Harbor, England 112
Portugal 141
Potomac River 55, 69
Prestwick, Scotland 106
Prince Edward Island, Canada

378, 384
Puerto Penasco, Mexico 160
Puerto Rico 199, 200, 252,367,

368

Puerto Rico trench 200

Puget Sound, Washington
144, 146

Qingdao, China 118

R

Red River, Louisiana
Rhode Island 247

Rome, Italy 415

65

Sacramento, California 29
Sacramento-SanJoaquin delta,

California 361

Salton Sea, California 24, 63, 361
San Diego,California 109, 306
San Francisco Bay,California

29, 31,33
San Joaquin River, California 29
San Luis Obispo County,

California 35

San Luis Valley, Colorado 61
San Quintin Bay,

BajaCalifornia 109
Santa Barbara County,

California 106

Santa Catalina Island,



California 110

Sargasso Sea 201
Scandinavia 112

Scotland 105, 181
Sendai, Japan 26
Singapore, Malaysia 165, 166
South Africa 179, 181,199
South America 182

South Atlantic 147

South Atlantic French coast 147

South Carolina 21, 22, 113
South Oyster Bay, New York 243,

247

South Pacific 30

Southeast Asia 21, 30
Southern China 116

St. Augustine, Florida 22
Strait of Georgia, British

Columbia 108, 110
Stuttgart, Arkansas 338, 340
Susquehanna River 61
Sweden 113

Tahiti 166

Taiwan 160, 164, 165, 166,167,
183

Tallapoosa River, Alabama 62
Tasmania 119, 125
Taylor Slough, Florida 160
Tennessee River, Alabama 65
Texas 20, 23, 24, 55, 59, 61,65,

70, 97, 141,160,164,166,167
Texas A & M, Texas 96
Tonga 117
Toronto, Canada 347
Trinity River, Texas 65

u

United Kingdom 141, 148, 370
United States 60, 94, 112, 147,

183, 184, 185, 253, 325,326,
328, 329, 330, 333, 339, 348,

Geographic Index / 447

356, 371, 385, 388, 395, 408
University of Arizona 301
University of Florida 339
University of Maryland 96
University of Southern

California 352

Utah 23

Virginia 33,58,59,69,114,180

W

Waddell Mariculture Center,
South Carolina 21

Washington State 29, 108, 109,
117, 141, 143, 180, 322,356

Wellfleet Harbor, Massachusetts
141,241,242

Wellfleet, Massachusetts 143
West Virginia 179
Western North Atlantic 112, 113
Western Pacific 112

Willapa Bay, Washington 108
Wisconsin 58, 59
Woods Hole, Massachusetts

15, 22,241,242
Woods Hole Oceanographic

Institution, Massachusetts 26

Yaquina Bay, Oregon 145
Yaquina River, Oregon 245, 248



General Index

aber disease 141, 144
acid waste

disposal of 257
agent orange (2,4,5 trichlor-

phenoxyacetic acid) 198
agriculture and

commodities 419

crop improvement 315
crop protection 297
imports and threats to 333
legumimous crops 196
sustainability 297

algae 20,27
alginate industry 106
brown 30,107,133
filamentous 116

germlingsof 122
green 27,33,34,107,112
kelp 35,105,107
and marine plants 103-135
plasmids of 127
red 115,126
tissue culture methods 126

alien species 52,71,72
seealso exotic species
attached organisms 25
attached plants 111,113

American Fisheries Society (A.F.S.)
175, 186, 292, 319,345, 393
exotic fish section 395

introduced fish section 346,
394,396

position on introductions 97,
348,396

transactions of 395

American Institute of Fisheries

Research Biologist (AIFRB) 395

American Society of Ichthyologists
and Herpetologists (ASIH) 393

amoeba

Acanthamoeba 239-250

amoebiasis 253

distribution of 242

Entamoeba histolytica 253
infections in bathers 253

temperature tolerant strains of
251

androgenesis 282, 285,286,418
and cloning 415

animal health 240

see also fish health

aquatic species and research on
354

and management in aquaculture
354

Animal and Plant Health Inspec
tion Service (APHIS) 318

Atlantic States Marine Fisheries

Commission (ASMFC) 316-317
Atlas of North American Freshwa

ter Fishes 339

aquaculture 6,13,15,17,49,176,
216,254,265,268,343,348,388
and avenues of risk 358

and sea cage operations
381

developmental program, Hawaii
91

facilities for shrimp 168
for sport 63
freshwater 362

industry 51,65,354 - 358,362,
368,390

inland 50

Interagency, sub-committee on
388

449
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introduction of marine plants
for 103-135

land based 88,380
magazine of 20
managers of and natural stocks

418

and monastic pond culture 49
monoculture 282

of non-native species 62
pond culture 53,302
profit and loss 431
sites 240,258,382
sources 49

threats to 223

aquarium operations
fish farms 61

fish industry 73
fish trade 68

fishes 30,334
hobbyists 397
releases 61

species for 67
systems 315
trade 17,31,69
tropical 334,390

aquatic plants
and aquaculture 103-135
cultivation of 118-119

and rooted vegetation 64
sexual and asexual reproduction
in 121,214
shoal grass 24

Australian antigen 257

B

bacteria

and fecal steroids (coprostanol)
258

and most probable numbers
(MPN) 247,248,252

associated with sewage 252-
254

Bacillus spp. and microbial
control 216-225

detection and enumeration of

202

enteric 240,251
fecal coliforms 248,250 - 255
fecal streptococci 252,258
in bioremediation activities 195

-204

gram negative 200
gram positive cocci 201
heterotrophic 198,202
hydrocarbon degraders 201
myxobacteria 253
persistence of 203
plasmids 198-199
resistance to antibiotics 257

soilborne, nonpathogenic 302
bacterial control agents 205- 237

seealso microbial pest control
agents

bacterial kidney disease (BKD)
181, 378,381
caused by Renibacterium

salmoninarum 181

Baculoviral Midgut Gland
Necrosis (BMN) virus 157,158,

164-167

Baculovirus penaei (BP) 163
baculovirus of shrimp

baculoviral midgut gland virus
(BMN) 158,164

Baculovirus penaei (BP) 157,158,
163

Penaeus monodon-type
baculovirus (MBV) 158

bait 31,34,36,37,315,363
industry 33
movement of 17

releases of 54

worms 114

ballast water 6, 15, 35, 38, 115,
292, 315, 348,355
management of 319
release from ships 54,56

barriers, biogeographical 113



behavior 373

competition 72
decisions 427

interactions 67

migratory 399
benthic organisms 36,311

and habitat alterations 240

beta-galactosidase 267
biflagellate stages

of zoospores 142,214
of zygotes 211

Bilateral Scientific Working Group
on Salmonid Introductions

347

bioindicators 252, 257-258
bioengineering

seebiotechnology and
bioremediaton

biological control
of fishes 51, 53, 56, 60, 64 -

66

of insect pests 205-237
introductions for 315

use of genetics for 284
biological monitoring 299,303

and post importation 374
biosafety 303 - 304

and novel products 279
and novel technology 422

biotechnology 4, 126,197,
297-303,315,421,431

and bioremediation 195 - 204

and genetic transfers 203
and inhibition of natural cycles

203

economics and genetic changes
415-419

biotic corridors 15

bonamiasis 24,141
British Phycological Society 107
brood stocks

and roles of parasites and
disease 375

certified 380

General Index / 451

"disease free" 363

evaluations of 381

quarantines for 375
specific pathogen free 376

California Department of Fish and
Game

anchovy 85
and approach to risk reduction

361-362

Canada

Department of Fisheries and
Oceans 185,342,347,356
Fisheries Act 380

Manual of Compliance 379
Provincial Aquaculture Act

382

carps

bighead 54,64,65,340
Chinese 51,178
common 49 - 60,176,269,396,

417-418

eggs 269
grass 54,64,65,95,178,285,

340

mirror 272-274

red crucian 272

silver 64

silver crucian 56,272 - 274
catfish 29

channel 60,85,184,417,418
Chinese 85

raphael 56
redtail 56

ripsaw 56
sailfish 54

suckermouth 56

virus 182

walking 32,54,71,72,104,
396

cell and tissue culture

offish 182

of plants 127
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Center for Disease Control

(CDC) 410
channel catfish virus 182

chemotactic responses 125
chromosomes 340

set manipulation 282
sites 270

Code of Federal Regulations
(CFR) 307,330-335

commercial activities

seealsoindustry
and fishermen 96

and shellfish 249

fisheries 418

rearing facilities 256
shipping 292

community structures
microbial 201

competition
with native species 5,6, 293,

361

disadvantages of 378
conservation

agencies 74 - 75
and exotic introductions 395

and legislation 370
of fishery resources 329

consumers

and fish consumption 415
and fish toxins 410

protection of 414
consumer agreements for interstate

transfer of shellfish 322

contamination 11

biological, of water 341
biotic and abiotic 11

Cooperative State Research Service
(CSRS) 299

copepods 30, 35, 147, 211,216
as hosts 208

Council of Lake Committees 342

crustacean, types of 22,24,28,30,
31,34,35,51, 86,88, 157,199,
216,224,256,323,412

cryopreservation of eggs and
sperm 285

cytoplasmic polyhedrosis virus
(Reoviridae) 207

D

decision models 185

defense mechanisms

immunocompetency 7
immunodeficiency 310

deoxyribonucleic acid (DNA) 121,
196,275
alterations of 315

analysis of 270-271
complementary (cDNA) 267-

277

deletions 272

genomic 269
mitochondrial 38

probes 271
recombinant (rDNA) 196,266,

298,315
depuration 315
diagnostic procedures and assays

bioassays, for shrimp viruses
159

cell culture tests 309 - 310

for fish virus detection and

identification 182

radioimmunoprecipitation
273-274

microscopic (histologic)exami
nations 317

monoclonal antibody
methods 203

Dingell-Johnson Act
and Federal Aid in Fish Restora

tion 66

dinoflagellate blooms 7,15
diploid

females 284

grass carp 65
homozygous fish 285



hybrids 285
plants 121

dipterans 223
pests 207, 217

diseases

and parasites, Japan 388
impacts of 348
needs for inventories of 358

offish 157,175-192,240
of molluscs 139 -154,157,240
of shellfish from Canada 383 -

384

of shrimp 155-170
use against insect pests 205 -

237

transfers via bivalve

molluscs 146

disease control

and animal transports 355-
356

and health certificates 25,28,
363

and I.C.E.S. protocols 399
and inspections 178
and philosophy toward trans
ports 359
effective applications 353,357
in North America 156

prophylaxis 73
disease free 148

brood stocks 378

specific pathogen free 380
disease resistance 418, 431

and tolerant forms 315

dispersal(s) of human-mediated
mechanism for 14

eggs or larvae 373
exotic species 49
genetic material 5
microbial agents 255
nonindigenous species 319
organisms via ship hulls 112
pathogens 251

General Index / 453

potentially pathogenic amoeba
250

sewage and dredge spoil 258
sewage wastes 254
viruses 155

displacement
of native fish 66

dolphin
mortalities of 9

dredge-spoil 254, 257
seealso ocean dumping
Philadelphia-Camden disposal

site 250,256
dunnage 17, 29

ecological issues and 373
biological invasions 120
competition 382
disasters 326

effects 6

environmental assessments

320

environmental constraints

215

genetic problems 372
risk assessment 9

safety 291
economics, and

analysis of the HACCP models
413

assessments 422

ecological impacts 319
environmental loss and benefits

429

management science 422
recreational benefits 388

social advantages 378
economic pressures, and

costs 430

demands for food fish 416 -

418

driving genetic changes 415
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economic risks 94

fraud 410

imperatives for commerce
356

liabilities 93

trade balances and deficits 83,
418-419

ectocarpoid species 122-123
education 315, 356,357

and enhancing professional
awareness 345

medical 330

of resource managers and
legislators 344
of user groups 359
programs 402
and species for scientific and

zoological studies 333
eels 254

European 56
eel grass 110
effluents

sewage 251
thermal 61,68
untreated 21,30

eggs 180
cryopreserved 285
deposition of 35
diseases of 141

fisheries for 35

irradiated and androgenesis
285

of molluscs and crustaceans

331

of sockeye salmon 183
of wild non-game birds 331
of wildlife 331

parasites of 143
shipment of 182-183,332
stripping of 380
substrate for 17

Egtved disease 331 - 332
seealsoviral hemorrhagic
septicemia (VHS)

Endangered Species Act 328 - 329
endangered and threatened insects

336

enteric redmouth disease (ERM)
378,381
caused by Yersinia ruckeri 181

enteric viruses

sewage associated 251, 256
entomopathogenic viruses 207
environmental and ecological

activists 293

environmental fate and impacts
309

constraints 215

for microbial pest control agents
305-312

impact statements 320
responsibility for 73
tolerance 213

epibiota 17,23,92
epizootics 23

see also diseases

fatal 144

fish 175-192

molluscs 139-154

shrimp 155-170
escapes 4,60,68,88,372

from aquaculture experiments
378

from cultivation 104

from tourist attraction 56

from zoos 54

European Inland Fisheries Advi
sory Commission (EIFAC)
184, 292, 318,402

Executive Order (E.O.) 11987 319,
335,337-339
and exotic organisms 332
and introduced organisms 329

exotic fishes

and native animal species 336
and wildlife 328

common and scientific names

of 52,54-58



confusion with ornamental fish

395

diseases of 357

established in open waters 54
in the United States 346

management of 395
of economic importance 339
research on 338

exotic fish research 338 - 341

and endangered fish 69
exotic shrimp transfer network

161

exotic species 16, 18,21, 31,
36, 51, 338,344,388
aquatic plants 69
and aquaculture 68
cyprinids 64
exports of 337
freshwater fishes 49-81

introduction control 319

introduction by governmental
agency 54
introductions of 83,361,388
marine 98,371
microbial pesticides 308
pathogens 356
of shrimp 155-173

extension services 74

extinctions 71

and extirpations 71 - 72
of an entire species 431
of native fishes 72

farms and

farmers 396

farm-raised fish 417

Fish Farming Experimental
Laboratory 340
fish fee operations 417
land runoff 315

ocean farming 380
Federal Food, Drug, and

Cosmetic Act (FFDCA) 305,307

General Index I 455

Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) 305,
308-309

field testing 9,215
for biosafety 301
of genetically improved organ

isms 299

fin rot disease 255

Fish And Wildlife Act of 1956 328

fish bacterial pathogen 180 -182
fish genetic engineering 265 - 279

seealsotransgenic fish
fish health

and disease policies 186
and effects of sewage

pathogens 254-256
and health of shellfish 254 -

256,357
and viral diseases 182 -184

and virus detection and identifi

cation 182

blue book 156

Canadian "carrier tests" for

381

examinations 180

protection regulation 379,
383,385

regional guidelines for 381 -
382

risk reduction and 377

and surveillance 177,181
fish hobbyist 54,85,396,417
fish parasites 177-180
fish viruses 182 -184,331 - 332
fisheries activities 13,17

and resource management 343
management plans (FMP) 316
and maximum sustainable yield

416

otter trawl use in 34

and overexploitation 265
products of 331
role of exotic species in 347
tuna fishing 33
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fishing
gear 17,34
in private waters 416
pressure 416-417
vessels 34

Florida Game and Fresh Water Fish

Commission 66

focal necrosis 141,143
food

fishes 63

imports of fishery products
415

importers of 396
processing plants 252,409

fouling
agents 6
of nets 114

of ship hulls 8
organisms 14,114

freshwater fish 49,309 - 310
dispersal of, for aquaculture

49-81

freshwater invertebrates 216,309 -
311

mussels 25

polychaetes 29
prawns 86,96
shrimps 213
snails 88

waterfleas 29,30,341
fungi 141,144,206, 209- 211,

253,255
seealsomicrobial pest control
agents

furunculosis 381

see also Aeromonas salmonicida

gaffkemia 24
see also Aeroccocus viridans var.

homari

game fish (sport fish, recreational
fish) 58,416
and public waters 416 - 417

demand for 416

fisheries for 184,417
genetics 417-419
markets for 417

ponds for 416
and private hunting clubs 417
records 418

gametes, gametogenesis 121-
123,125, 211,284

gametophytes 118-125
genes

cloning of 197,301,415
codons 266

copy numbers 274
exchanges of 7
insertion of 315

pools, in fish 417
probes 203
reporter 268
ribosomal 196

sequencing of 301
single copy integration 270
technology 277
transfer 198,200,269,272-

273

genetic engineering 4,184,415,
421,430
see also genetic manipulation,

biotechnology and bioengi-
neering

abbreviations used in 277

and bioremediation 195 - 204

and conservation 422,427
and risk evaluation 422,427
and simulated and actual field

tests 310

of animals and plants 315
of microorganisms (GEMS) 196,

200,202-203,315,308
Genetic considerations 52,384

alterations 7,8,224,428,429,
431

and sex reversals 418

changes 431



isolation 36

manipulation 196,293,422,
426

recombination 197

reduced variability 282
releases 423-424

selection 417

studies of 38

genetic diversity 7,8, 125
genetic information 4

translocation of 11

genetic manipulation 38,196,282,
293,422,426
and altered bacteria 304

and improved fish 418
and modified organisms 298,

301,303-304
genetic material 4,5, 8, 11,13,

199

and exchange of 199
assemblages of 5
entry into aquatic ecosystems

315

integrity of 378
genetic pollution 59
genetics

heterosis 59

impacts of 175
integrity and interbreeding

378

inbred and hybrid organisms
281 - 282

markers 268

of marine plants 124
potential of 6
rearrangements 272
selective breeding 196,415,

417

self fertility 121
sexual reproduction 121
single sex manipulation 293
standard crossing methods

120

tags 301

General Index / 457

traditional breeding methods
5

transgenics 265-279
traditional breeding methods

5

genome 269,270,271,274
seealsohaploid, diploid, poly
poid

genotype 5, 20,418
germ plasm 4, 275,301
gill disease 141,145,147
global issues

dissemination of viruses 161,
166,371
expansion of marine

aquaculture 368
and fish landings 416
of fish introductions 396

world catch of fish 415

yield from aquaculture 416
Great Lakes Fishery Commission

342,348
Fish Disease Committee of

342

greenhouse
conditions 119

cultivation 126

grow-out 16,17
areas 140

enhancement and production
315

farms 379

growth hormones
seealso genetic engineering
abbreviations 277

and amino acid sequences of
266,269

human into fish 269,274,418
in aquaculture 265-279
of rainbow trout 265-276

Gulf States Marine Fisheries

Commission (GSMFC) 317
gynogenesis 282,415,418
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H

habitats

alterations to 6

and flooding 215
management decisions

pertaining to 321
microbial 201

microhabitats 125

outdoor ponds as 75
preferences 210
requirements 399
sandy beaches 247
sand dunes 241

sublittoral 19,111
haploid

female plants 121
genome 270,274
meiospores 211
sperm 283

haplosporidans 141-143
see also MSX,SSO
Haplosporidium costale 141
Haplosporidium nelsoni 141 -

143

hatcheries 63, 163,379
effluents from 376

in Hawaii 21

and operators 381
oysters from 26,28,37
stocks from 418

Hawaii

Aquaculture Development
Program 85 - 86
Department of Agriculture 89,

117

Department of Land and
Natural Resources 86

tuna packers 86
Hazard Analysis Critical Control

Point Program (HACCP) 407
-414

and continuous fishery product
inspection 408

and imitation products 416
and "improved" fish 419
and prevention of unwhole

some products 412
heavy metals 258

metabolism of 197

resistance to 198

hemocoel

of insects 210, 211, 214
penetration of 212

Hepatitis
type Bvirus 257

hepatopancreas
F-cells (Fibrillenzellen) of
shrimp 168
of rock crabs 256

R-cells (Restzellen) of shrimp
168

hepatopancreatic parvo-like virus
(HPV) 158,165-167

herbicides 111, 198
Herpesvirus 141,143,253
histopathology 159

events 220

examinations 25,363
hobbyists 54,85,396

and fish 417

homeotherms 214

birds (seewildlife)
multimammate rat or mouse

331

other mammals (seewildlife)
primates 310
sea mammals 254

hosts

alternate 6,212
defense mechanisms 5

densities 215

for fungi 211
intermediate 212

multiple 177
ranges of 164,219
reservoir 6

secondary and primary 178



human health and

seealsopublic health
enteric viruses 240,251,256
interrelationships 3
intestinal protozoa and

helmimths 253

keloid blastomycosis 254
microbial pesticide testing

308-310

raw sewage 253
recreational waters 239,249,

258

the environment 321,427
typhoid fever 253

hybrids 59, 67,281-282,315
and polyploids 418
and triploid forms 340
interspecific 286
of striped bass 96
reproductive sterility of 283

I

idiopathic condition
"gut and nerve syndrome"
(GNS) 169

imaginal tissue 207
immunity

immunocompetency 7
immunodeficiency 310
immunoreactive polypep

tide 266

impacts
adverse, identification of 334
environmental 4,10,425
from injurious or nuisance
species 314,320
information needs 10

negative 52,59,71 - 72,362,
426

of exotic fish 338,341
of fertile hybrids 283
of inbred fish 286

ofMCPA's 205

General Index / 459

of polyploids 284
on cultured fish populations

182

on human health 4,425
on social structure 10,429
on target aquatic ecosystems

398

on tourism 184

range of 432
import of

dead and natural history
specimens 332
eggs 183
exotic organisms 332
fishes for research 397

grass carp 64
shrimp stocks 164
wildlife 331

prohibitions and exceptions
329-335

indigenous fish 285
populations of 281
species of 333
stocks of 418

Indo-Pacific Fisheries Council 184

industry
and waterborne commerce

342

and aquaculture 51,65,354 -
358,362,368,390

development of 255
for herring eggs 35
for pet fishes 326,334,395
pharmaceutical 200
and trade balances 83,418 - 419
and plant hygiene 410 - 412
and recommendations on

disease control 353

and "trash" fish 416

and tuna fishing 33,85
workshops 411

infectious hematopoietic necrosis
virus (IHNV) 156,182
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infectious hypodermal and he
matopoietic necrosis virus
(IHHNV) 24,92,157-158,161

-162,167,169
infectious pancreatic necrosis virus

(IPNV) 156, 182
inflammatory response 141,

142, 145
information

databases 300

electronic bulletin board 300
knowledgebases 301
networks 299 - 303

proprietary 301
technical information transfer

357

injurious species
and wildlife regulations 329-

335

insecticides

microbial 206,220,312
inspections

and control of consignments
376

guidelines 318
and microbial standards 251

of fishery products 408- 410
programs for meat and poultry

409

International Council for Explora
tion of the Seas (ICES) xiii, 54,
55,62, 106-107,318
and codes of practice 170,394
attitudes and activities of 367

-376

guidelines 99,363
and new species recommenda

tions 370

operating principles of 372-
374

Working Group for Marine
Pathology 148
Working Group on Introduc

tions and Transfers xiii, 354

International Decade of Indiscrimi
nate Ocean Transfers (IDIOT)
368

introduction and transfers 179,
371,342
accidental 17,21,123,396,425

-426

AFS position on and
approaches to 393-404

beneficial 11

"clean list" 334-335

concepts concerning 372
criteria for analysis of 399
cumulative impacts of 326
deleterious 186

deliberate 396

"dirty-exclusionary" list 334 -
335

guidelines for 301,388,402
ICES attitudes concerning 367

-376

industry points of view 353-
361

malicious 69

NMFSviews regarding shellfish
319-323

of fish 175 - 176,179,379,185
of live shellfish 314,316,320
of marine plants 103-135
of microorganisms 198
reasoned approaches to 393
and risk hypotheses 11
successfulexamples of 371
"stowaways," examples of 371
unauthorized 376

uncontrolled 292,383
unintentional 107,342,344 -

345,348
USDA safety programs re
GEM's 297-304

USEPAsafety programs re
GEM's 305-312

USFWS policies 325-352



UJNR policies toward 387-
391

invasions 5,11
and colonization 5,11,52
species involved with 120-

121

successful 120

windows 22

iridoviruses 207

seegill disease
disease in oysters 141,145,147

J

Japanese oysters 8,23,94,
147, 291,363,371
seealso oysters

K

kappa-carrageenan 116
kelp 35

seealso algae
beds 106

crab 35

genetics 124
intergeneric hybrids of 120
sperm 125

kudzu vine 197

Lacey Act 71, 91, 104-105,185,
319,326,328 - 329,332 - 334
seealsolaws and regulatory

actions

large-scale actions (see also global
issues)
introduction of Pacific oysters

371

movement of plants and animals
368

pest-control programs 205-
237

laws and regulations 73 - 74,301,
321,329

General Index / 461

see also fish health, shellfish
health

Canadian Fish Health

Protection Regulations
(FHPR) 379-380

Code of Federal Regulations
(CFR) title 50 and title 40
part 172 307,330-335

Endangered Species Act 328-
329

Federal Food Drug and Cos
metic Act (FFDCA) 305-
307

Federal Insecticide Fungicide
and Rodenticide Act (FIFRA)
307

Fish and Wildlife Act 328

fish disease control, regulatory
attempts 184

Lacy Act (see Lacy Act)
Nonindigenous Aquatic
Nuisance Prevention Control

Act of 1990 319

Provincial Aquaculture Act
382

regulatory actions and proce
dures 89,326

"Saltonstall-Kennedy" Act (88 -
309) (SK) 411

statutory authorities 332
to minimize disease 184

wildlife, regulation, pertaining
to imports 329,331

legal issues 312
seealso laws and regulations
and regulatory citations 352
authorities 328

ethical mandates 321

frameworks of laws and regula
tions

legal adversaries 293
legal penalties 402
overzealous regulations 355
statutory bases 328
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lobsters 30,114,157,383
Louisiana State University

Sea Grant College Program 95

M

macroalgae 30
seealsomarine plants
seealso algae
introductions and transfers of

103 -135

Malpeque Bay disease 146,378,
383

Marine BiologicalLaboratory
(MBL) 22

Marine or Aquatic Animal and
Plant Health Inspection Service
(MAPHIS) 318

marine-estuarine invertebrates

see also molluscs, crustaceans
annelids 263

ascidians 15

bloodworms 33

bryozoans 31,34
echinoderms 31,118
hydroids 28,31
nudibranchs 35

oligochaetes 179
ophiuroids 34
ostracods 211,216
polychaetes 27 - 28,31,92
rotifers 28,30,216
sponges 31,34
tunicates 85

marine plants
seealsoalgae
and indian tribal law 104

and phytoplankton 36
and phototaxis 122
carrageenan in 116
cultivation and propagation of

188 -199

cultures of 293

introductions of 103-135

intra and interspecific progeny
119

need for light and temperature
regimes 126
shoal grass 24

Maryland Department of Natural
Resources 96

meiosis 121

memorandum of understanding
(MOU) 320

microalgae 20, 30
seealsomarine plants
seealso algae

microbial pest-control agents
(MPCA's) 205-237,305-306
bacteria 216-225,306
distribution of 239

effects on hosts 358

microsporidans 208,306
persistence of 213 - 215
protistans 208-210,306
registration and oversight of

305 - 312

tests for, and testing 307
viruses 206-208,306

microcell disease 142,144
military activities

biological warfare 315
outerspace operations 315

mitosis 145

mitten crabs 333

mode of action 10,224
Model Seafood Surveillance Project

(MSSP) 407-415
seealsoseafood safety

molluscan forms 20,22 - 23,26,
29,31,35,94,112,145,147,157,
216,248,255,257,318,323,331,
368,373,378,383-385
seealsooysters

monodon-type baculovirus (MBV)
seePenaeus monodon-type
baculovirus

morbidity and mortality 424



mosquitoes 206-211,305
control agents of 208 - 209,

212,220
host range 213
larvae 208-213,223,306
predators 223

multinucleate sphere-unknown
(MSX) 142
seealsoHaplosporidium nelsoni

N

National Academy of Sciences 411
National Agricultural Library

(NAL) 300
databases 300-301

data requirements 309
National Association of State

Universities and Land Grant

Colleges 299
National Fisheries Education and

Research Foundation (NFERF)
411,413

National Fisheries Institute (NFI)
408,413

National Shellfish Sanitation

Program (NSSP) 320
native species 337

effects of parasites and
diseases on 177-180,375

exports of 336
ranges of 399
stocks of 371,382
wild runs of 382

neoplasms
cell free transmission of 146

epizootic in molluscs 145-
146

New York Bight 250, 254- 255
nonindigenous

see exotic

non-target species 7,17,22,36,64
and microbial pests controls

205 - 237

General Index / 463

EPAaquatic organism data
requirements 311
insects, beneficial 311 - 312
invertebrate taxa 223

microbial, testing for 310
organism testing, E.P.A. 309-

310

and plant testing 312
North American Commission of

the North Atlantic Salmon

conservation Organization
(NASCO) 347

nuclear polyhedrosis virus (NPV)
207,306

nucleic acids-nucleotides 4,267
sequence analysis 266

nuisance species 11,319
aquatic pest control programs

216

aquatic plant control 66
aquatic weed control 61,285
vegetation 341

o

ocean

farms 380

resources 416

sediments 254

ocean dumping 7,202,250,315
in the New York Bight 254-

255

in the Philadelphia-Camden
Disposal site 252
in the Puerto Rico Trench 200

oil

seealso petroleum
degrading micro-organisms

201

spills 201
oncogenicity 310

seealsoneoplasms
opinionnaire 399

appraisal form for introduc
tions 401
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ornamental fish 58

confusion with exotics 395
for aquariums 397

osmotic shock

and growth hormones 276
oysters

American Atlantic, Virginia or
Eastern 29,85,378
European, Dutch, Flat 357,

363,383,385
Japanese (Pacific) 8,23,94,

147,291,363,371
Portuguese 140,145

oyster production
in North America 140

Pacific Marine Fisheries Commis
sion (PMFC) 316 - 317, 322 -
323, 364

paralyticshellfish poison(PSP)
412

and red tides 15

parasites 17, 25, 62, 70, 73,176,
177,253, 317
seealso pathogens
and latent infections 182
as lethal infectious agents 143
effects on native stocks 375
obligate 207,211
offish 175-192

of oysters 24,141,147,253
of shrimp 155-173
protistan 143,206-209
trematode 70,253

paraspores and parasporal bodies
217-219

inclusions 218

proteins of 224
parvoviruses 207,158
pathogenicity 309, 310

testing for 311
pathogens 5,11, 23, 25, 317,410

seealsoparasites
amoeba 240,249
bacterial 180 -182,262,254,

257

eradication procedures 93
examinations for 363

fungal 210
of plants 312
protozoan (see also protistans)

24,141-142,177-180,206-
209,253

specified free of 99,320
viral 157 -158,167 -196,207

penaeid shrimp 21,35,155 -173,
368,413

penaeid monodon-type baculovirus
(MBV) 157-158,164-165,169

penaeid (shrimp) viruses 155-
173

pests 6,2,317
control agents 7
control efforts 211

species 51,320
pesticides 7,206

active ingredients in 305
assessment guidelines 305,309
E.P.A.registered microbial

agents 306-308
microbial, testing guidelines

307

unregistered 308
petroleum and products of 201,

418

phenotype 5
changes in 199

pituitary
extract of carp 273
glands 266

plasmids 7,201
chimeric 268

inergeneric transfers of 199
incidences of in ocean sites 198
-199

pAF51 266-268



pRSVrtGHcDNA 265-279
(see alsogrowth hormone)

pUC8 267
R-plasmids 198-199
transfer mediated traits 198

Plebejus Baculovirus (PBV) 164
ploidy 4,11

and reproductive sterility 283
aneuploidy 283
autopolyploids 121
female triploids 284
hybrids and 281
male triploids 238
manipulation 415
polyploid organisms 281 - 288

poikilothermic organisms 145
pollution xvii, 10-11,220,222,

248

bioindicators in seawater 257

biological 73
biotic and abiotic 3,11
coastal 257

deepwater dump site 256
from sewage outfall 252
genetic 59
hypotheses re: introduction and

risks 1

inorganic 39
of gene pools 71
of littoral waters 253

of rivers 241

Philadelphia-Camden Dump
Site 256

point and non-point 315
polychlorinated biphenyls

258

sewage 239-256
sources of 258

population(s)
all female 284

declines 72

"explosions" 7,84
husbanded 354

monosex 418

General Index / 465

predation, predators 25,70,118,
216, 292

prediction
and ecological risk assessment

9-10

and probability estimates 424
models 258

of impact 399
prokaryotes 11,196,224
protoplast fusion 197
public health 430

seealso hazard analysis
see also human health

and product safety 410 -411
and unacceptable risks 408
hazardous technologies 423

Public Laws

seealsolaws and regulations
P.L. 97-79 91

P.L 101-646 319

Q

quahog 20,23
quarantine 21, 28, 98, 375,
383

and disinfection 376

of brood stocks 371

of population 164,168
QX disease 141,145

R

radiation

solar 220-221

ultraviolet 207

reef fishes 373

regional
fish health guidelines 381
fishery bodies 184
inventories of diseases 358

regulations
seelaws and regulations
see legal issues
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reintroductions

needs for land based aquacul
ture 88

of approved species 94
releases

and ecological interrelation
ships 4,10

of genetically altered
organisms xvii, 421

reo-like virus (REO) 158,168 -
169,207

resistance

bacteria to antibiotics 257
cyst-forming species of
Acanthamoeba 240,250
and fecal coliforms 258

and genetic resistant stocks 99
and species of insects 219
stages of parasites 177
to antibiotics 7,198
to diseases 7

to heavy metals 7
risk

analyses of 120
and public perception 197,425

-426

avenues of in aquaculture 358
benefits gained 394,399,421,

430

from animal transfers 357

from diseases 354
fromgenetically altered organ

isms 343

from introductions 349,373
inherent 396

of adverse effects 314

physical,of technology 427
sources of 423,426
to health and environment

421

trade-offs 423,429,432
values 425

zero level risks, an illusion 428

risk assessment 10,321,345 - 346,
422

and conflicting objectives 429
and risk taking 374
characterization 426
ecological 12
methodologies in 12
multivariate analysis techniques
for 425

risk management 12,92,421 - 422,
431

and reduction actions 10,356
and stakeholders 424 - 426,

432

and clandestine movement of
species 292

concepts of risk reduction 350
decision frameworks 423,428,

429,432
hypotheses pertaining to 11
mitigation or compensation
policies 427
of introductions and transfers

291,327
psychological aspects 425 -

427

risk reduction strategies, policies,
concepts, needs and approaches
seealso risk management
AFS 393-404

for California 361-364
for Canada 377-385

comprehensive treatment of
421-434

for Hawaii 83-101

ICES 367-376

for industry 353-359
NMFS 313-323

UJNR 387-391
USDA 297-304

US EPA 305-312

USF.&WS 325-352

Romans 140

Roman empire 49



safety 430
see also public, human health
and closure to shell fishing

240

and food 411

and human health 427

bacteriological 412
biosafety 297-303
features and testing for 430
hazard analysis critical control
point 407-414
hazards to migratory birds

329

in recreational waters 239,
. 249,258

of genetically engineered
organism 426

problems 410
surveillance 413

salmon 6,19, 50,60,254,
368, 378-380,383, 396
Atlantic 62,181,378,382
Chinook 254

chum 266,272
culture 181,381
European Atlantic 347
farming of 95
Pacific 95,341,347,371,396
sockeye 183

sarcomas 145 -146

seealsoneoplasms
Scottish Seaweed Research Asso

ciation 105

seafood-borne illness 411

and safety problems 408
seafood safety 407 - 414

seealso Hazard AnalysisCritical
Control Point Program -
HACCP

sediment 222

grain size 257
samples 240, 248

General Index I 467

transport of 256
sensitivity analyses 430
serology

serotypes or serovars 216
studies 183,254

sewage
and associated pathogens

253,258
and enteric viruses 251,256
and sludge composts 254
discharges 315
disposal practices 239 - 262,

315

domestic 9

effects on fish and shellfish

254-256

effluents 199,256
plants and discharge permits

258

pollution 239-256
sources of 249

shell disease 141,256
shellfish 113,248, 251,316,383,

408

and interstate transfers 322

control policy 384
culture industry 384
growing waters and beds 239,

249,255
hatcheries 384

health and protection plan
313

pests, predators and pathogens
323

processing 412
resource management 313
triploid 283

shellfish health 313-323

shrimps and prawns 21,35,86,
363, 368
culture facilities 168

frozen for hazard analysis
critical control point models

413
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virus dissemination and aqua
culture 155-173

Smithsonian Institution 145
sociological issuesand risktaking

social and community
indicators 425

social and economic benefits
socialand economicpressures

291

social-risk problems 432
socio-political considerations

427

spawning success 284
species substitution 412
specific pathogen free stocks

(SPF) 99
and Canadian Manual of

Compliance 379-380
sporangia 120, 211,214
spores

algae 118,124
andsori 120

bacterial 252,258
ectocarpoid 122
haploid meiospores 211
of microbial pestcontrol agents

215

resistant 217

sporophytes 124
sterile forms

grass carp 340
of insects 283-284

sterilization

offish 285

stocking
and restockingactivities 30,

265

continual 18

of forage species 63
of target species 17
rates and management 340

storm events 315

hurricane Agnes 148

stunted

individuals

stocks 51

symbionts 25

67

target organisms
intentionally moved species 16

-17,22,35-36,99
ofmicrobial pest controlagents

206-237

TennesseeValleyAuthority 65
terrestrial environments 7, 9,11,

206

actinomycetes in 254
and wildlife 310

cyst forming pathogens in 258
Texas

A &M Sea Grant College
Program 96
Department of Parks and
Wildlife 97

threatened species 50,329
tilapias

blue 55,60,65,340
blackchin 55,340
Mozambique 50,51
Nile 57,62
redbelly 55,61,341

toxic chemicals 197-200

activity of 221
degradation of 202
spills of 201

toxicology testing 309 - 310
EPA-target and nontarget (see
table) 310
guidelines 307

toxins 7,223
as insecticides 218

bacterial 219,224
beta-exotoxin 217

cell entry via receptor-mediated
endocytosis 219



effects on mammals 217

production of 198
tier-testing of 310

transgenic fish 265 - 279
seealsogenetic engineering
rapid growth of 268

transgenic organisms 428,431
production of 415
shellfish 277

strains of 4

transmission of diseases

horizontal, of protistans 208
horizontal, of viruses 165
transovarian 209

vertical 181-182

transport media 25, 29,36
triploids 285,293,341

seealsoploidy
certification of 340

hybrids of fish 284-285
induced 285-286

shellfish 283

trout

brook 177,180,182,223,378
brown 54,59,176 -179,378
culture of 182

cutthroat 283

eggs of 179,183
golden 59
rainbow 50,85,176,179,181,

183,266,268,311,378-379,
417

U

United Nations

Food and Agriculture
Organization (FAO) 170,
184,415

United States Customs 330, 332
United States Department of
Agriculture (USDA) 148,298,

409

General Index / 469

Agricultural Biotechnology
Research Advisory Committee

(ABRAC) 298
Animal Plant Health Inspection

Service (APHIS) 318
Cooperative State Research

Service (CSRS) 299
Marketing and Inspection

Service 298

National Agricultural Library
(NAL) 300

National Biological Impact
Assessment Program
(NBIAP) 297,299,301

Office of Agricultural
Biotechnology (OAB) 298

Secretary of 336
United States Department of

Commerce (USDC) National
Marine Fisheries Service

(NMFS) 55,144,314,317-318,
320,408,410-411
National Oceanic and Atmo

spheric Administration
(NOAA) 408

United States Department of
Health and Human Services

Food and Drug Administra
tion (FDA) 247,249,320,

409

Institutional Biosafety
Committees (IBC) 298,301

National Institutes of Health

(NIH) Northeast Technical
Service Unit 247

Public Health Service

Recombinant DNA Advisory
Committee (RDAC) 298

United States Department of the
Interior (USDI)
angler surveys 416
Director of 330

Fish and Wildlife Service 55,
65,74,388
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fish health specialists 184
National Fisheries Research

Centers 74,327,338,341
National Park Service 60

Organic Act 329
regulatory activities 325- 326
Secretary of 328,332-333,

336

U.S. Environmental Protection

Agency (USEPA) 216
experimental use permits

(EUP) 308
Officeof Pesticide Programs

(OPP) 307,312
Office of the General Council

312

oversight ofmicrobial pesticides
305 -312

pesticide registration 312
Science Analysis and

Coordination Staff 312

U.S. Fish Commission 55,328
United States General Accounting

Office (GAO) 410
United States-Japan Marine

ResourcesCooperative Program
(UJNR) 387-391

United States Joint Subcommittee
on Aquaculture 0SA) 391

United States Senate and House

and Agriculture Committees
408

unwanted discards of

fishes 68

food items 18

research organisms 396
materials for overboard disposal

315

pets 396

vaccines 265

vectors 6,114

for bacteria and viruses 256

of diseases 206

viral hemorrhagicsepticemia
(VHS) 331-332
seealso Egtved disease

viral pest-control agents 206- 208
see microbial pest controlagents
= MPCA)
toxicity testing of 309 - 310

viruses

seealso pathogens
human enteric 256-257

in cultured marine animals

157

in fish 157,182-184
in shrimp 157-159
in oysters 141,157
insect 206-208

nonenveloped icosahedral 168
non-occluded 207

occluded 164,207
virus-host relationships 358

W

Waddell Mariculture Center 21

wastes

seealso sewage
pharmaceutical and chemical

252

refuse and 315

treatment of 196,255
water

and sediment samples 252
and warm water species 97,

416

and waste treatment 196,252,
255

as ballast (seealso ballast water)
coastal and open ocean 56,62
construction of waterways and

canals 315

hyacinth 104
oligotrophic 221



wells in fishing vessels 17,33
watersheds 180

whirling disease 6,180,331
seealso Myxosoma cerebralis =
Myxobolus cerebralis

wildlife 6,330
see also U.S. Fish and Wildlife

Service

import regulations, pertaining
to 331

"low risk" introductions 333

mammals 309-310

migratory birds 328 - 329,332
populations of 59
wild caught fish and shellfish

254,380
winter disease 141

Wisconsin Conservation Depart
ment 58

Woods Hole Oceanographic
Institution (WHOI) 26

World List of Fishes Important to
North Americans 339

xenobiotics 196

Y

yabbies 28
yellowbelly cichlid 57
yellowfin goby 55

zebra mussel 6, 319, 341
zero risk 357,428
zoospores 214 - 215
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