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FOREWORD

This book is based on a symposium entitled “Ecological and Genetic Implica-
tions of Aquaculture Activities,” which was held at the annual meeting of
the World Aquaculture Society (WAS), May 4-5, 2000, in Nice, France.
I organized the symposium while serving as Vice-chair and Chair of the U.S.
National Committee for the International Union for the Biological Sciences
(USNC/TUBS). The USNC/TUBS is a U.S. National Academies of Sciences
committee that represents U.S. interests in the biological sciences in the inter-
national world of scientific organizations and is under the auspices of the U.S.
National Research Council. The IUBS itself had an ongoing program, called
Reproductive Biology and Aquaculture (RBA), for the application of modern
technologies to animal reproduction in aquaculture. Prior to USNC/TUBS
involvement in the RBA program, the program focused on the applications
of modern techniques developed in the disciplines of cell biology, molecular
biology, and genetics to address issues and needs pertaining to aquaculture.
The USNC/IUBS involvement in the RBA program launched the program’s
second stage. The program expanded toward understanding the genetic, eco-
logical, and environmental effects of these technologies and the development of
solutions to those negative effects. The scope of the second stage met an impor-
tant global need. It focused awareness on the development and dissemination
of aquaculture approaches and methods that could increase the efficiency and
quantity of food production while minimizing ecological and genetic damage to
both wild populations and aquacultured animals associated with this food
production.

At the time that the symposium was being planned, aquaculture industry
leaders and scientists were becoming acutely aware of the increasing global
attention to ecological and genetic effects of aquaculture activities. Thus, WAS
scientific and industry leaders welcomed the opportunity to host a major
symposium that addressed those issues at an annual WAS meeting. The objec-
tives of the symposium were twofold: (1) bring together leaders of the science
of aquaculture to identify specific national and global ecological and genetic
effects that the various types of aquaculture activities brought upon the envi-
ronment and its constituent ecosystems and (2) share and discuss the

viii
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effectiveness of actual and attempted solutions to those effects and develop new
solutions.

Twenty-eight speakers from 18 different countries gave presentations at the
symposium. Toward the symposium objectives, some speakers described the
types and overall level of global effects from aquaculture activities and pre-
sented directions of thinking to address those effects. Many speakers documen-
ted the principal types of effects that occur in their countries and presented
specific action plans or actual modes of operation to reduce and manage those
effects. Other speakers presented assessments of ongoing efforts to limit aqua-
culture effects and pointed out specific strengths and weaknesses of the projects
and programs they evaluated. After the formal presentations, workshops were
held to share additional information about ways to ameliorate or prevent
aquaculture effects on native organisms and environments. Scientists and
representatives of both the aquaculture industry and major funding agencies
for aquaculture, such as the World Bank, attended these workshops.

TUBS leaders were keenly interested in a focus on South America for the
symposium. Thus, that continent is well represented in this book. In addition,
five trainees from South American countries also attended the symposium as
invited guests. These trainees were selected by the symposium speakers from
those countries. A special reception was held during the symposium so that
the trainees could converse with the speakers in an informal atmosphere. In
exchange for the financial support given to the trainees to attend the meeting,
each student wrote a report that described the benefits to the student of
attending the symposium and the WAS meeting.

Twenty-five speakers from 19 different countries submitted manuscripts
based on their presentations for inclusion in this book. One manuscript (Alves
et al., Chapter 16) was solicited from the authors at a later WAS annual meeting.
Many of these authors are the leaders, or are among the leaders, of aquaculture
science in their respective countries. Others are renowned aquaculture and fish-
eries scientists worldwide. Together, the chapters written by these authors form
a comprehensive compilation of the various ecological and genetic problems
faced by broad areas of the world in association with the development and
expansion of aquaculture-related activities and enterprises. Their contributions
allow the identification of common problems among nations; of the scope and
extent of the most pervasive problems; and of common solutions, aquaculture
methods, and ways of thinking about and designing aquaculture programs that
enable the practice of productive aquaculture simultaneously with ecosystem
conservation.

The preparation of this book obviously took a long time. Many factors
contributed to the lengthy process of editing the manuscripts, compiling the
chapters, and writing my own chapters. Most chapter authors submitted their
chapters a number of years ago. A few chose to update their chapters as new
work was accomplished and additional relevant literature was published. Thus,
some chapters may appear to be lacking references to the most up-to-date
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published literature whereas others contain more recent references. I must take
the blame for this problem and offer my most sincere apologies to the authors. I
also deeply thank all of the chapter authors for their long-enduring patience
while this book was in preparation. All authors except one chose to keep their
chapters in this book rather than to withdraw them and publish them sooner
elsewhere. On the positive side, some chapters have already been cited in the
literature several times and others have already been used as teaching tools for
college aquaculture classes. This is a testimony to the utility and relevance of
the various authors’ contributions to this book. I dedicate this book to the
authors of the chapters within it. I will be indebted to them always for their
support.

Funding for the symposium and publication of this book came from many
sources. The USNC/IUBS, the TUBS, the Japanese National Committee for
the TUBS/RBA program, the U.S. Department of Interior, and the WAS
sponsored the symposium. The IUBS and the Japanese I[UBS/RBA National
Committee also funded travel and reception expenses for the five South Ameri-
can trainees who attended the symposium. All of the funding sources listed
previously and the State of Florida contributed funds toward publication.

I thank Barry Chernoff for introducing me into the realm of international
research organizations and activities, Kenjiro Ozato for helping me to solidify
the new direction that the [IUBS/RBA program took through USNC/IUBS
involvement, and Devin Bartley for support, advice, and consultation through-
out the development of this book. I am most grateful for the highly competent
assistance of many people who helped me with the organization and execution
of the symposium and with the preparation of the book. Rachel Sackett served
as budget manager, communications focal person, and executive assistant to
me during the process of organizing the symposium and arranging travel for the
symposium participants. Staff members of the Florida Institute of Oceanogra-
phy also facilitated getting symposium participants from their various locations
in the world to the WAS meeting and reimbursing those individuals. Leroy
Creswell and Rosa Flos, who were co-chairs of the committee to organize the
WAS annual meeting, helped with many details of obtaining funding, and
organizing and executing the symposium. Jennifer Nielsen, editor-in-chief of
the Reviews: Methods and Technologies in Fish Biology and Fisheries book
series, invited me to publish this book as a contribution to that series. The
Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife Re-
search Institute (FWRI) library staff provided incredible assistance for years.
Jan Boyett, head librarian, queried library computer search engines and con-
tacted other librarians throughout the world to ensure that the references listed
in each chapter were as correct and complete as possible. She, Lawanda
McCarter, and Judith Burhman copied dozens of articles and arranged interli-
brary loans for tens of books that I needed to verify the accuracy of other
authors’ texts and references or to write my own chapters. Gil McRae, Director
of the FWRI, generously found funding for the color figures. Lastly, but very
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importantly, Martine van Bezooijen, of Kluwer Scientific Publications (now a

subsidiary of Springer), did an outstanding job of working with me and

encouraging me during the publication process. Over the course of working
on this book, she became a true friend. I am indebted to all of these people and

sincerely thank them for their contributions to this project. I also apologize if I

have forgotten anyone who helped me during the eight-year interval between

the inception of the idea for expansion of the TUBS/RBA program in this
direction and the publication of this book.

Some key terms and words used throughout the book warrant explanation.
The aquaculture literature is replete with terms and words that have been
adopted for standard use in the language of aquaculturists and those who
study aquaculture. Many very similar terms have subtle differences that are
defined and redefined by aquaculture scientists and policy-makers. Authors
from various countries in the world refer to particular entities in different ways.
Thus, when reading publications containing chapters or articles from authors
of different nations, such as this book, terminology can become confusing.
Rather than standardize particular terms and words in all chapters in this book,
I chose to maintain the terminology used by the authors, thus preserving the
genre of each article. However, this necessitates a listing of definitions and a
generalization of some words and terms that have more closely defined, specific
meanings in other publications. Following are words and terms used more or
less synonymously in this book:

1. Alien, non-native, non-indigenous, foreign, introduced, or exotic species or
organisms. All refer to animals from species or populations that do not live
locally in the area under discussion and are cultured or introduced into the
non-native area, either inadvertently or purposefully. In contexts where
more than one of these terms is used, alien, foreign, or exotic species are
usually considered to be species not found in the country under discussion;
translocated or non-indigenous species are those found within the country
but not in the water system under discussion; and non-native species are,
collectively, species in both of those categories. Some authors define some of
these terms specifically in their chapters.

2. Farmed, cultured, aquacultured, hatchery, or hatchery-reared fish or inver-
tebrates. All refer to (1) animals that were either spawned from broodstock
held in captivity in an aquaculture facility and reared in the aquaculture
facility or (2) animals that were collected from the wild at young life stages
and reared in an aquaculture facility. Unless the terms used in a chapter are
explained in the chapter, the first definition holds.

3. Net-pens or cages. Both refer to enclosures made of strong fibrous or coated
metallic nets or fencing material and suspended via floatation devices in
open water (e.g., lakes, embayments, coastal waters), and used for fish
culture. Cages may also be used for culture of invertebrates (e.g., scallops).

4. Ton, tonne, or metric ton. All of these terms refer to metric tons throughout
the book.
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5. Aquaculture or mariculture. Mariculture refers to aquatic culture in the
marine environment, whereas aquaculture means all types of aquatic
culture, ranging from freshwater culture to marine culture. The breadth of
salinity regimes encompassed by the term “aquaculture” will depend on the
scope and context in which that term is used in the chapter.

6. Stock enhancement or stock supplementation. Although experts who deal
with aquaculture in which hatchery animals are used to increase numbers of
individuals in wild populations differentiate these terms, the diverse array of
authors in this volume use these terms essentially interchangeably. The
hatchery-reared animals may or may not contribute to the next generation’s
breeding stock. Both stock enhancement and stock supplementation are
differentiated from stock restoration, which is the reintroduction of native
species into locations where they have been extirpated. Some authors of
chapters dealing specifically with purposeful stocking of hatchery fish into
the wild provide specific definitions of these terms in their chapters.

7. Integrated aquaculture or polyculture. Integrated aquaculture generally
refers to the separate culture of at least some components of a multi-culture
system (e.g., fish, various invertebrates, algae). These components are
integrated through channeling of the water among culture units to facilitate
its cleaning. Polyculture refers to animals (fish, invertebrates, algae) cultured
within the same culture unit (e.g., pond, net-pen, tank).

Perhaps most importantly, while working with the chapter authors for this
book, I learned that the term “aquaculture” itself is used in a wide variety of
contexts by fisheries and aquaculture scientists in different countries. This is
highly evident in the chapters in this book. To preserve the full spectrum of
what aquaculture means from the worldwide perspective as it exists in this
book, “aquaculture” here includes closed-system aquaculture; all types of
flow-through system aquaculture; intensive or extensive aquaculture, net-pen
aquaculture; aquaculture-based stock enhancement or restoration; and the
aquaculture-based introduction of native or non-indigenous or alien species
into open waters for the development or supplementation of fisheries (a type of
aquatic ranching).



CHAPTER 1

ENVIRONMENTALLY RESPONSIBLE
AQUACULTURE—A WORK IN PROGRESS

THERESA M. BERT, Pu.D.

Florida Fish and Wildlife Conservation Commission, Florida Wildlife Research Institute, 100 Eighth
Avenue Southeast, St. Petersburg, Florida, USA ( E-mail: theresa.bert@myfwc.com)

Abstract: Aquaculture yields important benefits to humans—food, essential products used in
developing new industries and maintaining current industries, and fish and shellfish
used to supplement depleted natural populations. Three objectives of the aquaculture
industry are to provide food and income for people in developing countries; reduce
fishing pressure on wild stocks; and maintain sufficient numbers of fish to sustain
commercial, recreational, and subsistence fisheries. But these benefits come with a
price. The ecological and genetic effects associated with aquaculture operations have
received a great deal of attention for at least 20 years. This focus has been stimulated
by several factors: (1) the high-profile presence of aquaculture activities and facilities,
which operate principally in inland and coastal waters where humans tend to concen-
trate and conduct numerous other activities that compete for space and resources;
(2) the physical evidence of environmental decline in the vicinities of aquaculture
operations; and (3) the promise that aquaculture products can provide considerable,
reasonably priced protein throughout the world. The negative effects of aquaculture
are numerous, diverse, and complex. They are not easily mitigated or alleviated
because they are tied to the actual and potential benefits of the industry. The effects
of aquaculture can compromise biodiversity at all levels—from genetic through
ecosystem, or broader in scope—and can interfere with the interactions of organisms
at all biodiversity levels. Collectively, the authors of the chapters in the four sections
of this book identify many ways that aquaculture has affected biodiversity and
present new perspectives on some previously documented ways. They also provide
specific, applicable solutions for the effects they address. They provide detailed
documentations of the status of various types of aquaculture effects in their respective
countries, evaluations of the success of various aquaculture endeavors, and overviews
of the type of thinking and planning that could lessen all types of ecological and
genetic problems caused by aquaculture. This book is unique in that it provides in-
depth evaluations of specific effects resulting from aquaculture operations in
countries throughout the world and suggests specific solutions to the problems
described.

1

Theresa M. Bert (ed.), Ecological and Genetic Implications of Aquaculture Activities, 1-31.
© 2007 Springer.
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Key words: aquaculture, biodiversity, ecology, effects, environment, genetics, solutions, stock
enhancement, worldwide

1. THE IMPORTANCE OF AQUACULTURE

A quick perusal of a literature search produced using the keywords “aquacul-
ture,” “ecology,” and “genetic”’ will illustrate that a great deal of attention has
been paid to the environmental effects' of all types of aquaculture activities.
Numerous workshops, symposia, and conference sessions have addressed these
issues (e.g., Pullin et al., 1993; Food and Agriculture Organization of the United
Nations [FAO] and Government of Japan, 1995; Pullin et al., 1999; Svennevig
et al., 1999; ; Network of Aquaculture Centres in the Asia-Pacific NACA] and
FAO, 2001; Subasinghe et al., 2001; Holmer et al., 2002; Stead et al., 2002; Morry
et al., 2003; Nakamura et al., 2003; Phillips et al., 2003). Many national and
international organizations and groups have prepared codes, recommendations,
guidelines, or policies for conducting responsible aquaculture (e.g., Turner, 1988;
GESAMP, 1991, 1996, 2001a, b, c; Working Group on Aquaculture, Standing
Committee on Fisheries and Aquaculture (Australia), 1994; FAO, 1995, 1997;
FAO and Government of Japan, 1995; ICES, 1995; Reinertsen and Halland,
1995; Bartley et al., 1996; Pullin et al., 1999; Secretariat of the CBD, 2004 [also see
http://www.fao.org/documents]). Several organizations and companies award
certifications or recognition for practicing environmentally conscientious aqua-
culture (e.g., British Columbia Innovation Council, Canadian Aquaculture
Industry Alliance, FAO, Global Aquaculture Alliance, NACA, North Atlantic
Salmon Conservation Organization [NASCO], World Bank, World Wildlife
Fund). Many articles and books have been written that document the general
environmental problems common in the practice of aquaculture and provide
principals and methods for developing sustainable aquaculture systems and
programs (e.g., Welcomme, 1988; Barinaga, 1990; Pillay, 1992; Pullin et al.,
1993; Lassuy, 1995; Schramm and Piper, 1995; Thorpe et al., 1995; Azeta et al.,
1997; Bardach, 1997; Barg and Phillips, 1997; Goldburg and Triplett, 1997,
Tringali and Bert, 1998; Svennevig et al., 1999; Bert and Tringali, 2001; Bert
et al., 2001; Black, 2001; Goldburg et al., 2001; Naylor et al., 2001; Read and
Fernandes, 2003; Bello et al., 2004; Leber et al., 2004b). Lastly, a number of

In this chapter, I use the term “‘environmental effects” in a very broad sense—inclusive of
ecological, genetic, and biodiversity effects on all living natural ecosystem components and their
independent and interactive processes as well as effects on nonliving ecosystem components.
This special usage allows me to dispense with longer phrases, such as “ecological, biological,
genetic, and biodiversity effects,” when discussing the broad range of aquaculture effects that
affect natural ecosystem components. Similarly, I use “environmental” in the broad sense, to
refer to living organisms and their interactions plus the habitats in which they live. When the
adverse effects under discussion are pronounced and widespread, I use the term “‘impacts”
rather than “effects.”
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national and international organizations have as a focus of their attention and

efforts the promotion of environmentally responsible aquaculture (e.g., Asian

Wetland Bureau, European Inland Fisheries Advisory Commission, Global

Aquaculture Alliance, International Union for the Conservation of Nature and

Natural Resources, NASCO, United Nations through the FAO and the United

Nations Environmental Program, WorldFish Center [formerly ICLARM, the

International Council for Living Aquatic Natural Resources], and a number of

national and international fishery commissions and oversight groups).

Aquaculture leaders and relevant governmental officials, as well as industry
workers, have been acutely aware of the constant and notable attention given to
the industry’s activities and their sometimes negative effects on the environ-
ment. Numerous articles on reducing aquaculture effects have been published
in journals such as Aquaculture, Aquaculture International, Aquaculture
Research, and World Aquaculture, the trade periodical of the World Aquacul-
ture Society. Thus, aquaculture societies and associations from the local to the
international level have begun to address these problems and adhere to stan-
dards of practice that minimize environmental effects.

Why has this worldwide attention developed regarding aquaculture? Aqua-
culture, in some form, has been a type of farming for centuries. For example, in
the 1500s in northeastern Bolivia prior to the influence of western civilization,
native people constructed fish-weir habitats to constrain and farm fish that
entered their savannah/forest-island homeland during the rainy season (Erick-
son, 2000). Their culture probably developed around building and maintaining
those weirs and tending the entrained fish (Erickson, 2000). Now, the benefits
associated with aquaculture extend beyond simply providing food. Aquacul-
ture, if conducted in an environmentally safe manner, can provide many
benefits to ecosystems and humans, including the following:

1. Aquaculture shows great potential for providing food to alleviate the pov-
erty of people living in coastal areas, particularly those who are among the
poorest people in the world (GESAMP, 2001b). For example, in South
America, aquaculture has contributed to foreign exchange earnings and to
employment in areas where employment opportunities are few, so it has
slowed migration of the rural poor to outlying areas of major cities, which
usually do not have the infrastructure (e.g., water, sewage, roads, power) to
support them (Hernandez-Rodriguez et al., 2001).

2. Aquaculture can sustain small communities where commercial fishing has
severely declined (e.g., Colson and Sturmer, 2000) and can help diversify
income for small agriculture farmers (Goldburg and Triplett, 1997; Pullin,
2001). In some cases, these people can raise either low-cost fish for food or
high-value fish for export, depending on which products have the greatest
immediate economic benefits (Williams, 1997).

3. Aquaculture helps conserve wild fishery stocks (e.g., Wang, 1999; Williams,
1999) and, thereby, helps conserve genetic and species biodiversity and
ecosystem integrity (Beveridge et al., 1997).
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Aquaculture, particularly of mollusks or aquatic plants in areas of
adequate water movement, can be used to clean certain types of wastewater
(Prein, 1995; Beveridge et al., 1997; Goldburg and Triplett, 1997).
Integrated aquaculture/agriculture (e.g., insectivorous fish/rice farming)
can improve the ecological sustainability of agriculture systems (Lightfoot
et al., 1993; FAO et al., 2001) by reducing the need for chemical treatments
such as fertilizers or pesticides (Barg and Phillips, 1997) and can increase
biological diversity of the farmed habitat.

Aquaculture wastewater channeled through constructed, associated wet-
lands and holding areas can purify the water (Mires, 1999) and provide
habitat for coastal plants, birds, and other wildlife (Pullin, 1993; T.M. Bert,
personal observation). Sedimentation ponds and mechanical filters, as well
as constructed wetlands, can serve as aquaculture wastewater catchments
that trap waste products for use as fertilizer in agriculture (Pillay, 1992;
Goldburg and Triplett, 1997).

Integrated aquaculture and polyculture can be used to reduce eutrophica-
tion.

Freshwater- and sea-ranched species can be used to help control pests and
predators in the wild. For example, carp are introduced and allowed to
range freely in isolated water bodies (e.g., ditches) to control freshwater
aquatic plants. In the marine environment, wolf fish (Anarhichas lupus) can
be sea-ranched to prey upon the sea urchins (Strongylocentrotus droeba-
chiensis) that eat Norwegian kelp forests.

Stock enhancement and stock restoration can assist in the recovery of
depleted or extirpated fish or invertebrate stocks (e.g., Barg and Phillips,
1997; Kongkeo, 2001; Moksness, 2004; Wilbur et al., 2005).

Open-water mollusk farming can increase local spat supply (Beveridge
et al., 1997).

Net-pens, cages, or mollusk farming structures can attract wild fish and
serve as substrates for sessile invertebrates and aquatic plants (e.g., Soto
and Jara, 2007).

Aquaculture stimulates research on the levels and organization of genetic
variability in aquatic species and on the use of genes and genomics to
develop genetically modified organisms.

Aquaculture products are used to control undesirable animals and plants
and to produce fine chemicals and bioactive compounds.

Aquaculture is the most rapidly expanding type of farming in the world

(FAO, 2004). Its growth in the past two decades has been profound. Assisted
by governmental promotions and financial assistance in some countries,
global production of farmed fish and shellfish doubled between 1987 and 1997,
and continues to rise dramatically. Aquacultured animal products currently
account for more than one-third of all seafood consumed by humans (Gold-
burg et al., 2001; Naylor et al., 2001). Over the past 20 years, demand for fish
and shellfish has greatly increased, but in the past ten years, global production
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of wild fish has remained at a plateau of about 85-90 million metric tons (FAO,
2004), principally due to overfishing of selected species and degradation of
critical habitat worldwide (Goldburg and Triplett, 1997; Leber et al., 2004a).
Thus, wild-caught fish and shellfish cannot meet current world demands. This
situation will not change in the near future because most currently harvested
aquatic species are fished at the maximum sustainable levels or are overfished
(Pauly and Christensen, 1995; Pauly et al., 1998; Leber et al., 2004a). As world
fisheries become increasingly depleted (Pauly et al., 1998), aquaculture is
increasingly seen as a way to directly replenish wild stocks and to provide
food-fish and shellfish for human consumption without further depleting wild
stocks, despite highly visible reservations (Masood, 1997; Naylor et al., 1998,
2000, 2001). Because this benefit could also include providing considerable
food security and economic input to remote, resource-poor areas, it could
contribute to the economic empowerment of the people in those areas (Jia
et al., 2000). Aquaculture can also be less detrimental to ecosystems than
fishing and more efficient in producing animal protein than terrestrial livestock
production (Goldburg et al., 2001). For these reasons, it is important that
aquaculture be conducted sustainably and with minimal negative environmen-
tal and sociological complications (FAO, 1997).

2. NEGATIVE EFFECTS ASSOCIATED WITH AQUACULTURE

Some types of aquaculture may effect the surrounding ecosystem less than
others (Read and Fernandes, 2003), but all types effect native ecosystems to
some degree. Overall, perhaps the most worrisome aspect of aquaculture effects
is that they typically cannot be predicted until they occur; and they can be
extensive, complex, and irreversible. Following is a description of many prob-
lematic aquaculture effects that have been recognized in the literature. Some are
common to many types of aquaculture, whereas others are specific to, or more
pronounced in, certain types of aquaculture. Consequently, the effects listed
below are categorized by type of aquaculture. Many are further described in the
publications cited above and in the chapters within this book.

The following problems are most commonly associated with many types of

aquaculture practices:

1. Densely packing farmed aquatic organisms generates some of the same
environmental contamination problems as densely packing farmed terrestri-
al animals such as chickens or pigs. Nearby waters can become contami-
nated, nearby lands can be altered, and local plant and animal communities
and ecosystems can be damaged.

a. Surrounding or recipient waters can become enriched with nutrients,
organics, and chemicals (including toxins). This, in turn, can lead to
eutrophication and possibly harmful algal blooms (Chua, 1993), salina-
tion and pH changes, increased turbidity, anoxia, and the death of
pelagic wild larvae and juveniles (Gowen and Rosenthal, 1993). However,
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the overall effect of aquaculture on water bodies compared to the effect
of agriculture has been questioned (Boyd, 1999). Incorrectly applying
feeds to or overfeeding farm animals and directly discharging wastewater
or wastes into open or flowing water bodies are common sources of water
pollution generated by aquaculture.

b. Sediments beneath receiving waters and net-pens can become degraded to
the point of anoxia. This, in turn, can result in alterations in benthic
communities and accompanying declines in their biodiversity, possibly to
the extreme of azoic conditions (e.g., Gowen and Rosenthal, 1993;
Yokoyama et al., 2007). Discharging wastes and wastewater into aquatic
systems with little water exchange and locating net-pens in areas with low
levels of water circulation are two common causes of these problems.

c. Coastal wetlands and marshes can become degraded. This, in turn, can
lead to local or regional effects on fisheries because these environments
serve as nursery grounds for many economically important vertebrate
and invertebrate species (Naylor et al., 1998). Damages include physical
alteration of the area, degradation of the habitat, and depletion or
elimination of coastal resources (e.g., wood and bamboo to construct
aquaculture facilities, larval fish and invertebrates to stock culture ponds
and tanks, fish and invertebrates to feed cultured animals [Beveridge et al.,
1997]). These damages, in turn, result in increased siltation in neighboring
areas; salinity changes in groundwater; and loss of critical habitat for
young life stages of all types of species, including those that support
fisheries. However, although these are frequently cited effects of coastal
aquaculture, their actual extent compared to other coastal effects such as
urbanization and other industrial development has been challenged
(Boyd, 1999). Coastal land alteration to build aquaculture facilities and
the discharge of untreated wastes and wastewater are two principal causes
of these problems (see e.g., Williams, 1999).

2. Nonnative aquacultured species can escape into the environment. This can
lead to a plethora of problems (e.g., Thorpe et al., 1995; FAO, 1999; Strayer,
1999) that usually cannot be remedied because escaped animals cannot be
recalled. Effects include disruption of community structure and degradation
of the environment, sometimes to the point of ecosystem alteration (Williams,
1999); depletion of endangered and fishery species; reduction in fitness
of native-species populations; and introductions of alien parasites and
pathogens through infected or infested aquacultured individuals (Phillips
and Barg, 1999; Williams, 1999; Goldburget al., 2001). However, interactions
between wild fish and escaped hatchery fish are complex. For example,
sometimes negative effects of hatchery fish or hatchery/wild hybrids on
purebred wild fish at one life stage are offset by superior performance of the
purebred wild fish at another stage (e.g., Youngson et al., 1998). The cause of
these problems is the farming of species, varieties, or forms that are not
indigenous to the area in which the aquaculture operation is located.
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3. Wild stocks can be depleted through a variety of mechanisms.

a. Seed individuals (e.g., larvae) are collected from the wild or wild juveniles
and adults are harvested for use as food for cultured fish (Beveridge et al.,
1997; Sandnes and Ervik, 1999). These practices can effect fisheries by
reducing recruitment of seed stocks needed for fisheries or by depleting
food sources for harvested carnivorous species. The causes of these
problems are the use of wild individuals as sources of seed for aquacul-
ture operations and the extensive use of wild fish to feed cultured fish
(Pauly et al., 1998).

b. Wild species can be preyed upon by escaped or released farmed indivi-
duals, which can, in turn, deplete native-species populations, disturb
animal and plant communities, or alter ecosystems. The problems are
exacerbated as the ratio of hatchery fish to wild fish increases. The
hatchery fish can be native or alien to the region; the wild fish can be
conspecific (individuals of the same species) or other species. The causes
of these problems are the escaped hatchery species, which can have
advantages in predatory or competitive ability compared with wild fish.

¢. Species attracted to the aquaculture operation, such as predatory shore-
birds, seals, or large fish can be locally depleted if they are shot, speared,
or entangled while trying to feed on captive aquacultured species (Bever-
idge et al., 1997). These species are attracted to the high concentrations of
cultured fish or invertebrates in certain types of aquaculture facilities
(e.g., exposed ponds, cages, or rope lines).

4. Chemicals, drugs, or poisons (e.g., chemotherapeutics, fungicides, parasiti-
cides) can be ingested or absorbed by wild species (Phillips et al., 1993;
GESAMP, 1996; Phillips and Barg, 1999). This, in turn, can contaminate
animal or human food sources and lead to the mobilization of these sub-
stances throughout the aquatic ecosystem. Wild species can ingest these
toxic substances directly or by consuming other organisms that have
ingested and accumulated these substances (Austin, 1993). The source of
this problem is heavy use of chemical substances to keep cultured species
healthy and aquaculture facility water and structures free of contaminants
and fouling organisms.

5. The genetic diversity” of wild populations can be altered after hatchery fish
are added to those populations. This is a broad topic that can have long-
term, irreversible effects on the genetic diversity of wild populations if
cultured animals that have escaped or have been purposefully released
interbreed with the wild populations. The consequences can be complicated.
Because the ultimate outcome may not be expressed in the admixed popula-
tion (hatchery + wild + products of their hybridization, if hatchery and wild

Here defined as genetic variability—the alleles collectively present in the stock, population,
species, or higher taxonomic unit under consideration—and genetic composition—the frequen-
cies of those alleles in the same unit.
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individuals interbreed) for several generations, genetic damage can be diffi-
cult to identify (see e.g., Campton, 1995). The many causes of genetic effects
to wild populations include the use of low numbers of broodstock indivi-
duals or effective population sizes (N,s; see Ryman and Laikre, 1991) to
generate hatchery broods designated for release; the release of too many
hatchery individuals relative to the number of wild conspecifics in the
recipient population; the release of broods with significantly different levels
of genetic diversity than that of the recipient population; or extensive inter-
breeding between hatchery individuals and wild conspecifics. More than
one of these factors can act on recipient wild populations; and inter-
breeding between stocked hatchery fish and wild fish is not necessary for
some of these factors to have an effect on recipient populations. The cause
of these problems is poor genetic management of the stock enhancement
project.

. Fitness components of cultured populations can be reduced over genera-
tions. Using brood animals as the subsequent generation of broodstock,
particularly small numbers of individuals or N.,s, can contribute to a suite of
physiological, morphological, behavioral, reproductive, or developmental
abnormalities that can negatively effect the fitness of hatchery animals;
including the critical components of growth, reproduction, and survival
(see e.g., Bert and Tringali, 2001). Exchanging cultured animals among
hatcheries over generations can only partially and temporarily mitigate
this problem. The cause of reduced fitness in hatchery populations is failure
to introduce new individuals into hatchery broodstocks or using small
numbers of broodstock individuals each generation.

. Aquaculture activities effect humans in several ways. Other activities of
individuals or groups of humans (e.g., recreation, tourism, fishing, working)
can compete with aquaculture for coastal space (Gowen and Rosenthal,
1993). Coastal environments used by humans can become degraded through
aquaculture pollution. Pests, parasites, or diseases can be transmitted to
humans or their animals (including fisheries species) through introduction of
aquacultured species that act as vectors or intermediate hosts (King, 1993).
Aquatic or terrestrial habitats can be altered by aquaculture facility devel-
opment and operation. Causes of these problems are the broad array of
human interests in, and advantages to, living and working near water bodies
(e.g., availability of multiple living and nonliving natural resources for
industrial and domestic use, consumption, and esthetic enjoyment; facilita-
tion of transportation).

. Strong, well-directed regulations governing aquaculture may be absent or
enforcement of existing regulations may be problematic. These can be
particularly difficult problems in countries with extensive subsistence and
small-scale aquaculture operations and countries with substantial areas of
undeveloped and sparsely populated land. Even in Taiwan, where aquacul-
ture is common, regulations governing stock enhancement are inadequate
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(Liao, 1997). Causes for these problems include influence and pressure on
governmental bodies from external sources that oppose regulation; lack
of physical or logistical ability to enforce existing regulations; lack of educa-
tion about the rationale for regulations; and lack of knowledge, technical
expertise, and financial ability to conduct environmentally responsible
aquaculture.

Some types of aquaculture—stock enhancement, nonnative-species fisheries,
shrimp farming, and finfish net-pen farming—are particularly predisposed
toward generating certain types of effects. Stock enhancement can compromise
the genetic diversity of recipient populations in several ways:

1. Overstocking can cause genetic damage to recipient wild stocks. The
purposeful release of hatchery animals to supplement depleted wild stocks
creates multiple avenues for genetic damage because, in many cases,
hatchery broods do not possess all or most of the genetic diversity possessed
by recipient populations. Wild-population genetic diversity can be
reduced through interbreeding with stocked hatchery individuals. Admixed
hatchery/wild populations can have significantly reduced genetic diversities
without interbreeding if the ratio of hatchery animals to wild animals is
sufficiently high. The sometimes complex and usually detrimental effects of
reduced genetic diversity have been well documented and addressed by
many aquaculture scientists (e.g., Ryman and Laikre, 1991; Campton,
1995; Tringali and Bert, 1998; Bert et al., 2007; Hindar and Fleming, 2007).

2. Wild stocks can be inadvertently overharvested. A purpose of stock
enhancement is to contribute individuals to fishery stocks beyond the
number recruited from the wild population because the wild population is
depleted to the point at which humans believe that intervention is needed.
Thus, compared to the numbers of individuals in recipient wild populations,
relatively high numbers of hatchery fish can be introduced. Wild-population
components can be inadvertently reduced to numbers that preclude their
continued viability unless care is taken to ensure that they are not over-
harvested simply because large numbers of fish are harvested. If a wild
population is depleted, its collective local adaptation and genetic diversity
can be reduced.

3. The environment’s carrying capacity can be exceeded by stocking. In both
the stocked-fish and wild-fish populations, competing for food and living
space beyond that which the habitat can provide could negatively effect
many life history components, including growth, reproductive capacity, and
survival (see e.g., Flagg et al., 1995; Cooney and Brodeur, 1998).

4. The overall fitnesses of admixed populations (including fishery stocks) can
be decreased. Stocked hatchery broods can have lower fitness in some life
history components than recipient wild populations (see e.g., Philipp and
Claussen, 1995; Olla et al., 1998; Ranaka et al., 1998; Youngson et al., 1998).
This effect typically occurs because nonindigenous strains, which usually
have altered genetic diversity compared with recipient populations, are
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added to locally depleted populations (Philipp et al., 1995) or because

hatchery broods that have become domesticated to some extent in the

hatchery have lower fitness than the recipient wild populations. The net
result is reduced fitness of admixed populations.

Nonnative-species fisheries originate from two sources. (1) They are inten-
tionally introduced into the wild for ranching or sportfishing and sometimes
are only casually tracked or monitored. (2) They sometimes escape from
hatchery facilities in numbers sufficient to generate feral, self-sustaining popu-
lations capable of supporting fisheries. These types of aquaculture-based fish-
eries are not uncommon (Bardach, 1997) and some have caused more problems
than they have solved (see e.g., Courtenay, 1995; Lassuy, 1995). The following
effects commonly accompany these types of fisheries:

1. Native species are purposefully eliminated to facilitate the successful intro-
duction of the alien species (Rinne and Janisch, 1995).

2. Some species of tilapias (Oreochromis spp.), salmon (e.g., Salmo salar) and
carp (e.g., Hypothalmichthyx molitrix) have become nearly circumglobally
distributed (Bardach, 1997). This has caused an array of sometimes compli-
cated and drastic types of environmental damage to native ecosystem con-
stituents and processes (Fitzsimmons, 1997; Pullin et al., 1997; Paez-Osuna
et al., 2003).

3. Nonindigenous species populations predominate in some areas. In sufficient
numbers, nonindigenous species can alter or destroy the structure of local
ecosystems by shifting native species’ relative abundances and relationships
to each other or driving them to local, regional, or (in the case of endemic
species with limited ranges) total extinction. The introduced species can
disproportionately consume critical components of the food web (e.g., key-
stone or intermediate-level predators, herbivores, or plants), physically alter
critical habitats, ecologically displace native species, or directly prey on
native species (OTA, 1993; Lee, 1995; Rinne and Janisch, 1995; Volpe
et al., 2000; NACA and FAO, 2001). If the introduced species become
naturalized, these problems become permanent.

The most troubling prospect associated with introducing nonnative species into

the wild is that the type, magnitude, and reversibility of the consequences are

unknown. In addition, their effects may be indescribable because baseline data
on the original composition and structure of the affected ecosystem are lacking

(although some progress has been made in that arena; Pullin et al., 1997). A

number of authors in this book document the problems their respective

countries face because of the introduction and transplantation of nonnative
species for fisheries development (but see Vigliano and Alonso, 2007; Pascual

and Ciancio, 2007).

Of all aquaculture activities, shrimp farming, principally of Macrobrachium
rosenbergii, Litopenaeus vannamei, and related genera and species, is among the
most frequently cited as being environmentally destructive, particularly in some
Asian and Central American countries (e.g., Boyd and Clay, 1998; Shiva, 1999).
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Moreover, the destructive elements can act synergistically, resulting in spec-

tacular failures of shrimp farms and widespread environmental damage (see

e.g., Vivekanandan and Kurien, 1999). The cost:benefit ratio of shrimp farming

is so high that Naylor et al. (2000) have suggested that shrimp farms do not pay

for the environmental damage they cause and ocean resources they consume.

The environmental effects commonly associated with shrimp farming are

varied and can be extensive.

1. Wetlands and coastal mangrove forests are degraded or destroyed because
the land is restructured for building aquaculture farms and associated roads,
dykes, and canals (e.g., Primavera, 2005). These important natural resources
protect against the wave action of tropical storms and other oceanic
upheavals (e.g., tsunamis); prevent erosion of coastal land by anchoring
shifting mud; serve as sources of biodiversity and nursery grounds by
providing shelter, habitat, and food for fish and other marine life; and
provide lumber, charcoal, tannin, dyes, and food for humans (Hossain
et al., 2004). They are difficult to reclaim if the shrimp farm is abandoned
(Naylor et al., 1998). In addition, the actual extent of this effect is difficult to
assess because no standardized, reliable, long-term statistics exist that would
allow us to compare the extent of mangrove destruction by shrimp farming
with destruction caused by other sources (Bardach, 1997).

2. Diseases are transmitted both between shrimp farms and from the shrimp
farm to wild populations (JSA Shrimp Virus Work Group, 1997). Shrimp
viruses, which are easily transmitted between shrimp farms through the
transfer of larval seed stocks, can ravage production levels in shrimp farms
and devastate local wild shrimp populations. Poor management of shrimp
farms is cited as the most common cause of this problem (e.g., Hossain et al.,
2004).

3. Nonnative species can become established in the wild (AFS, 1997; DIAS,
1999). Because shrimp farms are located along coastal areas, any natural
event that elevates sea level and generates waves that overrun shrimp aqua-
culture ponds will wash cultured shrimp into the ocean. In addition, shrimp
are released into the sea by aquaculture workers for a variety of reasons (e.g.,
disease, mechanical component failure in the facility, closure of the facility).

Notably, in recent years, the aquaculture industry has put much effort into

working with scientific and economic researchers to ameliorate the effects of

shrimp farming.
Numerous authors have documented all types of damage in the vicinity of
net-pens that house aquacultured fish, including the following:

1. Untreated waste discharge degrades the water column and sediments.
Because net-pens and cages are placed in open water, they have the greatest
potential to cause this type of damage (Goldburg and Triplett, 1997). The
highest levels of contamination are in the near-bottom water and
upper sediment layers that are in close proximity to the net-pens. Types of
contaminants include high levels of precipitated or remobilized heavy metals
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(Cd, Cu, Fe, and Zn); undesirable chemicals such as sulfuric acid and ammo-

nia; algal blooms; and shellfish, fish, and human pathogens (Beveridge, 1996;

Belias et al., 2003; Nash, 2003). Near to total anoxic conditions generate azoic
sediment conditions. The level of effect is related to the amount of food given
to the fish, method of feeding, density of fish in the cages, annual production,

years of operation, local hydrology and geomorphology (Belias et al., 2003;

Yokoyama et al., 2007), and proximity of the bottom of the net-pen to the sea

floor (Yokoyama et al., 1997; Holmer et al., 2002).

2. Captive fish escape. Captive fish are very likely to escape from net-pens that
are located directly in open water. There, the net-pens can be subject to
plummeting by wave action and by large predators trying to feed on the
captive fish. Escaped fish can compete with or prey upon local wild fish;
become naturalized, thereby changing local or regional ecosystems and
affecting existing fisheries; or interbreed with local species and disrupt
locally adapted gene pools.

3. Fish diseases, pests, and parasites can be transmitted to wild species. The
close packing of single fish species in net-pens promotes the spread of fish
diseases and development of large populations of fish parasites and pests
(NMFS and FWS, 2000), such as the sea lice that ravage salmon reared in
net-pens in Chile and elsewhere (McVicar, 1997; Finstad et al., 2000). These
afflicters can also invade local wild populations and cause considerable
damage to them.

The effects of aquaculture on the environmental are often so intertwined that

the lists above constitute only a generalized framework for the actual effects. In

many cases, the effects act together, creating a unique set of complications that
can be difficult to disentangle and address.

The effects of aquaculture on the environment are only one component in
a complex suite of problems. Aquaculture activities can affect aquaculture
operations themselves (New, 1999). The water pollution (King, 1993) and
disease transmission common in high-density intensive fish cage culture and
shrimp farms effect productivity. Excessive collecting of wild shrimp postlarvae
for stocking aquaculture ponds depletes the stocks needed for future pond
seeding. Damaging local mangrove systems to build ponds destroys the larval
shrimp nursery habitat. Packing cultured animals in high densities can pollute
the immediate environment around the aquaculture facility. Introducing dis-
eased broodstock individuals or moving diseased animals among aquaculture
facilities can decimate production. Most effects of aquaculture practices on
aquaculture operations are the consequences of poor management and site
selection (Stickney, 1997; Thia-Eng, 1997).

Aquaculture can also be affected by outside sources, sometimes to the
complete demise of the aquaculture operation. Polluted intake waters threaten
the life-support system that aquaculture depends on. Water contaminated with
domestic sewage, municipal runoff, and agricultural or industrial wastes can
be loaded with pathogens, chemicals, and poisonous organic pollutants
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(Pullin, 1993; Barber, 1997; GESAMP, 2001c; Paez-Osuna et al., 2003). Even
underground water used as freshwater-inflow sources can be contaminated
(Thia-Eng, 1997). Cultured shellfish can be particularly susceptible to these
pollutants. Trace chemical contaminants (e.g., metals, organochlorines) can be
transferred to cultured fish (especially mercury) and shellfish (especially cadmi-
um) and then to humans, who consume the contaminated animals (Phillips,
1993). Events such as outbreaks of red tide organisms and other noxious algal
species can also effect aquaculture systems that use unprocessed water or that
are located in open water (Austin, 1993). Physical degradation of aquatic
habitats due to residential or commercial development can lead to reduced
productivity, disease outbreaks, contamination of aquacultured organisms, or
mass mortalities in open-water aquaculture systems that rely on these resources
(Barg and Phillips, 1997). In populated or desirable coastal areas, competition
with other uses of coastal and nearshore waters—such as for boating, fishing,
commercial shipping, port development, or urban expansion—can eliminate
opportunities for new development of aquaculture in those areas or cause
existing aquaculture operations to shut down (Thia-Eng, 1997).

2.1. Biodiversity Preservation and Aquaculture

In part because of their biodiversity, aquatic environments are by far the most
valuable ecosystems on earth in terms of natural capital and provision of
services (Costanza et al., 1997). The value of that natural capital is becoming
realized in aquaculture. However, it is the practice of growing things in water,
regardless of the objectives of a specific aquaculture endeavor, that must be
considered regarding its effects on biodiversity.

A common theme in discussing the environmental effects of aquaculture is
reduction in biodiversity. The Convention on Biological Diversity (CBD, 1994),
and the United Nations (Bartley and Pullin, 1999) recognize three levels of
biodiversity—genes and their gene pools, species and their populations, and
ecosystems and their communities. Others have recognized even more levels of
complexity, intricacy, and interaction (e.g., Noss, 1990). Each level of the bio-
diversity hierarchy—from genetic, through organismal, population, species,
community, and ecosystem—has specific unique functions that contribute to
the overall health of biological systems by providing some defense against
adverse effects and by acting an aid to recovery from those effects (Bartley and
Pullin, 1999). Moreover, each level provides support for the other levels. The loss
of biodiversity at any single level ultimately affects biodiversity at all levels.

Native-species genetic diversity and the hierarchical partitioning of the gene
pool can be affected by intentionally or inadvertently releasing genetically
limited, nonnative, or genetically altered individuals (Pauly et al., 1998; Naylor
et al., 2000). Species’ gene pools are particularly susceptible to alteration
through the many activities associated with stock enhancement (see e.g., Bert
et al., 2007). Poor hatchery breeding and rearing protocols can generate broods
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with restricted or altered genetic complements compared with wild conspecific

populations. The release of these hatchery broods into the wild can disrupt or

overwhelm native-species gene pools, with or without interbreeding between

hatchery animals and wild animals. Natural species diversity and species’

population structures can be altered or depleted by humans through any of

the following activities:

1. inadvertently harvesting excessive numbers of individuals in particular
populations to use as aquaculture seed stock;

2. introducing aquacultured broods from different populations;

3. excessively harvesting wild fish to feed cultivated fish;

4. introducing nonnative species, which can disrupt native-species’ food webs,
habitats, or life history cycles;

5. introducing cultured fish that harbor alien parasites and pathogens.

Ecosystem diversity and community structure can be affected by the following

activities:

1. modifying or destroying habitats to construct aquaculture facilities;

2. overusing ground or surface water;

3. polluting surface water and land through disposal of solid and liquid wastes;

4. introducing nonnative cultured species.

The loss of biodiversity is far greater in freshwater aquatic systems than in
terrestrial ecosystems (Johnson et al., 2001). In fresh waters, a host of other
activities detrimental to aquatic systems (e.g., deforestation, aquatic mineral
mining, channel dredging, pollutant dumping, overfishing) occur concurrently
with the practice of aquaculture; and fresh waters are more finite, and therefore
less resilient, than marine systems. Effects to biodiversity at all levels are most
pronounced in freshwater environments in developing countries, where the
roads can be the rivers, streams, and coastal waters and where monitoring
and regulating those effects is particularly difficult.

The CBD (1994) required that policies be established for conserving and
using biodiversity at each of the three levels in aquatic systems. Other promi-
nent scientists and scientific groups (e.g., Noss, 1990; Williams, 1999; Gaston,
2000) have also advocated a hierarchical approach to biodiversity conservation.
Aquaculture managers should work with natural resource scientists, policy-
makers, and industry associates to retain critical types and ranges of variation
in natural systems to maintain their resiliency (Hollig and Meffe, 1996) because
biodiversity is important for plant and animal breeding (Eldredge et al., 1999)
and, therefore, for aquaculture itself.

3. CONTRIBUTIONS OF THIS BOOK TOWARD SOLUTIONS
TO THE EFFECTS OF AQUACULTURE

From the above summary, it is obvious that a great deal of attention has been
paid to the environmental effects of all types of aquaculture practices over at
least the past decade. What, then, could another book contribute? Together,
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the chapters in this book address essentially all of the problems cited above, and
many in specific, applicable ways. The perspective of this book is unique in that
half of the chapters (Section Three) are authored by nationally or internation-
ally recognized experts who describe in detail the specific effects of aquaculture
practices in their respective countries. They provide ideas for, or practical
applications of, solutions to those problems. In each country or region, each
set of problems has unique properties and each set of proven or proposed
solutions is customized to solve those problems.

Damian Ogburn describes the various types and practices of aquaculture in
Australia from a historical perspective. He documents the effects that culturing
nonindigenous species and transplanting them around Australia to establish
aquaculture in new areas has had upon native Australian species, habitats, and
ecosystems. He describes the various attempts to solve the problems generated
by these aquaculture activities and the Australian government’s participation in
ensuring that aquaculture development with minimal ecological or genetic
damage is advanced in that country.

Saleem Mustafa and coauthors propose that the use of repeated generations
of hatchery fish, propagated originally from one or a few small founder brood-
stock(s), has resulted in a low but lethal level of genetically based morphologi-
cal abnormalities in Malaysia’s widely aquacultured Asian seabass (Lates
calcarifer). They advocate using adequate numbers of broodstocks and regu-
larly introducing individuals collected from the wild into broodstocks.

Tae Seok Ahn and Dongsoo Kong document in detail the ecological, limno-
logical, and biological damages done to artificial reservoirs and their associated
river systems by the Republic of Korea’s burgeoning alien-fish net-pen aqua-
culture industry in the reservoirs. They recognize the ongoing efforts of the
Korean government to reduce these damages and restore the reservoirs, pro-
vide additional ideas to further those efforts, and propose solutions to prevent
damage to other reservoirs while still allowing net-pen aquaculture.

Jian-Hai Xiang summarizes the importance of mariculture to the People’s
Republic of China (P.R. China); describes the pollution that Chinese pond,
raft, and net-pen culture operations have inflicted upon those operations
themselves; and provides examples of the reductions in genetic diversity that
have accumulated over generations of cultured invertebrates that are produced
and used as broodstock by the mariculture industry in that country. He
provides several workable solutions to these problems and additional ideas
for sound mariculture management in P.R. China.

Randy Brummett describes the advantages of, and provides ample reasons
for, involving all appropriate sectors of the public at the local level in the
development of low-cost, cottage-industry, native-species aquaculture in
the developing countries of Africa. He presents a number of ideas on how
to accomplish this type of aquaculture in Africa. He describes not only the
types of aquaculture operations and facilities best suited to this endeavor but
also the research base, investment and marketing strategies, and educational
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efforts needed for empowering people to sustainably conduct this type of

aquaculture.

The next several chapters describe the effects of escaped or released nonna-
tive fishes, originally brought into South American countries for various aqua-
culture purposes, including stocking, on the world-class diversity of freshwater
fish and invertebrate species in that continent. Many of these chapters have
detailed reports of fish species diversities and distributions; thus, they are
valuable baseline documentaries of South American fish biodiversity at this
point in time.

Hernan Ortega and colleagues contribute an expansive documentation of the
occurrence of alien (not native to their country) and translocated (native to
their country but not to the river system into which they were introduced) fishes
in Peru. Their chapter includes the following:

1. extensive lists documenting the locations of both native and nonnative fishes
in three distinctive aquatic systems;

2. detailed information on the specific location and relative abundance of the
three most commonly found alien species in one river system,;

3. documentation of the apparent displacement, by the rainbow trout (Oncor-
hynchus mykiss), of the three high-altitude native species occurring in a
World Heritage national park;

4. documentation of the uses for aquaculture and spread in the wild of alien
fishes in Pert, based on historical records and publications, as well as their
own research;

5. descriptions of two complex incidents in which alien species were introduced
into areas and then a cascade of introductions were made in attempts to
mitigate the effects of the initial introductions.

Ortega et al. then provide a comprehensive and diverse list of attainable

solutions designed to address the following:

1. mitigating the effects of feral, problematic, alien species in Peru;

2. reducing the probability of escape and spread of aquacultured alien species;

3. reducing the use of alien species for aquaculture and fisheries;

4. better organizing and monitoring ongoing and future aquaculture opera-
tions in Pera.

Their chapter will serve as a landmark paper for future reference on the

distribution of both native and nonnative fishes in Pert.

Héctor Lopez-Rojas and Ana Bonilla-Rivero describe the general evolution-
ary relationships between the native fish faunas of Venezuelan river systems
and document the distribution of escaped, naturalized (feral) alien freshwater
fishes and invertebrates and of translocated freshwater fishes among rivers and
lakes in those river systems. They note that little detail is known about species
compositions, distributions, ecologies, or life histories of the native aquatic
faunas of these river systems. Thus, it is nearly impossible to adequately assess
the effects of feral alien or translocated species on native Venezuelan aquatic
animal communities or ecosystems. Nevertheless, where possible, they evaluate
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the changes in Venezuelan aquatic faunal communities due to these introduc-
tions and transplantations. They support an ongoing, increased focus on
obtaining information on aquatic species composition, distribution, and abun-
dance in South American countries so that adequate assessments of changes
due to introduced species can be made. They also call for education and
research on cultivating native species. Their documentation of the geographic
distribution of nonnative species and list of introduced and transplanted species
in Venezuela can also serve as landmarks for future comparisons.

Carlos Alves and colleagues summarize the many types of introductions and
translocations of nonnative freshwater fishes that have occurred in state of
Minas Gerais in Brazil and the many types of effects they have generated.
These include displacement of, and predation on, native species; transmission
of diseases and parasites; and hybridization between native and nonnative spe-
cies. They recommend increasing regulations and enforcement, broad-based
education on the effects of nonnative-species introductions and on the value of
native ecosystems and aquatic species, and research on the aquaculture of native
species. Their summary table of the distribution of the known introduced species
in Minas Gerais state can also serve as a landmark for future comparisons.

Pablo Vigliano and Marcelo Alonso—and, in a separate chapter, Miguel
Pascual and Javier Ciancio—comprehensively describe the interesting and
rather spectacularly positive (from some perspectives) but complex effects of
salmonid introductions that occurred up to 100 years ago in the cold waters of
Patagonian Argentina. Vigliano and Alonso’s chapter provides the following:
1. a history of salmonid stocking throughout the region;

2. a detailed portrait of the distribution of all introduced salmonids through-
out the region;

3. a summary of the relative abundances of the various introduced salmonids
in the major water bodies and drainage systems of Patagonia;

4. a description of the tangled array of sometimes competing factions (aqua-
culturists, businessmen, conservationists, economists, lawmakers, policy-
makers, researchers, and sportfishermen) who view this massive salmonid
introduction and naturalization as a blessing or a curse.

Their quantitative distributional assessment combined with their detailed dis-

tributional map of the various salmonid species constitute a landmark docu-

mentation of the extent of naturalization of these introduced species—and one
with which future assessments can be compared.

Pascual and Ciancio provide additional details about the history of the
introductions and an ecological and genetic perspective on their uniqueness.
They describe their use of the ecological information available for naturalized
Patagonian chinook salmon in an evaluation of the ecological effects of
a proposed new salmonid introduction. They outline their development of a
multidimensional impact assessment model designed to estimate the ecological
costs versus economic benefits of the proposed introduction under various
scenarios of successful establishment. They then describe evidence for the
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ecological and genetic release that previously introduced salmonid species must
have experienced and elaborate on the potential for all types of biological,
ecological, and genetic research on the numerous populations of these species in
Patagonian Argentina and Chile.

The next trio of chapters deals with effects of aquaculture in the USA. The
authors of the various chapters describe the ecological and genetic effects
associated with aquaculture in the USA; relate a story about the development
of a hatchery-based stock supplementation program that is ecologically and
genetically responsible and describe the effort and involvement needed to
achieve the program’s goals; and evaluate the accomplishments of a group of
salmon stock-supplementation programs.

Robert Stickney opens with an overview of the types of problems that
American aquaculturists, aquaculture scientists, and conservationists common-
ly address in the USA. His description of American concerns mirrors the
concerns of many other countries but includes esthetic concerns not typically
voiced worldwide. He provides a general overview of the principal complaints
directed toward aquaculture development in the USA and of the accomplished
solutions to those problems.

William Smoker and William Heard describe the development and current
status of the extensive Alaskan salmon ocean ranching program. They describe
the habitats in which the admixed populations live and the fisheries upon which
these populations are based. They then present the battery of precautions,
regulations, and technological advances woven into this program to protect
the ecological integrity and genetic diversity of wild Alaskan salmon popula-
tions in these mixed-stock fisheries.

Robin Waples and colleagues examine the validity of the belief that hatchery-
based stock supplementation programs promote the well-being and recovery of
depleted natural North American Pacific salmon populations. They closely
examine numerous salmon stock supplementation programs by submitting
them to an extensive, complex evaluation. They construct a set of goals that
the programs should have addressed and assess the degree to which each
program achieved each goal. They then evaluate the overall achievement level
of each goal for salmon stock enhancement in general by totaling the program
scores for each goal. From this detailed analysis, they draw an overall conclu-
sion about the value of salmonid stock supplementation programs in the USA
Pacific Northwest. Their chapter has already been cited in publications a
number of times; and this work formed the basis for more extensive explo-
rations of the value of salmon stock supplementation programs.

The remaining chapters are divided into three sections. Section One is a series
of perspectives on the scope, diversity, and pervasiveness of environmental
effects attributable to aquaculture activities and the long-term directions and
actions needed to sustain aquaculture while minimizing the adverse effects that
it can generate. The perspectives of the authors vary widely, as do their treat-
ments of the issues.
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Devin Bartley, who was the keynote speaker at the symposium upon which
this book is based, explains the application of FAQO’s position on managing
fisheries and aquaculture from an ecosystem perspective, in which humans are
integral components of ecosystems. Bartley assesses the FAO’s Database on
Introductions of Aquatic Species (DIAS) and other literature to evaluate
aquaculture’s role in introducing aquatic alien species throughout the world,
the parties responsible for the introductions, and the outcomes of the introduc-
tions. His recommendations focus on the importance of worldwide cooperation
in monitoring and reporting all types of effects (both positive and negative)
from aquaculture activities to facilitate addressing the problems associated with
aquaculture practices using the ecosystems approach.

Roger Pullin and colleagues, in a forward-thinking chapter, focus on the
future of aquaculture and provide a set of biological, ecological, and socioeco-
nomic indicators by which to measure the likelihood that aquaculture activities
and production can be sustainable. They evaluate the accessibility of data to
apply to these indicators and the probability that the aquaculture industry and
organizations that monitor the industry’s actions will use the indicators to
fulfill their obligation to ensure that aquaculture continues to be a valuable,
viable source of food production for world needs while minimizing its environ-
mental footprint.

Nai-Hsien Chao and I-Chiu Liao summarize the most common types of
aquaculture activities that generate ecological and genetic problems. They
suggest a dual approach for minimizing those effects and for facilitating the
long-term, continuous, environmentally responsible expansion of all types of
aquaculture for future food production.

Although a number of chapters mention genetic issues related to aquacul-
ture, the four chapters in Section Two deal directly with genetic concerns, and
in very different ways. Together, these chapters document and illustrate the
variety of genetic problems that effect aquacultured organisms and the popula-
tions they come into contact with, and they offer both long-term directions and
actionable procedures and recommendations for avoiding those problems.

Dennis Hedgecock and Katharine Coykendall examine a potentially very
damaging genetic effect associated with stock enhancement—the genetic
swamping of recipient wild populations with hatchery-bred broods of limited
genetic diversity. They use modeling applied to a California (USA) chinook
salmon (Oncorhynchus tshawytscha) stock enhancement program to demon-
strate that in some situations, hatchery-based stock enhancement can actually
increase the effective size (N,; after Ryman and Laikre, 1991) of recipient
populations. To the extent possible, they apply their model to marine stock
supplementation programs and offer advice on the genetic monitoring of those
programs.

Peter Grewe leads a list of authors who describe a method of gene insertion
that generates individuals that are sterile in the wild but fertile in the hatchery.
They propose a number of applications for this technology and call attention to
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the potential for using these genetically modified organisms in aquaculture.

They also recognize the attendant need for guidelines, policies, and regulations

to govern the development and uses of organisms that have been genetically

altered for aquaculture so that genetic risks to wild populations are minimized.

Kjetil Hindar and Ian Fleming focus on Atlantic salmon (S. salar) broods
generated for stock supplementation in Norway. The broods are the products
of continuous generations descended from a broodstock composed of fish
collected 30 years ago. They contrast genetic changes and hatchery adaptations
that have occurred in this captive population over the generations with the
genetic diversity and adaptations of recipient wild Atlantic salmon populations.
They then draw upon observational and experimental information to assess
differences in a suite of biological and behavioral traits between broods
spawned from the descendant broodstocks and released into the wild for
stock supplementation. They compare the fitness estimates for those traits
among the wild stock, hatchery fish, and hybrids between these two groups;
speculate on the potential for continued viability of the recipient wild stocks;
and pose solutions that could better ensure the maintenance of sufficient
genetic diversity in the wild population for its long-term viability.

Theresa Bert and coauthors provide a review of the genetic effects of stock
enhancement and describes the genetic “tools” and the effort needed to
monitor genetics in stock enhancement programs. They include the following
in their chapter:

1. reviews of the reasons for tracking the genetic diversity, fitness, and effective
population size of hatchery broodstocks and broods during breeding and
stocking, and of admixed populations after enhancement;

2. descriptions of the information needed, genetic tools available, and work
required to conduct the genetic analyses for stock enhancement genetic
monitoring programs;

3. a description of a stock enhancement program designed to maintain genetic
diversity as much as possible and monitor for potential genetic problems.
Recognizing that a full genetic monitoring program is beyond the financial or
logistical capabilities of many stock enhancement efforts, Bert et al. separate
the components of a complete program and describe the effort needed and
information that can be obtained from each component. From this informa-
tion, smaller monitoring programs that capture information essential for eval-
uating whether the program’s goals are being attained in a genetically

responsible manner can be developed.

Following the spirit of the symposium upon which this book is based,
Section Four is devoted to the description of a variety of methods for minimiz-
ing the ecological and genetic effects of aquaculture. Two categories of solu-
tions are offered: taking advantage of natural ecosystems and topographical
configurations to minimize water column and benthic environmental contami-
nation in open-water net-pen culture systems and structuring, locating, and
designing aquaculture operations so that nutrients are cycled and wastes are
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processed within the systems and, thereby, external environmental damaged is

minimized.

Hisashi Yokoyama and colleagues describe a procedure for quantifying
environmental damage beneath and around densely packed marine net-pen
fish farms located in an embayment system in east-central Japan. They use
water quality, benthic invertebrate community composition, bathymetry, aqua-
culture fish production, and net-pen location in this system to develop a model
for predicting potential environmental damage resulting from placement of
marine net-pens in embayments. To develop their model and describe its
potential for alleviating environmental contamination due to the Japanese
marine net-pen aquaculture industry, they do the following:

1. evaluate concentrations of chemical elements diagnostic for estimating
degree of anoxia in the water immediately above the sea floor and in the
upper layer of benthic sediment beneath numerous net-pens;

2. describe the benthic macro-invertebrate communities beneath and around
net-pens and develop an index to characterize the communities;

3. develop a standardized index for the bathymetry of the bay system;

4. examine various relationships among the concentrations of the chemical
compounds, the values for the benthic community index, the values for the
bathymetric index, the sizes (as estimated by annual production level) of the
net-pen aquaculture operations, and the locations of the net-pens.

Environmental degradation in the vicinity of nearshore aquaculture net-pen

farms in Japan should be reduced by using their model.

Marine polyculture has been recognized as an environmentally friendly mode
of aquaculture by numerous aquaculture experts (e.g., Chua, 1993; Bardach,
1997; Goldburg and Triplett, 1997; NATS, 1998; Asgé’lrd et al., 1999; Grant,
1999; Li, 1999; Pillay, 1999; Goldburg et al., 2001; Hernandez-Rodriguez et al.,
2001; Hossain et al., 2004). Three chapters in this section describe a number of
benefits derived from polyculture in which marine algae are components of the
culture systems. The authors of each chapter describe a different type of culture
system, but all demonstrate some contribution to water purification and
increased growth rate or quality of the animals cultured with the algae. They
also discuss the added economic benefits of culturing salable algae with animals
and reducing waste water cleanup costs through natural nutrient recycling.

Hachiro Harata and colleagues describe an experimental culture system in
southern Japan in which, for six months, they compared the dissolved oxygen
and carbon dioxide content of the water and the growth and condition of red
sea bream (Pagrus major) co-cultured in net-pens with the green alga Ulva
pertusa to the dissolved oxygen and carbon dioxide content of the water and
growth and condition of red sea bream reared in net-pens without U. pertusa.
The alga was also routinely harvested from the net-pens in which it was grown.
It was then dried and added to the food fed to the red sea bream in the
co-culture cage. Based on their results, they point out the advantages of marine
polyculture systems in which macroalgae are reared in net-pens with this fish.
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Muki Shpigel and Amir Neori also report on the benefits of marine poly-
culture systems over monoculture systems but describe more sophisticated
flow-through or recirculating land-based systems that involve separate tanks
or ponds for fish, micro- or macroalgae, and algivorous or phytoplanktivorous
mollusks. Their systems are excellent examples of mariculture systems that can
be built and operated in dry environments.

Thierry Chopin and colleagues describe two types of marine polyculture, one
in which a red alga (Porphyra sp.) is grown in proximity to net-pen-cultured
salmonids and another in which Chondrus crispus is cultured in close proximity
to cultured mussels and oysters. They provide estimates of the amount of
Porphyra needed to absorb the excess nitrogen and phosphorus generated per
year by one metric ton of salmon and compare the growth rates of Porphyra
grown near cultured salmonids with those of Porphyra grown in isolation from
the salmon net-pens.

Doris Soto and Fernando Jara use information from several related inno-
vative observational and manipulative experiments to demonstrate that in
some net-pen aquaculture operations, native species and other ecosystem
components can be used to assist in water and sediment purification, nutrient
recycling, and bioturbation reduction. They explain how fish and benthic
mollusks and crustaceans consume, and thereby mobilize and recycle, unused
feed and metabolic waste products beneath and around both freshwater and
marine salmon net-pens. They further suggest that these systems can generate
additional economic benefit because the mollusks and crustaceans, which can
be concentrated beneath the net-pens by placing artificial reefs there, and the
fish, which aggregate around the pens, can be harvested.

Many chapters in this book have already proven their value. They have been
cited in a number of publications and used as teaching tools in college classes.
Projects they describe have formed the basis for more extensive explorations
and research. Recommendations they contain have been applied to ongoing
aquaculture programs or incorporated into planned aquaculture activities.
Considering the aquaculture effects noted by these chapter authors together
with those previously described by other experts allows identification of the
aquaculture effects that are most prevalent and problematic from a worldwide
perspective, as well as the most commonly recommended suggestions to reduce
those effects, and the common solutions that have actually worked. These
suggestions and solutions should be given priority in future legislation and
policy development and in formulating plans of action for addressing the
reduction of aquaculture effects throughout the world.
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